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Two-person neuroscience
The present study aimed to step into two-person neuroscience by investigating the hemodynamic correlates
of between-brain connectivity involved in imitation and its dependency on pacing stimuli. To test this
approach, we used wireless functional near-infrared spectroscopy (fNIRS) to record simultaneously during
imitation performance of a paced finger-tapping task (PFT) in two subjects over premotor cortices (PMC).
During the imitation (IM) condition, a model and an imitator were recorded while tapping in synchrony
with auditory stimuli separated by a constant interval (stimulus-paced mode, St-P), followed by tapping
without the pacing stimulus (self-paced mode, Se-P). During the control (CO) condition, each subject (single
1 and 2) performed the PFT task with the same pacing mode pattern, but alone without reference to each
other.
Using wavelet transform coherence (WTC) analysis evaluating functional connectivity between brains, we
found (1) that IM revealed a larger coherence increase between the model and the imitator as compared
to the CO condition. (2) Within the IM condition, a larger coherence increase was found during Se-P as com-
pared to St-P mode. Using Granger-causality (G-causality) analysis evaluating effective connectivity between
brains, we found (3) that IM revealed larger G-causality as compared to the CO condition and (4) that within
the IM condition, the signal of the model G-caused that of the imitator to a greater extent as compared to vice
versa.
Our findings designate fNIRS as suitable tool for monitoring between-brain connectivity during dynamic in-
teractions between two subjects and that those measurements might thereby provide insight into activation
patterns not detectable using typical single-person experiments. Overall, the results of the present study
demonstrate the potential of simultaneously assessing brain hemodynamics in interacting subjects in several
research areas where social interactions are involved.

© 2012 Elsevier Inc. All rights reserved.
Introduction

Human imitation refers to the ability to imitate other's sequences
of movements or behaviors after one or just a few viewings. Imitation
has been shown to play a crucial role such as in infant development
(Ray and Heyes, 2011), social cognition (Iacoboni, 2009) and neuro-
rehabilitation (Garrison et al., 2010). According to the so-called simu-
lation hypothesis (Jeannerod, 1994; Rizzolatti et al., 2001), imitation
activates a cortical network located in primary motor cortex (M1)
and secondary motor areas, such as premotor cortex (PMC), supple-
mentary motor area (SMA) and parietal cortices (Fadiga et al.,
1995) which is thought to overlap with those areas responsible for
motor execution of the same action (Decety, 1996; Lotze et al., 1999).
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The majority of previous neuroimaging studies investigating imi-
tation focused on the role of the imitator, partially due to practical
limitations to use neuroscientific methods simultaneously in two
interacting subjects (Arbib et al., 2000; Iacoboni, 2006; Molenberghs
et al., 2009). However, recording both roles, i.e. the model and the im-
itator, in an attempt to elucidate the between-individual neural
mechanisms of human imitating interaction remains an open chal-
lenge and an objective of moving toward two-person neuroscience
(Dumas et al., 2010; Hari and Kujala, 2009). To conduct brain imaging
in imitation interactions, a neuroimaging method is required that al-
lows for simultaneous investigation of two brains, i.e. the model and
the imitator.

To realize this newapproach,we used functional near-infrared spec-
troscopy (fNIRS), an optical brain imagingmethod that has been shown
in a previous study to represent a suitable experimental vehicle to in-
vestigate two interacting brains. Cui et al. recorded simultaneously in
two people while playing a computer-based cooperation game side by
side. The authors found that the inter-brain activity coherence between
signals generated by participants' right superior frontal cortices in-
creased during cooperation, but not during competition. Increased
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coherence was also associated with better cooperation performance
(Cui et al., 2012).

In the present study a novel miniaturized wireless fNIRS instru-
ment was used (Muehlemann et al., 2008). In contrast to traditional
neuroimaging methods, such as functional magnetic resonance imag-
ing (fMRI) and positron emission tomography (PET), our fNIRS tech-
nology offers a wireless and portable instrument that do not require a
user's body or head to be restrained, and can therefore be used as a
brain monitoring tool in everyday settings. Hence, we hypothesized
that our wireless fNIRS device could overcome some of the limitations
inherent to traditional neuroimaging methods and considered it a
suitable tool for a new approach investigating both the model's and
the imitator's brain.

In summary, the aim of the study was to (1) record between-brain
hemodynamics during imitation of finger-tappingmovements simulta-
neously in a model and an imitator using fNIRS. (2) We further aimed
to evaluate whether the pacing mode during imitation, i.e. stimulus-
paced versus self-paced, has an effect on between-brain hemodynam-
ics. (3) To analyze the data obtained in terms of between-brain connec-
tivity we aimed to apply two different approaches, i.e. WTC parsing
functional connectivity and G-causality parsing causal connectivity.

Methods

Subjects

16 subjects were assigned as eight experimental pairs each consisting
of a model and an imitator. All subjects (models: four females, mean age
(±STD) 27.13±4.22; imitators: 3 females, mean age 28.25±4.23) were
right-handed (models: mean laterality quotient (LQ±STD)=80.88±
20.75; imitators: mean LQ=76.50±11.20) according to the Edinburgh
Handedness Inventory (Oldfield, 1971). There were no significant differ-
ences between models and imitators in terms of sex, age or handedness.
Exclusion criteria were any history of visual, neurological or psychi-
atric disorder or any current medication; all subjects had normal or
corrected-to-normal vision. All subjects gavewritten informed consent.
The study was approved by the ethic committee of the Canton Zurich
and in accordance with the latest version of the Helsinki declaration.

Experimental protocol

In each session, the set-up consisted of a pair of subjects sitting in
front of each other on a table. The experimental protocol consisted of
two conditions:
Fig. 1. Illustration of the experimental structure. (A) Setup consisted of a pair of subjects sitt
(CO) condition. Behavioral data of both the model and imitator were recorded using two
IM and CO, consisted of 55 s trials each comprising three successive phases: a rest phase (1
Imitation condition (IM)
One subject represented the role of the model and the other the

role of the imitator. The model was asked to perform a paced
finger-tapping task (PFT) by repeatedly pressing a button on a key-
board using the fingers of the right hand. The model was instructed
to voluntarily vary the order of the finger used (index, middle, ring,
pinky and thumb). The imitator was asked to imitate the finger-
tapping on another keyboard with the fingers of the right hand as
fast and precisely as possible. Behavioral data of both the model and
imitator were recorded using two wireless numerical keyboards
(Logitech® Cordless Number Pad) which allow tapping monitoring
using all five fingers (Fig. 1, A). To additionally evaluate a potential ef-
fect of the pacing mode, the condition was performed in three succes-
sive phases as previously described by Jäncke et al. (2000) resulting in
trials of each 55 s (Fig. 1, B): (i) a rest phase (15 s), followed by two
different pacing modes, (ii) a stimulus-paced mode (St-P) (20 s) dur-
ing which subjects were required to model/imitate the movements in
synchrony with a series of tones separated by a constant interval of
3000 ms (0.3 Hz), which was immediately followed by (iii) a self-
paced mode (Se-P) (20 s) during which subjects were instructed to
maintain the same model/imitation rate as in the St-P mode (3000-
ms pacing interval) but without benefit of the pacing tone. Stimuli
were presented using the software Presentation® (Neurobehavioral
systems, Albany, USA).

Control condition (CO)
The subject previously representing the model was assigned as

single 1 and the previous imitator assigned as single 2. Both subjects
were asked to perform the very same PFT task as described for the IM
condition including the different pacing modes, but without vision to
each other. Subjects were asked to keep their gaze focused on the
own hand.

In total, ten trials of each condition were presented resulting in 20
trials per pair, with a length of 550 s (9.16 min) per condition and a
total experimental duration of approximately 20 min. During the
rest phases subjects were instructed to remain as motionless as pos-
sible. Between conditions, subjects were allowed to take short breaks.
The order of the condition was pseudo-randomized between subject
pairs.

Post-experiment control conditions (post-CO-1 and -2)
Two additional control measurements were conducted after com-

pletion of the experiment. These measurements aimed to control for
the influence of the order of the finger-tapping sequence (post-CO-1)
ing in front of each other on a table performing either the imitation (IM) or the control
wireless numerical keyboards (Logitech® Cordless Number Pad). (B) Both conditions,
5 s), a stimulus-paced mode (St-P) (20 s) and a self-paced mode (Se-P) (20 s).
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and the time lag between the two subjects' tapping performance (post-
CO-1). In both controls, pairs of subjects (5 pairs, i.e. N=10, taken from
the subject pool included in the original experiment) were asked to tap
a predefined finger sequence on the keyboard, i.e. thumb, middle,
pinky, index and ring finger. Hence, in contrast to the CO condition,
the order of the fingers moved was exactly the same for both subjects.
Subjects could not see each other's hand movements. Otherwise the
procedure was the same as in the CO condition. In post-CO-1, subjects
were asked to tap the sequence simultaneously in response to the audi-
tory stimulus (St-P) followed by self-paced continuation with the very
same frequency without the stimulus (Se-P). In post-CO-2, subjects
were asked to tap the sequence in a time lagged manner, for which
we introduced a second auditory stimulus; one subject tapped in re-
sponse to a first auditory stimulus, while the other tapped to a second
stimulus (between stimulus interval was 1 s) (St-P); followed by self-
paced continuation in the very same frequency without the stimulus
(Se-P).
NIRS instrumentation

Both, the model and the imitator were recorded using a wireless
fNIRS sensor (Muehlemann et al., 2008) (Fig. 2). The sensor com-
ponents are mounted onto a four-layer rigid-flexible printed circuit
board (PCB) which, in combination with a highly flexible casing
made of medical grade silicone, enables the sensor to be aligned to
curved body surfaces such as the head. The size of the device is
92×40×22 mm and it weighs 40 g. The optical system comprises
four light sources at two different wavelengths (760 nm and
870 nm) and four light detectors (PIN silicon photodiodes). The
power is provided by a rechargeable battery, which allows continu-
ous data acquisition for 180 min at full light emission power. The
light intensity is sampled at 100 Hz and the resulting data are trans-
mitted wirelessly to a host computer by Bluetooth within an operat-
ing range of about 5 m.

For fNIRS recording, two sensors were placed over the model's and
imitator's left hemispheres, covering F3 according to the international
10–20 system (Jaspers, 1958). With each compact sensor measuring
an area of 37.5 mm length and 25 mm width, we assumed to cover
areas of contralateral PMC. Hair under the sensors were carefully
brushed away to ensure good skin contact; the sensors were fixed on
a subject's head using self-adhesive bandages which allow for a homo-
geneous contact pressure over the whole sensor surface (Derma Plast
CoFix 40 mm).
Fig. 2.Wireless fNIRS sensor. Schematic top-view shows four channels (Ch 1, Ch 2, Ch 3
and Ch 4) consisting of four light sources (L1, L2, L3, and L4) and four detectors (D1, D2,
D3, and D4) on the sensor. The center of the sensor was positioned covering position F3
according to the 10–20 system (Jaspers, 1958). Four channels were considered for
analysis. D1-L1 was positioned in cranial direction, D4-L4 in caudal direction.
Data analysis

fNIRS data processing

A program was written in MATLAB® (Version 2008a) to pre-
process the raw light intensity values. By applying the modified
Beer–Lambert law (MBLL), from the measured absorption changes
of NIR light after its transmission through tissue the concentration
over time for oxy-hemoglobin (O2Hb) and deoxy-hemoglobin
(HHb) ([O2Hb], [HHb]) was computed, which represent the dominant
light absorber for living tissue in the NIR spectral band (Delpy et al.,
1988). First, the NIRS signals were sampled at 100 Hz for all combina-
tions of light-sources, wavelengths and detectors. The ambient light
intensities from the fNIRS measurement values were subtracted be-
fore low-pass filtering (7th order Chebyshew with 20 dB attenuation
at 5 Hz) and the signals were then decimated to a sampling rate of
10 Hz. Then, the MBLL was used to compute the changes of [O2Hb]
and [HHb] applying differential path length factors (DPF) of 6.75 for
the 760 nm and 6.50 for the 870 nm light sources (Zhao et al.,
2002). The linear signal drift was then subtracted from the resulting
[O2Hb] and [HHb] signals. Source-detector combinations (channels)
that showed severe artifacts or had a very low signal-to-noise ratio
were excluded from analysis for each individual subject.

Since head and body movement can cause movement artifacts
(MAs) in the [O2Hb] and [HHb] signals, the method presented in
Scholkmann et al. (2010) was used to reduce MAs from these signals
prior to analysis. Basically two types of MAs were present in the
processed data: short spike-like artifacts and baseline shifts. The
MA-reduction method, which was successfully used in previous stud-
ies (Holper et al., 2010; Wolf et al., 2011), comprises an algorithm
that is based on the calculation of the moving standard deviation
(to semi-automatically detect MAs), the application of a spline inter-
polation to the MA-affected parts of the time series and subtraction of
the spline interpolation function from the raw data (to reduce the
MAs) and the reassembling of all not MA-affected parts with the
MA-affected parts (to reconstruct the whole time series). The MAs re-
moval was applied to the data from three subjects. At each data set
the amount of MAs was approximately 3% or less.

After pre-processing, for final analysis using MATLAB® (Version
2008a) and (SPSS, Version 17.0), the total hemoglobin concentration
[tHb] derived as the sum of the averaged [O2Hb] and [HHb] time series
per trial and pair was calculated. [tHb] was chosen as prime parameter
as it has been suggested that [tHb] is far less sensitive to vein contami-
nation and therefore may provide better spatial specificity and might be
used instead of [O2Hb] or [HHb] to map cerebral activity with NIRS
(Gagnon et al., 2012). In addition, changes in [tHb] represent changes in
blood volume and are correlated with changes in blood flow (Grubb et
al., 1974).

Behavioral data

For each condition (IM and CO) and each pacing mode (St-P and
Se-P), the mean inter-response duration for each subject, i.e. the aver-
age difference between response times within each subject, and the
mean inter-subject response difference for each subject pair, i.e. the
average difference between response times between the two subjects,
were calculated. Statistical significance was assessed using paired sam-
ples t-test (confidence interval 95%, p≤0.05).

Functional connectivity (wavelet transform coherence (WTC))

To evaluate functional connectivity between the two brains' time
series wavelet coherence was computed as previously described by
Grinsted et al. (2004). Wavelet coherence, also known as wavelet trans-
form coherence (WTC) is a method of measuring the cross-correlation
between two time series as a function of frequency and time (Torrence

image of Fig.�2
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and Compo, 1998). As such it can detect significant coherence be-
tween two time series of two subjects even though the common
power might be low. For more thorough explanations of continuous
wavelet transform (CWT) and WTC as well as illustrative examples,
please see Chang andGlover (2010) andGrinsted et al. (2004).We used
the wavelet coherence MATLAB® package presented in Grinsted et al.
(2004) which is provided on the authors' website (http://www.pol.ac.
uk/home/research/waveletcoherence/).

Subsequent analysis was performed similar as previously de-
scribed by Cui et al. (2012): for each channel from each pair in both
conditions (IM and CO) two time series were taken, e.g. [tHb] in chan-
nel 1 from one subject, and [tHb] in channel 1 from the other subject.
WTC analysis on these two time series generated a color-coded 2-D
coherence map (Fig. 3). Two frequency bands were then identified,
first, where the finger-tapping occurred between period 2 s and 4 s
(corresponding to frequency 0.5 Hz and 0.25 Hz, respectively), and
second, where the heart rate was found between period 0.4 s and
1 s (corresponding to frequency 2.5 Hz and 1 Hz, respectively). The
average coherence value in these bands during the two pacing phases
and during the rest period was then calculated. ‘Coherence increase’
was defined as the average coherence value in the two pacing phases,
minus the average coherence value in the rest phase. Statistical signif-
icance was assessed using repeated measures ANOVA with the fixed
factors ‘condition’ (IM vs CO), ‘channel’ (1 vs 2 vs 3 vs 4) and ‘pacing
mode’ (St-P vs Se-P). Bonferroni correction was applied and the
alpha-level was set to p≤0.05.

Effective connectivity (Granger-causality)

To evaluate effective (causal) connectivity between the two he-
modynamic time series, Granger causality (G-causality) in the time
domain was calculated (Granger, 1969). As previously introduced
by Schippers et al. (2010) between-brain Granger-causality mapping
(bbGCM) was performed as described in Roebroeck et al. (2005) but
applied to data from different brains. Given the two time series auto-
regressive models are estimated that quantify G-causality. For exam-
ple, from a seed in one of the two signals, e.g. a channel in the model,
to a target in the other of the two signals, e.g. all of the imitator's
channels, F-values are calculated that specify G-causal influence; in
addition, this calculation is done in the reverse direction, that is,
from all model's channels (target) to the channel in the imitator
(seed). These two directions of G-causality are then subtracted from
each other to generate differential G-causality maps, such that posi-
tive values indicate more G-causality from the model to the imitator
than from the imitator to the model.

Using a custom made MATLAB® script introduced by Chandler
(2010), a separate analysis was calculated using the [tHb] time series
per pair for each pacingmode using different time lags of the estimated
autoregressive models from 0.1 s, 1 s, 2 s to 3 s. These differential
G-causality analyses were then taken, separately for each direction
(negative values were multiplied with −1), and thresholded at
p≤0.001 to analyze only channels with significant G-causality in each
direction. Themagnitude of a G-causality interaction was then estimat-
ed by the natural logarithm of the corresponding F-statistic (ln(diff F))
(Geweke, 1982). Statistical significance was assessed using repeated
measures ANOVA with the fixed factors ‘condition’ (IM vs CO), ‘role’
(IM: model vs imitator, CO: single 1 vs single 2), ‘pacing mode’ (Rest
vs St-P vs Se-P) and ‘lag’ (0.1 vs 1 vs 2 vs 3). Bonferroni correction
was applied and the alpha-level was set to p≤0.05.
Fig. 3. Between-brainwavelet transform coherence (WTC). (A) Shown are theWTC the [tHb] time
and the imitator andduring (A, Bottom) the control (CO) conditionbetween single 1 and single 2. T
rate frequency band ranging from2.5 Hz to 1 Hz corresponds to period from0.4 s to 1 s. The vertica
in the areas of high coherence are pointing left anddown indicating that the signal of themodel is le
the left = anti-phase, down=X leading Y by 90°, up= Y leading X by 90°) (Grinsted et al., 2004
during the IMconditionof themodel (B, top) and the imitator (B, Bottom)and theCOconditionof s
that represent a statistical significant wavelet coherence estimated using a Monte Carlo method;
Results

Functional connectivity (wavelet transform coherence (WTC))

Fig. 3 illustrates an exemplary pair of two subjects over all chan-
nels 1–4. In Fig. 3 (A, Top), which is representing the IM condition,
two frequency bands with high coherence (indicated in red colors)
were found: first, high coherence values were found in the frequency
band from 0.5 Hz to 0.25 Hz (corresponding to period between 2 s
and 4 s). This frequency band includes the period of the finger-
tapping (0.3 Hz corresponding to period ~3 s) indicating that this co-
herence increase is task-related. Second, high coherence values were
also found in the frequency band from 2.5 Hz to 1 Hz (corresponding
to period between 0.4 s to 1 s) which is attributable to the subjects'
heartbeat. In both frequency bands, the increase of coherence occurs
in all channels 1–4 covering the contralateral PMC in this pair of sub-
jects. In contrast, in Fig. 3 (A, Bottom) representing the CO condition,
no such high coherence values are found in any of these frequency
bands.

In addition, Figs. 3 (B and C) illustrate the continuous wavelet trans-
form (CWT) of the time series from the same subject pair during the IM
condition of themodel (B, top) and the imitator (B, Bottom) and during
the CO condition of single 1 (C, Top) and single 2 (C, Bottom). These two
figures show that there are changes of power in both frequency bands.
However, no significant changes in power were found between the rest
period and the two pacingmodes in the finger-tapping frequency band.
Hence, the power changes in the finger-tapping frequency band are not
obviously related to the coherence increase observed between the two
time series as shown above in Fig. 3 (A, Top and Bottom).

Quantification of the coherence increases over all eight pairs of sub-
jects using repeated measures ANOVA of the finger-tapping frequency
band (Table 1, Left, Fig. 4, A) revealed amain effect of thefixed factor ‘con-
dition’ (IM vs CO) indicating a significantly larger coherence increase dur-
ing the IM condition as compared to the CO condition. The IM condition
further showed a main effect of the factor ‘pacing mode’ (St-P vs Se-P)
indicating a significantly larger coherence increase during the Se-P
mode compared to the St-Pmode. Both conditions also showed amain ef-
fect of the factor ‘channel’ (1 vs 2 vs 3 vs 4)whereas only the CO condition
had significant post-hoc comparisons with largest coherence values in
channel 3. In contrast, the same analysis of the heart rate frequency
band (Table 1, Right) revealed only a main effect of the factor ‘condition’
(IM vs CO) indicating again a significantly larger coherence increase dur-
ing the IM condition as compared to CO condition, while no difference
was found between pacing modes or channels.

The same analysis, repeated measures ANOVA of the finger-tapping
frequency band for the two additional control measures, post-CO-1 and
-2, revealed similar results as observed for the CO condition. For both
post-controls, we found significantmain effects of thefixed factor ‘condi-
tion’ (IM vs post-CO-1/-2) indicating a significantly larger coherence in-
crease during the IM condition as compared to the two control measures
(post-CO-1: p≤0.001, F1=62.641; post-CO-2: p≤0.001, F1=55.104).
as with the CO condition, no relevant differences were found between
pacing modes or channels in neither post-CO-1 and ‐2; merely, post-
CO-2 showed a main effect on ‘channel’ (1 vs 2 vs 3 vs 4) with again
only significant post-hoc comparisons for largest coherence values in
channel 3 (post-CO-2: p≤0.001, F1=14.978).

Last, following the analysis done by Cui et al. (2012), we evaluated
whether the coherence increase in the IM conditionmight be explained
by the closeness of button responses of the two subjects. To do this, we
series of an exemplary pair during (A, Top) the imitation (IM) condition between themodel
he task frequencyband0.5 Hz to0.25 Hz corresponds to periodbetween2 s and4 s. Theheart
l lines indicate the onset and offset timing of the rest and the pacing phases. Thephase arrows
ading that of imitator (interpretationof thephase arrows: pointing to the right= in-phase, to
). (B and C) Continuous wavelet transform (CWT) of the time series of the same subject pair
ingle 1 (C, Top) and single 2 (C, Bottom). Theblack outlinedareas in theplots refer to the areas
for details about the method see Grinsted et al. (2004).

http://www.pol.ac.uk/home/research/waveletcoherence/
http://www.pol.ac.uk/home/research/waveletcoherence/
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compared the mean inter-response duration for each subject and the
mean inter-subject response difference for each subject pair for each
condition (IM and CO) and each pacing mode (St-P and Se-P) using
paired samples t-test. (1) In the IM condition, these behavioral results
showed no significant difference between inter-response durations
and inter-subject response difference neither between conditions nor

image of Fig.�3


Table 1
Repeated measures ANOVA: Wavelet transform coherence (WTC). ANOVA of the WTC
coherence increase of the [tHb] time series using the fixed factors ‘condition’ (IM vs
CO), ‘channel’ (1 vs 2 vs 3 vs 4) and ‘pacing mode’ (St-P vs Se-P) over (Left) the finger-
tapping frequency (IM and CO) defined from 0.5 Hz to 0.25 Hz (corresponding to period
from 2 s to 4 s) and over (Bottom) the heart rate frequency ranging from 2.5 Hz to 1 Hz
(corresponding to period from 0.4 s to 1 s). Bonferroni correction was applied and the
alpha-level was set to p≤0.05; significant values are highlighted with (*).

Repeated measures ANOVA: wavelet transform coherence (WTC)

Finger-tapping frequency Heart rate frequency

Main effects Main effects

IM CO IM CO

F(df), p-value F(df), p-value F(df), p-value F(df), p-value

Condition
(IM vs CO)

F1=671.267 F1=158.796
p≤0.001* p≤0.001*

Channel (1 vs 2
vs 3 vs 4)

F3=37.210 F3=217.268 F3=1.143 F3=1.381
p≤0.001* p≤0.001* p=0.355 p=0.276

Pacing mode
(St-P vs Se-P)

F1=130.126 F1=1.403 F1=0.823 F1=0.153
p≤0.001* p=0.061 p=0.395 p=0.708

Post-hoc comparisons Post-hoc comparisons

IM CO IM CO
p-value p-value p-value p-value

Channel
1 vs 2 p=1.000 p=1.000 p=0.175 p=0.119
1 vs 3 p=0.067 p=0.023* p=1.000 p=1.000
1 vs 4 p=0.055 p=0.076 p=1.000 p=1.000
2 vs 3 p=0.174 p=0.016* p=1.000 p=0.939
2 vs 4 p=1.000 p=0.213 p=1.000 p=1.000
3 vs 4 p=0.073 p=0.030* p=1.000 p=1.000

Pacing mode
St-P vs Se-P p≤0.001* p=0.061 p=0.395 p=0.708
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between pacing modes (Figs. 4, B and C). This finding indicates that the
temporal proximity of the subjects' responses cannot account for the
larger coherence increase observed during the IM condition. (2) Only
in the CO conditionwe found a significant inter-subject response differ-
ence (t7=−8.891, p≤0.001) indicating that response times differed to
a greater extent between subjects during Se-P as compared to the St-P
Fig. 4. Coherence increase and behavioral data. (A) Shown are the mean values of coherenc
pacing mode (stimulus-paced mode (St-P) and self-paced mode (Se-P)). The corresponding
ence between response times within each subject (subjects 1 and 2, separately), showed no s
Se-P). (C) However, inter-subject response difference, i.e. the average difference between re
inter-subject response during Se-P as compared to the St-P mode in the CO condition (t7=
mode. However, since no significant coherence increases were found
in the CO condition, this finding could also not be accounted for rela-
tions between behavioral and coherence results.

Effective connectivity (Granger-causality)

To evaluate the effective (causal) connectivity between the
model's and the imitator's brain signals, G-causality in the time do-
main was calculated. Fig. 5 illustrates the between-brain G-causality
for the IM condition: shown are the magnitude of the between‐
brain G-causality as indicated by the natural logarithm of the differ-
ences of the mean F-statistic values (ln(diff F) mean±SE) for
different time lags (from 0.1 s (black) to 3 s (light gray)). Data are
only shown for significant G-causality (p≤0.001). Overall, significant
G-causality was only during the IM condition, with significant differ-
ences between the model and the imitator: Fig. 5 (Top) shows the
mean G-causality magnitude during the IM condition reflecting the
signal of the model G-causing that of the imitator and vice versa (Bot-
tom). Repeated measures ANOVA (Table 2) revealed a significant
main effect of the factor ‘role’ indicating that the signal of the model
G-causes that of the imitator to a greater extent as compared to the
other direction, i.e. the signal of the imitator G-causes that of the
model to a lower extent. Further, a significant main effect of ‘pacing
mode’ was observed for G-causality from the model to the imitator,
indicating a significant larger G-causality magnitude during Se-P as
compared to rest. Last, the model exhibited significant differences be-
tween the time lags, indicating significant larger G-causality for 0.1 s
as compared to 3 s. It should be noted that no further decrease were
found when moving the time lag to greater values (i.e. >3 s). Taken
together, the following three patterns in between‐brain G-causality
were observed: (1) largest G-causality from the model's to the
imitator's signals, which we assume to represent the flow of informa-
tion about the movement to be imitated, with larger G-causality mag-
nitude during the Se-P mode as compared to rest and for a time lag of
0.1 s as compared to 3 s. (2) Low G-causality from the imitator's to
the model's signals, which we assume to represent a kind of feedback
loop. (3) No significant G-causality in either direction was found for
the Co condition.
e increase per channel (1–4), per condition (imitation (IM) and control (CO)) and per
statistics are shown in Table 1, Left. (B) Inter-response duration, i.e. the average differ-
ignificant differences between conditions (IM or CO) or between pacing modes (St-P or
sponse times between the two subjects (subject 1 versus 2), showed a significant larger
−8.891, p≤0.001).
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Fig. 5. Between-brain Granger-causality (G-causality) during imitation (IM). Shown are the
magnitude of the between‐brain G-causality of the [tHb] time series as indicated by the
natural logarithm of the differences of the mean F-statistic values (ln(diff F) mean±SE) for
different time lags (from 0.1 s (black) to 3 s (light gray)) during the different pacing modes
(Rest, St-P, Se-P). Data are only shown for significant G-causality (p≤0.001). (Top) Bars of
meanmagnitude of G-causality reflecting the signal of themodel G-causing that of the imita-
tor and vice versa (Bottom).
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As for the coherence analysis, results of repeated measures
ANOVA of the finger-tapping frequency band for the two additional
control measures, post-CO-1 and -2, were similar to the CO condition.
None of the post-controls showed significant differences between the
model and the imitator or between pacing modes.
Table 2
Repeatedmeasures ANOVA: Granger-causality during IM. ANOVAof themagnitude (ln(diff
F) mean±SE) of the [tHb] time series using the fixed factors ‘condition’ (IM vs CO), ‘role’
(model vs imitator), ‘pacing mode’ (Rest vs St-P vs Se-P) and ‘lag’ (0.1 vs 1 vs 2 vs 3 s).
Bonferroni correctionwas applied and the alpha-level was set to p≤0.05; significant values
are highlighted with (*).

Repeated measures ANOVA: Granger-causality during IM

Main effects

F(df), p-value

Role (model vs imitator) F1=16.538
p=0.001*

Model Imitator

Pacing mode (Rest vs St-P vs Se-P) F2=6.699 F2=1.141
p=0.003* p=0.333

Lag (0.1 vs 1 vs 2 vs 3 s) F3=4.273 F3=0.777
p=0.023* p=0.469

Post-hoc comparisons
p-value p-value

Pacing mode
Rest vs St-P p=0.054 p=0.407
Rest vs Se-P p=0.004* p=1.000
St-P vs Se-P p=0.784 p=0.947

Lag
0.1 vs 1 s p=0.180 p=0.833
0.1 vs 2 s p=0.067 p=1.000
0.1 vs 3 s p=0.035* p=0.868
1 vs 2 s p=1.000 p=1.000
1 vs 3 s p=0.088 p=0.943
2 vs 3 s p=0.094 p=0.897
Discussion

We present fNIRS data recorded in pairs of two subjects simulta-
neously during imitation of stimulus-paced (St-P) versus self-paced
(Se-P) finger-tapping movements. Using wavelet transform coher-
ence (WTC) analysis evaluating functional connectivity between
brains, we found (1) that the IM condition revealed a larger coher-
ence increase between the model and the imitator as compared to
the CO condition. (2) Within the IM condition, a larger coherence in-
crease was found during Se-P as compared to St-P mode. Using
Granger-causality (G-causality) analysis evaluating effective connec-
tivity between brains, we found (3) that the IM condition revealed
larger G-causality as compared to the CO condition and (4) that with-
in the IM condition, the signal of the model G-caused that of the im-
itator to a greater extent as compared to vice versa. Our findings
designate fNIRS as suitable tool for monitoring between-brain con-
nectivity during dynamic interactions between two subjects and
that those measurements might thereby provide insight into activa-
tion patterns not detectable using typical single-person experiments.

Generally, the term connectivity refers to different and interrelated
aspects of brain organization. The fundamental distinction of functional
connectivity and effective connectivity were introduced to designate
the functional strengths of such interactions (Friston, 1994; Horwitz,
2003). Whereas functional connectivity describes the statistical depen-
dence between two time series, the concept of effective connectivity re-
quires a mechanistic model of the causal effects upon which the data to
be observed are based (Stephan et al., 2009). However, Horwitz pointed
out that functional and effective connectivity should not be seen as sin-
gle concepts or quantities, but rather as forming a class of concepts with
multiple interpretations. Functional and effective connectivity might
therefore be in each case defined by the investigator evaluating these
quantities, so that interpretations can be followed easily.

Functional and effective connectivity during imitation in
single-person studies

Before we discuss our findings concerning functional and effective
connectivity during imitation performance in our two-person design,
we shortly review recent findings in single-person studies. However,
it should be taken into account that our findings do not directly relate
to findings in single-person studies as the latter consider connectivity
between cortical areas within one brain, whereas we have addressed
connectivity between cortical areas between two brains.

Both functional and effective connectivity have been previously
discussed in the context of imitation performance in single-person
studies. Higuchi et al. (2012) studied functional connectivity involved
in a rapid imitation learning task in fMRI where participants directly
imitated pictures of guitar chords. Connectivity analysis indicated a
robust connectivity between prefrontal cortex and the components
of the fronto-parietal mirror circuit (FPMC) bilaterally. This connec-
tivity might indicate that automatic perception-action matching
alone is insufficient to account for imitation learning. Rather, the
motor representation of an observed action, as provided by the
FPMC, only serves as the ‘raw material’ for higher-order supervisory
and monitoring operations associated with the prefrontal cortex.
Jack et al. (2011) studied effective connectivity involved in an imita-
tion task in fMRI where participants imitated an actor's finger presses
on a keyboard. Connectivity analysis revealed significant interactions
with cerebellar regions from seeds both in the superior temporal sul-
cus (pSTS) and superior parietal lobule (SPL). These results highlight
the role the cerebellum may play in facilitating both motor and non-
motor aspects of imitation. Kühn et al. (2010) investigated previous
findings that being imitated leads to positive feelings toward the imita-
tor. Using fMRI, the authors explored the neural correlates of the posi-
tive consequences of being imitated by means of an observation
paradigm. Results showed that being imitated compared to not being
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imitated activated cortical areas associated with emotion and reward
processing, namely themedial orbitofrontal cortex (mOFC) and ventro-
medial prefrontal cortex (vmPFC). Both these cortical areas also showed
higher effective connectivity with striatum and mid-posterior insula
during being imitated compared to not being imitated.

Bien et al. (2009) investigated the functional dissociation between
automatic and intentional imitation. Using fMRI, bymeasuring andma-
nipulating brain activity during the execution of a stimulus–response
compatibility paradigm, inhibition of automatic imitationwas explored.
Within the identified functional connectivity network, the authors
suggested that frontal cortices send neural input concerning general re-
sponse inhibition to premotor cortex, which is involved in automatic
imitation. Subsequently, the fully prepared imitative response is sent
to left opercular cortex that functions as afinal gatingmechanism for in-
tentional imitation.

Functional connectivity (Wavelet transform coherence (WTC))

While wavelet coherence analysis has been used previously in
neuroimaging science to study functional connectivity between time
series, e.g. (Peng et al., 2008; Rossetti et al., 2006; Sakkalis et al.,
2006; Sammer et al., 2007; Sweeney-Reed and Nasuto, 2007), Cui et
al. only recently applied this method to assess between-brain activity
derived from two simultaneous recorded fNIRS time series in two
subjects (Cui et al., 2012). The authors demonstrated that between-
brain coherence over frontal cortices increased significantly during
playing cooperatively in a computer-based game, but not during com-
petition. The authors further pointed out that the temporal proximity
of response times could not be accounted for this increased coher-
ence, since responses were actually closer during competition than
during cooperation.

Similar to this previous article, the main finding of our study is
that imitation of the PFT task revealed increased between-brain co-
herence between the model and the imitator as compared to the
same task performance in single 1 and 2 (CO condition) as illustrated
in an exemplary subject pair in Figs. 3 (A) and 4 (A). In addition, we
showed that the pacing mode had a significant effect on the coher-
ence increase within the IM condition, with larger increases observed
during the Se-P as compared to St-P mode. The latter finding, i.e.
stronger activation during Se-P, might be related to the necessity of
achieving a new association between the previous presence and the
sudden absence of the auditory trigger stimulus and its effect on
changes in both the modeling and the imitation of motor execution
(Iacoboni et al., 1997; Jäncke et al., 2000). Alternatively, the stronger
activation during Se-P might be interpreted as eliciting a stronger link
between model and imitator when the model is performing the
movements on a more individually and voluntary, self-paced basis
(Se-P) as compared to the more automatic, stimulus-paced basis
(St-P) (Bisio et al., 2010).

Our results showed that the between-brain coherence increase is
not obviously reflected by the changes in the power of the single sub-
jects. Figs. 3 (B and C) illustrate that — although changes in power of
the single subject time series, i.e. IM (model and imitator) and CO
condition (single 1 and single 2), can be observed at several time
points, no significant relation was found between these changes in
power and the coherence increase found between brains. This finding
indicates that the simultaneous collection and analysis of brain activ-
ity frommultiple interacting subjects can reveal an additional layer of
information in the study of between-brain interaction (Cui et al.,
2012).

Last, the movement patterns used in our study should be consid-
ered. Particularly, in the IM condition the imitator always used the
same order of finger movements as the model, whereas in the CO
condition each subject could choose the order of the fingers moved.
Consequently, the finger movements in the IM condition were the
same, whereas they were presumably different between subjects in
the CO condition. To control for this difference, post-CO-1 was per-
formed revealing results similar to the CO condition. These data indi-
cate that the greater similarity between movement patterns did
obviously not contribute to the coherence increase found during im-
itation, but that the latter indeed reflected the imitation effort.

Effective connectivity (Granger-causality)

To evaluate an additional aspect of between-brain connectivity,
namely effective connectivity, we assessed G-causality between
each subject pair. While G-causality has been used frequently in neu-
roimaging to study effective connectivity between time series, e.g.
(Astolfi et al., 2010; Dubbini et al., 2011; Roebroeck et al., 2005;
Seth, 2005; Sato et al., 2006), Schippers et al. only recently introduced
the so-called between-brain G-causality mapping (bbGCM) for the
investigation of effective connectivity between two hemodynamic
signal originating from two brains using fMRI (Schippers et al., 2010).

Based on our group-level analysis, we found only significant larger
G-causality magnitude within the IM condition. The main finding is
that we detected three patterns of G-causality between the inter-
acting subjects: First, during the IM condition we found significant
largest G-causality magnitude for the signal of the model G-causing
that of the imitator (Fig. 5, Top). We suggest that this finding indi-
cates that the model is indeed transmitting the information flow
about the movements to be imitated to the imitator. This was further
supported by a significantly larger magnitude of G-causality during
Se-P as compared to rest. Further, the investigated time lags did
show an overall statistical significant difference illustrating a tenden-
cy of the G-causality magnitude from the model's to the imitator's sig-
nals which decreased from the time lag of 0.1 s to the time lag of 3 s in
particular during the Se-P pacing modes. We propose that this finding
reflects the immediate information flow transmitted mainly at
the moment of the movement to be imitated in terms of a large
G-causality value (i.e. 0.1 s) which then decreases when the move-
ment has been imitated successfully (i.e. 3 s). We suggest that this
tendency might have become clearer when including a larger sample
of subject pairs, which requires confirmation in future studies.

We further tested whether comparable results, i.e. the model lead-
ing the imitator, could be achieved without imitation. To control for
this, we conducted post-CO-2 by introducing a constant tapping lag
between subjects. Results were similar to those observed in the CO
condition, indicating that time lagged tapping performance alone
did not contribute to the G-causality observed during imitation
performance.

Second, in contrast to the large G-causality found from the model
to the imitator during the IM condition, a low G-causality magnitude
was observed for the signal of the imitator G-causing that of the
model (Fig. 5, Bottom). In addition to the above discussion, while
the primary information flow traces from the model to the imitator,
the imitator also showed some — although low — information flow
to the model. These findings might indicate a possible kind of feed-
back loop that transmits information back from the imitator to the
model during and mainly at the end of the successful imitation
performance.

Third, during the rest phase in the IM condition we found only low
G-causality in both directions. This rest phase G-causality was signif-
icantly lower for the model's signal G-causing the imitator (Fig. 5,
Top), whereas it was not significantly different for the other direction,
i.e. imitator's signal G-causing the model (Fig. 5, Bottom). We suggest
that this low G-causality magnitude reflects an on-going cognitive-
motor information flow that was even present during the rest phase.

Last, during the CO condition we did not find significant
G-causality in neither direction, nor significant differences between sin-
gle 1 and 2, nor a time lag tendency. We assume that this finding indi-
cates that no or very low information flow is happening when subjects
do not interact but execute the task alone and that non-significant
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G-causality magnitude represents random noise rather than relevant in-
formation flow.

Overall, our findings on G-causality are supported by the results
found using WTC. Referring back to Fig. 3 (A), here the phase arrows
reflect the relative phasing of two time series in question. These ar-
rows can also be interpreted as a lead/lag from one subject's time
series to the other (Grinsted et al., 2004). In particular, looking at
the IM condition within the finger-tapping frequency (from 0.5 Hz
to 0.25 Hz, corresponding to period from 2 s to 4 s) showed a consis-
tent pattern of the phase arrows during Se-P: first, the arrows
pointing to the right indicated that the two time series (model and
imitator) are in-phase and second, the arrows pointing down indicat-
ed that the first time series (model) is leading the second time series
(imitator) (Fig. 3, A, Top). In contrast, the CO condition within the
same frequency band did not show a consistent pattern of the phase
arrows (Fig. 3, A, Bottom). Although we are aware that interpreting
the WTC phase arrows during Se-P as a lead/lag should be done
with care, we suggest that they reflect and support our findings on ef-
fective connectivity made using G-causality. Taken together, our re-
sults suggest that G-causality provides an additional evidence for
between-brain connectivity during imitation that emphasizes a tem-
poral interplay between regions involved between individuals acting
as models and imitators.

Experimental considerations and limitations

Imitation speeds up learning as it provides a fast track to various
types of skills without the necessity of trial-and-error learning. How-
ever as recently emphasizes by Hari and Kujala (2009), the term im-
itation has different meanings: triggering of a stereotypic motor
pattern, direct copying, facilitation of motor patterns, and learning
of a new motor sequence. We consider the task applied in our exper-
iment, i.e. finger movements, as a familiar function to most people
which can be imitated without the need of internal correcting or
feedback mechanisms. This simple task might have been advanta-
geous in detecting between-brain connectivity, since our subjects
could easily set the focus on each other, i.e. the imitator focused on
the model, without being disturbed by task-related difficulties. In
contrast, imitating a totally new action sequence is very different
from those more stereotypic releases of motor pattern, which might
have in turn resulted in a different pattern.

Further, our motivation to record from PMC was motivated by its
central role for sensory guidance of movement and control of muscles
of the body, two aspects required for imitation of movements. How-
ever, it needs to be considered that a model's actions trigger the
imitator's brain in a coordinated activation sequences, i.e. sequences
that involve also other cortical areas. In a previous example investi-
gating the imitation of lip movements (Nishitani and Hari, 2002), it
has been shown that brain activation, recorded by MEG, showed in-
creasingly longer latencies starting from occipital visual areas, then
temporal, parietal, frontal and premotor areas and finally the primary
motor cortex. Such a progression of activity could be related to visual
recognition that starts by the imitator's visual analysis of the model's
movements and ends, via feedback connections, by recognition (and
understanding) of the actions (Hari and Kujala, 2009). Therefore, it
might be asked whether the PMC location covered in our experiment
was specific for the increase found in connectivity between the two
subjects or whether similar connectivity would have been found in
other brain regions. In future experiments it might be therefore inter-
esting to consider recording additional brain regions, such as the
frontal cortex, the parietal cortex (Iacoboni et al., 1999; Jack et al.,
2011), the primary motor cortex (M1) (Shibasaki, 2012), or even
the occipital cortex considering the visual input, which might provide
additional information on between-brain connectivity during imita-
tion. The same consideration holds true for our control measures,
CO, post-CO-1 and ‐2. In particular, our two post control measures
might have revealed an increase in coherence (post-CO-1) and/or sig-
nificant G-causality (post-CO-2) for example when recording cover-
ing M1; in contrast to PMC that might have primarily reflected the
cognitive effort in imitation performance in our experiment, M1
could potentially elicit better differentiation between the subtle dif-
ferences in finger-tapping sequences (De Guio et al., 2012; Gerloff
et al., 1998; Gountouna et al., 2010; Horenstein et al., 2009; Witt et
al., 2008). Finally, fNIRS might to not even be capable of detecting
such subtle difference; hence, for differentiating between different
finger-tapping sequences, fMRI would clearly do a better job due to
the higher spatial resolution and, hence, better anatomical informa-
tion provided by fMRI as compared to fNIRS (Huppert et al., 2006).

Further, we consider the task in our experiment as a pure motor
task without social function. We therefore cannot provide conclu-
sions for a type of imitation happening in a social context, where
the insula and the limbic system has been described to bring into
play the brain mechanisms of empathy (Iacoboni, 2005). Futures
studies involving social imitation while recording between-brain con-
nectivity in areas such as the insula and the limbic system might pro-
vide a deeper insight into social aspects of imitation.

Last, two additional points might be considered when looking at
our findings. First, humans have a preference to imitate the actions
of others as if looking in a mirror (specular imitation: i.e., when the
actor moves the left hand, the imitator moves the right hand) rather
than with the anatomically congruent hand (anatomic imitation:
i.e., actor and imitator both moving the right hand). Using fMRI,
Koski et al. found greater activation during specular imitation as com-
pared to anatomic imitation and control motor tasks (Koski et al.,
2003). However, in the present study we used anatomic imitation to
avoid complexity in interpretation that might result from data de-
rived from different hemispheres. It might be noted that larger hemo-
dynamic changes may have been observed when using specular
imitation. Second, our motivation to compare stimulus-paced versus
self-paced (St-P versus Se-P) imitation tasks was based on previous
findings by Jäncke et al. (2000). The authors found that performance
of a PFT task with visual pacing elicited marked differences with
stronger signal during St-P as compared to Se-P mode in the dorsal
premotor cortex (dPMC). Although, Jäncke et al. did not observe dif-
ferences between Se-P and St-P using auditory stimuli, the present
study used auditory stimuli to avoid possible light interference with
the light sources and detectors of the fNIRS device. It might therefore
be noted that different hemodynamic patterns could be observed
when using visual paced stimuli.

Conclusion

Our findings provide insight in between-brain connectivity during
imitation of stimulus-paced (St-P) versus self-paced (Se-P) finger-
tapping movements recorded using fNIRS in two individuals simulta-
neously. Using wavelet transform coherence (WTC) analysis evaluat-
ing functional connectivity between brains, we found (1) that the IM
condition revealed a larger coherence increase between the model
and the imitator as compared to the CO condition. (2) Within the
IM condition, a larger coherence increase was found during Se-P as
compared to St-P mode. Using Granger-causality analysis evaluating
effective connectivity between brains, we found (3) that the IM
condition revealed larger G-causality as compared to the CO condi-
tion and (4) that within the IM condition, the signal of the model
G-caused that of the imitator to a greater extent as compared to
vice versa.

Our findings indicate that fNIRS is a suitable tool for evaluating
between-brain connectivity during dynamic interaction between two
persons and that thosemeasurementsmight be able to provide addition-
al insight into activation patterns not detectable using typical single-
person experiments. Overall, the results of the present study demon-
strate the potential of simultaneously assessing brain hemodynamics in
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interacting subjects in several research areas, such as in fields of social
interactions including human development and interpersonal behavior,
or such as cooperative learning in the classroom between teachers and
students or in neurorehabilitation between therapists and patients.
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