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Developing motor synchrony with a peer (through interventions such as the
mirror game) can yield collaborative, cognitive and social benefits. However,
it is also well established that observation by an audience can improve
cognition. The combined and relative advantages offered bymotor synchroni-
zation and audience effects are not yet understood. It is important to address
this gap to determine the extent to which synchronizing activities might inter-
act with the positive effects of an audience. In this preregistered study, we
investigate the extent to which response inhibition may be improved when
observed by a peer after motor synchronization with this peer. We compare
behavioural and cortical (functional near-infrared spectroscopy; fNIRS)
measures of inhibition between synchronized and non-synchronized dyads
and find that the presence of a synchronized peer-audience introduces a
speed–accuracy trade-off, consisting of slower reaction times and improved
accuracy. This co-occurs with cortical activation in bilateral inferior frontal
and middle prefrontal cortices, which are implicated in monitoring and
maintenance of social alignment. Our findings have implications for
carers and support people, who may benefit from synchronizing activities
for rehabilitating inhibition and social skills in clinical settings.
1. Introduction
Motor synchrony, the alignment of bodilymovements in space and time, has been
shown to act as a form of ‘social glue’ that supports communication, collaboration
and prosocial behaviour, as well as enhancing our perceptions of the people
we interact with and our subjective experiences during these interactions [1–4].
A growing number of studies demonstrate that motor synchrony interventions
can improve aspects of social cognition, such as joint attention and social mimicry
[5–8]. Recently, studies demonstrated that motor synchrony that takes place
between participants and trained confederates may also enhance cognition
more generally [9–12]. Specifically, Rauchbauer et al. [12] showed that such
motor synchrony interventions can lead to improved automatic imitation inhi-
bition, while Keisari et al. [9] demonstrated the positive impacts of such
interventions on working-memory and attentional function. Both studies
assessed participants’ cognitive performance after the synchronized partner (i.e.
a confederate) left the room, offering insight into the impact of inducedmotor syn-
chrony on subsequent cognitive performance, but neither study shed light on
whether the continued presence or attention of the synchronized partner
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influences cognitive performance. However, given that motor
synchrony is most likely to emerge during sustained inter-
actions, it is also pertinent to understand how cognition is
influenced in the presence of a synchronized social partner.
Thus, an important question remains concerning how the pres-
ence of a partner, with whom one has recently synchronized,
influences cognitive performance. Drawing on the wealth
of empirical evidence that an audience—even a single
peer—can lead to improved cognitive performance [13],
we conducted a preregistered investigation to explore the
extent to which a synchronized audience improves cognitive
performance more than a non-synchronized audience.

In the following sections, we first discuss motor syn-
chrony and social connectedness, then review audience
effects on cognitive performance. Next, we present the ration-
ale for investigating how combining a motor synchronization
activity with a partner, who subsequently becomes an ‘audi-
ence’, could lead to improved response inhibition, before
proceeding to detail our hypotheses.

1.1. Motor synchrony and social connectedness
Motor synchrony can occur spontaneously [1,3,14] or be
induced using exercises with a partner, such as performing
arm curls, lifting fingers at a specified tempo or matching arm
movements in a mirror game [12,15,16]. Both spontaneous and
inducedmotor synchrony are reliably associated with increased
prosocial behaviours and experiences of closeness [2–4], such as
increased self-other overlap on questionnaire reports [17,18].
According to Shamay-Tsoory et al. [19], motor synchrony, or
alignment, overlaps with emotional and cognitive alignment
in that all three are complementarymanifestations of social con-
nectedness. Following on from this explanation, individuals
who experience social difficulties are likely to engage in these
forms of alignment less frequently. Indeed, reduced spon-
taneous motor synchrony is observed in clinical populations
known to exhibit social difficulties, such as individuals diag-
nosed with attention-deficit/hyperactive disorder (ADHD),
autism, bipolar disorder and social anxiety [20–24].

Shamay-Tsoory et al.’s [19] extended integrative model of
alignment comprises three components: first, a gap-monitoring
system, linked to dorsal anterior cingulate cortex (ACC), dorsal
medial prefrontal cortex (PFC) and anterior insulae evaluates
the predicted and existent alignment with a social partner
(e.g. [25,26]). When a gap in alignment is detected, the align-
ment system (or observation–execution system) activates the
inferior-frontal gyrus (IFG), inferior parietal lobule, premotor
cortex and superior temporal sulcus to facilitate alignment by
perceiving a behaviour and initiating the same behaviour
(e.g. [27]). When no gap is detected, the reward system, associ-
ated with the ventral striatum, orbitofrontal cortex and ventral
medial PFC, is activated and drives maintenance of alignment
(e.g. [28]). This model posits that adults typically seek to align
with social partners by default, and that the social connected-
ness experienced during induced motor synchrony, likely to
be processed by the reward system, is socially motivating.

1.2. Observer–audience dynamics and cognitive
performance

Awareness of an observer, or an audience, is known to
change behaviour [13]. In social observation scenarios, the
observed individual’s behaviour may be influenced by the
task and/or social dynamics between the observed individ-
ual and their audience. An early meta-analysis by Bond &
Titus [29] reported that task complexity mediated the
audience effect, with simple tasks resulting in improved per-
formance, and complex tasks resulting in poorer performance
under observation. In a meta-analysis demonstrating that
task complexity alone could not capture the social dynamics
of an audience and observed individual, Uziel [30] syn-
thesized 14 studies centred on personality traits of the
observed individual, revealing that elevated extraversion
and self-esteem were associated with improved performance
under observation, whereas neuroticism and low self-esteem
were associated with poorer performance.

Though meta-analyses exist that summarize effect of
task-type and characteristics of the observed individual, a
meta-analysis of audience characteristics is yet to be curated.
In the meantime, we must draw evidence from individual
studies, which often do not disentangle task complexity
and audience characteristics. From existing work, we learn
that an attentive audience (e.g. signalled by direct gaze)
enhances performance more than an inattentive or invisible
audience [31]. A friendly, non-expert, peer-audience with
little knowledge of the task goal can improve performance,
whereas a higher status or expert audience can worsen
performance if their knowledge of the task is not made expli-
cit [31–34]. Klein et al. [34] propose that an audience’s explicit
knowledge of the goal may induce more commitment to the
goal, and thereby improved performance. Further, increased
rapport between a higher status, expert audience and
observed individual can also improve performance [35,36].
Several studies also document that rapport, or the ease of
social interaction, improves with increasing motor synchrony
between individuals [37–39]. Thus, it stands to reason that
induced motor synchrony between an individual and an
audience—for argument’s sake, a peer of the same status
with no task-related expertise—has the potential to increase
rapport and improve cognitive performance.
1.3. Enhancing inhibitory control with a motor
synchrony activity

To date, only a few studies have sought to quantify changes in
cognitive performance resulting from a motor synchrony
activity (e.g. [9,12]). Rauchbauer et al. [12] report that young
adult participants, whose postures were implicitly mimicked
by a confederate for 20 min prior to performing an automatic
imitation task, showed better inhibition than participants
who were not mimicked by the confederate. Keisari et al. [9]
investigated the influence of the mirror game on elderly
individuals’ cognitive performance, reporting improvedwork-
ing-memory span and recognition of speech in noise after
elderly individuals played the mirror game relative to when
they participated in a group exercise class. In both studies,
the cognitive tasks were performed under the supervision
of an experimenter and the synchronized partner was not in
the room. These studies offer evidence that motor synchrony
can enhance cognitive performance generally. Rauchbauer
et al. [12] specifically demonstrate that inhibition of motor
responses can be improved by prior motor synchrony with a
peer. We further note that studies examining benefits of t’ai
chi (which involves synchronous group movement) on
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inhibitory control in elderly and substance-addicted popu-
lations report improvement after interventions lasting several
weeks [40,41].

In the present study, we examine how recent synchroniza-
tion with a partner influences response inhibition, when
one is observed by that same partner. This question is
relevant to the need to provide therapeutic options for
people with inhibition difficulties [42], including those with
autism, ADHD, schizophrenia and social anxiety diagnoses
[21,43–45]. In addition to reduced response inhibition, individ-
uals with these disorders also show reduced spontaneous
motor synchrony [46]. Moreover, in clinical settings, the
degree of spontaneous motor synchrony with a therapist has
been demonstrated to predict therapy duration and outcomes
[43–45]. Spontaneous motor synchrony is also related to treat-
ment compliance [21]. It follows, therefore, that an intervention
targeting both response inhibition and motor synchrony could
potentially be valuable in clinical settings.

1.4. Current study
This study assessed the extent to which inducing motor syn-
chrony between an observed individual and their audience
boosts the observed individual’s ability to suppress motor
responses (i.e. inhibitory control). This was achieved using
measures of behavioural performance (reaction times and
error rates) and cortical haemodynamic brain activity recorded
over frontal brain regions using functional near-infrared spec-
troscopy (fNIRS). These are measured from and compared
between a Synchronized group, inwhich participant–audience
motor synchrony is induced via the mirror game [15], and a
non-synchronized Control group, in which each member of
the observed participant–audience pair takes a turn observing
the othermembermove their arms. To obtain performance and
cortical measures of inhibitory control, we employ a simple
response inhibition task (Go/NoGo task) after the movement
task. We selected the Go/NoGo task (described in more
detail inMethods) for its relative simplicity, so that a non-threa-
tening peer observer should have a positive influence on
participants’ performance (e.g. [31]).

Using fNIRS, we recorded changes in cortical oxygenation
from the frontal brain regions reported to be activated by inhibi-
tory control and observation by an audience. Functional
magnetic resonance imaging (fMRI) and fNIRS studiesmeasur-
ing the influence of an audience on haemodynamic brain
activity report increased activity in medial PFC, anterior
cingulate cortex (ACC) and striatum–brain areas associated
with self-monitoring and reward systems [13,47–52]. Studies
investigating inhibitory control, i.e. response suppression,
report increased activity in prefrontal and inferior-frontal
brain regions, as well as the ACC, insulae and thalami
[47,52–58]. We measured changes in cortical oxygenation as a
proxy for neural activity in five regions of interest: left and
right IFG, as well as left, right, and middle PFC. We did not
measure from the subcortical structures mentioned above, as
the penetration depth of fNIRS is approximately 1.5 cmbeneath
the scalp [59], and our hypotheses pertain to cortical regions
involved in social processing [13].

As preregistered (https://osf.io/87xnj/), we hypothesized
that both groups should respond more quickly during blocks
requiring no inhibition of motor responses (Hypothesis 1).
We also hypothesized that the Synchronized group will
respond faster than the Control group across blocks, regardless
of response inhibition requirements (Hypothesis 2) and will
fail to inhibit responses less frequently than the Control
group (Hypothesis 3). With respect to the changes in cortical
oxygenation measured using fNIRS, we hypothesized that
blocks that require response inhibition will evoke greater corti-
cal activation than blocks that do not in right PFC (as right PFC
activation is more commonly observed with fNIRS while right
IFG is more commonly observed with fMRI), but not in other
ROIs for both groups (Hypothesis 4). Finally, we evaluated
an exploratory hypothesis that the Synchronized group relative
to Control group may differ between block types and/or per
ROIs (Hypothesis 5).
2. Methods
2.1. Participants
A total of 68 participants were recruited from Macquarie
University in Sydney, Australia. All participants met the
self-reported inclusion criteria being right-handed, aged
18–40, having no history of head injury, neurological or
psychiatric diagnoses, and not currently taking a psycho-
pharmaceutical medication (SSRIs or Ritalin). Following
König et al. [60], we added further inclusion criteria that par-
ticipants must report no alcohol consumption within the 12 h
prior or tetrahydrocannabinol (THC) use/exposure within
the 24 h prior to the study, and not playing videogames fre-
quently (e.g. more than once a week, as inhibition is a skill
required in many videogames, and we did not wish to recruit
expert inhibitors). Of the 68 participants who met each of
these initial inclusion criteria for participation, nine were
excluded following data collection: Five were not deceived
by the story explaining the confederate’s presence, two did
not perform the Go/NoGo task correctly, one reported
during the session that they actually played video games fre-
quently (after reporting they did not during initial screening),
and one participant’s session was interrupted by a fire alarm.

The remaining 59 participants were pseudo-randomly
assigned to either the Synchronized group or non-synchro-
nized (Control) group. To ensure a balanced sample, groups
were counterbalanced for gender, age, and confederate (n =
2, both female, aged 21 and 30) in a continuous fashion, with
additional participants recruited following exclusions. The
Synchronized group consisted of 30 participants (14 female,
16 male; mean age = 22.10 ± 5.78 years) and the Control
group of 29 participants (15 female, 13 male, 1 other; mean
age = 21.00 ± 4.93 years). Participants’ consumption of caffeine
and alcohol prior to the experiment was recorded to ensure
equal distribution across the two groups (electronic
supplementary material, [S1]).

Ethical approval for this study was obtained from the
Macquarie University Human Research Ethics Committee
(Ref: 520221102239451). Written informed consent was
obtained from participants before beginning the session, at
which time participants were told that a confederate was a
new student volunteer visiting the laboratory for the first
time. Consent was renegotiated after the completion of the
Go/NoGo task, when participants were given the opportunity
to withdraw their data if they were not comfortable with the
minor deception about the confederate. No participants with-
drew their consent. Participants received course credit or a
cash honorarium (AU$30) for their involvement.

https://osf.io/87xnj/
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2.2. Questionnaires
To explore whether extraversion may influence our measures
of interest (reaction times, commission errors or cortical
activation) and need to be included in our models, we con-
ducted preregistered and exploratory preliminary analyses
(described in §2.5). Participants completed a questionnaire
based on the International Personality Item Pool (IPIP) rep-
resentations of the extraversion subscale of the Goldberg
[61] Big Five markers and the Rosenberg [62] self-esteem
scale. Participants completed the questionnaire on their
mobile phone before being welcomed to the laboratory,
thereby ensuring a sense of privacy and confidentiality
prior to the experiment (i.e. neither the experimenter nor
confederate saw how the participant responded). The extra-
version scale used a 5-point Likert scale (1 = very inaccurate
to 5 = very accurate) to respond to 5 positively and 5 negatively
worded items (I feel comfortable around people or I don’t
talk a lot). The self-esteem scale used a 4-point Likert
scale (0 = strongly disagree, 3 = strongly agree) to respond to
5 positively and 5 negatively worded items (I know my
strengths or I am less capable than most people). Both
scales were scored by summing the points, with the points
for negatively worded items reversed. In our analyses, Extra-
version refers to the summed extraversion and self-esteem
scores per participant.

2.3. Procedure
The experimenter greeted all participants, introduced the
confederate as a student volunteer visiting the laboratory
for the first time, and asked the participants if they would
feel comfortable if the confederate observed, and participated
in certain easy activities, in place of the experimenter (script
available at https://osf.io/87xnj/). Participants next com-
pleted the synchronizing or control movement activity with
the confederate, then afterward, completed the Go/NoGo
task under the observation of the confederate.

2.3.1. Synchronizing/control movement activities

Participants in the Synchronized group completed a synchro-
nizing activity with the confederate, and participants in the
Control group completed a movement observation activity
with the confederate.

Synchronized group: synchronizing activity. The partici-
pant and the confederate were instructed that they
would be playing the mirror game, where they were to
mirror the other person’s upper-body movements as closely
as possible, that each person would take a turn as
the leader for 2:30 min, and that the leader should try to
vary their movements, to encourage participants to make
use of the space around them. The participant was always
assigned to lead the first turn and the confederate led
the second.

Control group: movement observation activity. The partici-
pant and the confederate were instructed that they would
be doing a movement activity, where each person would
take a turn moving their upper body for 2:30 min while the
other person observed and completed an observation task.
As in the synchronizing activity, they were instructed that
the person moving should try to vary their movements.
Before beginning, the participant and the confederate each
drew an observation task from a hat (e.g. count the number
of times your partner raises their right hand above their
ear). To reduce social awkwardness, the confederate always
took the first turn moving their upper body, and the partici-
pant took the second turn.

The synchronizing and control activities were identical in
that participants sat face-to-face, looking at each other, and
engaged in movements of similar intensity across both
groups. The only differences were whether the participants
moved synchronously or separately and whether the partici-
pant or confederate moved first. We selected this control
activity on the basis that, relative to a passive observation
task, it is engaging for both parties, and relative to an
anti-mirror task (i.e. moving simultaneously, but avoiding
matching each other’s movements), it eliminates the possi-
bility of temporally contingent motor patterns, which are
also a form of motor synchrony [63]. The duration of
2:30 min was selected on the basis that once each person
took a turn leading, the 5 min duration would be consistent
with recent work [15], while also maximizing the influence
of this manipulation without inducing boredom.

For these activities, the confederate and participant were
seated facing each other (1.2 m apart) with a pair of GoPro
HERO3+ video-cameras (GoPro, San Mateo, CA, USA)
between them, one facing each person (figure 1a,b). Recordings
were made using OBS studio (https://obsproject.com/). The
experimenter attended to the recording computer in
the corner of the room, approximately 2.5 m away from the
participant and confederate.

2.3.2. Go/NoGo task

A Go/NoGo task adapted from Young et al. [64] was used to
obtain behavioural and cortical measures of inhibition. Each
participant sat in front of a computer in a sound-shielded
room and was instructed that they would see the letters T,
H, N, W and M on the screen, and that they should press
the space bar on the keyboard when they saw T, H, N or
W, but not when they saw M. They were also instructed to
respond as quickly and accurately as possible. As such T,
H, N and W were presented in Go trials, and M was pre-
sented in NoGo trials. Participants completed 40 blocks of
12 trials with 20 blocks consisting of only Go trials (AllGo
blocks; no Ms included) and 20 blocks consisting of 66%
Go trials and 33% NoGo trials (Mixed blocks). Before each
block, the type of block was presented on the screen for 2 s
(‘Only T, H, N, W’ or ‘Ms included’ followed by ‘Respond
as quickly and accurately as possible’). The letters were pre-
sented for up to 500 ms followed by a blank screen for up
to 500 ms, allowing 1000 ms for a response (figure 1d ).
Between trials and before the first trial, a fixation cross was
displayed with a jittered intertrial interval (ITI) of 500–
1500 ms. Between blocks, a blank screen was shown for a jit-
tered interstimulus interval (ISI) of 16–22 s. ITIs were jittered
to avoid cyclic responding to the motor task, thereby promot-
ing higher accuracy [65,66]. The letter stimuli and the 4 : 1
ratio of Go : NoGo stimuli (T, H, N, W :M) with 33% NoGo,
as well as the ITIs of 500–1500 ms were selected to maximize
both the number of commission errors (i.e. button-presses on
NoGo trials; failed response inhibition) and the signal-to-
noise ratio [64,67]. ISIs were jittered to reduce participants’
anticipation of the onset of the upcoming block, as well as
to ensure that blocks were not temporally synchronized

https://osf.io/87xnj/
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Figure 1. (a) First, participants completed either a synchronizing or control movement activity with a confederate. The activity was video-recorded using a pair of
GoPros positioned between the participant and confederate dyad, who were seated for the activity. (b) The similarity of each dyad’s movements was calculated using
coordinates of each person’s joints per frame, as estimated with OpenPose. (c) Next, the participant completed a Go/NoGo task while the confederate observed from
approximately 1.5 m away, in the participant’s peripheral vision. (d ) The Go/NoGo task consisted of AllGo blocks (100% Go trials) and Mixed blocks (66% Go and
33% NoGo trials). (e) fNIRS recordings were made using a montage covering the inferior-frontal and prefrontal brain regions. White bars = channels between
source–detector pairs; red spheres = sources; black spheres = detectors; yellow spheres = point of measurement. ( f ) 10–10 positions of source and detector
optodes, as well as the channels belonging to each region of interest; enlarged version in electronic supplementary material (S1).
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with changes in intracranial blood pressure regulation,
i.e. Mayer waves [68,69]. The experiment was programmed
and presented using PsychoPy [70] and can be retrieved
from https://osf.io/87xnj/.
Participants were familiarized with the task by complet-
ing one AllGo and one Mixed block before donning the
fNIRS cap. Cap in place, participants completed the Go/
NoGo task with no breaks in approximately 26 min with

https://osf.io/87xnj/
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the confederate observing from approximately 1.5 m, facing
the participant at a 90° angle (figure 1c). This was the maxi-
mal distance possible in the laboratory facilities. The 90°
angle allowed the confederate to remain in the participants’
peripheral vision without inducing stress by positioning the
confederate too close to the participant [31,71]. Several fea-
tures of the task design were implemented to ensure that
participants were aware that their performance could be
observed by the confederate. First, the letters that made up
the task stimuli were large enough (approx. 17 cm high) for
the confederate to see from their seated position. Second,
the participant’s button-pressing hand was positioned in
clear view for the confederate to see. Finally, the confederate
was present for the presentation of task instructions, and
therefore participants could safely assume the confederate
knew how to evaluate the participant’s performance. Unbe-
knownst (we assume) to the participants, the experimenter
observed from an adjacent room via a video camera.

2.4. fNIRS equipment

2.4.1. Spectrometer

fNIRS recordingsweremadewith aNIRScoutX (NIRxMedical
Technologies LLC) with 24 LED sources and 32 avalanche
photodiode detectors and NIRStar software. The sources
emitted wavelengths of 760 and 850 nm with a sampling rate
of 4.5 Hz. The optodes were mounted onto mesh caps
marked with International 10–10 positions (Easycap GmbH)
using grommets and spacers to maintain a maximum 30-mm
separation (NIRx Medical Technologies LLC).

2.4.2. Optode positions (montage)

A montage of 14 sources, 11 detectors and 8 short detectors
was used to record from bilateral and middle PFC, as well
as bilateral IFG (figure 1e,f ). To cover these brain areas, our
montage comprised 38 long channels (source–detector pairs
approx. 30 mm apart), along with 8 short channels (source–
detector pairs 8 mm apart), distributed across the ROIs to
account for location-dependent heterogeneity in the extracer-
ebral signals [72–74]. Optode positions within the montage
were determined using the AAL2 atlas in the fOLD toolbox
[75–77]. To enhance the reliability of our findings, we analyse
ROIs as opposed to individual channels [78], given that final
positioning of optodes on participants’ heads may have
varied slightly between participants.

2.5. Manipulation check
To verify that participant–audience motor synchrony was
indeed increased in the Synchronized group relative to the
Control group, we quantified and compared the mean simi-
larity of a dyad’s poses—their upper-body position—in
each frame of the video-recorded movement activity. This
analysis was exploratory and not preregistered.

To obtain a dyad’s mean pose similarity, we employed
OpenPose software [79] to identify the confederate and partici-
pants’ left and rightwrist, elbow, shoulder and their neck in the
video-recording of the movement activity (figure 1b). Next, we
used OpenPose to estimate and write x and y coordinates, and
a measure of the algorithm’s confidence in these estimates
between 0 and 1, per body part per person to a JSON file per
frame. From here, we converted extracted JSON files for
each dyad to a CSV file using a R script adapted from de
Jonge-Hoekstra & Repgen (https://osf.io/6s73d/). Missing
values were replaced with the median for that joint, and the
timeseries for each joint was subsequently smoothed using a
Savitzky–Golay filter (window length = 13 frames, polynomial
order = 2) implemented with the signal R package [80]. Then,
using R code adapted from Broadwell & Tangherlini [81], we
estimated the Euclidian distance between all pairs of body
parts for each person in a frame, storing these in a separate
‘pose matrix’ per person, and then comparing (via Laplacian
procedure) the pose matrices for each frame. Pose similarity
was returned as a value between 0 = no similarity and 1 = iden-
tical per frame. The mean per dyad was calculated across all
frames from the video (approx. 9000 frames per video).

2.6. Data analysis
For our preregistered analyses, we employed a Bayesian
approach to multi-level regression [82], using the brms pack-
age [83] in the R language [84] within the RStudio IDE [85].
This approach allowed us to build models incrementally
[86] and to use leave-one-out cross-validation (LOO) [87] to
estimate and compare the out-of-sample accuracy between
simpler and more complex models. In other words, LOO
informs us about the degree to which increasing complexity
enhances the accuracy of our models. For key parameters in
the most complex model, we report and interpret the pos-
terior distribution with a 95% credible interval, which we
calculate using the highest posterior density region (HPD)
method [82]. For readers more accustomed to a Frequentist
approach with p-values, we recommend perusing Kruschke
& Liddell [88], and we offer the following (simplified) heur-
istic for interpreting HPDs: Comparisons can be said to
entail substantial differences when HPD does not contain
zero and to be trends when the tip of an HPD-tail overlaps
with zero.

All models were built beginning with only varying inter-
cepts per participant (ID) and block type where relevant.
Next, simple predictors were added one at a time, followed
by 2-way then 3-way interactions between predictors [86].
We used treatment coding for group (Synchronized = 1, Con-
trol = 0) and block type (AllGo = 0, Mixed = 1). We set weakly
informed priors to impose a constrained distribution on our
expected results, thereby acknowledging the limits of our
knowledge as to our expected results, allowing for possible
large effects and allowing the data to dominate the posterior
distribution structure [89,90]. These priors were set using par-
ameter values extracted from pilot data (collected using a
very similar Go/NoGo task completed by 16 participants
while recording fNIRS signals). Full models, comparison to
simpler models, and visualization of all model parameters
are reported in electronic supplementary material, (S2).

2.6.1. Preliminary analysis: extraversion

We preregistered an exploratory analysis of the relationship
between our measure of Extraversion and each of our data
sources (reaction times, commission errors or cortical haemo-
dynamic responses amplitudes [HbO only for this specific
analysis]). Uziel’s [30] meta-analysis concludes that extraver-
sion impacts how individuals perform on cognitive tasks
when observed, reporting a positive correlation between

https://osf.io/6s73d/


royalsocietypublishing.org/journal/rsob
Open

Biol.14:230382

7
extraversion and performance. With this knowledge, we seek
to determine whether including Extraversion as a predictor
in our other planned analyses constitutes a parsimonious
addition. The extraversion data were modelled using
Gaussian regression models, with priors based on summed
parameter values for extraversion and self-esteem from pre-
vious studies [91,92]. The detailed results of this analysis, as
well as the models used, are reported in the electronic sup-
plementary material, (S3). In summary, extraversion did not
covary meaningfully with reaction times, commission errors
or HbO amplitudes. We thus did not include Extraversion in
our main analyses. However, for reaction times and HbO,
some evidence of covariance with other terms (i.e. group,
block type) was observed. To account for this in our models
for each reaction times and cortical oxygenation, we included
Extraversion as a random slope per participant.

2.6.2. Go/NoGo reaction times and commission errors

To assess if the Synchronized group responded toGo trials faster
than the Control group in both AllGo and Mixed blocks
(Hypothesis 2), we modelled the data using lognormal models.
We examined whether the Synchronized group made fewer
commission errors (failed suppression of response) than the
Control group (Hypothesis 3) using Poisson regression models.

2.6.3. Haemodynamic response amplitude

2.6.3.1. First level
Analyses were performed using MNE [93], MNE-NIRS [94]
and NiLearn [95]. The generalized linear model (GLM)
approach was taken to quantify the amplitude of evoked
haemodynamic responses per ROI and Condition [96].
Waveforms for visual inspection are presented in the electronic
supplementary material, (S4). The sampling rate of the
recorded signal was reduced from 4.5 to 0.6 Hz [94]. The
signal was converted from raw intensity to optical density,
using absolute raw intensity values. Next, the signal was con-
verted to concentrations of HbO and HbR using the Modified
Beer–Lambert Law [97,98] with a partial pathlength factor of
0.1, accounting for both differential pathlength factor (DPF)
and partial volume correction (PVC), where (DPF = 6)/
(PVC = 60) is equal to 0.1 [99,100]. The GLM was fitted to
the long-channel data, which was isolated by rejecting chan-
nels less than 20 mm or greater than 40 mm. The design
matrix for the GLM was generated by convolving a 16-s
boxcar function at each event-onset-time with the canonical
haemodynamic response function [101,102]. The GLM
also included all principal components of short-detector
channels to account for extracerebral and physiological signal
components. Further, drift orders accounting for signal com-
ponents up to 0.01 Hz were included as regression factors
[96]. The GLM was performed with a lag-1 autoregressive
noise model, to account for the correlated nature of the fNIRS
signal components. Individual coefficient estimates were then
averaged for each ROI, weighted by the standard error.

2.6.3.2. Second-level
To investigate whether Mixed blocks evoked greater cortical
activation than AllGo blocks in right PFC only, as well as the
influence of group on haemodynamic response amplitudes,
we employed Bayesian multivariate Gaussian models. Fitting
both HbO and HbR within the same model allows for the
correlated natures of the HbO and HbR response amplitudes
to inform the model fit, exploiting the available information
without the risks of multicollinearity incurred by treating chro-
mophore (i.e. HbO andHbR) as a categorical factor. Full model
reported in electronic supplementary material, (S2).

For preregistered exploratory analyses, we also derived
HbO–HbR difference values by subtracting HbR from HbO
estimates per participant, ROI and block type. This difference
measure is commonly employed in fNIRS studies addressing
clinical questions [103,104] and has recently been shown to
be useful in answering questions in cognitive neuroscience
[105,106]. The HbO–HbR difference offers three main advan-
tages when communicating and interpreting changes in
cortical oxygenation measured with fNIRS. First, by synthesiz-
ing a pair of HbO and HbR estimates into a single value, the
complexity of models and the potential for multicollinearity
is strongly reduced. Second, the sign (±) of an HbO–HbR
difference value is informative: positive difference values corre-
spond to canonical haemodynamic responses, while negative
values correspond to inverted responses (also called negative
BOLD responses). Third, the relationship between HbO and
HbR estimates can be used to categorize responses very conser-
vatively as systemic phenomena (blood pressure changes) or
true cortical responses. Here, negatively correlated HbO–HbR
pairs are more likely to represent cortical activation [107],
while positively correlated pairs are more likely to represent
physiological confounding phenomena such as blood pressure
changes, muscle oxygenation or extracerebral changes
[108,109], and the latter can easily be excluded for more conser-
vative analyses [105,106]. We present results from preregistered
exploratory models fitted to negatively correlated HbO–HbR
pairs here, andmodels fitted to all HbO–HbR pairs in electronic
supplementarymaterial, (S5). Parameter estimates frommodels
were contrasted using the emmeans package [110].
3. Results
3.1. Manipulation check
Before proceeding to our planned analyses, we first verified
that the level of motor synchrony during the movement activi-
ties indeed differed (not preregistered). We quantified the
spatial and temporal similarity of each dyads’ upper-body
movements, yielding a movement similarity score (0 = no simi-
larity and 1 = identical). The mean similarity is 0.43 (s.d. = 0.12)
for the Control group and 0.80 (s.d. = 0.06) for the Synchro-
nized group, with a difference between means of 0.37.
Figure 2 illustrates this substantial difference between groups
and further demonstrates that similarity scores are not influ-
enced by who is leading the mirror game (i.e. participant or
confederate). One might expect values closer to zero in the
Control group, however, during the movement observation
activity, both members of the dyad keep their torsos and
heads relatively still. This, in itself, is a form of motor syn-
chrony, explaining why the Control group mean similarity is
substantially above zero.

3.2. Reaction times and commission errors
Toobtain aproxy for inhibitory control,we recorded the reaction
times in blocks with only Go trials requiring button-presses
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Figure 2. Movement similarity scores for movement activities (Synchronized group = mirror game, Control group = movement observation activity). Score calculated
from body position coordinates estimated by OpenPose: 0 = no similarity and 1 = identical. Summary point shows median, bars show interval covering 66% and
95% of the raw distribution.
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Figure 3. Predicted posterior distributions for (a) reaction times (RT) and (b) commission errors (CE) per group. Summary point shows median, bars show interval
covering 66% and 95% of the raw distribution.

royalsocietypublishing.org/journal/rsob
Open

Biol.14:230382

8

(AllGo) and those additionally requiring participants to inhibit
motor responses in one third of trials (Mixed), and commission
errors (the number of presses onNoGo trials). Our preregistered
hypotheses were that (1) both groups would respond faster to
the Go trials in AllGo than Mixed blocks, (2) the watchful eye
of a peer, with whom one has recently synchronized, relative
to a non-synchronized peer would result in faster reaction
times for both block types and (3) fewer commission errors.
To address these hypotheses, we fitted the model RT∼1 +
Group*BlockType + (1 + BlockType|ID). Confirming our first
hypothesis, reaction times were faster for AllGo than Mixed
blocks (β = 146.8 ms, 95% highest posterior density region:
HPD= [144.5, 149.1]) when both groups were considered
together (figure 3). Contrary to our second hypothesis, the Con-
trol group responded faster than the Synchronizedgroup in both
block types (β = 18.1 ms, HPD= [15.8, 20.4]). No interaction
between group and block type was predicted or observed.
Next, we examined commission errors using the model
CE∼1 + Group + (1 | ID). Consistent with our third hypothesis,
the Synchronized group made fewer commission errors
than the Control group (β = 2.93 errors, HPD= [0.75, 5.06],
or converted to error rate: β = 3.66%, HPD= [0.94, 6.33]).
Exploratory, not preregistered, analyses revealed a negative
relationship, albeit small, between reaction times and commis-
sion errors (ß =−0.005, HPD= [−0.009, −0.002]), which
suggests that for every 200 ms slowing of the response time,
participants make one commission error fewer (see electronic
supplementary material, S7 for comparison to findings from
preregistered models). Further exploratory, not preregistered,
analyses revealed no relationship between mean movement
similarity per dyad and reaction times, or betweenmeanmove-
ment similarity and commission errors in the Synchronized
group (ß =−0.06, HPD= [−1.01, 0.87]). We observed a trend
toward fewer commission errors with greater mean movement



Table 1. Descriptive statistics (mean and standard deviation [s.d.]) for
commission errors and reaction times.

group block type mean s.d.

commission errors

Control Mixed 19.70 8.81

Synchronized Mixed 16.70 7.57

reaction times (ms)

Control AllGo 230.00 23.50

Synchronized AllGo 247.00 46.00

Control Mixed 367.00 26.10

Synchronized Mixed 384.00 42.40
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similarity in the Control group (ß = 0.31, HPD= [−0.38, 1.06];
electronic supplementarymaterial, S7). No analyses of changes
in motor synchrony over the course of the movement activity
and behavioural measures of performance were considered,
as these tasks were completed one after another rather than
at the same time.
3.3. Cortical haemodynamic activity
We next examined changes in cortical oxygenation evoked
by inhibiting motor responses, and the influence of a peer-
audience, with whom participants recently synchronized,
employing the multivariate model: (HbO, HbR)∼1 + BlockType
* ROI * Group + (1 + BlockType|p|ID) to obtain the parameter
estimates in figure 3 and table 2 (note: p in this formula links
the random effects structure to each of the outcome variables
[HbO, HbR]). Our preregistered hypotheses were that (4)
Mixed compared to AllGo blocks would evoke an enhanced
haemodynamic response only in right PFC for both groups,
and (5) proposed the exploratory analysis of group differ-
ences in either ROIs and/or block types. Counter to our
fourth hypothesis, contrasts comparing Mixed and AllGo
blocks with Control and Synchronized groups combined
revealed no difference in right PFC. In fact, right PFC
exhibited the smallest difference between block types of all
ROIs for HbO (table 1 and figure 4). Further, left IFG for
HbO trends toward a more positive parameter estimate
for Mixed than AllGo blocks. Substantial evidence for
this same pattern is observed in bilateral IFG for HbR. Sub-
sequent contrasts addressing group differences—our fifth,
exploratory, hypothesis—revealed a substantial difference in
bilateral IFG for HbO only (table 3), wherein a greater differ-
ence between block types was observed in the Synchronized
than Control group. The Synchronized, relative to Control,
group showed substantially more positive HbO estimates in
bilateral IFG for both Mixed blocks and a more negative
estimate in middle PFC. In Mixed blocks, the positive
HbO estimates obtained for the Synchronized group are
accompanied by positive HbR estimates (table 3). Of note,
these simultaneous increases in HbO and HbR in bilateral
IFG did not accord with the increase in HbO and decrease
in HbR expected of cortical activity. To delve further into
this pattern, which suggests systemic rather than cortical
changes in the signal, we exploit the strengths of the HbO–
HbR difference as a derived measure synthesizing changes
in concentration of HbO and HbR.
3.4. HbO–HbR difference
Our attention was caught by the simultaneous increase in HbO
andHbR in bilateral IFGwhen comparing differences between
Control and Synchronized groups’ cortical activity during
Mixed blocks. This simultaneous increase in both HbO and
HbR could plausibly reflect a physiological response, such as
blood pressure changes, muscle oxygenation or extracerebral
changes [108,109], evoked by the participants’ anticipation of
NoGo trials in the Mixed block. To isolate changes in cortical
activity from the plausibly task-induced systemic responses,
we proceeded to fit the model Hbo–HbR.difference∼1 + Block-
Type * ROI * Group + (1 + BlockType|ID) to HbO–HbR to
difference values for all difference values, and subsequently,
to difference values from negatively correlated HbO–HbR
estimate pairs only. Here, we report estimates from the
negatively correlated difference values (figure 5), taking a con-
servative approach that excludes systemic responses not
eliminated in the first-level analysis. For comparison of esti-
mates for models with all and negatively correlated values,
refer to electronic supplementary material, (S5).

Following our planned analysis ofHbOandHbR (figure 4),
we applied the same post hoc contrasts as for HbO and HbR
individually, and again did not find the hypothesized (4)differ-
ence between AllGo-Mixed blocks in right PFC with groups
combined but did observe some evidence for greater middle
PFC activity in the Synchronized group (table 2). Contrasts
between groups for each ROI and block type (5) indicated
larger differences between groups for Mixed than AllGo
blocks, whereby the Synchronized group shows greater acti-
vation than the Control group in left IFG and middle PFC
during AllGo blocks, as well as bilateral IFG and middle
PFC during Mixed blocks (table 3).
3.4.1. Linking brain and behaviour

Having established that a speed–accuracy trade-off is
induced under the observation of a peer, with whom one
has recently synchronized, we sought to explore whether
these behavioural outcomes are associated with participants’
cortical activity (via exploratory, not preregistered analyses).
We assessed the relationship between cortical activity and
each reaction times and commission errors using the model:
HbO–HbR.difference∼1 + BlockType * ROI * Group * Reaction-
Time * CommissionErrors + (1 + BlockTypeID). In Mixed
blocks, the Synchronized group exhibited substantially
greater HbO–HbR differences, i.e. greater cortical activation,
with increasing reaction times in bilateral IFG and middle
PFC, with left PFC showing a congruent trend (table 4). For
AllGo blocks, the Synchronized group showed greater
HbO–HbR difference in bilateral IFG with slowing reaction
times, although the evidence is stronger for right than left
IFG. The Control group showed some evidence for reduced
HbO–HbR differences in right PFC for AllGo blocks and
increased HbO–HbR differences in right IFG for Mixed
blocks, as reaction times increased. A greater number of com-
mission errors in Mixed blocks is associated with reductions
in HbO–HbR differences in bilateral IFG for the Synchronized
group, which were more substantial in left than right IFG.
The Control group also shows the decreasing HbO–HbR
difference in bilateral IFG with increasing commission
errors, though more evidence is found for this association
in right than left IFG.
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Table 2. AllGo-Mixed contrast estimates per ROI for HbO, HbR and negatively correlated HbO–HbR difference. Positive = AllGo block haemodynamic response
estimate more positive, negative = Mixed block more positive. Substantial differences (i.e. HPD does not contain 0) marked in bold, trends (i.e. 0 in tail of HPD)
marked in italics. β = estimate; HPD = 95% highest posterior density region.

ROI

HBO HbR HbO–HbR difference

β HPD β HPD β HPD

LIFG −1.21 [−2.51, 0.06] −1.71 [−2.31, −1.11] 1.02 [−0.77, 2.91]
LPFC 0.66 [−0.67, 1.93] −0.28 [−0.91, 0.30] 0.71 [−1.10, 2.53]
MPFC 0.49 [−0.64, 1.56] −0.35 [−0.94, 0.21] 1.28 [−0.07, 2.63]

RPFC −0.03 [−1.32, 1.29] −0.14 [−0.75, 0.45] −0.26 [−2.00, 1.39]
RIFG −0.25 [−1.50, 1.07] −0.99 [−1.59, −0.39] 0.85 [−0.99, 2.75]

Table 3. Control-Synchronized contrast estimates per block type and ROI for HbO, HbR and negatively correlated HbO–HbR difference. Positive = Control group
haemodynamic response estimate more positive, negative = Synchronized group more positive. Substantial group differences (i.e. HPD does not contain 0)
marked in bold, trends (i.e. 0 in tail of HPD) marked in italics. β = estimate; HPD = 95% highest posterior density region.

ROI block type

HbO HbR HbO–HbR difference

β HPD β HPD β HPD

LIFG AllGo −0.63 [−2.27, 0.98] 0.92 [0.08, 1.71] −3.34 [−5.48, −1.07]
LPFC AllGo −0.45 [−2.05, 1.17] 0.16 [−0.67, 0.96] −0.57 [−2.69, 1.43]
MPFC AllGo −0.70 [−1.94, 0.52] 0.38 [−0.31, 1.09] −1.47 [−3.02, 0.11]

RPFC AllGo −0.92 [−2.55, 0.72] −0.10 [−0.90, 0.72] −0.54 [−2.58, 1.39]
RIFG AllGo −0.82 [−2.52, 0.71] 0.35 [−0.47, 1.16] −1.02 [−3.10, 1.08]
LIFG Mixed −1.65 [−3.39, −0.06] 0.29 [−0.56, 1.11] −3.93 [−6.40, −1.57]
LPFC Mixed −0.08 [−1.78, 1.71] 0.56 [−0.30, 1.37] −0.66 [−3.26, 1.97]
MPFC Mixed −0.54 [−1.98, 0.89] 0.76 [−0.01, 1.52] −1.89 [−3.68, −0.11]
RPFC Mixed −0.96 [−2.71, 0.82] 0.37 [−0.46, 1.20] −1.03 [−3.39, 1.24]
RIFG Mixed −1.37 [−3.11, 0.40] −0.10 [−0.94, 0.74] −2.09 [−4.68, 0.50]
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3.5. Additional analyses
As per our preregistered preliminary analyses, we also fitted
exploratory models for each reaction times and cortical
oxygenation to assess whether including random slopes
of Extraversion scores per participant explained the data
better. Visual inspection of data split per confederate for
each measure (electronic supplementary material, [S2]) led
to further exploratory models for commission errors and cor-
tical oxygenation with random coefficients (slopes for a
categorical variable) of Confederate per participant. We also
fitted an exploratory model for cortical oxygenation with
random slopes for movement similarity across participants
to account for individual differences in achieved motor
synchrony. None of these exploratory models offered
substantially better out-of-sample predictions (electronic sup-
plementary material, [S2]), meaning that the addition of each
given variable did not contribute meaningfully to the model,
and does not influence the outcome variable (i.e. reaction
times or cortical oxygenation).
4. Discussion
Combining behavioural and cortical measures, we examined
the influence of an audiencewith whom one has synchronized
versus a non-synchronized audience on inhibitory control
using a relatively simple Go/NoGo task. We found evidence
for differential engagement of IFG across the synchronized
and non-synchonized conditions when participants made
fewer commission errors. Specifically, when participants
were observed by a peer without prior synchronization,
making fewer commission errorswas associatedwith increased
activity in right IFG, indicative of response inhibition.However,
participants observed by a peer after synchonization demon-
strated slower reaction times and fewer commission errors,



Table 4. Associations between behavioural measures and cortical activity as observed in HbO–HbR difference (negatively correlated HbO–HbR pairs only).
Substantial associations (i.e. HPD does not contain 0) marked in bold, trends (i.e. 0 in tail of HPD) marked in italics. β = estimate; HPD = 95% highest posterior
density region.

ROI block type group

reaction times commission errors

β HPD β HPD

LIFG AllGo Control −0.01 [−0.09, 0.08] −0.26 [−0.94, 0.53]
Synchronized 0.08 [−0.01, 0.17] 0.06 [−0.41, 0.53]

Mixed Control 0.05 [−0.04, 0.14] −0.20 [−0.45, 0.04]

Synchronized 0.13 [0.04, 0.21] −0.53 [−0.91, −0.14]
LPFC AllGo Control −0.09 [−0.16, −0.01] −0.44 [−1.08, 0.17]

Synchronized 0.04 [−0.02, 0.12] 0.29 [−0.12, 0.70]
Mixed Control −0.01 [−0.09, 0.07] 0.01 [−0.27, 0.26]

Synchronized 0.11 [−0.01, 0.22] −0.27 [−0.77, 0.23]
MPFC AllGo Control −0.03 [−0.10, 0.04] −0.16 [−0.74, 0.45]

Synchronized 0.04 [−0.03, 0.11] 0.11 [−0.34, 0.58]
Mixed Control 0.01 [−0.05, 0.07] −0.03 [−0.29, 0.20]

Synchronized 0.08 [0.00, 0.17] −0.23 [−0.66, 0.22]
RPFC AllGo Control −0.07 [−0.15, 0.01] −0.34 [−1.00, 0.30]

Synchronized 0.00 [−0.05, 0.05] −0.01 [−0.40, 0.38]
Mixed Control −0.03 [−0.11, 0.05] 0.07 [−0.17, 0.30]

Synchronized 0.04 [−0.05, 0.12] −0.03 [−0.46, 0.42]
RIFG AllGo Control −0.01 [−0.11, 0.09] −0.14 [−0.94, 0.64]

Synchronized 0.09 [0.05, 0.14] 0.23 [−0.12, 0.60]
Mixed Control 0.06 [−0.01, 0.14] −0.29 [−0.53, −0.04]

Synchronized 0.12 [0.00, 0.24] −0.44 [−1.00, 0.10]
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resulting in increased activity in bilateral IFG, suggesting the
involvement of cognitive processes beyond response inhibition
(table 4).Middle and left PFC activity increasedwith increasing
reaction times onlywhen theobserved individual andaudience
had completed a synchronizing activity together. These find-
ings demonstrate that the watchful eye of a synchronized peer
incurs a speed–accuracy trade-off, accompanied by stronger
activation of bilateral IFG, as well as left and middle PFC.
4.1. The presence of an audience results in improved
accuracy at the expense of speed

The presence of an audience is widely reported to improve cog-
nitive performance by helping the observed individual ignore
task-irrelevant information, yielding faster and more accurate
responses [9,12,13,29,31]. Recent evidence also suggests that
a synchronizing activity can improve cognitive performance
[9–12] by enhancing self-monitoring processes [12,111], in
addition to enhancing social connectedness, affiliation, feelings
of closeness and self-other overlap [2,16–19]. Although we did
not measure affiliation enhancement, feelings of closeness or
self-other overlap in the current study, it seems reasonable to
assume that our Synchronized group experienced these mani-
festations of social connectedness, based on the reliability of
these effects across previous studies [2,19] and our rigorous
quantification of each dyad’s movement similarity during the
mirror game or movement observation task (figure 2). Further,
we ensured that our participants had never met the confeder-
ates prior to the experiment, and that all sessions were run
following the same script, maximizing the likelihood that any
change in perceived closeness within each dyad, over the
course of the session, was a direct result of the synchronizing
mirror game or movement observation activity. However, it is
important to consider that differences in the overall amount
of movement or solo versus joint movements might contribute
to our findings (this limitation is discussed further below).

We hypothesized that the presence of a recently synchro-
nized observer could improve performance on a Go/NoGo
task more than a non-synchronized observer in terms of
both speed and accuracy (hypotheses 2 and 3). Our data
demonstrated that the presence of a recently synchronized
observer did indeed boost accuracy, but at the cost of
speed. The trade-off is small (i.e. 3.66% fewer commission
errors for 18.10 ms slower responses), but greater than
trade-offs previously induced using non-social rewards
[112]. Padmala & Pessoa [112] suggest that the trade-off
results from non-social reward-based motivation, which
incurs greater self-monitoring, much like motor synchrony.
Motor synchrony also incurs both reward processing and
self-monitoring [12,19,111]. As such, we attribute the speed–
accuracy trade-off that occurs in the presence of the recently
synchronized audience to greater behavioural motivation,
which likely stems from stronger social alignment induced
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by the synchronizing activity [19]. Moreover, maintaining
social alignment requires continuous monitoring for gaps in
alignment [19], and this continuous process may interfere
with reaction speeds, resulting in slower reaction times. In
the light of the slower reaction times observed in this study,
we propose that maintaining social alignment may outweigh
the cost of slight reductions in behavioural performance [113].
The findings from our analyses of changes in cortical oxygen-
ation offer additional insight into the neural mechanisms
supporting response inhibition under observation by an
audience with whom one has recently synchronized.
l/rsob
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4.2. Right IFG indexes more than inhibition in the
presence of an audience

Inhibition of motor responses has been pinpointed to right
IFG using fMRI [47,52–55,58]. fNIRS studies have more
consistently measured functional responses to tasks requiring
inhibitory control, such as the Go/NoGo task used here,
in right PFC [56,57,114,115]. This difference may be related
to the coarser spatial resolution of approximately 2–3 cm
of fNIRS, compared to 3 mm in fMRI [59,116]. As we
used fNIRS, our preregistered hypothesis (4) was that we
would observe increased right PFC activity during Mixed,
relative to AllGo, blocks. This expected difference did not
manifest in either group (table 2 and figure 5), nor was this
difference present in right IFG when contrasting block
types. The lack of a difference does not categorically imply
that right IFG and PFC are inactive during the Go/NoGo
task: In fact, substantial activation is observed in both right
IFG and PFC during both block types for the Synchronized
group, with the Control group showing activation in both
right IFG and PFC for AllGo blocks, and only in right IFG
for Mixed blocks.

Turning to our next hypothesis (5), that we might observe
different patterns of cortical activation between groups, we
delved further into right IFG activation in our exploratory
analyses, revealing that slower reaction times and fewer com-
mission errors correlated with greater cortical activity in right
IFG in both groups (table 4). The slope estimates for the Syn-
chronized, relative to Control, group were greater for both
behavioural measures, suggesting that right IFG may index
processes related to the presence of the audience, in concert
with inhibition itself. However, additional comparisons to
performance without the presence of the audience would
be needed to confirm this. It is plausible that the by-products
of motor synchrony, including increased perceived closeness
and self-other overlap, may drive the stronger association
between behaviour and right IFG activity, as well as the
speed–accuracy trade-off. Reaction times were strongly
linked with cortical activation in right IFG for both block
types, while commission errors were more closely linked
with right IFG activity during Mixed than AllGo blocks (i.e.
greater uncertainty for the latter). However, this difference
between block types is not meaningful for the Synchronized
group (table 4), meaning that the positive association
between slower, more accurate, responses and right IFG
activity is unlikely to index increased inhibition per se.
Instead, this difference may index increased attentional
mechanisms [58,112], self-monitoring [117] and/or perceived
closeness [118] related to maintenance of social alignment
with the synchronized audience [19]. This final possibility is
consistent with emerging findings from hyperscanning
research, suggesting that shared right IFG activity is indicative
of interpersonal coupling within interacting dyads [119,120].
4.3. A recently synchronized audience increases self-
monitoring

Previous fMRI studies investigating the neural correlates of an
audience’s presence report increased haemodynamic activity
in the dorsomedial prefrontal cortex and striatum [48–50].
These regions—which lie beyond the penetration depth of
fNIRS—are known to be engaged in mentalizing processes
[121] and encode social network information associated with
relationship value [122,123]. They also support self-monitoring
andmotivation [47,52,124] and are the purported generators of
the ‘medial frontal negativities’, electrophysiological responses
indexing error monitoring and feedback integration [124,125].
These negativities have been demonstrated to be greater
when an individual is observed by a friend, when compared
with a stranger [126,127], and when observed by peers of a
similar age, relative to older peers [128]. It is thus proposed
that these electrophysiological responses index the perceived
closeness between the observed individual and the audience.
Kang et al. [127] propose that self-other overlap may mediate
this relationship, while Ferguson et al. [128] posit in-group/
out-group dynamics as a potential explanation. These findings
from different modalities can be further enriched by Shamay-
Tsoory et al.’s [19] proposition that the ACC and medial
PFC monitor for gaps in social alignment; another form of
self-monitoring.

Middle, and to a lesser extent, left PFC activity and reac-
tion times were correlated for the Synchronized group only,
whereby greater activation was observed for slower response
times. Dorsomedial frontal activity has previously been
reported to increase under social observation, purportedly
serving the functional role of regulating of behavioural
motivation [48–50]. From this perspective, individuals in
the Synchronized group who responded more slowly and
accurately may have experienced a greater degree of behav-
ioural motivation because of their motor synchrony with
their audience. Alternatively, the increased middle PFC acti-
vation could index the sustained self-monitoring required to
ensure continued social alignment with the synchronized
audience [19]. Another possible explanation comes from
Hester et al. [129], who reported that individuals who
responded more slowly on a Go/NoGo task showed greater
midline activity and higher self-reported absent-mindedness
scores. Individuals who responded more slowly may have
been mildly distracted by the presence of their recently syn-
chronized partner. This explanation is improbable, as we
did not observe reduced accuracy as well as slower response
times. Considering our findings and the proliferation
of research corroborating that both an audience and motor
synchrony can improve cognitive performance, we propose
that the association between reaction times and middle PFC
activity observed in the Synchronized group, and not
the Control group, points to increased behavioural motiv-
ation and/or increased self-monitoring to maintain social
alignment with the audience.

In the Control group, we observed a group-level inverted
BOLD response in left IFG during Mixed blocks (figure 5), as
well as a trend wherein individuals who sacrificed accuracy
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for speed exhibited stronger inverted BOLD responses (table 4).
The Synchronized group showed the same association in left
IFG for reaction times, but with steeper slopes, relative to the
Control group, for both Mixed and AllGo blocks. Closer exam-
ination showed a greater number of inverted BOLD responses
in left IFG for Mixed blocks for Control group (84.61% of nega-
tively correlated HbO–HbR pairs) than for the Synchronized
group (70.37%), which were also more pronounced in the Con-
trol group (figure 5). Padmala & Pessoa [112] also report
inverted BOLD responses in left IFG,which lessen in amplitude
with the introduction of non-social reward-based motivation.
From this, we interpret that social motivation induced by an
observer may potentially be analogous to reward motivation
and functionally reduce the amplitude of inverted BOLD
responses in a similar fashion. We also observed enhancement
of left IFG activity with increasing errors for the Synchronized
group during AllGo blocks: This may add nuance to the expla-
nation above in that perhaps the enhanced social motivation
experienced by the Synchronized group was lessened during
the AllGo blocks but remained constant across both block
types for the Control group.

4.4. Implications for clinicians and future directions
These findings suggest that synchronizing activities have the
potential to improve self-monitoring while inhibiting motor
responses. This could be particularly beneficial for individ-
uals who have known difficulties in response inhibition and
spontaneous mirroring, which has been documented in
several psychological, neurodevelopmental and psychiatric
conditions such as ADHD, social anxiety, autism and
schizophrenia [21,43–46]. For instance, a prior synchronizing
activity between the clinician and patient has potential to
improve supervised response inhibition. Further research
undertaken in clinical setting is needed and is supported by
mounting evidence that response inhibition can be improved
through training [130–133]. However, further research is also
needed to understand the influence of a dyad’s social
relationship (i.e. peers, strangers, patient–clinician, parent–
child) on response inhibition in the presence of an audience.

In addition to exploring the dynamics of varying social
relationships, future studies should further consider includ-
ing measures relating to the change in perceived closeness
and self-other overlap to verify whether these factors mediate
the increased attentional mechanism and self-monitoring that
appear to underpin the speed–accuracy trade-off reported
here. To do this, a ‘free-movement’ control condition could
be added. Here, both members of the dyad could move at
the same time, but not in synchrony and without any tem-
poral contingencies, while the experimenter is in another
room. Ideally, the overall amount of movement would be
accounted for during analysis. Together, these methodologi-
cal improvements could help disentangle the effects of
motor synchrony per se from the overall amount of movement
and the experience of joint movement versus solo movement,
which may also contribute to the group-level differences
observed in the present study. Another control condition to
consider in future research would involve the synchronizing
activity followed by the response inhibition task with no
audience/observer. This condition could be compared to
the two conditions used in the present study to gain insight
into the relative contributions of the audience effect and the
synchronizing activity in improving response inhibition.
An open question remains regarding the length of time any
benefits of synchonization last. In the present study, there was
approximately 20 min between participants engaging in the
synchronizing activity and completing the Go/NoGo task,
while the fNIRS cap was donned with the peer-audience
observing. The Go/NoGo task then lasted approximately
15 min. Together, this suggests that the effects synchonizing
lasted at least 35 min, with the uninterrupted presence of the
synchronized observer. Further empirical interrogation is
required to ascertain whether the influence of a synchronized
observer lasts longer than 35 min and whether interruptions
in the interaction reduce the observed effect. Moreover, future
research could also delve into the relationship between
the degree of motor synchrony per dyad and Go/NoGo
performance, during the task itself, as this might yield more
fine-grained insight into the mechanisms through which
motor synchrony impacts cognition.

Further insight into the network underpinnings of the
speed–accuracy trade-off could also be gained from examin-
ing connectivity within frontal brain regions [57,134]. The
inclusion of additional brain regions in such connectivity ana-
lyses, including the temporal parietal junction, inferior
parietal lobule and premotor areas involved in maintenance
of motor, and more generally, social alignment [19,135–138]
would also be beneficial. Further, concurrent recording of
neural activity (i.e. hyperscanning using fNIRS) from both
the observed individual engaging in response inhibition
and a genuinely interested audience, such as a clinician,
could also provide valuable insight into the socially mediated
cognitive processes discussed here [19,139,140].
5. Conclusion
This study demonstrated that the presence of a recently
synchronized peer-audience can improve accuracy on a
Go/NoGo task probing inhibitory control, at the cost of
reaction speed. Further, this study demonstrated that
increased cortical activity in bilateral IFG and middle PFC
measured using fNIRS was associated with slower reaction
times and fewer errors in the presence of a partner with
whom one has recently synchronized. We propose that this
relationship reflects increased self-monitoring that helps
maintain social alignment.
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