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Interpersonal  rhythmic  interaction  is one  of the  fundamental  behaviors  that  allow  humans  to  socially
interact  with  others.  In  this  study,  we  provide  novel  neuroimaging  evidence  that  being  followed  by  other
agents  in  such  an  interaction  is pleasant  for humans.  Using  functional  magnetic  resonance  imaging,  we
measured  the  brain  activity  of 17  participants  while  they  performed  a virtual  drum-hitting  task,  in one
of  the  following  conditions:  a) alternating  with  a virtual  agent  that  would  always  copy  their  hitting  pace,
or b)  alternating  with  a virtual  agent  that  would  randomly  hit  the drum.  The  participants  reported  a
nterpersonal rhythmic interaction
ocial reward
audate nucleus

MRI

significantly  higher  subjective  feeling  of  being  followed  by  the  agent  in  the first  condition.  Moreover,
almost  all  participants  preferred  the  agent  that  followed  their  drum-hitting  rhythm.  The  activity  of  the
caudate  nucleus,  which  is  one  of the  reward-related  brain  structures,  was  found  to  be  associated  with
the  subjective  feeling  of being  followed,  suggesting  that the  sense  of being  the  leader,  in an  interpersonal
rhythmic  interaction,  creates  a  pleasant  feeling.

©  2018  The  Authors.  Published  by  Elsevier  Ireland  Ltd.  This  is an open  access  article  under  the  CC  BY
license  (http://creativecommons.org/licenses/by/4.0/).
. Introduction

Interpersonal interaction is the basis of human social interac-
ion. For example, imitating one’s action and sharing attention with
thers (joint attention) are representative interpersonal, inter-
ctive behaviors. Indeed, many psychological studies have been
onducted to analyze the behavioral characteristics of two  individ-
als when they perform joint actions (see the review by Knoblich
t al., 2011). In addition, recent neuroimaging studies have revealed
he brain mechanisms that are involved when two individuals
Please cite this article in press as: Sabu, H., et al., Being a leader in a rhyth
Res. (2018), https://doi.org/10.1016/j.neures.2018.08.009

ocially interact with each other (Saito et al., 2010; Kawasaki et al.,
013; Yun et al., 2012).

Abbreviations: EPI, echo-planar imaging; FWE, family-wise error; fMRI, func-
ional magnetic resonance imaging; GLM, general linear model; MNI, Montreal
eurological Institute; PCA, principle component analysis; ROI, region of interest;
AS  visual analogue scaleVMPFC, ventromedial prefrontal cortex.
∗ Corresponding author at: Graduate School of Engineering Science, Osaka Uni-
ersity, 1-1 Yamadaoka, Suita, Osaka 565-0871, Japan.

E-mail address: takahashi@irl.sys.es.osaka-u.ac.jp (H. Takahashi).

ttps://doi.org/10.1016/j.neures.2018.08.009
168-0102/© 2018 The Authors. Published by Elsevier Ireland Ltd. This is an open access 
Apart from that, there is another line of research that suggests
the existence of reward effects generated through social interac-
tion. For example, it has been shown that the striatum (one of the
reward-related brain regions) is activated when an action of a par-
ticipant is imitated by others and when a participant’s attention is
shared by others (Schilbach et al., 2010; Decety et al., 2002), sug-
gesting that the participant might feel pleasure in these situations
(e.g., the chameleon effect; Chartrand and Bargh, 1999). In the neu-
roimaging literature, the striatum has been shown to increase its
activity in response not only to primary rewards such as liquid or
food (Berns et al., 2001; Sescousse et al., 2013) and sexual stimuli
(Redouté et al., 2000; Sescousse et al., 2013), but also to monetary
and social rewards (Elliott et al., 2000; Izuma et al., 2008; Wake
and Izuma, 2017; Sescousse et al., 2013). Hence, the above results
(Schilbach et al., 2010; Decety et al., 2002) indicate that the experi-
ence of being followed by others can be “rewarding” for the human
brain, suggesting that humans feel pleasure in such situation. How-
mic interaction activates reward-related brain regions. Neurosci.

ever, this observation has been made when a human interacts
with another human; it is not clear if similar phenomena (brain
activation in the reward-related brain system and subjective expe-
rience of pleasure) are also found when a human interacts with a

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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on-human virtual agent, especially when a human experiences
eing followed by a virtual agent.

In the present study, we thus measured brain activity in 17
ealthy volunteers, with functional magnetic resonance imaging
fMRI), while they performed an alternating virtual drum-hitting
ask in one of the two following conditions: in the first one, a virtual
gent hit the drum after the participant, by copying the time inter-
al between the agent’s hit and the participant’s hit in the previous
air of hitting (“Copy agent” condition); in the second condition, a
irtual agent hit the drum after the participant, randomly, that is,
egardless of the time interval (“Random agent” condition). Thus,
nly in the Copy agent condition, the participant’s hitting pace was
eplicated by the virtual agent.

The participants were asked to rate their subjective impression
bout the two virtual agents (i.e., the degree to which they felt
hat their hitting was followed by the agent [sense of being fol-
owed; in other words, sense of being a leader]) and the degree
o which they felt that they followed the agent’s hitting [sense of
eing a follower]). We  expected that the participants would rate
heir impression of being followed higher in the Copy agent condi-
ion. Moreover, the participants were asked about the agent they
referred, and we expected that they would prefer the Copy agent.

We  examined the brain regions that were more active in the
opy agent condition than in the Random agent condition. We  also
onducted a parametric modulation analysis to identify the brain
egions in which the activity was modulated by the sense of being
ollowed. We  hypothesized that the Copy agent condition activates
eward-related areas more than the Random agent condition, and
hat activity in the reward-related regions is modulated by the
ense of being followed. In particular, we had a specific anatomical
Please cite this article in press as: Sabu, H., et al., Being a leader in a rhyth
Res. (2018), https://doi.org/10.1016/j.neures.2018.08.009

ypothesis for the striatum (caudate nucleus), which is associated
ith social reward processing (Izuma et al., 2008; Wake and Izuma,

017), and thus, we set our region of interest (ROI) in the caudate
ucleus.

ig. 1. Experimental task procedure. In each trial, the participants were asked to perfor
enguin). After each trial, they were asked to evaluate the degree to which they felt that 

y  the agent, using a visual analogue scale (VAS). (For interpretation of the references to c
 PRESS
earch xxx (2018) xxx–xxx

2. Materials and methods

2.1. Participants

Seventeen right-handed, healthy adults (nine females and eight
males, mean age, 22 ± 1.7 years, ranging from 20 to 25 years)
participated in this study. None of the participants had a medi-
cal record of neurological or psychiatric disorders. The protocol
used in this study was  approved by the Ethics Committee of the
National Institute of Information and Communications Technol-
ogy. All participants provided written informed consent prior to the
experiment. The experiment was carried out following the princi-
ples and guidelines of the Declaration of Helsinki (1975).

2.2. Experimental design

Each participant lay in the MRI  scanner with their head immo-
bilized by an elastic band and sponge cushions and with their ears
plugged. An MRI-compatible, four-button response box (Current
Designs Inc.) was  placed under the right hand of the participant.
Visual stimuli were projected onto a screen and viewed by the par-
ticipants via a mirror mounted on the head coil. Each participant
completed two experimental runs, each lasting 370 s. Each run was
composed of 12 drum-hitting trials, each with a duration of 20 s
(Fig. 1). Each trial was followed by a 10-s rating period, during
which the participants evaluated their impression about the trial
(see below). Each run also included a period of 5 s before the first
trial and a period of 5 s after the last trial.

In each trial, the participants performed a virtual drum-hitting
task, alternating with a virtual agent that was  projected on the right
mic interaction activates reward-related brain regions. Neurosci.

side of the screen. We  designed two  different characters (Fig. 1, see
below). An in-house computer program developed in Processing
software (ver. 3, https://processing.org/) controlled the animation
of each character, who hit the drum taking turns with the par-

m an alternating drum-hitting task with one of two  virtual agents (blue or yellow
they followed the agent and the degree to which they felt that they were followed
olour in this figure legend, the reader is referred to the web  version of this article.)

https://doi.org/10.1016/j.neures.2018.08.009
https://processing.org/
https://processing.org/
https://processing.org/
https://processing.org/
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ig. 2. Rules of drum-hitting followed by the agents (Copy agent and Random agen
he Copy agent hit the drum (An) after a participant’s hitting (Pn) by copying the tim
he  Random agent hit the drum after a participant’s hitting within a time interval r

icipant. On the left half of the screen, an animation of a human
eft hand, with a stick and a drum underneath, was  displayed. The
articipants could control the timing of hitting the drum with this
and, by pressing the leftmost button of the response box with their
ight index finger. The participants were instructed to rhythmically
it the drum alternately to the virtual agent. The participants could
ee an animation of the hitting, by the displayed left hand and by
he virtual agent, and they could also hear the sound of the drum
hat was generated in synchronization to their hitting.

During the 10-s rating period after each trial, the participants
ere asked to rate both conditions regarding the degree to which

hey felt that their hitting was followed by the virtual agent and
egarding the degree to which they felt that they followed the
gents. The first question displayed was “to what degree was the
gent following me?” in Japanese. Likewise, the second question,
isplayed in Japanese, was “to what degree was  I following the
gent?”. Each question appeared for 5 s. To each question, the par-
icipants had to reply by rating their impressions using a visual
nalogue scale (VAS; Fig. 1); the left end point of the scale corre-
ponded to “not at all,” whereas the right end point corresponded
o “fully.” The participants could move a pointer along the scale,
ither to the left by continuously pressing the middle-left button
ith their right middle finger, or to the right by continuously press-

ng the middle-right button with their right ring finger. The pointer
ppeared in a random starting position on the scale, in order to min-
mize experimental bias. “Not at all” was equated with 0 and “fully”

as equated with 100. Based on this scale, we  calculated a value
from 0 to 100) for each answer.

Two types of virtual characters were developed: the Copy agent
nd the Random agent, as mentioned above (Fig. 2). The Copy agent
as designed to hit the drum after a participant’s hitting, follow-

ng a particular rule. In each trial, we performed online processing
f the time intervals between the agent’s hitting (An hitting) and
he participant’s hitting (Pn hitting) and between An-1 hitting and
n hitting (Fig. 2). The Copy agent always hit the drum (An hit-
ing) after the participant’s hitting (Pn hitting), by copying the time
nterval between An-1 hitting and Pn hitting. The Copy agent always
ollowed this rule and thus changed its hitting timing depending on
Please cite this article in press as: Sabu, H., et al., Being a leader in a rhyth
Res. (2018), https://doi.org/10.1016/j.neures.2018.08.009

he participant’s hitting timing.
In contrast, the Random agent was designed to hit the drum at a

andom timing after the participant’s hitting, without considering
he time interval of the previous pair of hitting events (i.e., between
erval between the agent’s hitting (An-1) and the next hitting of the participant (Pn).
ly predetermined between 500 and 1500 ms.

An-1 hitting and Pn hitting). The time interval was randomly pre-
determined, between 500 and 1500 ms.  Before the beginning of a
trial, we  generated random integers between 500 and 1500, and
used these values for the time intervals during the trial. In each
experimental run, the participants performed a total of 12 trials
alternately with each virtual agent, starting with the Random agent
(Random agent, Copy agent, Random agent, and so on).

For nine of the participants, the character of a blue penguin
was used as the Copy agent, and a yellow penguin was used as
the Random agent (Fig. 1). For the remaining eight participants,
the designation of the characters was reversed. The participants
were not informed about the differences in hitting rules. After all
fMRI runs were completed, the participants were asked about the
penguin they preferred (blue or yellow), in a binary forced-choice
manner.

2.3. fMRI data acquisition

Functional images were acquired using T2*-weighted, gradient
echo, echo-planar imaging (EPI) sequences, with a 3T MR  imager
(Siemens Trio system). We  collected a total of 185 volumes in each
run. Each volume consisted of 30 slices, acquired in ascending order
at a thickness of 5.0 mm,  that covered the entire brain. The time
interval between each two  successive acquisitions of the same slice
was 2000 ms, with an echo time of 30 ms  and a flip angle of 80◦. The
field of view was 192 mm  × 192 mm and the matrix size 64 × 64, at
a voxel dimension of 3 mm × 3 mm.

2.4. Behavioral data analysis

2.4.1. Objective measure
Firstly, we  evaluated how accurately each agent copied the

participant’s hitting rhythm (Fig. 2). This objective measure was
calculated by the following formula:

C = − (log2T1) ∗ T1 − (log2T2) ∗ T2

in which T1 corresponds to the time interval between a virtual
mic interaction activates reward-related brain regions. Neurosci.

agent’s hitting (An-1) and the successive participant’s hitting (Pn),
and T2 corresponds to the time interval between the participant’s
hitting (Pn) and the successive agent’s hitting (An). In the Copy agent
condition, since the agent always copied T1 for the next T2, C should

https://doi.org/10.1016/j.neures.2018.08.009
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e 1. This means that the virtual agent precisely followed the par-
icipant’s hitting rhythm. We  also calculated C in the Random agent
ondition in order to evaluate how precisely the Random agent fol-
owed the participant’s hitting rhythm. This was done because T2

as randomly generated, independently of T1, and it might inciden-
ally have become equal to T1 in some events, as in the Copy agent
ondition. We  calculated C for each participant’s hitting in one trial,
nd the average C value (objective measure) was computed for each
rial, for each participant, and was used as a parametric regressor
n the design matrix for the individual analysis of fMRI data (see
elow). We  also calculated the average C value across participants
or each condition (Copy agent or Random agent). One-sample t-
est (against 1) was performed to confirm that C was  significantly
maller than 1 in the Random agent condition.

.4.2. Subjective measure
We further analyzed the rating scores, both for the extent to

hich the participants felt that they were followed by the virtual
gent and for the extent to which the participants felt that they
ollowed the virtual agent, in each trial of the Copy agent or Random
gent conditions. In order to reduce the dimensionality of the two
ating scores, we performed principle component analysis (PCA) by
ooling the data obtained from all participants (Pearson, 1901). We

ound two main components, and employed the first component
core (subjective measure), for each trial, in the individual analysis
f fMRI data (see below).

.5. fMRI data analysis

Functional imaging analysis was performed using the Statistical
arametric Mapping software (SPM12, The Wellcome Trust Centre
or Neuroimaging, London, UK), implemented in Matlab R2015b.
fter correcting for differences in slice timing within each image
olume, head motion was corrected using the realignment pro-
ram. Following realignment, the volumes were normalized to the
ontreal Neurological Institute (MNI) space (Evans et al., 1994)

sing a transformation matrix, which was obtained from the nor-
alization process of the first EPI image of each participant, to the

PI template. Finally, the spatially normalized functional images
ere filtered using a Gaussian kernel with a full-width-at-half-
aximum of 8 mm along the x-, y-, and z-axes.

.6. Contrast analysis

A general linear model (GLM; Friston et al., 1995; Worsley and
riston, 1995) was used for the analysis of the fMRI data. In the
ingle-subject analysis, the design matrix consisted of two  regres-
ors: (i) Copy agent trials and (ii) Random agent trials. To correct
or residual motion-related variance after the realignment, the six
ealignment parameters were also included in the design matrix, as
egressors of no interest. The weighted sum of the parameter esti-

ates, in the single-subject analysis, constituted contrast images
hat were used for the second-level analysis. We  first constructed
ppropriate contrast images to examine brain areas showing differ-
nt effects for the two conditions; that is, areas that showed higher
ctivity in the Copy agent condition than in the Random agent con-
ition (Copy agent vs. Random agent) and vice versa (Random agent
s. Copy agent).

The number of hittings (both by a participant and an agent) was
atched between the two conditions (average number of hittings

er trial, across participants: Copy agent: 19.71 ± 1.90, Random
gent: 19.18 ± 0.68; average number of agent’s hittings per trial:
Please cite this article in press as: Sabu, H., et al., Being a leader in a rhyth
Res. (2018), https://doi.org/10.1016/j.neures.2018.08.009

opy agent: 19.43 ± 1.86, Random agent: 19.60 ± 0.30). Simple sen-
orimotor, visual, and auditory effects could thus be eliminated by
hese contrasts, allowing evaluation of the condition effect associ-
ted with performing the task with each different agent. In addition,
 PRESS
earch xxx (2018) xxx–xxx

the effect of the color of the virtual agent (the penguin’s color; see
above) was set off in the following second-level group analyses.
Finally, our baseline period was not a perfect resting period, as the
participants had to rate their subjective impression about the vir-
tual agent during the 10-s period after each trial. However, this
was equally done in both conditions. We  therefore assumed brain
activity during baseline periods to be similar in the two conditions.

At the second-level group analyses, the contrast images from
the single-subject analyses were entered into random-effects mod-
els to make statistical inferences at the population level (Holmes
and Friston, 1998). One-sample t-tests were performed using the
contrast images. We  produced a statistical parametric map of the
effects of the different virtual agents (Copy agent vs. Random agent
and Random agent vs. Copy agent). We  first generated a voxel-
cluster image, with a cluster-defining height threshold of p < 0.001
uncorrected, and evaluated the significance of its spatial extent
using a threshold of p < 0.05 corrected for multiple comparisons
(family-wise error, FWE) for the entire brain.

2.7. Parametric modulation analysis

We  constructed a second GLM for parametric modulation anal-
ysis (independently of the first GLM), in order to test whether or
not the activity of the reward-related brain regions is modulated
by the objective measure (the C value) and by the subjective mea-
sure (the PCA value). The design matrix for this GLM contained
one regressor of the Copy agent and the Random agent trials,
and its two corresponding linear parametric modulation regres-
sors, that is, the objective and subjective measures. Since these
two measures mildly correlated with each other (average correla-
tion coefficient across participants = 0.332), these values were used
without being orthogonalized to each other. As in the first GLM,
the six realignment parameters were also included in the design
matrix, as regressors of no interest.

For the parametric modulation analyses, we performed the
second-level group analyses. We  first generated a voxel-cluster
image, with a cluster-defining height threshold of p < 0.001 uncor-
rected. As we  had hypothesized, we found activity (93 voxels) in
the left caudate nucleus, which is one of the reward-related brain
regions. As we  had an anatomical hypothesis (see Introduction), we
performed a region-of-interest (ROI) analysis (Worsley et al., 1996).
We set a ROI in a sphere with a 16-mm radius around the peak of
the left caudate nucleus (-8, 14, 2). This peak was  selected because
the area is activated in association with social reward processing
(Izuma et al., 2008), and the radius was  chosen based on the final
smoothness of our functional imaging data. We  evaluated the sig-
nificance of the left caudate activity in terms of its spatial extent
in the ROI (FWE-corrected threshold of p < 0.05 after small-volume
correction).

3. Results

3.1. Behavioral results

3.1.1. Objective measure
The evaluation of the accuracy with which each agent copied

the participant’s hitting rhythm confirmed that the average C value,
across participants, was 1.00 in the Copy agent trials, indicating that
this agent precisely copied the participant’s timing. The average C
value in the Random agent trials across participants was signif-
mic interaction activates reward-related brain regions. Neurosci.

icantly lower than 1 (0.898 ± 0.012; one-sample t-test against 1;
t (16) = 18.4, p < 0.001). Thus, as expected for our original design,
the Copy agent and the Random agent reacted to the participants’
hitting pace differently.

https://doi.org/10.1016/j.neures.2018.08.009
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Fig. 3. Brain activity during the alternating drum-hitting task. (A) Brain regions (red) that showed significantly higher activity in the Copy agent condition than in the Random
agent  condition. (B) Brain regions (green) that showed significantly higher activity in the Random agent condition than in the Copy agent condition. In the panel A, the brain
activities are rendered onto the left hemisphere and the transverse slices (z = +8 and -4) in the Montreal Neurological Institute (MNI) standard brain. The brain activity
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yellow) that positively correlated with the subjective feeling of being followed by t
anel  B, the brain activities are also rendered onto the MNI  standard brain. We also
MPFC, ventromedial prefrontal cortex. (For interpretation of the references to colo

.1.2. Subjective measure
The analysis of the two subjective rating scores (sense of being

ollowed or sense of being a follower) showed that the participants
ave different scores to the two virtual agents. The score of their
ense of being followed (“the agent followed me”) was significantly
igher for the Copy agent than for the Random agent [t (16) = -22.0,

 < 0.001]. In contrast, the score of their sense of being a follower (“I
ollowed the agent”) was significantly higher for the Random agent
han for the Copy agent [t (16) = 6.76, p < 0.001].

The PCA analysis for the subjective ratings revealed two rep-
esentative orthogonal axes (first and second components). The
ontribution rates of the first and second components were 80.3%
nd 19.6%, respectively. The first component score showed a pos-
tive value for the Copy agent (average across participants = 31.4)
nd a negative value for the Random agent (average across partici-
ants = -31.4). Thus, we defined this score as the subjective measure
f how much the participants felt that “the agent followed them”
the sense of being followed), and we used this value as a parametric
ovariate in the subsequent fMRI analysis.

.1.3. Preference of agent
After the fMRI experiment was completed, the participants were
Please cite this article in press as: Sabu, H., et al., Being a leader in a rhyth
Res. (2018), https://doi.org/10.1016/j.neures.2018.08.009

sked which agent they preferred, in a binary forced-choice man-
er. Almost all (16 out of 17) participants reported they preferred
he Copy agent over the Random agent. Since the participants had
he impression that they were imitated by the agent in the Copy
tual agent is also displayed (caudate activity, in the transverse slice [z = +8]). In the
ay right superior frontal and postcentral activities in the transverse slice (z = +54).
this figure legend, the reader is referred to the web  version of this article.)

agent condition and that they followed the agent in the Random
agent condition (see above), their preference of the Copy agent indi-
cates that they preferred the virtual agent that seemed to follow
them.

3.2. Imaging results

When we examined the participants’ brain regions that were
more activated in the Copy agent condition than in the Random
agent condition (Copy agent vs. Random agent), we found signifi-
cant activation in the left caudate nucleus, in the right ventromedial
prefrontal cortex (VMPFC), as well as in the left superior and middle
frontal gyri (Fig. 3 and Table 1). Thus, these brain regions were more
activated when the participants performed the task with the agent
perceived as their follower. The caudate activation appeared quite
robust, as this activation became significant when we considered
the entire brain.

For the opposite contrast (Random agent vs. Copy agent), we
found significant activation in the superior frontal gyrus, postcen-
tral gyrus (cytoarchitectonic area 2), and superior parietal gyrus
in the right hemisphere (area 5 L; Fig. 3). These brain regions are
usually considered higher-order sensory-motor association areas,
mic interaction activates reward-related brain regions. Neurosci.

rather than reward-related areas. Indeed, these regions have been
shown to increase their activity when participants performed an
irregular-paced finger tapping task (Lutz et al., 2000). For this con-
trast, we could not find any active-voxel clusters in the caudate

https://doi.org/10.1016/j.neures.2018.08.009
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Table 1
Brain regions more strongly activated in the Copy agent condition than the Random agent condition.

MNI coordinate

Clusters Size x y z T-value Areas

Copy agent vs.  Random agent
L caudate cluster 321 −8 14 8 4.37 Left caudate nucleus
VMPFC cluster 425 4 42 −2 5.57 ACC

14  42 −4 4.99 Middle orbital gyrus
L  middle/superior frontal cluster 515 −16 30 58 7.10 Superior frontal gyrus

−42 20 48 5.71 Middle frontal gyrus

Random agent vs. Copy agent
R parietal cluster 446 28 −42 50 6.12 Postcentral gyrus (area 2)

22  −56 68 5.67 Superior parietal gyrus (area 5 L)
R  superior frontal cluster 291 24 −2 52 4.93 Superior frontal gyrus
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ncorrected height threshold, p < 0.001; extent threshold, p < 0.05, FWE-corrected 

ortex;  VMPFC, ventromedial prefrontal cortex.

egions. This suggests that the Random agent condition did not
rovide positive reward to the participants.

When we tested whether the activity of reward-related brain
egions was modulated by the subjective measure (the PCA value),
e found that the activity of the left caudate nucleus positively

orrelated with the subjective measure (peak MNI  coordinates of
ctivity [x, y, z] = [−4, 16, 14], T = 4.93, 93 voxels). Importantly,
his region overlapped with the region identified in the above con-
rast analysis (Copy agent vs. Random agent; Fig. 3). Such a positive
orrelation was not observed when we used the objective measure
the C value, i.e., the level of accuracy with which each virtual agent
opied the participant’s hitting pace). These results suggest that it
as not the objective accuracy of the agent coping the participant’s

itting pace, but the subjective feeling of being followed by the
gent that modulated the activity in the caudate nucleus, which is
ssociated with social reward processing (Izuma et al., 2008; Wake
nd Izuma, 2017).

. Discussion

In the current study, we clearly demonstrate that people can
ubjectively feel that an agent follows their hitting pace when the
gent, objectively, keeps copying the time interval between the
gent’s hitting and the participant’s hitting in the previous pair of
itting events. Such regularity in the agent’s reaction ensures that

f a participant hits the drum at a relatively slower (or faster) pace
relative to the preceding hitting by the agent), the agent would
lso hit the drum at a relatively slower (or faster) pace. This experi-
ental condition in our study gave the participants the impression

hat the virtual agent adapted its hitting pace to their pace, which
ight have contributed to the generation of the feeling that this

gent followed the participants. Furthermore, an interesting find-
ng of the present study is that most participants showed preference
or the virtual agent that seemed to be following them. Thus, the
articipants preferred being followed by an agent to following.

When people are jointly dancing and singing, their movements
end to become temporally aligned to those of others. Such an
nterpersonal rhythmic synchronization may  evoke pleasant feel-
ngs, and strengthen social binding between individuals (Anshel
nd Kipper, 1988; Wiltermuth and Heath, 2009; Kirschner and
omasello, 2010; Cirelli et al., 2014; Hove and Risen, 2009). For
xample, it has been shown that joint singing in a group strength-
ns trustworthiness and induces cooperative behaviors between
he members of the group (Anshel and Kipper, 1988). Likewise,
he degree of synchrony between a participant and an experi-
Please cite this article in press as: Sabu, H., et al., Being a leader in a rhyth
Res. (2018), https://doi.org/10.1016/j.neures.2018.08.009

enter in a finger-tapping task affects the subsequent rating of
he level of affinity felt by the participant for the experimenter
Hove and Risen, 2009). These are examples in which interper-
onal rhythms are synchronized. Our results further imply that the
 entire brain. Size = number of active voxels. Abbreviations: ACC, anterior cingulate

sense of being followed by others during interpersonal rhythmic
interaction is preferable (that is, more pleasant than following oth-
ers), even when it is without substantial interpersonal rhythmic
synchronization.

In our fMRI analysis, we show that the interaction between the
participants and the Copy agent activates the caudate nucleus and
the VMPFC, significantly more than the interaction with the Ran-
dom agent (Fig. 3). Especially the activity of the caudate nucleus
was modulated by the participants’ subjective feeling of being fol-
lowed by the agent in the rhythmic interaction. These brain regions
are important constituents of the reward system (Sescousse et al.,
2013; Wake and Izuma, 2017; Haber and Knutson, 2010). Hence,
in addition to the cases of the being imitated by others and of joint
attention shared by others (Schilbach et al., 2010; Decety et al.,
2002), the sense of being followed by others in an interpersonal
rhythmic interaction might also be perceived as a reward. Further-
more, our results suggest that this could occur even when a human
interacts with a non-human virtual agent.

It is known that, in an interpersonal rhythmic synchronization
task, synchronization with other people activates brain regions
associated with reward processing (i.e., the caudate nucleus; Kokal
et al., 2011). However, our results suggest that merely the sense of
being followed by others, during an interpersonal rhythmic inter-
action, is enough to activate the human reward system, without
requiring substantial interpersonal rhythmic synchronization. The
sense of being followed by an agent can be interpreted as if the
individual is taking a role of a leader who  mainly gives the rhythm
(Fairhurst et al., 2014). Therefore, the present results might also
indicate that taking the leader role in an interpersonal rhythmic
interaction is pleasant for humans, in terms of brain activity.

5. Conclusions

We  show here that it is not the objective accuracy of an agent
coping a participant’s hitting pace but the subjective feeling of
being followed by an agent that modulates activity in the caudate
nucleus, which is associated with social reward processing. Hence,
the sense of being followed, that is, feeling like a leader, during a
course of interpersonal rhythmic interaction may  activate reward-
related brain regions such as the caudate nucleus, as observed on
fMRI, which suggests that this is a pleasant experience for humans.
mic interaction activates reward-related brain regions. Neurosci.
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