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Abstract

Studying the human brain during interpersonal interaction allows us to answer many questions related to motor
control and cognition. For instance, what happens in the brain when two people walking side by side begin to
change their gait and match cadences? Adapted from the neuroimaging techniques used in single-brain measure-
ments, hyperscanning (HS) is a technique used to measure brain activity from two or more individuals simultaneously.
Thus far, HS has primarily focused on healthy participants during social interactions in order to characterize inter-brain
dynamics. Here, we advocate for expanding the use of this electroencephalography hyperscanning (EEG-HS) tech-
nique to rehabilitation paradigms in individuals with neurological diagnoses, namely stroke, spinal cord injury (SCI),
Parkinson’s disease (PD), and traumatic brain injury (TBI). We claim that EEG-HS in patient populations with impaired
motor function is particularly relevant and could provide additional insight on neural dynamics, optimizing rehabilita-
tion strategies for each individual patient. In addition, we discuss future technologies related to EEG-HS that could be
developed for use in the clinic as well as technical limitations to be considered in these proposed settings.

Keywords: Hyperscanning, Electroencephalography, Rehabilitation, Motor control, Group therapy, Brain connectivity,
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Introduction

Studying the human brain in social settings has revealed
task-specific activation of various brain regions involved
in cognition as discussed in multiple review papers [1-
3]. Furthermore, functional and structural connectivity
analyses have allowed researchers to examine relation-
ships across these activated regions, providing insight on
how an individual may process and interpret informa-
tion. These findings have led to numerous theories on the
characterization of neural systems, namely the mentaliz-
ing system (MS) and mirror neuron system (MNS) [4-6].
The MS, which primarily involves the temporal-parietal
junction (TPJ) and medial prefrontal cortex (mPFC),
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plays a role in the anticipation of others intentions [4]. In
order to code the neural representations of these inten-
tions, the mPFC regulates and plans higher cognitive
function while the TPJ provides context to a given situ-
ation. The MNS, on the other hand, is activated when
preparing one’s own actions and imitating the actions of
others and has been associated with the left inferior fron-
tal and premotor cortices as well as the inferior parietal
lobe (7, 8].

Evidence of these neural systems has been further
explored in the context of inter-brain dynamics while
recording from multiple subjects [9]. Hyperscanning
(HS) is a technique that allows one to record the brain
activity of two or more subjects simultaneously [10].
The first effort to record the activity of two brains
simultaneously with electroencephalography (EEG)
was performed by Duane and Behrendt [11]. However,
the technique started to gain importance two decades
ago [12]. Several HS studies have been carried out in
healthy participants to understand changes in brain
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activity due to social interactions [12-15], including
motor tasks [16, 17], speech [18], and musical perfor-
mance [19-21].

However, most of the published studies have been
limited to describing interactions between individu-
als performing simple tasks or under simple stimuli
restricting the use of the technique beyond the labo-
ratory. Therefore, to reach a deeper comprehension of
the mechanisms involved in social interactions during
“normal” life situations with peers it is necessary to
generate experimental paradigms that are as “natural”
as possible. As noted in a review by Hari and Kujala
[1]; “much of the fleeting, moment-to-moment infor-
mation of social interaction remains beyond the reach
of studies involving limited stimuli and tasks. The cur-
rent challenge for brain imaging is to bring every day
human interaction, occurring in a complex natural
environment between two or more subjects, into the
laboratory”.

With a similar interest in studying interpersonal
interactions, group dynamics have also been explored
in the context of motor rehabilitation. Group ther-
apy, defined as two or more individuals participat-
ing in specialized activities mediated by clinicians,
has been used as a supplement to traditional therapy
in rehabilitation settings [22, 23]. This approach to
treatment provides greater peer support, resulting in
improvements such as increased physical function,
engagement, and quality of life in patients with various
neurologic diagnoses [24—-27]. Notably, group therapy
settings share many parallels with the HS contexts
that have been studied in dyads or groups of healthy
individuals.

Consequently, HS studies have not been explored in
patient populations due to the complexity of the clini-
cal environment and the different technical challenges
that need to be addressed. Thus, how motor recov-
ery during social interactions in patients is reflected
through changes in brain connectivity, for instance in
a group therapy setting, has yet to be investigated. In
this paper, we propose an approach to study EEG-HS
in different patient populations, such as stroke, spi-
nal cord injury (SCI), Parkinson’s disease (PD), and
traumatic brain injury (TBI). In addition, we address
different combinations of dyads during motor reha-
bilitation such as Patient—Patient, Patient—Therapist,
Patient—Healthy and Patient—Machine. Here we focus
only on EEG-HS because of its high temporal resolu-
tion, affordability and high mobility in comparison
to other neuroimaging techniques such as functional
near-infrared spectroscopy (fNIRS), functional mag-
netic resonance imaging (fMRI), or magnetoencepha-
lography (MEG).
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Hyperscanning modalities

Many early neuroimaging studies focused on recording
brain activity from a single participant while perceiv-
ing stimuli in order to assess cognition in a controlled,
laboratory environment [5, 9]. While these studies were
foundational in validating neuroimaging technologies
and answering many questions related to sensory func-
tion, they failed to address the two-person neurosci-
ence described by Hari and Kujala [1]. This follows the
idea that, during interpersonal interaction between
two or more individuals, time-varying relationships in
brain activation may arise and reveal important find-
ings regarding inter-brain dynamics. Because daily-life
activities are most often experienced in dyads or groups
of people, studying simultaneous activity from multi-
ple brains has particular relevance in providing a more
complete understanding of social cognition. In order to
capture these phenomena, neuroimaging techniques tra-
ditionally used in single-subject recordings were config-
ured for multi-subject applications [9, 28—-30].

HS has been validated with four primary functional
neuroimaging techniques: fMRI, f{NIRS, EEG, and MEG
[31]. Each of these methods are more or less suited for
measuring brain activity during specific tasks due to their
respective recording principles. fMRI offers the high-
est spatial resolution of the four techniques, localizing
hemodynamic activity from the cortex to deeper brain
structures [32]. However, due to the size constraints of
the scanner as well as its comparatively low temporal
resolution, fMRI-HS paradigms are limited to study-
ing small, isolated behaviors and decision-making tasks.
MEG measures magnetic fields produced by electrical
potentials in the brain, providing high spatial and tempo-
ral resolution [33]. However, similar to fMRI, applications
in HS research are limited due to the movement con-
straints that these devices impose. In addition, both fMRI
and MEG systems are very expensive and may require
large, dedicated spaces for installation and operation.

The two modalities most suitable for studying move-
ment-related paradigms during social interactions are
fNIRS and EEG [30, 34]. These modalities have been
integrated into wearable systems allowing for virtually
unrestricted movement from the participant. fNIRS is
less susceptible to noise as it is an indirect measure of
hemodynamic activity in the brain. On the other hand,
developments in artifact detection have greatly improved
the quality of the signals obtained with EEG. Therefore,
while fNIRS and EEG both measure signals from the
cortex with comparable spatial resolution, EEG has a
higher temporal resolution (sub-milliseconds), allowing
for analysis of certain behaviors on a smaller timescale
[35, 36]. For example, fNIRS could be used to measure
changes in cortical activity during walking compared
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to rest while EEG is capable of measuring intra-stride
changes in cortical activity during walking. This differ-
ence is especially important when considering the degree
of resolution needed to quantify planning, coordination
and movement-execution involved in interacting dyads.

EEG hyperscanning
Data acquisition
EEG has become an indispensable tool for basic brain
studies and clinical applications, and the instrumenta-
tion is much less expensive than that of other techniques,
such as MEG and fMRI [37]. In addition, the high tem-
poral resolution of EEG and its mobile capabilities have
many advantages in comparison to other imaging tech-
niques, for instance, it is simpler to record two or more
subjects simultaneously with EEG-HS [9, 34]. With these
advantages in mind, we will focus our discussion on EEG
as we believe it is the most appropriate neuroimaging
modality for the applications discussed later in this paper.
EEG-HS data have been recorded with 28-64 EEG
channel systems (10-10 or 10-20 montage and active
or passive electrodes) at a sampling frequency ranging
from 200 to 5000 Hz [13, 15, 38—40]. From a recording
standpoint, many commercial EEG systems can accom-
modate HS paradigms. Well-designed EEG-HS experi-
ments require precise time synchronization across all
recording equipment (e.g., presentation software, motion
capture systems, video recordings). In many cases, a
defined set of external stimuli or markers is used to cor-
relate observed behaviors with the measured brain sig-
nals. Generally, this is accomplished one of two ways
when recording from two or more participants simulta-
neously: (1) two recording computers with two separate
EEG amplifiers, connected to a master computer and
synchronized via an external trigger or (2) one record-
ing computer and amplifier with electrode bundles split
between two participants. In the first case, the precise
synchronization between the two recording computers is
crucial as delays between the two EEG recordings could
potentially lead to inaccurate interpretations of the data.
A recent review paper [29] provides more detail regard-
ing specific EEG systems (i.e., Brain Products, ANT, EGI,
and BioSemi) and how they have been used in HS studies.
Overall, data acquisition will follow the same procedure
as typical, single-subject EEG recordings with the addi-
tional consideration of time synchronization between
EEG devices if using separate systems.

Data analysis

The analysis of HS data is challenging and involves many
technical considerations (e.g., removing artifacts, choos-
ing an unbiased estimator, defining rigorous experi-
mental controls) that should be addressed to perform
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an accurate interpretation. The most straightforward
approach is to use the intra-brain data analysis tech-
niques (i.e., those used for analyzing data from single
subjects) and adapt them to analyze inter-brain HS data
(i.e., data recorded from 2 or more brains). Neverthe-
less, it is difficult to separate inter-brain relations related
to identical stimuli presented to both participants from
relations that represent between-brain networks [31, 41].
When applying the HS technique to the motor rehabilita-
tion paradigms discussed in later sections, we advocate
for first performing offline analysis of HS data. Once sub-
stantial evidence of inter-brain measures has been estab-
lished for a given HS paradigm, an online analysis may be
used to develop tools for real-time evaluation of interper-
sonal dynamics between interacting individuals.

HS studies typically report inter-brain synchronization
(or brain-to-brain synchrony) in order to describe signifi-
cant causality and correlation in brain activity between
dyads or groups of participants interacting. The meas-
ures that quantify this phenomenon involve comparisons
between signals in the time and/or frequency domain
[31]. The most widely used methods to assess EEG-HS
connectivity include the following: (1) Phase coherence,
(2) Phase locking value (PLV), (3) Phase lag index (PLI),
(4) Granger-causality, (5) Partial directed coherence
(PDC), and (6) correlation [31].

For example, correlation between signal amplitude
or power in various frequency bands has been used to
characterize synchrony [42]. Common coupling estima-
tors like PLV [17] and phase coherence [43] are used to
measure the phase differences in signals, though the
potential bias of these measures has been discussed [41].
Mutual information, the joint dependence between two
or more variables, has been used to characterize the
causal links between participants in the time-domain
with Granger-causality [44] and Kraskov mutual infor-
mation [41] and in the frequency domain with PDC
[12, 15]. In well-designed experiments, all measures are
computed and compared across multiple conditions in
order to control for similarities that may be coincidental
in nature or related to the observation of similar stimuli.
This experimental consideration is demonstrated in an
EEG-HS study of finger tapping in dyads, where dynamic
coordination between human participants was compared
to coordination between each participant and a comput-
erized metronome [39]. In both conditions, participants
were seated back-to-back and only received auditory
feedback of tapping sounds, ensuring that the same
external stimuli were preserved between conditions.

Classification analyses with supervised learning can
be performed as well in order to characterize the accu-
racy of different connectivity measures used for dis-
crimination between behavioral conditions. For instance,
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Support Vector Machines have been used in a previous
HS study to characterize the contributions of inter-brain
and intra-brain connectivity measures in classifying
dyadic interactions compared to individual interactions
with computers during a visuomotor task [45]. Another
study used a classifier based on Riemannian geometry to
discriminate between different emotional states of inter-
acting partners [46].

Hyperscanning in social interactions

Over the past two decades, studies in the field of neu-
roscience have explored how multiple individuals
interacting with one another results in inter-brain syn-
chronization. As a result, numerous review papers have
been recently published describing the various social
contexts that have been studied using HS setups [14, 31,
47-51]. The review published by Wang et al. groups these
social contexts into six primary domains: imitation, coor-
dination, eye contact, game theory, cooperation or com-
petition, and natural scenarios.

Imitation involves tasks where one participant is
instructed to mirror the observed actions of another par-
ticipant. Taking this concept a step further, coordination
involves joint action or synchronized behaviors between
participants. In these paradigms, participants are often
assigned roles of “leader” and “follower” or “model” and
“imitator”. Eye contact tasks analyze the exchange and
processing of non-verbal, social cues through eye-to-eye
contact or mutual gaze of a common object. Game the-
ory is a field of study that includes economic exchanges,
trust-building exercises and interactive decision making.
Tasks that involve cooperation or competition measure
the differences between dyads that work together and
against one another through turn-based games or timed
behaviors. Finally, natural scenarios attempt to study
social interactions as they occur in everyday life.

In addition to HS studies that focus on natural scenar-
ios, efforts to capture more naturalistic paradigms have
been considered across all domains. Most HS setups are
conducted in enclosed laboratory spaces and involve
many repetitions of a single task. These conditions often
do not mirror the activities experienced in everyday life
and therefore the results may not be directly reflective
of social cognition as it “naturally” takes place. In addi-
tion, results from these repetitive experimental tasks can
be affected by the engagement of the participant. Previ-
ous review papers have suggested modifying experimen-
tal setups to account for these discrepancies in order to
contribute to a better understanding of social interaction
through HS [14, 31].

Another important consideration in these HS stud-
ies is the effect of emotion and personal connection that
spans each domain. Studies have demonstrated higher
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connectivity and performance in romantic partners ver-
sus strangers in button pressing tasks [44] and in crea-
tive tasks [52] as well as higher synchrony when children
interact with their parents versus a stranger during a
cooperative activity [53]. In addition, discrete regions of
inter-brain coherence have been identified between same
sex and mixed-sex dyads during a cooperative computer
task [54]. These findings show the importance of not
only the designed task and assigned roles on inter-brain
synchronization, but also the relationship between the
individuals engaged in the task. Because personal con-
nections can influence both the degree and location of
observed synchrony in the brain, these factors should
be explored in additional contexts (e.g., age, gender, dis-
ability) and paradigms in order to better characterize HS
results. Conversely, if these emotional connections are
not the focus of a study, the experimental design should
make an effort to control for these potential confounding
factors related to distinct dyads whenever possible.

Hyperscanning in movement-related paradigms
When considering the application of existing EEG-HS
paradigms to motor rehabilitation in patient populations,
it is important to note relevant results of movement-
related paradigms in neurotypical individuals. So far,
simple, upper extremity movements and gestures have
been studied with HS setups which fall under the con-
texts of imitation and coordination as previously men-
tioned. Additionally, most of these studies focus on the
central-parietal region of the brain when reporting inter-
brain synchronization.

One EEG-HS study explored the relationship between
behavioral and neural synchronization through imita-
tion of hand gestures in dyads [17]. In this study, one par-
ticipant was instructed to imitate the other participant’s
hand movements under two conditions: spontaneous
(self-determined) and induced imitation. For spontane-
ous imitation, inter-brain synchronization was estimated
using PLV and revealed right centro-parietal networks
in the alpha frequency band across participants during
the exchange of gestures, consistent with the theories of
the MNS. Interestingly, significant synchrony was also
identified during periods of imitation where the ges-
tures were not exactly mirrored in terms of hand shape
and direction of movement, indicating that inter-brain
synchronization may not exclusively depend on the pre-
cise execution of a particular movement. These findings
suggest that self-determined engagement during gestural
imitation is more informative than the ability to perfectly
mimic a given gesture, as quantified by inter-brain syn-
chronization. Future studies could explore if these find-
ings hold during more complex gestures or movements
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(See figure on next page.)

Fig. 1 Methods of data analysis used in electroencephalography hyperscanning (EEG-HS) during movement-related activities. A HS analysis
between brains during unconscious finger movements quantified with phase locking value (PLV) [55], B Periods of phase synchronization (at 2.5 Hz)
used in network analysis of musical coordination in guitar quartets [19]. A and B were reproduced and adapted with permission from copyright

holders under Creative Commons licensing

involved in rehabilitative exercises discussed in the next
sections.

Another EEG-HS study explored social coordination
involved with rhythmic finger movements [16]. While
pairs of participants observed one another’s self-paced
finger movements in real-time, two oscillatory compo-
nents in the right centro-parietal cortex were identified
using a measure similar to the PLV. These components
were concluded to have opposing functions as one was
associated with enhancement of independent move-
ments (inhibition of MNS) and the other was associated
with enhancement of coordinated movements (excitation
of MNS). The same research group expanded on these
findings with a focus on mu band power modulation [42].
They found that changes in mu band power were identi-
fied during rhythmic finger movements under different
contexts (e.g., anti-phase, in-phase, intrinsic), emphasiz-
ing the role of the right-central parietal region in medi-
ating the interpretation and imitation of others” actions.
Together, the findings from these studies [16, 17, 42] also
emphasize the importance and focus on the mu (alpha)
band in analysis of HS measures during coordination and
imitation.

To assess the basis of implicit social coordination, an
EEG-HS study analyzed unconscious fingertip move-
ments between dyads before and after cooperative train-
ing exercises [55]. The results showed that, after training,
the number of functionally significant connections
between dyads increased in the inferior frontal gyrus,
anterior cingulate, parahippocampal gyrus and postcen-
tral gyrus as measured by phase synchrony (Fig. 1A). In
the context of motor rehabilitation, these findings are
particularly important as they indicate that inter-brain
synchronization can be enhanced over time through
exercises that focus on cooperation between dyads. As
interventions for motor rehabilitation are delivered over
a period of time in conjunction with a patient’s plan of
care, tracking changes in HS measures as a result of dif-
ferent dyadic or group interactions could be a potential
application of the aforementioned study [55] to patient
populations.

In addition to simple joint movements, more complex
motor behaviors have been studied through musical per-
formance with HS setups. In the context of a guitar duet,
one group used an EEG-HS setup to associate musical
roles of leader and follower with asymmetric periods

of phasing locking at the frontal and central electrodes
[21]. This study also found that phase coherence was
enhanced in the frontal and central regions during sec-
tions demanding higher coordination between players,
emphasizing the importance of these regions in interper-
sonal action coordination. The same group further inves-
tigated this paradigm in a later study using a directional
measure of connectivity to assess the transfer of informa-
tion between leader and follower in a guitar duet [20].
This measure revealed time-lagged periods of synchro-
nization around the onset of playing and showed asym-
metries in the strength of synchronization for the frontal
and parietal regions between the players. Networks of
connections have also been explored during musical per-
formance in larger groups of musicians. Using EEG-HS,
synchronous brain activity was measured in guitar quar-
tets, revealing networks of activity characterized by both
inter- and intra-brain connectivity [19]. Interestingly, the
structure of these networks changed over time depending
on the section of music performed and at times involved
electrodes shared by two, three or all four brains of the
interacting participants (Fig. 1B).

Future considerations: hyperscanning in patient
populations

HS thus far has primarily focused on inter-brain dynam-
ics in healthy participants. While the field is relatively
new, it could benefit immensely from expanding to
include patient populations. Comparing established
results from healthy participants to similar social con-
texts in patient populations can be essential in determin-
ing whether or not the observed instances of inter-brain
synchronization are of physiological relevance. When
pursuing these comparisons, many combinations of
dyads are of interest. For this paper, we have identified
four potential combinations that are relevant in rehabili-
tation settings: (1) Patient—Patient, (2) Patient—Therapist,
(3) Patient—Healthy, and (4) Patient—Machine (Fig. 2).

In Patient—Patient dyads, interactions between two
individuals with a similar neurologic diagnosis (e.g.,
stroke, spinal cord injury) may be analyzed. These inter-
actions could involve tasks that are typically performed
in each patient’s treatment program (e.g., stretching exer-
cises in a physical therapy program). Specific examples of
these tasks will be discussed extensively in the following
sections.
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Dyadic Combinations
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Fig. 2 Examples of dyadic and group combinations proposed for future hyperscanning (HS) studies in motor rehabilitation settings. These dyadic
combinations include Patient-Patient, Patient-Therapist, Patient—Healthy, and Patient-Machine. Group studies could be organized to include
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Alternatively, the same interactions could be stud-
ied in Patient—Therapist dyads to measure differences
when an individual with a neurologic diagnosis inter-
acts with a trained professional. Because the therapist
has substantial expertise in the activity of interest and
over time builds a rapport with their patient, these fac-
tors can potentially affect the patient’s rehabilitation
outcomes as well as the interpersonal dynamics during
therapy. In traditional motor rehabilitation, the thera-
pist should consider the skill level or functional capac-
ity of each patient and the demands of the task being
performed. For patients with lower skill levels, the
therapist may provide varying levels of physical assis-
tance or cuing to help the patient successfully complete
the task. As a patient begins to achieve a higher skill
level, the therapist will reduce the level of assistance
and progressively increase the task difficulty to elicit

error augmentation and facilitate motor adaptation [56,
57]. Based on this approach, Patient—Therapist interac-
tions could potentially involve two scenarios: mirrored
movements between dyads or an interaction where the
therapist guides and/or directs a patient through an
exercise, depending on the patient’s functional ability.
Patient—Healthy dyads, an individual with a neuro-
logic diagnosis paired with an untrained, healthy indi-
vidual, could provide an additional comparison with the
other combinations mentioned. One possibility would
be to assess dyads consisting of a patient and their family
member, potentially revealing advantageous, emotional
connections similar to what has been explored in roman-
tic partners [44, 52]. Comparing the interactions between
a patient and their family member versus a patient and
their therapist could help distinguish the effect of emo-
tion and skill, respectively, on inter-brain dynamics
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and, in turn, functional improvements in rehabilitation
settings.

Finally, Patient—Machine dyads, an individual with a
neurologic diagnosis interacting with a computer, can
be studied and compared to the baseline findings from
each combination of human dyads. With development
of artificial controllers (i.e., robotics) that mimic human
behavior, the impact of robot-mediated therapies can be
assessed in the context of these social interactions.

Establishing results on inter-brain dynamics through
HS in each of these dyadic combinations can also lead
to further questions and applications in larger groups.
Recording simultaneous brain activity from more than
two individuals has the potential to reveal networks of
connections amongst patients and therapists interact-
ing in the same clinic. If smaller groups can be identi-
fied within a larger group based on increased measures
of inter-brain synchronization, this has the potential to
create more effective, synergistic training groups as HS
provides an additional physiological measurement of
engagement. Over time, these interpersonal connections
may lead to increased engagement which may be corre-
lated with the functional outcomes of each patient such
as motor learning or skill acquisition. A previous study
in healthy individuals supports this hypothesis, show-
ing that there is greater behavioral synchrony and inter-
brain synchronization between basketball teammates
compared to strangers during a joint drawing task [58].
Additionally, the influence of Patient—Machine inter-
actions could be explored in larger groups as well. For
instance, network analyses of hyperconnectivity could
be compared in exercise groups between a group of four
patients interacting together versus a group of three
patients interacting with a computer that provides feed-
back related to the exercise. Overall, these comparisons
could reveal how inter-brain connectivity is affected as a
result of a neurologic diagnosis, guiding and optimizing
the rehabilitation strategy for an individual patient.

Potential application of hyperscanning: group
therapy
In the following sections we will discuss the patient pop-
ulations and paradigms we believe are most relevant to
future HS analyses. The patient diagnoses to be consid-
ered include stroke, SCI, PD, and TBIL In each of these
patient populations, some form of group therapy has
been researched as an alternative or supplement to tradi-
tional, motor rehabilitation. These applications of group
therapy present noteworthy opportunities to evaluate
brain activity from multiple patients simultaneously and
assess the functional implications.

Group therapy in rehabilitation is defined as two
or more individuals participating in skilled therapy
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treatment with guidance from one or more clinicians
[22, 23]. It is most often described in literature as one of
two paradigms: (A) performance of an activity in which
patients are engaged in a common, coordinated activity
(e.g., partnered dance), and (B) performance of exercise
or activity together in the same environment, however
not necessarily in a coordinated fashion (e.g., group cir-
cuit training). Throughout the following sections, we will
focus on these two forms of group therapy and refer to
them as paradigms A and B.

Advantages of group rehabilitation include peer social
support, increased accessibility to and opportunity for
treatment, decreased staff demands, and cost-effective
delivery of treatment [22, 23, 26, 59]. The elements of
these groups are driven by the functional status and
goals of the members, staff allocation and reimburse-
ment from third party payers [22, 23]. Delivery of inter-
ventions in group settings can be performed by several
disciplines within the interdisciplinary team, including
physical therapy, occupational therapy, speech language
pathology, recreation therapy, and psychology. These
interventions can occur in the inpatient, outpatient, and
community settings [22, 27, 60]. The delivery of interven-
tions in the group setting has shown to be efficacious in
improving physical function, cognition, mood, participa-
tion, pain, and quality of life (QOL) in patients with neu-
rologic diagnoses including stroke [26], SCI [27], PD [24],
and TBI [25].

Overall, there is a lack of neuroimaging studies in
group therapy settings. Incorporating EEG-HS setups
in these contexts could allow for the analysis of not only
inter-brain synchronization, but also intra-brain connec-
tivity and single-brain measurements to further charac-
terize the effect of this specialized treatment.

Stroke

Motor impairment is a common sequela of stroke, often
resulting in the loss of functional independence and qual-
ity of life [61]. Rehabilitation focused on repetitive, spe-
cific, and intense task practice has shown to be effective
in facilitating motor recovery [62]. Delivery of interven-
tions in group settings has shown to be a cost effective
way to increase intervention dosage, especially in the
crucial early days of stroke rehabilitation [59, 61].

Studies have investigated interventions using both
paradigms A and B [26, 59, 61, 63-65]. As an example
of paradigm A, Van Vugt et al. compared the effect of
dyads post-stroke playing simple piano songs synchro-
nously versus in-turn (one after the other) on improving
fine motor function in the hemiparetic upper extremity
[63]. They hypothesized the group that played synchro-
nously would be more socially engaged with their part-
ners, resulting in improved rehabilitation outcomes. The
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results revealed both groups improved fine motor control
and demonstrated reductions in depression and fatigue,
however, the in-turn group tended to demonstrate
greater motor improvement in addition to reporting
greater sympathy towards their partners and positivity
regarding the training sessions.

Group therapy interventions in stroke rehabilitation
investigating tasks consistent with paradigm B have
also been examined. Interventions include modified
constraint induced movement therapy, circuit exercise
training, and robotic assisted therapy, occurring both in
inpatient rehabilitation and outpatient community set-
tings [26, 59, 61, 64, 65]. These interventions resulted
in significant improvements in measures of upper and
lower extremity function in both subacute and chronic
stroke. For instance, Hesse et al. demonstrated that robot
assisted group therapy was just as effective as individual
arm therapy in improving upper motor extremity func-
tion, but required decreased staff demands [59].

Spinal cord injury

SCI involves damage to the spinal cord, often affecting
motor and sensory function as well as quality of life. Cur-
rently, there is limited evidence describing the efficacy
of group therapy on functional outcomes in individuals
with SCI. However, Zanca et al. reported findings from
the SCIRehab study analyzing group therapy data col-
lected from over 1300 patients with traumatic spinal cord
injury over five years at inpatient rehabilitation hospitals
in the United States [22]. The type of group treatment
(e.g., physical therapy, occupational therapy, recreation
therapy, and psychology) and amount of time spent in
group therapy varied among patients based on the indi-
vidual levels of injury and functional impairments. Nota-
bly, individuals with incomplete SCI spent more time in
physical therapy groups compared to individuals with
complete SCI, focusing on range of motion/stretching,
balance, wheelchair skills, education, and most com-
monly strength and endurance training. While no data
were reported on the impact of participation in group
therapy on functional outcomes, two additional stud-
ies have shown group therapy delivered in the form of
a community exercise class is feasible and resulted in
improvements in health, mood, pain, perceived health
status, and regular participation in exercise for individu-
als with SCI [27, 66].

Parkinson’s disease

PD is a progressive neurodegenerative disorder char-
acterized by motor symptoms including bradykinesia,
tremor, rigidity and postural instability and nonmotor
symptoms such as cognition, mood, pain, sleep disor-
ders, and fatigue [24]. Compared to pharmacological and
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surgical interventions, physical activity and exercise have
been shown to be advantageous treatments that address
both the motor and nonmotor symptoms of PD discussed
above [24]. Furthermore, several studies have revealed
that exercise and physical activity interventions admin-
istered in groups to be effective in improving physical
function, participation in exercise, self-efficacy, mood,
QOL, cognition, fall frequency, and disability in individu-
als with PD [24, 67-75].

Group therapy intervention investigated in PD has
occurred in rehabilitative and community settings and
can be characterized by both group task paradigms, A
and B. For example, partnered dance such as Argentine
Tango is an example of an intervention where individu-
als are engaged in a common, coordinated activity (para-
digm A) and has been supported by numerous studies as
an efficacious intervention in improving both motor and
nonmotor symptoms related to PD [24, 67-69, 76]. It is
believed that dance is an effective intervention due to its
ability to challenge dynamic balance, aerobic capacity,
trunk and limb range of motion, cognition, memory, and
dual tasking while providing external auditory cues from
music and external visual cues from partners [68, 69].

Group therapy interventions consistent with paradigm
B include Tai Chi, circuit training, boxing, and PD spe-
cific exercise programs, delivered in a group class set-
ting [71-75]. These interventions resulted in significant
improvements in motor symptoms, function (i.e., bal-
ance, gait speed, endurance), mood and QOL, in addition
to increasing adherence and accessibility to exercise spe-
cific to individuals with PD [70-75].

Traumatic brain injury

TBI can result in motor and neuropsychological impair-
ments including cognition, emotion regulation, attention,
memory, reasoning, and self-awareness [25, 77]. These
impairments often result in difficulty with reintegration
into the community, decreased functional independence
and reduced QOL. Although limited, studies specifically
investigating multidisciplinary rehabilitation and exer-
cise interventions administered in the group format in
the rehabilitation and community settings have shown
to be effective in improving physical function, cogni-
tive function, and disability in individuals post TBI [25,
77-80]. With regards to addressing motor function in
TBI, group therapy intervention investigating paradigm
B involve Yoga, Tai Chi, and circuit training delivered in
a group format in the rehabilitation and community set-
tings [78—82]. These interventions resulted in significant
improvements in motor function (i.e., balance, strength,
and endurance), respiratory function, community inte-
gration, mood, self-esteem, and QOL, in addition to
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increasing adherence and accessibility to exercise specific
to individuals with TBIL

Open question: what are the implications

of hyperscanning in motor rehabilitation?

Given the recent growth of the two fields, we believe
merging HS techniques with group therapy interventions
could result in considerable benefits in rehabilitation
settings as well as in motor and cognitive neuroscience
research. Considering the existing body of HS litera-
ture, it is clear that there are many parallels between the
social contexts of imitation and coordination studied
in healthy participants and the rehabilitation strategies
implemented in patient populations involved in group
therapy. Because many of these group therapy interven-
tions have established protocols within the clinic, the
application of HS only involves a modification to existing
experimental setups. EEG recordings, for example, can
be implemented in addition to the measurements that
may already be collected (e.g., heart rate, blood pressure).
This provides a relatively straightforward way to capture
natural, interpersonal interactions as described by Hari
and Kujala [1].

Instances of group therapy where patients are engaged
in a common, coordinated activity (paradigm A) were
discussed in the previous section for stroke and PD. For
example, the experimental setup studied in Van Vugt
et al. can potentially be replicated utilizing EEG to meas-
ure brain connectivity between dyads post-stroke as a
supplement to the measures of engagement and sym-
pathy that were originally reported [63]. With the piano
duets described in this study, it is likely that there is
some directional flow of information between brains
(i.e., leader and follower roles [20, 21]) that results in
increased synchronization and can be measured via EEG-
HS setups. As a further analysis, inter-brain synchroni-
zation during sections of music with varied complexity
can be analyzed and compared. Altogether, this infor-
mation could be used to determine optimal intervention
parameters (e.g., type of music, combination of part-
ners) to maximize rehabilitation outcomes. Particularly
in patients with stroke and TBI, a relevant question to
be answered with HS is whether or not increased inter-
brain synchronization between patients (or patients and
therapists) corresponds to greater changes in functional
motor improvement and neuroplasticity. With longitu-
dinal studies, this can be tested over multiple sessions
of group therapy in a patient’s rehabilitation plan of care
using functional measurements of brain activity to assess
long-term changes in connectivity.

In PD, EEG-HS could provide an opportunity to fur-
ther investigate the mechanisms of cortical activation
during partnered dance. Related to previous HS studies
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in healthy individuals demonstrating greater inter-brain
synchronization between individuals with familial or
romantic connections [44, 52, 54], individuals with PD
reported greater enjoyment and sense of achievement
when paired with compatible dance partners such as
spouses or friends versus unknown volunteers [83]. HS
would provide means to investigate the neural coupling
between different types of dance partners in PD and their
potential impact on nonmotor and motor functional
outcomes.

Group therapy rehabilitation strategies consistent with
paradigm B were previously discussed for all neurologi-
cal conditions described in this paper. HS experiments
can be used to evaluate the inter-brain dynamics in these
contexts as well, presenting an opportunity to measure
and characterize networks of interacting patients. Similar
to one group HS study performed in a classroom setting
[84], pairwise comparisons as well as group compari-
sons of synchrony could be used to evaluate engagement
in the group exercise classes and as a predictor of indi-
vidual, functional improvements in each of the patient
populations. Because this form of group therapy is simi-
larly applied in all of the patient population discussed,
implementing HS setups could help refine the approach
to exercise groups as a whole, developing comprehensive
findings that span multiple neurological populations dur-
ing this type of social interaction.

In addition to these specific examples of potential
applications, HS in these patient populations involved
in group therapy can provide a quantitative measure of
engagement as a supplement to the information that is
already collected. Surveys or questionnaires are used to
evaluate the experience of the patient as a result of their
participation in the group in many of the group therapy
studies discussed [63, 66, 67] as well as in rehabilitation
gaming contexts [85, 86]. This has led some groups to
conclude that certain dyadic combinations are preferable
over others, such as a patient and a family member or
friend versus a patient and an occupational therapist dur-
ing a competitive gaming task [85]. However, comparing
these subjective measures of preference with measures
of brain activation and inter-brain synchronization may
lead to different conclusions as subjective engagement
and comfort may not result in the greatest functional
improvements in rehabilitation settings.

EEG hyperscanning limitations

Subject-specific differences

For neurological diagnoses involving brain injuries (i.e.,
stroke, TBI), the heterogeneity of lesions makes it more
challenging to directly compare results across patients.
In patients post-stroke, lesions labeled as similar regions
can vary considerably in their exact location, resulting
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in different patterns of brain activation during motor
tasks as identified by time—frequency analysis with EEG
[87]. In addition, different lesion profiles have contrast-
ing implications for functional outcomes [88] and motor
excitability [89]. In TBI, subject-specific variability in
lesion abnormalities has been emphasized in past studies
using computed tomography (CT) imaging [90].

Because of these differences in neurophysiology across
individuals within each patient population, sensor-space
EEG analyses may not be appropriate when considering
HS in these contexts. Due to lesions and the reorganiza-
tion of the brain following injury, it is not valid to assume
that the signals from one electrode placed on an indi-
vidual can be directly compared to the same electrode on
another participant during simultaneous recording. This
issue of volume conduction has been discussed in pre-
vious papers related to modeling of brain activity in the
presence of structural abnormalities [91, 92]. To combat
this, we alternatively suggest source-based estimation of
brain activity with techniques such as minimum-norm
estimate (MNE) [33, 93], low resolution electromagnetic
tomography (LORETA) [94], or any other spatial filters
[95], as well as blind source separation techniques such
as independent component analysis (ICA) [96]. Addition-
ally, individual anatomies obtained via structural MRI or
CT should be used in the source estimation as opposed
to template images [97, 98]. In this way, subject-specific
differences can be preserved in the analyses, resulting in
more accurate and useful conclusions when considering
comparisons between patients or participants.

EEG artifacts: motion, muscle and noise

Recording artifact-free EEG data is almost impossible
even in a well-controlled environment. Typically, the
EEG recordings consist of brain signals plus a variety of
non-neural noise sources. The non-neural signal consists
of induced electrical noise from the recording environ-
ment (e.g., power line noise, computer monitors, mobile
phones, elevators noise) and biological signals (e.g., eye
movements, blinks, heart activity, muscle activity from
the head and neck area, extraneous body movements).
Because our proposed applications involve tasks requir-
ing high mobility in many cases, the influence of muscle
and motion artifacts on EEG signals should be consid-
ered. Additionally, working with patient populations can
amplify these artifacts due to potential loss of motor con-
trol, resulting in less predictable movements and errors.
These movement artifacts should be controlled for in
both experimental setups as well as during post-process-
ing of collected EEG data. Fortunately, many of those
artifacts can be removed or reduced during offline data
analyses. For instance, the large and transient artifacts
can be eliminated by removing the bad trials that contain
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them. Furthermore, additional electrodes can be used to
record ocular and movement artifacts. The information
recorded by these electrodes can be used to separate the
artifacts from the brain signals by using ICA or principal
component analysis techniques [96, 99-101].

In addition, it is good practice to perform online
monitoring of EEG signal quality before and during
EEG experimentation. Data can be visualized through a
graphical user interface, included with most commercial
EEG systems, in order to detect any of the aforemen-
tioned spurious artifacts [102]. Detection of these arti-
facts before recording data can help identify and remove
potential sources of noise in the recording environment,
mitigating the need for additional artifact removal steps
in offline data analysis. In the context of EEG-HS, moni-
toring of noise and artifacts is especially relevant. For
instance, if artifacts are detected in the EEG recordings of
one participant, but absent in the recordings of the part-
ner, this could potentially influence the outcome of con-
nectivity measures and lead to inaccurate interpretation
of the interaction being studied.

Interpretation of results

The aforementioned review papers also detail important
considerations related to interpretation of results and
experimental design when conducting HS analyses [14,
31]. One of the main issues is that similar phenomena in
brain activity can occur independently in subjects irre-
spective of the interaction being studied. These phenom-
ena could be caused by a common external stimulus or
pure coincidence due to common oscillatory frequencies
in the cortex across participants. Therefore, when using
the hyperconnectivity measures discussed in this paper,
there is a risk of describing spurious inter-brain synchro-
nization. This issue has been demonstrated in a previous
paper with simulated EEG-HS data, showing that certain
measures of quantifying synchronization are subject to
bias depending on the context of interaction [41]. To con-
fidently determine whether or not changes in oscillatory
activity are caused by the interaction being studied, it is
essential that the experimental setup is well-controlled
and compares inter-brain dynamics across multiple con-
ditions (as previously discussed) with a measure that is
insensitive to slight deviations in each individual’s oscil-
latory activity.

Another important detail concerning these analyses is
the interpretation of significant inter-brain synchroniza-
tion. As noted by Babiloni and Astolfi, instances of syn-
chrony represent “an indirect chain of events that starts
from the particular cerebral regions of the first subject
and ends in the cerebral processes elicited in the brain of
the second subject” [14]. HS results should therefore not
be interpreted as direct communication between brains.
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Expanding to the periphery

While EEG-HS has provided useful insight on neural
dynamics at the cortical level, social interactions may
also involve synchronization in the periphery, especially
during movement-related activities. As a means of sup-
plementing the cortical information obtained from EEG-
HS data, measures from the periphery may be compared
using the same principles of HS. In their review, Hari
and Kujala noted that inter-brain synchronization may
also be reflected in measures from the autonomic nerv-
ous system such as cardiac and respiratory patterns [1].
In fact, it has been shown that heart rate variability and
respiration are coupled across singers in a choir as meas-
ured by phase synchronization [103]. These measures
would likely covary with inter-brain synchronization and
could help to further characterize physiological linkages
between dyads or groups of individuals.

In the context of motor rehabilitation, surface electro-
myography (EMG) is a common peripheral measurement
used to estimate muscle activation during movement
[104, 105]. EMG has been used to explore the common
neural drive to groups of muscles through intra-muscu-
lar coherence [106, 107] as well as the cortical input to
groups of muscles through cortico-muscular coherence
[108, 109]. Given this previous work, EMG-HS measures
of coherence may be adapted from single- to multi-sub-
ject analyses, similar to what was discussed in EEG-HS.
While EEG-HS can provide information related to the
roles of a given task and the engagement of the interact-
ing individuals, EMG-HS could potentially supplement
this information with measures related to the planning
and execution of specific, coordinated movements. In
addition, EEG-HS and EMG-HS can be considered as
complementary measures at the cortical and cortico-spi-
nal level, respectively.

Conclusions

Throughout this paper, we assessed the current field of
HS research and proposed opportunities to apply this
technique in new contexts with patient populations
such as stroke, SCI, PD, and TBIL. EEG-HS, in particular,
was highlighted given its utility in studying movement-
related paradigms [17, 19-21, 42, 55]. While we focused
on group therapy because of its growing prevalence in
motor rehabilitation and close parallels to many of the
social interactions previously studied in healthy indi-
viduals, the HS technique can and should be expanded
to other contexts outside of the motor rehabilitation
and specific populations mentioned. Though not explic-
itly discussed, there are many instances of psychosocial
group interventions in TBI and stroke that could just
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as well be explored using HS setups [22, 60, 110]. Fur-
thermore, many of the social interactions studied in
healthy individuals, movement-related or otherwise,
can be replicated in individuals with motor and cogni-
tive impairments to help strengthen the findings related
to inter-brain dynamics during these tasks.

In practice, HS in rehabilitative settings provides an
opportunity to collect additional information from
patient populations to complement commonly used
physiological measurements and qualitative data.
Together, these data can help clinicians make more
informed decisions regarding each patient’s rehabili-
tation plan of care. Once well-established results are
produced for HS in individuals with neurological diag-
noses, new technologies can be adapted for use in the
clinic. For instance, using a limited set of EEG elec-
trodes placed in key region of interest on the scalp,
brain activity can be monitored from a patient through-
out a typical day or session of rehabilitation. In a clinic
that incorporates some amount of group therapy, moni-
toring brain activity between patients has the potential
to identify dyads of patients or patients and therapists
that optimize both behavioral and inter-brain syn-
chrony. With further development, technology such as
this can serve as a real-time diagnostic tool for moni-
toring patients’ engagement and cognitive state, thus
maximizing the time spent in treatment or therapy.

In addition to measurements of brain activity, the
principles of HS may also be applied to other physio-
logical measures in the periphery (e.g., muscle activity)
to further characterize the neural dynamics of physical
interactions. The relationship between each HS meas-
ure (e.g., EEG-HS, EMG-HS) should be studied exten-
sively in order to fully understand the nature of these
interpersonal interactions. While new measures like
EMG-HS would first need to be validated in dyads
or groups of healthy individuals, their implementa-
tion could be particularly relevant and useful for fur-
ther characterizing and treating motor impairments in
groups of patients with neurological conditions.
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