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Tavoitteet. Tutkimustietoa heikentyneistd empatiataidoista tietokonevilitteisen vuorovaikutuksen aikana
on runsaasti. My0s empatiakykyjen neuraalisesta perustasta tiedetddn jo melko paljon. Tietoa siitd, miten
puutteet empatiataidoissa ndkyvédt aivotoiminnan tasolla ihmisten vélisen tietokonevilitteisen
vuorovaikutuksen aikana, on kuitenkin huomattavasti vihemmén. Aivojen séhkoisen toiminnan on
16ydetty synkronoituvan kasvokkain yhteisty6td tekevien henkildiden vilill4, ja timé synkronia ndyttéisi
olevan yhteydessd vuorovaikutuksen laatuun. Tamén tutkimuksen tarkoituksena onkin selvittdd 1)
16ytyykd samanlaista sdhkdisen toiminnan synkronoitumista my0s tietokonevalitteisen yhteistyon aikana,
kun henkil6t eivit ole samassa fyysisessa tilassa 2) onko tietokoneviélitteisen yhteistyon aikainen aivojen
sdhkdisen toiminnan synkronoituminen yhteydessd vuorovaikutuksessa olevien henkildiden
empatiakykyihin.

Menetelmit. Tutkimuksessa oli mukana 21 paria, joista jokainen muodostui kahdesta koehenkildstd, jotka
tunsivat toisensa, ja péadttivdt osallistua tutkimukseen yhdessd. Parit suorittivat ensin yksilollisid
empatiatestejd, jonka jilkeen he saivat tehtidvikseen pelata tietokoneen vilitykselld yhdessd autopelid,
jossa toisen tuli sdddelld auton ajonopeutta ja toisen auton ajosuuntaa. Tehtdvan aikana koehenkildiden
aivojen sdhkdistd toimintaa mitattiin EEG:n avulla. Henkiloiden vélistd aivojen toiminnan synkroniaa
tutkittiin tarkastelemalla theta-, alfa-, beta- ja gamma-aktivaation voimakkuuden eroja koehenkiléiden
vélilld frontaali-, frontosentraali-, sentraali-, parietaali-, temporoparietaali- ja oksipitaalialueilta mitattuna.

Tulokset ja johtopaitokset. Koehenkildiden viliseen yhteistyohon liittyvdd synkroniaa 10ytyi theta-
taajuuden osalta frontaali-, frontosentraali-, sentraali-, parietaali- ja temporoparietaalialueilta; alfa-
taajuuden osalta frontosentraalialueilta; beta-taajuuden osalta frontosentraali-, sentraali-, parietaali-, ja
oksipitaalialueilta sekd gamma-taajuuden osalta frontosentraali- ja sentraalialueilta mitattuna.
Synkronoitunut aktviaatio ndilld taajuuskaistoilla, ndiltd alueilta mitattuna néyttdisi olevan
tietokonevilitteisen yhteistyon kannalta merkityksellistd. Tilastollisesti merkitsevid yhteyksid 10ydetyn
synkronian ja empatiataitojen vilill ei 16ytynyt.
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Tiivistelmd — Referat — Abstract

Objective. In cognitive neuroscience empathy is defined as a set of skills and tendencies that enables us
to interpret and predict the mental states and actions of others and share emotional states and the experience
of others. These skills and tendencies are important for successful interaction and in most situations rely
heavily on natural social cues. In addition to verbal cues, these natural cues consist of for example facial
expressions, bodily gestures, and prosody of speech. Also, a shared environment that enables for example
eye contact and joint attention have previously been found beneficial for empathy. However, a growing
percentage of our social interaction takes place in online environments where many of these features found
important during face-to-face interaction are absent. A great body of evidence exists on the decrease in
empathy skills during online compared to face-to-face interaction. A fair amount of research also exists
on the neural foundation underlying empathy. Research on how this decrease in empathy processes during
online interaction can be observed on the neural level is however limited. One phenomenon found to occur
during face-to-face interaction is the synchronization of the brain's electric activity between collaborating
individuals. Associations between this neural synchrony and the quality of interaction have also been
found. The purpose of this study is to investigate 1) whether inter-brain synchrony occurs during online
collaboration in the absence of natural social cues and 2) whether this synchrony is associated with the
empathy skills of the collaborating individuals.

Methods. The subjects of the study consisted of 21 pairs, each in which the two subjects knew each other
in advance and decided to participate in the study together. The subjects first completed individual
empathy tests, after which their task was to play a collaborative online car game together in separate
physical locations during which one of the subjects was to control the speed while the other was to control
the direction of the car. During this task, the neural activity of each subject was measured with EEG. The
inter-brain synchrony between the collaborating individuals was studied by investigating the associations
of power in the theta, alpha, beta, and gamma frequency bands measured over the frontal, frontocentral,
central, parietal, temporoparietal, and occipital regions between the two individuals.

Results and Conclusions. Inter-brain synchrony specific to collaboration was found in the theta frequency
band over the frontal, frontocentral, central, parietal, and temporoparietal regions; in the alpha frequency
band over the frontocentral region; in the beta frequency band over the frontocentral, central, parietal, and
occipital regions; and in the gamma frequency band over the frontocentral and central regions. This
suggests that the synchrony in these frequency bands measured over these regions is related to computer-
mediated collaboration. No significant associations were found between the inter-brain synchrony and
empathy skills.
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1 Introduction

Interaction and collaboration are phenomena that to a large degree have defined
the success of the human species. While the tools for interaction have transformed
enormously in the past few decades due to technological advancements, the core
requirements of successful interaction have remained more or less the same: in order
to collaborate, we must be able to understand each other’s mental states and be
motivated to work towards common goals. The psychophysiological mechanisms
that give rise to these abilities can collectively be called empathy. Empathy is a
set of skills that allow us to understand and predict others’ mental states, share
their emotional states, and gain pleasure from helping them [1|. The functioning
of these empathy mechanisms, and the successful interpretation of others’ mental

states, depend on receiving social, emotional, environmental and contextual cues [2].

Today’s technology enables us to create and maintain social connections more ef-
fortlessly than ever before. However, the way we interact through this technology
differs significantly from that in face-to-face settings. Many of the social cues present
in face-to-face interaction are lacking online, meaning that mechanisms related to
empathy may be disabled. For example, the lack of social cues in online interaction
has been shown to cause challenges in communication [1]. To support our inherent
tendencies and abilities during interaction, new ways to diminish the deficiencies
of current online communication tools that prevent comprehensive interaction are
needed. Better understanding of the psychophysiological mechanisms of empathy;,
and whether and how they function in online settings, could provide new ways of

improving communication technologies.

Even though a wealth of research exists on differences related to the quality of
interaction in online compared to face-to-face settings, what remains to be answered
is how the neural patterns important for interaction differ during online compared
to face-to-face interaction. One phenomenon found to occur during face-to-face
interaction is neural synchrony between the interacting individuals. This synchrony
also seems to be associated with a variety of social functions, including empathy.
However, it is still unclear whether this synchrony occurs during online interaction
and whether there is an association between empathy and this synchrony in the

absence of natural social cues.

Hence, this thesis aims to uncover whether inter-brain synchronization of the brain’s

oscillatory activity occurs between individuals during online collaboration, and whether



the empathy skills of individuals contribute to this synchronization.

In the following, I will first review prior research related to empathy and its role
in interaction in both face-to-face and online communication. After this I will pro-
vide an overview of studies concerning behavioural, physiological, and neural inter-
individual synchrony as they have been found associated with empathic tendencies
and social interaction. Finally, I will present a novel electroenchephalography (EEG)
study on inter-brain synchronization utilizing a collaborative online gaming setting,
where two subjects in separate physical locations maneuver a car through different
shaped tracks together without being able to communicate with one another in any

other form than through playing the game.

The results of the study will shed light on the relationships between inter-brain

synchrony and empathy during online collaboration.

1.1 Defining Empathy

Empathy is one of the core elements of human social cognition. It is, however, not
a feature strictly limited to the modern human. Some forms of empathic processes
can be found among also other mammals. For example, contagion of pain has been
found to occur among rodents and this contagion can even be altered by social fac-
tors, such as familiarity [3]. Furthermore, primates tend to utilize social cues related
to their fellows in rich ways. Chimpanzees have even been found to intentionally
alter and induce mental states in others through their own actions, suggesting abil-
ities of understanding others’ mental states and the factors that influence them [4].
Empathy mechanisms can also be seen as an essential survival tool as predators
and prey use information of the other’s movements to predict motor intentions [5].
From an evolutionary perspective, it can be assumed that these skills have been
similarly beneficial for humans in the past. However, due to evolutionary, societal
and technological developments, empathy skills play a different type of role in to-
day’s society. The need for understanding and predicting the actions of predators
or collaborating with others to hunt or fight against enemies to ensure survival have
been replaced by different collaborative goals and needs. Therefore, these skills are

still found crucial for successful interaction and collaboration.

As might be intuitively assumed, empathy skills and tendencies have been found to
correlate strongly with competence related to different aspects of social interaction|5].

The lack of these skills are at the core of disorders in which social functions, such as
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understanding or being affected by social cues, are severely impaired [6]. What has
only recently become a more common topic in research is the role of empathy skills
and tendencies when it comes to collaborative success. Recent work has addressed
the question on the relationship between empathy skills and team success. For ex-
ample, Woolley et al. (2010) found in their study that groups of adults with higher
average empathy scores performed significantly better across a wide range of differ-
ent group tasks [7|. Research also suggests that empathy skills are connected to the
quality of interaction in the form of, for example, social affiliation [8]. Furthermore,
empathy skills have been found to predict successful cooperation in face-to-face [7],
online text-based [9], and video-assisted [10] interaction. Hence, empathy seems
to be important for the quality of interaction as well as successful performance in

various collaborative contexts, including those taking place online.

There is however some considerable variance in how the term empathy is used in
behavioral sciences [11]. In this chapter, I will describe the characteristics of empathy
as defined by cognitive neuroscience. In this field, empathy is generally referred
to as the set of skills and tendencies that enable successful interpretation of the
mental states of others and sharing of emotional states between individuals. These
components are nowadays often referred to as Cognitive Empathy and Affective
Empathy, respectively [12]. A third component called Prosocial Behavior (Prosocial
Concern, Prosocial Motivation or Empathic Motivation) is also sometimes included.
However, according to many researchers, Cognitive Empathy and Affective Empathy
are seen as strong predictors of Prosocial Behavior [11]. Thus, Prosocial Behavior
is in general not seen as a component of empathy, but rather a separate function
that follows from processes related to Cognitive and Affective Empathy [13]. When
discussing empathy in this thesis, I will be referring to Cognitive Empathy and
Affective Empathy as defined in the next paragraphs due to the consistent evidence

on these two partially separate core components of empathy.

Being able to successfully interpret and predict the mental states of others requires
the understanding that one’s own mind is separate from those of others. In addition,
one needs to possess a functioning model of how the human mind generally works
and an ability to deliberately take another person’s perspective. These abilities
together form the essence of Cognitive Empathy - also referred to in literature as
mentalizing, perspective taking or Theory of Mind - which usually develops around
the age of 2-4 years [14, 12]. The interpretations and predictions related to the
mental states of others can be made based on cues gathered from another person’s

behavior. These behavioral cues include verbal cues, bodily gestures, facial expres-
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sions, direction of gaze or tone of voice. If for example during a conversation we
notice our friend suddenly glancing over our shoulder with excitement in their eyes,
we will likely be quick to make an assumption that they have noticed something
behind us that has sparked their interest. In these types of situations, simulation or
imagination is used to infer the intentions, thoughts and emotions that likely explain
the observed social cues (such as a sudden glance featuring excitement). In addition
to using observable cues, information about circumstances, events and context can
be enough to imagine another person’s mental state. As an example, if a person
with functioning empathy mechanisms hears a story about an individual tripping
in front of a crowd, that person is able to automatically imagine how the individual
in the story must have been feeling after this humiliating incident. As in this ex-
ample, this type of perspective-taking and mentalizing is possible even though the
person hearing the story may neither be observing nor in the same position as the
story’s individual. Similar perspective-taking and mentalizing is possible even when
it comes to situations that involve a high complexity of mental states that we have
never experienced ourselves. For example, we can imagine the approximate feelings
of someone convicted for a crime they did not commit, even though we have never
been in a similar situation ourselves. In these types of situations, imagination is

used to simulate an entire person with behavioral and mental states of their own.

The tendency to automatically experience the same emotions that we observe in
others is generally known as Affective Empathy - also referred to in literature as
Emotional Empathy and Affective Responsiveness [15]. The mechanisms underly-
ing this tendency is what cause emotion contagion between individuals. Emotion
contagion occurs when observing cues related to the emotional states of others auto-
matically evokes these same mental states in ourselves. For example, hearing happy
laughter of others is likely to automatically make us feel amused even when we have
received no clues related to the reason behind the laughter. Similarly, observing
someone’s misery is likely to bring our own mood down as well. This type of con-
tagion of emotions can be observed even among newborns [15] when the sound of
other children crying or the smile of a parent can quickly change the mood of an

infant. This suggests the innate nature of Affective Empathy.

Although, Affective Empathy and Cognitive Empathy can be observed separately,
they are also functionally related in many ways [16, 17]. For example, in order to
feel affected by someone’s pain (Affective Empathy) based on a story, one must
first be able to take the other person’s perspective (Cognitive Empathy). On the

other hand, automatic contagion of emotions (Affective Empathy) is likely to help



interpret the other person’s mental states correctly (Cognitive Empathy) [18].

As mentioned earlier, in order to function appropriately, mechanisms related to both
Cognitive and Affective Empathy often rely on sufficient social cues. Although one
of the features that distinguishes humans from all other species is the ability to
use rich language as a communication tool, much of the information required for
successful interpretation of the mental states of others is nonverbal. The nonverbal
cues used when interpreting others’ thoughts, feelings, and intentions consist of
many consciously visible physical and behavioral cues such as hand gestures, facial
expressions, and the tone and volume of speech [19]. However, a large portion of
the cues are processed subliminally and automatically. These types of cues include
subtle changes in body language or facial expressions, the prosody of speech, the
number and duration of blinks and even changes in the physiology of the body;
for example, changes in heart rate, that appear as slight variation of skin tone.
[5, 20]. Our empathy mechanisms have evolved to make use of even the slightest
of these cues in order to understand the actions and mental states of others. As
less social cues are generally available in online environments, it is important to
consider the possible effects of the lack of these cues on empathy during online
interaction. It is presumable that in the absence of social cues some limitations
concerning our empathic abilities may occur. In order to address these potential
limitations, research concerning empathy and its underlying neural patterns during

online interaction is needed.

1.2 Measuring Empathy

The level of Cognitive Empathy and Affective Empathy, as presented above, can
be measured in humans using questionnaires, neuropsychological tests, and to some
extent even physiological measures |21, 22, 23]. Cognitive Empathy, that is, the skill
to recognise and interpret the cognitive states of others correctly, can be examined
using different neuropsychological tests designed to assess whether a person has an
appropriate model of how the human mind functions. This type of model enables
a person to make accurate predictions of the other person’s mental states. For
example, in the Theory of Mind subtest of the Developmental Neuropsychological
Assessment for children (NEPSY), the subject is asked to look at pictures of a child
in different emotion-evoking situations, and determine which one of the given mood
words best describes the child’s probable mental state in such situation [23]. Ad-

ditionally, tests of Cognitive Empathy measure the ability of a person to recognize
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emotional states accurately based on emotional cues such as facial expressions or
voices. In order to address whether the level of Cognitive Empathy is associated with
inter-brain synchrony, one of these type of tests, namely the Reading the Mind in
the Eyes (RME) test [22], will be used in the study of this thesis and will, therefore,
be presented in more detail in the upcoming Methods section. Assessments of Af-
fective Empathy as well as Prosocial Behavior are often carried out using self-report
questionnaires. As an example, a person can be asked to what extent they generally
feel affected by the moods of others, or how they react in different social situations.
The commonly used Interpersonal Reactivity Index (IRI) is a questionnaire [24]
that includes subscales for measuring Affective Empathy traits. In order to address
whether the level of Affective Empathy is associated with inter-brain synchrony, IRI
will also be used as a method in the study of this thesis and will be presented later
on. Psychophysiological assessments of empathic tendencies based on biosignals re-
lated to (for example) electrodermal activity, heart rate, or neural activity are not
(to date) reliable for assessments on the individual level. However, significant cor-
relations between certain types of psychophysiological activity and empathy traits
on a statistical level have been found. These types of phenomena will be discussed

in the upcoming sections related to synchrony and social interaction.

1.3 Neural Correlates of Empathy

In this section, I will give an overview on the brain regions previously found impor-
tant for the two empathy components (Cognitive and Affective Empathy) in order
to provide context for the choice of methods and the results of our EEG study
presented later. As mentioned in the previous section, Cognitive Empathy and Af-
fective Empathy can to a considerable extent be seen as separate functions. Certain
disorders and lesions may lead to an impairment of only one component, leaving the
other at least partly intact [25]. For example, lesions in different parts of the brain
seem to cause impairments in Cognitive Empathy leaving Affective Empathy intact,
and vice-versa [6, 25|. Also atypical brain development may selectively influence the
components of empathy. This is evidenced for instance in people with autism spec-
trum disorders who tend to struggle to accurately identify others’ feelings, thoughts
and intentions (Cognitive Empathy), although contagion of emotions (Affective Em-
pathy) seems to in many cases occur at a typical, or only partially impaired, level
[26, 27]. Conversely, people suffering from dissocial personality disorders lack the

tendency to be emotionally affected by the mental states of others, while typically
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being well aware of the mental states of others [6]. This dissociation between the
components is supported by multiple fMRI studies showing that the neural activity
behind the two different empathy components does seem to employ partly separate
regions [15, 18]|. However, these same studies have also revealed significant inter-
connection between the brain regions. When controlling for the neural activity that
is specific to Cognitive or Affective Empathy, similar neural architecture has been
found during conditions evoking processes related to either one of these empathy
components. These findings suggest a core system of empathy that is active during
all types of empathy processes and enables the elementary understanding of other

people’s behavior [18].

Although many unanswered questions remain regarding the specific roles of dif-
ferent neural structures in empathic processes, certain brain regions seem to be
crucial for intact empathy mechanisms. Regions that have received most attention
within the field are the medial prefrontal cortex (mPFC), including the dorsomedial
prefrontal cortex (dmPFC), ventromedial prefrontal cortex (vinPFC), orbitofrontal
cortex, superior temporal sulcus (STS), inferior frontal gyrus (IFG), anterior cingu-
late cortex(ACC), insula and amygdala [14, 28|. In the temporal parietal region, the
temporo-parietal junction (TPJ) has been found to be linked to the short-time esti-
mation of others’ intentions, goals and desires [29], and therefore is likely to play an
important role in Cognitive Empathy. In addition to the temporo-parietal junction,
vmmPFC is seen to be associated with mechanisms specific to Cognitive Empathy,
whereas the limbic area, insula and IFG have been more closely associated with
Affective Empathy. In addition to the roles of specific brain regions, research has
also examined how networks of brain regions relate to empathy [14]. The role of the
mirror neuron system has been found to play an important part in social cognition,

including empathy.

The mirror neuron system (MNS) is a network of neurons essential for understanding
the behavior and intentions of others. The neurons of the MNS are activated in a
similar manner both when carrying out body movements oneself as well as when
only observing body movements of others. The same neural activity that is related
to producing body movement has also been found to occur when one is merely
imagining someone carrying out the movement [30]. Many theories suggest that
understanding others relies on this automatic adaptation to the neural states of
the observed (or imagined) individual. This automatic matching of neural activity
is called neural resonance and it is seen to represent the simulation of the other

person’s states in one’s own brain. The activity of the MNS has been found to
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correspond with several functions related to social cognition [18]. However, there is
little understanding on how the MNS functions in situations with a lack of nonverbal
cues, such as during online collaboration. Due to this the possible role of the MNS

will also be considered in our study.

Mirror neurons were first found in the premotor cortex of macaque monkeys through
single neuron recordings in 1992 by Rizzolatti et al. (1992) [31]. Although single
neuron recording studies on humans are limited [32], evidence from EEG, Mag-
netoencephalography (MEG), Transcranial Magnetic Stimulation (TMS) and func-
tional Magnetic Resonance Imaging (fMRI) studies confirm that mirror neurons can
also be found in the human brain. The rostral part of the inferior parietal lobule,
the lower part of the precentral gyrus, the posterior part of the IFG, the ventral
premotor cortex (PMv) and the dorsal premotor cortex (PMd) seem to form the
core of the human MNS [14]. Activity of the MNS in humans can, measured by
EEG, be observed as neural oscillations at the frequency of approximately 7-13 Hz
in the motor cortex when producing movement, imagining movement, and watch-
ing other people’s movement. These oscillations are generally called mu waves or
mu rhythms and differences in the occurrence of these oscillations have been found
between different groups [33]. The decrease of these oscillations, often referred to
as mu suppression, has been associated with for example joint attention and social

mirroring [33].

Recently, Lachat et al. (2012) investigated subjects’ neural oscillatory activity dur-
ing face-to-face interaction in conditions that either included or did not include joint
attention. Comparing the joint attention and no-joint attention conditions, they
found a decrease in mu oscillations over the centro-parieto-occipital region during
the conditions involving joint attention. This decrease in mu oscillations was seen to
reflect processes of attention mirroring, joint attentiveness and social coordination
[33].

In addition to these regions related to motor functions, evidence suggests that mirror
neurons can also be found in the IFG, STS, and the inferior parietal lobule (IPL)
[34]. These findings indicate that the MNS covers a large portion of cortical areas,
some of which are found essential for both Cognitive and Affective Empathy func-
tions. Accordingly, the MNS has been found to encode and thereby contribute to
the understanding of intentions and emotions in addition to motor functions [34].
It is, hence, plausible that the MNS enables the activation of empathy mechanisms

through the interpersonal resonance of neural states. On the other hand, the acti-
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vation of the MNS may be enhanced by empathy processes, for example, as a result
of deliberate perspective taking. Dysfunction of the MNS has also been associated
with social deficits such as those related to ASD. However, in some studies MNS has
been found more closely associated with Affective Empathy [18], which as mentioned

previously is not always seen to be impaired in ASD.

Although there is a broad range of different partly contradicting findings related to
the specific role that the MNS plays in different cognitive processes, there seems to
be a wide consensus that MNS is crucial for action understanding, imitation [35]
and the two components of empathy [18|. Naturally, activity of the MNS results in
neural resonance between individuals, as similar neural activation occurs in both the
observer and the individual being observed. Furthermore, the MNS facilitates un-
derstanding others’” actions and mental states. As these social and neural functions
are extremely relevant to empathy, the MNS is seen to strongly serve the processes
necessary for both Cognitive and Affective Empathy. Understanding whether and
how this system functions in situations with scant or no direct information on the
motor operations of others is needed to understand how empathy functions during

online collaboration.

As neural activity related to empathy seems to be broadly represented in different
parts of the brain, some considerations should be made when choosing methods for
investigating these partly overlapping neural mechanisms. Even though some of
the brain regions specific to Affective Empathy are subcortical (limbic area, insula),
most of the core regions responsible for processes related to empathy are cortical (eg.
mPF, TPJ, ACC and MNS) which makes it possible to capture activation stemming
from these regions with EEG. For this reason EEG can be seen as a suitable method
for investigating neural activity related to Empathy, as is also done in our current

study.

While suitable, there are limitations to using EEG (or any other imaging meth-
ods) when seeking to differentiate correlates of Affective and Cognitive Empathy
processes [18, 14, 29]. Regarding the MNS, it may in some cases be difficult to
differentiate between the type of automatic neural resonance directly resulting from
perceived actions of others and the type of neural resonance that occurs as a result
of more complex cognitive processes of predicting others’ intentions (such as those
resulting from processes related to Cognitive Empathy) [2]. In order to investi-
gate neural resonance that only pertains to intention understanding and not direct

observation of movement, the functioning of the MNS should be investigated in non-
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face-to-face situations. In order to take this into consideration in our current study,
participants were seated in separate rooms with no visual contact with one another.
Therefore no neural resonance should result from directly observing the other person
or their movements. This enables ruling out automatic neural resonance resulting

from motion observation as an explanation behind possible inter-brain synchrony.

Additionally, certain differences found in studies between the activity related to
Affective Empathy and Cognitive Empathy may partly result from systematic dif-
ferences in the type of stimuli processed during the experimental tasks [29]. For
example, tasks designed to measure Cognitive Empathy often require more reason-
ing than tasks designed to measure Affective Empathy. As reasoning skills are indeed
important for empathy processes in many contexts, the neural activity related to
reasoning does not necessarily reflect the activity that is of interest when seeking
to specify the activity specific to Cognitive Empathy. For example, the temporo-
parietal junction seems to consistently be engaged in Cognitive perspective-taking
[15, 36]. Some findings suggest however that this activity may not be specific to
empathy [37]. In order to be able to distinguish between activity related to Cog-
nitive Empathy and activity related to mere reasoning, using experimental settings
that do not require high levels of basic reasoning would be beneficial. This has
been considered in the design of the task used in our EEG study. During the task
extensive reasoning should not be necessary, as only short-time estimations related
to the other person’s intentions are needed in order to succeed in the task. For this
reason, in case differences between the neural patterns of Cognitive Empathy and
neural patterns of Affective Empathy were to be found, there should be no reason

to presume that these differences were due to general reasoning.

These among other limitations have added to the challenges of specifying the exact
roles of the different regions and networks in different empathy processes. Although
the precise roles of different neural structures are not yet clear, there is strong evi-
dence supporting the significant involvement of the neural structures and networks
mentioned above in the two partly separate empathy components. While these neu-
ral structures are found essential for successful interaction and collaboration, another
vital element consists of the cues of the environment that are used for making the

assumptions and predictions of others’ intentions and behavior.

In online environments, the number of social cues is often limited which can affect
the extent to which Empathy mechanisms are activated. In the next section, I will

present prior findings related to the association between online environments and
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empathy.

1.4 Empathy and Virtual Environments

In online settings, empathy skills seem to be related to similar social phenomena
as in face-to-face settings. For instance, performance in the RME test that reflects
Cognitive Empathy skills has been associated with joint task-performance, in the
case of both face-to-face and online collaboration [9]. However, evidence suggests a
reduction in empathy skills during online interaction compared to similar interaction
carried out face-to-face |9]. Empathy and collaborative performance have been found
to decline in digital environments [11, 9, 1]. In these studies the authors suggest
that the decline may result from the lack of efficient cues for correctly interpreting
the intentions and mental states of others, inhibiting the activation of processes
crucial for Cognitive Empathy. Additionally, the lack of these cues may lead to
the absence of sharing the mental states of others by preventing emotion contagion.
Due to these issues, there is growing concern that increased use of technology may

adversely influence the development and functioning of empathy in real life settings.

A study by Konrath et al. (2011) shows a significant reduction in empathy scores
among American adolescents since the beginning of the 1980’s. The possibility that
this could result from the increase in the use of technology has been suggested by
many |11, 38|, although direct causal evidence is lacking. In case of a direct as-
sociation between the increased use of technology and decreased empathy skills, it
could be that the tools used for online interaction do not support the development of
empathy mechanisms. With the existing data, conclusions about the long-lasting re-
lationship between empathy and use of technology are impossible to draw. However,
while the effects of technology usage on empathy in the long run are unclear, the
traditional tools used for online interaction have been found suboptimal for support-
ing empathic behavior [9]. For these reasons, better ways of communicating online
are needed in order to help activate the mechanisms that are vital for successful
interaction. There is also a possibility that improvement in online environments
could be beneficial for individuals’ empathy skills in the long run, as these improved
environments could potentially better support the development of empathy mech-
anisms of individuals. Through rapid technological advancements more novel tools
such as those utilizing virtual reality technologies offer new possibilities for better
remote communication. However, more knowledge related to the neuroscience of

online interaction is needed in order to be able to develop optimal tools that best
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support our inherent social competence.

There is a growing body of research regarding the differences in quality between dig-
ital and face-to-face interaction and a consensus on why these differences occur on a
behavioral level [9, 1]. New tools for communication are also being developed con-
stantly. However, questions regarding the underlying psychophysiological patterns
that play a part in this variation have only recently been brought up in the field
of cognitive neuroscience. Advancing the understanding of how empathy-related
mechanisms function in the absence of natural social cues is extremely important

and is therefore also the main question addressed in our current study.

1.5 Synchrony and Social Interaction

Behavioral and physiological synchrony between individuals has been found to emerge
during social interaction 39, 40, 41]. In the following paragraphs, I will present stud-
ies exploring the connections between inter-subject synchrony and different factors
related to social interaction, such as empathy, social affiliation and collaborative suc-
cess. Evidence of these types of connections support the importance of behavioral

and physiological synchrony for success of social interaction.

1.5.1 Behavioral Synchrony

Inter-subject synchrony of behavior has in several studies been found to increase
spontaneously during interaction [42|. For example, people’s steps tend to unin-
tentionally synchronize when walking. Similarly, unintentional synchrony tends to
emerge during face-to-face interaction when two or more people automatically align
their posture in accordance with the postures of others [42]. Furthermore, deliber-
ately increasing behavioral synchrony has been found to positively affect success of
collaboration, ratings of social closeness and the will to collaborate between indi-
viduals [43]. In a study by Tarr et al. (2016), elevated self-reported levels of social
closeness between subjects were found among those dancing together in synchrony,
compared to those dancing together asynchronously [44]. In another study, rocking
in synchrony prior to a collaborative joint-action task was found to decrease the
overall time it took pairs to complete a collaborative task, compared to the time
it took for pairs that had been rocking asynchronously [45|. Similarly, increase of
spontaneous synchrony of fingertip movement was found to negatively correlate with

individual social anxiety levels in a study by Yun et al. (2012) [46]. These findings
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on synchronization of movement have employed dance and simpler movement coor-
dination in face-to-face settings. There are of course several kinds of possibilities
for synchronization and also in other than physical environments. Recently, at-
tempts have been made to create online group activities that intentionally enhance

behavioral synchrony, and therefore potentially also Prosocial Behavior online [47].

Many explanations have been proposed for the link between behavioral synchrony
and the quality of interaction. The formerly mentioned mirror neuron system is
seen as one plausible cause of this automatically emerging behavioral synchrony
[35]. Behavioral synchrony may, on the other hand, create shared cognitive states
through matched behavioral states and further facilitate mutual understanding and
communication [48|. Behavioral synchrony may hence both result from and also

support physiological synchrony and empathic understanding [48, 41].

1.5.2 Synchrony of Biosignals

In addition to behavioral synchrony, the synchrony of biosignals has been found
to correlate with different features of social functions, such as those related to the
quality of interaction. Such findings have utilized measures of heart rate and heart
rate variability captured by electrocardiography (ECG) [49], and changes in electro-
dermal activity (EDA) [50]. In an early study [49] related to the topic, increased
inter-subject synchrony of heart rate and electrodermal activity was found among
distressed married couples, compared to non-distressed married couples. This study
also found that the level of physiological synchrony was related to the level of conflict
during conversation. More recently, Pijeira-Diaz et al. (2016) found that physio-
logical synchrony indices of EDA between students predicted better collaborative
learning outcomes and were positively associated with different collaborative learn-
ing features, such as collaborative will in a classroom setting [50]. In another study
carried out in a classroom, Ahonen et al. (2016) found that synchrony of heart-
rate variability occurred between collaborating programmer students, and that this
synchrony was associated with a lower perceived workload of the individual [40].
Synchrony of cardiac measures and self-reported social presence evaluations among

pairs was also found during chat-based interaction [41].

Cardiac synchrony has also been studied among infants and their mothers. Syn-
chrony of heart rate was found to increase between the mother and infant during
social interaction, especially during moments of synchronized vocal and emotional

expressions [51]. Synchrony of heart rate has even been studied during a firewalking
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ritual, where synchrony was found to emerge between the heart rate of the person
taking part in the ritual and the audience viewing the ritual [52]. The extent of syn-
chrony of cardiac measures between individuals has also been found to correlate with
measures of Affective Empathy. Jérveld et al. (2014) found that synchronization
of ECG activity between individuals was associated with the level of self-reported
empathy related to interaction during a turn-based gaming session [41]. Subjects
that had higher level of physiological synchrony with the counterpart perceived more
similarity of emotional states and comprehension between themselves and the other
player. This result was suggested to reflect the activity of the MNS and to sup-
port the theory that mutual understanding is at least partly gained through sharing

similar emotional states [41].

These findings strongly imply that biological synchronization is associated with sev-
eral aspects of social cognition and social behavior, including empathy, quality of
interaction, and collaborative success. It seems that increased synchrony does not
always reflect specifically positive interactions. Rather, synchrony increases in situa-
tions in which the need for perspective taking and efforts to understand one another
are heightened. Similarly, synchrony seems to increase during emotion contagion.
For these reasons, it seems likely that physiological synchrony both reflects empathic
processes as well as supports them. Understanding whether this physiological syn-
chrony that likely supports empathy occurs in online situations would therefore be
important. In case synchrony does not occur at the same level as face-to-face, new

ways of attaining synchrony in online situations could be explored in the future.

In addition to inter-subject synchrony of biosignals related to EDA and cardiac
measures, interesting findings on the inter-individual synchrony of biosignals related
to the central nervous system have been made [29]. In the following section, I will

present some findings related to this type of inter-brain synchrony.

1.6 Inter-brain Synchrony

Inter-brain synchrony in various brain regions measured with functional near-infrared
spectroscopy (fNIRS), fMRI and EEG has been found to correspond to several so-
cial functions, such as: social gaze [53, 54|, turn taking [55], facial communication of
emotions [56] and feelings of social closeness [57| during different forms of interac-
tion; different phases of collaborative tasks [29], decision making [58|, collaboration
[59] and level of competition [60] during gaming; degree of pain relief during hand-

holding [61]; and coordinated actions [62] as well as empathy levels [63] during
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music production. The direction of synchronization, such as Granger causality that
examines causal relationships between neural signals of individuals, can also be in-
vestigated. This means exploring possible factors that contribute to determining
which one of the interacting individual’s neural activity is likely to adapt to those of
the other (instead of vice versa). For example, findings suggest that neural activity,
measured with fNIRS, of individuals with better communication skills is more likely
to become synchronized with the activity of others [64]. In another study investi-
gating activation of brain regions with fNIRS, it was found that the brain activity
of females in a romantic dyad synchronized more with the activity of their male
counterparts than vice versa [65]. To conclude, measuring inter-brain synchrony has
been found to be a valid method for investigating the neural processes related to

different social phenomena between interacting individuals.

It should be noted that in the literature of inter-brain neuroscience different terms
such as connectivity, coupling and linkage are interchangeably used to refer to syn-
chrony. Additionally, these terms (e.g. synchrony, linkage, coupling, connectivity)
are used in the literature when describing various different measures of synchrony,
such as spatial distribution of neural activity or similarities in specific temporal pat-
terns of neural signals. Due to the variety of terms used for the same concepts as
well as the variety of different concepts described using the same term, it is impor-
tant to consider the details of the findings when reviewing the literature related to
inter-brain synchrony. In this as well as in upcoming chapters, synchrony is used as a
term to more generally describe temporal or spatial similarities that have been found
in neural activity between two or more subjects. Differentiation between distinct
measures of synchrony will be made and more specific definitions will be provided,

when relevant.

1.6.1 Inter-brain Oscillatory Synchrony

EEG is one of the most commonly used methods in research related to inter-brain
synchrony. This is due to the temporal accuracy and non-invasiveness of the method
as well as the convenience and availability of the required equipment. Compared to
some of the other methods such as fMRI and PET, EEG lacks in spatial accuracy
but is less obtrusive, which enables measurements in more ecologically valid settings
[2, 66]. When studying neural synchrony during online interaction - as in the study
of this thesis - these advantages of EEG are particularly important. This is due to

the fact that looking at any type of more specific temporal synchrony requires high



16

temporal precision. Additionally, as online interaction already lacks most natural
social cues, any additional unnatural features of the experiment, such as extremely
strict restriction of movement or high levels of noise, caused by some of the other
methods(eg. fMRI) may diminish the remains of the social nature of the experiment.
In the following paragraphs I will present the EEG method in more detail along with
literature concerning previous EEG studies related to social cognition and inter-brain

synchrony.

EEG is used to record signals that consist of rhythmic patterns produced by the
relative changes in electric activity of neural populations in different parts of the
brain as a function of time. These rhythmic patterns are more commonly referred
to as brain waves, or oscillations. The EEG signal consisting of these oscillations
can be further decomposed into several signals that represent the oscillations as
composed of different frequencies. Frequencies of EEG signals can vary from 1Hz
to 150Hz [67]. Frequency bands are most commonly categorized as delta (0,5-4Hz),
theta (4-8Hz), alpha (8-13Hz), beta (13-30Hz), gamma (30-45Hz) and high gamma
(45-70Hz).

Due to the typical occurrence of theta, alpha, beta and gamma frequency during
wakefulness, these frequency bands are of most interest when it comes to social
neuroscience. Oscillatory changes in these different frequency bands have been as-
sociated with various cognitive processes such as perception, attention and memory
during one-person recordings [68]. Features of the alpha and gamma frequency band
have particularly been associated with social cognition, as mentioned previously in
connection to studies on mu oscillations [53, 33]. A large number of studies on brain
activity and social cognition have been made with experiments investigating sub-
jects’ responses to socio-emotional and other social stimuli. However, in most cases,
social interactions consist of a constant loop of two or more people producing social
cues as well as interpreting and adapting to those of others [5]. Due to this nature of
social interaction, there is now a common understanding that investigating neural
activity related to social interaction requires looking at the behavior and biosignals
of two individuals simultaneously instead of one individual at a time [2]. As a result
of this consensus and the improved methods for measuring the activity of several
brains at once, the amount of inter-brain research related to social interaction has
grown since the first known two-brain measurement in the 1960’s [69]. The technique
of simultaneous measurement of the activity of two brains using different methods
such as EEG, fMRI, MEG and positron emission tomography (PET) has come to
be called hyperscanning or 2PN imaging [2].
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As EEG is used to record the electric oscillations produced by neural activity, the
inter-brain EEG studies related to social interaction focus on the oscillatory neural
synchrony between two or more subjects during interaction. Evidence suggests that
this type of synchrony plays an essential role in social interaction. Increased inter-
brain synchrony of brain oscillations has been found to occur in a variety of social
situations among several frequency bands [55, 60, 63, 62]. Different settings in
which this synchrony has been studied include several gaming settings [60, 58, 70|,

interactive motion and music production [55, 62|, and natural interaction [53, 49].

To date, two types of measures commonly used to study oscillatory synchrony in
inter-brain research can generally be defined as phase-specific (also referred to as
phasic synchrony) or power-specific measures. The phase-specific measures consist
of indices related to the synchrony between the temporal structures of neural signals.
Within this definition, two signals are seen as synchronous if the patterns related to
the signals’ phase angles coincide [71, 63|. The power-specific measures which have
only more recently been applied to inter-brain studies involve comparing patterns

related to the power or amplitude of the signals within a given time series [53, 60].

In the next section I will describe two synchrony measures: phase locking value
(PLV) and covariance in frequency-specific power that are specific measures relating

to the previously mentioned phase-specific and power-specific measures, respectively.

1.6.2 Inter-brain Phase Synchrony

Methods used for estimating phase-specific synchrony of oscillations tend to consist
of measures related to the phasic patterns of signals in the time frequency domain.
One commonly used phase-based synchrony measure in the field is the phase locking
value (PLV). PLV represents the phase angle differences between two signals over

time.

In a study conducted by Hu et al. (2017) inter-brain synchrony was measured
as the PLV between the interacting subjects’ spatially corresponding EEG signals
band-filtered to different frequency bands (theta, alpha, beta, gamma) [72]. Inter-
brain synchrony was found to increase in conditions of high collaboration compared
to low collaboration during a game that involves interactive decision making. More
specifically, larger centrofrontal theta-band and centroparietal alpha-band synchrony

was found in tasks set for high cooperation compared to tasks set for low cooperation.

Using similar methods Dumas et al. (2010) found higher synchrony between two



18

subjects during synchronized compared to non-synchronized actions. This study
involved a task during which subjects were to spontaneously create hand movements
and take turns in imitating each other [55]. In this study, synchrony calculated for all
electrode site combinations (not only corresponding sites) between the two subjects
were considered. Differences in neural synchrony between synchronized versus non-
synchronized movement was found in the alpha-mu, beta, and gamma frequency
bands. In another study that included an imitation task, Yun et al. 2012 found that
cooperative training before the task increased not only task performance, but also

inter-brain synchrony.

Inter-brain synchrony has also been studied during natural verbal interaction. Sim-
ilarly to Dumas et al. (2010), Perez et al. (2017) calculated PLV for all electrode
combinations and found increased synchronization between the neural activity of
listeners and speakers in the delta, theta, alpha and beta frequency bands [55, 73|.
Synchrony was found even when EEG channels that were expected to measure ac-
tivity related to processing auditory speech information were excluded from the

inter-brain synchrony analysis.

The idea behind the PLV measure used in the studies described above, and other
phase-specific synchrony measures, originate from intra-brain studies related to re-
gional connectivity of the brain [2]. Phase synchrony measured between two regions
reflects different neural populations interacting in a way that facilitates the infor-
mation flow between these populations through temporally optimal states of the
interacting neurons within a brain [74]. Many findings, some of which are pre-
sented above, have been made by utilizing these methods in also inter-brain studies.
However, the theoretical approach behind the measures does not quite apply when
looking at two brains at once, as the original theory relies on the assumption that
the synchronized neural populations are in some manner physically connected. Al-
though the findings that utilize phase-specific measures are undoubtedly valuable,
the theoretical background leaves room for exploring other types of measures in the
field to complement these previously presented findings related to phase synchrony.
Novel settings and approaches have been welcomed in the field in order to gain more
understanding about the significant neural phenomena underlying interaction [60].
Based on findings from recent studies, synchrony measured as covariance of power
has been suggested as an alternative measure of inter-brain synchrony [53, 60, 75].
In the next section I will present some findings related to this more novel approach

that may provide new insights in the future [60].
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1.6.3 Inter-brain Synchrony as Covariance in Power

As differences in the power of specific frequency bands in the EEG signal seem to
reflect different cognitive functions [76|, comparing the patterns related to the power
spectra of EEG signals between two subjects has recently been investigated in social
neuroscience as a potential measure of synchrony specific to social interaction. One
power-specific measure used in research as an index of inter-brain synchronization
is the correlation coefficients between the power values of two signals in specific
frequencies. Although the number of studies related to this type of synchrony is still
limited, preliminary findings have been encouraging, motivating further research

utilizing these indices.

Spapé et al.(2013) studied synchrony of signal power in the context of video gaming.
In this study, correlation coefficients of power in five frequency bands (theta, alpha,
beta, gamma and higher gamma) between subjects was studied during a computer-
mediated gaming setting that took place face-to-face [60]. Increased synchrony of
power fluctuations in the beta frequency band was found between subjects during
interactive gaming. Furthermore, this synchrony was higher during competition
compared to during collaboration. The authors suggest that this finding could re-
sult from the heightened need to predict the other person’s moves and intentions
when competing against, as opposed to collaborating with, someone else. This syn-
chrony was found mostly over the motor cortex, which could support views on the
importance of this area and the MNS in understanding and predicting the behavior
of others [60]. Kawasaki et al. (2018) also found increased synchrony measured as
covariance of amplitudes over the motor region during a collaborative finger tapping
task [75]. In this study, synchrony was instead found in the alpha and beta frequen-
cies. This synchrony was also associated with the pair’s performance in the task,
and increased synchrony was found among pairs that performed well, compared to

pairs that performed poorly.

In a study comparing inter-brain synchrony between romantic couples and strangers,
Kinreich et al. (2017) found that gamma power correlations in the temporoparietal
region were significantly higher for couples than for strangers [53]. This finding
supports the link between social affiliation and inter-brain synchrony. In addition,
synchrony was higher during moments that included social gaze (looking at the
partner’s face) compared to moments that did not include social gaze. This finding
highlights the role of natural social cues - often absent in online interaction - in neural

synchrony. These findings are intriguing also due to the fact that the temporoparietal
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region covers a subset of brain regions important for functions related to Cognitive
Empathy, including the temporo-parietal junction. As a result of these findings that
support the significance of this type of power-specific synchrony in social interaction,

demand for these types of analyses in social neuroscience has emerged [60].

It should be noted that when considering the role of any kind of synchrony in social
interaction, it is important to differentiate between the inter-individual synchrony
that stems from the similarities of the shared environment and the type of syn-
chrony that is in fact uniquely related to the particular social interaction. Some
form of synchrony can and is most likely to be caused by for example the stimuli
originating from the shared surroundings. For example, if subjects are in the same
physical environment, these stimuli include the sounds and visual characteristics of
the environment, among other things. Although some of these shared stimuli do
not concern subjects collaborating remotely, many shared stimuli that may cause
effects on synchronization unrelated to those concerning social interaction still re-
main. These include, for example, emotional states that are related to unusual
experimental situations, and processes related to or even required for the success of
the given experimental task. For example, if increased inter-brain synchrony is found
to correlate with task performance during tasks in which success depends heavily
on synchronous timing of movement, it is important to consider weather this corre-
lation actually represents something more than synchronised motoneuronal activity
or even artefacts caused by successfully moving in synchrony. Tackling this issue
becomes increasingly important when investigating, for example, MNS-related ac-
tivity of the motor cortex that has sparked interest due to previous findings related

to both one-person and inter-brain neuroscience.

It is often difficult to differentiate between the investigated synchrony and the syn-
chrony emerging as a side product, as it requires well designed experiments and
paradigms, carefully chosen analysis techniques, and broad consideration of research
limitations when drawing conclusions. This issue is widely considered and addressed
in prior research. These considerations include using appropriate baseline measure-
ments to control for neural activity that is not of interest in the study, using more
than one experimental condition in order to specify the conditions in which syn-
chrony emerges, and exploring the level of synchrony in relation to different factors
that may affect the level of synchrony. These among other considerations allow the
interpretation of the previously presented findings as support for the existence of

inter-subject synchrony specific to social functions.
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However, what is not always considered in prior research, is the evidence that sup-
ports the fundamental role of empathy in psychophysiological, including neural syn-
chrony. Due to the strong evidence of this association [60, 62|, not considering
empathy levels as a plausible explanatory factor in studies related to inter-subject
synchronization may in some cases lead to incomplete conclusions. For example, in
separate studies, connections have been found between 1) empathy and perceived
quality of interaction, 2) empathy and level of synchronization of biosignals, and
3) synchronization of biosignals and perceived social closeness. As high empathy
levels may result in higher ratings of social closeness, the association between syn-
chronization of biosignals and perceived social closeness may in fact result from the
effects of level of empathy on both of these variables separately. For this reason,
including measures of empathy in studies related to inter-subject synchrony would

appear highly important.

In our study presented in this thesis, the general challenges related to studying
inter-subject synchrony specific to social interaction are considered. Additionally,
the potential relationship between this synchrony and empathy levels of the subjects

are investigated.

2 The Current Study

Previous evidence suggests that inter-brain synchrony measured using indices such
as PLV and covariance of power is associated with various social functions. Prior
findings also suggest that empathy mechanisms are not activated to their full poten-
tial during online interaction [9]. What has yet to be answered, however, is whether
inter-brain synchrony can be observed during collaboration taking place purely on-
line, and whether empathy plays a part in this synchrony. In order to address these
questions related to inter-brain synchrony and online collaboration, I seek to answer

the following:

1. Does inter-brain synchrony, indexed by correlations of relative power values
between EEG signals of interacting individuals, occur during collaborative

online gaming?

2. If so, is there an association between this synchrony and the highest level of

A) Cognitive or B) Affective Empathy of the collaborating pair?
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Through the findings of this study, I hope to advance an understanding of the re-
lationship between empathy and power-specific inter-brain synchrony during online

collaboration.

The experimental setting of this study was designed to capture the dynamic nature
of social interaction. The experimental task entails a constant loop of the subjects
interpreting and predicting each other’s intentions and actions, as well as reacting
to those of the other. The setting also includes the lack of social cues that is typical

for online interaction.

By comparing the measured inter-brain synchrony to the subjects’ level of both
Cognitive and Affective Empathy, I hope to provide more specific insights on which
type of empathy mechanisms the potential synchrony may be related to and which
type of empathy mechanisms therefore may be activated in these types of settings

that so prominently lack natural social cues.

A better understanding of the neural mechanisms underlying interaction in the ab-
sence of social cues could open up new possibilities for developing improved online
tools. Understanding which empathy mechanisms are active during online collab-
oration would enable seeking ways to enhance the activation of these mechanisms.
Similarly, understanding which empathy mechanisms are not activated online could
help determine the requirements for improved online tools that may help activate

these mechanisms or compensate for their absence.

2.1 Methods
2.1.1 Subjects

Due to the evidence suggesting positive associations between social closeness and
inter-brain synchrony [57|, pairs who knew each other in advance were recruited
in order to increase the chances of capturing the phenomenon of inter-brain syn-
chrony despite the absence of social cues. Twenty-two pairs of friends or other
acquaintances volunteered to take part in the study. Subjects were recruited via the
university’s student mailing lists and social media. Participants were right-handed,
Finnish-speaking adults and had normal or corrected-to-normal vision. One pair was
excluded from all analyses due to an equipment failure during the EEG measure-
ment. This resulted in 42 subjects (9 female-female, 5 female-male and 7 male-male
pairs). The participants’ age varied between 20 and 45 years with the average age of

27 years. Each subject filled in a consent form and a background questionnaire. Sub-
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jects also completed tests designed to measure individual IQ and empathy. These
tests are presented in the following paragraphs. The experiment protocol was ap-
proved by the Ethical Committee of the Faculty of Behavioural Sciences at the
University of Helsinki, Finland.

2.1.2 Empathy Measures

Empathy scores were collected using the Reading the Mind in the Eyes (RME)
test and two subscales of the Interpersonal Reactivity Index (IRI) questionnaire
[77, 22]. RME is a widely used test developed for measuring an individual’s ability
to recognize emotions from the faces of strangers using only information gathered
from the person’s eyes. The test items are 36 pairs of eyes of actors portraying a
specific emotion. For each item (i.e. pair of eyes), the subject is given four words that
describe an emotion as response options and has to decide which of the suggested
emotions best describes the emotional state of the person in the picture. The score
of this test was used as an index of Cognitive Empathy skills [22]. IRI is a self-report
questionnaire that is used to measure different components related to dispositional
empathy. In the questionnaire the subject is asked to answer questions regarding
their behavioral tendencies. The questionnaire consists of the following subscales:
perspective taking, which is the tendency to adopt the psychological point of view
of others; fantasy, which is the tendency to spontaneously transpose themselves
imaginatively into the feelings and actions of fictional characters in books, movies
and plays; empathic concern, which is the tendency to experience other-oriented
feelings of sympathy and concern for others facing misfortune; and personal distress,
which is the self-oriented feeling of anxiety and unease in tense interpersonal settings
[24]. The two subscales, empathic concern and personal distress, are commonly
considered to measure levels of Affective Empathy [78, 79, 80|, and will also be used
to investigate Affective Empathy in the current study.

2.1.3 Visuospatial Skills

Visuospatial IQQ was measured using the Block design subtest of the Wechsler’s Adult
Intelligence Scale’s fourth edition (WAIS-IV) [81]. In this test the subject is given
a set of cube-shaped blocks that consist of two white surfaces, two red surfaces and
two surfaces that are half red and half white. The subject is then shown pictures

of two-dimensional red and white figures and must construct the blocks within a
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certain time frame so that the surfaces of the blocks that are facing up match the
two-dimensional figures presented in the pictures. WAIS is a widely used method
for measuring individual 1Q. The subtest used in this study was chosen due to its

relevance concerning the experiment.

2.1.4 Background Factors

With the background questionnaire, information regarding age, gender, level of ed-
ucation and relationship with the other subject was collected. Group statistics on
the background information as well as visuospatial 1QQ and empathy scores can be
found in Table 1.

Table 1 Descriptive statistics of participants' background factors

Variable

N (parrs) 21

Gender (pairs) N, % Female 9 42.9%
Male 7 33.3%
Mixed 5 23.8%

N (subjects) 42

Gender (subjects) N, % Female 23 54.8%
Male 19 45.2%

Degree of Education N, % Highschool 15 35.7%
Vocational 3 7.1%
Bachelor's 16 38.1%
Master's degree 7 16.7%
Licentiate 1 2.4%

Age, mean, sd 27.48 5.42

WAIS Visuospatial, mean , sd? 56.33  6.80

RME, mean, sd ” 27.98 3.18

IRI empathic concern, mean, sd © 27.26 441

IRI, empathic distress, mean, sd ¢ 16.74 12.63

Pair's time having known each other (years), mean. sd 8.69 5.03

? The highest possible score for WAIS VS is 68
® The highest possible score for RME is 36
“ The highest possible score for IRI's empathic concern subscale is 35

 The highest possible score for IRI's empathic distress subscale is 35
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2.1.5 The Task

In order to investigate inter-brain synchrony during online collaboration, a two-
person online interactive racing game was created by the researchers of the Natural
Emotionality in Digital Interaction (NEMO) project in the University of Helsinki.
In this custom-built game, the goal of the pair is to drive a car along a track, while
one of the subjects controls steering and the other controls speed. In this study,
each pair completed two game sessions. One game session consisted of 8 runs which
each lasted for 90 seconds. During this 90-second run, the task of the pair was to
complete as many laps as possible. After each complete run, there was a 12-second
pause during which the subjects’ roles (steering vs speed) switched. This way each
subject completed the same track playing both roles. After two runs of the same
track, the track would change as a new run began and the roles of the subjects
would switch back to the original ones. All-in-all, there were four different tracks
that were each played as described. With four tracks, and each track being played
in two different roles, this amounted to eight runs per session. After finishing the
first session, the subjects were given a 10-minute break. Another identical session,
where the subjects alternated roles in the exact same order through the 4 different
tracks, was held thereafter. Other than driving the car together, the subjects had
no other interaction during the task. An example track from the game is presented

in Figure 1. The screen view was identical for both participants.

Figure 1: An example track of the online game used in the study.
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2.1.6 Procedure

Upon arrival to the experiment, the two participants were asked to fill in a consent
form. The subjects were informed about the course of the experiment and were
informed that they could withdraw from the study at any time upon request without
needing to provide a reason. After filling in the consent form, the subjects were
separated and no longer able to communicate with one another. Two members of
the research group were present conducting the EEG measurement separately for
each participant. The participants were able to communicate with their respective
researchers throughout the experiment. The subjects were randomly assigned to
either first complete the IQ tests run by a member of the research group and then
fill in the background, RME and IRI questionnaires while the other subject was

assigned to carry out these tasks in the opposite order.

After this, preparations for the EEG measurements were made in the laboratory
room where participants were seated in separate spaces with no visual contact with
one another. An EEG cap with 64 electrodes was placed on the participant’s head,
two facial electrodes were placed to measure eye movements and two ECG electrodes

were placed on the subject’s upper body (for details see below).

During the experiment, subjects were seated in separate electromagnetically shielded
rooms. The subjects were then individually introduced to the custom-built racing
game described above. Subjects were informed about the setting and their goal
regarding the task. As a result, they were aware that they would be playing the
game with their partner and that they would not able to interact with each other,
except in the form of playing the game. They were instructed to collaborate and
finish as many laps as possible. During the experiment, the subjects used two keys of
a regular key board at a time. The functions of the keys depended on (and changed
according to) the subject’s role and were used either to control speed (accelerating
and decelerating) or steering (turning left or right). Both subjects sat approximately
80 cm in front of an identical (size: 19 x 19 inch, resolution: 1280 x 1024 resolution)
computer screen used during the task. The course of the experiment is presented in

Figure 2.
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Subject A
4 Tracks, each played
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Figure 2: The course of the experiment.

2.1.7 EEG Recording

During the task, the brain activity of the subjects was simultaneously recorded in
the separate shielded rooms using two EEG systems (BioSemi Active-Two systems,
BioSemi, Inc.) with 64 active scalp electrodes at a sampling rate of 512 Hz. In-
formation regarding subjects pressing the keys was stored in a log file and triggers
from the coordinates of the car on (or off) the track were sent simultaneously to
both of the subjects’” EEG data, enabling precise temporal matching of the two
EEG datasets. Reference electrodes were placed on the right and left mastoid. Two
electrodes for measuring electrooculography (EOG) were placed beside and under
the left eye in order to identify artefacts from vertical and horizontal eye movements.
This number of EOG electrodes was found sufficient as the placement of the most
frontal electrodes of the EEG caps used in this study also detect eye movements. In
addition, ECG was measured with electrodes placed on the subject’s upper body but
ECG will not be included in the analyses of this thesis. The data for each gaming
session was saved as separate datasets, resulting in two datasets per subject, and

four datasets per pair.
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2.1.8 Preprocessing

The preprocessing of the EEG data was carried out using EEGLAB [82] and custom
MATLAB (MathWorks Inc.) scripts. Each dataset was set to begin from the start-
ing point of the first race track and end 5 seconds after the endpoint of the last track
of the session. Based on the EEG caps used, channel locations were added using the
standard Biosemi 64 electrode 10/20 layout. The locations of the two EOG chan-
nels were added in accordance to the locations of the electrodes described above.
Data from all channels was visually inspected, and flat or highly noisy channels
were marked in order to be excluded in the following steps. Due to the inconsistent
quality of the data recorded using the mastoid electrodes, resulting from mastoid
electrodes having detached during some of the measurements, the data was refer-
enced to channel Cz. After this, a low-pass filter of 0,5 Hz was first applied, followed
by the application of a high-pass filter of 48 Hz.

The data was then segmented into three-second segments for exclusion of segments
with significant artefacts. The segmenting resulted in 270 segments per the dataset
concerning session 1 and 270 segments per the dataset concerning session 2, equalling
540 segments over all. The threshold for segment rejection was set to 500 uV. Prior
to rejection, segments set for removal as well as segments set for inclusion in the data
were visually inspected. This process resulted in a minimum number of 0 (0%) and
a maximum number of 43 segments (16%) being removed from one dataset. In 35
out of 42 datasets, less than 10 segments (<4%) were removed, and all but one had
less than 20 removed segments (<8%). In order to remove EOG artefacts from the
data, Independent Component Analysis (ICA) was run for each dataset consisting
of the remaining segments including data measured with the EEG as well as EOG
channels. EEGLAB’s IClabel tool was used to support the identification of these
artefacts. As a result of initial inspection, components labeled as ocular artefacts
with the probability of 90 percent or higher, according to IClabel, were removed
from the data. Prior to the removal of each component, the components’ spectral
map and the effects of the removal of the component on the dataset were visually
inspected. This IClabel criterion was found highly suitable for the removal of EOG
artefacts throughout the datasets, as all components suggested for rejection based
on IClabel were found to reflect ocular artefacts also based on visual inspection.
Additionally, no components that were not suggested for rejection based on IClabel
were found likely to reflect ocular artefacts based on visual inspection. The bad

channels excluded from the previous steps of preprocessing were then interpolated.
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After this the data was re-referenced to the common average in order to preserve
data from Cz and prevent affecting the amplitudes of some channels more than
others. Finally, the data included in the analyses was temporally matched for each
pair. Segments rejected from one subject’s data were also removed from the data
of their partner. Concerning the pair’s entire data, including both gaming sessions,
this resulted in a minimum of 0 segments (0%), maximum of 45 segments (8%) and
an average of 7.7 segments (2%) removed from a pair’s data, leaving an average of

532 segments (98%) per pair for analysis.

2.2 Analysis

All 42 subjects (21 pairs) were included in each analysis. Due to the fact that the
pairs taking part in the study consisted of individuals who had selectively chosen
to participate together, independence of variables such as empathy scores and vi-
suospatial scores between the subjects of each pair could not be assumed. As the
number of pairs was lower than 35, which is seen as the minimum number of pairs
required for reliable testing for the independence of the individual variables between
the subjects, factors could not be reliably tested for and, hence, all analyses were

carried out using pair instead of individual variables [83].

2.2.1 Inter-brain Synchrony During Collaboration

Between-subject correlations of relative power values for different frequencies and
regions of interest (ROI) were calculated and used as an index of inter-brain syn-
chrony among pairs. Due to and based on the variety of different brain regions and
frequency bands found relevant in previous studies related to inter-brain synchrony
and interaction, six regions (frontal, frontocentral, central, parietal, temporopari-
etal and occipital) and four frequency bands; theta (4-8Hz), alpha (9-13Hz), beta
(14-30Hz) and gamma (31-45Hz), were considered in the synchrony analysis of this
study. The EEG channels included in each ROI are presented in Figure 3.
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Figure 3: Electrodes included in each region of interest (ROI).

Correlation coefficients were calculated between relative power values of the EEG
from subjects in each pair for each frequency band and ROI combination. These
correlation coefficient values were used as an index of synchronization similarly as
in the studies by Kawasaki et al. (2018) and Kinreich et al. (2017) [53, 75]. In order
to examine whether synchrony was specific to collaboration, correlation coefficients
between pairs were compared to correlation coefficients calculated between the data
of two selectively chosen subjects that were not playing together. These false pairs
were selected by matching two pairs in the study based on their level of performance
in the task, so that the difference in the mean lap speeds during the two gaming
sessions was as low as possible. Due to the uneven number of pairs, one of the pairs
was included in two of the false pairs. Within these matched pairs, the subjects’ data
was matched to correspond with the reverse order of the roles (speed or steering)
between subjects during the actual game session. The same temporal matching
and segment rejection approach was applied as for real pair. Concerning the false
pair’s entire data, including both gaming sessions, this resulted in a minimum of
0 segments (0%), maximum of 45 segments (8%) and an average of 7.5 segments
(1.5%) removed from a pair’s data, leaving an average of 532 segments (98.5%) per

false pair for analysis.
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A multitaper spectral analysis was applied for the signal measured by each EEG
channel to calculate the Time-Frequency Representation of the signal for each three
second segment using DPSS tapers. The MNE multitaper tool was used with dec-
imation resulting in 12 time points per each segment, thus a 4 Hz resolution. The
relative power values (power of frequency bin / power of all frequency bins) for each

frequency band concerning each EEG signal were then calculated for each segment.

After this, correlations of power in each frequency-band at each channel were cal-
culated between each subject-pairs’ temporally matched EEG segments separately
for the two sessions. Then, the corrections were averaged across the channels within
each ROI separately for each frequency-band. Finally, these frequency-band specific
correlations were averaged across the two sessions resulting in 24 correlations for

each subject-pair (4 frequency-bands x 6 ROIs).

In order to investigate whether some of the synchrony was specific to collaboration,
t-tests were conducted for the correlations between pairs and false pairs after testing
for normality of the variables. T-tests were carried out between the groups for each
frequency band and ROI. In order to avoid type 1 errors, the p-values were tested
at level 0.05 by applying a false discovery rate (FDR) correction [84] including all
p-values. The significance of each mean synchrony index among both groups was
also investigated by comparing the group mean regarding each synchrony index to

Zero.

After this, the significance of each synchrony index that was found to differ between
the groups of pairs and false pairs was tested. One sample t-tests were conducted
for each synchrony index among each group to see whether the group mean of the

synchrony index differed significantly from zero.

2.2.2 Inter-brain Synchrony and Empathy

Those correlations that were significantly higher among pairs than false pairs were
included in the analyses of inter-brain synchrony and empathy. The RME scores
reflecting Cognitive Empathy and the scores of the two dimensions of IRI reflecting
Affective Empathy were investigated separately. Due to previous findings [64] sug-
gesting that the emergence of synchrony is associated with the highest level of social
skills among the interacting individuals, the maximum levels of empathy within each

pair was used in the analyses.

In order to assess the possible relationship between inter-brain synchrony and Cog-
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nitive as well as Affective Empathy, correlations between the subjects’ level of
frequency-band-specific regional synchrony and the separate empathy scores were
calculated among pairs. An FDR correction at level 0.05 was applied for all corre-

lations at once.

3 Results

3.1 Inter-brain Synchrony and Collaboration

The results of the t-tests on the difference in synchrony between pairs and false pairs
can be seen in Table 2. The levels of synchrony are also presented in Figures 4 - 7.
Significant differences in the correlations of relative power between pairs compared
to false pairs was initially found for the theta frequency band in the frontal (t—3.269
, p=0.002), frontocentral (t=4.834, p<0.001), central (t=5.437 , p<0.001), parietal
(t=4.455 , p=0.001), and temporoparietal (t=2.404 , p=0.021) regions; for the alpha
frequency band in the frontocentral region (t=2.79, p=0.008); for the beta frequency
band in the frontocentral (t=2.607 , p=0.013), central(t=3.531, p=0.001), parietal
(t=2.678 , p=0.011) and occipital (t=2.474, p=0.018) regions; and for the gamma
frequency band in the frontocentral (t=2.806 , p=—0.008) and central regions (t=2.804
, p=0.008). The difference concerning beta power correlations in the temporoparietal
region was also initially found significant (t=2.159, p=0.037) but the significance did

not survive the FDR correction.
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Table 2 Sample Statistics and p Values for Independent Samples T-tests

Collaboration factor
Pair False pairr
(n =21) (n =22) Absolute mean  t-test
M SD M SD difference  p value
Alpha synchrony®
Frontal .009 031 -.002 2030 011 249
Frontocentral .033 036 007 025 026 008**
Central 017 031 {005 026 012 176
Parietal .010 030 .009 .021 2001 904
Temporoparietal 091 067 074 .060 018 372
Occipital .014 {028 {006 026 008 340
Beta synchrony”
Frontal 031 069 -.002 062 033 109
Frontocentral .034 050 -.001 .037 035 013%*
Central 049 038 .010 {035 039 001**
Parietal beta 025 031 2002 025 023 011%*
Temporoparietal .078 064 035 .066 043 037
Occipital 027 034 004 028 023 018*
Gamma synchrony”
Frontal 014 107 -.017 {088 031 312
Frontocentral .087 103 {008 (081 079 008**
Central .086 074 029 .059 057 008**
Parietal beta 056 058 030 .044 027 095
Temporoparietal 147 129 109 110 .039 293
Oceipital 026 061 017 076 009 663
Theta synchrony®
Frontal 027 028 -.007 .040 034 002%*
Frontocentral 052 033 001 036 051 001 %%+
Central 041 030 -.003 .022 044 007 ***
Parietal beta 030 023 -.002 .025 032 001 %**
Temporoparietal 117 091 054 .080 063 021*
Oceipital 022 042 012 036 010 420

“Inter-brain synchrony indices calculated between each pair and falsepair

kp < 05. *p < 01. **kp < 001,
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Figure 4: Differences in theta synchrony index means between group of pairs and

group of false pairs.
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Figure 5: Differences in alpha synchrony index means between group of pairs and

group of false pairs.
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Figure 6: Differences in beta synchrony index means between group of pairs and

group of false pairs.
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Figure 7: Differences in gamma synchrony index means between group of pairs and

group of false pairs.

To test whether the mean of the synchrony index that differed significantly between
pairs and false pairs differed significantly from zero, one sample t-tests within both

the pair and false pair groups were performed for all 12 synchrony indices that re-



36

mained significant after the FDR correction. The results of the independent sample
t-tests can be found for pairs in Table 3 and false pairs in Table 4. At the group
level, all of the correlation means were found to differ from zero for the group of
pairs. For the false pairs, two of the correlation means were found to differ from
zero (temporoparietal theta and central gamma). As the synchrony between false
pairs can be assumed to reflect activity that is not specific to interaction (such as
synchrony due to similar visual processing during the game), this synchrony was not

included in the following analysis steps.

Table 3

Sample Statistics and p Values for One Sample T-tests

Pair
(n =21) t-test
M SD p value

Alpha synchrony®

Frontocentral .0333 0363 .001%**
Beta synchrony®

Frontocentral .0339 .0501 .006**

Central .0493 0377 .001%**

Parietal beta .0249 0307 .001**

Occipital .0270 0338 .002%*
Gamma synchrony”

Frontocentral 0871 1032 001 **

Central .0859 0737 .001%**
Theta synchrony”

Frontal 0271 .0280 .001%**

Frontocentral .0524 0334 .001%**

Central 0415 .0304 .00]1%**

Parietal beta .0302 0227 .001%**

Temporoparietal 1170 0910 .001%**

*Inter-brain synchrony indices calculated between collaborating subjects

*p <.05. ¥¥p <.01. ¥¥¥p < .001.
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Table 4

Sample Statistics and p Values for One Sample T-tests

False pair
(n =22) t-test
M SD p value
Alpha synchrony®
Frontocentral 0069 0248 .207
Beta synchrony”
Frontocentral - .0010 .0370 .897
Central 0104 .0346 .175
Parietal 0021 0251 .698
Occipital 0037 0278 .540
Gamma synchrony”
Frontocentral .0079 0810 .652
Central .0289 0591 .032%
Theta synchrony”
Frontal - .0072 0395 402
Frontocentral .0014 .0357 .856
Central - .0027 .0224 578
Parietal beta - .0023 0250 .672
Temporoparietal 0544 0797 .004%*

“Inter-brain synchrony indices calculated between subjects of false pair

*p <.05. *¥p <.01. ¥*¥p < .001.

3.2 Inter-brain Synchrony and Empathy

A one-way ANOVA was performed for each measured variable to investigate whether
there were differences in any of the measured synchrony, maximum empathy levels
(Cognitive and Affective) or visual IQ (min, mean or max) between pairs of different
genders (female, male or mixed). No differences between the three groups were found
for any of the tested variables. These groups were therefore all included in the same

analyses.
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No significant correlations were found between synchrony and the pair’s maximum
RME score, maximum empathic concern score, maximum empathic distress score or
any of the pair’s visual 1Q scores (pair min, pair mean or pair max) after the FDR

correction.

Prior to the FDR correction, significant positive correlations were found between
the pair’s maximum RME score and the pair’s theta synchrony in the temporopari-
etal (r=0.465, p—0.034) region as well as gamma synchrony in the frontocentral
(r=0.457, p=0.030) and central (r=0.5411, p=0.011) regions. An initial significant
positive correlation was also found between beta synchrony in the occipital region
and empathic distress (r=0.512, p=0.018).

4 Discussion

The aim of this study was to investigate the occurrence of inter-brain synchrony
during online collaboration and explore the relationship between this synchrony and

the levels of Cognitive as well as Affective Empathy of interacting individuals.

To this end, inter-brain oscillatory synchrony was calculated between individuals
who were playing a collaborative online driving game together without being able to
communicate with one another in any other form but through playing the game. The
inter-brain synchrony between subjects who were playing together was compared to

synchrony between subjects of false pairs who were not playing together.

To the author’s knowledge, this study is the first attempt to investigate inter-brain
oscillatory synchrony and its associations with empathy using a collaborative gaming

setting that takes place purely online.

Due to previous evidence on the association between inter-brain synchrony and face-
to-face collaboration, we expected that synchrony might also occur during online
collaboration. We also expected that the subjects’ empathy skills may be associated

with the level of this synchrony.

As expected, inter-brain oscillatory synchrony specific to interaction was found be-
tween the subjects collaborating together online. However, significant associations
between this synchrony and the investigated empathy levels of the subjects were not

found.

Significant differences in the inter-brain synchrony measured over multiple regions

and frequency bands were found when comparing pairs who were collaborating to-
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gether to false pairs who were not collaborating together. This finding suggests that
processes specific to interaction seem to account for some of the observed synchrony.
Significant synchrony that differed between the group of pairs and false pairs was
found for the theta frequency band measured over the frontal, frontocentral, cen-
tral, parietal and temporoparietal regions; for the alpha frequency band measured
over the frontocentral region; for the beta frequency band measured over the fron-
tocentral, central, parietal and occipital regions; and for the gamma frequency band

measured over the frontocentral and central regions.

It should be noted that when investigating the significance of the synchrony indices,
only the synchrony for which a significant difference between the groups of pairs
and false pairs was found was considered. Therefore, no presumptions should be
made concerning the relative amount of synchrony that is specific to collaboration

compared to synchrony that is not specific to collaboration.

4.1 Inter-brain Synchrony During Collaboration

The findings of our current study suggest that synchrony in the theta frequency
band measured over the frontal, frontocentral, central, parietal and temporoparietal
regions; in the alpha frequency band measured over the frontocentral region; in the
beta frequency band measured over the frontocentral, central, parietal and occipital
regions; and in the gamma frequency band measured over the frontocentral and
central regions might reflect processes specific to the type of collaboration required
in the experimental online gaming setting of the current study. These processes
include predicting the other’s intentions and motor actions of either accelerating,
decelerating or steering the car as well as adjusting one’s own actions to those of the
other. Correlation coefficients of the regional synchrony in frequency-specific power
between the two subjects were used as an index for synchronization. It should be
noted that the correlation coefficients used as indices of inter-brain synchronization
were very modest in themselves and also when compared to previous findings [53, 60].
However, due to limited knowledge concerning the studied phenomenon, restrictions
concerning the scale of potentially meaningful synchrony were not set for this study.
Thorough efforts for preventing type 1 errors were also made by conducting FDR
corrections. Therefore, the significance of each synchrony value and the differences
in these values between pairs compared to false pairs can be assumed with reasonable
levels of confidence. Hence, it could well be that as synchrony does occur during

online interaction, it is not as strong as during face-to-face interaction. This may



40

be a result of the lack of natural social cues that play a role in inter-individual

synchronization.

There are different possible explanations as to why the lack of social cues may
decrease synchronization. First, the fact that the subjects were not in visual contact
with each other may prevent the type of automatic neural resonance that occurs due
to simply observing the other person during face-to-face interaction. Second, the
absence of social cues may prevent more controlled processes, such as those related

to interpreting the other person’s intentions and actions.

Similarly measured gamma synchrony has also previously been associated with so-
cial functions, specifically social connectedness and social gaze, during face-to-face
interaction [53]. However, in the study in which such associations were found [53],
the increased gamma synchrony was found over the temporoparietal region instead
of the frontocentral and central region as was the case in our current study. In the
same study [53], subjects were seated together in the same room, and their task
included communicating with one another. Due to the difference in the setting of
this previous study compared to our current study where participants were collab-
orating purely online, the differences in the findings could at least partly reflect the
differences of the cognitive processes related to collaboration during the presence,
versus the absence, of natural social cues. It is possible that gamma synchrony in the
temporoparietal regions reflects some processes specific to face-to-face interaction,
such as processing natural social cues and adapting one’s actions and mental states
according to these cues. Not having access to these cues online might result in the
activation of alternative processes when trying to predict or adapt to the actions of
others. These alternative processes could be reflected as other types of synchrony -

such as the type found in our study - between the subjects.

Additionally, similarly measured beta synchrony has previously been found during
a computer gaming study where participants were playing together while sitting
next to each other [60]. In this previous study, increased beta power synchrony
was found only over the central electrode sites, as opposed to over a broad range of
electrode sites as in our current study. In our study, the success of the pair relied
highly on collaborative efforts between the subjects and did not include competition.
Hence the synchrony found in our current study should not represent any factors
related to competition. Conversely, the previous study found that synchrony was
higher during competitive compared to collaborative conditions. As suggested by

the authors of the previous study [60], the finding that central beta synchrony was
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altered by level of competition may have resulted from emphasized motivation for
predicting the intentions of others during competition as compared to collaboration.
This could explain the difference in the level of beta synchrony measured over the
central region which was lower in our current study than in the previous study.
Another explanation for the differences between the findings of the previous and
our study concerning beta synchrony could also be related to the natural social cues
that were present in the previous but not in our current study, similarly as in the

case of the previously discussed gamma synchrony.

In another study, the level of alpha power correlations in the visual and motor areas
between collaborating individuals was found to be associated with better success
in a task requiring adapting to each other’s rhythmic behavior [75]. In our current
study, alpha synchrony was found in the frontocentral region, which may similarly
reflect synchrony in the motor areas. In the study by Kawasaki et al. (2018), the
task required subjects to produce simultaneous behavior that was identical for both
of the subjects, as their goal was to tap their finger in the same rhythm with their
counterpart [75]. In the task of our current study, subjects also produced similar
movements as they were both pressing keys on a keyboard. However, in the cur-
rent task the subjects had distinct roles as one steered while the other controlled
speed. Additionally, although temporally well-orchestrated coordination of behavior
between the subjects was required for successful performance in the current task, the
task did not require identical timing of behavior. In fact, systematically identical
timing of pressing keys could be expected to result in exceptionally poor perfor-
mance in this type of a task. The findings from the previous and current study
together suggest that alpha synchrony measured over the frontocentral region could
reflect processes related to adapting to the movements of each other. This neural
synchrony could also reflect the type of synchrony of movement that is not specific
to identical timing. Furthermore, the core of the MNS has been found to include
the posterior part of the IFG, the PMv and the PMd. As the activity of these areas
is likely measured from the frontocentral and central electrode sites, it could well
be that the synchrony measured over the frontocentral region reflects activation of
the MNS, as activity of the MNS has generally been found represented in alpha fre-
quencies. This might suggest that the current task (i.e. animated car known to be
partially controlled by the partner) could be enough to cause some sort of mirroring
of the other person’s states. It should, however, be emphasized that without source
localization of the EEG signal, information regarding the location sites on the scalp

only provides vague estimations of the sources of the signals. Therefore conclusions
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about the precise location of the measured synchrony can not be made.

In our current study, collaboration through the online task seems to have been
enough for the emergence of some level of synchrony specific to interaction. However,
as the significant synchrony values found in this study were weaker compared to
similar synchrony values found in various previous studies investigating synchrony
in face-to-face settings, it may be that the absence of social cues causes decreased
synchronization of brain activity. This could also be a result of other differences
in the experimental settings, such as the task. In addition, the frequency bands
and electrode sites in which synchrony related to interaction was found differed to
some extent from those of previous studies. This variation may reflect differences
in the processes that are active during interaction in face-to-face versus in online
settings. As synchrony in the theta frequency band measured over the frontal,
frontocentral, central, parietal and temporoparietal regions; the alpha frequency
band measured over the frontocentral region; the beta frequency band measured over
the frontocentral, central, parietal and occipital regions; and the gamma frequency
band measured over the frontocentral and central regions seem to reflect processes
specific to collaboration (as defined by the task of the current study) synchrony
in these regions and these frequency bands should be considered in future studies
related to interaction. The specific role of synchrony measured over these various
regions and frequency bands should be further investigated. These investigations
could include exploring synchrony in relation to various factors that may alter the

level of synchrony, such as task performance and social closeness.

The setting of the current study allowed examination of synchrony in relation to
Cognitive and Affective Empathy levels. No significant associations between the

synchrony indices and empathy levels were found after FDR correction.

As a downside of the FDR method used in order to prevent type 1 errors, the risk
of type 2 errors was increased. It is therefore possible that some associations that
were not captured by the chosen statistical methods nevertheless exist. The initial
findings that did not survive the conservative methods concern the associations
between RME scores (Cognitive Empathy) and temporoparietal theta as well as
frontocentral and central theta synchrony. Although no conclusions should be made
based on these initial findings between synchrony and empathy levels, these results

may be considered with caution and used for guiding future studies.

In our current study, inter-brain synchrony specific to collaboration was found over

the electrode sites in the theta frequency band in the frontal, frontocentral, central,
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parietal and temporoparietal regions; for the alpha frequency band in the fronto-
central region; for the beta frequency band in the frontocentral, central, parietal,
temporoparietal and occipital regions; and for the gamma frequency band in the
frontocentral and central regions. Many different explanations for the occurrence of
synchrony in these frequency bands and regions can be considered. These include
processes specific to predicting the intentions of others in the absence of social clues.
However, specifying the underlying reasons for the emergence of this synchrony must

be left for future research.

Our findings suggests that inter-brain oscillatory synchrony, measured as the covari-
ance in frequency-specific power, specific to interaction occurs during collaboration
that takes place purely online and is thus not limited to face-to-face interaction. This
means that the emergence of inter-brain synchrony does not necessarily require nat-
ural social cues. Synchrony in certain frequency bands measured over certain regions
may occur in both face-to-face and online settings. However, some synchrony con-
cerning specific regions and frequency bands was found in the current study but
not in previous ones using similar synchrony indices and vice versa. Although the
current study is not directly comparable with the previously discussed studies, some
of the differences in the findings of our current study compared to previous findings
could result from the lack of social cues during the experiment used in the current

study.

Initial findings related to the relationship between inter-brain synchrony and levels of
Cognitive and Affective empathy were also found but these findings did not survive
the methods used for controlling for false discoveries. The possible significance of
these preliminary findings between synchrony and empathy should not be assumed

but they may be considered with caution in relation to planning future studies.

4.2 Limitations

A number of limitations concerning the current study should be addressed. Due to
the limited knowledge concerning inter-brain synchrony, various other potential ex-
planations behind the synchrony found between pairs compared to false pairs should
be considered. Although the false pairs were formed by matching the datasets that
were temporally most consistent with one another, the matching of the game phases
and behavioral processes among the false pairs can not be assumed to correspond
with the same precision as among the pairs. This is particularly relevant when con-

sidering synchrony regarding neural activity that is more likely than others to stem
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from the motor areas.

Additionally, although most EEG measurements were conducted during the same
time of day, there was some variation in the time of day of the measurements. This
means that the time of the EEG measurement might have differed between the
false pair subjects, whereas the measurement of the actual pair subjects was always
simultaneous. As systematic variation of activity in each frequency band is likely to
occur throughout the day, this can be seen as an issue that needs to be controlled
in future studies. In addition, appropriate baseline measurements conducted during
resting state conditions as well as during individual game play would have been
beneficial in order to control for, for example, individual differences in the power
distribution in different frequency bands. Furthermore, these baseline measurements
would have diminished some of the issues relating to the comparisons between actual
pairs and false pairs by providing more optimal ways of controlling for the portion of
synchrony that is not specific to collaboration. Lastly, as all pairs consisted of friends
or acquaintances, some similarities in the brain functions of actual pairs compared
to false pairs could have occurred due to, for example, common traits that result in

selection of acquaintances.

In the analyses of our current study, synchrony was represented as the correlation
coefficients of frequency specific relative power values. As mentioned previously, the
index used as a representation of synchrony in this study has been used in previous
research. However, power-specific synchrony methods have also been criticized by
some [85]. More research is needed in order to further understand the significance
of the emergence of these common patterns related to the fluctuation of frequency-
specific relative power values. Similar studies using multiple measures of phase and

power synchrony at once would also be extremely useful.

Initial significance of associations between the measure of Cognitive Empathy and
the level of inter-brain synchrony was found, although these associations did not
survive FDR corrections. Future research should, hence, address more questions
related to possible additional factors that may affect the emergence of inter-brain
synchrony and/or play a part in the relationship between this synchrony and Cog-
nitive Empathy during online collaboration of this sort. It is possible that any
potential associations between RME scores and increased synchrony are caused by

some third factor that is associated with both synchrony and RME scores.

While EEG as a method can be found appropriate for the current study by enabling

investigation of neural activity measured for different frequency bands and allowing
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an ecologically valid experimental setting, more precise spatial resolution would en-
able more accurate localization of the measured activity. Furthermore, for a broader
view and for controlling the number of statistical tests, the activity recorded from
the EEG channels used in this study was combined and averaged over six regions of

interest, which makes localizing the synchrony increasingly challenging.

Finally, although the amount of EEG data allows comprehensive statistical analyses
at the individual and pair level, the statistical power of the group level analyses
and the external validity of the findings would have benefited from a larger number
of subjects. Additionally, further research including a larger sample size would be
beneficial for considering all variables on the group as well as individual level and

distinguishing the associations specific to the features of the pair and the individual.

References

1 L. M. Carrier, A. Spradlin, J. P. Bunce, and L. D. Rosen, “Virtual empathy:
Positive and negative impacts of going online upon empathy in young adults,”
Computers in Human Behavior, vol. 52, pp. 39-48, 11 2015.

2 R. Hari, L. Henriksson, S. Malinen, and L. Parkkonen, “Centrality of Social

Interaction in Human Brain Function,” Neuron, 2015.

3 D. J. Langford, S. E. Crager, Z. Shehzad, S. B. Smith, S. G. Sotocinal, J. Leven-
stadt, M. L. Chanda, D. J. Levitin, and J. S. Mogil, “Social modulation of pain

as evidence for empathy in mice,” Science, 2006.

4 S. M. O’Connell, “Empathy in chimpanzees: Evidence for theory of mind?,”
Primates, 1995.

5 R. Hari and M. V. Kujala, “Brain Basis of Human Social Interaction: From

Concepts to Brain Imaging,” Physiol Rev, 2009.

6 C. Gonzalez-Liencres, S. G. Shamay-Tsoory, and B. Matin, “Towards a neuro-
science of empathy: Ontogeny, phylogeny, brain mechanisms,context and psy-

chopathology,” Neuroscience and Biobehavioral Reviews, 2013.

7 A. W. Woolley, C. F. Chabris, A. Pentland, N. Hashmi, and T. W. Malone, “Ev-
idence for a collective intelligence factor in the performance of human groups.,”
Science (New York, N.Y.), vol. 330, pp. 686-8, 10 2010.



8

10

11

12

13

14

15

16

17

18

46

S. A. Morelli, M. D. Lieberman, and J. Zaki, “The emerging study of positive
empathy,” Social and Personality Psychology Compass, 2012.

D. Engel, A. W. Woolley, L. X. Jing, C. F. Chabris, and T. W. Malone, “Reading
the mind in the eyes or reading between the lines? theory of mind predicts
collective intelligence equally well online and face-to-face,” PLoS ONE, vol. 9,
p. e115212, 12 2014.

P. Chikersal, M. Tomprou, Y. J. Kim, A. W. Woolley, and L. Dabbish, “Deep
structures of collaboration,” Proceedings of the 2017 ACM Conference on Com-
puter Supported Cooperative Work and Social Computing - CSCW ’17, no. Febru-
ary, pp. 873-888, 2017.

S. H. Konrath, E. H. O’Brien, and C. Hsing, “Changes in dispositional empathy
in american college students over time: A meta-analysis,” Personality and Social
Psychology Review, vol. 15, no. 2, pp. 180-198, 2011.

S. G. Shamay-Tsoory, J. Aharon-Peretz, and D. Perry, “Two systems for empa-
thy: a double dissociation between emotional and cognitive empathy in inferior
frontal gyrus versus ventromedial prefrontal lesions,” BRAIN a Journal of Neu-
rology, 2009.

P. L. Lockwood, A. Seara-Cardoso, and E. Viding, “Emotion Regulation Mod-
erates the Association between Empathy and Prosocial Behavior,” PLos One,
2014.

M. D. Lieberman, “Social Cognitive Neuroscience: A Review of Core Processes,”
The Annual Review of Psychology, vol. 58, pp. 259—289, 9 2007.

b

S. G. Shamay-Tsoory, “The Neural Bases for Empathy,” The Neuroscientist,

vol. 17(1), pp. 18-24, 2011.

F. de Waal and S. Preston, “Mammalian empathy: behavioural manifestations

and neural basis,” Nat Rev Neurosci, 2017.

J. Zaki and K. Ochsner, “The neuroscience of empathy: progress, pitfalls and

promise,” Nat Neurosci, 2012.

L. Nummenmaa, J. Hirvonen, R. Parkkola, and J. K. Hietanen, “Is emotional
contagion special? An fMRI study on neural systems for affective and cognitive

empathy,” Neurolmage, 2008.



19

20

21

22

23

24

25

26

27

28

29

47

B. Straube, A. Green, A. Jansen, A. Chatterjee, and T. Kircherc, “Social cues,
mentalizing and the neural processing of speech accompanied by gestures,” Neu-

ropsychologia, 2010.

R. Schandry, “Heart beat perception and emotional experience,” Psychophysiol-
ogy, 1981.

D. Jolliffe and D. P. Farington, “Development and validation of the Basic Em-
pathy Scale,” Journal of Adolescence, 2006.

S. Baron-Cohen, S. Wheelwright, J. Hill, Y. Raste, and I. Plumb, “The "Reading
the Mind in the Eyes" Test Revised Version: A Study with Normal Adults, and
Adults with Asperger Syndrome or High-functioning Autism,” J. Child Psychol.
Psychiat., vol. 42, no. 2, pp. 241-251, 2001.

B. L. Brooks, S. E. M. S, and E. Strauss, “NEPSY-II: A Developmental Neu-
ropsychological Assessment,” Child Neuropsychology, vol. 16, pp. 80-101, 2009.

M. H. Davis, “Measuring individual differences in empathy: Evidence for a mul-

tidimensional approach,” Journal of Personality and Social Psychology, 1983.

S. G. Shamay-Tsoory, R. Tomer, D. Goldsher, B. Berger, and J. Aharon-Peretz,
“Impairment in cognitive and affective empathy in patients with brain lesions:
anatomical and cognitive correlates.,” Journal of Clinical and Experimental Neu-

ropsychology, 2004.

A. Smith, “The empathy imbalance hypothesis of autism: A theoretical approach
to cognitive and emotional empathy in in autistic development,” The Psycholog-
tcal Record, 2009.

M. Mazza, M. C. Pino, M. Mariano, D. Tempesta, M. Ferrara, D. De Berardis,
F. Masedu, and M. Valenti, “Affective and cognitive empathy in adolescents with

autism spectrum disorder,” Frontiers in Human Neuroscience, 2014.

D. Yang, G. Rosenblau, K. C, and K. A. Pelphrey, “An integrative neural model of
social perception, action observation, and theory of mind,” Neuroscience Biobe-

havioral Reviews, 2015.

F. Babiloni and L. Astolfi, “Social neuroscience and hyperscanning techniques:
Past, present and future,” Neuroscience and Biobehavioral Reviews, vol. 44,
pp- 76-93, 9 2014.



30

31

32

33

34

35

36

37

38

39

40

41

48

F. Filimon, J. Nelson, H. D, and S. M, “Human cortical representations for
reaching: Mirror neurons for execution, observation, and imagery,” Neurolmage,

2007.

G. di Pellegrino, L. Fadiga, L. Fogassi, V. Gallese, and G. Rizzolatti, “Under-
standing motor events: a neurophysiology study,” Ezp. Brain Res., 1992.

R. Mukame, E. A. D, J. Kaplan, M. Tacoboni, and I. Fried, “Single-neuron re-
sponses in humans during execution and observation of actions,” Current Biology,
2010.

F. Lachat, L. Hugueville, J. D. Lemarachal, L. Conty, and N. George, “Oscilla-
tory brain correlates of live joint attention: A dual-eeg study,” Developmental

Cognitive Neuroscience, 2012.

S. C. Rizzolatti, G., “The mirror mechanism: a basic principle of brain function,”
Nat Rev Neurosci, 2016.

A. D. Baird, I. E. Scheffer, and W. S. J, “Mirror neuron system involvement in

empathy: a critical look at the evidence,” Soc Neurosci, 2011.

F. V. Overwalle, “A dissociation between social mentalizing and general reason-
ing,” Neurolmage, vol. 54, pp. 1591-1598, October 2011.

R. Leigh, K. Oishi, J. Hsu, M. Lindquist, R. F. Gottesman, S. Jarso,
C. Crainiceanu, S. Mori, and A. E. Hillis, “Acute lesions that impair affective

empathy,” Brain: A Journal of Neurology, 2013.

B. D. Bartholow, M. A. Sestir, and E. D. Britt, “Correlates and consequences of
exposure to video game violence: Hostile personality, empathy, and aggressive

behavior,” Personality and Social Psychology Bulletin, 2005.

W. Tschacher, G. M. Rees, and F. Ramseyer, “Nonverbal synchrony and affect

in dyadic interactions,” Frontiers in Psychology, 2014.

L. Ahonen, B. Cowley, J. Torniainen, A. Ukkonen, A. Vihavainen, and K. Puola-
maki, “Cognitive collaboration found in cardiac physiology: Study in classroom
environment,” PloS ONE, 2016.

S. Jarvelda, M. Kivikangas, J. Kétsyri, and N. Ravaja, “Physiological linkage of

dyadic gaming experience,” Simulation and Gaming, 2014.



42

43

44

45

46

47

48

49

20

o1

49

P. E. Keller, G. Novembre, and M. J. Hove, “Rhythm in joint action: psychologi-
cal and neurophysiological mechanisms for real-time interpersonal coordination,”
Philosophical Transactions of the Royal Society B: Biological Sciences, vol. 369,
no. 1658, 2014.

S. S. Wiltermuth and C. Heath, “Synchrony and cooperation,” Psychological
science, vol. 20, no. 1, pp. 1-5, 2009.

B. Tarr, J. Launay, and R. I. Dunbar, “Silent disco: dancing in synchrony leads to
elevated pain thresholds and social closeness,” Evolution and Human Behavior,

vol. 37, no. 5, pp. 343-349, 2016.

P. Valdesolo, J. Ouyang, and D. DeSteno, “The rhythm of joint action: Synchrony
promotes cooperative ability,” Journal of Experimental Social Psychology, vol. 46,
no. 4, pp. 693-695, 2010.

K. Yun, K. Watanabe, and S. Shimojo, “Interpersonal body and neural synchro-

nization as a marker of implicit social interaction,” Current Biology, 2012.

V. Wikstrom, M. Falcon, S. Martikainen, and K. Saarikivi, “Synchromouse: A
game of improvised joint action,” in Conference Companion Publication of the
2019 on Computer Supported Cooperative Work and Social Computing, CSCW
'19, (New York, NY, USA), p. 418-422, Association for Computing Machinery,
2019.

A. W. Harrist and R. M. Waugh, “Dyadic synchrony: Its structure and function

in children’s development,” Developmental Review, 2002.

R. W. Levenson and J. M. Gottman, “Marital interaction: physiological linkage
and affective exchange,” Journal of Personal and Social Psychology, vol. 45, no. 3,
pp. H87-97, 1983.

H. J. Pijeira-Diaz, H. Drachsler, S. Jarveld, and P. A. Kirschner, “Investigating
collaborative learning success with physiological coupling indices based on elec-
trodermal activity,” in In Proceedings of the sixth international conference on
learning analytics knowledge, pp. 64—73, Association for Computing Machinery,
2016.

R. Feldman, Magori-Cohen, G. Galili, M. Singerb, and Y. Louzounc, “Mother
and infant coordinate heart rhythms through episodes of interaction synchrony,”
Infant Behavior and Development, 2011.



52

53

54

95

o6

57

o8

29

60

61

20

D. Xygalatas, I. Konvalinka, J. Bulbulia, and R. A., “Quantifying collective ef-
fervescence: Heart-rate dynamics at a fire-walking ritual.,” Communicative and

Integrative Biology, 2011.

S. Kinreich, A. Djalovski, and K. L, “Brain-to-brain synchrony during naturalistic

social interactions,” Sci Rep, 2017.

D. N. Saito, H. C. Tanable, K. Izuma, M. J. Hayashi, Y. Morito, H. Komeda,
H. Uchiyama, H. Kosaka, H. Okazawa, Y. Fujibayashi, and N. Sadato, ““stay
tuned”: inter-individual neural synchronization during mutual gaze and joint

attention,” Frontiers in Integrated Neuroscience, 2010.

G. Dumas, J. Nadel, R. Soussignan, J. Martinerie, and L. Garnero, “Inter-brain

synchronization during social interaction,” PLoS one, 2010.

S. Enders, J. Heinzleb, N. Weiskopf, T. Ethoferd, and J. Haynes, “Flow of affec-

tive information between communicating brains,” Neurolmage, 2011.

D. S, W. L, I. Davidesco, L. Kaggen, M. Oostrik, J. McClintock, J. Rowland,
G. Michalareas, J. J. Van Bavel, M. Ding, and D. Poeppel, “Brain-to-brain syn-
chrony tracks real-world dynamic group interactions in the classroom.,” Current
Biology, 2017.

F. De Vico Fallani, V. Nicosia, R. Sinatra, L. Astolfi, F. Cincotti, D. Mattia,
C. Wilke, A. Doud, V. Latora, B. He, and F. Babiloni, “Defecting or not defecting:

How to “read” human behavior during cooperative games by eeg measurements,”
PLoS one, 2010.

X. Cui, D. M. Bryant, and R. A. L, “Nirs-based hyperscanning reveals increased
interpersonal coherence in superior frontal cortex during cooperation.,” Neurolm-
age, 2012.

M. M. Spapé, J. M. Kivikangas, S. Jarvela, 1. Kosunen, G. Jacucci, and
N. Ravaja, “Keep your opponents close: Social context affects eeg and femg

linkage in a turn-based computer game,” PloS one, 2016.

P. Goldstein, I. Weissman-Fogel, G. Dumas, and S. Shamay-Tsoory, “Brain-to-
brain coupling during handholding is associated with pain reduction,” Proceed-
ings of the National Academy of Sciences of the United States of America, 2018.



62

63

64

65

66

67

68

69

70

71

72

o1

C. Babiloni, P. Buffo, F. Vecchio, N. Marzano, C. Del Percio, D. Spada, S. Rossi,
I. Bruni, P. Rossini, and D. Perani, “Brains "in concert": frontal oscillatory alpha

rhythms and empathy in professional musicians.,” Neuroimage, 2012.

U. Lindenberger, S. Li, and W. Gruber, “Brains swinging in concert: cortical

phase synchronization while playing guitar,” BMC' Neurosci, 2009.

J. Jiang, C. Chen, B. Dai, G. Shi, G. Ding, L. Liu, and C. Lu, “Leader emer-
gence through interpersonal neural synchronization.,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 112 14, pp. 42749,
2015.

Y. Pan, X. Cheng, Z. Zhang, X. Li, and Y. Hu, “Cooperation in lovers: An
fnirs-based hyperscanning study,” Human Brain Mapping, 2017.

J. Toppi, G. Borghini, M. Petti, E. J. He, V. De Giusti, B. He, L. Astolfi,
and Babiloni, “Investigating cooperative behavior in ecological settings: An eeg

hyperscanning study,” PloS one, 2016.

J. Luck, An introduction to the event-related potential technique. Cambridge:
MIT Press, 2014.

G. Knyazev, “Motivation, emotion, and their inhibitory control mirrored inbrain

oscillations,” Neuroscience and Biobehavioral Reviews, 2007.

B. T. Duane, T.D., “Extrasensory Electroencephalographic Induction between
Identical Twins,” Science, vol. 150, p. 367, 1965.

L. Astolfi, F. Cincotti, D. Mattia, F. De Vico Fallani, s. Salinari, M. G. Mar-
ciani, W. C, and A. Doud, “Estimation of the cortical activity from simultaneous
multi-subject recordings during the prisoner’s dilemma,” Annual International
Conference of the IEEE Engineering in Medicine and Biology Society, 2009.

L. Astolfi, F. Cincotti, D. Mattia, F. De Vico Fallani, s. Salinari, M. G. Mar-
ciani, W. C, and A. Doud, “Phase synchronization measurements using electroen-

cephalographic recordings,” Neuroinform, 2005.

Y. Hu, H. Yinying, X. Li, Y. Pan, and X. Cheng, “Brain-to-brain synchronization
across two persons predicts mutual prosociality.,” Social Cognitive and Affective

Neuroscience, 2017.



73

74

75

76

7

78

79

80

81

82

83

52

A. Pérez, M. Carreiras, and J. A. Dunabeitia, “Brain-to-brain entrainment:
Eeg interbrain synchronization while speaking and listening,” Scientific Reports,
2017.

A. Pérez, M. Carreiras, and J. A. Dunabeitia, “A mechanism for cognitive dynam-
ics: neuronal communication through neuronal coherence,” Trends in Cognitive
Science, 2005.

M. Kawasaki, K. Kitajob, and Y. Yamaguchic, “Sensory-motor synchronization
in the brain corresponds to behavioral synchronization between individuals,”

Neuropsychologia, 2018.

A. Symons, W. El-Deredy, M. Schwartze, and K. S, “The functional role of
neural oscillations in non-verbal emotional communication.,” Frontiers in Human

Neuroscience, 2016.

D. M. H, “Interpersonal reactivity index : A multidimensional approach to indi-
vidual differences in empathy,” JSAS Catalog of Selected Documents in Psychol-
ogy, 1980.

H. Harari, S. G. Shamay-Tsoory, M. Ravid, and Y. Levkovitz, “Double dissocia-
tion between cognitive and affective empathy in borderline personality disorder,”
Psychiatry Research, 2010.

E. M. Bock and D. Hosser, “Empathy as a predictor of recidivism among young

adult offenders,” Psychology, Crime Law, 2014.

P. Maurage, D. Grynberg, X. Noél, F. Joassin, P. Philippot, C. Hanak, and
S. Campanella, “Dissociation between affective and cognitive empathy in alco-
holism: A specific deficit for the emotional dimension,” Alcoholism: Clinical and

Experimental Research, 2011.

D. Wechsler, Wechsler adult intelligence scale - Fourth Edition (WAIS-1V). Pear-
son, 2008.

A. Delorme and S. Makeig, “Eeglab: an open source toolbox for analysis of
single-trial eeg dynamics including independent component analysis.,” Journal
for Neuroscientific methods, 2004.

D. A. Kenny, A. Kashy, Deborah, and W. L. Cook, Dyadic Data Analysis. Guil-
ford Press, 2006.



84

85

86

87

88

89

90

91

92

23

Y. Benjamini and Y. Hochberg, “Controlling the false discovery rate: a practical

and powerful approach to multiple testing,” 1995.

A. P. Burgess, “On the interpretation of synchronization in eeg hyperscanning

studies: a cautionary note,” Frontiers in Human Neuroscience, 2013.

A. Bockler, G. Knoblich, and N. Sebanz, “Giving a helping hand: effects of
joint attention on mental rotation of body parts,” Ezperimental Brain Research,
vol. 211, pp. 531-545, 6 2011.

T. C. Bates and S. Gupta, “Smart groups of smart people: Evidence for IQ as the
origin of collective intelligence in the performance of human groups,” Intelligence,
vol. 60, pp. 46-56, 2017.

D. Wechsler, Wechsler adult intelligence scale - Third Edition (WAIS-111), Man-
ual. Psykologien kustannus, Helsinki, Finland, 2005.

A. F. d. C. Hamilton, “Reflecting on the mirror neuron system in autism: A

systematic review of current theories,” Developmental Cognitive Neuroscience,
2013.

S. Jarveld, K. J. M, J. Kétsyri, and N. Ravaja, “Physiological linkage of dyadic
gaming experience,” Simulation Gaming, vol. 45, no. 1, pp. 24-40, 2014.

M. Djikic, K. Oatley, and M. Moldoveanu, “Reading other minds: Effects of
literature on empathy,” PScientific Study of Literature, 2013.

Y. Hu, H. Yinying, Y. Pan, S. Xingwei, and X. Cheng, “Inter-brain synchrony
and cooperation context in interactive decision making,” Biological Psychology,
2018.



