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Abstract

Social interaction can be seen as a dynamic feedback loop that couples action, reaction, and 

internal cognitive processes across individual agents. A fuller understanding of the social brain 

requires a description of how the neural dynamics across coupled brains are linked and how they 

co-evolve over time. Here, we elaborate this multi-brain framework, which considers social 

interaction as an integrated network of neural systems that dynamically shapes behavior, shared 

cognitive states, and social relationships. We describe key findings from multi-brain experiments 

in humans and animal models which shed new light on the function of social circuits in health and 

disease. Finally, we discuss recent progress in elucidating the cellular-level mechanisms 

underlying inter-brain neural dynamics and outline key areas for future research.
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Social interaction as a feedback loop in a multi-brain system

As we navigate the world around us, we are continuously making decisions to secure our 

health, well-being, and ultimately survival. These decisions are based on sensory 

information from the environment, but they are also shaped by feedback from the world as 

we act upon it, creating a dynamic loop between action and reaction (Fig. 1). As part of this 

process, animals have evolved to form predictions about their environment and how it will 

respond to their actions in order to make more adaptive choices. Predictive models are 

formed based on learned statistics of the natural world, past experiences, and intrinsic 

knowledge built into the structure of the brain. Adaptive action thus depends on well-formed 

priors that capture the features of the environment and are built upon experience in a stable, 

and relatively predictable, external world.

In contrast to acting in a predictable environment, maneuvering a social environment 

engages the brain in a fundamentally different way. Interacting agents are not isolated, and 
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their behavioral decisions are intimately linked as they act and react directly to one another 

[1,2]. Social agents must flexibly adjust their decision-making schema in response to others’ 

behavior, anticipate the responses of others, and model their goals and internal processes [3–

5] in order to behave adaptively, communicate, and coordinate in pursuit of goals. 

Sometimes individuals interact indirectly through the environment towards shared goals (e.g. 

during group hunting), and/or over an extended period of time (e.g. when individual 

decisions collectively cause and are influenced by climate change). Even in these scenarios, 

individuals anticipate and react to the actions of others in the short or long term within a 

shared social context. This reciprocal exchange of behavior is substantially more 

complicated and unpredictable than non-social action, and it increases the complexity of the 

decision-making process dramatically [6].

These unique features of social interaction suggest a conceptual framework that considers 

social agents not as isolated actors, but as embedded in an integrated system of interactors. 

Such a framework focuses attention not just on single brains, but on the emergent neural 

properties of multi-brain systems [7–9]. Owing to these considerations, researchers have 

increasingly focused on exploring the brain during naturalistic interaction [7,10], and on 

applying techniques to simultaneously measure neural activity in multiple interacting agents 

[9]. In this review, we elaborate this multi-individual framework and provide an overview of 

key results from multi-brain studies, illustrating how this approach has furthered our 

understanding of the social brain. We discuss important considerations in the design and 

interpretation of multi-brain studies as well as recent developments in understanding the 

cellular-level neural mechanisms underlying inter-brain dynamics.

A multi-brain framework to study neural systems in interaction

An integrated system of interactors

Abstractly, social exchange can be thought of as an interaction between two or more neural 

systems that are coupled to one another through sensory inputs and behavior. Yet because of 

their physical separation, interaction between brains has to be mediated by channels of 

expressible communication (e.g. movement, vocalization, touch, and/or via the physical 

environment) (Fig. 2A). There are physical and biological limits to how much information 

can be communicated at a given time, and not all processes relevant for social interaction 

can be or are communicated (i.e. expressed and/or perceived). For example, while internal 

states such as fear may shape expressed behavior, they may also be hidden from external 

view. Thus, as part of the information is lost in external communication, the amount of 

information communicated is a fraction (and likely a lower dimensional representation) of 

the total information in the neural processes within each system (Fig. 2A).

Still, despite this communication bottleneck, animals and humans are often able to infer 

some internal processes of others through external (behavioral) cues. Humans routinely infer 

nonexplicit intentions in others based on their speech and body language, and animals such 

as mice may share stress states and fear associations through observational learning [11,12]. 

Such internal processes—whether or not they are expressed—play an important role in 

shaping social interaction.
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Classically, neuroscientists have aimed to discover neural computations in single individuals 

that convert sets of inputs into behavioral outputs. Applying this approach to social 

interaction has yielded insight into the neural processes underlying social behavior [13,14]. 

However, despite ongoing effort to apply sophisticated machine learning methods to 

improve behavioral tracking and classification [15–17], we, as experimental observers, still 

have limited access to the full communication space of individuals. Many variables relevant 

to understanding social interaction cannot be precisely measured (Fig. 2B). For example, the 

full repertoire of odor cues shared between individuals is not feasibly measurable, and the 

true dynamics of internal states such as attention are often not accessible. As a complete 

description of any decision process requires knowing the full input and output space as well 

as internal variables, observing only a fraction of external variables gives an impoverished 

view that does not capture the internal processes, and their relationships across individuals, 

which may be most informative.

The multi-brain approach

An alternative approach to studying social interaction is to frame interacting agents as 

coupled within a single integrated system [6,7] (Fig. 3). Under this framework, one can 

define and measure properties that arise at the level of the system, such as dual/multi-agent 

behavioral properties or interbrain neural dynamics, and study how they are related (Fig. 4). 

Individual’s actions may give rise to emergent behavior at the dyadic or group level, and the 

underlying neural processes may exhibit shared dynamics that reflect alignment of behavior 

or internal states. As neural dynamics carry information that may not be available from 

behavioral analysis (Fig. 2), patterns of shared activity across individuals may also provide 

novel information about the interaction itself or the relationship between agents. This 

approach may also reveal fundamental mechanisms by which coordinated behavior is 

orchestrated by integrated neural systems.

Growing appreciation for these possibilities has spurred a tremendous effort in recent years 

to explore the emergent neural properties that arise across multiple brains in interaction (Fig. 

3). The development of techniques to record neural dynamics simultaneously from two or 

more subjects has opened the door for a rigorous investigation into how inter-brain neural 

dynamics may provide a substrate for interaction, communication, coordination, and 

collective behavior [8–10,18].

Inter-brain dynamics as neural correlates of shared social variables

Since its introduction nearly two decades ago [9], the multi-brain approach has been applied 

to study people in interaction and their inter-brain neural dynamics across a wide range of 

social contexts. Collectively, these studies have identified patterns of inter-brain neural 

dynamics, including inter-brain synchronization, which correlate with social variables such 

as behavioral coordination, shared cognitive states, and social relationships (Fig. 4). Inter-

brain dynamics have also been observed in non-human primates [19] and other animals 

[20,21], suggesting that emergent patterns of activity across interacting agents may be 

conserved across social species.
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Techniques and task designs for multi-brain research in humans

A repertoire of non-invasive recording approaches, collectively referred to as hyperscanning 

[9], has been employed to explore neural dynamics during human social interaction. These 

mainly include functional magnetic resonance imaging (fMRI), functional near-infrared 

spectroscopy (fNIRS), and electroencephalography (EEG). These methods measure 

hemodynamic or electrical activity in the brain and can be applied to multiple subjects to 

record their neural activity simultaneously.

Using these methods, researchers have measured inter-brain dynamics across different task 

structures and social contexts. One dimension along which task structure may vary is in the 

degree of real-time interactivity that subjects are engaged in [22]. While some tasks engage 

individuals in structured turn-based games where decisions are made on discrete trials [23–

26], other tasks allow for real-time interaction, as in face-to-face communication [27] or 

music production [28–30]. These distinct task designs allow researchers to probe inter-brain 

correlates of different types of social variables. For example, turn-based games may reveal 

neural correlates of internal processes such as mentalization and strategy formation, while 

interactive tasks can explore correlates of active coordination. Task designs can also vary the 

social context to structure interactions by providing specific goals for participants to pursue. 

Varying goal structure, for example by specifying either shared or antagonistic goals in 

games, allows researchers to probe differences in inter-brain dynamics that correlate with 

cooperative or competitive behavior [23–26,31–34].

Initial studies that explored inter-brain dynamics during turn-based economic games 

[9,23,26] and vocal, gestural, or affective communication [35–37] employed dual fMRI 

recordings. While this approach provides brain-wide access to neural signals, the technical 

constraints of fMRI limit tasks to those that do not require direct contact, physical 

interaction, or naturalistic settings. In order to explore inter-brain dynamics during more 

interactive contexts, fNIRS [34,38] and EEG [24,28] have also been used extensively. 

Because fNIRS only requires attachment of lightweight spectrometers to a subject’s head, 

recordings of cortical hemodynamic activity can be made in multiple individuals during 

interaction without restraining natural movement. Similarly, EEG allows recordings of 

cortical activity at high temporal resolution during unconstrained interaction, allowing 

exploration of high frequency dynamics and network patterns.

Inter-brain dynamics related to shared behavioral variables

The application of these various techniques and tasks has allowed examination of how inter-

brain dynamics relate to multiple layers of shared social variables, including behavioral 

variables (e.g. coordination of external behavior), cognitive variables (internal states such as 

attention), and relational variables (such as romantic states). One set of tasks uses 

interpersonal coordination to explore inter-brain neural correlates of shared behavior. During 

games in which subjects must synchronize timing of a button press, inter-brain synchrony 

predicts successful coordination [34,38,39]. During behavior alignment tasks using rhythmic 

finger tapping [40,41], body movement [42], and gestural imitation [43], inter-brain 

synchrony has also been observed to predict coordinated behavior. Of note, however, in 

many situations, such as during emulation, similar patterns of activity may arise from 
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common sensory inputs and/or concurrent behavior. Such synchrony may not necessarily 

reflect the social component of interaction, as synchrony may be observed across non-

interacting individuals receiving the same sensory inputs or engaged in the same actions. 

Thus, in order to isolate the true contribution of social interaction, it is important to exclude 

the effects of common sensory inputs and identical actions.

Interestingly, when interactors do not perceive the same sensory inputs and perform identical 

actions, inter-brain synchrony still occurs. Musicians playing duets [28,29] show 

synchronized brain activity, and when playing in quartets [44], exhibit functionally 

connected brain networks even when playing different notes. Moreover, many behavior 

coordination studies report higher inter-brain synchrony during interaction than during 

control conditions where subjects’ are recorded outside of the interactive context [40–43]. 

These lines of evidence suggest that inter-brain synchrony does not simply reflect the 

identical sensory or motor signals correlated by task structure, but arises in part from the 

underlying processes in each brain as it is engaged in a social context. This includes the 

coordination of behavior and perception during interaction, as well as the affective and 

cognitive processes that shape it.

Inter-brain dynamics related to shared cognitive variables

In some studies, the alignment of internal cognitive variables such as attention has been 

explored more directly. For example, face-to-face contact during social interaction and vocal 

communication [27,45,46] have been associated with synchronization of neural circuits 

involved in attention, and mutual eye contact dynamically couples a distributed neural 

network across subjects [47,48]. Attention directed toward common goal pursuits has also 

been associated with increased synchrony [49,50], and joint attention may be mediated by 

social signals that elicit shared neural dynamics such as gaze or gestural cues [51]. 

Intriguingly however, inter-brain dynamics have also been linked to alignment of abstract 

cognitive variables such as semantic constructs and psychological states [52,53]. For 

example, when individuals listen to spoken stories, hemodynamic or neural signals are 

correlated across speaker and listener in circuits underlying language comprehension, 

abstract thought and mentalization [37,54–56]. The degree of inter-brain correlation predicts 

language comprehension [37], supporting the idea that shared neural representations of 

semantic and cognitive constructs may be related to narrative understanding [57]. Consistent 

with this, synchrony predicts language comprehension between individuals in a noisy 

environment [58] and expert teachers show greater inter-brain synchrony with students than 

novice teachers during collaboration [59].

Inter-brain dynamics related to shared relational variables

Shared neural dynamics have also been found to correlate with relational social variables, 

including romantic relationships, kinship, and leader-follower relationships. While inter-

brain synchrony in romantic couples [60,61] and parent-child dyads [62–64] predicts their 

success in cooperative games, the brains of strangers in the same task (and stranger parent-

child dyads) do not display the same degree of synchrony. And during free interaction [65], 

musical production [66], strategic card games [24], and coordinated finger tapping [40], 

inter-brain dynamics also distinguish between leaders and followers, suggesting that they 
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encode information about social relationships as they evolve. In these social relationships, 

how biological sex and/or gender identity contribute to inter-brain dynamics remains an 

interesting point for future investigation [39,67]. Collectively, these studies demonstrate that 

inter-brain neural dynamics encode various social variables ranging from shared behavior 

and attention to shared cognitive and relational states.

Inter-brain dynamics as observed in animal studies

Although many studies have focused on human social interaction, effort has also been made 

to explore inter-brain neural dynamics in non-human primates and other animal species. 

Because animals cannot engage in highly complex interactions such as playing card games 

or producing music, social contexts for probing inter-brain dynamics in animals are more 

limited than in human subjects. Nevertheless, using simple observational and unconstrained 

behavior tasks, studies in animals have also uncovered shared neural dynamics that predict 

social interaction and relational variables. Electrophysiological recordings of single neurons 

in monkey premotor cortex show inter-brain synchronization while one animal observes the 

other completing a rewarded task [19]. In mice, large-scale calcium imaging of populations 

of single neurons have revealed inter-brain synchrony in the prefrontal cortex during natural 

behavior [21]. And in bats, recordings of local field potentials in the prefrontal cortex reveal 

inter-brain synchrony during social interaction [20]. A consistent conclusion from studies of 

mice and bats is that inter-brain synchrony predicts social interaction, but does not arise 

simply from concurrent movements or behavior. Further, inter-brain synchrony in mice also 

predicts the development of social dominance relationships between animals [21]. This 

echoes reports from human studies which show that inter-brain synchrony can predict 

leader-follower relationships [40,65,68] and captures information about cognitive processes 

during social competition [69,70]. Taken together, these results demonstrate that inter-brain 

synchrony is a general phenomenon that extends across species, and that synchrony in non-

human animals can similarly encode diverse social variables such as coordinated behavior 

and relational states.

Considerations in measuring inter-brain dynamics

Careful consideration of experimental design and analytical methodology is necessary in 

order to isolate relevant measures of inter-brain dynamics, and to control for contributions to 

neural signals that may result spuriously from rhythmic activity or structurally correlated 

task variables [71]. Inter-brain dynamics have typically been examined using measures of 

synchrony such as correlation and coherence, measures of directional interaction such as 

Granger causality and partial directed coherence (PDC), and statistical modeling 

approaches. Measures of time-series correlation (of EEG power or hemodynamic response) 

provide a simple measure of shared inter-brain dynamics but may miss synchronous 

relationships that are phase shifted. Measures of directional interaction (e.g. Granger 

causality) may provide additional information about asymmetric communication between 

brains [35]. For example, in leader-follower settings, brain processes in the leader may 

precede those in the follower [30]—measures such as PDC account for such asymmetries 

and reveal how directional influence correlates with task variable or social relationships. At 

the same time, some measures of coherence, including PDC, may not be robust to spurious 

inter-brain dynamics that arise due to rhythmic activity inherent to neural systems. These 

Kingsbury and Hong Page 6

Trends Neurosci. Author manuscript; available in PMC 2021 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



may be avoided using more direct measures of the covariance in phase relationships, such as 

the circular correlation coefficient [71], and by using analytical controls such as phase 

randomized signals. Importantly, other measures of network level functional relationships 

across brains (e.g. graph theoretic measures of connectivity [29,44,72]) may also be 

informative. Development of new theoretical and computational frameworks to analyze the 

evolution of inter-brain neural dynamics, especially across more than two individuals, may 

represent a fruitful focal point for future research.

Considerations in disentangling inter-individual variables

During natural social exchange, many levels of external and internal variables may be 

aligned across individuals, and there are likely many distinct inter-brain neural correlates of 

social variables present simultaneously [52,73]. These components may be separable and 

separately interpretable in highly controlled experimental settings. However, in many cases, 

these components may be highly intermixed, creating a challenge in interpretation of how 

they reflect shared social variables. While it is possible to examine relationships between 

inter-brain dynamics and measurable behavioral variables, linking neural activity to 

cognitive or relational variables presents a further challenge. Because variables such as 

attention or encoding of goal states cannot be explicitly measured, interpreting their 

relationship with inter-brain dynamics depends on controlled task design in order to rule out 

contributions from confounding factors. Specifically, contributions from activity due to 

sensory stimuli or behavior, which may be correlated due to task structure, must be 

controlled or factored out, experimentally or computationally. Lastly, selection of metrics 

that are robust to detecting spurious synchrony will increase interpretability [71] of inter-

brain dynamics, especially when experimental controls are limited.

Sensory modalities involved in inter-brain dynamics

One important question regarding the mechanisms underlying inter-brain dynamics is 

whether specific sensory modalities are involved, and if so, which are particularly important. 

So far, studies across both humans and animal models suggest that inter-brain dynamics are 

not modality specific. Indeed, in humans, inter-brain synchrony has been observed during 

tactile stimulation [74], linguistic communication [37,54] (with no visual cues), and gestural 

communication [35] (with no auditory cues), indicating that neither visual nor auditory 

information are fully necessary. While work in animals has not explored tasks that limit 

specific sensory inputs, the observation of synchrony in mice and bats [20,21], which rely on 

largely distinct sensory modalities for social communication, suggests that the general 

phenomenon (across species) is not specific to any particular modality. Still, future research 

may shed light on how inter-brain dynamics in certain contexts depend on specific 

communication modalities.

The neural basis of inter-brain dynamics

While it is now clear that inter-brain activity patterns provide correlates of shared social 

variables, there is still relatively little known about the neural mechanisms that support inter-

brain dynamics. It is not yet known to what degree inter-brain dynamics are driven by well-

defined neural components, such as circuits that perform specific computations or 
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subpopulations of molecularly defined cells. Partly, this is because noninvasive techniques 

such as fMRI and EEG cannot resolve neural dynamics at the single-cell level, precluding 

the possibility of linking region- and brain-wide activity with microcircuit computations. In 

light of this, application of multi-brain approaches in animals, where neural dynamics can be 

recorded from single cells [75–77] and molecularly defined ensembles [78,79], may be 

fruitful.

Systems and circuits involved in inter-brain dynamics

Evidence from human hyperscanning studies points to various neural networks that appear 

to play an important role in inter-brain dynamics. One intriguing finding is that inter-brain 

dynamics are not localized in the brain but are instead observed across many distinct brain 

regions depending on social context and task. During coordinated finger tapping [41,80] and 

music production [29,30], synchronization of motor and premotor areas correlates with 

behavioral alignment, while synchrony across frontal and parietal areas may relate to shared 

attention. Similarly, synchrony in frontal circuits during cooperative interaction 

[24,25,34,38] may be interpreted as a correlate of conceptual or cognitive alignment, as 

these structures are implicated in the control of goal states and mental models.

In human multi-brain studies, regions associated with the mentalization network [5], 

including the medial prefrontal cortex (mPFC), anterior cingulate, superior temporal 

junction, and temporoparietal junction, have been routinely identified as components that 

contribute to inter-brain dynamics. Similarly, regions involved in the mirror neuron system 

[81,82] have also been implicated, including the frontal gyrus, premotor cortex, and 

posterior parietal cortex. Broadly, the involvement of circuits in the mentalization and mirror 

neuron networks suggests important roles for complex cognitive processes including theory 

of mind, mental modeling, emulation, and simulation of behavioral and affective states. 

Interestingly, while regions of the PFC have been consistently identified in human studies 

[24,28,35,38], work in non-human animals has also implicated the mPFC in neural 

synchrony [20,21], suggesting overlap in some of the core underlying processes across 

species.

As the wide range of implicated circuits suggests a diversity of underlying processes, it 

remains an important open question whether and to what degree inter-brain dynamics vary 

across different brain regions. A strength of EEG and fMRI recordings in humans is the 

ability to systematically explore regional differences in inter-brain dynamics during complex 

tasks, as well as spatiotemporal patterns of activity in brain-wide networks across 

individuals [37]. In complement to this, examining the cellular-level components that 

underlie inter-brain dynamics may shed light on how they vary regionally and how they are 

engaged in different social contexts.

Frequency components and time scales of inter-brain dynamics

Many EEG recordings have explored the diversity of inter-brain dynamics within the 

temporal domain by examining oscillatory neural components across different frequency 

bands. Several sub-second frequency bands, ranging from slower theta and alpha bands to 

high-frequency gamma, have been implicated in inter-brain dynamics. In particular, inter-
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brain synchronization has predominantly been observed in slower frequency ranges 

including theta (4–7 Hz) [28,29,42,44,83] and alpha-mu (8–13 Hz) [25,30,62,84,85], while 

some studies implicate power coherence in the beta range (14–30 Hz) [30,42,55,84]. 

Interestingly, some research also implicates higher frequency gamma oscillations (30–60 

Hz) [84,86–88] in inter-brain dynamics, suggesting a role for mechanisms reflected in 

gamma activity such as attentional control [89,90]. The diversity of synchronous activity in 

different frequency bands may reflect differences across brain regions, recruitment of 

specific sets of neurons that exhibit distinct electrophysiological properties, and specific 

behavioral contexts [91].

Although EEG allows researchers to measure cortical activity at high temporal resolution, 

recordings of local field potentials (LFP) and single neuron spiking activity in interacting 

humans has been difficult due to the invasive nature of these methods. However, 

extracellular electrode recordings in bats [20] have identified inter-brain correlations of LFP 

power and spiking activity in PFC during social interaction that predict the onset of future 

interaction. Interestingly, inter-brain correlations of LFP power were most prominent in high 

frequency bands (30–150 Hz), consistent with some human multi-brain studies that identify 

power coherence in the gamma band [84,86–88]. The observation of inter-brain synchrony 

across different frequency bands again suggests involvement of multiple neural processes 

beyond those that directly generate behavior.

Interestingly, modulation of power in these sub-second frequency bands often occurs over a 

slower time scale of seconds to minutes [20,30,83,86]. This slow time scale seems to reflect 

the low-frequency nature of behavioral and internal state dynamics between individuals that 

takes place over the course of interaction. Similarly, recordings of calcium dynamics that 

reflect region-wide neural activity also show strong inter-brain correlations over seconds to 

minutes [21]. While individual neurons and circuits are capable of producing high-frequency 

(sub-second) activity patterns within a single brain [91], it is likely that the communication 

bottleneck and neuromodulatory changes of internal states constrain power modulations in 

high-frequency bands to slower dynamics.

Cellular substrates of inter-brain dynamics

While electrode recordings of LFP provide a good measure of regional activity with high 

temporal resolution, optical recordings using genetically encoded calcium indicators provide 

access to hundreds of single units simultaneously [76], which can be labeled based on 

expression of genetic markers or connectivity [79]. This technology offers access to the 

cellular mechanisms underlying inter-brain dynamics. Based on this approach, miniature 

head-mounted microscopes were used to record single cell calcium dynamics from mPFC 

neurons during free social interaction in mice [21]. When mice were engaged with each 

other, the overall activity of mPFC neurons across animals was highly correlated, yet this 

inter-brain synchrony was diminished when a barrier was introduced to disrupt interaction. 

Interestingly, analysis of single cell contributions showed that inter-brain synchrony depends 

on two subsets of neurons that separately encode specific behaviors of the subject animal 

and those of its social partner. Although these two neural components are largely non-

overlapping, they collectively represent behavior of both animals, such that synchronization 
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of region-wide activity emerges during interaction (Fig. 5). As many brain regions have been 

implicated in tracking variables of self and partner [92–96], this may represent a common 

neural basis underlying inter-brain dynamics across different neural systems.

During a competitive encounter, the degree of inter-brain synchrony across dyads of mice 

predicts future interaction as well as the development of social dominance relationships [21]. 

Importantly, this correlate of relational state depended specifically on these behavior-

encoding cells, indicating that neural synchrony reflects engagement of specific 

computational circuits as opposed to non-specific regional activity. Consistent with this, 

prefrontal and parietal regions [24,28,35,38,96] involved in self and partner perception in 

humans are strongly implicated in inter-brain dynamics. As each region contains many 

distinct neuronal subpopulations, this raises the question of whether particular cell types or 

circuits contribute preferentially to inter-brain dynamics. The availability of molecular and 

genetic tools in mice [79] presents a unique opportunity for a more precise interrogation of 

the cellular-level components that underlie inter-brain neural dynamics.

Neural components encoding hidden variables

One common finding across multi-brain studies is that inter-brain dynamics often predict or 

correlate with social interaction—defined using behavioral measures—yet cannot be 

explained by structurally correlated behavior or sensory inputs. In mice, inter-brain 

synchrony was observed even when contributions from all observable behaviors were 

discounted using a multivariate statistical model [21], and in bats, neural synchrony 

exceeded the degree of behavioral correlation across animals [20]. In other words, while 

neural components that encode sensory cues and behavior contribute to inter-brain 

dynamics, other neural processes, hidden from external observation, also play an important 

role. In addition to encoding self and partner behavior, neurons in the mPFC may also 

encode specific behavior sequences, plans, decision rules and contingencies, or internal 

states such as attention. Involvement of the mentalization and mirror neuron networks in 

humans lends strong support to this idea. While it is not yet known whether such neural 

computations contribute to inter-brain dynamics in animals, these questions can be 

addressed using molecular and genetic tools. For example, recording activity of specific 

circuit components or neuromodulatory signals that are involved in processes such as social 

attention [89,97–99] may shed light on whether and to what degree internal state variables 

contribute to inter-brain dynamics.

Computational models of multi-brain interactions

The striking temporal and regional heterogeneity of inter-brain dynamics points to a 

confluence of neural processes that span behavioral, cognitive, affective and relational 

domains. Development of computational models may shed light on how activity in single 

cells gives rise to regional and network-level dynamics, and how these dynamics may be 

shaped by biophysical or anatomical constraints [100]. Artificial systems such as adversarial 

neural networks can also be used to explore how behavior of interacting agents is related to 

computational processes, internal states (such as attention or memory), and shared 

dynamics. Such approaches hold promise to move us toward a more unified theoretical 

framework of the mechanisms underlying inter-brain dynamics.
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Inter-brain dynamics at the group level

Beyond dyadic interactions, individuals may also come together into larger groups, where 

relatively simple local interactions can generate highly complex behavior at the group level 

[101,102]. While most studies have explored inter-brain dynamics across dyads, there has 

been recent effort to generalize the multi-brain framework beyond dyadic interaction. One 

study found that during quartet guitar playing, neural dynamics in four individuals’ brains 

are recruited into a hyper-brain network that evolves throughout the interaction [44]. 

Remarkably, the connectivity of the hyper-brain network correlated with different phases of 

the musical piece, and also reflected directional relationships between guitarists’ roles. In a 

classroom of 12 students, inter-brain synchrony between students could predict class 

engagement [103], suggesting that coherence across individuals in a group may provide a 

neural correlate of group attention and cognitive alignment. Shared group neural dynamics 

in the prefrontal cortex also predicted group cohesion and intergroup hostility [104,105], 

suggesting that multi-brain dynamics may be a substrate for shaping group interactions. 

These studies break new ground by demonstrating the feasibility of group recordings and the 

potential for discovery of multi-brain neural dynamics at the group level. Development of 

novel approaches to measure functional connectivity across multiple brains will be an 

important agenda for future research, as analysis of pairwise synchronization may provide a 

limited view in group settings. In complement, development in recording technologies 

[77,106] that enable monitoring of neural dynamics in groups of freely behaving animals 

will open the door to study underlying mechanisms with unprecedented precision and 

cellular resolution.

Inter-brain dynamics as biomarkers for social disruption

As inter-brain dynamics correlate with social variables such as cooperativity and shared 

affective states, disruptions in inter-brain dynamics may also signal deficits in social 

interaction. In line with this, several studies have begun to investigate how inter-brain 

dynamics may be altered in mental and neurodevelopmental disorders that affect social 

interaction. Frontal inter-brain synchrony is reduced in adults with autism spectrum disorder 

(ASD) compared to non-ASD controls [107]. Disruptions in interbrain dynamics have also 

been observed in interactions between ASD children and their mothers, and these 

disruptions correlated with the severity of ASD symptoms [108]. During interactions 

between healthy individuals and those with Borderline Personality Disorder, inter-brain 

synchrony was reduced compared to synchrony between two healthy people [109]. These 

findings suggest that social deficits, at least in some disorders, may be linked to the 

misalignment of specific internal processes. Moreover, the fact that inter-brain dynamics 

correlated with particular symptoms in ASD raises the possibility that individual variability 

in inter-brain dynamics may be related to disease heterogeneity [107,108]. Deeper 

exploration of how inter-brain dynamics vary within and across patient populations can 

strengthen our understanding of the mechanisms underlying specific symptoms. This may 

shed new light on core deficits common across different disorders, as well as the 

heterogeneity of presentations within patient groups, possibly leading to more effective 

therapies and diagnostic tools.
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Inter-brain dynamics as a mechanism for social coordination

Beyond providing a neural correlate of shared social variables, inter-brain dynamics such a 

synchrony may also reflect a biological mechanism to coordinate behavior, cognitive/

affective states, or social relationships [52]. Testing a causal role for inter-brain synchrony 

requires simultaneous manipulation of neural activity in interacting partners. While the idea 

of inter-brain synchrony as a casual mechanism in neural systems has been discussed in the 

past, demonstrating a causal role in shaping neural or behavioral processes remains a 

substantial challenge (see Outstanding Questions). Still, recent efforts have begun to test the 

causal role of inter-brain dynamics in humans using transcranial alternating current 

stimulation (tACS). Researchers found that in-phase (but not anti-phase) stimulation of the 

motor cortex in two participants increased synchronized tapping, suggesting that inter-brain 

synchrony during the preparatory period may promote action coordination [110]. In another 

study, researchers found that simultaneous stimulation of frontal and parietal regions 

disrupts behavioral synchronization during drumming [111]. The opposing effects on 

behavioral synchronization raise questions about the regional and temporal variability of 

inter-brain dynamics and how to more precisely manipulate specific patterns of neural 

activity.

Despite these findings, it is still unclear at the conceptual level how inter-brain dynamics 

could exert causal influence on neural or behavioral processes, as explicit knowledge of 

inter-brain dynamics requires measuring activity in two or more individuals. However, while 

no individual has physical access to the internal processes of another, individuals can make 

inferences about other’s internal states based on behavioral cues [1,2,5]. In principal, this 

mentalization process may support an estimate of the synchronization of internal state 

variables across individuals which can inform decisions. For instance, a subject’s attentional 

state may be compared with the estimated attentional state of an interacting partner by some 

circuit. By computing the synchronization of self and inferred attentional states across 

individuals, such a circuit could shape behavior based on estimated synchrony of their 

attentional states. While such a mechanism has not been tested, it is possible to determine 

whether any neural components encode the inter-brain synchronization of specific neural 

processes. The identification of circuits that encode inter-brain dynamics can provide a 

steppingstone toward further investigation of their potential role in shaping interaction. 

Moreover, testing a causal role for inter-brain dynamics may require precise knowledge of 

the cellular-level circuits or neural subpopulations involved. Such specificity is feasible 

using animal models where precise manipulation of well-defined circuits can be achieved 

using implanted electrodes or optogenetics [112].

Concluding Remarks

The multi-brain framework expounded in this review moves beyond treating individuals as 

isolated actors, instead considering interacting agents as an integrated network of neural 

systems. Through this lens, researchers have interrogated the emergent neural properties of 

multi-individual systems and explored how they relate to social interaction. Insights into 

inter-brain dynamics and their underlying mechanisms will continue to transform our 

understanding of the social brain in health and in disease. More broadly, a deeper 
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understanding of inter-brain dynamics may provide unique insight into the neural basis of 

collective behavior which gives rise to a broad range of economic, political, and socio-

cultural activities that shape society. As we expand our knowledge of the brain and our 

capacity to engage directly with it, this line of research can facilitate advances in brain-to-

brain interface technology that may offer direct, high-bandwidth connection between brains, 

bypassing the bottleneck of external communication. Ultimately, all these developments will 

transform how we see ourselves, how we interact with each other, and how we collectively 

shape our shared future.
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Outstanding Questions

Inter-brain neural dynamics emerge from brain regions and networks that play a role in 

behavior and cognitive functions, yet the underlying cellular-level mechanisms are not 

clear. Do inter-brain dynamics such as neural synchrony arise from specific anatomically 

or molecularly defined neural circuits or cell subpopulations? If so, what computational 

functions do these circuits play, and how are they engaged during interaction in different 

social contexts?

How are inter-brain dynamics related to social dysfunction in psychiatric and 

neurodevelopmental disorders, and can alterations in inter-brain dynamics provide an 

informative endophenotype or biomarker for disease states?

How do inter-brain dynamics across multiple individuals during social interaction relate 

to the organization of group-level behavioral/relational properties and collective 

behavior?

The synchronization of neural processes across individuals is associated with shared 

behavioral, cognitive, and relational variables, yet a functional role for inter-brain 

synchrony in coordinating social interaction has not been demonstrated. Are inter-brain 

dynamics purely correlative, or does the synchronization of neural processes across 

individuals play a causal role in shaping social interaction?

Kingsbury and Hong Page 18

Trends Neurosci. Author manuscript; available in PMC 2021 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights

Social interaction engages individuals directly with one another, coupling them in a 

dynamic feedback loop of action and reaction. A new conceptual framework, which 

views interacting agents as embedded in an integrated system, focuses attention on the 

emergent neural properties of multiple brains as they coordinate across individuals during 

social interaction.

Inter-brain neural dynamics that arise across brains of interacting individuals provide 

neural correlates of shared social variables, including coordinated behavior, shared 

cognitive or affective states, and relational states such as dominance or familial 

relationships.

Recent work extends the view of inter-brain dynamics to include their study in animal 

model systems, revealing the existence of inter-brain synchronization across diverse 

species. Invasive recording techniques and molecular tools available in animal models 

shed new light on the specific circuit-level mechanisms underlying inter-brain dynamics.
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Figure 1. The decision-making process as a dynamic feedback loop.
Illustration of the decision-making process of an agent in a non-social (A) vs. social (B) 

context. For simplicity, the social context is illustrated here for the case of a two-agent 

situation. The agent makes choices based on a sensorimotor transformation that maps an 

input space to specific behavioral outputs. In the non-social context, the agent uses feedback 

from the environment which is relatively stable and predictable. In contrast, the social 

context couples the agent directly to another agent whose internal state (e.g. goals, beliefs, 

etc.) are hidden. Behavior and behavioral responses from the interacting partner are highly 

unpredictable, creating a more complex decision-making processes that engages 

mentalization, dynamic prediction, and other cognitive processes.
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Figure 2. Neural systems are communicated through a behavioral bottleneck.
Illustration of social communication between two interacting agents. (A) As the behavioral 

outputs of each agent form part of the other’s input space, interacting agents become 

coupled in an integrated system (Fig. 1). The full range of neural processes that shape 

behavioral decisions span a higher dimensional space than that of expressed behavior, so 

communication between agents is limited by a channel with limited bandwidth (the 

communication bottleneck). (B) From a third-person perspective, observation of only a 

limited part of external communication (explicit behavior measured by experimenters) 
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provides an impoverished view that lacks information about the underlying neural processes. 

Direct measure of the neural processes and their dynamical relationships across agents may 

provide additional information about unmeasured variables and the interaction itself.
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Figure 3. A multi-brain approach to study interacting agents as a single system.
Different conceptual frameworks to study social interaction, considering one or multiple 

interacting agents as a single system. Various neural and behavioral properties at the level of 

single, dual, or multiple individuals may be studied using single-, dual-, or multi-brain 

approaches, respectively. For example, recording neural dynamics in two or more 

individuals simultaneously provides access to measures of inter-brain neural properties such 

as synchrony that may correlate with dual/multi-agent behavioral or cognitive variables. The 

multi-brain approach can be applied to study two agents in interaction, or to study the inter-

brain dynamics of multiple individuals in a group interaction.
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Figure 4. Shared social variables and inter-brain dynamics.
Inter-brain dynamics measured across two or more interacting agents may provide 

information about shared social variables, ranging from behavioral variables to internal 

cognitive and relational variables. Behavior variables include shared sensory inputs, 

synchronized behavior, or coordinated behavior that is not precisely aligned (e.g. music 

production in a duet where each individual plays a distinct voice). Cognitive variables 

include neural processes that are internal but may shape behavioral outputs, including shared 

attention, semantic constructs, goal states, affective states, and other processes such as 
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mentalization and simulation. Relational variables include those that describe social 

relationships across individuals such as status and familial relationships.

Kingsbury and Hong Page 25

Trends Neurosci. Author manuscript; available in PMC 2021 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Single-cell neural components give rise to inter-brain synchrony.
Schematic illustration of the neural basis for inter-brain synchrony in the mouse mPFC 

during social interaction. Single neurons that encode behavioral decisions of the subject 

(subject cells) or the interaction partner (partner cells) collectively respond to the shared 

behavior repertoire of both individuals. Because of the specific behavioral variables that they 

encode, activity in these largely non-overlapping neural ensembles becomes synchronized 

across individuals during interaction. (Adapted from [21])
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