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Abstract. The brain activity during cooperation as a form of social process is studied. We investigate the re-
lationship between coinstantaneous brain-activation signals of multiple participants and their cooperative-task
performance. A wearable near-infrared spectroscopy (NIRS) system is used for simultaneously measuring the brain
activities of two participants. Each pair of participants perform a cooperative task, and their relative changes in
cerebral blood are measured with the NIRS system. As for the task, the participants are told to count 10 s in their
mind after an auditory cue and press a button. They are also told to adjust the timing of their button presses to
make them as synchronized as possible. Certain information, namely, the “intertime interval” between the two
button presses of each participant pair and which of the participants was the faster, is fed back to the partici-
pants by a beep sound after each trial. When the spatiotemporal covariance between the activation patterns of
the prefrontal cortices of each participant is higher, the intertime interval between their button-press times was
shorter. This result suggests that the synchronized activation patterns of the two participants’ brains are associated
with their performance when they interact in a cooperative task. C©2011 Society of Photo-Optical Instrumentation Engineers (SPIE).
[DOI: 10.1117/1.3602853]
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1 Introduction
One of the common symptoms of autism,1, 2 Asperger
syndrome,1, 3 schizophrenia, and depression is a lack of so-
cial skill. To alleviate these mental disorders on the basis of
a neuroscience approach, it is important to investigate the rela-
tionship between social skills and brain function.4 Social skills,
in general, include adaptability of one’s own behavior to a social
context, reading the atmosphere or others’ intentions, communi-
cation skills, and ethical sense.5, 6 Most of these social skills are
acquired through interactions with others. To study the social-
brain function, it is therefore meaningful to investigate interact-
ing brains of multiple participants.

Although the “social brain”7–10 has been studied by many
researchers, it is mostly measured in only one brain at a
time by using various modalities, such as electroencephalog-
raphy (EEG),11, 12 positron-emission tomography,13–15 single-
photon-emission computed tomography,16 functional magnetic-
resonance imaging (fMRI),17–21 and functional near-infrared
spectroscopy (fNIRS).22–26 Consequently, little is known about
how social functions are processed in interacting brains of mul-
tiple participants.

There are various ways to study two or more brains at once.
We used a wearable-optical-topography (WOT) system based
on near-infrared spectroscopy (NIRS)27–29 because this system
can simultaneously measure the brain activities of two or more
people who are interacting in a natural manner, namely, dur-
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ing face-to-face communication. An NIRS system measures the
changes in cerebral blood volume by radiating weak visible or
near-infrared light into the head and detecting the transmitted
light from another position.30–33 On the basis of NIRS, opti-
cal topography (OT),34, 35 which uses multiple light sources and
detectors, obtains two-dimensional topographical images of the
changes in cerebral blood volume. OT systems have been widely
used for research and clinical purposes,36–40 especially for mea-
suring the brain activity of infants and children,25, 41–45 because
they have a high level of safety46, 47 and require few constraints.
For simultaneously measuring of multiple participants’ brains
(i.e., hyperscanning) and thereby investigating the relationship
between brain activity and social interaction, some researchers
used EEG,48–51 which is less expensive and has a higher temporal
resolution than NIRS. The spatial resolution of EEG, however,
remains lower than that of NIRS.52, 53 Others used fMRI,54, 55

which has a higher spatial resolution than NIRS and EEG, but
it is difficult for participants to interact in a natural manner in
an fMRI environment. To measure multiple participants’ brain
activity during face-to-face interaction and to demonstrate the
effectiveness of simultaneous NIRS measurement, we used a
wearable NIRS system in this study.

It has been reported that when people interact or cooper-
ate during common social-interaction tasks, a specific brain
area activates.18, 48 For example, in an EEG study, the me-
dial prefrontal region was activated in conflict situations during
the “prisoner’s dilemma” task (one common social-interaction
task),48 and in an fMRI study, during the “trust and reciprocity”
game, the medial prefrontal region of highly cooperative
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participants was significantly more activated during human–
human interactions than during human–computer interactions.18

It is therefore reasonable to suppose that the relationship be-
tween spatial brain-activity patterns of two people is effective in
the investigation of brain functions related to social interactions.

In the present study, considering that the medial prefrontal
region has been reported to be activated during social interac-
tion, we focused our attention on activity in the prefrontal-cortex
region during a cooperative task as a form of social process. To
investigate this region, we proposed an analytical method us-
ing spatiotemporal activation patterns of multiple participants.
If the relationship between the analyzed brain-activity data of
two participants in a natural attitude and the “quality of coopera-
tion” were obtained by using simultaneous NIRS measurement
and data analysis of multiple participants, this methodology
would become an important tool in research on social cogni-
tion. The aim of this study was to investigate the relationship
between multiparticipants’ coinstantaneous brain-activation sig-
nals and cooperative-task performance by simultaneous NIRS
measurement and to show the significance of the simultaneous
measurement of two or more brains. A WOT system was used
to investigate interactive brain activities during the cooperative
task (namely, a cooperative button-pressing) because it is suit-
able for measuring the prefrontal cortex of multiple participants
interacting in a natural manner.27–29

2 Materials and Methods
2.1 Participants
Twelve healthy adults (six pairs), nine males and three females,
between 25 and 50 years old (mean ± SD: 37.5 ± 8.0) par-
ticipated as volunteer subjects in this study. All participants
provided written informed consent after a complete explana-
tion of the study. The experiments were approved by the Ethics
Committee of Hitachi, Ltd.

2.2 Near-Infrared-Spectroscopy Measurement
A WOT system, the same one used in our previous study,29

was used for measuring cerebral blood-volume change of the
12 participants. The system generally measures the changes in
the product of hemoglobin (Hb) concentration (C) and effec-
tive optical path length (L), called simply “Hb change (�CL)”
here, in human-brain tissue, such as the cerebral cortex. The
unit of Hb change (in mM times millimeter) is molar concen-
tration (in mM = mmol/l) multiplied by optical path length
(in millimeters). Two kinds of Hb change, oxygenated (oxy-)
and deoxygenated (deoxy-), are obtained by using two different
absorption-coefficient spectra as well as absorption data for at
least two wavelengths according to the modified Beer–Lambert
law.34, 56 The WOT system does not have optical fibers, which
may limit the participant’s range of movement, and enables
simultaneous measurement of multiple participants by using a
personal computer through a wireless local area network (LAN).
The details of the WOT system are described previously.27–29

The WOT system is small, light, and covers the entire forehead.
The probe positions of the light sources and detectors and the
channel positions of the WOT system are shown in Fig. 1. The
channel position is defined as the center point between each
light source and detector. The WOT probes were placed on each

Fig. 1 Probe positions of light sources and detectors and channel po-
sitions of wearable optical topography system. Each channel position
is defined as the center point between each light source and detector.

participant’s head so that the bottom line of the probes was on
the participant’s eyebrow line.

2.3 Interparticipant Variability of Channel Positions
To evaluate the variability of the measurement positions on
all the participants, the probe positions were measured with
a three-dimensional digitizer on the basis of the international
10–20 system,57 namely, the standard method for electrode
placement in electroencephalography, and the measurement po-
sitions on the scalp were converted to those on the brain in the
Montreal Neurological Institute (MNI) coordinate system by
the probabilistic-determination method.58–60 Figure 2 shows the
measurement positions averaged among the 12 participants. For
the 12 participants, Table 1 lists the means and standard devia-
tions of the channel positions in regard to each axis. Channel 5
had the maximal square sum of the standard deviations in the
three directions. The standard deviations of the channel-5 po-
sitions in regard to the three axes were 4.7 mm on the x-axis,
8.5 mm on the y-axis, and 7.0 mm on the z-axis. Because these
deviations were much smaller than the 30-mm probe intervals,
the difference and variability of the positions of the measure-
ment channels for different participants could be ignored and
the data of a channel for one participant was compared to those
of the same channel for the other participants.

2.4 Measurement of Activation in mPFC
It has been reported that the depth of light penetration from the
surface of the brain in adult humans is several centimeters,61

depending on the thickness of superficial tissue.62 Some re-
searchers reported to have measured parts of relatively deep
areas by noninvasive NIRS imaging. For example, NIRS imag-
ing was used to measure the anterior-dorsal region of the medial
prefrontal cortex (mPFC) regions of adults,63 the prefrontal re-
gion (which is a similar region to the mPFC region in adults)
of four-month-old infants,64 and anterior orbitofrontal cortex

Fig. 2 Measurement positions on a standard brain in the MNI coordi-
nate system.
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Table 1 Mean and standard deviation (SD) of channel positions for
12 participants.

Mean ± SD

Channel X (mm) Y (mm) Z (mm)

1 64.1 ± 3.7 10.5 ± 11.0 7.3 ± 6.7

2 61.4 ± 3.1 20.4 ± 10.5 21.1 ± 5.6

3 58.2 ± 2.5 29.4 ± 10.9 − 2.3 ± 7.4

4 55.4 ± 3.5 38.4 ± 8.8 11.8 ± 6.9

5 47.4 ± 4.7 44.6 ± 8.5 26.4 ± 7.0

6 47.3 ± 4.6 54.4 ± 7.4 1.6 ± 7.6

7 38.3 ± 6.0 59.5 ± 6.2 16.5 ± 8.1

8 26.9 ± 6.7 59.7 ± 5.9 29.9 ± 7.8

9 27.4 ± 6.4 69.1 ± 3.3 5.6 ± 8.5

10 16.9 ± 5.6 69.5 ± 3.2 19.0 ± 8.4

11 4.3 ± 6.4 63.6 ± 5.0 30.4 ± 7.7

12 3.8 ± 7.4 71.6 ± 1.6 5.9 ± 8.6

13 − 11.0 ± 4.6 69.4 ± 3.2 18.1 ± 8.5

14 − 21.5 ± 4.2 61.6 ± 6.4 29.0 ± 7.1

15 − 22.1 ± 5.0 69.9 ± 2.4 4.1 ± 7.9

16 − 34.6 ± 4.2 61.4 ± 4.6 14.4 ± 7.2

17 − 44.1 ± 3.3 47.2 ± 7.2 24.4 ± 5.6

18 − 43.8 ± 3.8 55.7 ± 4.9 − 1.0 ± 6.2

19 − 52.4 ± 3.1 40.6 ± 7.1 8.5 ± 5.6

20 − 58.1 ± 2.6 23.5 ± 8.7 18.4 ± 4.0

21 − 54.4 ± 1.6 33.0 ± 7.0 − 4.2 ± 4.2

22 − 60.3 ± 2.6 13.8 ± 9.3 5.2 ± 3.5

regions of mothers and infants.26 Mitchell et al.19 reported the
MNI coordinates of a part of the mPFC region that is related
to social cognition as (X = 9 mm, Y = 54 mm, Z = 36 mm).
This position is near the superficial layer of the brain and close to
channel 11 in the WOT system (see Table 1). The superficial part
of the mPFC region is therefore assumed to be within the optical
paths of an NIRS imaging system with 30-mm source-detector
spacing.

2.5 Experimental Setup
Figure 3 illustrates the experimental setup used to simulta-
neously measure the brain activity two participants by using
the WOT system. Two participants sat face-to-face across a ta-
ble. Each pair of participants wore WOT probes connected to
portable boxes for measurement control, signal processing, and

Fig. 3 Experimental setup. (a) Face-to-face arrangement of two partici-
pants across a table. (b) System diagram of simultaneous measurement
of two participants’ brain activity by using the WOT system. The two
WOTs are controlled via wireless LAN by a PC, and the timing of
auditory stimulation and marker input are controlled via a stimulation-
presentation PC (SP-PC). The button-press time of each participant is
recorded by the SP-PC.

wireless communication. The portable boxes were controlled
via a wireless-LAN access point by a personal computer (PC)
for a WOT controller.

The stimulation-presentation PC (SP-PC) presented auditory
cues and feedback sounds to the participants. The feedback
sounds were presented a few seconds after he or she pressed the
button (connected to the SP-PC) with different tones for each
participant. When the auditory cue to start counting is given
and when the first button is pressed by one of the participants
in each pair (hereafter, first “button-press time”), the SP-PC
sends a marker signal to the WOT controller and records the
button-press times of each pair of participants.

2.6 Cooperative Button-Press Task
Each pair of participants performed the following cooperative
button-press task while the changes in their cerebral blood vol-
ume were measured by the WOT system. Figure 4 shows the
time sequence of this task. At the start of the task, the two par-
ticipants closed their eyes and put their index finger on a button
on a PC keyboard. In each trial, they were told to press their
button after counting 10 s in their mind and were also told to
adjust their button-press times to make them as synchronized as
possible. The auditory cue to start the time counting was given
by a 1000-Hz beep sound (duration 200 ms) emitted from a
speaker.

In the cooperative task, the “intertime interval” (namely,
the time between the button-press timings of the two
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Fig. 4 Time sequence of cooperative task. The sequence of a control
task was the same for each trial (except the feedback sounds were not
given). �t represents the inter-time interval between button presses.

participants) was fed back to them by two short beep sounds
(with two participant-dependent sound pitches) presented a
few seconds after each button press. A 1600-Hz beep (50-ms
duration) indicated the timing of one participant, and an 800-Hz
beep (50-ms duration) indicated that of the other participant.
The time delay between the button presses and the feedback
sounds was between 2 and 3 s; it varied across the trials but was
the same for both participants. Each participant thus knew the
intertime interval between the button presses of the participants
in each pair and who of them was faster after each trial. The
time each button was pressed was recorded by the SP-PC. In the
control task, no feedback sound was given to the participants;
therefore, it was a simple time-production task as used in a pre-
vious NIRS study.65 Ten trials (with 15-s rest periods between
trials) for each task were performed.

The time resolution of the recorder for the button-press time
was within 10 ms. The order of the two task conditions (i.e., co-
operative and control) among the six pairs was counterbalanced
because an unbalanced order could influence the analytical re-
sults. Six experiments (Exps. 1–6), including cooperative and
control tasks, were conducted on six pairs of participants in
total.

To eliminate the effects of the brain function that were not the
focus of this study and to control the experimental conditions,
the two participants of each pair kept their eyes closed during
the entire experiment.

2.7 Data Analysis
The oxygenated (oxy-) and deoxygenated (deoxy-) hemoglobin
changes were calculated by using the absorbance change of
754- and 830-nm light according to the modified Beer–Lambert
law.34, 56 To reject any artifacts induced by the heartbeat or fast
body movements, the oxy- and deoxy-Hb changes were pro-
cessed with a 0.8-Hz low-pass filter and smoothed with a convo-
lution of a Gaussian function with a full width at half maximum
of 2 s. Subsequently, all the time-course data were separated
into 10-trial data by using a task-onset marker in the data. As
a result, each trial began 1 s before each auditory cue to start
the counting, and ended 15 s after the second (the latter of two)
button press (Fig. 4). To reduce systemic slow oscillations, the
trial data were baseline corrected by linear-function fitting us-
ing the data set obtained during the baseline periods shown in
Fig. 4. The baseline periods are the time periods from 1 s before

Fig. 5 Used, unused, and interpolated channels. In the figure “ch”
indicates channel. In total, 33 channels (including both the used and
interpolated channels) were analyzed.

the auditory cue (counting start) to the auditory cue and from 20 s
after the auditory cue to 15 s after the button-press time of the
participant who pressed his or her button later than his or her
counterpart.

The oxy-Hb changes of the control task (which were averaged
over 10 trials) were subtracted from those of the cooperative
task for each trial. Because the time period of each trial varies
from trial to trial, the time period of each control-task trial
was adjusted to that of each cooperative-task trial with task-
onset timing in line. Because the timings of the button presses
under the cooperative and control conditions commonly do not
match, the data recorded after button presses cannot be simply
compared in a time series. After the subtraction, the activation
value (AV) for each channel was therefore calculated by using
the data obtained during the rest and counting periods as

AV =
∣∣∣∣∣∣

μc − μr

s
√

1
/

nc + 1
/

nr

∣∣∣∣∣∣ , (1a)

where

s =
√

(nc − 1)Vc + (nr − 1)Vr

nc + nr − 2
. (1b)

Suffixes c and r represent the counting and rest periods, re-
spectively, and μ, n, and V represent mean, number of time
points, and variance, respectively. The AV was calculated from
the data obtained before the button presses; accordingly, it is
unaffected by motion artifacts. An AV map was generated by
using multichannel data. The relationship between the covari-
ances of the AV maps of the two brains of each participant pair
and the intertime interval between the button presses of the two
participants was thus investigated. To evaluate the similarity
of the activation patterns of the two participants, covariances
were used instead of correlation coefficients. In other words,
both the spatial patterns and the mean AVs were taken into ac-
count. The oxy- and deoxy-Hb changes of channels 1, 2, 3,
20, 21, and 22 were not used because the signal-to-noise ratios
(SNRs) of these channels for a few of the participants were rel-
atively low because of the skin condition or head shape of those
participants.

Figure 5 shows the “used” channels, “unused” channels, and
“interpolated” channels in the WOT system. Linear-interpolated
channels were generated by averaging oxy-Hb change of ad-
joining used channels. In other words, mean values of oxy-Hb
change at each time point were calculated by using adjoining
used channels for the interpolated channels. The number of
adjoining used channels was varied from two to four in accor-
dance with channel position (see Fig. 5). In total, 33 channels
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Fig. 6 Button-press time during a cooperative task.

(including both the used and interpolated channels) were there-
fore analyzed. The effect of using the interpolated channels is to
enhance the effective activated area of the prefrontal cortex and,
consequently, make the covariance between AV maps higher
even when the activated areas of two participants’ brains were
located at different (but nearby) channel positions.

AVs for the used and interpolated channels were calculated
by using the data set composed of the baseline and activation
periods shown in Fig. 4; that is, 1 s before the start of counting
was taken as the baseline period, and the time period from the
6-s point after the start of counting until the first button press was
taken as the activation period. The AVs of the two participants in
each trial are called AV1(i, c) (i = 1, 2, ..., 10; c = 1, 2, ..., 33) and
AV2(i, c) (i = 1, 2, ..., 10; c = 1, 2, ..., 33), where i indicates trial
number, and c indicates the analyzed channel number including
interpolated channels. Covariance r(i) (i = 1, 2, ..., 10) between
AV1 and AV2 in each trial was calculated from Eqs. (2), (3a),
and (3b), and r(i) of each pair was normalized to zero-average
and unit standard deviation among trials,

r (i) =
33∑

c=1

φ1(i, c)φ2(i, c), (2)

φ1(i, c) = AV1(i, c) − 1

33

33∑
c=1

AV1(i, c), (3a)

φ2(i, c) = AV2(i, c) − 1

33

33∑
c=1

AV2(i, c). (3b)

A high covariance of the AV maps [r(i) > 0] means that the
activated areas of the two brains are located at similar positions.
On the other hand, a low covariance [r(i) < 0] means that the
activated areas of the two brains have different patterns. The
intertime intervals between the two button presses of each pair
were also normalized to zero-average and unit standard devia-
tion because the baselines of both the covariances and intertime
intervals depend on each participant pair.

The ten-trial data of all the pairs were divided into two groups:
one included the trials in which the normalized covariances
of the AV maps were positive (referred to hereafter as “high-
covariance trials”), and the other included those in which the
normalized covariances were negative (referred to hereafter as
“low-covariance trials”). To investigate the relationship between
the normalized covariance of the brain activations of two partic-
ipants and the normalized intertime intervals between the two
button presses of each pair, a Wilcoxon rank-sum tests using the
intertime intervals of the two groups (i.e., the high- and low-
covariance trials) was conducted. We confirmed in advance that
at least one of the two groups did not have a normal distribution
using both coefficient of skewness and coefficient of kurtosis.
The covariances and intertime intervals for the first trial in the
cooperative task were not used because it was assumed that nei-
ther participant would be able to anticipate the button-press time
of the other in the first trial; that is, the participants would not
be able to cooperate with one another before getting feedback.
Data processing and statistical analyses of the NIRS signals
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Fig. 7 Mean intertime intervals between button presses among all the
pairs for each trial.

were performed using Matlab Version 7.4 (The MathWorks, Inc.,
Natick, MA).

3 Results
3.1 Behavioral Results
Figure 6 plots the behavioral results, namely, button-press time,
for each trial in the cooperative task performed in Exps. 1–6.
The horizontal axis represents trial number, and the vertical
axis represents button-press time. In the eighth trial of Exp. 4,
a behavioral error occurs in the results for participant 8, who
said after the experiment that she missed pressing the button in
the instructed way by mistake. The result for the eighth trial of
Exp. 4 was therefore not used in the following analysis. Figure 7
plots the mean intertime intervals between button presses among
all the pairs for each trial. The error bars represents standard
deviations. The intertime interval of the first trial is the longest
of all the trials and greatly decreases at the second trial. From
the second to tenth trials, the mean intertime intervals do not
greatly change.

Table 2 lists the means and standard deviations of the button-
press times of all the participants participating in the control
task. In the control task, because there was no explicit interaction
between any of the paired participants and no feedback in each
trial, it was expected that the participants would behave in the
same way in all trials. Only the means and standard deviations
of the button-press times were therefore calculated.

In Exps. 1, 3, and 6, the cooperative task was performed
first, after which the control task was performed. In contrast,
in Exps. 2, 4, and 5, the order of the tasks was opposite. The

Table 2 Mean and standard deviation (SD) of button-press time during
a control task.

Exps. Participants Mean ± SD(s) Participants Mean ± SD(s)

1 1 8.6 ± 0.4 2 11.8 ± 0.9

2 3 12.6 ± 2.5 4 12.9 ± 3.1

3 5 15.6 ± 0.7 6 16.5 ± 1.9

4 7 11.1 ± 0.4 8 10.1 ± 1.2

5 9 10.2 ± 0.6 10 12.1 ± 1.3

6 11 10.5 ± 0.3 12 9.7 ± 0.3

intertime intervals between the button presses of each pair per-
forming the control task under both task-order conditions were
not significantly different (Student’s t-test, p > 0.2). It is thus
considered that the behavioral results for the control task were
not influenced by the order of the two tasks.

3.2 NIRS Data
Figure 8 shows the trial-averaged oxy-Hb time-course data for
participant 1 (Exp. 1), measured with a WOT system, as rep-
resentative data. The horizontal axis represents time, and the
vertical axis represents oxy-Hb change (�CL). The start time
of counting is t = 1 s. The trial-averaged oxy-Hb change ob-
tained in the control task was subtracted from the data obtained
at each time point for oxy-Hb in the cooperative task. The
cooperative-minus-control data was thus obtained. The trial-
averaged control-task data were calculated by using data from
all the trials because there was no feedback sound in the control
task. The cooperative-minus-control data of trials 2–10 were
averaged to provide the data plotted in Fig. 8.

According to Fig. 8, during the counting period, oxy-Hb
change in the middle and right-side prefrontal area increases,
whereas that at both ends of the prefrontal area decreases. The
spatial patterns of the changes in oxy-Hb change vary accord-
ing to the participant. In the case of many of the participants,
however, it is very common for the middle frontal area to be
activated. Figure 9 shows a gray-scale map of AVs (at each ana-
lyzed channel) averaged from data of all the participants in trials
2–10. In Fig. 9, the color density of each element in the map
represents the AV in the gray-scale bar. It is clear that the AVs
in the middle frontal area are higher on average.

3.3 Relationship between Covariance of Two
AV Maps and Intertime Intervals between
Button Presses

The trials, except for the first trials, were divided into two groups:
one including the trials in which the normalized covariance of the
AV maps had a positive value (high-covariance trials), and one
including those with a negative value (low-covariance trials). To
compare the performance of the two groups, a Wilcoxon rank-
sum test using the inter-time intervals of the two groups was
conducted.

Figure 10 plots the mean and standard error of the inter-time
intervals of the low- and high-covariance groups; the numbers
of data of those groups are 21 and 32, respectively. The er-
ror bars represent the standard errors of normalized intertime
interval data. It was found that the intertime intervals of the
high-covariance trials are significantly shorter than those of the
low-covariance trials (p < 0.01). When only the control-task data
were used for calculating covariances, no relationship between
normalized covariances and intertime intervals was obtained
(Wilcoxon rank-sum test, p > 0.4). The number of combina-
tions for selecting two people out of the 12 participants is 12C2

= 66 patterns in total. The number of combinations of paired
participants in this study is six patterns; thus, the number of
combinations of unpaired participants is 60 patterns in total.
To confirm the pair specificity, the spatiotemporal covariances
of the 60 unpaired participants were analyzed in the same way.
This analysis found that there was not a significant difference be-
tween the intertime intervals of the higher- and lower-covariance
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Fig. 8 Trial-averaged oxy-Hb time-course data for participant 1 (Exp. 1) measured with a WOT system. The data of all channels (including both the
used and interpolated channels) are shown. The horizontal axis represents time, and the vertical axis represents the oxy-Hb change. The start time
of counting is t = 1 s.

groups (Wilcoxon rank-sum test, p > 0.6). These results show
that when the spatiotemporal brain-activity patterns of the two
participants were more synchronous, the time interval between
their button-press times became shorter.

4 Discussion
4.1 Adjusted Button-Press Time in Cooperative Task
According to the behavioral results (Fig. 6), during the coop-
erative task, each participant seems to have adjusted his or her
button-press time in each trial. In the ninth trial of Exp. 1, the
fourth and ninth trials of Exp. 2, fifth and tenth trials of Exp. 3,
seventh trial of Exp. 4, and eighth trial of Exp. 6, however, the
intertime interval increased, possibly because of overadjusting.
The effect of overadjusting is that the order of the button presses
of the participants is inverted and the intertime interval becomes
larger than the last one. The overadjusting trials are in the sec-
ond half of the ten trials, except for the fourth trial of Exp. 2.
That trend might reflect a break in concentration or the limited
stability of the 10-s time-production task.

4.2 Relationship between Brain-Activation Patterns
and Task Performance

The relationship between the synchronized pattern of the ac-
tivated area during the counting period and cooperative-task

Fig. 9 Gray-scale map of activation values at each analyzed channel.
Activation values are averaged from data of 12 participants in trials
2–10.

performance was investigated. To investigate the brain activities
under a cooperative condition, the data obtained during counting
period before button presses was used. It was found that when
the spatial brain-activity patterns during the counting period
of the two participants were more synchronous, the intertime
interval between their button-press times became shorter. This
result cannot be contaminated by a motion artifact because the
data recorded after button presses was not used in the analysis.
The possible reasons to explain this result are presented in the
following.

It has been reported that when a human performs a branching
task, which involves the process of integrating working mem-
ory with attention-resource allocation, the frontopolar prefrontal
cortex is activated.66 The cooperative task used in this study pos-
sibly requires two simultaneous mental processes: time counting
and thinking about the timing of the button press in order to ad-
just it to that of the other person. It is therefore possible that the

Fig. 10 Mean and standard error of intertime intervals for low- and
high-covariance groups. Black squares represent the mean value, and
error bars represent the standard errors of the normalized inter-time
intervals.
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frontopolar prefrontal cortices of the two participants’ brains
during this cooperative task might be synchronously activated
because they perform a kind of branching task at the same time.

The difference between the cooperative task and control task
consisted of whether or not feedback was provided to the par-
ticipants. It is possible that providing the participants with feed-
back made them think about each other. During the cooperative
task, each participant might consider the adjusting precision
and feedback gain (slight or drastic adjustment, which may be
dependent on individuals) of another participant in order to pre-
vent overadjusting. Even if these processes might not be actual
cooperation or communication, they are important in inferring
thinking or future activities of others. It has been reported that
when people “mentalize,” namely, think about other people’s
intentions, the mPFC region is activated.15, 67–69 If adjusting the
timing to other people during the cooperative task can be con-
sidered a kind of mentalizing process, then the AV map shown
in Fig. 9 might reflect the activation of the superficial mPFC
region.

4.3 Effects of Motor Planning and Intrinsic
Fluctuation

It has been reported that the lateral prefrontal cortex plays a
key role in preparing or planning an intended movement or
action.70–72 The cooperative and control tasks used in this study
include a common motor-planning process, that is, planning to
press a button at certain time. The effect of the motor-planning
function in regard to the difference between the spatiotemporal
activity patterns during the cooperative and control tasks was
therefore considered negligible.

Another possibility accounting for the high cooperative-task
performances (i.e., short intertime intervals) with high covari-
ances between the two participants’ brains might be the influence
of intrinsic fluctuations within cortical systems.73 However, be-
cause the covariances of the AV maps obtained in the cooperative
and control tasks are significantly different in terms of the rela-
tionship with the task performance, it is reasonable to assume
that the results reflect the influence of the cooperative behavior
of the two participants.

4.4 Limitations
In each experiment, neither the degree of interhuman relations
between any two participants nor their personality characteris-
tics regarding adaptability or cooperativeness was controlled.
Moreover, all of the participants recruited in this study al-
ready knew each other. The cooperative-task performance might
change in accordance with factors that are affected by interhu-
man relationships, such as whether the participants know each
other and the personalities of the participants. These factors
should be investigated further.

In addition, the following four limitations exist, in principle,
when the oxy- and deoxy-Hb signals obtained from a partici-
pant are compared to those from another participant. The first
one is the difference in the structure (thickness of scalp, skull,
and gray/white matter) of the head,74 which causes a difference
in penetration depth and path length of the near-infrared light.75

If the structural details of the head were measured by x-ray com-
puted tomography or MRI scanner, the Hb-change signal could

be more precisely quantified by using the simulated optical path
length.76 The second limitation is the variation of probe posi-
tions. Figure 2 shows that the probe positions for each participant
vary slightly. To reduce the effects of difference in the activated
positions when the AV maps of two participants are compared,
interpolated channels (in addition to the measurement channels)
were used. It was thus possible to robustly calculate the covari-
ance of the AV maps and analyze the relation between the two
brains of a participant pair. The standard deviations of the mea-
surement positions on the participants who participated in this
study are within 10 mm, which is regarded as being sufficiently
small for an OT study using a 30-mm source-detector distance.
If the optodes were placed on the scalp on the basis of the proba-
bilistic registration59 using three-dimensional position data, the
accuracy of interparticipant comparison would be better. The
third limitation is a diverse brain-activation response induced
by a participant-dependent hemodynamic response. An analyt-
ical method that takes account of the phase difference between
NIRS signals by using a Hilbert transform77 could improve the
results presented here.

5 Conclusion
To investigate the relationship between mutually interactive
brain-activation signals and cooperative-task performance, six
pairs of participants took part in trials in which each pair of
participants were instructed to count 10 s in their mind after
hearing an auditory cue and then simultaneously press a button.
The obtained brain-activity data of two participants were ana-
lyzed by calculating the covariance of AV maps. It was found
that the synchronized activation patterns of the brains of the
two participants of each pair during counting before the button
presses is associated with the intertime interval between the two
button presses of each pair when the participants tried to ad-
just their button-press timings to each other. This result cannot
be explained in terms of a motion artifact; instead, it suggests
that there is a relationship between synchronization of the brain
activities and cooperative-task performance.

It is concluded that the spatiotemporal coherence of the NIRS
signals between the paired participants is associated with their
performance of a cooperative activity. The effect of interhuman
relationships and personality on the NIRS signals should be fur-
ther investigated. It was demonstrated that NIRS hyperscanning
can be used to evaluate human interaction. Human-brain func-
tions related to social skills should thus be progressively studied
by taking an approach using coinstantaneous spatiotemporal ac-
tivation patterns of two or more participants. A WOT system,
which measures multiple brains in a shared space in natural
manners, will contribute to a new research field of interbrain
interaction in everyday life.
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