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A B S T R A C T

Teacher–student interaction allows students to combine prior knowledge with new information to develop new
knowledge. It is widely understood that both communication mode and students' knowledge state contribute to
the teaching effectiveness (i.e., higher students' scores), but the nature of the interplay of these factors and the
underlying neural mechanism remain unknown. In the current study, we manipulated the communication modes
(face-to-face [FTF] communication mode/computer-mediated communication [CMC] mode) and prior knowledge
states (with vs. without) when teacher–student dyads participated in a teaching task. Using functional near-
infrared spectroscopy, the brain activities of both the teacher and student in the dyads were recorded simulta-
neously. After teaching, perceived teacher–student interaction and teaching effectiveness were assessed. The
behavioral results demonstrated that, during teaching with prior knowledge, FTF communication improved
students' academic performance, as compared with CMC. Conversely, no such effect was found for teaching
without prior knowledge. Accordingly, higher task-related interpersonal neural synchronization (INS) in the left
prefrontal cortex (PFC) was found in the FTF teaching condition with prior knowledge. Such INS mediated the
relationship between perceived interaction and students' test scores. Furthermore, the cumulative INS in the left
PFC could predict the teaching effectiveness early in the teaching process (around 25–35 s into the teaching task)
only in FTF teaching with prior knowledge. These findings provide insight into how the interplay between the
communication mode and students’ knowledge state affects teaching effectiveness. Moreover, our findings sug-
gest that INS could be a possible neuromarker for dynamic evaluation of teacher–student interaction and teaching
effectiveness.
1. Introduction

In recent years, technology has been widely integrated into educa-
tion, which has led to various teaching styles. (Balakrishnan and Gan,
2016; Entwistle, 2013; McKnight et al., 2016). Convincing evidence re-
veals that in any teachingmode, teaching effectiveness has a great impact
on students' success and motivation (Klassen and Tze, 2014). In partic-
ular, researchers strive to verify the importance of processing fluency (i.e.,
one's subjective ease or difficulty of processing information) as an in-
ternal cue that educators use to assess teaching effectiveness (Reber and
Greifeneder, 2016). Previous studies have shown that both the students'
prior knowledge state (Sherman and Frost, 2000) and the communication
mode used in teaching (Hantula et al., 2011) could influence the
rm 29 December 2018; Accepted

.

processing fluency between a teacher and students, thereby affecting
students' performance (Hantula et al., 2011; Koriat, 2008; Reber and
Greifeneder, 2016; Sherman and Frost, 2000). Thus, educators must
understand how these factors affect teaching effectiveness and then
translate this understanding into practice when designing a teaching
curriculum.

Teaching is a dynamic social interaction during which active
communication between the teacher and students results in continuous
transfer and feedback of information (Watanabe et al., 2013). Behavioral
studies have revealed that face-to-face (FTF) communication and
computer-mediated communication (CMC, or online course), as two
different modes of communication, exert different influences on teach-
er–student interactions (Shalom et al., 2015; Tichavsky et al., 2015). The
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FTF mode involves immediacy (Frymier and Houser, 2000; Miller et al.,
2014) and is enriched in nonverbal cues (Furnham and
Chamorro-Premuzic, 2005) that ensure a good quality of teacher–student
interaction (Mazer et al., 2007). In contrast, immediacy and nonverbal
cues are absent or negligible in the CMC mode (Noel-Levitz., 2011).
Moreover, Hantula et al. noted that FTF communication involves a higher
degree of behavior synchronicity, which may allow individuals to
interact with one another rapidly, facilitating the fluency of the inter-
action, as compared to the CMC mode (Hantula et al., 2011). It has also
been reported that the fluency of the interaction between teachers and
students is associated with high student grades (Rimm-Kaufman et al.,
2015), growth in cognitive or intellectual skills (Kim, 2010), and gains in
academic self-concept (Cole, 2011). These findings suggest that students
would perform better with FTF communication mode than with CMC
mode teaching.

However, processing of information with prior knowledge and
experience strengthens processing fluency (Sherman and Frost, 2000),
and is also positively related to students' performance (Leahy and Swel-
ler, 2005; Yang et al., 2018) as well as problem-solving efficiency (Rit-
tle-Johnson et al., 2009). Additionally, a previous study demonstrated
that prior knowledge could enhance communication effectiveness be-
tween teachers and students in the FTF lecture task, by facilitating head
nodding and mutual gaze convergence, as compared to teaching in the
absence of prior knowledge (Thepsoonthorn et al., 2016). Other studies
have explored the effects of prior knowledge on CMCmode; however, the
conclusions are inconsistent. Kennedy et al. found that prior knowledge
could improve students' performance in the CMC mode (Kennedy et al.,
2015). On the other hand, another study indicated that prior knowledge
had no impact on students’ performance in an online course (Wells,
2000). These differences may result from distinct teaching situations,
including teaching contents, organization forms, and evaluation
methods. These different factors make it difficult to directly compare the
exact role of prior knowledge in different communication modes. To
clarify this issue, our study aimed to explore the influence of prior
knowledge on teaching effectiveness via different communication modes
as well as to elucidate the phydiological basis of this infuence.

Thus, in this study, we compared teacher–student interaction and
students’ performance under conditions involving different prior
knowledge states and communication modes by adopting a “two-person
neuroscience” (2 PN) approach, also known as hyperscanning. As a
suitable conceptual and methodological framework for studying the
neural basis of social interactions, hyperscanning focuses on dyads rather
than individuals (Hari and Kujala, 2009). By adopting this emerging
technique, many studies have demonstrated that interpersonal neural
synchronization (INS) can be a neuromarker of various interpersonal
interactions, including simple action coordination (Cui et al., 2012;
Holper et al., 2012; Hu et al., 2017) and complex social communication
(Jiang et al., 2012, 2015; Stolk et al., 2014). Increased INS was consis-
tently found in some social brain regions, especially the prefrontal cortex
(PFC) and the right temporo-parietal junction (rTPJ) (Cheng et al., 2015;
Hu et al., 2017; Lu et al., 2018; Zheng et al., 2018). The PFC is particu-
larly related to attention (Adolphs, 2014), planning (Kaller et al., 2011)
as well as information comparisons and integrations of self and others
(Zhu et al., 2018), while the rTPJ is more closely related to theory of
mind and self–other distinction processes (Carter and Huettel, 2013). In
addition, several studies, by using a functional near infrared spectroscopy
(fNIRS)-based hyperscanning approach, have confirmed that successful
knowledge transmission and adequate teaching interactions could be
accompanied by significant INS in the PFC and rTPJ (Holper et al., 2013;
Pan et al., 2018; Zheng et al., 2018). Thus, based on these previous
findings, PFC and rTPJ were selected as regions of interest in our current
study.

In this study, we aimed to provide neurobiological evidence for the
processing fluency theory in terms of INS, using the fNIRS-based
hyperscanning technique. We manipulated the communication modes
(FTF vs. CMC) and prior knowledge states (with vs. without) when
94
teacher–student dyads participated in a teaching task. Neural activities
were simultaneously recorded in both the PFC and rTPJ during teaching
tasks, based on the previous evidence on teaching (Holper et al., 2013;
Takeuchi et al., 2016; Zheng et al., 2018). We hypothesized that teaching
with prior knowledge would lead to higher students' scores in FTF mode
compared to CMC teaching mode. Such better performance should be
associated with stronger INS in the PFC and rTPJ, and thus we hypoth-
esized that there would be a positive correlation between INS enhance-
ment and students’ scores under the FTF teaching condition with prior
knowledge.

2. Materials and methods

2.1. Participants

Forty-two dyads of right-handed, healthy college students (10 male
dyads and 32 female dyads, mean age¼ 21.0� 2.3 years) participated in
this study. None of the participants had any history of neurological or
psychiatric disorders. Two participants were paired into a dyad, one
acting as the teacher and the other as the student. Each pair was
randomly assigned to the FTF mode or CMC mode, with 21 dyads being
assigned to each condition. Before the experiment, each participant was
informed about the purpose and signed informed consent. This study was
approved by the University Committee on Human Research Protection at
East China Normal University and was carried out in accordance with the
approved guidelines. Approximately 40 RMB was paid as monetary
compensation for participation after the experiment.

2.2. Experimental procedures

We designed a mixed 2� 2 experiment with the communication
mode (FTF/CMC) as the between-subject factor and the prior knowledge
state (with/without) as the within-subject factor. During the course of
teaching, by remotely controlling the student's computer through the
Internet, the teacher could manipulate synchronized presentation of
teaching content. Participants could see each other and the teacher was
allowed to use facial expressions and gestures to facilitate the teaching
outcome in the FTF mode (Fig. 1A). Likewise, the student was also
permitted to use some nonverbal cues in response to the teacher, such as
a slight nod or mutual gaze. However, in CMC mode, participants sat
back-to-back and could not acquire non-verbal cues from each other, and
therefore they could only communicate through two synchronized
computers (Fig. 1B).

To manipulate students’ knowledge state, two different learning
materials were selected. In the teaching with prior knowledge condition,
teachers taught students about conditional probability of the probability
theory. Given that Probability Theory and Mathematical Statistics were
compulsory courses for the participants as students, they could create a
link between prior knowledge and the new information. To calculate
conditional probability correctly, teachers would teach students how to
use the formula P(AjB)¼ P(A\B)/P(B) and its variants (P(AjB): the
probability of event A under the condition B; P(A\B): the probability that
A and B occurred at the same time; P(B): the probability of event B).
Under the teaching without prior knowledge condition, the teaching
material wasOption Theory that students were naïve to it. Teachers were
required to make students comprehend the concept of Call Option and
utilize the formula FV¼Aen�r to compute the price of the call option
accurately (FV: continuous compound interest; A: initial investment; n:
the number of years; r: annual interest rate).

Before the formal experiment, teachers underwent standardized
training to ensure that they fully understood the two types of teaching
materials. They also had to rehearse the teaching process, based on a
syllabus, within 5–6min for each type of teaching material. Their
teaching performance was assessed in three respects: the length of
teaching, the speed of speech, and consistency with the syllabus.
Teachers were not allowed to take part in the formal experiment until
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their performance met the established standard requirements.
After teaching, perceived teacher–student interaction was assessed on

a 5-point Likert-type scale (1¼ not at all, 5¼ completely) (Kuo et al.,
2014).

2.3. Tasks and procedures

Each teacher–student dyad had to perform two sessions of the
teaching task (I and II) successively, where the sequence of teaching with
prior knowledge (Probability theory) or teaching without prior knowl-
edge (Option theory) was counterbalanced across dyads (Fig. 1C). These
two teaching sessions involved the same procedures, including rest
(60 s), teaching session (about 300 s), test (within 600 s), and question-
naire (about 300 s) (Fig. 1C). More specifically, the teaching session
consisted of four phases: definition introduction, formula interpretation,
example resolution, and knowledge summary, in that order. Immediately
after each teaching session, students completed a post-experiment test,
containing five questions, within 10min. Thereafter, participants were
asked to assess the perceived teacher–student interaction and familiarity
with teaching materials. There was a 60-s interval between the two
teaching sessions. Finally, the whole teaching task ended with a 60-s rest.
In total, the whole experiment lasted around 40min.

2.4. fNIRS data acquisition

The changes in oxygenated hemoglobin (Hbo) and deoxygenated
hemoglobin (Hbr) concentrations were measured, during teaching tasks,
using a NIRS system (ETG-7100, Hitachi Medical Corporation, Tokyo,
Japan) with a sampling rate of 10 Hz. Two 3� 5 probe patches (3-cm
distance between the emitter and detector) were placed over the pre-
frontal regions of each of the two participants. The middle yellow optode
of the lowest row of the patch was placed on the frontal pole midline
point (FPz in the International 10–20 system, as the reference site). The
middle column of the probe was aligned along the sagittal reference
plane (Fig. 1D). The other two 4� 4 probe patches were placed over the
rTPJ of each of the two participants, with the yellow optode placed on P6,
according to the International 10–20 system (Fig. 1E). The row of the
Fig. 1. Experimental design. (A) Face-to-face communication mode (FTF). (B) Com
and (E) The optode probes were placed on the prefrontal cortex and right temporal-pa
used as reference sites.
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probe was aligned along the sagittal reference plane. The correspondence
between the NIRS channels and the measurement points on the cerebral
cortex was displayed on the basis of the results of the virtual registration
method, which had been confirmed by a multi-subject study of
anatomical craniocerebral correlation (Singh et al., 2005; Tsuzuki et al.,
2007).
2.5. Data analysis

2.5.1. Behavioral data analysis
Two-way mixed repeated measures analyses of variance (ANOVAs)

were conducted on the perceived teacher–student interaction, familiarity
with teaching materials, and students’ test scores.

2.5.2. fNIRS data analysis
In the present study, we focused on changes in the Hbo concentration,

as in our previous studies (Cheng et al., 2015; Hu et al., 2017), because
the Hbo signal is more sensitive to changes in cerebral blood flow than
the Hbr signal (Lindenberger et al., 2009). Wavelet transform coherence
(WTC) analysis, in the MatLab package (http://noc.ac.uk/using-science
/crosswavelet-wavelet-coherence), was used to assess the INS for each
channel within each dyad (Murphy et al., 2009).

Before the WTC analysis, we used a “Correlation-Based Signal
Improvement” (CBSI) method to remove artifacts of head motion (Cui
et al., 2010). Then, principal component analysis (PCA) was applied to
remove the global components (Zhang et al., 2016). After these
pre-processing steps, we calculated the time-averaged coherence at each
frequency from 0.02 to 1 Hz in order to identify the frequency ranges
specifically associated with the teaching task, as reported in previous
studies (Cui et al., 2012; Ikeda et al., 2017; Nozawa et al., 2016; Pan
et al., 2017, 2018). The INS of the baseline (30-s rest before teaching)
was subtracted from that of the teaching session. Finally, a series of
one-sample t-tests were conducted for all channels, with false discovery
rate (FDR) correction (Benjamini and Hochberg, 1995).

Next, we calculated the average INS for the task-block and baseline
(the 30-s rest period immediately before each task). The task-related INS
was defined as the INS difference of each task relative to its baseline (i.e.,
puter-mediated communication mode (CMC). (C) Experimental procedures. (D)
rietal region. FPz and P6 (yellow circles) in the International 10–20 system were

http://noc.ac.uk/using-science/crosswavelet-wavelet-coherence
http://noc.ac.uk/using-science/crosswavelet-wavelet-coherence
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task - rest). Then, the task-related INS was converted into z-scores using
Fisher z-statistics before performing any statistical tests (Cui et al., 2012).
Thereafter, we performed a one-sample t-test with FDR correction for
each channel to identify the channels showing significant task-related
INS (p< 0.05). We also generated a t-map of INS and smoothed it
using the spline method. After obtaining the significant INS for each
condition, a mixed 2� 2 ANOVA on average INS was performed, fol-
lowed by FDR correction, for all significant channels (CHs) at p< 0.05
level.

2.5.3. Relationship between behavior and INS
Pearson's correlation analysis was adopted to analyze the relation-

ships between behavioral indicators (students' scoresand perceived
teacher–student interaction) and INS, separately, under different teach-
ing conditions.

2.5.4. Mediation effect analysis
To test the mediation effect of INS on the relationship between

perceived teacher–student interaction and students’ scores, mediation
analysis was conducted using the simple mediation model (Baron and
Kenny, 1986; Hayes and Preacher, 2014) as:

Y ¼ i1 þ cX þ eY [1]

M ¼ i2 þ aX þ eM [2]

Y ¼ i3 þ c'X þ bM þ eY [3]

This model reflects a causal sequence in which X (a predictor) is
postulated to affect M (the mediator), and this effect then propagates
causally to Y (the dependent variable). There are three steps to establish
mediation, involving estimating regression coefficients for X and M in
three regression models, as follows. (1) Regression analysis is conducted
between X and Y, represented by the equation [1] with a statistically
significant coefficient c. (2) X is related to M, as shown by the significant
Fig. 2. Behavioral results. (A) Perceived teacher–student interaction (TSI). (B) Famili
teacher–student interaction and students' test scores in the teaching condition with pri
communication mode; TSI: teacher–student interaction. Error bars indicate standard
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coefficient a, estimated using equation [2]. (3) When these two criteria
are met, the last and the most important step is to ensure a statistically
significant association between M and Y when X is statistically
controlled. This is the b coefficient in equation [3].

2.5.5. Dynamics of the time-cumulative INS analysis
To examine the earliest time-point when the INS increase correlated

with teaching outcome, we performed a time-cumulative INS analysis.
Only those channels that showed significant task-related INS enhance-
ment were included in this analysis. First, we normalized each teaching
task into 200 epochs. For each dyad, the time-cumulative INS at epoch n
was calculated as the sum of the INS ranging from the first epoch to the
nth epoch. Second, two-sample t-tests were used to identify the earliest
time-point where the time-cumulative INS increase differed among
conditions. Third, correlation analyses between the time-cumulative INS
and students’ test scores were conducted for each epoch. For the analyses
of the second and third steps, the resulting p values were FDR corrected.

3. Results

Eight dyads were excluded from data analysis due to their being
outliers in students’ scores (larger than two standard deviations of
means). Therefore, data from 34 dyads (17 dyads in FTF mode and 17
dyads in CMC mode) were further analyzed in the current study.
3.1. Behavioral results

First, a two-waymixed repeated measures ANOVA analysis revealed a
significant main effect of the communication mode on the perceived
teacher–student interaction (TSI), F (1,32)¼ 48.53, p< 0.001, η2 par-
tial¼ 0.60 (Fig. 2A). The prior knowledge state did not have a significant
effect, nor did the interaction between communication mode and stu-
dents' knowledge state (Fs < 2.04, ps > 0.16). The post hoc analysis
revealed that the perceived teacher–student interaction in the FTF mode
arity with materials. (C) Students' test scores. (D) Association between perceived
or knowledge. FTF: face-to-face communication mode; CMC: computer-mediated
errors. **p < 0.01, ***p< 0.001.
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(2.26�0.52) was higher than that in the CMC mode (1.41�0.42).
To assess the effect of familiarity with the teaching materials, we

conducted a two-way mixedrepeated measures ANOVA analysis. A sig-
nificant main effect of the knowledge state was found, F (1,32)¼ 110.46,
p< 0.001, η2 partial¼ 0.78 (Fig. 2B). No other significant effect was
found (Fs < 0.65, ps > 0.43). The post hoc analysis confirmed that stu-
dents were more familiar with the Probability theory (3�0.95) than with
the Option theory(1.09�0.29). These results confirmed that the experi-
mental manipulations were successful.

Next, similar analyses were performed on the students' test scores. We
found a significant main effect of the communication mode, F (1,
32)¼ 7.83, p< 0.01, η2 partial¼ 0.20, and the prior knowledge state, F
(1, 32)¼ 75.70, p< 0.001, η2 partial¼ 0.70, as well as a significant
interaction effect between these factors, F (1, 32)¼ 7.23, p¼ 0.01, η2
partial¼ 0.18. The simple effect analysis revealed that the students' test
scores in the FTF mode were significantly higher than those in the CMC
mode in the teaching condition with prior knowledge, t (32)¼ 3.06,
p< 0.01, Cohen's d¼ 1.05, but not in the teaching condition without
prior knowledge, t (32)¼ 0.14, p¼ 0.89, Cohen's d¼ 0.05 (Fig. 2C).

Pearson's correlation analysis showed a significantly positive corre-
lation between perceived teacher–student interaction and the students'
test scores in the FTF mode, r¼ 0.68, p< 0.01, but not in the CMC mode,
r¼ 0.07, p¼ 0.78, in the teaching condition with prior knowledge
(Fig. 2D). Silver's z procedure confirmed the significant difference be-
tween these two correlations (Silver et al., 2004), z¼ 1.98 p¼ 0.047.
However, for the condition without prior knowledge, a similar analysis
did not reveal a significant correlation either in the FTF mode or in the
CMC mode (Fig. S2).
3.2. Interpersonal neural synchronization (INS) results

First, we found that INS was significantly higher during the teaching
process than during baseline in the frequency band ranging from 0.15 to
0.31 Hz (i.e., period 3.2–6.4 s, see Fig. S1).

In the FTF teaching mode with prior knowledge, task-related INS was
found in CH11, t (16)¼ 3.71, p¼ 0.04, CH12, t (16)¼ 3.49, p¼ 0.05, and
CH19, t (16)¼ 4.64, p¼ 0.01, in the prefrontal area, after FDR correction
(Fig. 3A). In the CMC teaching mode with prior knowledge, only CH13 in
the prefrontal area, t (16)¼ 5.03, p< 0.01, showed significant INS
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enhancement after FDR correction (Fig. 3B). There was no significant INS
increase for teaching without prior knowledge in the FTF or CMCmodes.

To verify that INS enhancement was not obtained by chance, we
permutated a time series of each participant 1000 times for each dyad.
Reanalysis of the INS on the obtained randomized time series revealed no
significant INS in the prefrontal area, either in the FTF or CMC teaching
condition with prior knowledge (Fig. 3C).

Two-way ANOVAs were performed on the task-related INS of CH11,
CH12, CH13, and CH19. There was a main effect of knowledge state, F
(1,32)¼ 11.35, p¼ 0.02, η2 partial¼ 0.26, and a significant interaction
effect at CH19, which was located in the left PFC, F (1,32)¼ 8.27,
p¼ 0.03, η2 partial¼ 0.21, FDR corrected. Simple effect analysis
confirmed that, during teaching with prior knowledge, INS in the FTF
mode was higher than that in the CMC mode (Fig. 3D, t (32)¼ 3.93,
p 0.001, Cohen's d¼ 1.35). In contrast, comparison of the two commu-
nication modes showed no such difference in the teaching condition
without prior knowledge (t (32)¼�0.26, p¼ 0.79, Cohen's d¼ 0.09). No
significant main effect or interaction effect was found in other channels
(ps> 0.05, FDR corrected).

3.3. Correlations between behavioral results and INS

The INS at CH19 was significantly correlated with perceived teach-
er–student interaction in the FTF mode, r¼ 0.61, p< 0.01, but not in the
CMC mode, r¼�0.08, p¼ 0.77, during teaching with prior knowledge
(Fig. 4A). Silver's z test also revealed a significant difference between
these two correlations, z¼ 2.08, p¼ 0.04. Moreover, INS at CH19 was
also positively correlated with students' scores in the FTF mode, r¼ 0.73,
p¼ 0.001, but not in the CMC mode, r¼�0.004, p¼ 0.99 (Fig. 4B).
Moreover, Silver's z test revealed a significant difference between these
two correlations, z¼ 2.47, p¼ 0.01. However, INS at CH19 was not
significantly correlated with either perceived teacher–student interaction
(Fig. S3A) or students' scores in the teaching condition without prior
knowledge (Fig. S3B).

3.4. Mediation effect of INS at CH19

In order to investigate the role of INS in teacher–student interaction
during teaching, a mediation analysis was conducted to examine the
Fig. 3. Interpersonal neural synchronization during
teaching task. (A) One-sample t-test map of INS in the
prefrontal area under the FTF teaching condition with
prior knowledge (FDR corrected). (B) One sample t-
test map of INS in the prefrontal area in the CMC
teaching condition with prior knowledge (FDR cor-
rected). (C) One sample t-test map of INS for the
permutated time series, based on original data, in the
prefrontal area in the FTF teaching condition with
prior knowledge. (D) Comparisons of INS in CH19
under different conditions. FTF: face-to-face commu-
nication mode; CMC: computer-mediated communi-
cation mode; INS: interpersonal neural
synchronization. Error bars indicate standard errors.
*p< 0.05.



Fig. 4. Correlations between behavioral results and interpersonal neural synchronization at CH19 in the teaching condition with prior knowledge. (A) Pearson's
correlation between INS and perceived teacher–student interaction. (B) Pearson's correlation between INS and students' scores. FTF: face-to-face communication mode;
CMC: computer-mediated communication mode; INS: interpersonal neural synchronization; TSI: teacher–student interaction. **p< 0.01.
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mediation effect of INS at CH19 on the relationship between the
perceived teacher–student interaction and the students' test scores. A
step-wise regression analysis, excluding the factor of perceived teach-
er–student interaction, was no longer significant when INS at CH19 was
introduced, β¼ 0.37, p¼ 0.10, as compared with the initial coefficient,
β¼ 0.68, p 0.001 (Fig. 5). This suggested that INS at CH19 fully mediated
the effect of the perceived teacher–student interaction on the students’
test scores in the FTF teaching condition with prior knowledge.

3.5. Dynamic INS during teaching

To investigate how interpersonal neural synchronization at CH19
changed over the course of teaching, we first normalized the whole
teaching task period under each condition into a time-series of 200
epochs and then calculated the time-cumulative INS along with the time-
course of the teaching task. From the 56th epoch (about 65–90 s after the
start of teaching), INS significantly increased in the FTF mode compared
to that in the CMC mode in the teaching condition with prior knowledge,
p 0.05, FDR corrected (Fig. 6A). However, no significant time-
cumulative INS increase was found in the FTF mode or CMC mode dur-
ing teaching without prior knowledge, after FDR correction (Fig. 6B).
Moreover, correlation analyses revealed that, in the FTF condition with
prior knowledge, the time-cumulative INS was significantly correlated
with students’ test scores from the 21st epoch (about 25–35 s after the
start of teaching). In contrast, no such correlation was found in other
three conditions, ps> 0.05, FDR corrected (Fig. 6C and D).
Fig. 5. The mediation effect of interpersonal neural synchronization at CH19 on
the relationship between the perceived teacher–student interaction and the
students' test scores. The effect of perceived teacher–student interaction on
students' scores was fully mediated by INS in the FTF teaching condition with
prior knowledge. FTF: face-to-face mode; CMC: computer-mediated communi-
cation mode; INS: interpersonal neural synchronization. *p < 0.05,
**p < 0.01, ***p< 0.001.
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4. Discussion

By combining the real-time teaching paradigm and the fNIRS-based
hyperscanning technique, we investigated how communication mode
and knowledge state impacted teaching effectiveness. The behavioral
results demonstrated that, during teaching with students’ having prior
knowledge, FTF communication improved students' academic perfor-
mance, as compared to the CMC mode. Conversely, no such effect was
found in the teaching condition where students lacked prior knowledge.
Accordingly, higher task-related INS was found in the left PFC under the
FTF teaching condition with prior knowledge. Such INS mediated the
relationship between perceived interaction and the students' test scores.
Furthermore, correlation analyses based on the time-cumulative INS
showed that, at the early stage of teaching, the task-related INS could
predict students' performance. These findings provide insight into the
interplay between the communication mode and students' knowledge
state on the outcome of teacher–student interaction. The aforementioned
results are discussed in detail as follows.

4.1. Left prefrontal INS as a neural signature of teacher–student
interaction

We observed significant INS in the left PFC under the FTF teaching
condition with the prior knowledge. In addition, such task-related INS
was correlated with perceived interaction and the students’ test perfor-
mance. These findings reinforced the association between INS and the
outcomes of the teacher–student interaction reported in previous studies
(Holper et al., 2013; Pan et al., 2018; Zheng et al., 2018). Therefore,
taken together, our findings provide further support for INS as a neural
marker of dynamic social interactions in a teaching context (Dikker et al.,
2017).

In our study, INS enhancement was detected in the left PFC, which
has been proven to be the crucial neural region for mentalizing (Dixon
et al., 2018; Nguyen et al., 2018) and integrating information about
oneself and others (Decety and Sommerville, 2003; Raposo et al., 2011;
Takeuchi et al., 2016). Thus, the observed INS in the left PFC might
reflect the common representation of information between the teacher
and students in an integrated way. The teaching–learning process is not a
simple one-way process, from the teacher to the students, but rather in-
volves a complex, dynamic, and interpersonal interaction comprised of
mutual comprehensions, evaluations, and predictions (Rodriguez, 2013).
When teaching, the teachers do not transfer knowledge blindly to the
students. Instead, they need not only to monitor their own teaching
process, but also to estimate how well students understand the imparted
knowledge. Consequently, they can make appropriate and timely ad-
justments and complements (Kline, 2015; Strauss et al., 2014). In the



Fig. 6. The dynamics of the time-cumulative interpersonal neural synchronization as well as the relationship between time-cumulative interpersonal neural syn-
chronization and the students' performance. (A) The time-cumulative INS increase of 200 normalized epochs in the FTF and CMC teaching condition with prior
knowledge. The red vertical line with one asterisk indicates the earliest time-point when a significant difference in the task-related INS was found, and pink color
indicates the INS significant difference between these two conditions, *p< 0.05, FDR corrected. (B) The time-cumulative INS increase of 200 normalized epochs in the
FTF and CMC teaching condition without prior knowledge. (C) Dynamic correlations between the time-cumulative INS and students' scores in the FTF and CMC
teaching condition with prior knowledge. The red vertical line with one asterisk indicates the earliest time-point (21st epoch, 25–35 s after the start of teaching) when
the correlation between INS and the students' scores reached statistical significance at p< 0.05, with FDR correction, in the FTF teaching condition with prior
knowledge. (D) Dynamic correlations between the time-cumulative INS and the students' scores in the FTF and CMC teaching condition without prior knowledge.
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same way, students are not simply passive listeners or recipients of
knowledge. They should comprehend and internalize information
transferred to them by teachers (Strauss et al., 2014). Hence, both
teachers and students require representations of the others’ minds and
integration of information regarding oneself and the other. Corre-
spondingly, the increased INS in the PFC may reflect the neural basis of
such synchronous teacher–student experience, as well as the “flow” of
teaching to a certain extent (Kent, 2013; Rodriguez, 2013).

However, no significant INS was found in the rTPJ, a region widely
accepted as being a crucial component of the “social brain” that subserves
social cognitions (Carter and Huettel, 2013). Previous studies have
demonstrated that the rTPJ is selective to socially relevant stimulus
(Bilek et al., 2017; Corbetta et al., 2008), is closely related to theory of
mind (Koster-Hale and Saxe, 2013; Van Overwalle and Baetens, 2009)
and is regarded as the crucial neural substrate for empathy (Mai et al.,
2016; Singer and Lamm, 2009). Furthermore, INS enhancement in the
rTPJ has been detected in many social interactions, including joint
attention (Bilek et al., 2015) and cooperative group creation (Lu et al.,
2018) and economic exchange (Tang et al., 2016). However, as also re-
ported in a similar hyperscanning study on teaching (Pan et al., 2018),
we did not detect this neural phenomenon in this region either. In the
study by Pan et al., brain activity in the IFC, rather than the TPJ which
was also the region of interest, synchronized across teachers and students
during part learning. The researchers believed that TPJ and PFC might
work in a network during social interactive learning. Indeed, as a
supramodal association area, TPJ is functionally connected with many
brain regions and integrates information from different inputs (Bilek
et al., 2015, 2017; Bzdok et al., 2013; Van Overwalle and Baetens, 2009).
Given above-mentioned findings, both the PFC and rTPJ play important
roles in dynamic social interactions. Further studies will be needed to
explore their respective functions and brain network functions.
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4.2. Effect of the interplay between knowledge state and communication
mode on INS

We found an effect of an interplay between knowledge states and
communication modes on students' performance and task-related INS.
Behaviorally, during teaching with prior knowledge, students’ scores
were higher in the FTF mode than in the CMC mode. Correspondingly, at
a neural level, the FTFmode also induced stronger INS in teacher–student
dyads than did the CMC mode. Nevertheless, no difference was observed
between these two communication modes during teaching without prior
knowledge.

The impacts of prior knowledge in education have been widely
investigated and its relationship to communication effectiveness during
teaching and learning has been described (Thepsoonthorn et al., 2016).
On one hand, by having prior knowledge related to new content, students
are in a “ready state”, which can accelerate their learning and consolidate
their mastery of knowledge by creating links between new and old
knowledge. Additionally, nonverbal behaviors, such as mutual gaze and
head nodding, can be observed, which form a good basis for mutual
understanding in teacher–student dyads (Lira et al., 2008). On the other
hand, FTF communication provides teachers with opportunities to eval-
uate students’ learning states through facial expressions and other
nonverbal cues. By integrating such information with their syllabus,
teachers can adjust their teaching pace to facilitate a fluid learning pro-
cess. Therefore, during the teaching and learning processes, teachers and
students are not independent individuals, but are a closely related unit.
To promote communication effectiveness, they need to integrate infor-
mation about themselves and others. Such a synchronous experience may
be the cause for the stronger INS in the left PFC in the FTF teaching
condition with prior knowledge.

Furthermore, the present study also makes an important contribution
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to the processing fluency theory. So far, previous studies have examined
either the effect of prior knowledge (Sherman and Frost, 2000) or
communication mode (Hantula et al., 2011) on teaching outcomes,
which highlights their independent effects and portrays distinct patterns
in each. Although it is complementary to previous studies, our findings
suggest a “cooperative” interplay rather than parallel relationship be-
tween prior knowledge states and communication modes. Both our
behavioral and neural results confirmed this interaction effect, which
resulted in higher students’ scores and stronger INS, in the FTF teaching
condition with prior knowledge. Future research will be needed to
translate the findings from laboratory studies to applications in school
settings.

4.3. Early INS could differentiate and predict the outcome of teaching

Since teaching is a dynamic interpersonal interaction, it is far from
enough to understand the teaching process just through its consequence
(Watanabe et al., 2013). To take a much closer look at the teaching
process on the neural level, we did time-course analyses. The results
showed that about 65–90 s after the beginning of the teaching process,
the difference in time-cumulative INS between the two communication
modes became significant and persisted until the end of the teaching
process. This finding was partly consistent with that in Zheng et al.
(2018). In their study, three different styles were included: lecturing,
interactive teaching, and video-based teaching. Teaching style-related
INS at the TPJ reached significance after about 76 s of teaching, repre-
senting good communication between the teachers and students at the
beginning of the teaching process. However, in our study, the early
boundary to discriminate different teaching conditions was the INS in the
left PFC. Given that the left PFC is involved in mentalizing and inte-
grating information from self and others, INS in the left PFC may suggest
the shared representation of information, which contributes to optimal
teaching and learning experiences. However, the above-mentioned var-
iations can also be explained by the difference in teaching content,
teaching time, or teaching style, which remains to be further studied.

Moreover, during teaching with prior knowledge, the time-
cumulative INS in the FTF mode was positively correlated with stu-
dents' performance from as early as about 25–35 s after teaching task. It
should be noted that the earliest time point for predicting the students’
scores based on INS in our study is sooner than that shown by Zheng et al.
(2018). One possible explanation of this difference is the teaching con-
tent in the task. In the aforementioned study, numerical reasoning was
selected as the teaching content due to its novelty to most participants.
However, in the present study, under the FTF teaching condition with
prior knowledge, students were familiar with probability theory.
Consequently, at the early stage of the task, they had shared under-
standing of the content, which led to shared neural responses.

4.4. Limitations

Several limitations of this study need to be noted. First, the data were
collected in a short teaching period (i.e., about 5min) in a laboratory
setting. Therefore, it remains unclear whether the results can be gener-
alized to a longer teaching period (i.e., 45min) in a real-world setting.
Future studies should investigate the dynamic nature of teacher–student
interaction in real classrooms. Second, fNIRS allows detection of brain
signals only from the cerebral cortex; therefore, signals from deep brain
areas cannot be detected. Entire brain measurement is needed to advance
our understanding of teacher–student interactions. Third, due to the lack
of eye-tracking and videomaterials, we could not quantify the magnitude
of teacher–student interactions. Since prior knowledge can facilitate
mutual gaze and head nodding synchrony in FTF teaching (Thepsoon-
thorn et al., 2016), measurement and analysis of nonverbal communi-
cation behaviors are necessary and worthwhile, as this could bring to
light the interaction between communication modes and students’
knowledge reserve.
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5. Conclusions

In this study, we demonstrated that the interplay between the
communication mode and prior knowledge contributed to teaching
effectiveness. Using the fNIRS-based hyperscanning approach, we
observed that brain activities in the PFC synchronized across teachers
and students, particularly in the FTF teaching mode, when the students
had prior knowledge. INS enhancements mediated the relationship be-
tween perceived interaction and students’ test scores. Moreover, the
early prefrontal INS was correlated with teaching effectiveness. Taken
together, these results indicate that prefrontal INS may be a good neural
signature of teacher–student interaction. Our results provide interper-
sonal neural evidence for the processing fluency theory of teaching, and
increase our understanding of the nature of dynamic teacher–student
interactions.
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