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Much of human learning emerges as a result of interaction with others. Yet, this interpersonal process has been
poorly characterized from a neurophysiological perspective. This study investigated (i) whether Interpersonal
Brain Synchronization (IBS) can reliably mark social interactive learning, and speciﬁcally (ii) during what kind of
interactive behavior. We recorded brain activity from learner-instructor dyads using functional Near-Infrared
Spectroscopy (fNIRS) during the acquisition of a music song. We made four fundamental observations. First,
during the interactive learning task, brain activity recorded from the bilateral Inferior Frontal Cortex (IFC) synchronized across the learner and the instructor. Second, such IBS was observed in particular when the learner was
observing the instructor's vocal behavior and when the learning experience entailed a turn-taking and more active
mode of interaction. Third, this speciﬁc enhancement of IBS predicted learner's behavioral performance. Fourth,
Granger causality analyses further disclosed that the signal recorded from the instructor's brain better predicted
that recorded from the learner's brain than vice versa. Together, these results indicate that social interactive
learning can be neurophysiologically characterized in terms of IBS. Furthermore, they suggest that the learner's
involvement in the learning experience, alongside the instructor's modeling, are key factors driving the alignment
of neural processes across learner and instructor. Such alignment impacts upon the real-time acquisition of new
information and eventually upon the learning (behavioral) performance. Hence, besides providing a biological
characterization of social interactive learning, our results hold relevance for clinical and pedagogical practices.

1. Introduction
Much of human learning emerges as a result of interaction with others
(Marchiori and Warglien, 2008). As Greek philosophers highlighted,
more than two thousand years ago, verbal “turn-taking” interactions are
powerful means of education and pedagogical practice (“Socratic dialog”,
Kahn, 2013). Today, despite the rise of individual approaches to learning
such as e-learning and multimedia learning (Clark and Mayer, 2016;
Rennie and Morrison, 2013), learning through social interaction still
plays a vital role in the daily lives of many people (Edwards-Groves,
2017). Examples of social interactive learning span from infancy to
adulthood, including learning of new rules (Williamson et al., 2010), new
words (Verga and Kotz, 2013, 2017), solution of novel problems (Williamson et al., 2008), recognition of emotional expressions (Carr et al.,

2003), body movements (Liao et al., 2015), or the acquisition of ﬁne
motor skills such as music making (Belyk et al., 2016).
An inﬂuential pedagogical theory, namely the involvement theory
(Astin, 1984, 1996), postulates that the quantity of interaction between
learner and instructor is one of the main factors that facilitate social
learning (Lundberg and Schreiner, 2004). Previous evidence supporting
this hypothesis indeed showed that the amount of learner-instructor interactions (i.e. how often learners interact with an instructor) is positively related to gains in learners' skills (Bjorklund et al., 2004) and
academic achievements (Anaya and Cole, 2001). Other studies found that
more learner-instructor interactions probably enhance learners' expectations about their ability to succeed (Tauber, 1997), increase their
engagement in academic activities (Umbach and Wawrzynski, 2005),
and strengthen their critical thinking skills (Light, 2001). However, the
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hypothesized that, to the extent that IBS can reliably mark the success of
social interactive learning, then IBS should also be higher during PL as
compared to WL. In accordance with the previous fNIRS hyperscanning
literature (see above), we were particularly interested in monitoring
brain activity over inferior frontal regions (Jiang et al., 2012; Liu et al.,
2015; Osaka et al., 2015), and adapted our measurement patch in order
to properly extract signals from these neural regions.
Second, we explored what behavior would best enhance IBS during
interactive PL. To this end, we used video coding techniques to classify
IBS recordings speciﬁcally associated either with OBSERVATION (i.e. the
learners attending to the instructor's performance) or IMITATION (i.e.
the learners performing under the instructor's supervision). Next, having
dissociated the neural processes associated with OBSERVATION and
IMITATION, we tested which process induced the higher IBS contributing to PL. Complementary to this, Granger causality analysis (GCA) was
also used to provide a neurobiological suggestion of which individual
(the learner or the instructor) was more actively driving the other.
Finally, a series of correlational analyses were adopted as an exploratory
investigation of potential IBS-behavior relationships (e.g., correlation
between IBS and song learning performance).

biological origins of these beneﬁts remain largely elusive.
In this study, we aimed at providing a neurobiological testbed for the
involvement theory. Our goal was to characterize the learner-instructor
interaction from a neurophysiological perspective, and explore whether
and how the quantity of social interactive learning might facilitate these
neurophysiological processes. We adopted a musical paradigm entailing
a music instructor teaching a music song to a group of learners – a
paradigm that allowed us to study social interaction under ecological, yet
controlled, experimental conditions (D'Ausilio et al., 2015). Indeed,
music is an inherently social activity and has proven to be a good test case
for social phenomena (D'Ausilio et al., 2015; Lindenberger et al., 2009;
Osaka et al., 2015; Keller et al., 2017). Moreover, song learning involves
social vocal imitation, which is a widespread learning behavior observable in both humans and other animals (Mooney, 2009; Patel, 2006; Patel
et al., 2009).
We compared learning of a music song across two well-known
pedagogical methods differing one another in terms of the amount of
learner-instructor interactions that they imply (Klinger et al., 1998;
Persellin et al., 2002; Persellin and Bateman, 2009). One of such
methods, the “part learning” (PL), assumes that sensory information
presented to the learner is typically organized into chunks or parts (Gobet
et al., 2001; Miller, 1956). During PL, learners receive and retain
knowledge as it is presented in repeated segments, rather than a complete
whole (Herrold, 2005). Accordingly, PL involves many interactions between learner and instructor. The second method is the “whole learning”
(WL), which provides learners with repeated exposure to the
to-be-learned materials in their entirety and therefore may offer a greater
sense of continuity and integrity of the materials (Klinger et al., 1998;
Miller, 2005; Persellin and Bateman, 2009). This method is somehow in
accordance with Gestalt's view that natural systems and their properties
should be viewed as wholes, not as collections of parts (K€
ohler, 2015).
For example, teaching songs through PL requires instructors to interact
with learners on a phrase-by-phrase basis, whereas teaching through WL
requires instructors to perform the entire song to learners. As a result, the
PL compared with the WL implies more turn-taking interactions.
We recorded brain activity from twenty-four learner-instructor dyads
using functional near-infrared spectroscopy (fNIRS). We reasoned that
the information exchange between a learner and an instructor cannot be
fully understood by examining the two brains in isolation. Therefore, we
adopted a hyperscanning approach that permitted us to record activity
from two brains simultaneously during an ecologically-valid interaction
(Montague et al., 2002), and compute the degree of similarity or reciprocal inﬂuence of one brain signal over the other. Previous studies have
demonstrated that social interactions are associated with enhanced
interpersonal brain synchronization (IBS), as measured by EEG (e.g.,
Lindenberger et al., 2009; Hu et al., 2018), fNIRS (e.g., Cui et al., 2012;
Cheng et al., 2015; Hu et al., 2017; Osaka et al., 2015; Pan et al., 2017), or
fMRI (e.g., Koike et al., 2016; Saito et al., 2010). For example, using
EEG-based hyperscanning, Lindenberger et al. (2009) reported increased
interpersonal synchronization of sensorimotor regions when guitar dyads
played a melody together. Recently, using fNIRS-based hyperscanning,
Osaka et al. (2015) found that when two people sang or hummed
face-to-face, their brain activities of inferior frontal cortex (IFC) were
synchronized. Similarly, other studies have reported IBS between signals
recorded from IFC during tasks entailing turn-taking interactions (Jiang
et al., 2012; Liu et al., 2015). Compared to EEG, fNIRS is a more robust
method for measuring brain activity during motor tasks in that it is less
affected by motor artifacts. By measuring local hemodynamic effects,
fNIRS is suitable for measuring IBS during social interactions in realistic
situations that require active movement (Cui et al., 2015; Quaresima and
Ferrari, 2016).
The goal of the current study was twofold. First, we computed IBS and
compared it across the two distinct learning methods, namely PL and WL,
entailing more (PL) or less (WL) interactions, respectively. To the extent
that the involvement theory holds true, we would expect PL to lead to
better learning performance compared to WL. Furthermore, we

2. Methods
2.1. Participants
Twenty-four undergraduate students (aged 20.58  2.15 years) and a
music instructor (22 years old) participated in the study. All participants
were female, healthy and right-handed, and were recruited by advertisements on East China Normal University. No learner had received any
formal musical training apart from compulsory school lessons, while the
instructor had 13 years music learning experience. Each learner paired
up with the instructor as a learner-instructor dyad, forming 24 participant dyads in total. This arrangement was intended to make the teaching
style as similar as possible across dyads (Thepsoonthorn et al., 2016).
Each participant signed an informed consent prior to the experiment and
was paid ￥30 for participation. The study was approved by the University Committee of Human Research Protection (HR 044–2017), East
China Normal University.
2.2. Materials and apparatus
Two Chinese songs were selected: “The Moon Reﬂection” (Lyrics: B.
Peng, Music: Z. Liu and S. Yan) and “A Tune of Homesickness” (Lyrics: C.
Qu, Music: Q. Zheng). These songs were selected because (i) they entailed
simple lyrics and melodies (i.e., they were easy to be acquired) and (ii)
they were likely to be unfamiliar to the participants (something we
determined using a pre-screening survey and that was important in order
to exclude potential confounding effects of prior knowledge) (Simmons-Stern et al., 2010). These two songs have similar musical structures
(e.g., quadruple rhythm, eight bars, and slow tempo) and convey similar
musical emotions and semantics (i.e., nostalgia, missing home). Note that
each song is composed of four phrases, in accordance with previous song
learning tasks (e.g., Klinger et al., 1998). Performing one musical phrase
at the correct tempo would take approximately 6 s, while performing the
entire song would take around 24 s. Two songs were selected (instead of
only one) in order to exclude the possibility that any detected effect was
speciﬁc to a certain song and hence limited in generalizability. Within
both the PL (N ¼ 12) and WL (N ¼ 12) groups, six dyads were assigned
with “The Moon Reﬂection” and six with “A Tune of Homesickness”.
Because the results reported hereafter did not differ across performance
of the two songs, these were pooled together.
A digital video camera (Sony, HDR-XR100, Sony corporation, Tokyo,
Japan) was used to record the vocal and non-vocal interactions within
dyads through the experiment. The camera recordings were used to
classify (following the experiment) behaviors such as listening, singing,
facial expressions, gestures and orofacial movements.
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2.3. Tasks and procedures

Table 1
Procedures associated with the part learning (PL) and whole learning (WL)
methods.

The task was split into three phases (Fig. 1A). During the initial
resting phase (3 min), both participants (sitting face-to-face, 0.8 m apart)
were asked to relax and to remain still while keeping their eyes closed.
Such 3-min resting phase served as the baseline.
The resting phase was followed by the learning phase (~9 min),
whose procedures (similar to Klinger et al., 1998) are reported in Table 1.
In both PL and WL, the instructor, who was blind to the purpose of the
experiment, began the task by singing the entire song twice (i.e. initial
learning sub-phase, ~1 min). Next, the learner and instructor engaged in
the interactive learning (interactive learning sub-phase, 8 min) through
either of two learning methods: (i) PL, namely learning the song phrase
by phrase; (ii) WL, namely learning the song in a holistic way. Specifically, in the PL, the learner attended (OBSERVATION) and then imitated
(IMITATION) each single phrase performed by the instructor. So the
learner and the instructor interacted in a turn-taking fashion. In contrast,
in WL, the learner attended and then imitated the entire song (Fig. 1B).
These procedures allowed participants to attend and imitate the song for
an equal time across the two methods (Persellin and Bateman, 2009)

The part learning (PL)
- Initial learning sub-phase
The instructor sings the entire song to the learner twice.
- Interactive learning sub-phase
The learner observes while the instructor sings phrase 1 (OBSERVATION).
The learner imitates phrase 1 under the instructor's supervision (IMITATION).
The learner observes while the instructor sings phrase 2 (OBSERVATION).
The learner imitates phrase 2 under the instructor's supervision (IMITATION).
The learner observes while the instructor sings phrase 3 (OBSERVATION).
The learner imitates the phrase 3 under the instructor's supervision (IMITATION).
The learner observes while the instructor sings phrase 4 (OBSERVATION).
The learner imitates phrase 4 under the instructor's supervision (IMITATION).
(OBSERVATION alternates with IMITATION until the end of this phase)
The whole learning (WL)
- Initial learning sub-phase
The instructor sings the entire song to the learner twice.
- Interactive learning sub-phase
The learner observes while the instructor sings all four phrases consecutively
(OBSERVATION).
The learner imitates the four phrases under the instructor's supervision (IMITATION).
(OBSERVATION alternates with IMITATION until the end of this phase)

while being continuously supervised by the instructor. On average, the
songs were repeated 7.83  1.03 (M  SD) times in the PL and
6.75  2.01 times in the WL (and these values were comparable across
the two groups; t22 ¼ 1.66, p ¼ 0.11). All participants were allowed to use
non-vocal communication (e.g., facial expressions, gestures) to facilitate
the acquisition of the song. Learners were randomly allocated to one of
the two learning methods, half for the PL (n ¼ 12) and half for the WL
(n ¼ 12).
After the learning phase, learners were instructed to sing the entire
song as best as they could (solo phase). They sang the song repeatedly
until the end of this phase (2 min). This practice was recorded and later
used to assess how well the learners had acquired the song (see below).
2.4. Pre- and post-experiment assessments
Before the experiment, learners completed an online test assessing
their musical skills (Mandell et al., 2007; http://jakemandell.com/
tonedeaf/; range of score: 0–100%; higher score indicates better pitch
discrimination and musical memory abilities).
After the experiment, the two participants forming each dyad
completed a battery of subjective ratings that assessed their impressions
of the experiment and the interacting partner. Both participants rated the
nervousness, awkwardness, difﬁculty, empathy, satisfaction, and
likability (see Table S1 for details). The ratings were on a 7-point Likert
scale, which ranged from 1 (“not very much”) to 7 (“very much”). No
discussion was allowed during the rating task.
2.5. Video-recording data processing
Four graduate students were recruited to independently code activities in the interactive learning phase. Similar to previous studies (Jiang
et al., 2012, 2015), three types of activities were categorized: (i) vocal
interactions (VI), such as the learners' observation of the instructors'
modeled singing (VI during OBSERVATION), or learners' imitation of the
singing under the supervision of the instructor (VI during IMITATION),
(ii) non-vocal interactions (NVI), such as body language (including facial
expressions, sign gestures); and (iii) no interaction (NI). Each second (s)
from the 8 minutes entailing the interactive learning phase was coded
either as VI, NVI, or NI. If an interactive activity consisted of both VI and
NVI for a given second (s), the dominant behavior (i.e., the behavior
exerting greater impact on the interaction) was coded. For all coding
activities, inter-coder reliability was calculated by the intra-class

Fig. 1. Experimental task and procedures. (A) Dyads composed of a learner and
an instructor start the task by resting with eyes closed (resting phase/baseline),
then the instructor teaches a song to the learner (learning phase), and ﬁnally the
learner sings the newly acquired song (solo phase). During the whole procedure,
brain activities from the instructor and the learner are acquired simultaneously
using fNIRS. (B) Two learning methods are compared. In the “part learning”
(PL) method, the learner attends and imitates the song in a phrase-by-phrase
fashion. In the “whole leaning” (WL) method, the learner attends all phrases
at once and then imitates the whole song (I ¼ instructor, L ¼ learner). (C)
Optode probe set. The set was placed over the bilateral fronto-temporoparietal cortices.
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ﬁltering in the fNIRS signals (Ikeda et al., 2017).
We then employed wavelet transform coherence (WTC) analysis to
estimate IBS, here entailing the relationship between HbO time series
within each dyad (Grinsted et al., 2004). The WTC ranges between 0 and
1, and can be conceptualized as a localized correlation coefﬁcient in time
and frequency space (Chang and Glover, 2010; Grinsted et al., 2004). For
the wavelet function in WTC analysis, we used the Morlet wavelet, in
accordance with previous studies (Grinsted et al., 2004; Nozawa et al.,
2016). As a ﬁrst step, we estimated whether the interactive learning task
enhanced IBS (estimated by WTC) with respect to baseline. In order to do
so, IBS (averaged across all channels in each dyad) was compared between the resting phase (i.e. baseline session) and the interactive
learning phase (i.e. task session) using a series of paired sample t-tests,
one for each frequency band (frequency range: 0.01–1 Hz; period range:
1–100 s) (Ikeda et al., 2017; Nozawa et al., 2016; Xue et al., 2018). Note
that this range covers nearly all frequencies investigated in previous
fNIRS hyperscanning studies (e.g., Cui et al., 2012; Nozawa et al., 2016;
Jiang et al., 2012, 2015; Pan et al., 2017). This analysis yielded a series of
p-values that were FDR corrected (threshold for signiﬁcance was 0.05,
Benjamini and Hochberg, 1995). The results indicated that IBS associated
with the interactive learning phase was signiﬁcantly higher than that
associated with the resting phase for frequencies ranging between 0.07
and 0.10 Hz (i.e., period 10.50–14.01 s) and 0.11–0.15 Hz (i.e., period
6.61–9.35 s) (see Fig. S1). These two ranges (separated by only one
period) were clustered and chosen as our frequency of interest (FOI):
0.07–0.15 Hz (corresponding to period between 6.61 and 14.01 s). Note
that this range nicely encompasses the temporal structure of the task
performed by the PL group, especially considering that performing one
musical phrase took approximately 7 s on average (6.64  1.56 s in this
study). Also note that this frequency band of interest enabled the removal
of high- and low-frequency undesired signals, such as those related to
cardiac pulsation (~1 Hz) and respiration (~0.2–0.3 Hz).
Next, we averaged IBS within this FOI, and compared our two groups
of participants. To do so, we computed an index of the interactivelearning-related IBS by averaging IBS within the frequency of interest
(i.e., 0.07–0.15 Hz) and computing the difference between the interactive learning phase and the resting phase. The resulting values were then
entered into two complementary analyses. The ﬁrst one, in line with
what done previously, contrasted these values vs. zero for each channel
using one-sample t-tests and aimed at identifying group speciﬁc enhancements of IBS. The second one contrasted the values across groups
for each channel. For both analyses, the resulting p values were FDR
corrected. The results yielded three t maps, two of them being groupspeciﬁc and one resulting from the comparison across the two groups.
These t maps reﬂected the interactive-learning-related IBS, and they were
generated using a spatial interpolation linear method, separately for the
right and left hemispheres. The MNI coordinates and t values of t maps
were ﬁrst converted into *.img ﬁles using xjView (nirs2img.m, http://
www.alivelearn.net/xjview). The converted data were then rendered
over the 3D brain model using BrainNet Viewer (Xia et al., 2013).
To determine whether such IBS was speciﬁc to two participants who
constituted a dyad, we conducted a control analysis. The real learnerinstructor pairs from the PL group were re-paired in a pseudo-random
way so that 12 new pseudo pairs were created (e.g. time series from
the instructor in dyad 1 were paired with time series from the learner in
dyad 3) (Fig. S2A). Then, IBS was estimated again from the pseudo dyads.
Finally, we explored neural-behavioral relations. To this aim, the
relationship between interactive-learning-related IBS and learning
(behavioral) performance was evaluated using Pearson correlation
analyses.

correlation (Werts et al., 1974). Inter-coder reliability was 0.84 for the VI
(vs. NVI) and 0.87 for the OBSERVATION (vs. IMITATION). If there was
an inconsistency, the four coders discussed it and made an agreement on
it. Based on the coded activities, two indices were calculated. One was
the number of interactive learning activities, which was calculated as the
cumulative number of sequential vocal or non-vocal interactions (for
example, within a 10-s activity coded as “VI VI VI VI NVI VI VI NVI NVI
VI”, the cumulative number of VI and NVI would be 3 and 2, respectively). The other was the duration ratio of interactive learning activities,
which was calculated as the proportions of time (out of 8 min) when
vocal or non-vocal interactions occurred (see Jiang et al., 2015).
Two music experts, who were blind to the group assignment, rated
the singing performance of learners in the solo phase. The experts had at
least 15-year experience in music teaching. Six aspects of music performance were evaluated through 7-point scales (i.e., melody, rhythm, lyric,
pitch, emotion, and tune; see Table S2 for details). For each learner, intercoder reliability was calculated by the intra-class reliability on six aspects
(ranging from 0.765 to 0.912). The rating scores provided by the two
experts were averaged. The sum of the judgements made on all six aspects (for a given learner) was considered as the index of overall learning
performance (maximum score: 7 points  6 aspects ¼ 42).
2.6. Image acquisition
Signals were acquired using ETG-7100 optical topography system
(Hitachi Medical Corporation, Japan), measuring the absorption of near
infrared light (two wavelengths: 695 and 830 nm). Signals were sampled
at 10 Hz. The oxyhemoglobin (HbO) and deoxyhemoglobin (HbR) were
obtained through the modiﬁed Beer-Lambert law. In this study, we only
focused on the HbO concentration, which is frequently used in fNIRSbased hyperscanning studies (Cheng et al., 2015; Jiang et al., 2015;
Pan et al., 2017; Tang et al., 2015). Furthermore, previous evidence
indicated that HbO is the most sensitive indicator of changes in the cerebral blood ﬂow in fNIRS measurements (Hoshi, 2007).
Two optode probe sets were used to cover each participant's left and
right fronto-temporo-parietal regions (Fig. 1C), which were associated
with the production of words and melody during singing (Osaka et al.,
2015), and also with social interactions (Decety et al., 2004; Pan et al.,
2017). Speciﬁcally, one 3  5 optode probe set (eight emitters and seven
detectors forming 22 measurement points with 3 cm optode separation)
was placed over the right frontal, temporal, and neighboring parietal
cortices. The middle optode of the lowest probe row of the patch was
placed at T4 (Fig. 1C), following the international 10–20 system (Okamoto et al., 2004). Another probe set (of identical size) was placed
symmetrically over the left hemisphere (T3 corresponds to T4, Fig. 1C).
The middle probe set columns were placed along the sagittal reference
curve. Channels (CHs) 1–22 and 23–44 represent 22 point-of-interest in
the right and left hemispheres, respectively. The correspondence between the NIRS CHs and the measured points on the cerebral cortex was
determined using the virtual registration approach (Singh et al., 2005;
Tsuzuki et al., 2007).
2.7. Imaging-data analyses
2.7.1. Interpersonal brain synchronization (IBS)
Data collected during the resting phase (3 min, served as the baseline)
and interactive learning phase (8 min, served as the task) were entered
into the interpersonal brain synchronization (IBS) analysis.
During preprocessing, a principal component spatial ﬁlter algorithm
was used to remove the global components in the fNIRS data (for more
details, see Zhang et al., 2016). To remove head motion artifacts, we used
a “Correlation Based Signal Improvement” (CBSI) method (see more
details in Cui et al., 2010), which is based on negative correlation between oxygenated and deoxygenated hemoglobin dynamics. To remove
slow drifts, a set of discrete cosine basic functions with a cutoff period of
128 s (i.e., 7.81  103 Hz) was also used to perform the high-pass

2.7.2. Segments of interactive-learning-related IBS
We selected the CHs that showed increased IBS during the interactive
learning phase relative to the resting phase. The time course of IBS in the
selected CHs was downsampled to 1 Hz, so that point-to-frame correspondence between the time series and video recordings was obtained
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learner to instructor). All signals recorded from channels associated with
nonsigniﬁcant IBS (from the instructor, latent variable Z1, and from the
learner, latent variable Z2) were averaged and included as latent variables. Note that we used the average signal from nonsigniﬁcant channels,
as opposed to the individual signals from each nonsigniﬁcant channel, in
order to eliminate global systemic noises. The order of the AR model was
determined to be 15 based on the Bayesian information criterion
(Schwarz, 1978). There was no signiﬁcant autocorrelation in the residual
with the determined model order based on Ljung-Box Q-tests (qs < 10.02,
ps > 0.10). Finally, we used nonparametric Kolmogorov-Smirnov tests to
examine whether each direction differed from zero, and Wilcoxon tests to
compare differences between the two directions. We adopted nonparametric tests due to the data being not normally distributed. The Bonferroni correction was used to account for multiple comparisons.
3. Results
Fig. 2. Interpersonal brain synchronization (IBS) is analyzed as a function of the
dyad behavior. (A) Time course of IBS for one randomly selected dyad from the
part learning (PL) group. The grey box indicates a representative selected chunk
of the time course. Blue points indicate non-vocal interaction (NVI); red points
indicate vocal interaction (VI) during OBSERVATION; green points indicate VI
during IMITATION. (B) The corresponding interactive learning behaviors coded
from video frames.

3.1. Behavioral results
3.1.1. Learning performance
The overall performance of the PL group and the WL group was
compared using an independent sample t-test. This analysis identiﬁed a
signiﬁcant group difference (t(22) ¼ 2.26, p < 0.05, Cohen's d ¼ 0.92),
indicating that the learning performance of PL group (M  SE,
28.63  1.93) was higher than that of the WL group (21.63  2.43)
(Fig. 3A). Hence, PL led to better learning performance than WL.

(Fig. 2). Based on the results of coding procedures aforementioned, we
categorized the segments of IBS in the learning phase as VI-IBS, NVI-IBS,
and NI-IBS, for IBS corresponding vocal, non-vocal, no interactions,
respectively. VI-IBS was further divided into VI-IBS during OBSERVATION (learners' observation of instructor's modeling) and during
IMITATION (learners' imitation with instructor's supervision). The
interactive-learning-related IBS data were adjusted for the delay-to-peak
effect (~6 s) in the fNIRS signal (Cui et al., 2009; Jiang et al., 2015).
Finally, these segments of IBS were compared between the PL and WL
groups using a series of independent sample t tests. The Bonferroni
correction was used to account for multiple comparisons.

3.1.2. Interactive learning activities
The number of interactive learning activities was compared between
the two groups. The PL group displayed a signiﬁcantly larger number of
vocal interactions (VI) than the WL group (PL vs. WL: 31.75  2.42 vs.
6.67  1.92; t(22) ¼ 28.14, p < 0.001, Cohen's d ¼ 11.48). Instead, the
number of non-vocal interactions (NVI) was comparable across groups
(PL vs. WL: 5.25  1.07 vs. 6.67  1.61; t(22) ¼ 0.73, p ¼ 0.47) (Fig. 3B).
The duration ratio of interactive learning activities was also
compared between the two groups. The PL group did not differ signiﬁcantly from the WL group in the duration ratio of VI (0.84  0.03 vs.
0.85  0.02; t(22) ¼ 0.39, p ¼ 0.70), and NVI (0.14  0.02 vs. 0.11  0.01;

2.7.3. Coupling directionality
Granger causality analysis (GCA) was used to provide a neurobiological suggestion of coupling directionality, i.e. which individual (the
learner or the instructor) was more actively driving the other. GCA using
vector autoregressive (AR) models has been successfully applied to
measure the causal relationship between fNIRS time series data (e.g.,
Jiang et al., 2015; Pan et al., 2017). Here we used a linear AR model,
which can achieve greater accuracy in detecting network connectivity
than the widely used pair-wise granger causality model (Zhou et al.,
2011). Our GCA protocol consisted of ﬁve steps. First, the raw data were
preprocessed. Note that the preprocessing procedure (e.g., ﬁltering and
global effect removing, see above) made the time series relatively stationary (Guo et al., 2008). We then converted the preprocessed
(task-related) signals into z-scores using the mean and the standard deviation of the signals recorded during the rest (baseline) session. This
normalization was performed separately for each channel, in accordance
with previous research showing that raw data of NIRS at different
channels are not directly comparable (Azuma et al., 2013; Horaguchi
et al., 2008; Matsuda and Hiraki, 2006; Schroeter et al., 2003). Second,
clean time series from channels associated with signiﬁcant IBS were
averaged as a region of interest (ROI). ROI-based data were submitted to
subsequent analyses. Third, segments of data associated with either
OBSERVATION or IMITATION during vocal interactions (see above)
were concatenated (cf. Handberg and Lund, 2014; Kirchner et al., 2014).
Fourth, using Granger Causality Estimation toolbox (Guo et al., 2008; see
details in http://www.dcs.warwick.ac.uk/~feng/causality.html), we
calculated the mean causalities of the pairs of signals. Speciﬁcally, we
calculated the conditional Granger Causality, which was used to infer the
original direct relationship between multi-variable time series (Chen
et al., 2006), for both directions (i.e., from instructor to learner, and from

Fig. 3. Learning performance and interactive learning activities. (A) Groupaveraged learning performance across PL and WL groups. Each point indicates
one participant. (B) Number of interactive learning activities. Left panel: number of VI (vocal interaction). Right panel: number of NVI (non-vocal interaction). Each point indicates one dyad. (C) Duration ratio of interactive learning
activities. Left panel: Duration ratio of VI (vocal interaction). Right panel:
Duration ratio of NVI (non-vocal interaction). Each point indicates one dyad.
PL ¼ part learning, WL ¼ whole learning. Error bars represent standard error.
*p < 0.05. ***p < 0.001.
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t(22) ¼ 1.09, p ¼ 0.30) (Fig. 3C).
These behavioral results conﬁrmed that (i) PL entailed a more “turntaking” mode of VI compared to WL and that (ii) the PL and WL groups
invested a comparable amount of time in VI and NVI throughout the
experiment.

examine whether such increases in IBS were lateralized, we further
explored the IBS difference between two hemispheres in the PL group:
left IFC (mean of IBS at CH10 and CH14) vs. right IFC (mean of IBS at
CH31 and CH40). However, no signiﬁcant lateralization was observed,
t(11) ¼ 0.88, p > 0.05.
Average IBS in bilateral IFC (mean of IBS at CH10, CH14, CH31 and
CH40) and overall learning performance were positively correlated,
r ¼ 0.58, p < 0.05 (Fig. 4D), indicating that the IBS found in the PL group
was associated with learners' performance: better learning was associated
with stronger IBS. However, similar correlations were not signiﬁcant in
the WL group, r ¼ 0.20, p ¼ 0.54 (Fig. 4D).

3.1.3. Pre- and post-experiment assessment
Pre-experiment assessment. Prior musical skills (as assessed using an
online test on musical perception ability before the experiment) were not
different across the two groups (PL vs. WL, 0.70  0.10 vs. 0.70  0.15;
t(22) ¼ 0.11, p ¼ 0.91, Cohen's d ¼ 0.16).
Post-experiment assessment. The two groups were not signiﬁcantly
different in terms of self-reported nervousness (PL vs. WL, 2.54  0.29 vs.
2.79  0.24), awkwardness (2.58  0.21 vs. 3.17  0.33), difﬁculty
(3.29  0.46 vs. 4.00  0.49), empathy (4.53  0.19 vs. 4.21  0.22),
satisfaction (5.79  0.26 vs. 5.17  0.38), and likeability (6.17  0.11 vs.
5.92  0.19), ps > 0.05.

3.2.2. IBS during vocal interaction (VI) predicts learning performance
The CHs that exhibited signiﬁcant interactive-learning-related IBS
(i.e., CH10, CH14, CH31, and CH40) were averaged separately for speciﬁc interactive learning activities (i.e., VI-IBS, NVI-IBS, and NI-IBS) and
compared across groups (i.e., PL and WL).
We observed that VI-IBS was signiﬁcantly higher in the PL compared
to the WL group (0.09  0.02 vs. 0.05  0.01; t(22) ¼ 3.54, p < 0.05,
Cohen's d ¼ 0.74). In contrast, no signiﬁcant group differences were
found for NVI (0.07  0.02 vs. 0.06  0.02; t(22) ¼ 1.27, p ¼ 0.65), or NI
(0.05  0.02 vs. 0.06  0.02; t(22) ¼ 0.17, p ¼ 0.88) (Fig. 5A). Thus,
somehow in accordance with the behavioral results, the groups' neural
dynamics differed particularly during VI.
We next compared the relationship between IBS and learning performance across groups. A signiﬁcant correlation between VI-IBS and
overall learning performance was disclosed only in the PL group,
r ¼ 0.63, p ¼ 0.03, uncorrected (Fig. 5B). This result also appeared to be
speciﬁc for VI, as the same analysis did not yield signiﬁcant results for
NVI or NI (ps > 0.58). Moreover, these analyses performed on the WL
group's data yielded no signiﬁcant results for VI-IBS, NVI-IBS, or NI-IBS
(ps > 0.50).

3.2. Brain imaging results
3.2.1. Part learning (PL) induces IBS in bilateral inferior frontal cortex
(IFC)
During interactive learning, IBS increased (as compared to baseline)
in the frequency band comprised between 0.07 and 0.15 Hz
(6.61–14.01 s, see methods and Fig. 4A). Within this frequency of interest, a signiﬁcant interactive-learning-related IBS was identiﬁed in the
PL group at CH10 (0.08  0.02), CH14 (0.08  0.02), CH31
(0.10  0.02), and CH40 (0.09  0.02), ts > 4.78, ps < 0.05, Cohen's
ds > 2.56, FDR-controlled (Fig. 4B). These channels roughly cover the
bilateral inferior frontal cortex (IFC, Tzourio-Mazoyer et al., 2002). No
interactive-learning-related IBS was detected for any CH of the WL group,
ps > 0.05.
Moreover, interactive-learning-related IBS was signiﬁcantly different
between the PL and WL groups for all the aforementioned channels,
ts > 2.83, ps < 0.05, Cohen's ds > 0.79 (Fig. 4C), but not for the remaining CHs. Control analyses conﬁrmed that these patterns of IBS were
speciﬁcally associated with the real time interaction within dyads as they
could not be observed in pseudo dyads (ts < 1.51, ps > 0.05, Fig. S2). To

3.2.3. IBS associated with OBSERVATION during vocal interaction (VI)
predicts learning performance
We explored the speciﬁc contribution of the neural processes associated with OBSERVATION and IMITATION during VI and tested which
one of those would induce higher IBS contributing to PL.

Fig. 4. Interpersonal brain synchronization (IBS). (A)
Wavelet transform coherence (WTC) estimating IBS.
The data displayed is based on raw HbO signal
recorded from channel 31 (CH31) of a representative
dyad. The red border line represents the frequency
band of interest (0.07–0.15 Hz, corresponding to
period of 6.61–14.01 s). Higher/lower coherence is
encoded by red/blue colors, respectively. (B) Onesample t-test maps of IBS. The CHs that showed signiﬁcant IBS are marked with channel labels. (C) IBS
group differences at CH10, CH14, CH31, and CH40.
(D) Correlations between average IBS in the bilateral
inferior frontal cortex and learning performance in
two groups. Error bars represent standard errors.
*p < 0.05.
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Fig. 5. Interpersonal brain synchronization (IBS) and interactive learning activities. (A) IBS during vocal interactions (VI-IBS), non-vocal interactions (NVIIBS), and no interactions (NI-IBS). Only VI-IBS was larger in the PL group than in
the WL group. (B) The relationship between IBS and learning performance
during VI, NVI, and NI in the part leaning (PL) group (n ¼ 12). Only the correlation between VI-IBS and learning performance was signiﬁcant. Error bars
represent standard errors. *p < 0.05.

Fig. 6. IBS during vocal interaction. (A) IBS during vocal interaction (VI-IBS)
for learners' OBSERVATION and IMITATION. OBSERVATION was associated
with higher VI-IBS than IMITATION in the part learning (PL) group, but not in
the whole learning (WL) group. (B) The VI-IBS during OBSERVATION in the PL
group was correlated with learners' pitch performance (n ¼ 12). (C) Granger
causality analysis (GCA) results for VI-IBS during OBSERVATION. The mean Gcausality from instructor to learner was signiﬁcantly larger than that from
learner to instructor. Error bars represent standard errors. *p < 0.05.

First, we observed that VI-IBS was higher during OBSERVATION than
during IMITATION, speciﬁcally in the PL group (0.10  0.02 vs.
0.06  0.02; t(11) ¼ 3.46, p < 0.05, Cohen's d ¼ 0.57), but not in the WL
group (0.07  0.02 vs. 0.06  0.01; t(11) ¼ 0.84, p > 0.05) (Fig. 6A).
Second, we conducted a series of correlational analyses to explore the
relationship between the VI-IBS and learning performance in the PL
group. A signiﬁcant correlation between VI-IBS and pitch performance
was observed during OBSERVATION (r ¼ 0.69, p ¼ 0.01, uncorrected)
(Fig. 6B), but not IMITATION (p > 0.11).
Third, we carried out Granger causality analyses (GCA) to explore the
directionality of the coupling during vocal interactions (separately for
OBSERVATION and IMITATION) in the PL group. The results of this
analysis indicated that, during OBSERVATION, both directions yielded
signiﬁcant increases in the mean G-causality relative to zero: from the
instructor to learner (0.011  0.002), as well as from the learner to
instructor (0.007  0.001), ps < 0.05. The Wilcoxon test further revealed
that the mean G-causality from the instructor to the learner was signiﬁcantly larger than that from the learner to instructor, p < 0.05 (Fig. 6C).
In contrast, during IMITATION, there was no evidence of coupling
directionality, ps > 0.05.
These results indicate that IBS was particularly enhanced during VI
OBSERVATION – as opposed to VI IMITATION. Furthermore, the results
showed that during VI OBSERVATION, the signal measured from the
learner's brain was better predicted by that measured from the instructor's brain than vice versa. These results, taken together, could
possibly imply that the dyad engagement was maximal while the learners
were observing the instructor, and that the instructor brain's activity was
driving the learner's one during this phase of the task.

the other – part learning (PL) – entailed learning the song part-by-part
through several turn-taking interactions. The two methods were meant
to entail more (PL) or less (WL) social interactions, hence providing a
testbed for the involvement theory (Astin, 1984, 1996), according to
which the quantity of interaction between a learner and an instructor is a
key factor that facilitates social learning. Supporting this theory, we
observed that PL led to better learning performance than WL. Furthermore, we provide a neurophysiological characterization of such
enhancement in performance: PL was associated with stronger interpersonal brain synchronization (IBS) between learner and instructor,
particularly when the learner was observing (as opposed to imitating) the
performance of the instructor. The enhanced IBS was found in bilateral
inferior frontal cortex (IFC).
4.1. Interpersonal brain synchronization (IBS) during turn-taking
interactive learning
We observed IBS during an interactive learning task implying
acquisition of a music song. This result was in accordance with other
ﬁndings reporting that IBS is associated with other interactive activities,
such as cooperation (Cui et al., 2012), competition (Liu et al., 2015),
imitation (Holper et al., 2012) and dialog (Holper et al., 2013). Taken
together with our results, this research collectively indicates that IBS can
track the successful transfer of information between two individuals, in
this case between a learner and an instructor.
Previous IBS reports have been criticized on the basis of the following
issue: One may argue that patterns of IBS could simply reﬂect functional
similarities between two brains processing the same sensory information
or performing the same movements at the same time (see Lindenberger
et al., 2009; Burgess, 2013; Novembre et al., 2017). From this perspective, IBS would be seen as an epiphenomenon originating from intrinsic

4. Discussion
In the current study, we used a fNIRS-based hyperscanning approach
to characterize real-time learner-instructor social interactive learning
from a neurophysiological perspective. We measured neural activity and
behavioral performance while learners were acquiring a song from an
instructor using two different methods. One method – whole learning
(WL) – entailed learning through one exposure to the whole song, while
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learners using dual-brain stimulation (cf. Novembre et al., 2017) and
monitor its effect upon the learning outcome afterwards.
Last but not the least, it should be noted that the effectiveness of the
PL and WL methods may also depend on what is actually learned: e.g. PL
could be more beneﬁcial in learning skill-oriented contents (Gobet et al.,
2001), whereas WL may be more advantageous in learning
theory-oriented contents (Miller, 2005). Future studies might examine
the effects of learners' involvement and instructors' modeling on social
interactive learning and IBS by comparing different learning contents.

similarities reﬂected in the brain signals of two motorically or perceptually synchronized people, regardless their interactivity (Abrams et al.,
2013; Hasson et al., 2008; Nummenmaa et al., 2012).
Importantly, this issue does not apply to our study because of the
following two reasons. First, our IBS ﬁndings were speciﬁc to for one
group of participants, namely those that undertook PL (as opposed to WL)
although the two groups performed similar actions and processed similar
sensory information. While IBS in the PL increased markedly from rest
session to task session, no signiﬁcant IBS associated with WL interactions
was detected. One might argue that we did not observe such effect in the
WL group because our FOI nicely encompassed the temporal structure of
the task performed by the PL group but not that of the WL group. Yet,
ruling out this criticism, we also compared IBS across rest and task sessions for frequency bands encompassing the temporal structure of the
task performed by the WL group, and these tests did not yield any signiﬁcant result. Second, strongly highlighting the functional signiﬁcance
of IBS, we observed that the IBS increase associated with the PL group
was positively correlated with the behavioral learning performance of
these participants. Taken together, these results rule out that IBS
emerged as a consequence of the similarity between the sensory or motor
processes across the participants forming each dyad.
Instead, we believe that our results would be better conceptualized if
discussed in relation to social interactive learning in general, and the
involvement theory in particular (Astin, 1984, 1996; Zhou and Cole,
2017). According to this theory, “involvement” is manifested through the
investment of physical and psychological energy in the academic experience (the involvement theory in fact addresses both quantity and
quality components of interaction, but this study focused only on the
former component, Astin, 1984, 1996). From this perspective, the key
factor facilitating learning is the learner's involvement, as reﬂected in
his-her active participation during a class or level of interaction with the
instructor.
This theory ﬁts nicely with our observations. In fact, we observed that
learning through PL method, indeed implying more active participation
and more turn-taking interactions, led to better learning performance.
We further speculate that the notion of “involvement” might be empirically characterized in terms of IBS. In support of this, we observed higher
IBS during PL, in particular when the learners were actively observing the
instructor's behavior. Thus, IBS might support interpersonal information
transfer by aligning neural processes in the learner and the instructor
(Gallotti et al., 2017; Hasson and Frith, 2016), particularly when the
instructor is conveying information that the learner is expected to
acquire.
Examining this interpretation even further, we conducted a Granger
causality analysis (GCA) in order to determine whether brain activity
recorded from the learner could be predicted by that recorded from the
instructor, and to what degree. This analysis revealed that the signal
recorded from the instructor's brain better predicted that recorded from
the learner's brain than vice versa. Our GCA ﬁndings might suggest that
while both participants were actively engaged in the interaction, the
vocalizations produced by the instructor may reset (or entrain) the phase
of learners' neural processes to eventually align them with those of the
instructor, thus facilitating IBS. Taken together, these results show that,
besides the learner's involvement, the instructor's modeling has great
importance during social interactive learning. This speculation is in line
with the larger IBS detected during OBSERVATION (vs. IMITATION).
Indeed, during the OBSERVATION phase of the task, the instructor was
presenting the song to the learner.
The correlational nature of our results does not allow us to make
strong conclusions regarding the speciﬁc function of this process and/or
its causal effects upon learning. Yet, it could be hypothesized that the
alignment of neural processes between a learner and an instructor might
not only “track” social interactive learning, but also be a sufﬁcient condition for the interpersonal learning process to occur or improve. This
hypothesis could be tested in the future by providing causal evidence of
the above principle, i.e. by synchronizing the brains of instructors and

4.2. The role of the inferior frontal cortex (IFC) during IBS
The IBS was detected in bilateral inferior frontal cortex (IFC, i.e.,
channels 10, 14, 31, and 40, Tzourio-Mazoyer et al., 2002). Previous
studies have reported IFC activity in the context of interactive tasks
entailing communication (Jiang et al., 2012), singing (Osaka et al.,
2015), and game playing (Liu et al., 2015). We highlight three possible
mechanisms through which IFC might play a crucial role in interactive
learning.
First, it is important to emphasize that our task entailed vocal interactions, and that our results were particularly strong during the
observation of vocal behavior, somehow in agreement with the notion of
vocal interaction being a critical factor affecting learning (Kuhl and
Meltzoff, 1997; Locke and Snow, 1997). Because the inferior frontal
cortex constitutes a critical “language” hub of the brain, strongly associated with the processing of linguistic structure/syntax in spoken and
signed language (Friederici et al., 2003; Homae et al., 2002; Wagner
et al., 2001), we could speculate that the observed IBS was mediated by
similar IFC activities marking the production and recognition of linguistic structures in both the instructor and the learner. Relatedly to this
possibility, it should be mentioned that syntax in language and music
share a common set of processes instantiated in frontal areas (Patel,
2003), especially in the left IFG (Levitin and Menon, 2003). From this
perspective, learners might have formed representations of the syntactic
structure, mostly mediated by auditory perception of the song, which
eventually aligned with the ones of the instructor producing it.
A second account of our ﬁndings is instead based on evidence suggesting that IFC is also an important hub of the “mirror neuron system”
(Iacoboni and Dapretto, 2006; Iacoboni and Mazziotta, 2007). This system has been proposed to facilitate social interactions through “motor
resonance” of other's actions and behavior (Gallese, 2003, 2013). A
number of studies have shown that IFC is involved with both production
and comprehension of both language and action (Cavallo et al., 2015),
understanding of others' intention (Hamilton and Grafton, 2008), shared
emotional information (Babiloni et al., 2012). From this perspective, IFC
might have played a key role in representing the actions produced by the
instructor, rather than the syntactic information (as proposed by the
previous account).
A ﬁnal account, potentially integrating the previous two, would
suggest that the IFC might parse syntactic information during both
auditory perception (as when listening to an utterance) as well as during
the perception of a series of movements collectively forming a structure
(Novembre and Keller, 2011; Bianco et al., 2016a, 2016b). According to
this view, IFC might have played a key role in representing the observed
movements using neural resources that are shared across perception and
production, and ultimately formed structures that could have helped
learners to optimally predict the instructor's behavior and hereby interact
successfully (Novembre and Keller, 2014; Sammler et al., 2013; Stephens
et al., 2010). This view is consistent with other accounts suggesting that
neural processes responsible for action planning are engaged during action observation in order to model others' behaviors (Mattar and Gribble,
2005; Wilson et al., 2004; Mukamel et al., 2010). Certainly, more work is
necessary in order to understand the functional signiﬁcance of the IFC
during IBS.
One ﬁnal detail of our results that might be worth discussing is that
IFC activity was observed bilaterally, without clear evidence of
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lateralization (see Results). This result might be considered alongside the
traditional left vs. right hemisphere dominance of language and music,
respectively (Jiang et al., 2012; Kimura, 1967; Peretz, 2001; Zatorre
et al., 2002). Although some studies do not support the existence of such
dichotomy (e.g., Ethofer et al., 2006; Tillmann et al., 2003), the presence
of a bilateral activity might be taken as indirect evidence of the language
and musical components of this task somehow overlapping in the context
of this experiment (Gunji et al., 2007; Osaka et al., 2015; Wan et al.,
2010).

Appendix A. Supplementary data
Supplementary data related to this article can be found at https://doi.
org/10.1016/j.neuroimage.2018.08.005.

4.3. Limitations
We also highlight a few limitations of the present study that should be
considered alongside the results we presented. First, the NIRS's optode
probe set only covered bilateral fronto-temporo-parietal brain regions,
leaving other regions unexplored. This is an important point to make
given that human learning is likely governed by several brain regions
besides those monitored here (Takeuchi et al., 2017). Secondly, other
hyperscanning studies also found IBS in the posterior superior temporal
sulcus (STS) during mutual gaze and joint attention (Saito et al., 2010),
and in the left temporo-parietal junction (TPJ) during group communication (Jiang et al., 2015). However, we did not observe synchronous
brain activity between the instructor and learner in these regions. Given
that these temporal/temporo-parietal regions are also known to be
crucial for successful social interaction (Dumas et al., 2010; Hasson et al.,
2008; Frith and Frith, 2012; Novembre et al., 2016), it is likely that these
were interacting with IFC in the context of our task as well. Thus, future
studies should also explore whether and how these regions collectively
work as a network during social interactive learning. Thirdly, signal
contamination due to spontaneous blood ﬂow oscillations (i.e., Mayer
waves, ~0.1 Hz) or other global systematic components (e.g., scalp blood
ﬂow and changes in blood pressure) are very common issues in NIRS
measurements. Here, we addressed this by using a novel and robust
principle component analysis (PCA) approach (Zhang et al., 2016).
Furthermore, we also utilized the CBSI method to remove physical artifacts (e.g., head motion, jaw muscles, Cui et al., 2010). However, we
cannot ascertain whether our preprocessing procedures were sufﬁcient to
fully remove these artifacts. A fourth issue relates to the fact that the
same instructor participated in all recording sessions. This was chosen in
order to minimize inter-instructor variability and optimally control for
group differences. However, this comes at the cost of having less independency between the collected samples. Thus, future research should
consider recruiting more than one instructor.
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5. Conclusions
The present study characterized social interactive learning from a
neurobiological perspective. Taking an fNIRS-based hyperscanning
approach, we recorded brain activity from learner-instructor dyads
during the acquisition of a music song. We observed that both behavioral
performance and IBS increased as a function of interactive learning.
Speciﬁcally, we observed that brain activity in the IFC synchronized
across the learner and the instructor, particularly (i) when the learner
was observing the instructor's vocal behavior and (ii) when the learning
experience entailed a turn-taking and more active interaction (during PL
as opposed to WL). These results suggest that IBS might stand for a
neurophysiological characterization of interpersonal learning, increasing
as a function of the learner's involvement (Astin, 1984, 1996), and
eventually predicting learning performance. These perspectives, which
should be investigated further, might open interesting research, clinical
and practical perspectives for understanding and potentially treating
learning disabilities (Fletcher et al., 2006).
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