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system, but there is no neural model to explain reciprocal communication. In this study, we
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investigated whether reciprocal, communicative, imitative exchanges activate the same
neural system as imitation of simple movements, and whether the neural network

Keywords:

subserving communication is lateralized. Fifteen participants were tested using functional

Mirror neuron system

magnetic resonance imaging with an online interactive-imitative paradigm while they

Imitation

performed finger movements for three different purposes: (1) to imitate the experimenter,

Reciprocal communication

(2) to elicit an imitation from the experimenter, and (3) to simply perform the movement.

Infra-parietal lobule

Subtraction analysis (imitation > movement, initiation > movement) revealed the activation

Infero-frontal gyrus

of a strongly lateralized network, where the infra-parietal lobule (IPL) activation was

Functional magnetic resonance

lateralized to the left, while the infero-frontal gyrus (IFG) activation was to the right. It is

imaging

concluded that imitation in a communicative paradigm recruits a lateralized network, with
left fronto- and right parietal activation, that overlaps with a network that subserves
understanding of an Other's intentions in relation to the Self. This finding lends plausibility
to the suggestion that the neural network for imitation evolved to support interpersonal
communication.
© 2010 Elsevier B.V. All rights reserved.

1.

Introduction

The discovery that “mirror neurons” in ventral premotor
cortex and parietal cortex of the rhesus monkey increase firing

not only during grasping of an object (such as a peanut), but
also when the monkey watches the actions of someone else
grasping the same object (Rizzolatti et al., 1996; Gallese et al.,
1996; Rizzolatti and Craighero, 2004), and do so independent of
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sensory input (visual or auditory, such as to the sound of
breaking peanuts: Kohler et al., 2002; Keysers et al., 2003) has
provided a powerful framework to understand how the brain
represents the actions, intentions, and the emotions of others
(Rizzolatti and Fabbri-Destro, 2008; Fabbri-Destro and Rizolatti, 2008; Rizzolatti and Sinigaglia, 2007).
Subsequent studies employing techniques such as functional magnetic resonance imaging (fMRI) and transcranial
magnetic stimulation (TMS) have indicated that a similar
but more widespread neural system may be present in
humans (e.g., Iacoboni et al., 1999, 2001; Koski et al., 2003).
Whether the human mirror neuron system is functionally
homologous to the macaque's cannot be stated with
certainty, given the different methodologies employed
(direct measurements of electrical activity vs. indirect
measures of regional blood flow) and the widely different
spatial resolution. Logothetis et al. (2001), however, demonstrated that neuronal activity directly recorded using
implanted electrodes highly correlated with the neural
activity measured indirectly by fMRI. Logothetis et al.'s
(2001) results and Mukamel et al. (2010)'s recordings of
single-neuron responses with mirror properties in the
supplementary motor area and in the hippocampus provide
some reassurance for the notion that the mirror neuron
system identified in humans and the macaque may be
homologues, although they do not entirely overlap
anatomically.
A growing body of fMRI research in human volunteers has
indicated that elements of the mirror neuron system are
active when people imitate simple finger movements
(Iacoboni et al., 1999; Koski et al., 2002, 2003; Molnar-Szakacs
et al., 2005; Aziz-Zadeh et al., 2006), mouth, hand and foot
movements (Buccino et al., 2001), facial movements (Leslie et
al., 2004), grasping movements (Grafton et al., 1996), or
manipulate objects (Binkofski et al., 1999). Observation of
highly complex motor sequences also engages the mirror
neuron system. Ballet dancers, for example, selectively
activated the premotor cortex, right superior parietal lobe,
and left superior temporal sulcus while watching other
dancers performing classical ballet (Calvo-Merino et al.,
2005). Neurons in the mirror neuron system respond to a
wide range of stimuli from the social environment, including
facial and manual gestures, sounds of actions, and even
actions performed with tools (Jarvelainen et al., 2004; Ferrari
et al., 2005).
Rizzolatti and colleagues (e.g., Rizzolatti and Arbib, 1998)
proposed that the mirror neuron system may have evolved
to assist communication, serving as the foundation of
human language. In support of this hypothesis, macaque
monkey area F5 is a functional analogue of Brodmann area
44 (Broca's area), specialized for expressive speech. Arbib
suggested (2005) that the mirror neuron system may have
contributed to human brain evolution, transforming it into a
“language-ready brain” by enabling increasingly complex
communication, from simple observation and imitation of
others' actions, to imitation of longer gestural and vocal
sequences (proto-speech) and finally into language (Arbib,
2005).
Evidence on the nature and function of simple and
complex imitations during ontogenesis seems to support

Arbib's hypothesis. Naturalistic studies with young infants
have proposed that early imitation is best explained by its
communicative functions (Uzgiris, 1981; Maratos, 1982; Nagy,
2006). Two-year-old toddlers, who have not yet mastered
language, were found to use imitative exchanges to develop
interactions. The spontaneous occurrence of imitative communication as preverbal language has been proposed to
decline as language competence increases (Nadel and Baudonniere, 1982; Nadel, 2002). Newborn infants have been
found to already possess a remarkable capacity to imitate
facial and manual gestures (Meltzoff and Moore, 1977; Field et
al., 1982; Heimann and Schaller, 1985). In a recent study, Nagy
et al. (2005) found that neonates imitated index-finger-raising
gestures (the movements that were used to describe the
mirror neuron system in human adults) and more interestingly, they did so with an unexpected left-hand preference.
Although no data are available on the activity of the mirror
neuron system before six months of age (Nystrom, 2008), these
behavioural data suggest a lateralized neural system underlying neonatal imitation. If newborns are born with a
language-ready brain and simple imitations carry communicative functions, there is no reason why infants could not
engage in communication soon after birth. Indeed, applying
and extending the same imitation paradigm, newborns were
found to participate in long-lasting two-way imitative
exchanges, or “dialogues” (Nagy and Molnar, 1994, 2004).
Although behavioural results with neonates may suggest a
possibly lateralized neural system underlying imitation, and
the mirror neuron system is functional in young infants
(Nystrom, 2008), no data are available to show that imitation
in adults and neonates is indeed guided by the same neural
system. Similarly, we do not know whether the result that
neonatal imitation is behaviourally lateralized could indicate
a potentially lateralized neural system subserving imitation in
adults.
The majority of the studies found no evidence of lateralization in the mirror neuron system (Aziz-Zadeh et al., 2006;
Koski et al., 2002; Tanaka et al., 2001; Tanaka and Inui, 2002).
Those that were positive yielded an inconsistent pattern:
some using imitation of right finger movements reported a
right lateralized frontal–parietal–temporal activity (BiermannRuben et al., 2008); others with the same task found activation
in the left inferior-frontal and right superior parietal lobules
(Iacoboni et al., 1999), and a left inferior parietal activation was
reported in a task that involved bilateral hand movements
(Muhlau et al., 2005). Wiese et al (2005) observed the activation
of the right dorso- and ventrolateral prefrontal cortex, and the
right inferior parietal lobe during self-initiated finger movements (Wiese et al., 2005).
An aspect of gesture imitation which has not been
thoroughly investigated, yet is of great significance, is
reciprocal imitation. A single study in the literature explored
its neural correlates. Decety et al. (2002) using Positron
Emission Tomography (PET) had participants imitate the
experimenter manipulating an object, or manipulate an
object, and then watch the experimenter manipulating the
object in an image projected on a screen. However, although
the latter study addressed reciprocal imitation, the paradigm
was not interactive, communicative. The Experimenter–
Participant or Participant–Experimenter exchange in Decety
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et al. study (2002) constitutes to a two-sequence communication. Interactive communicative engagement consists of at
least three consecutive components (i.e. Experimenter–
Participant–Experimenter) within the same interaction sequence. The experimental paradigm by Decety et al. (2002)
modelled communication that is to transmit information,
but not live, non virtual, intersubjective engagement. No
reciprocal, interactive imitation studies have been carried
out employing finger movements, although finger movements have produced reliable activations of the mirror
neuron system in humans (Brass et al., 2001; Iacoboni et al.,
1999; Koski et al., 2002; Krams et al., 1998; Tanaka et al., 2001;
Tanaka and Inui, 2002) and have been used to model
reciprocal interactive communication in human neonates
(Nagy et al., 2005).
Aims of the present study were twofold. The first goal was
to investigate the neural basis of an online, reciprocal
communication employing the same imitation paradigm used
in studies of the mirror neuron system of monkeys and
human adults and in behavioral studies with human neonates. The second aim was to investigate whether the neural
network underlying imitative communication of finger
movements is lateralized, as developmental studies would
suggest.

2.

Results

2.1.

Imitative communication

Relative to a non-imitative movement, the imitative communication condition activated a lateralized fronto-parietal
network. The main clusters in the activated network com-

prised the right premotor cortex (BA6), the right middle frontal
gyrus (BA9), and the left inferior parietal lobule (BA40). The
activation was strongly lateralized, with predominantly right
prefrontal and left parietal components. The results are
summarized in Table 1, and are demonstrated in Fig. 1a.

2.2.

Initiative communication

When compared to non-imitative movement, when the
subject initiated or solicited a response, this activated the
largest cluster in the left inferior parietal lobule (BA40) (see
Table 2 and Fig. 1b).
When COMM-R and COMM-INI were directly compared,
there were no significant differences in the activation of any
brain areas between these two conditions.

3.

Discussion

3.1.

Activation of the IPL on the left side

Since Liepmann's neuropsychological studies, it has been
accepted that apraxic patients with left hemispheric lesions
have greater deficits in imitation compared to patients with
right hemispheric lesions (cited in Goldenberg, 2003). The
left hemisphere must therefore be crucial in imitation, and
the neural network underlying imitation has to be asymmetrical. Recent studies that further refined Liepmann's
model, however, found left hemisphere dominance only for
imitation of hand movements and a right hemisphere
advantage for imitation of finger movements (Goldenberg,
2001; Goldenberg and Strauss, 2002). Even with this revised
model, neuropsychological studies propose a lateralized
network for imitation. Most neuroimaging studies with

Table 1 – Stereotaxic coordinates and peak t-scores of brain regions that showed significantly more activation during the
imitation compared to the move condition. MNI coordinates generated using SPM2 were converted to Talairach coordinates
using the WFU PickAtlas. Coordinates are in millimeters along the left–right (x), anterior–posterior (y), and superior–inferior
(z) axes. After each brain region the Brodmann area is indicated in parenthesis.

Parietal

Frontal

Temporal

Occipital

Region

Side

Cluster size

x

y

z

t

IPL (40)
IPL (40)
MTG (39)
IPL (40)
Angular gyrus (39)
Precuneus (7)
SPL (7)
Middle frontal gyrus (6)
Middle frontal gyrus (8)
Middle frontal gyrus (6)
Superior frontal gyrus (8)
Middle frontal gyrus (9)
Superior frontal gyrus (10)
Inferior frontal gyrus (47)
Inferior frontal gyrus (47)
Fusiform gyrus (37)
Parahippocampal gyrus (37)
Middle temporal gyrus (21)
Middle temporal gyrus (21)
Middle occipital gyrus (19)

Left
Left
Left
Left
Left
Left
Right
Right
Right
Right
Right
Right
Left
Right
Right
Left
Left
Left
Left
Left

954

−52
−54
−58
−40
−52
−4
24
38
52
34
32
52
−20
24
24
−38
−34
−62
−64
−54

−46
−56
−64
−64
−68
−54
−62
16
14
26
28
34
54
26
30
−44
−38
−60
−56
−74

56
46
12
58
30
54
52
58
42
58
52
32
−8
−6
−4
−12
−10
4
0
−4

8.85
8.04
6.30
6.18
6.01
5.56
5.25
7.54
6.11
5.09
5.11
5.59
5.05
5.30
4.89
6,53
6,40
5.65
5.30
5.07

11
33
259

24
10
10
67
954*
10
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Fig. 1 – (a) Results from the Imitation vs. Move contrast showing a lateralized network activated during imitation involving the
right frontal and the left inferior parietal lobules. (b) The Initiation vs. Move contrast shows the activation of the left inferior
parietal lobule during initiation. Results are superimposed on the MNI MRI template, with z coordinates given below each slice.
Z coordinate under first column: z = −4, Z coordinate under second column: z = 12, Z coordinate under third column: z = 56.

healthy participants, however, reported symmetrical neural
network activity during imitation. Those that reported
asymmetry have not shown a consistent pattern across

Table 2 – Stereotaxic coordinates and peak t-scores of
brain regions that showed significantly more activation
during the initiation compared to the move condition. MNI
coordinates generated using SPM2 were converted to
Talairach coordinates using the WFU PickAtlas.
Coordinates are in millimeters along the left–right (x),
anterior–posterior (y), and superior–inferior (z) axes. After
each brain region the Brodmann area is indicated in
parenthesis.
Region
Parietal

IPL (40)
IPL (40)
IPL (40)
Angular gyrus (39)
Temporal Inferior temporal
gyrus (37)
Inferior temporal
gyrus (19)
Middle temporal
gyrus (37)

Side Cluster
size
Left
Left
Left
Left
Left

411

36

x

y

z

t

−52
−54
−50
−54
−60

−46
−54
−46
−58
−64

54
46
40
34
−4

9.17
8.56
7.35
6.95
6.72

Left

−58 −68 −2 5.89

Left

−64 −56 −2 5.41

different studies. A direct comparison of the results from
neuropsychological and neuroimaging studies to date is
difficult because of methodological differences (Muhlau et al.,
2005); both the subject population and the gestures used were
different for the two methods. Most neuroimaging studies
used simple finger movements, unlike the complex hand and
finger gestures used in the neuropsychological batteries for
testing apraxic patients. Additionally, while neuropsychological studies examined the non-lesioned side of the patients
only, the majority of the neuroimaging studies tested rightsided movements (Brass et al., 2001; Decety et al., 2002;
Iacoboni et al., 1999; Koski et al., 2002; Krams et al., 1998;
Tanaka et al., 2001; Tanaka and Inui, 2002). Muhlau et al.'s
(2005) fMRI study, which employed bilateral movements and
used the same gestures as those used for testing apraxic
patients, reported a bilateral network for imitation with
increased activation in the left infra parietal cortex. Although
these results do not support Goldenberg's results showing a
right hemisphere advantage in imitation, they support Della
Sala et al.'s (2006) finding that left hemispheric lesions
particularly impaired the imitation of meaningful gestures, but
not the imitation of meaningless gestures that were used in
Goldenberg's studies. Consistent with Muhlau's proposal, when
imitation of meaningful and meaningless gestures was compared in Rumiati et al.'s study (2004), imitation of meaningful
gestures positively correlated with the activity of the left inferior
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temporal gyrus, while imitation of meaningless gestures was
associated to activity in the right parieto-occipital junction.
Finger agnosia, a symptom of the Gerstmann syndrome, is
also known to be linked to a left parietal lesion. This can either
be seen as further support for Muhlau's fundings, or raises an
alternative suggestion, that the left hemisphere supports
only the recognition of the fingers, and perhaps their
intentional movement, but not necessarily imitation per se.
The results from the present study show that it is neither
intentional movement itself, nor merely the recognition of
the fingers that activates the left IPL. The activity of the left
IPL was measured after the neural activation caused by
movement was subtracted from the neural activity during
imitation of the finger movements.
The IPL has been reported as having the ability to distinguish
the actions of the self and the other. In Decety et al.'s study
(2002), the left IPL was activated when participants imitated
actions, and the right IPL was activated when the participants’
actions were imitated in an object manipulation task. The left
IPL was also activated when participants mentally simulated an
action from their own perspective, while the right IPL was
activated when they simulated from a third person perspective
(Ruby and Decety, 2001). Our study found no activation of the
right IPL during the initiation condition. The task, however, was
markedly different from the one employed in Decety et al.'s
study (2002). While the task in Decety et al.'s study was ‘offline’
and used one-time object manipulation, the task in the present
study was an online, interactive communication task that used
a simple movement.

3.2.

The right frontal network

The frontal areas activated in the current study, the middle
frontal gyrus and the inferior frontal gyrus, had been found to
be involved in inhibitory processes. Kelly et al. (2004) found a
predominantly right hemispheric network activation during
No-Go trials. Their results showed the activation of a widely
distributed, but predominantly right-sided, network comprising of the right superior frontal, the right inferior frontal, and
the bilateral but predominantly right middle frontal gyri. Aron
et al. (2003) and Rubia et al. (2003) suggested that the “stop
signal” in the Go–No-Go task is generated in the inferior
frontal gyrus; Konishi et al. (1998); Garavan et al. (1999); and
Zubicaray et al. (2000), found increased activation in the right
middle frontal and inferior frontal gyri.
Similarly, in Brass et al.'s study (2001), when participants
were instructed to move (lift or tap) their index finger after
watching movies that were congruent or incongruent with the
instruction; the “interference” (incongruent) over “imitation”
(congruent) subtraction revealed the activation of the right
frontopolar, right middle frontal, and left middle frontal gyri.
Finally, in neuropsychological studies patients with lateral
prefrontal (de Renzi et al., 1996) and frontomedial prefrontal
(Lhermitte et al., 1986) lesions were found to show spontaneous imitative tendencies, possibly the result of release from
inhibitory motor control.
Self-awareness and discrimination of the self from the
other have also been linked to these frontal areas. Generally, a
right hemisphere advantage has been reported in representing the self (Breen et al., 2001; Keenan et al., 2005; Platek and
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Gallup, 2002; Molnar-Szakacs et al., 2005) and responding to
self-relevant stimuli (Keenan et al., 1999, 2000). The right MFG
and right IFG have also been found to be involved in
recognition of others’ intentions (de Lange et al., 2008;
Gallagher and Firth, 2003). Iacoboni et al. (2005) found a
stronger right IFG activation as a response to grasping a mug
in the context of eating, as opposed to grasping in a more
ambiguous context, a result further indicating the IFG's role in
decoding intention. The right IFG was activated when people
were looking at their own faces (Keenan et al., 2001), and when
generating self-relevant, autobiographical memories (Fink
et al., 1996).
Inhibitory functions, working memory and self-other
discrimination therefore are overlapping in the right middle
and inferior frontal gyri, and are likely to contribute to the
communication paradigm employed in the current study.
Participants in the imitation condition were likely to suppress
their own movement, the finger movement that they knew
they are going to execute, until the experimenter had
completed the movement. Participants also needed to keep
in mind the agent of the movements from the perspective of
the self in order to maintain the responding or initiating
paradigm. As both participants and the experimenter were
allowed to move any of their fingers, this relative freedom of
response selection may have further emphasized self-other
discrimination.
The control “MOVE” condition involved the same movements as the communicative conditions, without the communicative context. Moreover, participants were exposed to
comparable visual input as the experimenter's fingers were
always visible; thus the communicative conditions were well
controlled for the movement itself. Movements in the ‘MOVE’
condition, however, were self-initiated, and at a higher rate
than in the communicative conditions. In imitative/responding condition the participants' movements were triggered by
the experimenter's movements, and in the initiation condition they were self-triggered. The results from the COMM-R vs.
Move contrast therefore may be attributable to the difference
in brain activation to externally triggered versus self-paced
movements. Self-paced finger movements were found to
activate a broad network, including the right middle frontal
gyrus, but not the inferior or superior frontal gyrus, and the
left inferior parietal lobule but not the right (Joliot et al., 1999).
While both externally triggered and self-paced movements
activate the medial motor areas; the pre-supplementary
motor area (pre-SMA) and the supplementary motor area
(SMA); the rostral cingulate cortex, and primary motor,
superior parietal and insular cortices (Cunnington et al.,
2002); and the activation in the pre-SMA is more extensive
for self-initiated than visually triggered movements (Deiber et
al., 1999), none of these activations overlap with the activation
measured in the current study.

3.3.

The left IPL and right IFG network

In summary, results in the current study of a right IFG-left IPL
network active when participants are engaged in an imitativecommunicative task are consistent with current literature
suggesting a partially lateralized network for intentional
imitative behaviour.
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The communicative condition employed in this study raises
questions about the definition of true imitation. In this study,
both the participants and the experimenter were allowed to
move any finger. That is, they responded with the same body
part, the same movement, but without the need for spatial
matching of the finger. Though the participant was imitating
the experimenter, we have used the term responding/imitating
instead of ‘imitating’ to describe COMM-R. The fronto-parietal
mirror neuron network responds more strongly when imitations are spatially compatible as opposed to when they are
spatially incompatible, such as in the case of anatomical
imitations (Koski et al., 2003). The purpose of the experiment
was to examine the reciprocal aspects of communication, not
the exact spatial matching of the other's movement. We hoped
the responding paradigm was relatively naturalistic to trigger
communication engagement, e.g., less a task of matching the
finger and more of communication. Note that the communicative intent of responding and initiating could, however, be better
measured in future studies using event-related fMRI rather than
a block-design. These limitations could also account for the lack
of differences between the responding and initiation conditions.
Either the number of responding and initiating movements
were low in the blocks, or the paradigm was communicative but
the block design was not powerful enough to differentiate the
responding and initiative intention. That is, after the first few
movements, just as was shown in studies with young infants
using this paradigm to elicit reciprocal communication (Nagy
and Molnar, 2004; Nagy, 2006), after the first few exchanges,
responding and initiating blended into reciprocal interaction.
Event-related design could perhaps more sensitively detect the
difference between the two conditions.
Nonetheless, based on the results of this study, we can
propose that reciprocal communication with the other
activates a lateralized network comprising the left IPL and
right IFG. This result is consistent with the behavioural
lateralization of imitation with human neonates (Nagy et
al., 2005), a result that suggests a lateralized system subserving imitation.
Interestingly, perception of rhythmic stimuli, such as
rhythmic drumming, was found to activate a similarly
lateralized network in the frontal and parietal lobes, comprising the left IPL, right frontal operculum, and right superior
frontal gyrus (Limb et al., 2006). Musicians in this study
additionally activated perisylvian language areas. Prediction
of nonverbal sequences was also found to activate the
Wernicke area, a part of the brain that is specialized for
language perception (Bischoff-Grete et al., 2000). The IPL,
which codes actions according to their respective goals,
enables us to perceive complex, successive actions fluidly as
one, without gaps, like a “perception of a kinetic melody”
(Fogassi et al., 2005). Rhythmic stimuli like drumming, or
communicative cycles, such as cycles of finger movement
exchanges between the experimenter and the participant,
resemble the rhythmic sequences of language, from which we
create an infinite variety of combinations from the limited
number of elements and cycles. Although it is somewhat
speculative without further comparative studies, we propose
that both reciprocal communication and perception of rhythm
activate a lateralized network in the mirror neuron system.
This conclusion is consistent with Rizzolatti and Arbib's

model (Rizzolatti and Arbib, 1998; Arbib, 2005) of a network
that evolved to subserve communication.

4.

Experimental procedures

4.1.

Subjects

Fifteen right handed subjects (12 females, 3 males), with no
psychiatric or neurological illness, with a mean age of
30.9 years (SD = 12.1), participated in the study. The study
was approved by the Ethical Committee of the University of
Aberdeen. Participants signed an informed consent and were
compensated £20 for their time.

4.2.

Experimental setup

The participants were tested at the MRI Research Centre of the
University of Aberdeen. Participants were lying on their backs,
resting both hands on their thighs with palms down, fingers
relaxed, extended. Their head was firmly secured, and they
were wearing earphones. Participants saw the experimenter
through an angled mirror placed on the head coil. The verbal
instruction commands were presented using Presentation
software (Neurobehavioural Systems™, Albany, CA, USA).
The experimenter ( the same for all participants), stood in
front of the supine participant, resting her hands on a high
platform, with palms down, fingers relaxed, extended. A
Panasonic NVGS27B digital video camera mounted on a tripod
in the corner of the room recorded the experiment. The
videotapes were later reviewed by two researchers who were
not involved in the planning, execution, analysis of the data,
to ensure that all participants engaged in all tasks correctly
throughout the three blocks. Participants' non-involvement
(no behavioural response) in a condition would have resulted
in the exclusion of their data. The behavioural practice session
prior to the experiment ensured that all participants were
engaged in the task, thus all data were included in the
analysis.

4.3.

Behavioural procedure

The experiment consisted of three blocks of trials, each lasting
9 min. Each block consisted of 18 events, each lasting for
30 seconds, presenting four conditions. Each block contained
the eighteen events in different order, and the order of the
blocks was randomized among the participants.

4.4.

Conditions

Participants were tested in four conditions: two communication conditions—(1) a response-imitation condition (COMMR), in which the subject responded to the experimenter by
matching movements, and (2) an initiation condition (COMMINI), in which the subject solicited a response; two control
conditions: (3) a control movement condition (MOV); and (4) a
control observation condition (WATCH).
The following information was given to the participants
prior to the testing:
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“Your task is to communicate with the experimenter
without language simply using your fingers like this (and the
experimenter demonstrated a finger extension movement,
when a finger moved upwards, while the rest of the fingers did
not move). You can use any fingers, one at a time. During the
experiment, through the earphones, you will hear commands.
If you hear the command ‘talk,’ then either you have to
respond to the experimenter using your fingers, or if the
experimenter does not do anything, your task is to move your
finger to invite her to communicate with you. If you hear
‘move’ you have to move your fingers by yourself, one finger at
a time, any fingers. If you hear “watch,” you have to watch the
experimenter moving her fingers.”
In the COMM-R condition, after the ‘talk’ command the
experimenter moved move one of her fingers, and waited for
the participant to respond with a finger movement. There
were approximately 10 finger movement exchanges, lead by
the experimenter throughout the 30-second period.
In the COMM-INI condition after the “talk” command, the
experimenter did not move until the participant moved his/
her finger. At this point, the experimenter responded by
moving one of her fingers. There were approximately 10 finger
movement exchanges led by the participant in this 30 s.
The command was the same for both the imitation and
initiation conditions to mimic everyday reciprocal interactions. The participant had to decide based on the behaviour of
the experimenter (whether she was waiting or acting) which
one of the communication conditions is taking place.
In the MOVE control condition, after the “move” command
the participant moved her/his fingers, one finger at a time,
with the rate of approximately 20 movements during the 30-s
period. The experimenter did not move, but rested her hands
palms down, with relaxed but extended fingers on the
platform, visible to the participant.
In the WATCH control condition after the “watch” command, participants did not move but were watching the
experimenter's fingers moving. The experimenter moved her
fingers, one finger at a time approximately 20 movements in
the 30-s period.
Before the scanning session started, the participants had a
brief practice of all four conditions. All participants understood the conditions. Although command “talk” usually refers
to communication with sounds, this command was chosen
over the longer “communicate.” Thus all auditory commands,
“talk,” “move,” “watch” that were delivered through the
headphones were about the same length.
Any one finger of either hand had been allowed to use in
the conditions that is, participants were not required to
spatially match the movement of the experimenter in the
COMM-R and MOVE conditions, or the experimenter of the
participants' movements in the COMM-INI condition, there
were no rules to define which particular finger to be used. The
same principle has been employed in the WATCH condition by
the experimenter.

4.5.

Imaging procedures

Functional MRI imaging was performed using a 1.5 T scanner
(NVi, General Electric Medical Systems, Milwaukee, WI). A
quadrature head coil was used to obtain high-resolution
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gradient echo 3D volumetric images and three sets of
functional images using blood oxygenation level dependent
contrast. The high-resolution anatomical images were collected using a T1 weighted sequence with the following
parameters: field of view, 24 cm; 20/6 ms, TR/TE; flip angle,
35°; slices, 124; slice thickness, 1.6 mm; matrix, 256 × 256.
Functional MR images were acquired in axial planes with a
T2⁎-weighted single shot, gradient-echo, echo-planar pulse
sequence with the following parameters: field of view, 24 cm;
3000/33 ms, TR/TE; flip angle, 90°, slices, 24; slice thickness,
5 mm; matrix, 128 × 128. The head was firmly stabilised
between two foam pads.
Image processing was carried out using SPM2 (Wellcome
Department of Imaging Neuroscience, London, UK), implemented in MATLAB (Mathworks, Natick, MA).
Preprocessing of the data included reorientation of the
images to the EPI template of SPM2, and correction for head
motion by realignment to the first image volume. As a result, a
mean functional image was computed for each session. The
mean image was subjected to spatial normalization to the
template of the Montreal Neurological Institute (MNI, Friston
et al., 1995). The normalized functional images, 4 mm isotropic
voxels, were smoothed using an 8 mm isotropic Gaussian
kernel.
Following preprocessing, Beta weights associated with the
modelled hemodynamic responses were computed to fit the
observed BOLD-signal time course in each voxel for each
subject using the General Linear Model, as implemented in
SPM2. Contrast images for each task (COMM-R and COMM-INI)
-versus-control (MOVE) analysis for each subject were entered
into a random effects analysis, where a significance level of
p < 0.05 was employed. Voxels reaching the statistical threshold of p < 0.05 were considered statistically significant. Because
of the common movement element in all three, only the MOVE
condition has been employed as control condition, while
WATCH has not been used.
The coordinates were converted into the coordinates of
Talairach and Tournoux (1988), as implemented in the WFU
PickAtlas (Maldjian et al., 2003).
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