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General
Introduction

From early in life children are eager to interact with their environment, be it toys, their own
little feet or other people around them. Despite their eager involvement in interactions, infants
and young children still face difficulties in successfully carrying out goal-directed actions
with objects and in coordination with others. Clearly, brain and behavioral development go
hand in hand to allow successful interactions in our complex social environment. Quickly
occurring changes in neuronal connections, for instance through synaptogenesis (e.g. Casey
et al., 2005; Huttenlocher, 1990), are accompanied by observable changes in young children’s
behavior. Children increasingly act and react more flexibly in their environment as they
proceed through ontogeny. Still, it is unclear which neurocognitive processes are involved in
action development and how they emerge in early childhood.
Coordinating one’s own actions in the environment, for instance when picking up
a teddy bear from the ground, requires several neurocognitive processes. In Figure 1, some
of the most essential processes are depicted. Goal-directed behavior typically requires initial
planning of the action (action planning). After planning, the action needs to be executed
properly (action control). Finally, monitoring the action allows detecting whether the action
is unfolding as expected (action monitoring). Based on evaluating how an action is currently
unfolding, it is possible to flexibly adjust to potential violations of the expected course of
the action on-line. Taking the teddy bear example, we might first plan to piek up the teddy
bear, then reach out for it, grasp it and lift it up, while making sure it does not slip through
our fingers. The processing gets more complex when an action involves coordination with
another human being. Picking up the teddy bear to give it to another person adds a social
dimension to the goal-directed action. Engaging in such a joint action is both a basic element
of our daily life and a non-trivial challenge, especially for young children. In addition to
the processes involved in individual goal-directed actions, predicting the others’ next action
(action prediction of others) and monitoring the others’ current actions (action monitoring
of others) are involved both when passively observing someone else and when engaged in
joint actions. Action prediction and monitoring are especially important when the joint action
is not only a one-time interaction but is established in a more continuous stream of actions,
for instance, when passing the teddy bear back and forth in joint play between two persons.
When I am handing over the teddy bear, which arm will the other person extend to reach
for it, and when? Is the other person now passing the teddy bear back to me? Leaming how
to successfully coordinate actions with another person thus entails several neurocognitive
processes and their fine-tuned interaction. Although children take part in social interactions
from their birth on, joint actions pose an even more demanding challenge in terms of
neurocognitive processes involved for young children than individual actions do. This begs
the question: How do we leam to act and interact with others successfully in the world?
With a focus on early childhood, we set out to investigate the development of
individual and joint actions and each o f the processes involved (action planning, action control
and action monitoring of own actions and action prediction and action monitoring of others’
actions). It was central to the current investigations to link neural and behavioral accounts
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as to gain a thorough understanding o f how individual and joint actions are established.
Taking a ‘Developraental Cognitive Neuroscience’ approach, provides a unique source to
better understand social-cognitive development on the one hand and the processes involved
in (joint) action on the other hand.
In the following, we first provide a short introduction of the neural and behavioral
development o f goal-directed actions. We then discuss the involvement of the different
processes involved in goal-directed actions in more detail (i.e. action planning, action control
and action monitoring) and describe the close link between processing own and processing
others’ actions (e.g. in action prediction and action monitoring). Subsequently, we shift our
focus from individual action processes and processing of others’ actions in non-interactive
contexts to active engagement in joint action. In particular, we give an overview of behavioral
joint action development and point to important unsolved issues in the field with regard to
the neurocognitive processes which are fundamental to joint action development in early
childhood. Finally, we provide an outline o f this thesis.

JOINT ACTION

planning
controlling
m onitoring

predicting
monitoring

1— own actions L- others' actions

Figure 1.
Overview o f essential neurocognitive processes involved in individual and joint actions. Processes either regard
own actions (planning, controlling, monitoring) or others’ actions (predicting, monitoring) and can apply either to
individual or joint actions. As an example picking up a teddy bear can occur in an individual context as well as in a
joint action context.

Early development of action in brain and behavior
On a behavioral level, milestones of gross and fine motor development indicate
the emergence of proficient goal-directed actions. Observable behaviors such as stabilizing
the head around six weeks, sitting upright and beginning to grasp and manipulate objects
around the age of six months, and locomoting in space at the end of the first year constitute
noticeable advancements in leaming how to act in and with the world (see Thelen, 1995 and
von Hofsten, 2004; 2007 for a review). In concert with the improvements in motor control,
sensory and cognitive development influence children’s action development (see e.g. Thelen
et al., 1994 for a detailed description). Behavioral advancements in performing actions
successfully are related to development on a neural level.
In early human brain development, the sensorimotor cortex is one of the first cortical
areas to form a multitude o f new synapses (Casey et al., 2005). In addition to changes in
brain structure, brain imaging techniques can be used to assess functional processes involved
in action development. That is particularly useful in that brain imaging techniques are not
limited to overt behavior and are providing high precision and more details on underlying
processes. In particular, when studying developmental phenomena, techniques such as
electroencephalography (EEG) and functional near-infrared spectroscopy (fNIRS) allow
measuring brain activity in infants and young children (e.g. Bell, 1998; Csibra, et al., 2008;
Grossmann & Johnson, 2010; Saby & Marshall, 2012; Shimada & Hiraki, 2006). The use
of these techniques has advanced our understanding of action processes tremendously. For
instance, the function o f the sensorimotor cortex has been investigated by neurocognitive
research with human infants and adults (see Casey et al., 2005; Marshall & Meltzoff, 2011;
Pineda, 2005; 2008; Pfurtscheller & Neuper, 1997). Converging findings suggest that the
sensorimotor cortex integrates sensory input (i.e. information about sensory events in the
world including information about objects and human bodies) and motor processing (i.e.
related to changing the outside world with respect to the actor’s current state). The early
maturation of sensorimotor areas in the brain forms a basis for the production of goal-directed
actions which strongly relies on sensorimotor integration.
Another especially striking finding on the processing o f actions, initially made
through single-cell recordings in monkeys and then comparably found in human infants
and adults, was the overlap in neural activity for action execution and action observation
(Rizzolatti & Craighero, 2004). More specifically, converging evidence from several brain
imaging techniques suggests that brain areas involved in executing an action are activated
when we observe another person performing the same action (Decety et al., 1997; Fadiga
et al., 1995; lacoboni et al., 2005; Koehler et al., 2012). This finding of neural overlap in
action and perception is interpreted by some as a basis for understanding others’ actions and
intentions and builds the basis for a large body of research devoted to the understanding of
and interaction with others (Bekkering et al., 2009; Hari & Kujala, 2009; Sebanz, Bekkering
& Knoblich, 2006). Analogous to findings in monkeys and human adults, results o f EEG and
fNIRS studies confirmed the overlap in processing during production of own and perception
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o f others’ actions in human infants and toddlers (Shimada & Hiraki, 2006; see Marshall &
Meltzoff, 2011 for a review). Recent studies testing 9- and 14-month-old infants have shown
activity over sensorimotor brain regions, both, when infants perfonned an action and when
they observed another person acting (Marshall, et al., 2011; Southgate et al., 2009). The neural
overlap of action production and processing of others’ actions provides the neurocognitive
basis for several o f the processes discussed below (e.g. action monitoring).

Action planning
Producing a goal-directed action typically begins with action planning. Central to
action planning is the current goal o f the action. Converging findings in the domain o f motor
control have indicated that adults incorporate the final goal o f their action in an anticipatory
manner in the initial phase of an action (see Rosenbaum et al., 2012 for a review). Imagine
for example, tidying up the children’s room. When reaching for the teddy bear from the
ground in order to simply piek it up (first-order planning) or reaching for it in order to piek
it up and then place it on a high shelf of a cupboard (second-order planning), adults would
grasp the teddy bear in the initial phase o f the action sequence according to their final goal.
If the goal is to put the bear on the high shelf, one would likely grasp the teddy bear on the
lower end in order to comfortably place it above one’s head without having to stretch the arm
too much. Integrating the goal into action planning has been observed in first- and secondorder planning (i.e. « order planning entails planning n action steps ahead; Rosenbaum et al.,
2012). In other words, when grasping an object, adults not only grasp the object according to
their immediate demands (first-order planning) but plan ahead for instance for what they need
to do next with the object (second-order planning). Second-order action planning represents a
phenomenon first described by Rosenbaum and colleagues (1990) and since then extensively
studied in the domain of motor control in adults (Rosenbaum et al., 2012).
Similarly, early in life, infants modulate their hand shape during the initial reaching
phase towards an object according to the features of the object they are about to piek up
(McCarty et al., 1999; McCarty & Clifton, 2001; see von Hofsten, 2004 for a review). For
instance, when reaching for a big bottle infants would widen the distance of their fingers
compared to when reaching for a small spoon. Despite early signs o f action planning, young
children do not always demonstrate proficient goal-directed action planning in second-order
contexts (Knudsen, et al., 2012; Stöckel et al., 2012; Weigelt & Schack, 2010). During
preschool years and in middle childhood, action planning gradually advances, which shows
that children begin to consider the goal o f their action in an anticipatory manner (Knudsen,
et al., 2012; Stöckel et al., 2012; Weigelt & Schack, 2010). Even though adults and older
children typically plan ahead in second-order contexts, it is not clear whether this also holds
for higher-order contexts. In other words, it is unclear whether adults or children would plan
ahead in a more complex action situation in which they piek up a teddy bear from the ground
with one hand, then hand it over to the other hand before subsequently placing it on a shelf.
The issue o f higher-order action planning is addressed in a behavioral study with adults
which is described in Chapter 2.

Action control
After having planned an action, we then normally proceed executing it. Action
control is needed to execute an action properly, which also includes inhibiting actions at
certain times in an action sequence. In this thesis we focus on the aspect o f inhibitory action
control. Infants and young children often lack the fiill range o f inhibitory control over their
actions (Diamond, 1990; Durston et al., 2002; Jones et al., 2003; Munakata et al., 2011;
Williams, et al., 1999). For instance, even if our teddy bear were sitting behind a pane of
glass, or if a parent forbid to take the teddy bear (Carlson et al., 2004; Kochanska et al.,
1996; Kochanska et al., 2000), young children would typically still reach for it. A large body
of research has been devoted to investigating the ability to inhibit prepotent responses early
in life and over the lifespan (e.g. Diamond, 1990; Durston et al., 2002; Jones et al., 2003;
Munakata et al., 2011). Classic executive functioning paradigms requiring inhibition of
responses (such as Delay-of-Gratification tasks or Stroop-like tasks), have been widely used
to assess inhibitory performance in children (see Carlson, 2005 for a review), and age-related
changes in performance on such tasks are evident in a large number o f studies (e.g. Williams,
et al., 1999). Results confirm an improvement in inhibitory action control over preschool
years up to and beyond the age o f five years (cf. Carlson, 2005). The lack o f control in
early childhood is thought to be related to protracted development o f (pre-) frontal cortical
areas in the brain (Diamond, 1990; Durston et al., 2002). Moreover, recent studies suggest a
close link between higher social-cognitive skills (i.e. theory-of-mind) and inhibitory action
skills (Carlson et al., 2004; Hughes, 1998). The role of inhibitory action control in a social
interaction is discussed in more detail below.

Action monitoring
While executing an action, we need to monitor whether the action is unfolding as
expected. For instance, when reaching for the teddy bear, it is important to know whether
we succeed in grasping it or whether we accidentally miss it. The medial prefrontal and
(sensori-)motor cortices are involved in monitoring one’s own actions (e.g. van Schie et
al., 2004). When making an error, activity in both brain areas is elevated (Koelewijn et
al., 2008; van Schie et al., 2004). Adults show similar neural activity when they monitor
another person making an error (Koelewijn et al., 2008; van Schie et al., 2004). Thus, action
monitoring involves similar neural resources when monitoring one’s own and others’ actions.
With respect to development, EEG studies with 4- and 10-year-old children assessed neural
correlates o f processing own errors (Rueda et al., 2004; Santesso, Segalowitz & Schmidt,
2006; see Tamnes et al., 2013 for a review). They found comparable neural activity to the
neural processing observed in adults, with differences in timing and amplitude o f the signal.
Whether neural activity in young children overlaps for the observation o f one’s own and
others’ errors, has yet to be established. The detection of errors in one’s own and others’
actions is the basis for flexible adaptation in behavior and an important source for leaming.
Related to monitoring o f errors, also the monitoring o f feedback is fundamental

to leaming and has been addressed in adults (Cohen & Ranaganath, 2007; Gehring &
Willboughy, 2002; Holroyd & Coles, 2002; Miltner, Braun, & Coles, 1997). Medial frontal
areas (such as the anterior cingulate cortex) are associated with feedback processing (cf. van
Schie et al., 2004). Because frontal brain areas are among the latest to mature in development,
it is unclear whether feedback processing is comparable in young children and adults.
Processing feedback, however, is especially important early in life, when infants and young
children still rely to a large extent on feedback to leam about the correctness of their actions.
To date, neural correlates of error and feedback processing in young children and infants
remain largely unexplored. Chapter 5 of this thesis deals with toddlers’ neural processing of
feedback to their own actions.
In Chapter 6, the influence of motor development on action monitoring is
investigated. Because one’s own proficiency in executing an action has been found to be
crucial for the perception o f others’ actions (e.g. Calvo-Merino et al., 2005; Calvo-Merino
et al., 2006; Schuetz-Bosbach & Prinz, 2007), motor development possibly has an essential
influence on the monitoring o f others’ actions. Not surprisingly, an extensive body of
developmental literature has addressed the interplay between motor development and infants’
perception o f other people’s actions (for a review see Meltzoff, 2007; Hunnius & Bekkering,
submitted; Woodward, 2009). Action experience is suggested to underlie the processing and
recognition of other people’s actions (e.g. Cannon et al., 2012; Gredeback & Melinder, 2010;
Sommerville et al., 2010; van Elk, et al., 2008). How this translates to monitoring o f others’
errors, however, remains unclear. Whether and how infants’ motor development affects the
evaluation of correct and erroneous actions observed in others is addressed in an EEG study
with infants and adults (Chapter 6).

Developing joint action in brain and behavior
Defming joint action
Alongside individual goal-directed actions, elements o f joint action emerge
throughout the first three years after birth. According to the working definition proposed
by Sebanz, Bekkering and Knoblich (2006), joint action is defined as “any form of social
interaction whereby two or more individuals coordinate their actions in space and time to
bring about a change in the environment” (p. 70). Notably, this definition does not entail
the understanding o f a joint goal or intention as a necessaiy criterion (Bratman, 1992).
By adopting the definition o f Sebanz and colleagues (2006), we use joint action as a more
broadly defined concept than, for instance, Carpenter (2009), who emphasizes the necessity
of a shared goal in joint action.

Joint action in infancy and early childhood
To provide an overview of joint action development, we describe the gradual
changes from the young infant who is a rather passive joint action partner to the toddler

who needs less scaffolding (i.e. support through help of others) and is a more active joint
action partner (Brownell, 2011; Carpenter 2009). When observing others’ acting together,
young infants, in their first year o f life, were shown to make predictions about the unfolding
of a joint action (Gredeback & Melinder, 2010). Moreover, coordination of attention with
another person, so-called joint attention, is a first building block of joint action as it requires
coordinated behavior between individuals. Joint attention has been shown to evolve around
the first 6 months of life (see Mundy et al., 2007 for a review). Also, at the age o f one year,
first incidences of early forms of helping are seen in infants’ pointing behavior during triadic
interactions (Liszkowski et al., 2006). For instance, through pointing to an object another
person is searching for, infants provide useful information about the location of the object.
Yet, early investigations by Hay (1979) as well as by Ross and Goldman (1977)
suggest that active engagement in social interactions, such as cooperative games with an
adult, are rare in infants below the age o f one but increase rapidly in the following two
years o f life (see also Brownell, 2011). In daily life, scaffolding by adults masks the actual
contribution of infants to a joint action. This becomes obvious when infants are tested in
cooperation tasks with a peer rather than an adult partner. In a behavioral study with peers,
for instance, Brownell and colleagues (2006) found that “one-year-olds’ coordinated actions
appeared more coincidental than cooperative” (Brownell et al., 2006, p.803). Hardly any of
the tested dyads managed to pull a handle in a coordinated fashion to activate a toy. By the
age o f 14-months, infants were shown to pass an object over to an adult for whom this object
was out o f reach (Wameken & Tomasello, 2007). Although infants were cooperating in this
situation, their coordination abilities remained very limited and did not generali/e to more
complex scenarios (Wameken & Tomasello, 2007). Overall, the social interactions in which
children are actively engaged towards the end of the first year of life seem to be confined to
interactions clearly structured by adults.
By 18 months of age, infants engage others in joint actions dependent on the context
(Fawcett & Liszkowski, 2012), solve simple coordination tasks with adults (Wameken et al.,
2006) and, on some occasions, succeed in simple coordination tasks with peers (Brownell et
al., 2006). Between 18 months and 2 years, toddlers become more actively involved in mutual
interactions with adults and peers (Eckerman et al., 1989; Hay, 1979). Studies investigating
young children’s action coordination with adults (Wameken et al., 2006) and peers (Brownell
et al., 2006) provide evidence of successful coordination of 2-year-olds in tasks such as
simultaneously pulling a handle or moving a toy. On a socio-cognitive level, converging
empirical findings indicate that it is not until their third birthday that young children show
joint commitment (i.e. here the need to acknowledge when leaving a joint action; Grafenhain
et. al., 2009; Hamann et al., 2012).
In the course of their third year o f life, young children improve in their action
coordination abilities with adults and peers and begin to predict their partner’s actions and
use communicative signs to structure joint actions (Brownell & Carriger, 1990; Brownell et
al., 2006; Wameken et al., 2006). Yet, these acts o f coordination are typically limited to one-

time coordination events such as pulling a handle together once. In everyday life, however,
many joint actions consist of a more complex and continuous action coordination between
actors than contained in a simple one-time coordination, for instance coordinating actions
while making tea together, making music together or throwing a ball back and forth. Adults
are extremely proficient and flexible at coordinating their actions in a continuous manner
with others (Knoblich & Jordan, 2003). This begs the question when in development young
children are capable of coordinating their actions smoothly and continuously with another
person.
Research on how joint action coordination emerges in the third year of life and how
individual action coordination relates to it is sparse. To our knowledge, only one previous
study has addressed continuous action coordination in a social setting in early childhood
(Kirschner & Tomasello, 2009). Kirschner and Tomasello assessed the drumming behavior
of young children between the age of 2/4- and 4'/2-years in an individual and a social context.
They found that already 2V2-year-old children drum more synchronously along with a social
partner compared to a drumming machine (Kirschner & Tomasello, 2009). This result
provides valuable information about a unidirectional coordination context in which one
person needs to coordinate with an interaction partner or drumming device. Nonetheless,
in making tea together, making music together or throwing a ball back and forth, action
coordination is bidirectional and thus critically different (and potentially more demanding)
than unidirectional coordination. Hence, the question remains as to how action coordination
which is mutual and bidirectional in nature develops. This research question is the focus of
the first study described in this thesis (Chapter 1).
In addition to joint action coordination and its development, little is known about
neurocognitive processes underlying joint action coordination. In the following section we
elaborate on planning and controlling one’s own actions in the context o f joint action. In
addition, we discuss the role of predicting and monitoring others’ actions for joint actions in
early childhood.

Action planning in the context of joint action
When acting together with another person, do we integrate the other person into
our own action plan? Joint actions often inherently have higher-order action structures, for
example, when handing a teddy bear to another person who then needs to put the teddy on a
high shelf. The question arises whether we integrate the fïnal goal o f an action sequence into
our own action planning even when the other person executes the final step. Recently, studies
have started to address situations in which another person is part of a joint action sequence
(Gonzalez et al., 2011; Herbort et al., 2012; Ray & Welsh, 2011). First findings suggest that
adults plan ahead for instance for the start o f another person’s action part (Gonzalez et al.,
2011; Ray & Welsh, 2011). For example when handing over a cup, adults pass the cup such
that the handle is available for the joint action partner to grasp it. Yet, whether adults plan
ahead in terms o f the goal instead of the start o f another person’s actions in a joint action

context remains unexplored. In Chapter 2 of this thesis, we investigate higher-order action
planning in individual and joint actions.

Action control in the context of joint action
Brownell (2011) suggests that the ability to regulate one’s own actions is fundamental
to joint action development. Inhibiting one’s own actions belong to the ability to regulate
one’s actions successfully. In executive functioning research, some tasks implement tumtaking structures (cf. the Tower task; Kochanska et al., 1996) as a measure o f inhibitory
action. Inherently, many joint actions are based on tum-taking structures, which can be as
simple as passing a teddy bear back and forth. How is inhibitory control related to joint
action performance in early childhood? So far developmental studies have only addressed
the unidirectional influence of social context on executive functioning. Along these lines,
the influence of social observation (Moriguchi 2012) and co-play (Qu, 2011) on executive
functioning skills has been investigated in 3- and 4-year-old children. They show that social
observation had an interfering effect (Moriguchi, 2012) whereas playing in a competitive
context seemed to have a facilitative effect (Qu, 2011) on the preschoolers’ executive
functioning performance. Still, the precise relation between inhibitory control and joint
action performance remains unclear. In Chapter 4, we test whether and in how far inhibitory
action control, is related to young children’s joint action coordination with another person.

Action Prediction and Monitoring in Joint Actions
Besides planning and controlling one’s own actions, two processes have been
highlighted in joint action research in adults: action prediction and action monitoring. Recent
research on action processes in adults has increasingly shifïted its focus from investigating
individual goal-directed actions towards investigating social interactions (Bekkering et al.,
2009; Hari & Kujala, 2009; Schilbach et al., 2012; Sebanz et al., 2006). Behavioral and
neuroimaging studies have addressed performance in joint actions by investigating behavioral
dynamics (Marsh et al., 2009) and (neuro-) cognitive processes (Knoblich et al., 2011; Kourtis
et al., 2010; 2013; Newman-Norlund et al., 2007). Across this research, action prediction and
action monitoring have been found to be crucial underlying processes, facilitating smooth
coordination of two or more individuals (Vesper et al., 2010).

Action Prediction in Joint Action
Predicting when, where and what another person is going to do next allows us to
prepare and execute our own actions accordingly (Sebanz & Knoblich, 2009). Consider again
our example of passing a teddy bear back and forth with another person. One can readily
prepare to reach out for the teddy bear at the right location and time on the basis o f predicting
the others ’ actions accurately. It has been suggested that infants use their neural motor system
not only to recognize others’ actions but also to predict others’ actions. Forward processing
in the fronto-parietal action network, involving sensorimotor areas, is associated with action
prediction in adults (Elsner et al., 2013; Kilner et al., 2007; Wolpert et al., 2003). In line

with proposed forward models and empirical findings in adults, neural motor activity has
been detected in infants before the onset o f a predictable observed action (Southgate et al.,
2009; Southgate et al., 2010; Stapel et al., 2010). Interestingly, recent TMS findings (Elsner
et al., 2013) suggest a causal relation between anticipatory eye-movements and motor cortex
activity.
Together, these findings suggest that feed-forward involvement of the neural action
system might underlie predictions o f other people’s actions. Recently, Kourtis and colleagues
investigated neural correlates o f action prediction in a joint action context (2010). In their
EEG study, Kourtis and colleagues measured neural motor activity of adult participants
who were engaged in a common task with a joint action partner. Participants showed more
motor activity in anticipation of the partner’s actions than in anticipation of the actions of
an individual actor; not involved in the common action. In a more recent study, Kourtis
and colleagues (2013) extended these findings by demonstrating a close relation between
individual differences in predictive motor activation for a joint action partner and the quality
o f joint action performance.
Except for these first indications for a tight relation between action prediction and
joint action performance, a deeper understanding of their interdependence and the role of
this link in development is lacking. Also, even though a growing body of developmental
research has provided evidence for action prediction in young children (Falck-Ytter et al.,
2006; Hunnius & Bekkering, 2010; Kochukhova & Gredebaeck, 2010), the role o f action
prediction for joint action coordination in early childhood remains unclear. In Chapter 4,
we describe a behavioral and eye-tracking study with toddlers in which we investigated the
relation between action prediction and joint action coordination.

Action Monitoring in Joint Action
In addition to action prediction, Vesper and colleagues (2010) emphasize the importance of
action monitoring for joint actions (see also Bekkering et al., 2009). By monitoring our own
and our partner ’s actions, we can evaluate whether the joint action is unfolding as expected and
potentially adjust our own actions, respectively. Does my action partner grasp the teddy bear
I offer him, as expected? As mentioned before, neuroimaging findings in infants and adults
suggest that the neural motor system is involved in processing produced and observed actions
(Hari & Kujala 2009; Lepage & Théoret 2006; Marshall et al., 2011; Muthukumaraswamy &
Johnson 2004; Pineda, 2005; Rizzolatti & Craighero 2004). In addition, the abovementioned
findings of Kourtis and colleagues (2010) demonstrate more motor activation for monitoring
the actions o f a joint action partner than those of an individual actor. The role and development
o f action monitoring for joint action in early development, however, remains unclear. In
her review on joint action development, Brownell (2011) proposes that besides regulating,
monitoring our own and others’ actions is essential to establish smooth joint actions. One
of the few behavioral findings on action monitoring in toddlers (Brownell et al., 2006)
indicates that, children in their third year of life, increasingly monitor the actions o f their
peer interaction partners. Still, how young children process the actions of their joint action

partner on a neural level has not yet been addressed. By manipulating children’s involvement
in joint action, we tested young children’s neural processing o f action monitoring in an EEG
study (Chapter 3).

Outline of the thesis
The aim o f this thesis is to study the development of individual and joint action and
the underlying neurocognitive processes involved. We begin our investigations by examining
individual and joint action coordination. In Chapter 1, we focus on the development of
individual and joint action coordination in early childhood. Phrasing it in terms o f the teddy
bear example, we investigated how young children develop in their ability to pass a teddy
bear back and forth in tums with another person. Chapter 2 deals with adults’ planning of
actions when coordinating actions individually and jointly. How do adults grasp a teddy bear
initially when they want to hand it over to either their own right hand or another person first,
to subsequently place the teddy bear on a shelf? In particular, we address leaming and transfer
of leaming in action planning for self and others in Chapter 2. Subsequently, we zoom in on
joint action coordination and the neurocognitive processes involved in establishing a smooth
interaction in early childhood. In this context, we focus on the role o f action monitoring
in Chapter 3 and on the role of action prediction and action control in Chapter 4. How do
young children monitor the actions of their teddy-bear-play-partner? How does predicting
the others’ actions and controlling their own actions relate to passing the teddy bear back and
forth? Finally, Chapter 5 and 6 deal with the distinction of successful and erroneous actions.
hnagine that you observe someone reaching for the teddy bear but accidentally grasping
next to it. Similarly, how would toddlers process the feedback when they choose the wrong
toy box to find a teddy bear? Would they leam from the feedback and look into the next toy
box to find the teddy bear? We investigate how monitoring of own and others’ actions is
processed in the developing brain and how it is related to behavior and skills. The thesis
concludes with a General Discussion section in which the theoretical impact o f the current
findings on the field are discussed.
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Chapter 1
Joint action coordination in 2V2- and 3-year-old children

JOINT ACTION
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Abstract
When acting jointly with others, adults can be as proficient as when acting individually.
However how young children coordinate their actions with another person and how their
action coordination develops during early childhood is not well understood. By means
of a sequential button-pressing game, which could be played jointly or individually, the
action coordination of 2Vi- and 3-year-old children was examined. Performance accuracy
and variability o f response timing were taken as indicators o f coordination ability. Results
showed substantial improvement in joint action coordination between the age of 2'A- and 3,
but both age groups performed equally well when acting individually. Interestingly, 3-yearolds performed equally well in the joint and the individual condition, whereas 2 ‘/ 2-year-olds
did not yet show this adult-like pattem as indicated by less accurate performance in the joint
action. The findings suggest that in contrast to 3-year-olds, 2/4-year-olds still have difficulties
in establishing well-coordinated joint action with an adult partner. Possible underlying
cognitive abilities such as action planning and action control are discussed.
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joint action, action coordination, development, early childhood
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Joint actions are a part of everyday life. The success o f a joint action is highly dependent on
the ability to coordinate our own actions with those of our action partner (Sebanz, Bekkering,
& Knoblich, 2006). To establish a smooth joint action coordination with another person
we need to monitor our action partner’s contribution to the common action and flexibly
incorporate the other’s actions into our own action plan (Sebanz, Knoblich, & Prinz, 2003;
Tsai, Kuo, Jing, Hung, & Tzeng, 2006; Tsai, Kuo, Hung, & Tzeng, 2008). Thus, coordinating
actions with another person introducés additional demands compared to individual actions.
Nevertheless, adults can achieve similar performance levels whether they are coordinating
their actions with an action partner or acting on their own (Knoblich & Jordan, 2003). The
ability to effectively coordinate one’s own actions with those o f others, however, is not present
from birth. In the current study we examined the development o f joint action coordination in
early childhood. Coordination o f actions was investigated when children were acting either
individually or together with a joint action partner.
Action coordination entails the coordination between two people as well as
intrapersonal action coordination. Though a large body o f research is concemed with
action and action coordination development, to date, investigations have often focused on
intrapersonal coordination of actions (e.g. Brakke, Fragaszy, Simpson, Hoy, & CumminsSebree, 2007; Clark, Whitall, & Phillips, 1988; Getchell, 2006; von Hofsten, 2007). Our
knowledge about the development of action coordination between two people is mainly
based on studies which investigated children’s helping behavior and their performance
in collaborative problem-solving tasks or during social games (e.g., Wameken, Chen, &
Tomasello, 2006; Wameken & Tomasello, 2007; Brownell, Ramani, & Zerwas, 2006). As
outlined by Brownell and colleagues (2006), coordinated behavior with an action partner
improves drastically within the first three years o f life. While 1-year-olds’ coordination with
others is still limited and largely relies on scaffolding by adults (Smith, 1978; Wameken &
Tomasello, 2007), 2-year-old children are able to solve simple cooperation tasks together
with peers and adults (Brownell & Carriger, 1990; Brownell et al., 2006; Hunnius, Cillessen,
& Bekkering, 2009; Wameken et al., 2006). Around this age, children succeed for instance
in pulling a handle simultaneously with a peer (Brownell et al., 2006) or in reaching for an
object when an adult makes it available (Wameken et al., 2006).
Three-year-olds, but not younger children, successfully master more complex
cooperation tasks which for example involve complementary roles for the two action partners
(Ashley & Tomasello, 1998). Around the same age, developmental changes in related
social-cognitive skills can be observed. Emerging social-cognitive skills in domains such
as action understanding, action execution control and action monitoring are thought to play
an important role in joint action coordination. By the age of three years, children begin to
differentiate various levels as underlying causes for others’ actions such as psychological
or biological motives, and they begin to integrate actions they have observed in others with
actions from their own repertoire (Flavell, 1999; Williamson, Meltzoff, & Markman, 2008).
During preschool years, young children acquire the ability to control their actions by
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overriding prepotent responses and established action (see Garon, Bryson, & Smith, 2008,
for a review). The emergence o f action execution control including inhibitory response
control is linked to developmental changes in the prosocial behavior of 3- and 4-year-olds
(Moore, Barresi, & Thompson, 1998). In addition to executive control, action monitoring
plays an important role in successful joint actions with others (Bekkering et al., 2009). In
the context of problem-solving amongst peers, 3-year-olds have been found to pay particular
attention to their action partner’s actions which are directed at solving a given task. Although
younger children also watch their partner, they do not show this selective monitoring but
rather general social attention (see Gauvain, 2001, for a review).
Also, the frequency of coordinated acts among peers was found to increase
substantially between 16 and 32 months o f age (Eckerman, Davis, & Didow, 1989). In sum,
previous studies provide us with general information on the age range within which children
are able to solve coordination tasks successfiilly. However, in most o f the tasks used to
study children’s action coordination singular actions were sufficiënt to fulfill the required
coordination demands (e.g., dropping an object in a descending tube to let another person
catch it; Wameken et al., 2006). Hence, children rarely had to coordinate their actions in time
with others during a continuous stream of activities. In daily life, however, many joint actions
entail continuous coordination with others rather than a one-time interaction. Activities such
as walking hand in hand down a busy Street, seesawing on the playground or even having a
conversation with another person require the continuous coordination o f actions.
One recent study investigated the continuous coordination of actions between
young children and an adult during social interaction by examining 2 Vt- to 41/2-year-olds’
drumming behavior in social compared to non-social settings (Kirschner & Tomasello,
2009). It was the children’s task to drum along with another person, a drumming machine
or the sound o f a drum. Results demonstrate that all children, including the youngest group
o f 2/4-year-olds, synchronized their movements more accurately in the social condition than
in the non-social conditions (Kirschner & Tomasello, 2009). Nevertheless, the social setting
provided in this study was designed such that no mutual coordination between the two action
partners was required. The experimenter was acting independently of the child in such a way
that he provided the beat the children had to drum along with, but did not adjust his own
actions to the child. So, the question remains: from which age are young children capable
of coordinating their actions smoothly with another person in a truly interactive situation in
which both actors’ actions are mutually dependent on each other and not coupled in a strictly
unidirectional way.
To investigate the development of joint and individual action coordination abilities,
we tested 2'A- and 3-year-old children by means o f a sequential button-pressing game. The
game could be played jointly with another person as well as individual ly. When playing
jointly, the children were acting together with an adult experimenter. To keep the adult’s
behavior constant between children and avoid scaffolding, the adult’s action timing was
locked to the children’s responses. By always acting one second after the child, the action

partner played in a predictable manner which at the same time was dependent on the child
and thus interactive in nature. In line with Deutsch and Newell (2005), we expected that an
improvement in performance would be reflected by higher accuracy and lower variability in
response timing with increasing age. We predicted an age-related improvement in the quality
of children’s joint action coordination consistent with changes in coordinated behavior
observed throughout the third year of life (Ashley & Tomasello, 1998; Brownell et al., 2006;
Kirschner & Tomasello, 2009). Conceming children’s individual coordination performance
we hypothesized that there would be only a marginal improvement since children acquire
stable intrapersonal coordination pattems earlier in life (see Brakke et al., 2007; Clark &
Phillips, 1993; Clark et al., 1988). To sum up, we predicted only minor developmental
changes in individual action coordination but a significant improvement in coordination
abilities in joint action for young children between 2Vi and 3 years.

Method
Participants
Twenty-three young children were included in the final sample. They were recruited
from a database of families who volunteered to participate in child studies. The total sample
consisted o f two age groups: ten 2-!4-year-olds (mean age = 30 months and 3 days, range =
29 months and 22 days to 30 months and 11 days; 7 girls) and thirteen 3-year-olds (mean age
= 36 months and 1 day, range = 35 months and 22 days to 36 months and 9 days; 7 girls). All
children were accompanied to the testing session by a parent who gave written consent for
the restricted use o f video recordings obtained during the experiment. Another 18 participants
were tested but excluded from the analysis due to incomplete task demonstration caused by
interference o f the child (n = 4) or a procedural error (n = 1). Further exclusion criteria were
the lack o f at least one valid trial per condition (n = 4) or engagement of the parent (e.g. by
leading the child’s hand) (n = 9).

Design
A 2 x 2 mixed design with one between-subjects factor (age group) and one withinsubjects factor (condition) was used in the current study. Each child played the button-pressing
game together with the experimenter (joint condition) and alone (individual condition). The
order of conditions within a session was counterbalanced across participants such that five
out o f ten 2V2-year-old children as well as six out o f thirteen 3-year-olds started with the
individual condition. All data were collectedby the same first experimenter (E l) who was the
joint action partner of the children.

Materials and Stimuli
Wé designed a simple computer game playable by repeatedly pressing two buttons
in altemation. The two buttons were positioned in front of a computer screen (see Figure

la) and were interconnected by a tilt mechanism. As illustrated in Figure lb, pushing one
button automatically lifted the other button. When a button was pushed, it sank to the surface
level o f the box (width = 30 cm; height = 8 cm; depth = 1 6 cm) in which the buttons were
installed. The timing o f button presses was registered for each button. At the surface level,
the mechanism still registered further button presses, although the lower button could only be
lifted again when the opposite button was pushed. We used interconnected buttons to create
a situation in which two joint action partners who were both controlling one button had to
coordinate their button presses in an altemating fashion. Though constant pushing o f one
button was possible, it hindered the other person from pushing his own button and thereby
disturbed the course o f the sequential game.
To make the buttons more distinct they were colored differently (left button: black;
right button: red). Button presses triggered the presentation of visual and auditory stimuli
programmed in Python (Version 2.5, Python Software Foundation; http://www.python.org).
Visual stimuli consisted of a stable background scene and an animated cartoon figure of a
frog in the foreground (see Figure la). The background scene showed a ladder in front o f a
natural landscape and a cartoon figure of a pig on a cloud at the upper right corner next to
the top o f the ladder. All visual stimuli were presented on a wide-screen which was rotated
by 90° to the left (1200 x 1920 pixels). During the computer game the two buttons had to
be pushed in an altemating sequence to move the animated frog figure up the ladder step
by step. More precisely, pushing the left button resulted in displaying a frog picture which
showed the frog lifting its left leg to reach the next step up on the ladder. Consistently, a right
button press resulted in the frog lifting its right leg. The visual presentation o f the climbing
frogs was accompanied by clap tones (duration: 60ms) which were unique for the respective
button. Each trial (i.e. moving the frog from the lowermost point of the ladder to the top)
consisted of 42 altemating button pushes. The goal of the game was to make the frog climb
up the steps until it reached the piglet at the top. A final picture displaying the animated frog
next to the cartoon figure of the piglet indicated that the goal had been achieved. In order to
emphasize the successful accomplishment o f the goal, a goal tune of about 2 seconds was
presented simultaneously with the final picture.
In addition to the registration o f button presses, video recordings were made
throughout the experiment. A digital video camera (Sony Handycam, DCR-SR190E) was
placed in the corner of the room to record children’s behavior during the testing sessions.

Procedure
The experiment was conducted in a quiet testing room. Before child and parent were
introduced to the testing room, they were invited to spend a short period (< 1 0 min) in an
adjacent playroom. During this warming-up period parents were informed about the general
course o f the experimental session, while the child had the opportunity to get accustomed
to the two experimenters El and E2. El was the active joint action partner of the children
while E2 helped to demonstrate the joint condition. The warming-up phase was included to
facilitate children’s engagement in social contact with E l during the actual testing phase.
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After the short warming-up period child and parent were accompanied by E 1 and E2
to the testing room. There, the parent was instructed to sit down at a table on which the setup was installed. The caregiver was asked to sit with the child on his or her lap such that the
child could comfortably reacb the buttons. E l then took a seat to the left o f child and parent
while E2 remained in the background. Parents were asked not to interfere throughout the
testing phase. To introducé the general idea of the game, E l pointed to the moving character
on the screen (the frog), to the ladder and to the goal location (the piglet on the cloud). She
explaihed that the frog wanted to climb up the ladder to reach the piglet on the cloud. After
this general introduction, each child was asked to engage in two consecutive conditions, an
individual and a joint condition. Both conditions were preceded by a demonstration trial.
The child’s task in the individual condition was to move the frog from the bottom
o f the screen to the goal position at the top by pushing the two buttons in turn using the left
hand for the left button and the right hand for the right button. El demonstrated this task by
completing one trial on her own. Moreover, a verbal instruction o f the task was given. After
demonstration, the frog was reset to its starting position and children were invited to play
on their own. The experimenter encouraged the children to play individually for several, but
maximally four times. The number of trials completed varied between children, but other
than one child all participants engaged in the individual condition.
In the joint condition, children were instructed to play together with E l. The
sequence of button presses (i.e. left, right, left etc.) required to accomplish the goal o f the
game was the same as in the individual condition. However, in the joint condition, the child
was asked to use only the right button with the right hand whereas E l had control over the
left button such that the child and El had to take tums pushing the buttons to succeed in
the task. As in the individual condition, a demonstration trial preceded the actual test trials.
For this purpose, E2 joined and sat down left of E l in a position visible for the child. In
the demonstration trial E l and E2 carried out the task together by taking tums to push the
buttons until they reached the goal jointly. Consistent with the individual condition a verbal
explanation o f the task was given during the demonstration. After one demonstration trial,
E2 left the table again and the game was reset to the start. Then, the test trial was started by
inviting the child to play together with E 1. Again, children were allowed to play several times
up to a maximum of four trials. Except for two participants, all children participated in the
joint condition. Throughout the joint play E 1 heard via an earphone a metronome tone which
was locked to the child’s response. The metronome tone consisted o f three consecutive beep
tones with the last beep presented exactly 1 second after the right (i.e. the child’s) button had
been pressed. This button-locked metronome feedback was only audible for E l. It allowed
E l to respond to the child’s button presses in a consistent and predictable manner by pressing
her own button approximately 1 second after the child’s response.

Data Processing
We focused on two measures to test our hypotheses: performance accuracy and
timing variability. Pressing the same button more than once in a row was registered as an
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error which reflects children’s performance accuracy. The timing variability was based on
the time it took children to press the right button after the left one had been pressed (either
by their own left hand or by E l). For all dependent measures only right button presses were
analyzed allowing a comparison o f children’s right hand responses between conditions.
Before calculating these two measures the data were preprocessed in the following way: the
first two button presses of each trial were excluded from the data analysis to prevent a bias
of large outliers at the beginning o f a trial (cf. Drewing, Aschersleben, & Li, 2006). Video
recordings served to identify which hands were used to push a button. For the individual
condition, only trials which were executed bimanually were taken into account. The video
recordings were further used to detect violations of task rules other than the registered
errors (e.g. pulling instead of pushing a button). Trials in which more than half of the button
presses on one side were executed in such an incorrect fashion (i.e. by pulling up a button)
were subsequently excluded from the analysis. Thereby, overall five trials were excluded
from further analysis. Those five trials stem from two 2 '/2-year-olds (one of which had two
contaminated trials) and two 3-year-olds. Thus, the amount of trials excluded from further
analysis did not differ substantially between the age groups. In the joint condition, trials were
included if the child controlled the right button with the right hand and El controlled the left
button for at least half o f the time without violated task rules. From the remaining trials all
button presses violating the game rules and registered errors were excluded before calculating
the timing variability. Moreover, all button presses following an erroneous response were
discarded. Thereby, only button presses following a correct button press were kept for further
analysis of timing variability. Consequently, the number of button presses included in the
analysis differed slightly between participants. In the main analysis, we accounted for this
difference by using relative measures.

Figure 1.
(a) The experimental set-up consisting o f a computer game playable alone as well
as together. (b) Schematic construction o f the buttons used as control devices for
the computer game.

Performance Accuracy. To perform the sequential button pressing task accurately,
the two buttons had to be pushed in turn. Therefore, a button press executed more than
once in a row was counted as error. To compare children’s performance accuracy between
conditions the mean percentage o f these errors was assessed.
Timing variability. Besides children’s accuracy we investigated how stable chiJdren
were in their response timing. With regard to performance in voluntary movement tasks,
a decrease in variability with increasing age has been associated with improvement in
performance (Piek, 2002). To determine the timing variability of children’s performance we
first calculated the time interval between a right and a left button press (right - left). The
average time interval provided the basis for the variability measure. As variability measure
we computed the coëfficiënt of variation to account for a possible bias caused by differences
in children’s average time interval (cf. van Geert & van Dijk, 2002). The coëfficiënt of
variation is calculated by dividing the Standard deviation by the mean (SD/M). As such it
offers a solution to the problem which arises when Standard deviations need to be compared
between samples that have different means. All data processing steps were calculated using
Matlab (Version 7.0, TheMathWorks, Inc.) and statistical tests were computed with SPSS
17.0.

Stability of Experimenter’s Performance
Though E l was provided with metronome tones to achieve a standardized
performance, children’s behavior such as the production of errors might have introduced
additional variability to E l ’s performance. To ensure that no systematic differences in the
performance of E l occurred between age groups, we tested the mean time interval, (i.e.
the average time it took E l to push the button after the child’s response) and E l ’s timing
variability, against age groups. Neither the mean time interval, t(21) = 1.45, p > .05 nor El ’s
variability in interval timing, t(21)= .21, p > .05 were found to be significantly different.
Thus, there were no indications that E l behaved differently between the two age groups.

Results
Preliminary tests for order effects were conducted by including the order of
conditions (individual first; joint first) as a within-participants factor in each mixed analysis
of variance (ANOVA). Since the order of conditions never yielded significant differences (all
p s > .30) this factor was omitted in the subsequent analyses. Note that for all reported posthoc t tests Bonferroni-corrections were applied to account for multiple comparisons.

Performance Accuracy
Mean percentage o f errors. Figure 2 depicts the mean percentage of errors made by
children in the two age groups (21/2-year-olds; 3-year-olds) when performing the sequential
button pressing game individually or together with an adult. As described above, an error
reflects a child’s button press on the right button when the left button should be pressed.

Figure 2.
Mean percentage o f errors as a function of age group (2!4-year-olds; 3-year-olds) and condition
(individual; joint); vertical black lines illustrate Standard errors o f the means.

A 2 x 2 mixed analysis of variance (ANOVA) with factors Age Group and Condition was
used to test for differences in children’s accuracy. The ANOVA yielded a significant main
effect o f both Age Group, F (l,21) = 12.56, p < .05, and Condition, F(l,21) = 5.48, p <
.05. Children aged 2'A-years produced overall a significantly higher percentage of errors
(M = 11.82%, SE = 1.20) than children of the older age group (M = 6.16%, SE = 1.05).
Furthermore, children’s mean error rate was in general higher in the joint condition (M =
12.09%, SE = 1.56) than in the individual condition (M = 5.89%, SE = 1.54). In addition to
the main effects, an interaction effect of Age Group and Condition, F( 1,21) = 5.64, p < .05
was found. Post-hoc comparisons revealed that 2%-year-olds made significantly more errors
than 3-year-olds when they were acting jointly with the experimenter, t(21) = 3.83 ,p = .001.
However, when playing on their own children’s accuracy was not found to differ, t(2\) = .21,/?= .84. As apparent from Figure 2 ,3-year-olds show a similar level of error performance
in both conditions. In contrast, 2%-year-olds made more errors when playing jointly than
when they acted individually. Thus, children of both age groups were equally accurate when
they performed the sequential task on their own whereas 2'/4-year-olds made significantly
more errors when playing in tums with an adult than 3-year-old children who had a similar
accuracy level in both conditions.

Timing Variability
Average time interval. Children’s average time interval between button presses
served as the basis for the subsequent measure of variability in response timing. Comparing
the average interval timing across age groups and conditions by means of a mixed ANOVA

revealed a main effect of both, Age Group, F{ 1,21) = 13.28 ,p < .05 and Condition, F( 1,21)
= 10.71, p < .05. With an average interval duration of around 870 ras (SE = 46) children of
the younger age group were significantly slower than 3-year-olds who on average pushed the
button after approximately 650 ms (SE = 40). Moreover, children of both age groups were
faster in the individual condition (M = 630 ms, SE = 54) than in the joint condition (M =
899 ms, SE = 49). No significant interaction was found between Age Group and Condition,
F(l,21) = .14, ƒ> > .05.
Coëfficiënt o f variation (COV). The average COV for the two age groups and
conditions are depicted in Figure 3. To examine effects of Age Group and Condition on the
timing variability we conducted a two-way ANOVA. Whereas neither of the main effects
(Age Group; Condition) were found to be significant (both ps > .05), there was a significant
interaction effect between Age Group and Condition, F( 1,21) = 4.45, p < .05. Post-hoc t
tests revealed that 2!4-year-olds were more variable in their action timing than 3-year-olds
when they were acting jointly with an adult, t(2\) = 2.46, p = .023. No such difference in
variability was detected for the individual condition, t(21) = -.09, p = .92 (see Figure 3).
Thus, when acting on their own 2 1/4-year-olds were as stable in their interval timing as 3-yearolds, whereas they were significantly less stable than the older children in their joint action
coordination. Within age groups no evidence was found for a difference o f the average COV
between conditions (both ps > .05).
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Figure 3.
Mean coëfficiënt of variation regarding children’s average interval time as a function o f age group
(l'/z-year-olds; 3-year-olds) and condition (individual; joint); vertical lines illustrate Standard
errors o f the means.

Discussion
In this study, we investigated the development o f young children’s action
coordination in a repetitive button-pressing task. We compared 2/4- and 3-year-olds’
performance when acting either together with a joint action partner or individually. Threeyear-old children showed higher accuracy in their coordination with an adult partner than
2'/4-year-olds. However, when acting on their own, the 2/4-year-olds were as accurate in
their bimanual coordination as the 3-year-old children. The same pattem was found for the
variability in children’s interval timing. While the 3-year-olds showed less variability in the
joint condition than the 214-year-olds, there was no difference in variability between age
groups in the individual condition. These findings indicate that the ability to coordinate one’s
own actions with those o f another person improves significantly between the age of 2'A and
3 years. In contrast to joint action coordination, no developmental changes between 2'A- and
3-year-old children were found regarding intrapersonal action coordination.
Both accuracy and stability o f performance are important indicators o f the quality
o f action coordination between two people. With respect to accuracy, 2'/2-year-old children
impeded the joint action coordination by acting significantly more often when it was not
their turn. Two potential explanations could account for this higher percentage of errors in
the joint condition as observed in the 21/2-year-olds. Deficits in action control as well as
action planning might play a role in adjusting actions properly. On the action control level,
one possible reason might be the lack o f response inhibition (Diamond, 2002) which makes
it difficult for the 2 '/2-year-olds to refrain from acting when it is their action partner’s turn.
In tasks which require young children to inhibit predominant responses, 2V4-year-olds were
shown to hold back their responses only slightly above chance level, whereas by the age of
three, children performed at a 90% accuracy level reflecting their advanced ability to inhibit
initial response tendencies (see Diamond, 2002, for a review).
On the other hand, the children’s behavior might reflect difficulties on the action
planning level, namely in incorporating the other person’s actions into their own action
plan. Incorporating the other into one’s action plan requires the understanding o f the other’s
contribution to and importance for the common action. The 2*/2-year-olds might have acted
more frequently when it was the other’s turn because they did not yet fiilly integrate the adult
as an essential part of the joint action. Adults have been shown to incorporate other people’s
actions by sharing representations of others’ actions and tasks, a skill which is thought to be
crucial for understanding and predicting other’s actions in a social interaction (Bekkering
et al., 2009; Sebanz, Knoblich, & Prinz, 2003). To what extent action control and action
planning change between the age of 1V2- and 3 still needs to be clarified.
In addition to the higher error rate, the variable temporal performance o f 2/4-yearolds also indicates less proficient joint action coordination. Though not mandatory for the
successful execution of the game, acting in a stable temporal manner facilitates the action
coordination between the two actors. While keeping a stable response timing can help to
establish a smooth joint coordination, a high variability in response timing might impede

smooth joint coordination. What might have caused the more variable performance of
the younger children? While the children were active throughout the individual condition
by pushing either with their left or right hand they had to refrain from acting in the joint
condition during their partner’s turn. With respect to action control, activating one’s actions
after refraining from acting might have been less automatic in the younger children than in
older children. This might have led to the higher variability in their action timing. Whether
this effect is specific to joint action situations or whether young children have the same
difficulties in a non-social context remains to be clarified.
On the action planning level, difficulties in incorporating the other person’s actions
into one’s own action plan might account for the more variable action timing of the 2/4-yearolds. As 2/4-year-olds did not reliably adapt their own action timing to the other’s actions,
the results might suggest that the degree to which they incorporate the partner as an essential
part of the common action is more limited compared to the 3-year-olds.
Interestingly, the integration of other information inherent to joint actions such as
obligations and commitments towards the action partner and estimation of other’s action
capabilities has also been observed to emerge around the same age (Grafenhain, Behne,
Carpenter, & Tomasello, 2009; Paulus & Moore, 2010). Research by Grafenhain and
colleagues (2009) shows that only by the age of three but not earlier were children found to
understand and act according to the obligations and commitments involved in joint actions.
Future studies are required to determine the precise contribution of the ability to incorporate
another person into one’s own action plan and the ability to inhibit and reactivate actions to
young children’s joint action development.
With regard to the coordination o f individual actions, we expected only marginal
changes between age groups. In accordance with this hypothesis, no significant differences
in accuracy and variability were found between the age groups in the individual condition.
Previous developmental research on intrapersonal coordination found various stable bimanual
movement pattems such as in- and anti-phase movements as early as 24 months of age (Brakke
et al., 2007). This early proficiency in intrapersonal coordination might explain why children
in our experiment did not show any drastic changes in bimanual coordination. Interestingly,
our results also show that by the age o f three, children’s coordination performance during
joint action approaches the level of their individual action coordination. A comparable pattem
has been observed in adults who can reach the same level o f performance in both joint and
individual actions (Knoblich & Jordan, 2003).
Since developmental changes in action coordination were specifically found for
joint action coordination but not individual action coordination we would assume that
planning processes crucial for successful joint actions rather than mere action control abilities
contribute substantially to this development. The ability to integrate information about one’s
own and another’s actions is emphasized as being important for acting jointly (Sebanz et al.,
2006). Therefore, we believe that difficulties in incorporating the action partner into one’s
own action plan might be an essential factor underlying the current findings.
Although we did not have any specific predictions conceming the average interval

time, children were shown to be overall slower in the joint than in the individual condition.
One explanation for this finding might be an adjustment to their partner’s action timing (cf.
Kirschner & Tomasello, 2009). This overall decrease in pace was found for both age groups
indicating an adjustment even in the younger children. Nonetheless, altemative explanations
for an overall slowing in the joint play are possible, such as higher cognitive demands
imposed by the engagement of the second actor.
In general, children in the current experiment were acting with an adult action
partner, who was acting in a predictable and reliable manner. Therefore, conclusions with
respect to children’s flexibility in joint actions as required when interacting with a sameaged peer or a less reliable adult are limited. It would be interesting to vary Ihis aspect in
a subsequent experiment to determine how young children adjust to more variable action
partners in situations that resemble daily life. Previous research investigating interaction
between peers indicates that young children are more challenged when acting jointly with a
child o f the same age than they would be with an adult partner (cf. Hunnius et al., 2009).
Action coordination lately gained interest as a crucial factor for joint action
development (see Brownell et al., 2006; Wameken et al., 2006). In recent studies, young
children’s action coordination with an action partner was assessed in tasks requiring single
incidents o f coordination and by using categorical measures (e.g. Wameken et al., 2006). As
a result, it was found that children around the age of two years scored higher in coordination
ratings than 18- and 19-month-olds when collaborating with adults or peers (Brownell et
al., 2006; Wameken et al., 2006). Our findings suggest that 2/4-year-old children still have
difficulties coordinating their actions with a joint action partner even in a simple buttonpressing task. At first glance, these results seem to compete.
However, the action type and task requirements of the current study might dil'f'er
from the coordination demands of the tasks used previously (e.g. Wameken et al., 2006).
More specifically, current task requirements were not met by a one-time action coordination
with the partner. Rather, children were required to coordinate their actions with the other
repeatedly. This continuous need for coordination might cause difficulties for 2V2-year-old
children who could have succeeded in a one-time coordination context. The present results
do not oppose findings that 2-year-old children are capable of achieving a goal together with
a partner. In fact, in our experiment even the 2V2-year-olds succeeded eventually when acting
jointly. Still, they were less skilled than the 3-year-olds in coordinating their actions over
time with their partner, even though they were as skilled as the older children in coordinating
their actions individually.
Strikingly, by the age o f three, children reached a degree of proficiency in joint
action coordination which was as high as their individual coordination performance. Thus, the
current results indicate that children’s joint action coordination skills improve considerably
in the last half o f their third year o f life and approach adult-like relations between joint action
coordination and intrapersonal coordination. Taken together, although children already seem
to be able to accomplish a task together with another person at the end o f their second year
of life (e.g. Brownell & Carriger, 1990, Wameken et al., 2006), it takes another year of
development to enable the establishment o f well-coordinated joint action.

Chapter 2
Higher-order action planning for individ^a! and
object maniputations
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Abstract
Many actions involve multiple action steps, which raises the question how far ahead people
plan when they perform such actions. Here, we examined higher-order planning for action
sequences and whether people planned similar or different when acting individually or
together with an action partner. For individual performances, participants picked up an object
with one hand and passed it to their other hand before placing it onto a target location. For joint
performances, they picked up the object and handed it to their action partner, who placed it
onto the target location. Each object could be grasped at only two possible grasping positions,
implying that the first selected grasp on the object determined the postures for the rest of the
action sequence. By varying the height of the target shelf, we tested whether people planned
ahead and modulated their grasp choices to avoid uncomfortable end postures. Our results
indicated that participants engaged in higher-order planning, but needed task experience
before demonstrating such planning during both individual and joint performances. The rate
of leaming was similar in the two conditions, and participants transferred experience from
individual to joint performance. Our results indicate similarity in mechanisms underlying
individual and joint action sequence planning.
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action planning, bimanual action, joint action, object manipulation
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People plan everyday actions with impressive ease and flexibility. This becomes apparent
when one considers even relatively simple actions, such as the act of placing a book on a shelf.
The higher the shelf is on which the book has to be placed, the lower people tend to grasp the
book. Doing so allows people to comfortably place the book on the shelf, as it avoids having
to adopt body postures near the extremes of the range o f motion. Thus, the initial grip o f the
book reflects an anticipation of the posture the body will be in, once the target location o f the
action is reached (i.e. end posture). Cohen and Rosenbaura (2004) formalized this example
by demonstrating that participants in their study systeraatically varied where they grasped an
object (in their case a kitchen plunger rather than a book) as a function of the height o f the
goal location. They coined the inverse relationship between the relative height o f the grasp
on the object and the height o f the goal location as the grasp height effect.
The grasp height effect is a clear demonstration of second-order planning for object
manipulations. Such second-order planning entails altering one’s object-directed behavior
not just on the basis of immediate task demands (e.g., grasping the object), but also on the
basis of the next task to be performed (e.g., moving the object to a certain location in space;
Rosenbaum, Chapman, Weigelt, Weiss, & van der Wel, 2012). The grasp height effect is
only one example that demonstrates second-order planning in object manipulation (see
Rosenbaum et al., 2012, for a review).
People may also engage in planning that surpasses second-order effects. Thus,
higher order planning involves how people grasp objects may depend not just on what needs
to be done next, but also on what needs to be done one (i.e. third-order planning) or several
actions later (i.e. «-order planning with n being the number of action steps). How would
people grasp a book if they would need to pass it from one hand to the other to then put it on
a shelf?
Notably, everyday actions are frequently embedded in a social context. One could
for example think of a person handing someone else books when they fill a bookshelf
together. When acting jointly with another person, object manipulations often naturally
include multiple intermediate steps before accomplishing an overall goal. Planning own
actions in a joint action context requires to consider and to integrate not only one’s own but
also the action partner’s next action. Here, we investigated whether such third-order joint
action planning is similar or different from third-order planning for actions people perform
alone.
Apriori, one could view performing actions individually or jointly in terms o f their
clear differences, or in terms o f their potential similarity. Individual and joint actions differ in
a trivial sense because none of the actors in a joint action is fully responsible for implementing
each o f the constituent parts of the action, or at least not to the same degree as is the case
during individual action. For joint actions, each actor could partially contribute to each o f the
constituent parts, or different actors could fully implement one (or several) constituent parts
and not contribute to other parts at all. In the latter case, one could still consider the action to
be a joint action as the involved actors may still have a collective (Bratman, 1993) or shared
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intention (Searle, 1990, 1995) and a shared commitment (Gilbert, 1989) to accomplish a
goal.
Individual and joint actions could be highly similar when one considers the
underlying planning processes regardless of their ultimate implementation. That is, planning
a sequence o f sub-actions does not need to happen at the level of the limbs (or people)
involved in implementing these sub-actions. In addition, as people engage in tasks together
they may automatically form a representation of the task parts their co-actor faces. Thus, it is
possible that planning a sequence o f actions relies on a general planning mechanism that does
not distinguish between the actors involved in the implementation of the planning process.
Similarity in the planning of individual and joint actions is theoretically plausible because for
joint action planning a mechanism of task co-representation has been proposed. When people
engage in joint actions they do not only form a representation o f their own task contribution,
but also include the tasks of their action partner in their task representations underlying
action planning. A growing number o f studies provides support for the co-representation
account (Atmaca, Sebanz, Prinz & Knoblich, 2008; Atmaca, Sebanz & Knoblich, 2011; de
Bruijn, Miedl, & Bekkering, 2008,2011; Milanese, lani, & Rubichi, 2010; Sebanz, Knoblich
& Prinz, 2003b; Tsai, Kuo, Jing, Hung & Tzeng, 2006; Welsh, Higgins, Ray, & Weeks,
2007, Wenke, Atmaca, Hollaender, Baess, Liepelt, & Prinz, 2011). The overlap in neural
mechanisms underlying action production and action observation gives further leverage to
the question whether people co-plan actions for co-actors they interact with (i.e., the human
mirror system, see Rizzolatti & Sinigaglia (2010) for a recent review). How would people
grasp a book initially to hand it over to a second person who subsequently places the book on
a shelf? In this study, we examined such higher-order planning for both, individual and joint
object manipulations.
Individual higher-order planning has been examined in two studies so far. In a
first study, Rosenbaum and colleagues (Rosenbaum, Marchak, Barnes, Vaughan, Slotta, &
Jorgensen, 1990) asked participants to piek up a dowel and bring one end to one target and
then to bring the same end of the dowel or the other to the same or a different target. This
manipulation allowed the authors to examine whether participants planned for minimizing
awkwardness at the end o f the first move (second-order planning) or at the end o f the second
move (third-order planning). The results indicated that participants predominantly engaged
in second-order planning rather than in third-order planning.
Haggard (1998) explored the extent to which individual actors plan several action
steps ahead and thus engage in higher-order planning for object manipulation. In his study,
participants grasped an octagonal object to place it into two, three, or five different slots with
different orientations revealed before the start of a trial. The results indicated that participants
modified their initial grasps for different slot positions two or three moves ahead, but not
for five moves ahead. Thus, the participants in this study showed evidence for third-order
planning, but not for planning effects spanning beyond that.
The results from these two studies (Haggard, 1998; Rosenbaum et al., 1990) raise

questions about whether people do or do not engage in third-order action planning. Whereas
participants did show such abilities when they were presenled with a range of grasp possibilities
(Haggard, 1998), these abilities were subordinate to second-order planning requirements in
the binary task used by Rosenbaum and colleagues (1990). One reason for this discrepancy
may be that the study by Rosenbaum and colleagues involved making a binary choice that
resulted in postures that were either comfortable or fairly awkward. As a result, the potential
awkwardness at the terminal position o f the first action may have masked evidence for
third-order planning. In Haggard’s experiment, the awkwardness that participants needed to
tolerate to accomplish third-order planning was less extreme. A question therefore is whether
reducing the awkwardness of the position adopted after the first action would shift people’s
planning process towards focusing on reducing awkwardness at the goal location of the final
action in the action sequence (i.e., third-order planning).Such a shift in planning may take
place for individual as well as joint actions.
The question whether co-actors adjust their own actions to accommodate the actions
of their partner (as task co-representation may suggest) has received some attention. Two
recent studies suggest that people do engage in third-order action planning to accommodate
the start o f a co-actor’s actions when they perform simple everyday actions together. In
a study by Ray and Welsh (2011), participants passed a jug of water to a co-actor, who
subsequently had to either pour a glass of water from the jug or place the jug on the table.
They could do so by either grasping the jug by its handle or by its body. Whereas receiving
the jug with the handle available would not matter much for the place task, it would for the
pour task. The findings indicated that nearly all participants (7 out of 8) almost exclusively
passed the jug over in such a way that the handle was available to their co-actor, irrespective
of whether the co-actor’s task was to place the jug or pour water from it. They did so in
contrast to participants in a control experiment, who predominantly grasped the jug by its
handle to either place the jug or pour water from it themselves.
On the one hand these results suggest that participants modified their own behavior
to accommodate the start o f a second action in the sequence performed by a co-actor. This
result complies with the notion that people may engage in third-order planning in a joint
action task regarding an action partner’s beginning-state comfort. On the other hand, the
results were inconclusive with respect to the integration o f the action partner’s ewJ-state
comfort given the non-specific accommodation of the participants to the final goal of the
action (as was apparent in the case of the place task).
In another study on object passing, Gonzalez and colleagues (Gonzalez, Studenka,
Glazebrook, & Lyons, 2011) examined whether participants would plan to facilitate a
comfortable starting position for a co-actor when handing over an everyday object. In their
study, the question was whether the participant would rotate the object and place it in the
appropriate orientation for use relative to the co-actor. They performed this task with the
instruction to make the task as easy and efficient as possible for the co-actor and the results
indicated that participants performed the required rotation for the co-actor. Based on this

finding, the authors argued that participants planned for the initial body state of the co-actor.
Although the results do comply with this argument, the instructions given to participants
raise questions about the extent to which the findings reflect demand characteristics rather
than a spontaneous tendency for participants to engage in third-order planning for their coactor.
The studies just presented provide indications that people may engage in third-order
planning when they perform an object manipulation task with another person. However, in
addition to the issues raised above, neither of these studies addressed whether people may
engage in third-order planning to reduce the awkwardness of the co-actor’s posture at the
end o f the second action (i.e. the ultimate goal of the sequence o f actions). Instead, these
two studies examined whether people would accommodate the beginning o f a co-actor’s
action. As there is a wealth o f evidence to suggest that actions are planned in terms of their
goals (e.g., Hommel, Müsseler, Aschersleben & Prinz, 2001; Prinz, 1997; Rosenbaum,
Meulenbroek, Vaughan, & Janssen, 2001), it is theoretically valuable to determine whether
people engage in third-order planning to help a co-actor to complete an action efficiently as
well.
In sum, we aimed to address two main questions with the current experiment
conceming the planning o f individual and joint object manipulations: First, do people show
evidence for third-order planning in an individual object manipulation task in which the
potential awkwardness o f postures after a first action is minimal? Second, do people show
third-order planning to accommodate not their own but their action partner’s end state when
they engage in a joint action?
To investigate these questions we implemented a simple object-manipulation task
in which an object had to be transported to a target location. Participants picked up the object
with their one hand, and passed it either to their own right (individual) or to their action
partner’s (joint) hand before the object was placed on the target shelf. Each object could only
be grasped at two possible grasp locations. The first selected grasp location on the object
fully determined the rest of the action sequence. By varying the height of the target shelf, we
tested in how far people planned ahead, as evidenced by a modulation of their grasp choices.
Notably, in the critical trials neither of the grasp choices resulted in an awkward end posture
after the first action (second-order planning), but one of the grasp locations led to an awkward
end posture after the second action (third-order planning). If people do engage in third-order
planning, then reducing the potential awkwardness of the adopted postures after the first
action may entice them to plan for reducing awkwardness of postures after the second action.
We hypothesized that people would engage in higher-order planning and select their
actions accordingly - both, when they implemented the entire action sequence (individual)
and when their action partner finalized the joint action sequence (joint). To better understand
the interplay between individual and joint action planning, we also explored the learning and
transfer o f such higher-order action planning capabilities.
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Method
Participants
Forty-four first-year students (34 women, 10 men) from Radboud University
Nijmegen (The Netherlands) participated in the experiment in exchange for course credit.
To test for third-order planning in both individuals and dyads as well as for possible transfer
effects from individual to joint performance, we created two experimental groups. Half of
the participants completed the first part of the experiment individually, and the second part
of the experiment together with the experimenter (the Individual-Joint group). The other half
of the participants completed all trials in the experiment together with the experimenter (the
Joint-Joint group). Three participants tumed out not to be naïve with regard to the purpose of
the study and were excluded from the analyses. All of them were from the Joint-Joint group.

Experimental Setup and Procedure
Figure 1 shows the experimental setup (top) and the manipulated objects (bottom).
Participants sat behind a table. At the start of each trial, an object was placed onto the table
at a start location positioned 18 cm in front o f the participant. A cabinet with three shelves
stood to the right o f the participant, directly adjacent to the table. Each o f the shelves could be
visible or occluded by the opening or closing of a cabinet door. In each trial, only one of the
doors was opened to communicate to which shelf the object needed to be moved. The interior
backside of the cabinet consisted o f a transparent sheet that projected the light from one of
two lamps (one emitting red light and one emitting green light) in the base of the cabinet onto
each shelf. The cabinet shelves were 60 cm high, 50 cm deep and 50 cm wide.
Throughout all experimental sessions, the same female experimenter interacted with
the participants. During individual performance, the experimenter did not take part in the
transporting o f the object to the cabinet. Instead, the participants who sat on the right of the
experimenter grasped the object with their left hand, then passed it over to their right hand,
and placed it onto the appropriate shelf. During joint performance, participants also grasped
the object first with one hand, but then passed it on to the experimenter, who took hold of
the object with her right hand. The experimenter then placed the object onto the appropriate
shelf. In all joint trials the experimenter sat to the right o f the participant, close to the cabinet.
The same experimenter who sat next to the participants controlled a footswitch connected
to the lights in the cabinet. When the switch was pressed, one of the lights (green or red)
randomly tumed on. In each trial, the experimenter pressed the switch immediately after the
object was placed onto the target shelf. Depending on the condition, this happened when
either the experimenter (in the joint condition) or the participant (in the bimanual condition)
placed the object on the shelf. Participants had to verbally report the color o f the light. The
rationale for including this secondary task was to assure that participants would look at the
experimenter’s final posture at the moment when the object was placed in the cabinet.
The objects participants manipulated were designed in such a way that they were

easily graspable with one hand in only two grasping positions. Each object had four sections
stacked on top of each other, effectively creating a tall cylinder. The arrangement of the
position of the two graspable areas varied across objects (see Figure Ib). We used each
permutation of the two graspable locations distributed over the four sections for the objects,
creating six different objects in total as can be seen in Figure lb. The objects were made from
durable plastic, similar to a PVC pipe. The objects were 44 cm high and had a thin transparent
base. The 12 cm wide base was incorporated to enhance the stability of the objects. The
graspable areas o f the objects consisted o f a narrow cylinder that was 2.5 cm in diameter and
11 cm in height. The wider areas o f the objects were cylindrical as well, and were 6 cm in
diameter and 11 cm in height.
tn each trial, a second experimenter first placed the object for that trial in front of the
participant. This experimenter held the object by the base and top to ensure that participants
would not be primed by the grasp of the experimenter. Only one o f the cabinet doors was
open at this point in time, assuring that the participant was aware o f the target location of
the object. The second experimenter stepped back and then told the participant to go ahead
when they feit ready. The instructions emphasized that participants did not need to complete
the task as quickly as possible. Before participants started with the experimental trials, they
completed one practice trial to ascertain that they understood the task. For this practice trial,
participants always were presented with the object that had the two graspable areas closest
to the middle portion of the object. The target location for the practice trial was always the
middle shelf. During the experiment, a video camera recorded the participants’ performance
for later analysis.

Design
The experiment used a total of two rounds of 18
trials (i.e. 36 trials in total), including each combination
of the 3 shelf heights (low, medium, or high) with the
6 object types. Each round of trials consisted of the
18 resulting permutations in a random order. We used
a between-subject design that included two groups of
participants. Participants in the Individual-Joint (I-J)
group completed the first 18 trials bimanually, whereas
participants in the Joint-Joint (J-J) group completed the
first 18 trials by handing the objects to the experimenter.
Both the I-J group and the J-J group then completed

Figure 1.
Overview of the setup and the objects used in the experiment.
Participants could grasp each object at the two narrow parts, but could
not do so along the wider parts.

another round of 18 trials jointly with the experimenter. Between the two rounds the I-J group
was given the new instructions (i.e. to act jointly) whereas the J-J group continued with the
same instruction. We coded the choice o f the initial grasping area (low vs. high) by means of
the video recordings choice o f the initial grasping area.

Results
We addressed our two main questions conceming the evidence for third-order
planning in individual and joint object manipulation tasks by examining whether participants
modulated their choice of object grasp position depending on the final goal location of
the action sequence. To do so, we calculated the proportion of trials in which participants
adopted the higher of the two grasp options offered to them. If participants planned ahead
to end comfortably (either for themselves or for their partner) when moving the object to a
low final goal location, they should adopt the low grasp choice in their initial action step,
as this would result in providing the high grasp choice for one’s own or the action partner’s
next action step. This would then allow a relatively comfortable end posture at the final goal
location. Participants should instead adopt the high grasp choice when moving the object to
a high final goal location.
We report the results for the analyses for individual and joint performances separately.
We then present an analysis comparmg the relative tendency for third-order planning in the
individual and joint settings. We end this section by presenting the analyses that address
our questions conceming leaming and transfer. In particular, we examined whether people
plan for third-order effects right away or only after they experienced the action sequences,
and whether they do so similarly in the individual and joint contexts. Finally, we examined
whether such potential leaming effects o f third-order planning are context-specific, or
whether they transfer from individual actions to joint actions.
For each of the analyses we present, we ensured that our data complied with the
assumption of normality by conducting a Kolmogorov-Smimov test on the distributions. No
deviations from normality were found. We applied a Huhn-Feldt correction to the degrees of
freedom when it was appropriate to do so. All performed /-test were two-tailed. Finally, it
should be noted that due to experimenter mistakes five participants in the individual condition
of the I-J group were missing one trial and two participants of tiie same group were missing
one and two trials, respectively, in the joint condition. This was accounted for by using means
instead of absolute values in all analyses.

Third-order planning for individual actions
To determine whether individuals modulated their grasp choices depending on
the final goal location of the action sequence when performing the whole sequence by
themselves, we analyzed the grasp proportions for the first 18 trials o f the I-J group (the
trials they performed individually) as a function of Shelf Height (low, medium, high) with
a repeated-measures ANOVA. The results showed that participants modulated their grasp
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Figure 2.
Mean grasp choice as a function o f shelf height for the first (a and c) and
second (b and d) part o f the Experiment. Figure 2a shows data for individual
performance, and Figures 2b-d show data for joint performance.

choice as a function o f Shelf Height, F(1.68,35.36) = 3.46,p = .05, rf = .14. As illustrated in
Figure 2a, the participants’ tendency to choose a high grasp location increased with the height
of the shelf (i.e. the final goal location of the action sequence). Post-hoc paired-samples
f-tests revealed that participants chose the low grasp location significantly more often when
their final goal location was the low shelf compared to the high shelf, 1(21) = -2.237, p =
.036. Thus, participants were likely to adopt the lower grasp location at the beginning of
the action sequence, allowing them to make use of the higher grasp location with their other
hand to move the object more comfortably to the low shelf. For the high shelf, they tended
to do the opposite. This result is consistent with the notion that participants engaged in thirdorder planning to achieve that they finished the object transport sequences in a relatively
comfortable posture. The participants’ mean grasp choice for the middle shelf did not differ
significantly from the low shelf height, *(21) = -1.228, p = .223, or from high shelf height,
<21) = -1.877, p = .074.

Third-order planning forjoint actions
To determine whether individuals also modulated their grasp choices depending on
the final goal location o f the action sequence when performing the sequence together with
the experimenter, we analyzed the grasp proportions o f the first 18 trials executed by the J-J
group as a function of Shelf Height (low, medium, high) with a repeated-measures ANOVA.
We took only the first 18 trials to allow for a clean comparison with the first 18 trials in the
I-J group. Results of the second series of 18 joint trials for both groups can be seen in Figure
2b) and d). They are also included in the section on leaming effects below.

Figure 2c shows the results based on these first 18 joint trials. There was a significant
main effect of Shelf Height, F(2, 36) = 4.517, p = .018, rj2 = .201. Similar to the findings for
individual third-order planning, post hoc contrasts showed that participants adopted the low
grasp location significantly more often when their co-actor’s goal location was the low shelf
compared to when it was the high shelf, ?(18) = -2.494, p = .023. Thus, when their action
partner needed to place the object on a low shelf the participants were more likely to hand it
to the co-actor using the low grasping area, enabling the co-actor to grasp the object at the
high (i.e. in this case the more comfortable) location. In contrast to the individual findings,
the grasp choices for the middle shelf height were significantly different from those for the
low shelf height, f(18) = -2.508, p = .022, but not for the high shelf height, t{ 18) = -.606, p
= .552, indicating that the participants were more likely to grasp the object at the high grasp
location when the action partner’s actions would end at the middle shelf.

Learning effects
The preceding analyses provide evidence for third-order planning for both individual
and joint actions. But do people demonstrate such planning immediately, or do they require
experience with the task before they engage in third-order planning?
We tested whether participants engaged in third-order planning spontaneously or
whether they needed experience with the task first. For this purpose, we analyzed whether the
tendency to end comfortably increased over the course of the experiment. To do so, we used
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The proportion o f ESC planning as a function o f repetition for the I-J group (a) and
the J-J group (b). For the I-J group, the first two repetitions corresponded to individual
performance and the last two repetitions corresponded to joint performance.
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only the trials in which the target height was either the low or the high shelf for this analysis,
as the grasp choices for the middle shelf resulted in end postures that were approximately
equally comfortable. We then calculated the proportion of times participants adopted the
grasp choice resulting in a relatively comfortable end posture (Proportion ESC) as a function
of repetition. We created four blocks of six relevant trials (i.e., ignoring trials to the middle
shelf), and we collapsed over target height. By doing so, we aimed for a sufficiently detailed
representation of the time course during the experiment (i.e. separated in four blocks) by
keeping a sufficiënt number of trials (i.e. six) in each block. This resulted in four levels for
the factor Repetition.
We conducted a mixed-factor repeated-measures ANOVA on the Proportion ESC
with Repetition (4 levels) as a within-subject factor and Experiment Group (2 levels: I-J
group and J-J group) as a between-subject factor. For this analysis, the first two repetitions
for the I-J group were based on individual performance, and the last two repetitions were
based on joint performance. Figure 3 shows the results. The results indicated a main effect
for Repetition, F(3, 117) = 4.67, p < .01, i f = .11, such that participants increased their
tendency for third-order planning over the course of the Experiment. The between-subject
factor Experiment Group and the interaction did not reach significance, p > . 1.
Tests of within-subjects contrasts indicated an increase in Proportion ESC with
increasing Repetition. Moreover, the Proportion ESC for the second, third and fourth level of
Repetition were significantly above chance (all p ’s < .01) whereas the first level of Repetition
did not significantly differ from chance,/; = .129. Thus, although participants did engage in
third-level planning, they did not do so without first having experienced the task for a few
trials.
To examine in more detail whether individuals and dyads first needed experience
with the task, we conducted a follow-up ANOVA on just the first two Repetitions for the
I-J and the J-J group. The rationale for this analysis was that potential group effects could
have been washed out in the previous analysis because half of the trials for the I-J group in
that analysis were based on joint performance as well. The 2 (Repetition) x 2 (Experiment
Group) mixed factor ANOVA indicated a significant effect for Repetition on Proportion ESC,
F(l,39) = 4.18,p < .05. Participants showed a higher Proportion ESC for the second repetition
compared to the first repetition. Importantly, this effect did not depend on Experiment Group
as the interaction did not reach significance, p > . 10.
Transfer effects
Our analysis on leaming effects presented above indicate that participants increased
their tendency for third-order planning with increased task experience, regardless of whether
their experience was based on individual or joint performance. Since a leaming effect was
observed for both experimental groups, participants in the I-J group may have transferred the
tendency for third-order planning from individual to joint performance. To test this transfer
directly, we performed an independent-sample /-test comparing the Proportion ESC for the
first joint block of trials between groups. For this analysis, we used the first repetition in the

J-J group (when they started jointly in the experiment) and the third repetition in the I-J group
(when they first switched to joint performance after performing individually). The results
indicated a trend for Proportion ESC to be higher in the I-J group (M= 65.9, SI) = 26.5) when
they started the joint performance than in the J-J group (M = 53.5, SD = 19.1) when they
started the joint performance, /(39) - -1.701,/» = .097. Thus, although there was a trend for
transfer to happen from individual to joint performance, this result did not reach significance.
We examined potential transfer effects further by comparing the Proportion ESC
to chance performance for the joint trials in the I-J group and the J-J group. Whereas we
observed a significant difference from chance for the first joint trials in the I-J group, t{21) =
2.818,/) = .010, we did not observe such an effect for the J-J group /(18) = .794,p = .437.
Thus, participants who had individual experience with the task first (as is the case for the
I-J group) performed above chance when interacting jointly in contrast to participants who
started the interaction without previous individual experience (J-J group). Together then,
these finding suggests a transfer of leaming effect from an individual to a joint context.

Discussion
We set out to investigate third-order planning for individual and joint actions in this
article. First, we tested whether people show evidence for third-order planning in an individual
object manipulation task. Since previous research provided inconsistent results on this issue,
we designed our experimental task in such a way that the potential awkwardness of postures
after a first (but not the second) action was minimal. This prevented the possibility that thirdorder planning effects would be masked by the importance of second-order planning.
Our findings suggest that individuals engaged in third-order planning during
bimanual (sequential) object manipulations, as evidenced by the modulation of grasp choices
based on the final goal location of the objects. The result of individual third-order planning is
in line with previous findings by Haggard (1998), who found that participants modified their
initial grasp based on the potential awkwardness of postures for actions performed two or
three steps later. Our results form a departure from findings by Rosenbaum and colleagues
(1990), who did not observe planning effects to go beyond the modulation of grasp postures
based on the end posture of a first action. As we indicated before, one potential reason for
this divergence in findings could be that in the previous experiment by Rosenbaum and
colleagues third-order planning effects may have been masked by the potential awkwardness
in the postures participants needed to adopt after completing a first action step.
It is important to note that the third-order planning effects for individual actions did
not arise as soon as participants set foot in the laboratory. Instead, participants needed several
trials of exposure to the task before they started demonstrating a higher-order planning effect.
Thus, our data suggest that although people certainly have the capacity to plan ahead beyond
immediate task demands, they do not automatically engage in such planning.
Second, we tested whether people showed third-order planning effects to
accommodate their action partner’s end state when they engaged in a joint action. Previous

research on joint action planning has demonstrated modulation of behavior by one actor to
accommodate a co-actor’s start state (Gonzalez et al., 2011; Ray & Welsh, 2011). Examining
whether people also accommodate their co-actor’s end state is important given the role
of goals in individual and joint actions. Several theories of action control ascribe greater
importance to the goal of an action (or its perceptual effects) than to the initial state and the
means of accomplishing the action (e.g., Hommel, Muesseler, Aschersleben, & Prinz, 2001;
Prinz, 1997; Rosenbaum et al., 2001). If one postulates that joint action planning relies on
similar mechanisms as individual action planning, then one would expect to find third-order
planning effects based on a co-actor’s end state (i.e., goal) as well.
Our results on joint action performance are consistent with the notion that similar
planning mechanisms underlie individual and joint action planning. Just as during individual
performance, participants modulated their grasp behavior based on the final goal location
of their action partner during joint performance. They only did so after they gained several
trials of experience with the experimental task. Thus, at a macroscopic level the obtained
results for joint action planning mirror those observed for individual action planning in our
task. This overlap between individual and joint action planning closely relates to overlap
in neurocognitive mechanisms found for action production, action anticipation, and
action perception (Rizzolatti & Sinigaglia, 2010), which some consider to be essential for
social interactions (see Bekkering, de Bruijn, Cuijpers, Newman-Norlund, van Schie, &
Meulenbroek, 2009 for a review).
To further examine the link between individual and joint action planning, we tested
whether experience with our task during individual performance would transfer to joint
performance. The core idea was that if people use similar mechanisms for individual and
joint action planning, they would be likely to transfer leaming from one setting to the other
setting. The findings on leaming indicate that with practice, participants leamed to adjust
their initial grasp choice such that a ‘comfortable end-state’ at the final step of the action
sequence was granted. In the I-J group, participants started this practice bimanually. In other
words, their leaming likely reflects the effort to decrease their own discomfort at the final
step of the action sequence. In the second half of the experiment, those participants did not
execute the final step by themselves anymore (joint context). Still, immediately after the
context switch, they showed a grasp choice pattem in line with minimizing the discomfort of
the action partner at the final action step (see first 6 joint trials of the I-J group). Our results
thus provide some evidence for transfer of leaming between two action contexts. suggesting
that participants seemed to profit from individual experience in their joint action planning.
As we observed leaming during bolh individual and joint performance, it is plausible that the
difference in initial joint performance as a ftmction of prior individual experience (or lack
thereof) was due to a transfer effect rather than due to chance. Yet, what exactly underlies
this transfer between action contexts cannot be deduced from the current data. It remains
unclear whether the participants represent their action partner’s discomfort and therefore
adjust their own actions accordingly or whether they rather leam a more abstract rule (e.g.

always choosing upper grasping area when the object goes to the upper target location). It
should also be noted that a direct comparison between the initial joint performance for those
who did and those who did not have individual task experience showed a trend effect but
failed to reach significance.
Why did people in the joint task go through the trouble of accommodating their
co-actor’s action? We already mentioned that on both a neural and functional level people
may rely on similar mechanisms for planning individual and joint actions, irrespective of
who executes the sub-actions of a task (see Bekkering et al., 2009 for a review). While
several studies have shown that one’s motor system is activated during and even prior to the
observation of other people’s actions (e.g. Cattaneo et al., 2007; Hari, 2006; Kilner, Marchant
& Frith, 2009; Muthukumaraswamy and Johnson 2004; Pineda, Allison & Vankov, 2000)
neurocognitive studies have particularly addressed the context of joint actions only recently.
Findings by Kourtis and colleagues (Kourtis, Sebanz, & Knoblich, 2010) indicate that one’s
own neural motor system is more strongly engaged in representing and anticipating the actions
of a joint action partner compared to the actions of an individual actor. In addition, activation
of one’s own motor system for a partner’s actions is associated with improved performance
during the joint action in adults and toddlers (Kourtis et al., 2012, Meyer et al., 2011). The
current findings may thus reflect participants using their own neurocognitive mechanisms of
action planning to integrate their action partner into the planning and execution of the whole
action sequence. This similarity in planning in the individual and joint context might thus
result in adjusting one’s own performance to accommodate a co-actor if this corresponds
with what someone would do when performing the task alone.
Participants’ performance could also be accounted for on a behavioral level in terms
of minimization of the effort needed to complete the action sequence as a whole, regardless
of whether they performed the whole sequence alone or together with another person. The
notion of minimizing the cost of the whole joint action sequence rather than individual
actions is at the core of the shared-effort model that was recently proposed by Santamaria
and Rosenbaum (2010). This model states that people facilitate another person’s action when
doing so results for the total effort in a joint action sequence to be smaller than the sum of
effort for each individual actor (Santamaria & Rosenbaum, 2011). Thus, this model provides a
first formalization for predicting when individuals should change their own actions to enable
another person to execute an action more comfortably (which can also be called ‘polite’ on a
social level).
Although our task was not designed to test the shared-effort model further, our
results are consistent with this model as the grasp choice of the participants in the joint
context reflected a reduction of effort for the co-actor. The cost of doing so could be assumed
to be less than the comfort benefit gained for the co-actor in our task. On a social level,
the reduction of effort for the co-actor (or ‘politeness’) may promote affiliating with the
action partner. The quality of interpersonal coordination such as interpersonal synchrony in
movements has been shown to affect the positive evaluation of the action partner (e.g. Hove

& Risen, 2009). Similar affiliative effects may emerge for the third-order planning in the
current joint task in which participants minimized the co-actor’s discomfort.
Taken together, our findings show prospective planning for self and others, such
that individuals integrate the goal location of a whole action sequence in their planning
irrespective of who is performing the final action step. This third-order planning effect for
self and others builds up over time. Fmally, leaming of third-order planning for self and
others appears transferable trom individual to joint actions, suggesting a tight link in the
mechanisms for individual and joint action planning.

Chapter 3
Joint action modulates motor system involvement
during action observation in 3-year-olds

JOINT ACTION
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Abstract
When we are engaged in a joint action, we need to integrate our partner’s actions with our
own actions. Previous research has shown that in adults the involvement of one’s own motor
system is enhanced during observation of an action partner as compared to during observation
of an individual actor. The aim of this study was to investigate whether similar motor system
involvement is present at early stages of joint action development and whether it is related
to joint action performance. In an EEG experiment with 3-year-old children, we assessed the
children’s brain activity and performance during a joint game with an adult experimenter.
We used a simple button-pressing game in which the two players acted in tums. Power in the
mu- and beta-frequency bands was compared when children were not actively moving but
observing the experimenter’s actions when (1) they were engaged in the joint action game
and (2) when they were not engaged. Enhanced motor involvement during action observation
as indicated by attenuated sensorimotor mu- and beta-power, was found when the 3-year-olds
were engaged in the joint action. This enhanced motor activation during action observation
was associated with better joint action performance. The findings suggest that already in early
childhood the motor system is differentially activated during action observation depending
on the involvement in a joint action. This motor system involvement might play an important
role for children’s joint action performance.
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Interacting with other human beings is a basic element of daily life, yet not a trivial challenge.
Many joint actions between adults are highly sophisticated, but are performed with apparent
ease (Knoblich and Jordan 2003; Sebanz et al. 2006). Cooking a meal with friends, lifting
a heavy bag together, or dancing with others are only few of numerous examples for joint
actions. In the early years of life, however, children still have difficulties coordinating their
actions with those of others (Brownell et al. 2006; Meyer et al. 2010). The question arises
as to which mechanisms underlie the development of joint action capabilities. For adults, it
has been shown that a key factor for successful joint action is the involvement of the motor
system of the brain. Motor-related brain activity is not only observed during execution of
one’s own actions but is also important for predicting and incorporating a partner’s actions
(see Bekkering et al. 2009, for a review). Recent findings by Kourtis and colleagues indicate
that the motor system in adults is more strongly activated when they predict actions of a joint
action partner as compared to those of an individual actor. For adults, being engaged in a joint
action thus has an effect on the involvement of their own motor system when observing the
actions of another person (Kourtis et al. 2010). An interesting possibility to investigate the
underlying neurocognitive mechanisms of action observation during joint action is to look
at early stages of joint action in development. To date, it is unclear whether similar effects
of motor system involvement can be observed when young children are engaged in a joint
action. Therefore, the aim of the current study was to investigate young children’s brain
activity around the age that they begin to incorporate others’ actions into their own action
performance more successfully (cf. Meyer et al. 2010). More specifically, we examined
whether being engaged in a joint action modulates the involvement of young children’s
own motor system when observing the actions of another person, and if so, how this motor
involvement is associated with their joint action performance.
Developmental changes in joint action performance have previously been studied at
abehavioral level. Early forms of joint action - such as handing over a toy - can be observed
already in infancy (Carpenter 2009). However, infants’ cooperation with adults often requires
extensive scaffolding by the adult action partner (see e.g. Wameken and Tomasello 2007).
Despite infants’ motivation to act jointly with another person (see Carpenter 2009, for a
review), the nature of their cooperation attempts is still not entirely mutual. It is during the
second and third year of life that joint actions with peers and adults become more reciprocal
and sophisticated (Brownell et al. 2006; Wameken et al. 2006). By the end of their second
year of life, young children can cooperate successfully in simple interactive games like letting
a ball bounce on a little trampoline by holding and moving the frame of the trampoline jointly
(Wameken et al. 2006). Children aged 2 years and older, reliably solve simple cooperation
tasks with peers (Brownell and Carriger 1990) and show improvement in monitoring their
partner’s actions and integrating them into their own action performance (Brownell et al.
2006; Meyer et al. 2010). By the age of three, children have been shown to coordinate their
actions in a sequential button-pressing task as accurately with an adult partner as when acting
on their own (Meyer et al. 2010). At the same age, children reliably succeed in joint actions

which involve complementary roles for the two action partners (Ashley and Tomasello 1998),
something which appears to be difficult for younger children (Hunnius et al. 2010). In sum,
the ability to successfully cooperate with others is a skill that develops gradually during early
childhood.
From a neurocognitive perspective, successful joint actions require the brain to
connect observed actions of others with the own motor system in order to adapt own actions
accordingly. First developmental studies on action execution and action perception in young
children reveal mechanisms of motor system involvement comparable to those found in
adults (see e.g. Hari and Kujala 2009; Rizzolatti and Craighero 2004, for adult studies):
already during infancy motor-related brain activity has been found for action execution as
well as for the observation of another person’s actions (Lepage and Théoret 2006; Marshall
et al. 2010; Nyström 2008; Shimada and Hiraki 2006; Southgate et al. 2010; van Elk et al.
2008).
Motor involvement during one’s own actions and during the observation of others’
actions can be studied measuring oscillatory activity in the EEG signal. In both children and
adults, motor activation has been associated with a power reduction in the mu- and betafrequency bands above motor areas (Caetano et al. 2007; Hari and Kujala 2009; Marshall et
al. 2010; Muthukumaraswamy and Johnson 2004; van Elk et al. 2008). A recent EEG study
investigated 14-month-old infants’ brain activity while they were pressing a button on their
own or observing an adult doing the same (Marshall et al. 2010). During both conditions,
decreased power was found in the infant equivalent of the mu-frequency range over central
electrode sites. This is in line with previous findings of reduction in mu-power during action
execution and observation in adults (Caetano et al. 2007; Muthukumaraswamy and Johnson
2004; Pineda et al. 2000). Moreover, the involvement of the motor system during action
observation was shown to be modulated by children’s action experience (van Elk et al. 2008).
More motor involvement indicated by less mu and beta power over motor areas was found
during observation of an action that children had more experience with.
Until now, developmental brain imaging studies have focused on execution and
observation of individual actions. However, how young children’s brain activity is modulated
in the context of real-time joint action is still unexplored. Previous research in adults reveals
that the involvement in a joint action has an effect on the neurocognitive processes associated
with the other person’s actions (see Bekkering et al. 2009, for a review). For instance,
monitoring a person’s action in a cooperative context showed an early component of errorrelated brain activation which was absent when the other person acted in a competitive
context (Koban et al. 2010). In a recent set of experiments, Kourtis and colleagues (2010)
investigated the involvement of the motor system when observing a joint action partner or
an uninvolved actor. In one of their experiments, they created a social context in which two
action partners were facing each other, while an individual actor was sitting next to them.
In a Go/No-go paradigm, motor-related brain activity was assessed using EEG. A stronger
decrease in beta power and changes in motor-related potentials, which reflected stronger

anticipatory motor activation, were found for one’s own action partner than for the individual
actor (Kourtis et al. 2010). Hence, the mere involvement in a joint activity with another
person modulated the observer’s motor activation when observing the partner’s actions as
compared to observing the actions of a person not involved in the joint action. As indicated
by previous research, the involvement of one’s own motor system plays a crucial role in
understanding and predicting others’ actions (see Sebanz and Knoblich 2009, for a review).
When acting jointly, it is especially important to be able to understand and predict the other
person’s actions so that it is possible to constantly adjust one’s own actions to those of the
partner. Therefore, the activation of the motor system, which is thought to support action
understanding and action prediction (de Lange et al. 2008; Iacoboni et al. 2005; Rizzolatti
and Sinigaglia 2010; Southgate et al. 2010), is of special relevance in joint actions. Still, little
is known about the role of the motor system in early joint action development.
The current study is the first to investigate motor involvement in young children who
are engaged in a joint action with another person. In particular, we were interested in whether
motor-related brain activity while observing another person’s actions is modulated by being
involved in a common joint action. Furthermore, the aim of this study was to shed light on
the link between the activation of young children’s motor system during action observation
and their joint action performance.
In order to investigate young children’s motor involvement in joint action, we
simultaneously assessed 3-year-olds’ brain activity and their performance in a joint action
task. The experimental set-up consisted of a simple computerized button-pressing game in
which a cartoon figure had to be moved up a ladder by pushing two buttons altemately (cf.
Meyer et al. 2010). The game was played in different conditions which varied the children’s
involvement in the joint action. In the joint action condition, children were playing together
with an adult partner, taking tums to push the two buttons. In the joint action observation
condition, the children watched the same adult play the game together with a third adult actor.
To determine modulations in the child’s motor system activation, we compared children’s
brain response during their partner’s actions in the two conditions. Finally, we correlated
the outcome of the EEG analysis with children’s joint action performance to examine the
relation between their motor system involvement for the partner’s actions and their own
action performance.

Method
Participants
The final sample consisted of seven 3-year-old children (5 boys) with a mean age
of 36.7 months (SD = 0.99). They were recruited from a database of families willing to
participate in child studies. We tested another 29 children who were not included in the
final sample. Seventeen of these 29 participants were excluded due to lack of or bad EEG
recording traces resulting from insufficiënt time (i.e. limited by the little participants ’patience)
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to lower impedances in the preparation phase. Another twelve participants were excluded,
either due to a lack of at least 8 movement- and artifact-free trials per condition (n=10) or
experimental errors (n=2). The high dropout rate in the current experiment is consistent with
other developmental studies assessing electrophysiological recordings (cf. Jeschonek et al.
2010; LeppSnen et al. 2007; Southgate et al. 2010).
Procedure
During a sequential joint action game we recorded brain activity and performance
accuracy of the 3-year-old children. Figure 1 illustrates the experimental set-up which
consisted of a simple computerized button-pressing game proved to be suitable for children
of this age in a previous study (Meyer et al. 2010). In this game, a cartoon figure of a frog
could be moved up a ladder by altemately pushing two buttons. As can be seen in Figure 1,
the visual stimuli were presented on a wide screen that was tilted to increase the height of
the presented ladder and thereby the number of steps required to reach the top. In total the
ladder consisted of 42 steps that were shown on the screen. At the top of the ladder there was
a target location for the frog represented by a cartoon figure of a pig, the frog’s friend on a
cloud. In front of the screen, we placed two custom-made buttons to control the game and a
board with the contours of two hands indicating starting and resting positions of the hands.
The two buttons were interconnected via a tilt mechanism such that pushing one button down
caused the other button to move up. The button presses moved the frog up the ladder. More
precisely, a right button press triggered the frog to move up using its right leg and pressing
the left button moved up the left leg of the frog so that altemating left-right button presses
were necessaiy to move the frog up. Pushing the same button more than once would not
move up the frog. Button presses also elicited a short beep tone (60 ms duration) in order to
keep the child’s interest and attention. With each button press, EEG markers were sent such
that button presses could be traced back in the EEG recordings. The computer game was
implemented using Presentation (Neurobehavioral Systems, USA).
Each participant was involved in three different conditions of the game: a joint
action condition, ajoint action observation condition and an individual action condition. The
focus of this paper is on children’s motor-related brain activity during action observation with
respect to joint actions. We were interested in whether the motor system of the 3-year-olds
was activated more strongly while observing others’ actions when involved in a joint action
as compared to watching two people acting jointly without being involved. The same person
acted both as the child’s joint action partner and together with a third actor in the joint action
observation condition. In the current study, we concentrate on the results of the joint action
and the joint action observation condition.1
1
In the individual condition, children played the gam e alone pushing one o f the buttons. The
other button m oved dow n automatically as it had a w eight placed on it. This condition w as originally
meant as com parison for the joint action condition. Unfortunately, it tum ed out to be contaminated by
a deviant m ovem ent pattem o f the children elicited by the additional w eight w hich required m ore force
during the button press. We therefore had to om it this condition from the analysis.

In the joint action condition, we instructed the children to push the right button with their
right hand in tums with their adult action partner (Actorl) who pushed the left button with her
left hand. More specifically, the button pressing action was supposed to start with the hand
on the resting position which was marked by drawings of hand contours on a board in front
of the buttons (see Fig. 1). Starting from this position, the action was executed by pushing
the respective button and ended when the hand was placed back on the resting position. We
thereby aimed to prevent children from leaving their hands on the button throughout the joint
play and introduced a standardized action pattem which was comparable across conditions.
During the measurement, the children sat on their parent’s lap on a chair to the right of
Actorl.
In the joint action observation condition, the children watched two adults (Actorl
and Actor2) playing the same game together. While Actorl and Actor2 were playing jointly,
Actor2 sat between the child and Actorl such that the child would have to move only
minimally to the right. For all children, the same first experimenter (Actorl) acted as their
joint action partner. The children were not explicitly instructed where to look during the
game, but in subsequent steps only data of trials were included during which children either
looked at the experimenter, the buttons or the screen (see EEG data analysis section). Video
recordings of the entire measurement session were made, aligned with the experimental
events on the screen, and children’s EEG and button presses were recorded.

Figure l.
The experimental set-up o f the joint button-pressing game. In front o f a tilted wide-screen we positioned two chessclock buttons and resting positions marked by hand contours. By pressing the two buttons altemately, a cartoon
figure could be moved up a ladder on the screen.

For demonstration purposes, the joint action observation condition always preceded
the joint action condition. Depending on the attention span of the children, we additionally
included another run of the joint action observation condition after the joint action condition.
Six out of the seven participants therefore watchedActorl andActor2 play both, before and
after they played together with Actorl. Before pooling together the data of the observation
condition from the two time points, we tested for order effects. To make sure that children’s
motor activation did not differ significantly between the two time points, we compared
activity action observation of Actorl ’s button press (t = -450 ms to 0 ms). Since no differences
in mu and beta power were found between data collected before and after the children had
played themselves (for details see EEG data analysis), the data of the joint action observation
condition were subsequently pooled.
EEG recordings
Electrophysiological recordings were conducted using child-sized EEG caps with
30 electrode sites on the scalp. The Ag/AgCl active electrodes were placed in an actiCap
(Brain Products, Munich) arranged in the 10-20 system and referenced to electrode FCz
over the central midline. The signal was amplified using a 32-channel BrainAmp DC EEG
amplifier, band-pass filtered (0.1 - 125 Hz) and digitized at 500 Hz. We strived to keep all
impedances below 60 k^2.
EEG data analysis
We analyzed the data using FieldTrip, an open source Matlab (Version 7.0, TheMathWorks,
Inc.) toolbox developed at the Donders Institute for Brain, Cognition and Behaviour (http://
www.ru.nl/neuroimaging/fieldtrip). The EEG data were locked to the button press of the
first experimenter (Actorl) and determined 450 ms before and 450 ms after the button was
pressed. During this time the children were observing Actorl ’s actions and the effect on
the screen either when Actorl was their joint action partner (joint action condition) or the
joint action partner of Actor2 (joint action observation condition). By including exclusively
data from Actorl we kept the comparison between the two conditions constant. To examine
the involvement of the motor system in these two conditions, we focused on electrodes C3
and C4 over motor cortices. As mentioned in the introduction, power decrease in the mu(7-11 Hz) and beta-( 17-21 Hz) frequency range over motor areas is associated with motor
activation (cf. Hari 2006) and thus is the focus of the current analysis. On the basis of the
video recordings of the measurement session, trials were rejected if children moved their
hands or did not pay attention to the game (i.e. when they looked neither at the experimenter,
the buttons or the screen) during the critical period of the experimenter’s action (i.e. the
hand-movement towards the button). Since it was an interactive game in which we relied
on children’s spontaneous behaviour, many trials had to be excluded due to children moving
during the window of interest (t = -450 ms to 0 ms). Participants with less than 8 trials
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per condition were excluded from the analyses (see Participants). We visually inspected the
remaining trials to exclude EEG artifacts (such as noisy channels or eye blinks). As a result,
on average 15 trials remained for the joint action condition (range 8 to 36) and 35 trials for
the joint action observation condition (range 18 to 60).
A DFT filter2 was used to remove line noise from the data and a for each trial we
took out the offset by subtracting the mean signal of the entire trial. We then calculated timeresolved spectral power estimates using the Fourier transform in combination with a Hanning
taper. For this we used a 300 ms sliding time-window that was advanced in steps of 50
ms. Power estimates were calculated for frequencies between 5 and 30 Hz. This resulted in
time-frequency representations (TFRs) of the EEG data. We obtained separate TFRs for the
joint action condition and the joint action observation condition. To contrast children’s brain
response in these two conditions, we computed the normalized difference per time-frequency
sample between the two conditions ( [TFRActorl as joint partner-TFRActorl as partner of
Actor2] / [TFRActorl as joint partner + TFRActorl as partner of Actor2] ) (cf. van Ede et
al. 2010). This normalized difference is illustrated in Figure 2. The EEG data were locked to
the button press of Actor 1 which is denoted as zero. Hence, children observed Actor 1 moving
her hand towards the button from about -450ms to 0. At zero, the button press of Actor 1 made
the frog on the screen move upwards. In the period of 0 to 450ms children were preparing
to press the button themselves in the joint action condition, while it was Actor2’s turn in the
joint action observation condition. At the same time, Actorl was placing her hand back on the
resting position in front of the button.
In the statistical evaluation of the electrophysiological data, we determined whether
power estimates during observation of the goal-directed action of Actor 1 differed significantly
between conditions. Therefore, we restricted our analyses to a priori defined time-frequency
windows. We used the window of 450 ms prior to the button press until the button press (t
= -450 ms to 0 ms) and the frequency bands of 7-11 Hz (mu) and 17-21 Hz (beta). Values
obtained from the TFR analysis (Figure 2) were then averaged over the respective frequency
range and time window. By means of one-sample f-tests we examined whether these timefrequency averages were significantly different from zero. Analogue to this analysis, we
evaluated the data of the joint action observation condition collected before and afiter the
joint action condition (with t= -450 ms to 0 ms; mu: 7-11 Hz; beta: 17-21 Hz).
Due to the relatively small sample size of 7 participants, it might be argued that
effects in the mu- and beta-power could be driven by extreme outliers. To exclude this
possibility and to provide an overview of the strength of the observed effect in both muand beta-power, we ran complementary analyses on an individual participant level. For this
purpose, we estimated the power in the mu- and beta-frequency ranges as described above
for each individual trial per condition and participant. To determine the average power in
the two conditions for each participant we averaged power estimates of mu-power of all
trials per participant over the time window of -450ms to Oms. Using the same approach we
2
A DFT (discrete Fourier transform) filter takes out noise in the 50H z, 100H z and 150H z
range w hich is associated w ith for instance electric noise com ing from light sources.
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oblained average power values in the beta-frequency range for the two conditions per child.
Subsequently, we evaluated the difference in power between the two conditions (separately
for mu- and beta-power) on an individual participant basis using independent samples ?-tests
with trials as units of observation.
Additionally to the general power difference on a group and individual level, we
were interested in how time-locked these differences were to the actions of the joint action
partner. In other words, we examined whether an increase in motor activation (reflected by
less power in the mu- and beta- band) was specifically locked to Actorl ’s actions or rather
reflected a general activation of the children’s motor system. To test this, we compared the
normalized difference in the mu- and beta-frequency range for the two conditions before and
after Actorl pressed the button. If the children’s motor system was generally more activated
in the joint action condition, we would expect no difference between these two time periods of
Actorl ’s action. However, if the motor activation was time-locked to the actions of children’s
joint partner we would expect the power differences to be different before and after Actorl ’s
button press. Therefore, we also calculated the average normalized difference of mu and
beta power for the time period after Actorl’s button press (t = 0 ms to 450 ms). To evaluate
the statistical difference between the two time periods, we used paired-samples f-tests with
time period (before vs. after Actorl ’s button press) as an independent factor, one for testing
differences in the mu- and one for differences in the beta-frequency range.
To further evaluate the relation of mu and beta power during observation of joint
action with regard to children’s own joint action performance, we correlated the EEG results
with the behavioural button press data. On the basis of the significant power differences
between conditions, we chose representative time-frequency windows (see white boxes
in Figure 2). We selected the depicted time-frequency windows because they represent
strongest continuous effect windows time-locked to the button press of Actorl. The
normalized difference in power of the respective frequency and time was then averaged to
obtain a representative effect value. We subsequently correlated those effect values with the
percentage of errors children made when acting jointly. The percentage of errors indicates
how often the 3-year-olds pushed their button when it was not their turn. The percentage was
computed as number of incorrect button presses of the child (i.e. button presses when it was
Actorl ’s turn to press) divided by the total number of times the child pushed the button when
playing the joint game. We used a Pearson correlation across participants to test the relation
between the effect value of each specified window (see white boxes in Figure 2) and the
percentage of errors.

Results
To examine whether young children’s involvement in joint action modulates their motor
activation for others’ actions we focused the EEG analysis on power differences in frequency
bands (mu: 7-11 Hz, beta: 17-21 Hz) and electrode sites (C3, C4) associated with motor
activation in the brain (cf. Pfurtscheller and Lopes da Silva 1999). We were mainly interested

in the contrast between children’s brain activity while observing the actions of their joint
action partner (joint action condition) and of the same person acting as the joint action partner
of a third person (joint action observation condition).
Figure 2 illustrates the difference in activity when children were observing Actorl
acting as their own joint action partner and as the joint action partner of another person
(Actor2). More specifically, the figure shows the normalized difference in power estimated
for frequenties 5-30 Hz at electrode C3. Since results for electrode C4 did not show any
significant difference in either of the frequency bands for the two conditions the subsequent
results only include data of electrode C3 (see topography in Figure 2). Furthermore, there
was no significant effect of order of conditions found. Data of the joint action observation
condition obtained before and after the joint action condition did not differ significantly (all
p > .05). Therefore, further reported results include pooled data of the joint action condition.
Cold colors in the TFR of Figure 2 represent less power for observing Actorl as their own
joint action partner, whereas warm colors represent more power for observing Actorl as
their joint action partner. As can be seen in Figure 2, the difference between the conditions is
most pronounced in two frequency bands, namely around 10 Hz and around 18 Hz. In both
bands, there is less power when children are observing their own joint action partner than
when observing Actorl playing together with a third person (Actor2). Previous studies have
associated less power in these frequency ranges with more motor activation (cf. Pfurtscheller
and Lopes da Silva 1999). Consequently, the current findings of decreased power indicate
more motor involvement in the joint action condition compared to the joint action observation
condition.
For statistical evaluation, we analyzed the power differences in the time before the
button was pushed down. In both, the mu- and the beta- frequency range the normalized
difference was significantly different from zero (mu, 1(6) = -3.49, p = .013, r = .81; beta,
t(6) = -5.06,p = .002, r = .90). This indicates that the 3-year-olds showed significantly more
motor involvement when observing their own joint partner acting compared to observing the
same person in joint action with another person.
Subsequently, we investigated these effects on the basis of each individual participant.
Figure 3a and b show the resulting average power for each participant separately for the two
conditions (joint action observation condition: represented in blue; joint action condition:
represented in green). Individual results in the mu-frequency range are represented in Figure
3a. The same datapattem, namely lower average power for the joint action condition compared
to the joint action observation condition, can be seen in six out of seven participants. Using
single-subject statistics, this tendency in mu-power differences reaches significance in two
participants (Participant 1:7(35.976) = 2.39,p = .000, r = .37; Participant 2: t(55) = 2.01,p =
.043, r = .26). Figure 3b illustrates individual data for the beta-frequency range. Generally, all
participants show the same data pattem as in the grand average. All seven participants exhibit
the tendency of more attenuated power when observing Actorl in the joint action condition
than in the joint action observation condition, and this difference reaches significance in three
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out of seven participants using single-subject statistics (Participant 2: f(52.525) = 3.29, p =
.002, r = .41; Participant 4: t(52.592) = 3.55, p = .001, r = .43; Participant 6: /(24) = 2.12,p
= .044, r = .39).
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Figure 2.
(a) Time-resolved normalized difference in power at electrode site C3. Power differences represent the contrast
between observation o f Actorl'"s actions when children were involved in the joint action and when they were not
involved. At time 0, Actorl pushed the button which moved up a cartoon figure on the screen. Before time 0 Actorl
moved her hand towards the button. After time 0 Actorl moved her hand back to the resting position while it is
the child’s next turn in the joint action condition and Actor2’s next turn in the joint action observation condition.
White boxes indicate the time-frequency windows o f the effects for which we evaluated the correlation with joint
action performance and the topography (see Methods & Results) (b) Correlation between the individual beta power
difference and the percentage of errors children made during the joint game. Each data point represents one child
(c) Topography o f the normalized beta power difference including the data points marked by the white box. Power
differences are displayed on seven electrodes (only electrodes were used that were sufficiently noise-frce for all
seven children).

Shifting the focus of the analysis back to the grand average, Figure 2 shows that
the enhanced motor activation in the mu-frequency range seems to be persistent throughout
the entire time window (900 ms), whereas the beta-band effect appears to occur time-locked
to Actorl’s button press. We tested the time-specificity of the effect by comparing the time
period of reaching towards the button (t = -450 ms to 0 ms) with a time period of the same
duration after the button had been pressed (t = 0 ms to 450 ms). Comparing the two time
periods within the mu-frequency range did not show significant differences between the two
time windows of observation in the grand average, t(6) = .35. p = .737, r = .14. In contrast
to this, the beta power difference was more pronounced during the goal-directed action of
Actorl than after Actorl had pressed the button, t{6) = -3.52, p = .013, r = .82. Thus, while
activity in the beta-frequency range appears to be related specifically to the timing of the
joint action partner’s button press, the effect in the mu-range might be indicative of a general
involvement of motor activation throughout the joint play compared to the mere observation
of two people playing.
Finally, we examined the relationship between the mu- and beta-effects and
children’s joint action performance. To determine whether the enhanced motor activation
in the two bands was related to how well children acted together with Actorl, we correlated
the effects in the frequency bands with children’s performance during joint play. For this
purpose, the percentage of errors served as an indicator of performance quality. On average
the children pushed their own button about 10 % of the times during the joint play (range
0 % to 30.6 %) when it was actually the turn of Actorl. Based on the TFR effects (i.e.
the difference between observing Actorl in the joint action condition and the joint action
observation condition) illustrated in Figure 2 we selected time-frequency windows which
represent the strongest difference time-locked to Actorl’s button press. Results revealed a
significant correlation between the effect in the beta-frequency range and the percentage of
errors in children’s joint action performance, r = .83,/? = .021. No significant correlation was
found between the effect in the mu-frequency range and performance, r = -.465,/) > .5.

Discussion
The present study is one of the first to explore the role of the motor system in young children’s
involvement in a naturalistic joint action. As hypothesized, involvement in joint action
modulated activity in the motor system of 3-year-old children when observing the actions
of another person. The results of the EEG analysis show significantly less power in the mu(7-11 Hz) and beta- (17-21 Hz) frequency range over motor areas when children observed
actions of their own joint action partner as compared to when they observed the actions of
the same person playing with someone else. Since power decrease in these frequency bands
is acknowledged to be associated with activation of the motor system, the current findings
indicate enhanced motor system activation during action observation when the 3-year-old
children were involved in the joint action. This data pattem was consistently observed over
individual participants in both the mu- and beta-frequency range.
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Figure 3.
Power averaged over the time window o f ~450ms to Oms in the (a) mu(7-llHz)- and (b) beta(17-21Hz)-frequency
range displayed as a fünction o f condition (joint action observation; joint action) on an individual participant level.
Vertical black lines represent Standard errors o f the means.
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Moreover, the power decrease in the beta-frequcncy range appears to be timelocked to the action of children’s joint action partner. After the button press of the joint action
partner, power differences in this frequency band vanished. In contrast, power difFerences in
the mu-band continued even when the partner moved her hand away from the button after
having pushed it. To address possible relations between motor system involvement of the
children and their joint action performance, we correlated the effects in both frequency bands
with children’s performance accuracy. The effect in the beta-frequency range correlated
significantly with the percentage of errors children made during the joint action. This points
to a negative relation between children’s motor system involvement when observing their
partner’s actions and the amount of errors they made during the joint action: the less the
child’s motor system was activated during observation of their joint action partner, the more
errors (i.e. erroneous button presses) the child performed. The effect in the mu-frequency
range, however, tumed out to be not significantly correlated to the children’s joint action
performance.
In general, motor activation during action observation is thought to facilitate the
understanding and prediction of others’ actions (Cattaneo et al. 2007; de Lange et al. 2008;
Iacoboni et al. 2005; Rizzolatti and Sinigaglia 2010; Southgate et al. 2010; Stapel et al. 2010).
During joint actions, it is particularly important to predict the timing and type of action to
be performed by the action partner. Anticipating what our joint action partner will do next
facilitates our coordination with the other person and allows for a successful interaction (see
Sebanz and Knoblich 2009, for a review).
The current findings of enhanced motor activation for observing the own partner’s
actions as well as the correlation between motor system involvement and children’s joint
action performance might reflect children’s predictive processing. However, it should be
mentioned that the final sample size of the current experiment is rather small such that
future research would be needed to further establish the observed effects. Further research
is also required to make causal inferences on the function of the motor system for children’s
prediction of their partner’s actions.
Given children’s motor system involvement and its link to joint action performance,
the question arises of how exactly the motor system is involved in joint actions. Does the
motor activation reflect a precise spatial and temporal simulation of the other’s actions? With
respect to the topography, enhancement in the motor system was found in an electrode over
the left hemisphere (C3) while children were observing left-hand movements. In adults,
activation of left motor areas is associated with performance of right side movements (cf.
Pfiirtscheller and Lopes da Silva 1999). Based on the topography of the effect, it therefore
seems unlikely that the children simulated the actions of their partner on an effector level
which is in line with results of an action observation study with adults using MEG (Kilner et
al. 2009). One might speculate that - while observing the action partner - the motor system
of the 3-year-olds represented actions of the right hand which was also the effector they
needed for their own actions. All in all, however, the spatial resolution of the current findings
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is not sufficiënt to answer this question properly and further research is required to allow
conclusive interpretations. Although the extent to which spatial aspects of the other’s actions
are integrated in children’s motor system remains speculative, the findings show a clear
integration of the action partner’s timing as indicated by beta power modulation. Integrating
temporal information about the partner’s actions into one’s own motor system points thereby
to a certain purpose enhanced motor system involvement might serve: namely facilitating
action prediction in joint actions.
There may be various reasons why we found different pattems of effects for mucompared to beta-power. One explanation for finding beta to be more time-locked to the
partner’s actions might simply be the nature of beta, which is a faster rhythm than mu.
Oscillations in a higher frequency range might be more effective and flexible in adapting to
events for instance by recovering faster (Pineda 2005). In fact, a recent study by van Ede and
colleagues showed that modulations of beta oscillations during somatosensory anticipation
were deployed with more temporal specificity than mu oscillations (van Ede et al. 2011).
The continuous suppression of mu-power throughout the action partner’s turn might reflect
a general activation of the motor system bridging the time that it is not the child’s turn by
keeping their motor system alert. Altemative explanations might refer to differences in
the fimction of these two rhythms as indicated by previous research. Modulations in these
frequency bands might be related to the type of action or the context in which actions are
performed. While beta power during action execution and observation in adults has been
shown to be modulated by the correctness of actions (Koelewijn et al. 2008), in 12-monthold infants mu-suppression has been reported to differ depending on whether the infants
were observing ordinary or extraordinary actions (Stapel et al. 2010). More importantly, in
adults anticipatory suppression of the beta but not mu power was found to be stronger when
observing actions of a partner than when observing actions of an individual actor (Kourtis
et al. 2010). In accordance with this, our findings point to different modulations of mu- and
beta-frequency range activity with regard to observing others’ actions depending on whether
one is involved in a joint action game or merely observing others playing jointly.
We have interpreted decreased power in the mu- and beta-frequency band as
reflecting the activation of motor-related areas. However, the precise neural origin of
modulations in the mu- and beta-frequency bands remains a matter of debate with some
evidence suggesting origins in primary motor and premotor areas, whereas others suggest
more posterior (e.g. somatosensory) areas (Caetano et al. 2007; Pineda 2005; Salmelin and
Hari 1994; Stancak and Pfurtscheller 1996; van Ede et al. 2010; Witham and Baker 2007).
Although the precise neural sources of decrease in mu and beta power in the scalp-recorded
EEG remain to be determined, studies in both children and adults consistently show that the
execution and observation of actions is accompanied by power decreases in the mu- and
beta-frequency bands (Caetano et al. 2007; Hari and Kujala 2009; Marshall et al. 2010;
Muthukumaraswamy and Johnson 2004; Nyström 2008; van Elk et al. 2008). In line with
these findings, the present study clearly shows that the observation of an action resulted in

a decrease in mu and beta power which was stronger when the 3-year-olds were engaged in
joint action with the observed person as compared to when they were not.
Being engaged in a joint action appears to result in stronger motor involvement
during observation of others’ actions. What exactly makes a joint action situation so different
from merely observing two people act together? Which factors might play a role in eliciting
stronger motor involvement for others’ actions when involved in a joint action? It can be
speculated that motivational and attentional factors play a role here. Being involved in a joint
action implies that the actions of the partner gain relevance for one’s own subsequent actions.
In line with this, previous research has shown that different aspects of social relevance in the
relation between actor and observer such as the identity of the actor or eye contact between
actor and observer, modulate motor activation during action observation (see Frith and Frith
2010, for a review). Developmental research has shown that 3-year-olds, but not younger
children, monitor their peer’s actions in a selective manner (see Gauvain 2001, for a review).
More precisely, 3-year-olds direct their attention to their peer’s attempts to solve a task, while
children below the age of three pay social attention in general to their peers without a special
focus on their task-solving activities (see Gauvain 2001, for a review). An increased attentional
focus on the other’s task performance might thus have elicited enhanced motor involvement
during the joint action. However, the extent to which attentional and motivational factors
contribute to the modulation in children’s motor involvement when acting jointly remains
to be clarifïed. Moreover, in joint action different aspects of an observed action (such as the
timing) might serve as relevant cues for adapting the own action. The question arises whether
in an individual action context similar non-social cues would subserve the same purpose and
result in the same neural response. Since this question cannot be answered by the current
experimental design further investigations contrasting social and non-social situations are
needed.
How do the current findings of 3-year-olds’ brain activity relate to the development
of young children’s joint action performance? A recent developmental study by Grafenhain
and colleagues revealed that it is around the same age that children understand the obligations
and commitments they have toward a joint action partner (Grafenhain et al. 2009). At this
age, children were also found to interact successfully when the joint action requires more
complex interactions of the action partners (Ashley and Tomasello 1998). This indicates
changes in children’s responsiveness to the joint action partner occurring around the age of
three years.
We have previously investigated 3-year-olds’joint action coordination in a behavioral
study with a comparable joint task as used in the current experiment (Meyer et al. 2010). In
this behavioral study, we found that 3-year-old children made less errors when acting with
an adult action partner than 2 '/2-year-olds, while both age groups performed on a similar
level when playing bimanually on their own (Meyer et al. 2010). Assessing children’s brain
activity during a similar task and at the age when children begin to establish well-coordinated
joint actions revealed that their motor system involvement during action observation was
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related to their joint action performance. More activation in the motor system during action
observation was thereby associated with fewer errors when playing jointly. This suggests that
involvement of the motor system in observing the joint action partner might play a crucial
role for the development of successful joint action performance.
Together the results show an enhanced motor activation as indicated by decreased
mu and beta power during action observation when the 3-year-olds were involved in a joint
action game with the observed actor. While power differences in the beta-range show timelocked motor activation for the partner’s actions, differences in mu power rather indicate
a more general involvement of the motor system in a joint action task. Furthermore, the
results show that the stronger the time-locked effect in beta power the fewer errors children
made when acting jointly. This study is one of the first to investigate the neurocognitive
mechanisms underlying joint action in young children. The present findings suggest that
already in early childhood others’ actions are integrated differentially in the motor system
depending on whether or not children are engaged in a joint action. This context-specific
involvement of the motor system might have important consequences for developing success
in joint action.

3

Chapter 4
The roBe of action prediction and önhibitory control for
joint action coordination in toddlers
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Abstract
From early in life, young children engage eagerly in social interactions. Yet, they still have
difficulties performing well-coordinated joint actions with others. The question arises
which processes underlie these difficulties. Adult literature suggests that two processes are
important for smooth joint action coordination: action prediction and inhibitory control.
The aim o f the present study was to disentangle the potential role of action prediction and
inhibitoiy action control for joint action coordination in early childhood. Using a simple
tum-taking game, we assessed 2V4-year-old toddlers’ joint action coordination performance,
focusing on timing variability and performance accuracy. In two additional tasks, we
examined toddlers’ action prediction capabilities, using an eye-tracking paradigm, and their
inhibitory control capabilities using a classic executive functioning task (gift delay task).
We found that individual differences in action prediction and inhibitory action control were
distinctly related to the two aspects o f joint action coordination. Toddlers who showed
more precision in their action predictions were less variable in their action timing during
the joint play. Furthermore, toddlers who showed more inhibitory control in an individual
context were more accurate in their tum-taking performance in the joint action. On the other
hand, no relation between timing variability and inhibitory control or between performance
accuracy and action prediction was found. The current results highlight the distinct role of
action prediction and inhibitory action control for the quality of joint action coordination in
toddlers. Underlying neurocognitive mechanisms and implications for knowledge on joint
action coordination in general are discussed.
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joint action, action prediction, inhibitory control, action coordination, early
childhood
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Meyer, M., Bekkering, H., Haartsen, R., Stapel, J. C., & Hunnius, S. (under
review). The role of action planning and control in young children’s joint action
coordination.

Social interactions shape our everyday life from birth. Central to social interactions is the
way we coordinate our actions with others. Accordingly, action coordination is a defining
element for joint actions (see Sebanz, Bekkering, & Knoblich, 2006). The quality of joint
action coordination largely determines the success of a joint action. Moreover, fluent
coordination between people is associated with a feeling of connectedness and liking between
the interaction partners (Marsh, Richardson, & Schmidt, 2009). Thus, leaming to coordinate
own actions skillfully with others enhances midtiple aspects of joint actions such as success
and affiliation.
There are many examples of daily joint actions which illustrate how naturally and
smoothly adults coordinate their actions with others. Common joint actions such as setting a
table together (Egetemeir, Stenneken, Koehler, Fallgatter, & Herrmann, 2011), passing a cup
to another person (Ray & Welsh, 2011) or playing an instrument together (Loehr, Large, &
Palmer, 2011) have been subject of recent behavioral and neuroimaging studies. Coordinating
actions jointly, however, is non-trivial since it requires integrating another person’s actions
into one’s own action processing. While adults display refined and proficient joint action
coordination, young children still have considerable difficulties coordinating their actions
with others (for a review, see Brownell, 2011). In the current study, we examine these
difficulties in children’s joint action coordination and aim to provide insights in possible
underlying processes of joint action coordination in early childhood.
Development o f joint action coordination
During their first three years of life, young children rapidly improve in coordinating
their actions with others (Brownell, 2011). Although infants are sensitive to violations in
simple tum-taking interactions with adults from early in life (Adamson & Frick, 2003;
Wameken, Chen, & Tomasello, 2006), they show hardly any form of fluent coordination
with others until the end of their first year of life, unless they are scaffolded by an adult (e.g.
Mendive, Bomstein, & Sebastian, 2013). During their second year of life, toddlers become
more successful in simple coordination tasks with adults (Wameken et al., 2006) and peers
(Brownell & Carriger, 1990; Brownell, Ramani, & Zerwas, 2006). They can, for instance,
simultaneously act on toys to achieve a goal together with others. While there are some
indications that toddlers can coordinate actions with others by the age of two, successful
performance seems to be mainly restricted to tasks with low coordination demands (i.e. tasks
that do not require continuous action coordination). When continuous action coordination
with another person is needed, it takes yet another year before toddlers reach a level of
joint coordination which is similar to the level they achieve in individual coordination (e.g.,
Meyer, Bekkering, Paulus, & Hunnius, 2010). In a recent behavioral study, 2'A- and 3-year-old
children were tested in a simple coordination game during which individual and joint action
coordination was compared (Meyer et al., 2010). This game required altemately pushing
two buttons - either bimanually or jointly in tums with an adult partner. To determine the
coordination quality it was measured how stable the timing of children’s button presses was
(timing variability) and how often they erroneously pushed a button more than once in a row
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(performance accuracy). The findings indicated that both, 254- and 3-year-olds, were equally
stable in their timing and equally accurate in their button pushing when they were acting on
their own. During joint play, however, it became apparent that 2Vi-year-old toddlers still had
difficulties in coordinating their actions with another person. Three-year-olds, on the other
hand, reached comparable levels of action coordination for individual and joint play. These
findings indicate a significant discrepancy in performance which was specifically evident for
joint action coordination. The question arises which processes underlie the 21/2-year-olds’
difficulties in coordinating their actions with another person.
Establishing smooth joint action coordination: The role o f action prediction
and inhibitory action control
Findings from research with adults suggest two processes to be especially important
for establishing smooth action coordination with others: the ability to predict others’ actions
(action prediction) and to control one’s own actions in concord with others’ actions (inhibitory
action control). Predicting the action partner’s next action is necessary to adjust one’s own
action planning and execution flexibly (see Sebanz & Knoblich, 2009 for a review). When
for instance passing a ball to and fro, one can readily prepare to catch the ball by predicting
the other ’s next throw. Recently, Vesper and colleagues (2011) found that when acting jointly,
adults also reduce their own timing variability to make themselves more predictable for their
action partner. Apart from action prediction, controlling one’s own actions is essential for
joint action coordination. This is particularly evident in tum-taking actions, when inhibitory
control over one’s own actions is needed to refrain from acting when it is the other’s turn
(Sebanz et al., 2006).
Additionally, distinct neurocognitive mechanisms have been associated to action
prediction and inhibitory action control. Different accounts propose that predictions of other’s
actions rely on forward models generated in the fronto-parietal action network of the brain
(Kilner, Friston, & Frith, 2007; Wolpert, Doya, & Kawato, 2003; Miall, 2003). By matching
the observed actions of another person onto one ’s own motor system, predictions with respect
to upcoming actions can be derived (Kilner et al., 2007; Miall, 2003; Wolpert et al., 2003).
Thus, analoguous to involvement of the own motor system during observation of another
person’s actions (see e.g. Rizzolatti, & Craighero, 2004), the motor system is involved in
the prediction of another person’s next actions. Neuroimaging studies have investigated the
predictive function of the action system and found supporting evidence in infants (Southgate,
Johnson, Karoui, & Csibra, 2010; Stapel, Hunnius, van Elk, & Bekkering, 2010) and adults
(Kilner, Vargas, Duval, Blakemore, & Sirigu, 2004). In a recent electroencephalography
(EEG) study, Kourtis and colleagues (2013) expanded previous findings to a joint action
context. They demonstrated that predictive activation of one’s own neural motor system for
an upcoming action of a partner was closely related to the proficiency of the joint action
performance. Yet, it is still unclear in how far toddlers’ ability to predict others’ actions is
related to their joint action coordination with others.
Besides this, it is not yet understood which role inhibitory action control plays for

joint action coordination in toddlers. A large body of research investigated the ability to
inhibit responses at different ages (e.g. Diamond, 1990; Durston et al., 2002; Jones, Rothbart,
& Posner, 2003; Munakata et al., 2011). Amongst others, Go-Nogo tasks have been used to
investigate inhibitory control (e.g. Cragg, Fox, Nation, Reid, & Anderson, 2009). Converging
findings highlight the structural and functional aspects of prefrontal brain regions playing a
role for this type of inhibitory control of actions (Casey et al., 1997; Munakata et al., 2011).
Often, joint action situations share the same characteristics with Go-Nogo tasks, as, for
instance, tum-taking interactions require refraining from acting when it is the action partner’s
turn. In terms of development, many findings illustrate immaturity in inhibitory control early
in life and a general improvement during childhood and up to adolescence (Jones et al.,
2003; Williams, Ponesse, Schachar, Logan, & Tannock, 1999). Therefore the question arises
how the immaturity of inhibitory action control might affect toddlers’ coordination with an
interaction partner.
The current study
The aim of the present study was to disentangle the role of action prediction and
inhibitory action control for young children’s joint action coordination. For this purpose, we
assessed the joint action coordination performance of 2 '/2-year-old children by measuring
timing variability and performance accuracy during joint play similar to the previous study
(Meyer et al., 2010). In addition, we measured action prediction and inhibitory action
control in two separate tasks. To assess toddlers’ precision in predicting others’ actions,
we measured their eye-movements in an action observation task. Recently, eye-tracking
measures of anticipatory gaze have been shown to reflect feed-forward processes of the
motor cortex (Elsner, D’Ausilio, Gredeback, Falck-Ytter, & Fadiga, 2013). Furthermore, we
tested toddlers’ inhibitory action control by using a classic executive functioning task (gift
delay [bow], Carlson, 2005; Kochanska, Murray, Jacques, Koenig, & Vandegeest, 1996).
As predicting others’ actions and controlling own actions are crucial processes for smooth
joint action coordination in adults, we hypothesized that both might play a role for the
limited coordination quality described in 2^-year-old toddlers (Meyer et al., 2010). More
precisely, we investigated whether individual differences in action prediction and inhibitory
action control were distinctly related to the two measures of joint action coordination (timing
variability and performance accuracy). We expected that action prediction abilities would
be beneficial in predicting the partner’s actions during the joint action and would in turn
allow to time the own actions more stable with respect to the partner (cf. Kourtis et al., 2013;
Vesper et al., 2011). Therefore, we expected that toddlers who are better in predicting others’
actions would also show less timing variability in their joint action coordination. In line with
previous findings (Carlson, Mandell, & Williams, 2004), we further assumed that toddlers’
inhibitory control would relate to their performance accuracy during the joint action (i.e.
refraining from pushing when it is not their turn).
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Method
Participants
Sixteen 21/4-year-old toddlers (13 boys) with a mean age of 29.8 months (SD =
10 days) were included in the final sample. The toddlers were recruited from a database of
families who signed up for participation in child research at the Baby Research Center in
Nijmegen, the Netherlands. Parents accompanied their children to the testing session and
provided written infonned consent for their participation in the study. Another fifteen toddlers
were tested but excluded from the final data set because they did not provide sufficiënt data on
all of the three behavioural tasks (n = 14; for details on inclusion criteria see Data Processing)
or due to parental interference during testing (n = 1). The data sample is part of a larger study
as reported by Stapel and colleagues (Stapel, Hunnius, Meyer, & Bekkering, submitted).
Design
We implemented three behavioural tasks in a within-subjects design: a joint action
coordination task, an action observation task and an executive functioning task. In the joint
action coordination task, we recorded the toddlers’ actions during a simple tum-taking game
as used in earlier joint action experiments with toddlers (Meyer et al., 2010; Meyer, Hunnius,
van Elk, van Ede, & Bekkering, 2011). In accordance with previous measures of joint action
coordination we used timing variability and performance accuracy to quantify the quality
of the joint action coordination. In the action observation task we assessed predictive and
reactive eye-movements with respect to the tracking of a moving actor who disappeared and
then reappeared behind an occluder (Elsner et al., 2013). Timing of the eye-movements was
used as a measure of the toddlers’ temporal precision in predicting the observed actions. In
the executive functioning task, the classic gift delay [bow] task was adopted to assess how
long the toddlers could resist looking into a gift box (see Carlson, 2005 for a review). Elapsed
time of peeking at the gift was used as dependent measure of the children’s inhibitory action
control with a set maximum of three minutes.
Materials and Stimuli
Joint action coordination task
The computerized set-up of the joint action game consisted of a cartoon figure
which had to be moved up a ladder on a screen by pushing two buttons in altemation (see
Figure 1). The two buttons were differently colored (black, red) and connected via a tilt
mechanism such that only one button at a time could be pushed down. They were placed in
front of a wide-screen (1200 x 1920 pixels) which was rotated by 90 degrees to maximize the
length of the displayed ladder and thereby the trial length. The displayed ladder was leading
up to a cartoon pig on a cloud in the upper right corner. On the foreground, a cartoon frog
was shown which could be moved up the ladder towards the goal (i.e. the pig on the cloud)
by pushing the two buttons altemately. Button presses elicited unique visual and auditory
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effects: Pressing the left button moved the left leg of the frog to the next higher ladder step
whereas pressing the right button moved the right leg. Button presses triggered an auditory
clapping tone unique for each button (duration = 60ms). The ladder consisted of 42 ladder
steps such that 21 altemating presses per button were required to reach the goal. When the
top was reached a picture of both cartoon figures together on the cloud indicated the goal
was achieved. The software used to program the computerized game was Python (Version
2.5, Python Software Foundation; http://www.python.org). During the joint action game, the
timing of the button presses was registered for both buttons separately.
Action observation task
As stimulus material we used short movie clips displaying infant actors moving
across a room from one side to the other (i.e. lefït-to-right and right-to-left). In the movie
clips, a part of the scene was visually blocked with a black occluder area (290x396 pixels)
such that the moving actors disappeared for 280 to 720 ms behind the occluder (see Figure
1). The total duration of each movie was around 4 seconds (73-112 frames, 25 frames per
second). The displayed infant actors were moving by either walking or crawling through the
scene. Eight unique movie clips (4 actors) per locomotion type (crawling; walking) were
presented. These stimuli belonged to a subset of movie clips created for an eye-tracking study
on action prediction (see Stapel et al., submitted, for more details). As the manipulation of
locomotion type was not the focus of the current study, data for both types of stimuli were
collapsed. As described by Stapel and colleagues, the stimulus set also comprised movie
clips displaying moving objects. However, this part of the stimulus set was not considered
here since only the observation and prediction of human actions was relevant to this study. In
total, children were presented with two randomized blocks of 24 movie clips (8 x walking, 8
x crawling, 8 x object) interleaved with short clips (about 2 s) of moving pictures to keep the
children attending to the screen. The stimuli were presented on a Tobii 1750 eye-tracker (Tobii
Technology, Stockholm, Sweden) which was used to record the toddlers’ eye movements.
Executive functioning task
For the executive functioning task we used a small gift (a teddy bear) hidden in a
gift box (width = 21.5 cm; height =15 cm; depth =15 cm) decorated with wrapping paper
(see Figure 1). The lids of the gift box could be closed tightly with a bow. When no bow was
present the lids were only loosely closed but were still hiding the gift from sight. The gift
box containing the gift (but initially lacking the bow) was placed in front of the child who
was sitting on a chair at the table. With the excuse to get the missing bow, the experimenter
left the room for three minutes (see Procedure). Video recordings of the child’s behaviour
during the joint action coordination task and the executive functioning task were made using
a digital video camera (Sony Handycam, DCR-SR190E).

Joint Action Coordination Task
joint turn-taking game

Action O bservation Task
eye-tracking during action observation

Executive Functioning Task
gift delay [bciw]

Figure 1.
The experimental set-up consisting of three tasks tested in a within-subjects design. (Lefl) In the joint action
coordination task toddlers pushed buttons in altemation with an adult action partner to move up a cartoon figure
displayed on the screen. (Right top) In the action observation task toddlers were presented with short movie clips
in which an actor moved through the scene. A black area occluded the moving actor for part of the presentation.
Children’s eye-movements were recorded during the movie presentation. (Right bottom) In the executive functioning
task, the classic gift delay task (Kochanska et al., 1996) was adopted. In this task, toddlers received a gift box
containing a gift. They were not allowed to look inside the gift box for three minutes. The picture displays a failed
attempt.

Procedure
A brief warming-up period (approximately 10 min) preceded the actual testing
session. During this warming-up period two experimenters (El and E2) were present. Parents
were informed about the experimental procedures and instructed not to interfere during the
testing session. Next, El accompanied the child and the parent to the testing rooms. The
study was conducted in two separate testing rooms and had a fixed order of tasks (first: action
observation task, second: joint action coordination task, third: executive functioning task).
The experimental session started with the action observation task in a testing room with the
eye-tracker. The reason to start the experimental session with the action observation task
was two-fold. It allowed the toddlers to get acquainted with the new environment and the
experimenter who would later become their joint action partner. Also, this task required the
toddlers to sit and watch movie clips for about four minutes. By presenting this task first we
opted for an order in which children were most likely to finish the full set of trials (i.e. about 4
min of movie clips). After the action observation task children and parents were accompanied
to the adjacent testing room in which the joint action coordination task and subsequently the
executive functioning task took place. The executive functioning task was chosen to end
the session as receiving a gift for the participation in the study naturally finalizes the testing
session. In total, the testing session took about 40 minutes.

Action observation task

During the action observation task, children were asked to sit on the lap of their
parent in front of the eye-tracker. They were seated at a distance of approximately 60 cm
from the screen. A calibration phase preceded the actual measurement phase. The toddlers
were presented with nine contracting and expanding calibration points arranged in a 3 by 3
grid. Subsequently, the toddlers were told that they would see a set of short movie clips and
were asked to watch them carefully.
Joint action coordination task

In the second testing room the joint action game was installed on a table. Again,
the child was asked to sit on the lap of his or her parent in front of the screen. El sat left
to the child such that they were seated centrally in front of two buttons on the table. To
introducé the goal of the joint action game E l explained that the moving character (frog) at
the bottom of the scene wanted to climb up the ladder to reach the other character (pig) at the
top of the screen (see Meyer et al., 2010). The joint action coordination task started with a
demonstration phase in which El demonstrated the joint action game together with E2. Then,
the actual testing phase was initiated by El who verbally instructed the child to play jointly
together with her. Furthermore, El received metronome feedback via a hidden earphone. The
metronome feedback consisted of three consecutive beep tones locked to the child’s button
press. The last beep was presented exactly 1 second after the child’s button press. El could
thus time her press with respect to the last beep tone such as to standardize her actions to the
child’s response. El strived for playing the joint action game with the child at least twice (i.e.
resulting in at least 42 button presses of the child).
Executive functioning task

After the joint action game, El initiated the executive functioning task by asking
the parent to sit at the opposite end of the room with E2 to fill in a questionnaire. The child
remained seated at the table. Parents were instructed not to interact with their child during
this period. Throughout the executive functioning task the parent and E2 stayed in the room
with their backs tumed to the child. While the parent started filling out the questionnaire, El
announced that she had a present for the child. El then placed the gift box on the table in
front of the child and said that she had forgotten to put the bow on the gift box. Before leaving
the room to get the missing bow, El instructed the child not to look inside the gift box. Then
El left the room for three minutes. Children were video-recorded during the absence of El.
After three minutes, El retumed with the bow and fixed it to the gift box (if the present was
still inside). Finally, the child was allowed to open the gift box to retrieve the toy. The testing
session finished with a debriefing of the parents with regard to the purpose of the study.
Data processing
To address our current research question we focused on four dependent measures:
the timing variability (1) and performance accuracy (2) in the joint action coordination task,
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the timing of eye-movements closest to the reappearance of the observed actor behind the
visual occluder (3) in the action observation task, and the latency to peek at the gift (4) in the
executive functioning task.
Joint action coordination task
Based on previous measures of coordination quality in toddlers (Meyer et al., 2010),
we assessed the timing variability and performance accuracy from the button press data and
the video recordings made during the joint action game. The data processing was identical
to the processing applied previously (Meyer et al., 2010). The first two button presses of
each trial were excluded from the data to prevent large outliers due to initiating a trial.
Furthermore, video recordings were analyzed to exclude data in which a button press was
caused by rule violations (e.g. pulling the experimenter’s button instead of pushing the own
button) other than the registered errors (i.e. the child pushing their button more than once in
a row). Button presses during which the parent interfered (e.g. by leading the child’s hand)
were also excluded from further analysis. To investigate timing variability and performance
accuracy of the child, only button presses in which children pressed the right button with
their right hand were included. For all children, the first two rounds of playing were analyzed
as we strived for finalizing at least two rounds during testing (see Procedure).
Performance accuracy. The correct execution of the joint action game consisted of
El and the child pressing the left and right button in turn. Consequently, the child pressing
the right button more than once in a row indicated an action coordination error. The mean
percentage of these errors was calculated per child.
Timing variability. We also calculated the children’s variability in pressing their
button with respect to the button press of their joint action partner (El). Button presses
violating the task rule and registered errors were excluded before determining the timing
variability. The basis of the timing variability measure was the interval between the last
left button press by El and the right button press of the child (right - left). Per child an
average time interval was calculated. The variability in timing was then computed using the
coëfficiënt of variation (COV) which is calculated by dividing the Standard deviation by the
average time interval. To prevent a potential bias caused by differences in children’s average
time interval we used the COV instead of the Standard deviation as measure of variability.
Action observation task
We defined the part of the stimulus movie where the actor reappeared from behind
the occluder as the spatial Area of Interest (Aol) in which fixations were considered for
further analysis. Data from the first 200ms in each trial were discarded to exclude a possible
influence of the previous trial on the gaze information (see Stapel et al., submitted). For each
trial, any fixation in the Aol after the first 200ms until the end of the movie presentation was
taken into account (this differs from Stapel and colleagues who cut off their data window
to be able to compare different movie types). From these fixations, those with the smallest
difference with respect to the moment of reappearance of the actor were selected for each

trial per participant. Negative values indicate the closest fixation to be before the actual
reappearance of the actor whereas positive values represent the closest fixation to be after the
actual reappearance. The average time of the selected fixations over trials was calculated per
participant and entered in the comparison between tasks. The fixation closest to the actual
reappearance was taken as index of temporal precision of predicting the moving actor. The
closer in time a fixation to the Aol was made in relation to the actor ’s reappearance, the more
precise the prediction was. Also, fixations were considered predictive or reactive dependent
on whether they were before (negative value) or after (positive value) the actual reappearance
of the actor.
Executive functioning task

Analogous to Kochanska and colleagues (Kochanska, Murray, & Harlan, 2000),
we analyzed the time children managed to refrain from peeking into the gift box during El ’s
absence. Based on the video recordings, the start of El ’s absence was defined as the moment
El closed the door behind her. From the start of E l’s absence the analysis period lasted for
three minutes. Peeking at the gift within this analysis period was defined as the moment
in time children looked into the gift box. At least one of two criteria had to be fiilfilled to
ensure that children looked into the gift box: 1) the position of the child with respect to the
gift box had to allow the child to be able to look inside the box (i.e. usually achieved by the
child climbing on the chair) or 2) the child had to make an effort by stretching out and/or by
touching and tilting the box to peek at it. The first moment in time fulfilling these criteria was
used as measure of inhibitory action control.
Statistical Analysis
To investigate whether individual differences in action prediction and inhibitory
action control measures were related distinctly to the two joint action coordination measures,
four Pearson correlations were computed. Only datasets providing data for all four measures
were included in the final data set (data points exceeding two Standard deviations in any
measure were excluded; N = 1). To test whether each of the individual processes (action
prediction; inhibitory action control) had a distinct relation to each of the joint action
coordination measures, we used a test established by Meng and colleagues (Meng, Rosenthal,
& Rubin, 1992) which allows to directly compare two correlated correlation coefficients.
More precisely, we compared the correlation between timing variability and timing of action
predictions with the correlation between timing variability and inhibitory action control.
Consistently, we compared the correlation between performance accuracy and timing of
action predictions with the correlation between performance accuracy and inhibitory action
control. All calculations and statistical tests were carried out using MATLAB (Version 7.8,
TheMathWorks, Inc.) and SPSS 19.0.

87

Results
During the joint action game, toddlers made on average 6.8% errors (SD= 4.2)
and their coëfficiënt of variation was on average .51 (SD- .17). In the action observation
task, toddlers looked at the area in which the actors reappeared on average around 115ms
after the actual reappearance of the actors. Five toddlers showed predictive and eleven
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Figure 2.
The figure illustrates the toddlers’ individual differences in the four assessed measures: The joint action coordination
measures (coëfficiënt of variation and percentage errors) are represented on the y-axes and the action prediction
measure (left panel) and the inhibitoiy control measure (right panel) are represented on the x-axes. To address the
current research question four correlations between the measures were calculated (a-d).
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toddlers showed reactive gaze pattems with respect to the observed actions. In the executive
functioning task, six toddlers peeked into the gift within the first minute after El had left
the room, three did so within the two remaining minutes and seven toddlers never peeked
into the gift until E l retumed. To address the main hypotheses of the current study, we
correlated the two joint action coordination measures with the eye-tracking measure of the
toddlers’ temporal precision in action prediction and the behavioral measure of inhibitoiy
action control (i.e. latency to peek at the gift). Figure 2 illustrates the results. For the timing
variability during the joint action game we found that toddlers who showed more predictive
gaze were significantly more stable in their action timing during the joint action, r = .69, p
< .01 (see Figure 2c). There was no significant correlation between inhibitory action control
and their timing variability during the joint action, r =. 1\ ,p > .05 (see Figure 2d). As depicted
in Figure 2 (a & b), a different pattem was observed for the toddlers’ performance accuracy
during the joint action game. The longer toddlers were able to refrain from peeking at the
gift in the executive functioning task, the better they were in their performance accuracy
during the joint action, r = -.58,/? < .05 (Figure 2b). However, no significant correlation was
observed between toddlers’ action prediction and their performance accuracy during the joint
action, r = .\6 ,p > .05 (Figure 2a).
To test whether the relation of action prediction and timing variability during
joint action differed from the relation of inhibitory action control and timing variability, we
contrasted the two dependent correlations. The correlation of action prediction and timing
variability was significantly different from the non-significant correlation between inhibitory
action control and timing variability, z = -2.56, p = .01. The opposite pattem was found for
action prediction and inhibitory action control with respect to toddlers’performance accuracy
in the joint action, z = -2.23, p = .02. The correlation between inhibitory action control and
accuracy during the joint action performance was significantly different from the nonsignificant relation between action prediction and performance accuracy. In sum, individual
differences in the two measures of the joint action coordination were distinctly related to
action prediction and inhibitory action control: individual differences in the toddlers’ timing
variability was specifically associated with their precision in predicting others’ actions
whereas individual differences in the toddlers’ performance accuracy specifically related to
their inhibitory control during the classic executive functioning task.

Discussion
Though eagerly engaged in joint actions, toddlers still have difficulties coordinating
their actions with another person (Brownell, 2011). In the current study, we investigated the
role of action prediction and inhibitory action control for joint action coordination in early
childhood. The following distinct pattems were observed: The precision of toddlers’ action
prediction was correlated with timing variability of their actions during joint play, whereas
the degree of toddlers’ inhibitory action control was correlated to their performance accuracy
in the joint action. More specifically, those toddlers who were more precise in their prediction
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of another person’s actions were more stable in their action timing when playing in tums with
an adult action partner. Also, the more inhibitory action control toddlers displayed in resisting
a gift, the less they were inclined to act when it was not their turn during the joint action.
No relation between timing variability and inhibitory action control or between performance
accuracy and action prediction was found. Thus, a distinctive role for action prediction and
inhibitory action control was observed for separable aspects of joint action coordination. In
the following, we will discuss the role of action prediction and inhibitory action control for
joint action coordination and its development.
The role of action prediction forjoint action coordination in early childhood
Eye-tracking and electrophysiological studies have shown that already in their first
year of life, infants make predictions about other people’s actions (Falck-Ytter, Gredeback,
& von Hofsten, 2006; Southgate et al., 2010; Southgate, Johnson, Osbome, & Csibra, 2009;
Stapel et al., 2010). Many studies employing eye-tracking measures during action observation
found that infants and young children make anticipatory eye-movements to the goal of an
action (Falck-Ytter et al., 2006; Hunnius & Bekkering, 2010; Kochukhova & Gredeback,
2010) or to a location in space anticipating the trajectory of a moving actor (Elsner et al.,
2013; von Hofsten, Kochukhova, & Rosander, 2007). Toddlers in the current study observed
moving actors disappearing and reappearing from behind an occluder. To quantify exactly
how well toddlers were able to time their predictions to another person’s actions we focused
on the precision in timing eye-movements to the moment of reappeaxance (Stapel et al.,
submitted). The current results illustrate that while some toddlers showed predictive gaze
pattems with respect to the actor’s reappearance, others showed reactive gaze pattems. As
predicted, we found that toddlers who were lagging behind in their gaze were more variable
in timing their actions during the joint play while toddlers who displayed more predictive
gaze pattems were more stable in their action timing during the joint play. These correlational
findings suggest a direct link between the ability to predict actions observed in others and
to coordinate actions in time with others, thereby bridging the developmental findings on
predictive gaze and adult findings on timing variability during joint actions (e.g. Vesper et
al., 2011). The findings fiirther suggest that timing variability was specifically linked to the
precision in predicting actions, as it was not related to inhibitory action control. Potentially,
action prediction has a feed-forward function for smooth joint action coordination: Predicting
the other’s next action precisely in time allows preparing one’s own next action accordingly.
Preparing and executing the own next action in a stable manner leads to reduced variability
in action timing which, in turn, makes oneself more predictable for the interaction partner
(see also Vesper et al., 2011). The tight link between the ability to predict actions and to
coordinate actions jointly is also in line with electrophysiological findings in adults (Kourtis
et al., 2013). Kourtis and colleagues illustrate anticipatory motor activity for an action partner
to be related to the proficiency of subsequent joint action performance. In sum, the ability to
predict others’ actions in time seems crucially connected to the optimal timing of one’s own
actions in a joint action context.

The question arises where individual differences in predicting others’ actions stem
from. Previous research indicates that, like in adults, children’s own motor system is crucially
involved in generating and timing predictions about others (Elsner et al., 2013; Gredeback
& Kochukhova, 2010; Kanakogi & Itakura, 2011; Southgate et al., 2010; Southgate et
al., 2009; Stapel et al., 2010). Consequently, one possible explanation for the observed
individual differences might be developmental differences in the maturation and tuning
of the neural motor system during early childhood. Altematively, differences might reflect
stable individual differences in the level to which individuals integrate another person into
their own motor system. Findings from neuroimaging studies have suggested that the general
level with which we activate our own action system when observing (and predicting) another
person’s actions differs between individuals (e.g. Gazzola, Aziz-Zadeh, & Keysers, 2006).
In extreme cases, this was associated to disorders defined by social malfunction (such as
autism spectrum disorder; Oberman et al., 2005). Future studies are required to disentangle
developmental and stable individual differences in the ability to predict others’ actions and to
determine potential consequences for joint action coordination. Immature skills in predicting
others’ actions during early childhood and associated variability in action timing likely not
only affect the quality but possibly also the success and social affiliation established during
joint action. A recent study on peer coordination in 19-month-olds investigated the relation
between the ability to predict another person’s actions based on inferring the actor’s intentions
and toddlers’ affiliative behavior during peer interaction (Hunnius, Bekkering, & Cillessen,
2009). Hunnius and colleagues (2009) found that toddlers who were more proficient in
predicting an actor’s goal, showed more positive affiliative behaviors during the interaction
with a peer.
The mie of inhibitory action control for joint action coordination in early
childhood
Besides action prediction, we investigated the role of inhibitory action control for
joint action coordination in early childhood. We found that the longer toddlers were able to
refrain from peeking at a gift, the less likely they were to act when it was not their turn during
the joint action game. This result is consistent with previous findings reporting an association
between the performance in classic gift delay tasks and tum-taking tasks in 3-year-old
children (Carlson et al., 2004). In contrast to previous studies (using the Tower Building task:
Kochanska et al., 1996; Kochanska et al., 2000), taking tums in the current study measured
tum-taking violations by the young children directly instead of children’s reactions to tumtaking violations of an adult action partner (Kochanska et al., 1996). Still, both tasks, the
joint action coordination task and the previously used Tower Building task (Kochanska et al.,
1996), provide converging evidence for a close relationship between inhibitory action control
in an individual context (gift delay task) and performance in a joint context. Additionally,
a considerable number of studies has shown associations between inhibitory control and
higher social cognitive abilities (such as reflected in Theory of Mind; Carlson et al., 2004;
Hughes, 1998). Not only is inhibitory action control in an individual context associated to
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the toddlers’ performance in a joint context, but this link also seems specific for the toddlers’
ability to maintain the tum-taking structure. It, for instance, is not related to other qualities of
the action coordination (such as toddlers’ timing within the joint tum-taking). By illustrating
the specificity of inhibitory action control for joint action coordination in toddlers, the current
findings extend the existing literature on the link between social cognition and inhibitory
control.
Several toddlers in the current experiment showed poor inhibitory action skills.
Related behavioral and neuroimaging research suggests that individual differences in
inhibitory action control can reflect both stable individual differences measurable over
decades (Casey et al., 2011) and developmental differences (Hamishfeger & Bjorklund,
1994; Jonkman, Lansbergen, & Stauder, 2003). Developmental differences in inhibitory
action control have mainly been attributed to maturation of (pre)frontal cortical brain
regions (e.g. Cuevas, Swingler, Bell, Marcovitch, & Calkins, 2012). In accordance with this,
structural differences in the pre frontal cortex were related to stable behavioral differences
in inhibitory control between individuals (Casey et al., 1997). Prefrontal areas show a
protracted brain development up to adolescence and even early adulthood (Gogtay et al.,
2004). Thus, immaturity of the prefrontal cortex resulting in immaturity of inhibitory control
closely relates to difficulties in coordinating actions jointly in early childhood - specifically
suggesting effects on performance accuracy during joint tum-taking actions.
Action prediction & Inhibitory action control - Distinct but interconnected
processes o f joint action coordination
Taken together, the current data suggest that action prediction and inhibitory action
control are associated with the quality of joint action coordination in toddlers. These two
processes are distinctly related to two aspects of joint action coordination, timing stability and
performance accuracy. Hence, different processes are underlying and affecting certain aspects
of the quality of joint action coordination in early childhood. This differentiated pattem is
in accord with prior neurocognitive research which suggests distinct neural mechanisms for
generating predictions on others’ actions and for inhibitory control over one’s own actions
(e.g. Casey et al., 2011; Casey et al., 1997; Durston et al., 2002; Kilner et al., 2004). The
sensorimotor cortex was shown to play a key role in action prediction (e.g. Kilner et al., 2004;
Southgate et al., 2009) whereas prefrontal cortex has been associated to inhibitory action
control (e.g. Casey et al., 2011; Casey et al., 1997; Durston et al., 2002). In terms of structural
brain development, sensorimotor regions mature earlier than prefrontal regions which show
a protracted maturation up to adolescence (Casey, Tottenham, Liston, & Durston, 2005). This
is indicative of a diverging developmental time course for the ability to predict actions and
to inhibit own actions. If both processes indeed diverge in their development we would also
expect their role for the quality of joint action coordination to deviate as children grow older.
For instance in late childhood, the immaturity of inhibitory action control processing might
still negatively affect joint action coordination whereas this would not be expected of action
prediction processing which supposedly is more mature around the same time.

Though distinct in their behavioral and neural underpinnings, action prediction and
inhibitory action control (including their dissociable relation to joint action coordination)
likely do not reflect isolated processes but rather processes which are interconnected in a
larger network. Indications for this connection are provided by findings from a recent
electrophysiological study that was conducted with 3-year-old toddlers (Meyer et al., 2011).
The study compared to which extent children made use of their own neural motor system
when observing another person acting - either when they were engaged in a joint action with
this person or when they were not engaged in a common joint action. Stronger activation
of sensorimotor areas for another person’s actions was observed when children were
engaged in the joint action. More importantly, this distinction in motor system activation
during action observation was significantly correlated to children’s performance accuracy
during the joint action. This potentially links processing of sensorimotor areas (associated
to action prediction and observation) with processing of prefrontal areas (associated to
inhibitory control of one’s own actions). One might speculate that the sensitivity of neural
motor areas to being involved in a joint action is signaled forward to prefrontal areas, in turn
leading to enhanced inhibitoiy control and thus performance accuracy in a joint action. In
other words, selectively incorporating the joint partner’s actions into the own motor system
potentially emphasizes this action in the processing stream. Crucially, the partner’s action
also constitutes the event during which children need to inhibit their actions. If enhanced
processing of this event is passed on to prefrontal areas it might lead to enhanced inhibitory
activation and thereby the integration of the others’ actions into the own action sequence.
The adjacent anatomical location and connectivity between primaiy motor, premotor and
prefrontal cortical areas further supports the assumption that distinct processes such as action
prediction and inhibitory action control are interconnected in a larger network. Thus, the
distinct relation between action prediction and inhibitory action control for different aspects
of toddlers’joint action coordination does not exclude an interplay between these processes.
Conclusions
In a nutshell, we examined the difficulties 2',4-year-old toddlers display when
coordinating their actions jointly with another person. In particular, toddlers face difficulties
in timing their actions with respect to their joint action partner and in refraining from acting
when it is not their turn in a joint action. We found that two processes, action prediction
and inhibitory action control, were distinctly related to these two aspects of joint action
coordination. Toddlers who showed more precision in their action predictions were more
stable in timing their actions with an action partner. Furthermore, toddlers who showed
more inhibitory control in an individual context were more likely to refrain from acting
when it was not their turn in the joint action. The current results highlight the role of action
prediction and inhibitory action control for the quality of joint action coordination in young
children. Moreover, the results bridge previous findings on children and adults extending our
knowledge about joint action coordination in general.
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Chapter 5
The roSe of action prediction and inhibitory control for
joint action coordination in toddlers
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Abstract
Extemal feedback provides essential information for successful leaming. Feedback is
especially important for leaming in early childhood, as toddlers strongly rely on extemal
signals to determine the consequences of their actions. In adults, many electrophysiological
studies have elucidated feedback processes using a neural marker called the feedbackrelated negativity (FRN). The neural generator of the FRN is assumed to be the anterior
cingulate cortex (ACC), located in medial frontal cortex. As frontal brain regions are the
latest to mature during brain development it is unclear when in early childhood a functional
feedback system develops. Is feedback differentiated on a neural level in toddlers and in how
far is neural feedback processing related to children’s behavioral adjustment? In an EEG
experiment, we addressed these questions by measuring the brain activity and behavioral
performance of 2 / 2-year-old toddlers while they played a feedback-guided game on a touchscreen. Electrophysiological results show differential brain activity for feedback with a
more negative deflection for incorrect than correct outcomes, resembling the adult FRN.
This provides the first neural evidence for feedback processing in toddlers. Notably, FRN
amplitudes were predictive of adaptive behavior: the stronger the differential brain activity
for feedback, the better the toddlers’ adaptive performance during the game. Thus, already in
early childhood toddlers’ feedback-guided performance directly relates to the fimctionality
of their neural feedback processing. Implications for early feedback-based leaming as well
as structural and functional brain development are discussed.
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Monitoring the consequences of one’s actions is crucial for successful leaming. Feedback
informs humans about the consequences of their behavior. The cognitive process of
monitoring action outcomes based on extemal signals is called “feedback processing”
(Müller, Möller, Rodriguez-Fomells, & Münte, 2005). In early childhood, when milestones of
motor, cognitive and social development expand young children’s abilities of interacting with
their environment, feedback processing is especially important for leaming. It enables young
children to evaluate their daily actions and to leara how to adjust future actions (Bohlmann
& Fenson, 2005). Yet, little is known about how toddlers process feedback in early childhood
and how this guides their behavior.
In adults, electrophysiological studies have demonstrated differential brain activity
for feedback indicating correct and incorrect outcomes (Walsh & Anderson, 2012). More
specifically, in the event-related potential (ERP) locked to feedback onset, a larger negative
deflection is found about 200-300 ms after feedback indicating incorrect outcomes (see
Walsh & Anderson, 2012 for a review). This neural marker of feedback processing is called
the feedback-related negativity (FRN) or medial frontal negativity and has been associated
with leaming and adaptive behavior (Miltner, Braun, & Coles, 1997; Gehring & Willboughy,
2002; Holroyd & Coles, 2002; Cohen & Ranaganath, 2007). Findings based on fMRI research
suggest that the anterior cingulate cortex (ACC), a medial pre-frontal brain structure, plays
a key role in feedback processing (Holroyd et al., 2004; Ridderinkhof, Ullsperger, Crone,
& Nieuwenhuis, 2004). During brain development, the ACC shows a protracted maturation
compared to more posterior brain regions (Gogtay et al., 2004; Casey, Tottenham, Liston, &
Durston, 2005). Besides structural maturation, the ACC also shows developmental change
in fiinctionality (e.g. for processing the informative value of feedback) until late adolescence
(Crone, Somsen, Zanolie, & van der Molen, 2006; Crone, Zanolie, Leijenhorst, Westenberg,
& Rombouts, 2008). Together, these findings suggest an immaturity of brain structures and
functions related to feedback processing in early childhood. Still, in the third year of life,
feedback-guided leaming is evident in toddlers’ motor and cognitive behavior. At this age,
children are sensitive to extemal feedback on their actions (Bohlmann & Fenson, 2005). This
raises the question whether toddlers show differential brain responses to feedback and in
how far feedback-related brain responses might be related to adaptive behavior. Given that
frontal brain regions are still in a developmental state, inter-individual variation in neural
differentiation might be linked to behavioral measures of feedback processing (i.e. adaptive
behavior).
We conducted an event-related potential (ERP) study in which 2/4-year-old toddlers
played a simple feedback-guided game. Our hypotheses were twofold: First, if toddlers
can differentiate feedback information, we would expect them to show a feedback-locked
ERP with a more pronounced negativity following incorrect outcomes, as described in
the adult literature (Holroyd & Coles, 2002). Second, we hypothesized that the degree of
neural feedback differentiation between correct and incorrect outcomes would reflect the
fiinctionality of the developing feedback processing system (Cohen & Ranaganath, 2007;

Hammerer, Müller, & Lindenberger, 2010). Hence, we expected the FRN difference for
correct and incorrect outcomes to be related to children’s feedback-guided performance.

Method
Participants

Nineteen thirty-month-old toddlers were recruited from a database of families who
had signed up for participation in child research at the Baby Research Center in Nijmegen,
the Netherlands. Parents gave written consent after receiving information about the methods
and purpose of the study. The families visited the lab for a session of approximately one hour
duration. They received a small present or monetaiy compensation for their participation.
The final sample consisted of twelve toddlers (seven girls; mean age = 30.68 months, SD =
.19 months). Another seven toddlers were tested but were excluded from final analyses for
one of two reasons. One child was unwilling to wear the EEG cap. The other six participants
did not provide a sufficiënt amount of artifact-free EEG trials that were also behaviorally
valid trials (for details about the inclusion criteria see Data Analysis).
Task and stimuli

The toddlers performed a computerized task that was implemented using a touch
screen interface. The aim of the task was to find two cards with identical pictures. The
stimulus set consisted of cards with 11 different animals, which toddlers are typically familiar
with and able to name (e.g. a cow, a lion, a pig). Each trial started out with three cards,
presented on the screen in a vertical configuration, with the middle card always defined as the
“reference” card. The upper and the lower cards showed an animal that was either identical to
or different from the animal shown in the middle (see Figure IA). In the “initial phase”, the
toddlers were asked to identify the card that was identical to the reference card and to indicate
their choice by pressing the respective card on the screen. The initial phase was aimed to 1)
ensure task understanding and 2) prevent children from deliberately choosing a wrong card
out of curiosity about the identity of a hidden card in the subsequent phases. Upon pressing
the matching card, both the upper and the lower card tumed face-down, leaving the animal
pictures hidden from sight. (Note that, at this point, pressing the mismatching card, reference
card or any other location on the screen would not trigger any effect.)
Once the upper and lower card were tumed face-down, the “shuffle phase”
commenced. Here, the upper and lower card moved in a swift, circular pattem around the
stationary reference card for approximately 2 seconds (see Figure 1B). The shuffiing was
quick and the final pattem random such that it was impossible to track the cards’ movements
and derive accurate predictions about their ending positions. The cards ended up in a
horizontal configuration (see Figure IC). The “first turn (gambling phase)” followed. It was
the child’s task to try to find the card depicting the animal identical to the reference card by
pressing either the left or the right card. Upon pressing, the chosen card tumed face-up and

revealed its picture (see Figure 1D).
The picture presentation served as visual feedback as to whether the child chose
the correct or incorrect card (i.e. the outcome of the first turn was correct when the card
that matched the reference card was found and incorrect when the mismatching card was
found). In case the child had found the correct card, an additional auditory stimulus (the
corresponding animal sound) followed 1000 ms after the picture presentation of the card. If
the incorrect card had been found, a low-pitched beep sound followed after 1000 ms. The
duration of the auditory stimuli was approximately 1 second. Simultaneous to the auditory
stimulus (i.e. delayed with respect to the visual picture appearances), the experimenter also
gave verbal feedback: “yes, you have found it”, in case of the matching card and “no, that’s
not the one” in the case of the mismatching card. Note that the auditory and verbal feedback
served only to encourage the children and was not the feedback assessed in analyses. Instead,
the feedback-locked ERPs were time-locked to the visual feedback, i.e. the appearance of the
picture on the back of the chosen card.
The chance of finding the matching card in the first turn was 50% as we provided two
options to choose from and no additional information as to which card was the correct card.
Thereby, approximately half of the trials had correct (and half incorrect) action outcomes on
the first turn. Next, in the “second turn (informed phase)”, the chosen card (independent of
its correctness) tumed face-down again while remaining at the same location, so that both the
left and the right animal pictures were hidden from sight once more. This last phase of each
trial followed an identical procedure to the first turn (i.e. the experimenter asked where the
animal identical to the reference picture was hidden and the child could choose either the left
or the right card; see Figure IE, F). The crucial difference between the first and the second
turn was the predictability of their outcome. Based on the outcome of the first, gamble choice,
toddlers could infer the location of the matching card in the second turn. Thus, children’s
choice behavior in the second tums (informed phase) allowed us to investigate whether they
adjusted their actions according to the feedback information obtained in the first tums. Note
that each trial contained a second turn, i.e. the occurrence of the second turn was fixed and
independent of the outcome of the first turn.
Procedure

The experiment took place in an electrically shielded room. Throughout the session,
the toddlers sat on the lap of a parent. After preparing the EEG cap, the experimenter explained
the goal of the game (finding the matching animal) and demonstrated two trials. The parent
was instructed not to actively engage in the game or influence their child’s behavior in any
way. Toddlers could play a total of 55 trials (each consisting of two consecutive tums) taking
approximately 25 minutes of playing time. There were 5 blocks in which each of the 11
different animals appeared on the reference card once. The order of reference animals within
blocks and the identity of the mismatching animal were randomized.
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Figure 1.
Exemplar sequence o f events in a single trial. (A) “Initial phase”: participants were instructed to select the matching
card, which contained the picture that was identical to the reference (middle) card. (B) “Shuffle phase”: the matching
card and mismatching card were shuffled (face-down). The experimenter explained: “Now the animals will hide.”
(C) “First turn (gambling phase)”: the experimenter asked the child: “Where is the other [animal name]?” referring
to the identity o f the animal shown on the reference card. The participant guessed whether the matching card was
located on the left or the right (shown is a situation in which the card on the right was chosen). (D) The picture of
the chosen card was revealed (shown is an example o f an incorrect first turn, i.e. the mismatching card was found).
The nature o f the outcome (correct/incorrect) was unpredictable. (E) “Second turn (informed phase)” : the participant
made a second attempt to find the matching card. (F) Based on the knowledge gained in the first turn, a correct
outcome could, theoretically, be obtained in each second turn.

Electroencephalogmphy (EEG) recording

The experiment was controlled by Presentation Software (Neurobehavioral Systems;
http://www.neuro-bs.com). In addition to recording the card choices and their outcomes, the
children’s behavior was videotaped. EEG was recorded with a sampling rate of 500 Hz from
32 scalp sites according to the International 10-20 system, using active Ag/AgCl electrodes
(ActiCAP), Brain Amp DC and Brain Vision Recorder software (Brain Products GmbH,
Germany). The data were filtered online with a low cutoff at 0.016 Hz and a high cutoff at
125 Hz. Electrode impedances were kept below 25 k£X The left mastoid was used as the
online reference. Offline, the data were re-referenced to the averaged mastoids.
Data analysis

Behavioral performance was analyzed in terms of the percentage of correct
outcomes on second tums. A video analysis was performed to exclude invalid trials, which
were identified using the following criteria: 1) First or second tums in which the child did not
attend to the screen during the tuming of the cards (feedback presentation); 2) second tums
which were preceded by distraction (i.e. when the child was distracted from the information
provided by the first turn).
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Feedback-locked ERPs were obtained by creating EEG segments between 200 ms
before and 1600 ms after feedback onset (i.e. the appearance of the picture on the card that
was chosen in the first turn). As in previous studies on the FRN, a 200 ms pre-feedback period
was used for baseline correction (e.g. Hajcak, Moser, Holroyd, & Simons, 2006; Holroyd,
Hajcak & Larson, 2006). A 30-Hz low-pass filter and filter padding were applied. Upon
visual inspection of the feedback-locked ERPs, trials containing artifacts were rejected from
further analysis. For each participant, an averaged feedback-locked ERP was obtained per
outcome categoiy: 1) correct first turn, 2) incorrect first turn. The final dataset was restricted to
participants who provided at least 10 behaviorally valid trials that were free of EEG artifacts
for each of the two outcome categories. On average, the total number of excluded trials was
33.78% (SD= 16.61%) for trials with correct first tums, and 30.92% (SD = 15.66%) for trials
with incorrect first tums. The mean number of trials included in the statistical analysis was
15.75 (SD = 5.63, range = 10 to 26) for correct first tums and 16.17 (SD = 5.42, range = 10
to 26) for incorrect first tums.
As a measure of the FRN, we calculated the mean amplitude within a 100 ms time
window. To define the FRN time window, we determined the latency of the peak amplitude
in the difference wave, which was calculated by subtracting the grand-average of the activity
elicited in response to correct first tums from the activity elicited in response to incorrect
first tums (cf. Holroyd & Coles, 2002). We centered the 100 ms time window around the
peak of the negative deflection in the difference wave, which was 372 ms after feedback
onset. Subsequently, this time window was applied in the analysis of the feedback-locked
ERPs for correct and incorrect outcomes, separately. Note that the time window of analysis
was data-driven rather than based on previous reports in adults and older children. As ERP
components are known to shift in latency with increasing age (Nelson & McCleery, 2008) the
time window of analysis could not be defined a priori. In contrast, the selection of electrodes
for the statistical analysis was based on the adult FRN literature, which has generally
identified the frontal midline electrodes Fz, FCz and Cz to show the strongest effect (Gehring
& Willboughy, 2002; Holroyd & Krigolson, 2007; Bellebaum & Daum, 2008; Fukushima
& Hiraki, 2009; Bellebaum, Polezzi, & Daum, 2010; Boksem, Kostermans, & de Cremer,
2011; Mai et al., 2011). Because the ACC has been suggested as the cortical source of the
FRN (Miltner et al., 1997; Gehring & Willoughby, 2002; Debener et al., 2005; Bellebaum
& Daum, 2008) we expected a similar frontal midline topography for young children. To
additionally verify this a priori selection of electrodes, we subsequently plotted a topographic
map of the difference wave at the maximum peak of the difference between correct and
incorrect first tums.
Statistical analyses were performed using SPSS 15.0 for Windows (SPSS Inc.,
Chicago, IL). To test the effect of “feedback” (correct outcome versus incorrect outcome
in the gambling phase) the mean amplitudes of the feedback-locked ERPs were entered as
within-subjects factors in a two-way repeated-measures ANOVA. “Electrode” (Fz, FCz and
Cz) was included as an additional within-subjects factor. The assumption of sphericity was
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tested and corrected values are reported where appropriate. After visual inspection of the
feedback-locked ERPs (see Figure 2), we conducted an additional analysis of the ERP data
to investigate whether the FRN amplitude difference was related to the latency difference
between correct and incorrect outcome waveforms. Possibly larger latency differences
between the two types of feedback-locked ERPs (correct and incorrect outcome) could lead
to larger amplitude differences in the FRN time window. Consequently, the FRN amplitude
difference would reflect differences in processing speed rather than a distinction in amplitude
as found typically in the adult FRN literature (Walsh & Anderson, 2012). To test whether
latency differences were closely related to the FRN amplitude difference we correlated
individual latency differences (correct-incorrect) of the negative peak (between Oms to
lOOOms locked to feedback onset) with individual amplitude differences in the FRN time
window (correct - incorrect).
In addition to analyzing the electrophysiological data only, we performed a
correlational analysis assessing any relation between the electrophysiological data and
the behavioral performance. As a measure of electrophysiological differentiation between
feedback on correct and incorrect outcomes, the amplitude for incorrect first tums was
subtracted from the amplitude for correct first tums. Thus a larger, positive number on this
measure reflected a larger degree of differentiation. We reasoned that the ability to distinguish
correct and incorrect outcomes in the gambling phase (as reflected by the differential EEG
response) would enable the use of this feedback information to perform second tums (i.e. the
informed phase) correctly. Therefore, the measure of electrophysiological differentiation was
entered in a correlation analysis to determine its association with behavioral performance
(defined as the percentage of correct second tums). After validating the normality assumption
for the Pearson’s r, the correlation coëfficiënt was determined for the average of Fz, FCz and
Cz.

Results
Behavioral data

Of the twelve toddlers whose data were included in the statistical analyses, 6
completed all 55 trials. On average, the number of corapleted trials was 47.58 (SD = 10.03),
ranging between 26 and 55. The mean percentage of correct first tums was 50.42% (SD
= 7.78%), as expected given the gambling nature of the first tums. Of the second tums,
on average 81.74% (SD = 12.92%) were performed correctly. Overall, toddlers performed
significantly above chance on the second trials of the game (t (11) = 8.511;/? < .001).
ERP data

In the feedback-locked ERP, a negative deflection started to emerge approximately
250 ms after the onset of feedback. For feedback representing an incorrect first turn, the
negative deflection reached its peak at approximately 370 ms. A negative deflection for
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Figure 2.
Feedback-locked ERPs for correct (blue, dashed line) and incorrect (red, solid line) first tums. The dotted black
line illustrates the difference between correct and incorrect first tums. Mean ± one Standard error are plotted in
accordingly shaded areas for electrode Fz, FCz, and Cz.

105

correct outcomes reached its maximum amplitude later, at approximately 470 ms (see Figure
2). The repeated-measures ANOVA testing the effect of feedback (correct vs. incorrect action
outcome) and electrode revealed a significant main effect on feedback outcome (F(l, 11)
= 6.82, p = .024), with the amplitude of the negative deflection being more negative for
feedback on incorrect first tums (M = -16.94, SD = 2.23) than for feedback on correct first
tums (M = -10.48, SD = 2.55). A main effect of electrode was margin al ly significant (F(2,
22) = 3.21, p = .057), but no significant effect was found for the interaction between feedback
and electrode (F(2, 22) = 1.58, p =.23). Closer inspection of the marginally significant main
effect of electrode revealed that amplitudes were most negative for FCz (M = -15.38) and
least negative for Fz (M = -11.44). Additionally, a topographic map of the feedback effect
(incorrect-correct) at the peak onset of the difference wave (372 ms) illustrates the expected
fronto-central scalp distribution typical for the FRN (see Figure 3).
Correlating individual FRN amplitude differences with individual latency
differences did not show any significant relation (r = .22, p = .50) between the two measures.
Thus, the results render it unlikely that larger differences in latency between processing the
correct and incorrect outcome are linked to laiger FRN amplitude differences.

Topography of the differential feedback-locked ERP (incorrect-correct)
at the peak of the difference wave

Figure 3.
Topographic map o f the feedback effect (incorrect - correct) at the peak o f the difference wave (372 ms). Note that
due to rejection o f noisy channels in some o f the toddlers the electrodes represent pooled data o f a varying number
of toddlers. The range of participants included per channel is 5 (min) to 12 (max). In addition, data are excluded in
which the amplitude exceeded +/- lOOmV.

Correlation analysis
Furthermore, we investigated the relation between the differential ERP responses
to feedback (correct vs. incorrect action outcome) and the individual task performance.
The correlation analysis revealed a statistically significant, positive correlation between the
differential ERP responses and task performance (r= .70, p < .05). More specifically, a larger
electrophysiological difference between correct and incorrect first tums was associated with
better behavioral performance on second tums. The result of the correlation analysis are
illustrated in Figure 4.

Correlation:
Differential feedback-locked ERP amplitude and performance
(Pooled over electrodes Fz, FCz, Cz)

Figure 4.

-1 0

-5

0

5

10

15

Difference in Mean Amplitude [corr-incorr]

20

25

Correlation between the differential
feedback-locked ERP amplitude and
behavioral performance on second
tums pooled over electrodes Fz, FCz,
andCz.

Discussion
In the present study, we explored the neural correlates of feedback processing and
behavioral adjustment of 214-year-old toddlers during a feedback-guided task. There are
two main findings: First, toddlers showed a feedback-locked ERP with a more pronounced
negativity following incorrect outcomes providing the first neural evidence for feedback
processing in toddlers. Second, the degree of neural feedback differentiation was related to
the degree of behavioral adaptations and thus reflected the functionality of the developing
feedback processing system.
Characteristics o f the feedback-related brain potentials in toddlers

Our toddler sample showed a differential brain response to feedback indicating
correct and incorrect action outcomes which is analogous to previous findings with adults
(Walsh & Anderson, 2012). Consistent with a neural generator in the ACC, the fronto-central
scalp distribution of the toddlers’ feedback effect also resembles the topography seen in
adults (Walsh & Anderson, 2012). Still, as expected on the basis of previous developmental
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ERP studies (cf. de Haan, 2007), the waveforms in toddlers differed slightly from the typical
feedback-locked waveforms found in adults (e.g. in latency and amplitude). For instance,
the peak amplitude of the FRN was delayed for the toddlers (372 ms after stimulus onset in
our toddler sample compared to 250 ms in adults; Holroyd et al., 2006). This latency shift
is in accordance with indications of delayed neural processing as found with developmental
populations in general (e.g., Csibra, Kushnereko & Grossmann, 2008). Delayed neural
processing has for instance been associated with protracted development of neuronal
myelination in the cortex (e.g., Casey et al., 2005). Visual inspection of the toddlers’ feedbacklocked waveforms might also suggest that amplitude differences in the FRN window result
from latency differences between the peaks for correct and incorrect outcomes (see Figure
2). However, statistical tests did not provide any support for this possibility, as there was no
significant correlation between the latency and amplitude differences in the toddler ERP.
Moreover, our findings are in line with the findings of Mai and colleagues (2011) who
showed a feedback-locked ERP peaking at 370 ms in 4- to 5-year-olds. Although their results
on ERP latency were coherent with our findings, Mai and colleagues (2011) were unable to
find indications of a distinction with respect to outcome correctness. This discrepancy might
be due to the different feedback-reward procedures used in their study (see Mai et al., 2011).
Mai and colleagues (2011) used a game in which children’s actions were always rewarded
with a prize, with the outcomes varying between “nicest” and “least nice” prizes, based on
individual rank-ordering. It is possible that this difference might have been too subtle to
detect a clear distinction of outcome correctness on a neural level.
One possible limitation of the current findings is that the results might have been
augmented by the perceptual properties of the feedback stimuli. However, the relation
between ERP differentiation and behavioral adaptations renders it unlikely to be the sole
source of the findings. In the current set-up we defined the presentation of two matching
pictures as a correct action outcome, whereas an incorrect action outcome consisted of two
non-identical pictures. In adults, an ERP component called the mismatch N2, N200 or N270
is elicitedby the perceptual conflict of mismatching items (Baker & Holroyd, 2011; Folstein
& van Petten, 2008). This might have influenced the currently observed pattem of brain
potentials (see Baker & Holroyd, 2011; Jia et al., 2007). While the N200 and the FRN have
a similar electrophysiological origin and time course, a recent study by Baker and Holroyd
(2011) suggests that they still represent dissociable processes. Although it is not possible
to determine the extent to which a perceptual component might have affected the present
ERP data, the correlational findings with respect to the relation between brain potentials and
behavior support the reflection of feedback processing in the observed toddler ERP in this
study. The correlation of brain potentials with behavior indicates that the FRN accounted for
at least a significant part of the electrophysiological difference between correct and incorrect
outcomes. Importantly, if the differential ERP reflected processing on a perceptual level
only, no correlations with feedback-guided performance would be expected. Thus, despite a
potential overlap in components, the observed ERP taps significantly into the functionality of
the toddlers’ feedback processing system.

Functionality o f the developing feedback processing system

The differential feedback-locked ERP and the feedback-guided behavior found in
the 2/4-year-olds provide evidence for a generally functional feedback processing system in
early childhood. Besides a generally functional feedback system, the correlation between the
feedback-related measures of neural activity and behavior still indicates variability in the
toddlers’ feedback processing. Those toddlers who showed a more pronounced difference
in their feedback-related brain response to correct and incorrect outcomes were better able
to make use of the feedback information in their performance. The observed variability
might reflect different underlying factors contributing to successful feedback processing and
feedback-based leaming. Developmental differences, individual differences and state-related
differences within each individual might account for the variability in the toddlers’ feedback
processing.
First, we will discuss possible contributions of developmental differences to how
the toddlers processed the provided feedback. Toddlers might differ from one another with
respect to the maturity of their brain structures which are related to feedback processing
(e.g., ACC) as these areas are late to mature in children (Gogtay et al., 2004). Activity in
the medial pre-frontal areas is involved in the detection and evaluation of feedback in adults
(see Walsh & Anderson as review). These areas might be relatively less mature in those
toddlers who show less proficient feedback processing and behavioral adjustment compared
to toddlers who are better able to adjust their behavior. The immaturity of structures such as
the ACC might in turn be reflected in functional differences that appear on separate levels
of processing. Bush and colleagues (2000) distinguish two levels of functional processing
in the ACC: cognitive and affective/emotional processing. Cognitive mechanisms such as
attentional control still undergo fundamental developmental changes during early childhood
(Rueda, Posner, & Rothbart, 2004b). In a neuroimaging study on attentional control, Casey
and colleagues (1997b) examined 5- to 16-year-old children and demonstrated a close link
between attentional control and structural characteristics of the right ACC. Because the
feedback-guided task in the current experiment required the allocation of attention to the
screen and in particular to the identity of the presented feedback, the functional immaturity of
the attentional control system might have contributed to less focused allocation of attention
and hence the variability in feedback processing between toddlers. Besides cognitive
processing, ACC activity has been associated to the processing and control of affective/
emotional inputs (see Bush, Luu, & Posner, 2000 as review). Throughout childhood and
adolescence developmental changes of emotional processing are associated to rostral and
ventral areas of the ACC and their functional connectivity (see Kelly et al., 2009 for a
review). A less mature regulation of emotions might therefore have had an influence on the
perceived affective value of the presented feedback and result in the variability between
toddlers. Yet, in a study with adolescents and adults, Santesso and colleagues (2011) did
not find indications for developmental differences related to emotional regulation but rather
individual differences related to feedback sensitivity to account for variability in the FRN.
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Besides developmental differences, individual differences in sensitivity to feedback
could underlie the toddlers’ variability in processing feedback. From research on individuals
with depression (Tucker, Luu, Frishkoff, Quiring, & Poulsen, 2003) and healthy individuals
with self-reported feedback sensitivity ratings (Santesso, Dzyundzyak, & Segalowitz, 2011;
Segalowitz et al., 2012) it is evident that the amplitude of the FRN differs between individuals
in general (see van Noordt & Segalowitz, 2012 as review). Accordingly, toddlers who show
a smaller differential brain response to feedback on their actions might be, in general, less
sensitive to feedback rather than reflecting a relatively immature feedback processing system.
Both, developmental and individual differences, may further be modulated by staterelated changes. Evidence from electrophysiological research with adults demonstrates that
motivational states can affect the amplitude of the FRN (Luo, Sun, Mai, Gu, & Zhang, 2011;
Walsh & Anderson, 2012 as review). Therefore, less optimal performance in the present
task might reflect weaker motivation to succeed in the task, rather than a lack of capacity
to process the feedback information. If motivational variability underlies the observed
variability in the toddlers’ feedback-related ERP and behavior this would suggest at least
two implications: On the one hand, it would emphasize the role of motivation for feedbackguided leaming in toddlers and thus have implications for educational practice. On the other
hand, it would suggest that already at the age of 21/4-years the feedback processing system
functions successfully in terms of both feedback evaluation and subsequent adaptive behavior
given a high level of motivation. Future research is needed to disentangle the contribution
of developmental, individual and state-related differences to feedback processing in early
childhood, and to explore the influence of cognition and motivation/emotion, in the relation
between neural and behavioral aspects of feedback processing in toddlers.
Conclusion

In sum, the current findings are the first to demonstrate neural correlates of feedback
processing in 2/4-year-old toddlers. The toddlers showed a more negative deflection in the
ERP to incorrect action outcomes, a finding that parallels previous results from adult research.
Importantly, the stronger the differential brain response to feedback was, the better the young
children adjusted their behavior based on the feedback. These findings imply that feedback
differentiation on a neural level is tightly linked to the quality of feedback-guided leaming in
young children and offer ground for future investigations on the interplay between structural
brain maturation, cognitive and emotional factors for feedback processing in early childhood.

Chapter 6
Action monitoring in infants and adults - The Influence
of motor expertise
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Abstract
Recent neuroimaging studies with adults have demonstrated that monitoring the success
of own and others’ actions recruits similar brain processes. More specifically, findings
indicate that erroneous actions elicit more enhanced activation in the neural motor system
than correct. One’s own motor repertoire thus potentially provides an important basis for
monitoring the success of others’ actions. In contrast to adults, infants observe many actions
that lie outside their own motor repertoire. The question arises which role motor development
plays for the monitoring of correct and erroneous actions. How do infants process correct
and erroneous actions and in how far is their error processing influenced by their motor
expertise? To investigate this, we conducted an EEG study with 8- and 14-month-old infants
and adults. As opposed to 14-month-olds and adults, 8-month-olds cannot yet grasp small
objects with a pincer grasp. While their EEG was recorded, participants observed correct
and erroneous pincer grasp actions. Subsequently their ability to perform pincer grasps was
assessed. Motor-related brain activity was analyzed during action observation and action
execution as indexed by power differences in the Mu- and Beta-frequency ranges which is
associated with motor activation during action execution and observation. Eight-month-old
infants showed a suppression in Mu-power over sensorimotor areas for the correct compared
to the erroneous actions, suggesting more motor activation for the correct actions. The effect
on Mu-power was negatively correlated with the infants’ behavioural proficiency. Fourteenmonth-olds and adults did not differ in their Mu-power between conditions. However, adults
showed more suppression of Bela-power over central areas for the erroneous compared to the
correct actions. This finding is in line with previous work on action monitoring. Both groups
of infants did not show any difference in Beta-power. In contrast to motor processing, visual
processing, as reflected by posterior Alpha-power over occipital areas, did not differ between
age groups. These findings indicate that action monitoring depends on the observer’s state
of motor learning. Whereas the processing of a correct action is enhanced when it is on the
verge of being acquired, the processing of an erroneous action is enhanced when it reflects
a violation of an action already established in one’s own motor repertoire. Thus, the data
suggest a selective enhancement in action processing dependent on the own action experience
and current state of motor learning.
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An important aspect of action monitoring is the detection of errors in one’s own and others’
behaviour. It constitutes the basis for flexible adaptability (Botvinick et al., 2001), a skill
which is relevant for establishing successful social interactions (Bekkering et al., 2009;
Vesper et al., 2010). The neural motor system is involved in action monitoring, both for the
processing of own and others’ actions (Koelewijn et al., 2008). Electrophysiological findings
in young infants demonstrate activation of sensorimotor areas during both action execution
and action observation (see Meltzoff & Marshall, 2011; Vanderwert, Fox & Ferrari, 2012 for
reviews). However, few is known about infants’ monitoring of correct and erroneous actions.
Thus, observing others’ actions activates the neural motor system early in life (Nystroem,
2008; Saby, Marshall & Meltzoff, 2012; Southgate et al., 2010, van Elk et al., 2008).
In adults, two streams of research, with a focus on error processing (for a review see
Holroyd & Coles, 2002) and with a focus on action-perception links (see e.g. Blakemore &
Decety, 2001), merged to one field of research investigating the processing and evaluation
of others’ actions. Evidence from electrophysiological (EEG) and functional magnetic
resonance imaging (fMRI) studies on error processing suggests a key role of the medial
frontal cortex (in particular the anterior cingulated cortex [ACC]) in monitoring own errors
(Carter et al., 1998; Gehring et al., 1993; Ullsperger et al., 2001). Paradigms using speeded
response time tasks have often been used in adults to investigate neural activity during the
performance of own errors (see e.g. Falkenstein et al., 2000). Similar paradigms have been
adapted to study error processing in 4-year-old (Rueda et al., 2004) and 10-year-old children
(Santesso, Segalowitz & Schmidt, 2006). In their EEG study with children and adults Rueda
and colleagues found differences in the neural processing of errors (i.e. higher amplitude and
delayed peak latency in the event-related potentials of 4-year-olds) which the researchers
related to differences in the participants’ behavioral performance (higher reaction times
and lower accuracy in 4-year-olds). Despite these differences similar overall waveforms of
activity were observed for own errors in young children and adults (Rueda et al., 2004). To
our knowledge only one study investigated neural correlates of error processing in infants
(Berger, Tzur & Posner, 2006). Berger and colleagues (2006) found that, similar to adults,
8-month-olds showed a stronger negative potential for an erroneous compared to a correct
condition In their study, Berger and colleagues, however, focused on arithmetic errors which
are fundamentally different from errors in action performance.
Another line of research has demonstrated close links between the processing of
observed actions and the execution of one’s own actions (Hari & Kujala 2009; Rizzolatti
& Craighero 2004). Activation of the own motor system was found during the observation
of another person’s actions. In adults, this action-perception link has been demonstrated
by converging evidence from EEG, fMRI, fNIRS, PET, and TMS research (Decety et al.,
1997; Fadiga et al., 1995; Iacoboni et al., 2005; Koehler et al., 2012; Muthukumaraswamy
& Johnson, 2004). Concordantly, in both, infant and adult populations electrophysiological
findings indicate motor-related brain activation during action observation and action
execution (Hari, 2006; Lepage & Théoret 2006; Marshall et al., 2011; Muthukumaraswamy

& Johnson, 2004; Nyström, 2008; Saby, Marshall & Meltzoff, 2012; Southgate et al., 2010;
van Elk et al., 2008). These studies use attenuation in power of oscillations in the Mu- and
Beta-frequencies over central brain areas as index of motor activation.
More recently, studies integrated approaches from both lines of research. In
particular, studies with adults have investigated how the correctness of an observed action
modulates action processing (de Bruijn et al., 2007; Koelewijn et al., 2008; van Schie et
al., 2004). Converging findings demonstrated that action monitoring of others’ actions is
based on the same neural underpinnings as the monitoring of one’s own actions (Malfait et
al., 2009; Shane et al., 2008; van Schie et al., 2004). In an EEG experiment, van Schie and
colleagues (2004) showed that activity in medial frontal and motor cortices were modulated
by the correctness of an action. This modulation was found both for the observation and
execution of erroneous and correct actions. The involvement of the motor system in action
monitoring of others’ actions was also demonstrated in an MEG experiment by Koelewijn
and colleagues (2008). In addition to a reduction in power in the Beta-frequency band
during action execution and observation, they found a stronger suppression and rebound
of beta-power during the observation of an erroneous compared to a correct action. Thus,
in adults, the correctness of observed actions modulates processing in the observer’s motor
system. Moreover, the oscillatory pattem during error observation resembled the pattem of
performing an erroneous action in the same participants. The close relation between own
action performance and the evaluation of observed actions is further supported by findings
of Aglioti and colleagues (2008). In a TMS experiment they presented video clips of free
basket shots of professional basketball players to three groups of participants, athletes, expert
watchers and novices. Though the main focus of their study was on the influence of action
experience on prediction abilities, they also found that action experience affected the level
of motor excitability for correct and erroneous basket shots. In contrast to novices, athletes
showed enhanced motor excitability when watching erroneous as opposed to correct shots
(Aglioti et al., 2008). Hence, one’s own motor repertoire potentially provides an important
basis for monitoring the success of others’ actions.
In contrast to adults, infants observe many actions that lie outside their own motor
repertoire. Over the first year of life, infants expand their fine motor skills dramatically. Still,
little is known about action monitoring in infants and the potential role of motor development
for the processing of correct and erroneous actions. Recent neurocognitive studies with
infant and adult populations indicate an impact of action experience on the processing of
observed actions in general. Van Elk and colleagues (2008) tested 14- to 16-month-old
infants who were experienced in crawling but not yet walking. While measuring their EEG,
the researchers presented the infants with stimuli which show other infants’ crawling and
walking, van Elk and colleagues found stronger attenuation of Mu- and Beta-power for the
observation of crawling compared to walking actions. This effect of action experience is
consistent with previous findings in adults which demonstrate an influence of motor expertise
on action processing (Calvo-Merino et al., 2005). Additionally, many behavioural findings

in developmental research with infants stress the influence of action experience on the
perception of others’ actions (for a review see Hunnius & Bekkering, submitted; Meltzoff,
2007; Woodward, 2009). In line with this action experience which is confined by motor
development in infancy was demonstrated to affect infants’perception of goal-directed actions
(Sommerville et al., 2005), their perception of social interactions (Gredeback & Melinder,
2010), their visual attention to others’ actions (Cannon et al., 2012) and their predictions of
others actions (Stapel et al., submitted).
Despite the large body of research on the influence of action experience and motor
development on the perception of other people’s actions, hardly anything is known about
the specific influence of motor development on the neural processes involved in monitoring
the correctness of others’ actions. How does motor development influence neural processes
of action monitoring? How do infants with a limited motor expertise process correct and
erroneous actions of others which they cannot perform yet?
To investigate this question we conducted an EEG study with infants and adults. To
study groups with varying levels of motor expertise, we made use of the early development
in fine motor skills of grasping. More specifically, we tested age groups (8-month-olds,
14-month-olds, adults) which differed in their level of expertise in performing the pincer
grasp. The pincer grasp refers to the grasping of small objects using the tip of the index finger
and thumb. The dexterous use of isolated fingers to grasp a small object is considered a mile
stone of fine motor development which is reached around the second half of the first year of
life. As opposed to 14-month-olds and adults, 8-month-olds cannot yet grasp small objects
using their index finger and thumb. The EEG recording consisted of an action observation
and execution phase. First, participants observed correct and erroneous pincer grasp actions.
Subsequently their ability to perform pincer grasps was assessed. Motor-related brain activity
during action observation and action execution was analyzed as indexed by power differences
in the Mu- and Beta-frequency ranges. In previous studies, attenuation of power in those
frequency ranges over sensorimotor areas was associated with motor activation (Hari,
2006; Lepage and Théoret 2006; Marshall et al., 2010; Muthukumaraswamy & Johnson,
2004; Nyström, 2008; Saby, Marshall & Meltzoff, 2012; Southgate et al., 2010; van Elk
et al., 2008;). In addition, behavioural proficiency in the pincer grasp was analyzed. We
hypothesized a difference in action monitoring dependent on the state of motor leaming of
the participants. In other words, we assumed that infants with limited motor expertise in the
observed action would dififer in their motor activation for the observed erroneous and correct
actions compared to infants and adults who can perform the observed action.

Method
Participants

Seven 8-month-old infants (mean age = 8.2 months, std = 0.22 , 3 girls), seven
14-month-old infants (mean age = 13.8 months, std = 1.77,4 girls) and ten adults (mean age
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= 27 years, std = 4.1, 5 women) comprised the final data sample of this study. Infants were
selected from a database of families volunteering to participate in child studies, coming from
surrounding areas of Nijmegen and Arnhem in the Netherlands. Another twenty 8-montholds and twenty 14-month-olds were tested but had to be excluded due to unwillingness to
wear the EEG cap (n = 2, 14-month-olds), technical problems (n = 3, 8-month-olds) or an
insufficiënt amount of artifact-free EEG data given a minimum amount of nine trials per
condition in which infants do not move overtly and watch the screen (n = 16, 8-month-olds;
n = 18, 14-month-olds). The high attrition rate is typical for EEG experiments with infant
populations (Berger, Tzur, & Posner, 2006; Southgate, et al., 2010; Stapel et al., 2010; for a
meta-analysis see Stets, Stahl & Reid, 2012).
Stimuli & Materials
Video stimuli

Thirty-two unique videos of six second length each were created for this study (see
Figure la). Each video displayed a manual action with one of eight small objects (e.g. a
dice, a piece of cereal). Two types of actions were recorded with each object, a successful
and an erroneous grasping action. The successful action displayed a hand entering the scene
from one side, reaching, grasping and picking up a small object to then moving the object
around. The erroneous action consisted of a hand entering the scene from one side, reaching
and repeatedly grasping but failing to piek up the small object. To ensure that the videos
displayed authentic grasping errors, the actors were blind-folded during the recordings of
the erroneous action type. Thus, the recorded actions actually reflect performed grasping
errors. After approx. 1.3s the initially ambiguous reaching movement of both video types
unfolded in either a successful or erroneous grasping action. All analyses are based on the
unambiguous phase of the video. The sixteen recorded videos were also flipped vertically
such that in 50% of the times the hand entered the scene from the right and in 50% from the
left side. Identicalto Cross and colleagues (2011), we comparedthe amount ofmotion energy
between the correct and erroneous videos and found that it was similar for both conditions.
Therefore, low-level differences in the stimuli render very unlikely.
Behavioural material

To test the infants’ motor proficiency in grasping small objects between their index
ftnger and thumb, we designed a device to assess pincer grasp performance (see Figure lb).
The pincer grasp device consisted of a wooden frame installed on a box. On the wooden
frame, boards with differently sized beads in the middle could be fitted. In the current
experiment we used a smaller (diameter = 3mm) and a larger (diameter = 5mm) bead. Each
bead was surrounded by two colored circles (see Figure lb) and is fixed with a string in the
back of the board. The device allows infants to safely grasp and pull out the bead without the
danger of the small object being brought to the mouth and swallowed.
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Parental Questionnaire

In addition to the behavioural assessment, we asked parents about their observations
on the infants’ grasping abilities. In five questions we assessed 1) whether parents had seen
their child moving their index finger separate from the other fingers, 2) whether parents
had observed their child picking up small objects with index finger and thumb, 3) at which
age they had first seen this in their child, 4) how often they observed it and 5) whether they
observed their child grasping small objects between the thumb and all other fingers or rather
between the tip of the index finger and thumb.
a)
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Figure 1.
Overview of the stimuli, materials and example o f action execution. a) Illustration of visual stimuli, starting
with a still image o f a fixation cross, followed by video clip o f a correct (top) or erroneous (bottom) pincer grasp
action. Only periods in which condition differences were apparent were included in the statistical analysis between
conditions. b) Grasping device with the larger o f two beads (right picture) and example of action execution phase
during EEG measurement.
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Procedure

The EEG testing session consisted of an action observation phase followed by an
action execution phase. Throughout both phases, infants sat on the lap of their parent (and
adult participants sat on a chair) in a shielded testing room. During the action observation
phase, infants were presented with video stimuli displayed on a screen at about 50cm distance.
Each video was preceded by a fixation cross (displayed for ls) and sometimes followed by
colorful, moving pictures to re-engage the infants’ attention to the screen. Video clips of
two conditions were presented: Half of the videos showed successful pincer grasp actions
(correct condition) and the other half erroneous pincer grasp actions (error condition). The
two conditions were presented in a pseudo-random order. Each video was shown maximally
twice resulting in a maximum amount of 64 video clips. Background music was played
during all video clips. After the participants watched all video clips or when infants became
fussy, Experimenter 1 joined in the testing room to initiate the action execution phase. The
experimenter placed the pincer grasp device on the table in front of the infant and the parent.
Experimenter 1 then demonstrated on the device once how to grasp and pull out the bead.
After bringing the bead back to the original position, the infants were given the chance to
pull out the bead for 1 minute. First infants were presented with the larger bead and then
the procedure was repeated with the smaller bead. Throughout the testing session, EEG was
recorded. In addition, the testing session was video recorded for offline movement coding
and behavioural analysis.
The procedure was identical for adult participants, apart from the action execution
phase during which adults got an action cue to perform the grasping action. For each of the
two beads, adult participants were asked to grasp and pull out the bead for five times resulting
in ten successful grasping actions (which matches the average amount of successful grasping
actions in the 14-month-olds, see Results section).
EEG recordings

Ag/AgCl active electrodes at 32 sites on the scalp were used to collect EEG data. The
electrodes were placed in either an infant- or an adult-sized actiCap (Brain Products, Munich)
arranged in the 10-20 system. All electrodes were referenced to electrode FCz over the central
midline and offline re-referenced to the average of all electrodes (excluding extremely noisy
channels for the infants). The signal was amplified using BrainAmp amplifiers, band-pass
filtered (,l-125Hz) and digitized at 500Hz. For the infants, impedances were usually below
60 kil, for the adults impedances were kept below 25 kfi.
EEG data analysis

In line with suggestions by Marshall and Meltzoff (2011) on analyzing EEG data
with respect to action processing in infants, we considered action execution and observation
as well as topography (here: the comparison between central and occipital electrode sites)
for our analysis. First, we used the contrast between action execution and mere observation
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to determine the frequenties which are functionally involved in action execution. Whereas
the ranges of Mu and Beta frequency power over motor areas are established ranges seen in a
large body of adult literature, (see; Engel & Fries, 2010; Pineda, 2005 for reviews) the exact
ranges differ for infants of different ages (see Berchicci et al., 2011; Gaetz et al., 2010 for
indications).

nor

Action execution

c

In order to determine EEG segments in which infants performed or attempted to
perform a pincer grasp action, video recordings of the testing session were coded offline.
Time-epochs during which infants reached out for, touched and manipulated the beads
were extracted. For 14-month-old infants this included time-epochs during which they
successfully performed the pincer grasp and pulled out the bead. In contrast, for 8-montholds this mainly included epochs during which infants reached out, touched and manipulated
the beads without successfully grasping the bead. The action execution time-epochs based
on the video analysis were then segmented in ls action execution segments. Analogously, for
the adults we used the first second after each movement cue to capture reaching and grasping
movements.
Action observation

The focus of the current study was to investigate differences in action processing
between the two action observation conditions (correct vs. erroneous). Critical to the analysis
of action processing during observation is to ensure that the analyzed data does not include
any epochs during with the infants actively moved. Including data with overt movement of
the infants would result in findings that refiect action execution rather than action processing
during observation. For this reason, we did an extensive video analysis to code movement
of the infants frame by frame as to include only EEG segments during which infants 1) were
watching the screen and 2) were not moving. Selected EEG data periods were divided in ls
segments and separately processed for the correct and error condition.
For both, action observation and action execution data, each segment was baseline
corrected (over the entire segment) and a DFT filter was applied to remove line noise. By
carefiil visual inspection of all segments, any remaining EEG segments containing artifacts
(e.g. stemming from eye-movements) were rejected. Subsequently, we used the multitaper
method with a hanning taper (spectral smoothing of 2Hz) to perform a frequency analysis
on the EEG data. We collapsed power values over the two action observation conditions
to compare the power of frequenties between 2 to 50Hz between general observation
and action execution over central electrodes (C3, C l, Cz, C2, C4). The result is depicted
separately for each age group in Figure 2. Consistent with previous findings (Marshall et
al., 2011; Nystroem, 2008; Pineda, 2005), the graph shows suppression of power during
action execution compared to observation in the 6-8Hz range for 8-month-olds, in the 6-9Hz
range for 14-month-olds and in the 8-13 Hz range for adults (see blue vertical lines). Alpharange activity over central sites involved in action processing has been termed Mu-rhythm
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activity (see Pineda, 2005 for review). We used these Mu-frequency ranges to investigate
differences between conditions in action observation. In contrast to the distinct suppression
in Mu-frequency ranges during action execution, suppression in Beta-frequency ranges are
only apparent for the adult group around 15-25Hz. This is in line with previous work in
adults (e.g. Koelewijn et al., 2008). The low signal-to-noise ratio in higher frequencies and
individual differences between the infants might mask any differences between execution
and observation in Beta-frequency ranges. To still allow for a consistent comparison with the
adult age group, we explored this frequency range analogous to the adults by using 10-20Hz
ranges for 8-month-olds and 11-21 Hz ranges for 14-month-olds. Consistent with the adults,
the infant Beta-ranges span a 10Hz wide band starting 2Hz above the Alpha-range. Also,
the infant Beta-ranges overlap with Beta-ranges used in the sparse previous literature with
developmental populations (van Elk et al., 2008; Meyer et al., 2011).
Action processing during observation

The main analysis focused on the differences between the correct and erroneous
action observation conditions. For statistical comparison, we averaged power estimates for
the age- and sample-specific Alpha- and Beta-power ranges and normalized the band specific
values per condition (ConditionA/[Condition A+ Condition B]) (see e.g. van Ede et al., 2010).
Thus, normalized values larger than 0.5 indicate more power for Condition A compared to B,
whereas normalized values smaller than 0.5 indicate less power for Condition A compared to
B. To consider topography (Marshall & Meltzoff, 2011), we investigated normalized power
values of two scalp locations, central and occipital sites, overlaying sensorimotor (central)
and visual (occipital) cortices. For this purpose, we pooled data for central electrodes over
sensorimotor cortices (C3, Cl, Cz, C2, C4) and for occipital electrodes over visual cortices
(01, Oz, 02). To test for differences in action processing during observation we used
the normalized power values to conduct a mixed ANOVA with the within-subject factors
Condition (correct/erroneous) and Location (central/occipital) and the between-subject factor
Age Group (8-month-olds/14-month-olds/adults). A separate mixed ANOVA was calculated
for Alpha- and Beta-range power estimates. Results are illustrated in Figure 3.
C o rrelational analyses
Mu- & posterior Alpha-range activity

Suppression in the 6-9Hz Alpha-range in infants and 8-13Hz Alpha-range in adults
has been associated with sensorimotor processing (Mu) and visual processing (posterior
Alpha) (Pineda, 2005). Though distinct in function and scalp topography (posterior Alpha
observed over occipital areas; Mu observed over central areas) potential smearing in the
EEG signal especially with small electrode distances in infant populations can potentially
blur effects of Mu- and posterior Alpha-power. To test whether any observed effects were
due to picking up the same activity instead of activity from distinct sources, we correlated the
effect over central sites with the effect over occipital sites. If the observed effects were due to
blurring of Mu- and posterior Alpha then the effects should be positively correlated.
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Figure 2.
Power values as a function o f frequency (Hz) depicted for observation (collapsed over conditions) and execution o f
grasping actions (observation, pink solid line; execution, black striped line), separately for age groups. Dark blue
shaded areas illustrate the Alpha-frequency range and light blue shaded areas illustrate the Beta-frequency range
per age group.

Behavioural perform ance & brain-related activity
To further investigate the relation between motor proficiency and action processing
in infants, we correlated the infants’ behavioural performance to the effects in the EEG
data. Behavioural performance was quantified by the ratio of touching and manipulating the
bead with index finger, thumb or both with respect to the overall time infants touched and
manipulated the bead ([manipulating bead with index finger, thumb or both]/[manipulating
bead with whole hand + with index finger, thumb or both]). Offline video analysis of the
action execution phase was used to derive the performance ratio. The ratio thus indexes how
proficient infants used their isolated fingers in fine motor movement required for the pincer
grasp. Note that the behavioural performance of the 14-month-olds and adults was at ceiling
level and therefore did not provide sufficiënt variability to include these two age groups
in the correlational analysis. We expected more proficient graspers (indicated by a higher
performance ratio) to show a more similar brain-related activity for action processing as
observed in the adults. Partial correlations were computed and corrected for age.
Time-resolved and topographic analysis for adult group

Data quality of the adult age group allowed to additionally examine the timecourse and topography of the action processing during observation. To investigate the timecourse of the effect, a time-resolved spectral power analysis was conducted using Fourier
transform with a sliding Hanning taper. The size of the sliding window was 500-ms which
was used to calculate power estimates between 1Hz and 40Hz with a spectral smootning
of 3Hz. The resulting time-frequency representations (TFRs) were obtained for central and
occipital sites separately and represent the direct contrast between conditions ([error-correct]/
[error+correct]). Figure 4a illustrates the normalized difference between the two conditions
averaged for the central electrode sites and the normalized difference values for occipital
electrode sites. Note that the TFR is time-locked to the onset of the difference between the
videos and not the onset of video presentation. Therefore any difference occurring after Oms
reflect differences between the conditions. Colder colors reflect less power for the error
condition and warmer colors reflect less power for the correct condition. To investigate
the topographic distribution of the Alpha- and Beta-effects, the normalized differences for
the respective frequency ranges (Alpha: 8-13Hz, Beta: 15-25Hz) were collapsed for each
electrode over the period when the differences between conditions unfolded (i.e. Oms to
4000ms). Results are shown in Figure 4b.

Results
Behavioural performance

When given the opportunity to perform pincer grasp actions, 8-month-old infants
never succeeded in pulling out either the small or the large bead using the pincer grasp. On
the contrary, 14-month-old infants pulled out the beads on average 10.1 times (range: 0 to
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21). More specifically, they succeeded on average 5.7 times (range: 0 to 9) in pulling out the
large bead and 4.4 times (range: 0 to 14) in pulling out the small bead. Also, 14-month-olds
never manipulated the bead with the whole hand but exclusively with their index finger,
thumb or both. As expected, the fine motor development of grasping was observed to be
advanced in 14-month-old infants as compared to 8-month-olds.
Action processing during observation

Results of the mixed ANOVA for Alpha-range power values showed a three-way
interaction effect between Condition X Age Group X Location, F(2, 20) = 3.912, tjp2 = .281,

Alpha-band activity
Central
«

8-month-olds

14-month-olds

Occipital
adults
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14-month-olds

adults
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8-month-olds
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8-month-olds

14-month-olds
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Figure 3.
Normalized power values o f Alpha-band (top) and Beta-band (bottom) activity are depicted separately for Condition
(correct/error), Age Group (8-month-olds, 14-month-olds, adults) and Location (central electrode sites/ occipital
electrode sites).

p = .037. Besides a main effect for Condition, F(l, 20) = 22.566, rjp2 = .53, p < .00 no

other main or interaction effect was significant. We followed up on the three-way interaction
by conducting separate mixed ANOVAs for each location (central and occipital). Figure 3
illustrates the findings. Outcomes for the central scalp sites show a main effect of Condition
(F(l, 21) = 12.629, rj2 = .376, p = .002), driven by the interaction effect of Condition X
Age Group, F(2, 21) = 3.929, t j 2 = .212,p = .036. Post-hoc paired-samples t-tests revealed
that Alpha-power in 8-month-old infants was more suppressed for the correct than the error
condition, whereas neither the 14-month-olds nor the adults differed in their Alpha-power
values between conditions. In the following this will be referred to as the Mu-efFect. In
contrast to central sites, results for the occipital sites did not show differences between age
groups but rather a main effect of Condition. Across age groups, Alpha-power values were
lower for the correct condition than the error condition, F(l, 20) = 18.461, rj2= .480, p <
.00. Based on previous literature on Alpha-range activity over occipital sites related to visual
processing, we will refer to this effect as the posterior Alpha-effect.
Outcomes of the mixed ANO VA testing for differences in Beta-range power showed
an interaction effect of Condition X Age Group, F(2, 20) = 3.919, r)2= .294, p = .031. No
other main or interaction effect was significant. Post-hoc paired-samples t-tests, pooled over
electrode sites, showed significantly lower Beta-power for the erroneous compared to the
correct condition in adults (p = .01) and no significant difference between conditions for any
of the infant groups (bothp > .05).
Correlational analyses
Mu- & posterior Alpha-range activity

No relation was found between Mu- and posterior Alpha-effects, r = .209, p = .351.
Therefore, no indications for spatial smearing over central and occipital scalp sites can be
found. This renders the observation of a posterior Alpha-effect smearing to central electrode
sites (instead of a separate Mu-effect) very unlikely.
Behavioural performance & brain-related activity

Results revealed a negative correlation between the behavioural performance
and the Mu-effect. The more proficiently 8-month-old infants touched and manipulated
the object, indicated by higher performance ratios, the smaller their Mu-effect for the two
types of actions, r = -.748, p = .043, 1-tailed test. Thus, the more motor proficiency the
infants displayed the more their action processing resembled that of proficient graspers (i.e.
14-month-olds and adults). No relation between the infants behavioural performance and
their posterior Alpha-effect was observed, r = -.064, p = .452, 1-tailed test.
Time-resolved and topographic analysis for the adult group

The TFR at the top of Figure 4a illustrates the power differences between conditions
over central sites. Represented in blue, lower power values for the error condition can be
observed in the Beta-band emerging while the grasping error unfolds in the stimuli (Oms
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Time-frequency representations and topographic distribution of power differences during action observation for
the adult group. a) Depicted are time-resolved normalized difference values in power at central (top) and occipital
(bottom) electrode sites. Power differences represent a direct comparison o f power during action observation
between the erroneous and correct grasping action ([error-correct]/[error+correct]). A t time 0, differences between
correct and erroneous types o f grasping emerge and unfold during the period o f Os to 4s. Before time 0, video stimuli
depict a hand reaching towards a small object in the scene. White boxes indicate the period o f interest in which the
stimuli differ in correctness o f the action (Os to 4s) and the frequency ranges o f interest (Alpha: 8-13Hz; Beta: 1525Hz). Topography o f normalized Alpha- (left) and Beta-band power differences (right) deduced from these timefrequency windows are illustrated in b). Warm colors represent higher power for the error condition compared to the
correct condition and cooler colors represent lower power for the error condition.

to 4000ms). During the ambiguous movement period (before Oms) no such suppression is
observed. This suggests a time-locked increase in motor activation as indicated by a drop
in Beta power during the detection of a grasping error in adults. No such reduction for the
erroneous action is apparent in the Mu-band. In contrast, the TFR reflecting the comparison
of conditions over occipital sites (see Figure 4a bottom) shows a difference in the Alpharange between conditions as indicated in sustained red colors around 10Hz. More precisely,
as the abovementioned results of the mixed ANOVA already imply, posterior Alpha-power
is higher for the erroneous than the correct condition. This finding potentially suggests more
visual attention to the correct than to the erroneous grasping action.
The differential visual processing is also represented in the topographic distribution
of the Alpha-power (Figure 4b) which illustrates more power for the erroneous condition
spread over occipital sites. A less uniform power difference can be observed over frontocentral sites. On the contrary, the Beta-effect appears clearly confined to central electrode
sites over motor cortical areas of the brain (Figure 4b). This distribution further suggests
differential motor activity in processing the correctness of an observed action as reflected by
Beta-band activity.

Discussion
The aim of the current study was to investigate the influence of motor expertise on
the neural underpinnings of action monitoring. In particular the focus was on the involvement
of the motor system in processing the correctness of observed actions. Motor activation was
measured during observation of correct and erroneous pincer grasp actions in 8-month-olds
and 14-month-old infants and adults. As opposed to 14-month-olds and adults, 8-monthold infants tend not to be able to perform the pincer grasp. The current findings suggest
modulations of action monitoring in the motor system dependent on the state of motor
leaming. These modulations are observed in distinct oscillatory bands, the Mu- and Betafrequency bands.
As expected from previous research (Koelewijn et al., 2008), oscillatory activity
indicates enhanced motor activation for the observation of erroneous as compared to
correct grasping actions in the adult group. Consistent with the MEG results of Koelewijn
and colleagues (2008) this modulation was indicated by attenuation in Beta-power over
central brain areas. Power in the Mu-frequency band over the same cortical areas was not
significantly different between conditions in the adults. Fourteen-month-old infants who
could also successfully perform pincer grasp actions, show the same pattem in the Mufrequency band (i.e. no significant difference). In contrast, 8-month-olds who could not yet
successfully grasp small objects with their thumb and index finger, displayed the opposite
pattem of brain activity. They showed enhanced motor activation when observing correct
compared to erroneous grasping actions as indexed by differences in the Mu-power.
Additionally, we assessed the quality of behavioral grasping attempts of the 8-montholds, who never succeeded in picking up a small object during the action execution phase.
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Notably, individual differences show that higher levels of grasping quality were associated
with a smaller Mu-effect for action monitoring. Thus, with increasing motor proficiency, the
motor activity of the 8-month-olds increasingly resembled the pattem observed in 14-montholds and adults.
Besides this developmental shift in action processing found in the Mu-frequency
band, none of the infant groups showed any differential effect in the Beta-band between
conditions. How do these results inform us about action monitoring in infants and adults,
especially with respect to the potential role of motor development for action monitoring?
In the following we discuss the functional differences and commonalities of Mu- and Betaoscillatory activity for action processing and potential conclusions for the role of motor
development for action monitoring.
Many studies have generalized over Mu- and Beta-band activity over central brain
areas as indicators of motor system activity (e.g. Hari et al., 2006). In line with previous
research on action processing, our findings demonstrate suppression in both frequency
bands during action execution in adults. Only indications for Mu-suppression but not
Beta-suppression were evident during action execution in the 8-month-old and 14-monthold infants. Noisy EEG data and less power in higher frequencies might contribute to this
difference (see a detailed discussion below). Overall, the results therefore support existing
literature linking Mu- and Beta-band activity to action processing (see e.g. Engel & Fries,
2010; Marshall & Meltzoff, 2011; Pineda, 2005). Still, the findings of this study also show
different pattems of activation for Mu- and Beta-oscillations in action monitoring across
and within age groups. The precise functional role of the two oscillatory bands remains a
constant discussion in the literature (Crone et al., 1998; Engel & Fries, 2010; Marshall &
Meltzoff, 2011; Neuper & Pfurtscheller, 2001; Pineda 2005; van Ede et al. 2010). The current
results might suggest a distinct functional involvement of the two brain rhythms for action
monitoring. They could also indicate developmental differences in the role of Mu- and Beta
for action processing. First, findings in Beta-band activity then Alpha-band activity will be
discussed.
Action monitoring and the Beta-band activity

Beta-power attenuation during action execution and in the direct contrast between
the two action observation conditions in adults (see Figure 4) was locally confined to areas
overlaying the motor cortices. Research combining EEG and fMRI techniques support the
association of Beta-power with motor cortical activity originating from the primary motor
cortex and pre-motor areas (Ritter, Moosmann & Villringer, 2009). Furthermore, in adults
Beta-power was more strongly decreased during the observation of erroneous than correct
actions, which is in line with Koelewijn and others (2008). In functional terms, this might be
interpreted as the detection of a violation from an expected action (i.e. the correct grasping
action). That is, on the basis of own action experience (Koelewijn et al., 2008), feed-forward
processing activates potential upcoming events during the observation of others’ actions. In
case the predicted event does not match the actual observed event, a violation is detected

j
«iiissior

- ;■ {tin;

'

•’

11 2 9

I
and reflected in enhanced motor processing. In congruence with this, recent MEG findings
suggest that Beta-band activity reflects top-down processing of predictions and violations of
predictions (Amal, Wyart, & Giraud, 2011). Amal and colleagues (2011) further suggest that,
via backward propagation, Beta-band activity is involved in updating predictions which were
violated. In a similar line of reasoning, Engel and Fries (2010) put forward the hypothesis
that Beta-band activity signals the maintenance of a current state which holds for states in
sensorimotor and cognitive domains. Based on studies in the domain of motor processing, the
researchers argue that activity in the Beta-range which signals the ‘status quo’ (Engel & Fries,
2010) is especially sensitive regarding monitoring processes and in updating the system with
feedback information (Engel & Fries, 2010). The current Beta-effect in action monitoring and
findings by Amal and colleagues (2011) fit in the framework of this maintenance hypothesis.
Together with previous research, the modulation in Beta-band activity in the current data
suggests that adults who can build predictions on the basis of their own motor experience,
show enhanced processing during the violations of these predictions about others’ actions. It
should be noted that empirical evidence for this functionality of Beta oscillations is mainly
based on research in adults. Infant EEG work has shown that also Mu-band activity can be
related to the processing of action predictions (Southgate et al., 2010) and their violations
(Stapel et al., 2010). Therefore, it remains unclear whether similar accounts hold for infants’
neural activity.
In fact, despite their motor skills in grasping small objects, current observations
of Beta-band activity in the 14-month-old infants did not confirm a modulation of the
correctness in action monitoring. There are two potential interpretations for this finding.
One possible explanation is that young infants still lack sufficiënt grasping experience to
discem the two actions the way adults do. Though 14-month-olds were able to successfully
grasp small objects, their experience is limited to a few months and differs by many years of
extensive training from that of adults. They might reflect a group with an intermediate level
of motor skills in which stable feed-forward predictions in the motor system and respective
prediction errors might not be fully established, yet.
Although this interpretation of the data would be more informative conceming the
functioning of action monitoring in infants, we think there might be a more likely but less
functionally relevant explanation of the data. The results of the infants’ Beta-band activity
might rather reflect methodological challenges associated with capturing sensorimotor
processes in action execution and observation in higher oscillatory frequencies in infants.
Typically the frequency bands involved in action processing are determined either, by using
a functional marker task or by relying on previous literature. To determine the sample specific
frequency bands sensitive to action processing, we used an action execution condition as
functional marker task. In contrast to the adults, results of the two infant groups did not
yield any observable attenuation during action execution in higher frequencies than the Alpha
frequency band (i.e. higher than 9 Hz). An MEG study comparing young children from the
age of 4 years with older children and adults confirm very low suppression effects in Beta-

band activity during action execution (Gaetz et al., 2010). Theoretically, since infants did not
show attenuation pattems of Beta-band activity during action execution, one might therefore
not expect Beta-effects during action observation. Yet, to analyze infant data consistently with
regard to the adult data, we chose to rely on the limited sources of literature (van Elk et al.,
2008) to determine the oscillatory band which should be equivalent to the adult Beta-band.1
An additional challenge is the low signal-to-noise ratio. Higher frequencies generally have a
lower signal-to-noise ratio which deteriorates the chances to piek up differences in conditions
in the relatively noisy EEG data of infants even more. Therefore, the results of Beta-band
activity in the current infant sample only allow for a very limited functional interpretation.
Future research is required to disentangle whether the Beta oscillatory activity changes in
function over age, and/or whether current analyses might not be sensitive enough to piek up
an informative signal from this frequency band in an infant population.
Alpha-band activity

In contrast to Beta-band activity, Mu-band activity is a more established indicator of
sensorimotor activity in infants (see Meltzofif & Marshall, 2011; Vanderwert, Fox & Ferrari,
2012 for reviews). Interestingly, we found changes in Mu-band activity during action
monitoring to be dependent on the current state of motor development. This was reflected
in changes across age groups and correlational findings of EEG and behavioural measures
within the group of the 8-month-old infants. Contrary to our initial expectations, infants
who were less proficient in grasping showed an enhancement of Mu-power for the correct
grasping action compared to the erroneous one. In contrast, 14-month-olds and adults showed
no difference between conditions in the Mu-range and adults additionally demonstrated the
opposite pattem in the Beta-range activity. One might conclude that infants with a lack of
motor expertise do not perceive the correctness of others’ actions in the same way as infants
and adults who do have the respective motor expertise. In the following we argue in which
way Mu-band activity in response to successful and unsuccessful actions might be modulated
by the state of motor development.
Though still struggling with the pincer grasp, the 8-month-old infants were at
the verge of leaming to perform the pincer grasp action correctly. Regarding one possible
functional interpretation of Mu-band activity, Pineda (2005) proposes the Mu-rhythm to
be involved in ‘translating hearing and seeing into doing’. Research on the topographic
distribution of Mu-band activity supports this interpretation (Ritter, Moosmann & Villringer,
2009). Ritter and colleagues (2009) have associated Mu-activity with origins more posterior
than Beta-band activity, bridging motor and sensory regions. In the same vein, Mu-band
activity has been linked to research on ‘vision-to-action’ (e.g. Buccino et al., 2004) in the
context of observational and imitation leaming (Bemier et al., 2007; van der Helden, van
1
To our knowledge only two previous EEG studies have addressed the link between Betaband activity and motor processing in infants (Nyström, 2008; van Elk et al., 2008). Only one ofthe two
studies was able to show differences between conditions during action observation in 14- to 16-monthold infants (van Elk et al., 2008). Findings o f the second study could not confirm suppression o f Betapower during action observation in 6-old-infants (Nyström, 2008).
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Schie & Rombouts, 2010). Stronger attenuation of Mu-power was associated to the intention
to later imitate an action as opposed to an observation task which did not require leaming the
observed action. Converging neuroimaging findings in adults have demonstrated that activity
in motor-related areas of the brain was enhanced when participants watched an action they
were supposed to leam or to later imitate (see Zentgraf et al., 2011 for a review). For instance,
in an fMRI experiment, Frey and Gerry (2006) asked participants to leam to perform an
action sequence by observing others executing the action sequence. The same brain areas
which were activated while passively viewing action sequences showed enhanced activation
when participants had the intention to learn the observed actions. Brain areas such as the
premotor cortex or pre-supplementary motor areas as well as inferior frontal and parietal
regions were activated (Frey & Gerry, 2006).
In the current study, the correct pincer grasp actions reflect the type of action the
infants are currently acquiring. Thus, in line with previous findings artificially creating the
context of leaming by task instruction, our observations might be due to the natural leaming
phase introduced by development of fine motor skills. Though 8-month-old infants do not
yet master the fine motor skills required for grasping tiny objects, they are in the process of
acquiring that skill and can frequently be observed how they attempt to grasp small objects
such as labels on toys or bread crumbs. The observed Mu-effect might reflect a tuning of their
motor system to this action to-be-leamed. Thereby, motor activity might reflect activation
of elementary action parts (Buccino et al., 2004; Vogt et al., 2007) which are in the motor
repertoire of the infants (such as grasping with the whole hand and manipulating larger
objects). At the age of 14 months, when infants master the pincer grasp and have passed the
phase of leaming the basics of this fine motor act, the differential motor activity vanishes.
The same pattem holds for adults who are very proficient graspers. Together with previous
research, these findings demonstrate that dependent on the level of motor skill leaming, the
same observed actions are processed differently.
On first sight this might seem in conflict with previous findings in infants showing
more enhanced motor activity for actions they are more experienced with (e.g. van Elk et al.,
2008). However, previous work differs from the present study in that here we used a contrast
of two actions which infants both could not perform yet, neither the correct nor the erroneous
pincer grasp action. Thus, both action types were equally absent in the motor repertoire of
the youngest infants. Yet, whether enhanced processing of the correct pincer grasp action is
beneficial for leaming the observed motor skill remains unclear. Previous findings indicate
that enhanced processing related to the intention to leam or imitate does not necessarily lead
to more successful execution of the observed action (Frey & Gerry, 2006). In adults, Frey
and Gerry only found a relation to performance for a subset of areas involved (e.g. right
intraparietal sulcus). Van der Helden and colleagues (2010) demonstrated that coherence in
oscillatory activity between frontal and parietal brain areas rather than power changes were
correlated to observational leaming performance.
Yet, the current data suggest a different a shift in focus dependent on the state of
motor leaming. Differences in action monitoring also suggest that infants who lack the motor

experience might not perceive the correctness of observed actions in a similar way as infants
and adults with motor experience. Instead, selective motor processing might be driven by the
current state of motor skill leaming.
Motor vs. visual processing

The enhanced processing of the successful action appears to be specific to the motor
processing of the observed actions and not to the visual processing of these actions. No
significant differences between age groups were found for the attenuation in posterior Alpha
for the correct as compared to the erroneous pincer grasp actions. A reduction in posterior
Alpha at occipital sites has been associated to attention in the visual system (Thut et al., 2006).
The reduction in posterior Alpha for the correct actions therefore hints at visual saliency
of this action. Visual saliency is a feature supposedly important in imitative behaviour of
infants (Heyes, 2001). The effect in posterior Alpha was neither significantly correlated to
the infants’ motor skill level, nor did we find significant differences across age groups with
varying level of motor development. The functional distinction of Mu- and posterior Alphaactivity is in accordance with previous research (Frenkel-Toledo et al., 2013; Marshall &
Meltzoff, 2011; Pineda, 2005; van der Helden, van Schie & Rombouts, 2010). Interestingly,
in adults, Beta-band and posterior Alpha-band activity indicate that at the same time motor
activity is enhanced for the erroneous actions and visual activity is enhanced for the correct
actions. This finding points to distinct cross-modal processing in adults which allows a
parallel evaluation of the observed action with respect to visual features and the execution of
the observed motor act.
Role o f motor development for action monitoring:
commonalities o f Mu- and Beta-band activity

Differences and

Summarizing commonalities and differences of Mu- and Beta-band activity from
previous and the current findings suggests that both oscillatory bands are fiinctionally
involved in action processing. Converging findings hint to an involvement of Beta-band
activity in the maintenance of a current motor state and the detection of deviations from this
state. Moreover, Mu-band activity was linked to processing others’ actions with one’s own
motor system dependent on the current state of motor skill leaming. This is not to claim that
the functionality of the two frequency bands is limited to these functions but explains the
current findings best on the background of previous neurocognitive research.
Taking the findings on both oscillatory bands together, we propose that enhanced
processing of a correct action in the focus of motor skill leaming and enhanced processing
of an erroneous action violating an action expectation can be viewed in one framework
modulated by motor development. In other words, early in motor development, motor skill
leaming plays an important role. When an action needs to be acquired, motor activation is
enhanced during the observation of the successfiil performance of that action. When motor
development reaches an intermediate level, the role of motor skill leaming becomes less
prominent. Therefore also the contrast in neural motor activation between the observation of

successful and unsuccessful actions decreases. At a late stage of motor development, when
motor expertise is high, motor skill leaming is no longer relevant because the action has been
established in one’s own motor repertoire. Experience with the action allows the generation
of predictions in the motor system about how this actions unfolds when it is observed. As a
consequence, when an action violates these expectations, motor processing is elevated while
observing an unsuccessful performance of that action (see also Koelewijn et al., 2008; Aglioti
et al., 2008). Together, a U-shaped pattem of action monitoring seems to emerge for the
differential motor activation between correct and erroneous actions as a function of motor
development. This is similar to the proposed function of stimulus familiarity and neural
activity during action observation, put forward by Cross and colleagues (2011). In contrast to
their account which focuses on familiarity of the observed stimulus, the current framework
focuses on differential motor activation in monitoring successful and erroneous actions. In
this context, we regard the state of motor skill leaming as central. We speculate that the
observer’s current state of motor development determines the relation with which the motor
system of the observer is engaged in the observation of successful and erroneous actions.
In motor development during infancy and early childhood, the level of motor
expertise is typically linked to the current state of motor leaming. Yet, the level of motor
expertise can be theoretically distinguished from the state of motor skill leaming. For instance,
the state of motor leaming could be experimentally manipulated in a study with adults by
instructing them to leam one action but not another (see e.g. van der Helden, van Schie &
Rombouts, 2010), keeping the motor expertise of both actions constant. It would be very
informative to examine motor activity to the observation of the successful and unsuccessful
performance of these actions in order to clarify the relation of motor expertise and motor skill
leaming for action monitoring.
Condusion

Taken together, motor processing of observed actions differed with respect to
the level of motor development whereas no differences were found in the participants’
visual processing of the actions. When contrasting a correct and an erroneous action, the
processing of the correct action is enhanced when it is on the verge of being acquired
whereas the processing of the erroneous action is enhanced when it reflects a violation of
an action established in the own motor repertoire. Thus, the current data suggest a selective
enhancement in processing actions dependent on one’s own action experience and current
state of motor skill leaming.

General
Discussion

How do we leam to act and interact in the world? How is playing with a teddy bear different
when we do so on our own versus together with another person? And how is it similar?
Which neurocognitive processes play a role for acting and interacting successfully in our
environment and how do such processes emerge in early development? By studying the
brain and behavior in infants, young children, and adults we strived to contribute to a better
understanding of individual and joint action processes. Planning, controlling, and monitoring
our own actions, as well as predicting and monitoring others’ actions are the central
neurocognitive processes under investigation in this thesis. In the following, a summary of
the current findings and their contribution to a better understanding of the neurocognitive
processes involved in individual and joint actions is provided.

Developing action in brain and behavior
Action planning

Individual goal-directed actions typically start with forming an action plan. Previous
studies have shown that adults integrate the final goal of their action into their planning (see
Rosenbaum et al., 2012 for a review). This holds for planning ahead for one (first-order) or
two (second-order) action steps, however, ambiguous results were found for higher-order
action planning (Haggard, 1998; Rosenbaum et al., 1990). As part of our investigations, we
instructed adult participants to hand an object over from the left to the right hand in order
to subsequently place it in a target location (Chapter 2). The choice of where to initially
grasp the object was used as an index of action planning. The findings suggest that, in the
beginning of the experiment, the initial grasping of the object was not modulated by the final
target location. Assuming that adults plan their actions efïiciently when acting individually,
one could have expected such a modulation to be present from the beginning of the task.
However, only after experiencing the action repeatedly, participants integrated the target
location in their grasping choice by adjusting their grasp height depending on the height
of the target location. Hence, our findings suggest that higher-order action planning can
emerge in adults’ individual actions with increasing experience. The type of experience
which can lead to higher-order action planning does not necessarily need to be restricted to
physical experience of the final action step (e.g. when the initial grasping choice does not
include the final goal and therefore results in an uncomfortable end-position). We additionally
found that higher-order action planning can also emerge in a context in which the experience
is mediated through observation of another person’s actions. Beyond observational and
physical experience, Stanley and Krakauer (2013) recently proposed that the knowledge of
facts can influence action proficiency, possibly including proficient action planning. This
might have implications for action planning in early childhood. Young children typically
still have difficulties in second-order action planning (Knudsen et al., 2012). Future research
should examine whether young children can leam to plan ahead in a second- or higher-order
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manner not only through their own experience but also through others’ actions and the access
to factual knowledge.
Action control

After planning an action, controlling one’s own actions during execution is essential
for the successful performance of actions. Inhibitory action control, associated to prefrontal
brain function (Casey et al., 1997; Casey et al., 2011; Durston et al., 2002), is developing
beyond early childhood. Though in the current thesis we focused on young children’s
action control in relation to joint action performance (see below), the present findings are
also informative about early action control in an individual context (Chapter 4). In a giftdelay task, toddlers at the age of 2'A years were asked not to open a gift box while an adult
experimenter is searching for part of the gift wrapping in a different room. Findings indicate
that half of the toddlers peeked at the gift within the first minute after the experimenter had
left the room. This lack of inhibitory action control is consistent with earlier studies on selfregulatory behavior (Carlson et al., 2004). In addition to measuring success and failure of
the inhibitory control task, we assessed the toddlers’ individual differences in how long they
could sustain inhibitory control. This approach complements previous executive functioning
research (e.g. Kochanska et al., 2000) by introducing a more continuous measure which
allows to relate individual differences in inhibitoiy control to other, for instance, socialcognitive aspects of development.
Action monitoring

Monitoring one’s own actions during action execution is the basis for possible
adjustments regarding changes in the action or the environment. Chapter 5 examined toddlers’
feedback monitoring. Especially early in life, young children strongly rely on feedback to
leam about the correctness of their actions. However, fronto-medial brain areas which have
been related to feedback processing in adults (Walsh & Anderson, 2012) only mature late
in development (Gogtay et al., 2004). Consistent with previous findings in adults (Walsh &
Anderson, 2012), toddlers displayed a more negative deflection in their event-related brain
potential to feedback indicating an incorrect action in contrast to feedback indicating a correct
action (i.e. resembling the feedback-related negativity in adults). The neural underpinnings
of feedback monitoring were related to the toddlers’ adaptive performance in response to
the feedback. Despite the late maturation of fronto-medial brain areas, the current findings
suggest that toddlers already possess a functional feedback monitoring system at the age of
2'A years. In Chapter 5, we discuss the potential contribution of individual and developmental
differences as well as state-related changes to differences in feedback monitoring and
feedback-related learning between toddlers. Although, in general, the findings of a functional
feedback monitoring system in toddlers support the use of clear feedback for learning early
in life, it should be considered that the feedback monitoring of each toddler is potentially
modulated by factors such as individual development emerging over childhood and
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adolescence and state-related motivational changes which are dependent on the raomentary
context. Moreover, in future research, we strive to examine the processing of feedback in a
joint action context. In the same vein as the EEG study of Chapter 3, in future research we
plan to examine whether and to what extent toddlers process feedback of another person’s
actions and whether this dififers when they are engaged in a joint action with this person.
In addition to the monitoring of one’s own actions in early childhood, the
monitoring of others’ actions and their errors was investigated in infants and adults.
Findings suggest that motor development plays an important role in evaluating successfifi and
erroneous actions of others (Chapter 6). More precisely, when observing others performing
successful and erroneous actions, the motor system was selectively involved dependent on
the observer’s motor expertise and state of motor skill leaming. This suggests that processing
the distinction between correct and erroneous actions can differ substantially dependent on
how skilled one is in a certain action and whether one is about to acquire the observed action.
In particular, infants who naturally still need to acquire many motor skills, potentially tune
their motor system to the observation of a correct action. Once an action is more established
in one’s own motor repertoire, feed-forward processing of the action can be used to compute
predictions about the unfolding of an action. Any mismatch of the predicted and the actually
observed action then potentially results in enhanced motor activation, hence tuning the
motor system to the detection of erroneous actions. Consequently, enhanced motor system
activation might reflect both, tuning to an action which is about to be acquired (Buccino
et al., 2004; van der Helden et al., 2010; Vogt et al., 2007) and detection of an unexpected
action event (Koelewijn et al., 2008; van Schie et al., 2004). In Chapter 3, we bridge the gap
between monitoring others’ actions in non-interactive and interactive contexts. Results and
implications are described below.

Developing joint action in brain and behavior
Joint action in infancy and early childhood

Though young children are able to solve simple joint action tasks together by the
second year of life (e.g., Brownell & Carriger, 1990; Brownell et al., 2006; Wameken et al.,
2006), we found that it takes children until the age of three to establish well-coordinated
joint action (Chapter 1). When acting jointly with an adult action partner, 3-year-old, but not
2 '/2-year-old children performed at the same level as during individual action coordination.
In contrast, 2%-year-old children had more difficulties in coordinating their actions
continuously with another person. Hence, young children’s skills in coordinating their
actions with a joint action partner improve significantly around the end of their third year
of life. By their third birthday, their joint action coordination skills reach a level resembling
their individual coordination performance. The findings of this study raise questions as to
which neurocognitive processes underlie the development of joint action coordination, an
issue addressed in Chapters 3 and 4.

Action planning in the context of joint action
When acting together with another person, do we integrate the other person into
our own action plan? In Chapter 2, we found that adults quickly leamed to plan ahead in
a higher-order action context. Interestingly, this leaming pattem resembled the leaming
pattem found when participants were instructed to hand an object to another person who
then finalized the action sequence by placing the object in the target location. Analogously,
after repeating the action several times, participants integrated the other person into their own
action plan, despite the fact that they did not execute the final action step themselves. Notably,
the same was found after experiencing the action in the individual context, suggesting a
transfer effect from individual to joint action planning. Together, these findings demonstrate
higher-order planning for one’s own and others’ actions after experience with the respective
action. Leaming to adjust action planning over time was not only observed in individual
and joint actions separately but transferred from individual to joint actions (Chapter 2).
The resemblance in the leaming pattem and the transfer effect suggest a tight link between
individual and joint action processes.
Action control in the context o f joint action

As suggested by Brownell (2011) essential to the development of successful
joint actions is the ability to regulate and control one’s own actions. Complementing the
findings about early joint action as described in Chapter 1, we examined the role of action
control for joint action coordination in young children in Chapter 4. Results show that
individual differences in toddlers’ inhibitory action control were specifically related to their
performance accuracy during joint play. Thus, the ability to control their own action, was
related to the children’s ability to maintain the joint tum-taking structure (Chapter 4). These
findings on the role of action control for joint action coordination, however, should not be
regarded in isolation. Rather, the findings of Chapter 4 suggest distinctive roles for young
children’s abilities to control their own actions and predict others’ actions on their joint action
coordination.
Action Prediction in Joint Action

When acting jointly with others, it is often not sufficiënt to only plan, control and
monitor one’s own actions, but we additionally need to predict and monitor others’ actions.
As part of this thesis, we investigated the early role of action prediction in acting jointly with
others. In particular we found that the ability to precisely predict another person’s actions
was related to 21/2-year-olds’ timing stability in joint play. Thereby, the findings of Chapter
4 disentangle separate underlying processes of an initially similar data pattem observed
for action timing and accuracy in Chapter 1. Both measures indicated worse performance
(i.e. more variable timing & lower accuracy) for 2 V2-year-olds’joint play compared to their
individual play. Making one’s own actions during a joint action more stable, facilitates the
timing predictability for the action partner and consequently allows for a more smooth

General Discussion

140

joint coordination (Vesper et al., 2011). Being able to predict another person’s actions and
making oneself more predictable thus seem closely linked, a relation supported by the current
findings. In addition to advancing understanding about social-cognitive development in early
childhood, the findings provide converging evidence for the role of action prediction and
control in joint action coordination in adults (supplementing the research of Kourtis et al.,
2010; 2013; Vesper et al., 2010).
Action Monitoring in Joint Action

In Chapter 3, we distinguished findings between the monitoring of others’ actions in a noninteractive and an interactive context. Although observing the exact same person performing
the same actions, we found that the 3-year-olds’ motor system activation was modulated by
the context of their involvement in the joint action. In line with previous findings in adults
(Kourtis et al., 2010), more motor activation as indexed by less Mu- and Beta-power, was
found when children were actively engaged in the joint action. Relating these neural findings
to children’s performance during the joint play revealed a significant correlation between
the neural and behavioral level. Thus, the current results suggest a potentially important
role of the neural motor system in action monitoring to improve joint action performance,
specifically in the context of joint action development.
To sum up, we found that well-coordinated joint action in a tum-taking context
emerges at the end of the third year of life (Chapter 1). In particular, the ability to precisely
predict another person’s actions was related to the timing of actions during the joint
coordination in young children. The ability to control own actions, on the other hand,
was related to the children’s ability to maintain the joint tum-taking structure (Chapter 4).
Furthermore, 3-year-old children showed differential motor activity in monitoring the actions
of another person, dependent on the child’s involvement in a joint action with that person
(Chapter 3). Our findings with adults suggest that higher-order action planning can emerge
through experience in both individual and joint actions. Leaming to adjust action planning
over time was not only observed in individual and joint actions separately but transferred
from individual to joint actions (Chapter 2). The last two studies shift the focus from insights
on successful and well-coordinated actions to the processing of erroneous actions. Neural
correlates of feedback monitoring and feedback-leaming were evident in toddlers below
the age of three (Chapter 5). In addition to the monitoring of one’s own actions in early
childhood, the monitoring of others’ actions and their errors was investigated in infants
and adults. Findings suggest that motor development plays an important role in evaluating
successful and erroneous actions of others (Chapter 6). More precisely, when observing
others performing successful and erroneous actions, the motor system was found to be
selectively involved dependent on the observer’s motor expertise and state of motor skill
leaming.

Implicationsforactionandsocial-cognitivedevelopment
and for the processes involved in individual and joint
actions
Investigating action and joint action processes in early childhood is informative
in two ways: it provides new insights conceming the understanding of action and socialcognitive development and, in addition, offers valuable information about the processes
involved in action and joint action in general and its leaming at an early, and probably most
basic, stage. Several findings of the current research serve this two-fold function. One example
is the insight gained on the development of joint action coordination and, in particular, the
differential roles of action prediction and action control for joint action coordination. In terms
of action and social-cognitive development, the current findings suggest that the third year
of life represents a transitional phase during which action coordination with another person
significantly improves, in some cases, up to a level that is comparable to individual action
coordination (Chapter 1). This complements previous research on joint action development
that focused mainly on simple one-instance coordinated joint actions (e.g. Brownell et al.,
2006; Wameken et al., 2006). Our everyday life reflects many more complex interactions that
are both continuous and mutual in nature. We found that action prediction and action control
are processes distinctly involved in overcoming the difficulty of coordinating actions jointly
with another person during the third year of life (Chapter 4).
At the age of 3 years, we found children to selectively monitor another person’s
actions depending on whether or not the young children were engaged with this person
in a joint action (Chapter 3). We additionally found that the 3-year-olds’ selective action
monitoring predicted their performance during joint play. In terms of joint action processes in
general, examining the natural variability in joint action performance in young children can
shed light on underlying processes that may otherwise be masked by the ceiling performance
of adults. The current findings converge with findings in adult research highlighting the roles
of action prediction and monitoring in joint action (Kourtis et al., 2010; 2013; Sebanz et al.,
2006; Vesper et al., 2010).
Another example for the two-fold function of the current findings is the selective
processing of successful and erroneous actions which was modulated by the current state of
motor skill leaming of the observer (Chapter 6). One interpretation of the present data is that
infants who lack a certain motor skill, but are on the verge of leaming this skill, perceive
correct and erroneous actions differently than infants and adults who have already acquired
this motor skill. This extends electrophysiological findings of van Elk and colleagues (2008)
conceming the role of motor experience on processing others’ actions to the domain of error
monitoring. While leaming to correctly perform a certain action, the motor system seems to
be tuned to the observation of the correct rather than incorrect execution of this action. From
a developmental perspective, this is especially interesting because early in life many actions
infants observe are not yet in their own motor repertoire and still need to be acquired.

Although motor skill leaming is particularly apparent in infancy, the leaming of new
motor acts or sequences can be observed throughout the lifespan. Leaming how to ride a bike,
play the piano, juggle, or ice skate are just a few of many examples of motor skill leaming
later in life. Therefore, the findings are relevant for a more general understanding of how
we process the correctness of others’ actions dependent on our current state of motor skill
leaming regarding the observed action. By investigating how the state of motor skill leaming
relates to differences in monitoring others’ actions, the findings bridge existing literature on
error monitoring and observational leaming (Bemier et al., 2007; Buccino et al., 2004; Carter
et al., 1998; Gehring et al., 1993; Koelewijn et al., 2008; van Schie et al., 2004; Ullsperger et
al., 2001; Vogt et al., 2007). Still, on the basis of the current data it remains an open question
whether the selective enhancement of motor processing has a beneficial effect for leaming
new actions.
In a complementary manner to the abovementioned research in children, investigating
individual and joint action processes in adults can shed light on leaming processes involved
in individual and joint actions and direct future research on action development in early
childhood. In Chapter 2, we observed that higher-order action planning emerged in adults
after several repetitions of the action. The leaming progress demonstrated in a joint action
context was found to resemble the leaming progress when initially begun in an individual
action context and then translated to a joint action context. This extends the current literature
on motor control and goal integration in action planning to a higher-order domain both for
individual and joint actions. The presence of the leaming effect also offers a potential starting
point for developmental research on higher-order action planning. Taking a developmental
approach would allow the investigation of leaming of action planning on a greater time-scale.
Finally, the present findings have implications for other research domains, including the field
of robotics or autism research. Research in artificial intelligence is moving more towards
the realm of social interaction and many insights from developmental research are used to
optimize robotic systems (Asada et al., 2009; Lungarella et al., 2003). This is, for instance,
reflected in a recently emerging field of robotics called developmental robotics. Developmental
robotics unites robotic research with cognitive and developmental sciences (see Lungarella
et al., 2003) and is based on “embodiment of the system, situatedness in a physical or social
environment, and a prolonged epigenetic developmental process” (Stoytchev, 2009; p. 1).
One very promising example is the iCub platform (www.icub.org), on which a child-like
autonomous robot is created that leams to enhance its repertoire by acting in the real world.
The current data provide evidence conceming the dissociable development of individual and
joint action coordination and extract two distinct underlying processes (action prediction
and action control) associated with particular neural underpinnings. By describing clear
dissociations of underlying processes in joint action coordination, the present findings can
serve as basis for future implementations and for the modeling of interactive robotic systems.
Moreover, investigating individual and joint action processes in typically
developing children might offer more grounds to explore disorders, such as autism spectrum
disorder (ASD), which is characterized by impaired interactions with others. It is currently

under dispute whether malfimctioning of action-perception links (often phrased ia terms
of ‘mirror activity’, e.g. lacoboni & Dapretto, 2006) underlie impairments in processing
and evaluating others’ actions (Ramachandran & Oberman, 2006; for a critical review see
Southgate & Hamilton, 2008) in ASD. Electrophysiological research (Oberman et al., 2008)
has investigated motor system activation during the observation of others’ actions using the
same neural markers as we used in Chapter 3 and 6. The matched methodology would ease
the conversion of the current studies into study designs that could be used in non-typically
developing populations, allowing for a high comparability with the existing findings based
on typically developing populations. This way, it could be tested whether populations with
ASD show general impairments in using their own motor system to process others’ actions or
whether these impairments might be specific to selective motor processing of others’ actions
in joint action (Chapter 3) or error monitoring (Chapter 6).
Challenging the view that malfunction at the level of the mirror system underlies
ASD, a recent eye-tracking study with typically developing children and children with autism
spectrum disorder demonstrated similar pattems of action prediction during the observation
of others’ actions whereas a malfimctioning of the mirror system would have predicted
differences in action prediction (Falck-Ytter, 2010). As reported in Chapter 4, we found that
action prediction plays an important role in joint action in early childhood. Extracting the
distinct roles of action prediction and control for joint action could facilitate the formulation
of clearer hypotheses for further investigations on interaction impairments. An altemative
hypothesis suggests that deficits in action planning play a role in autism spectrum disorders
(Fabbri-Destro et al., 2009). Findings from Chapter 2 can be used to make predictions of
higher-order action planning of an action sequence both involving one’s own and others’
actions in typically developing populations. On the basis of this study, future investigations
could assess higher-order action planning in populations with autism spectrum disorder to
identify potential deficits in higher-order action planning for self and other.

The developing brain in action - challenges and benefits
In the current thesis, we set out to investigate individual and joint action processes
with a focus on early development. It was central to our research to connect evidence from a
neural and a behavioral level to gain a more complete insight into the underlying processes
involved in individual and joint actions. For this purpose, we linked processes examined in
the behavioral studies (e.g. Chapter 2 & 4) to previous neurocognitive evidence. Furthermore,
in the design of our EEG studies (Chapter 3, 5 & 6) we additionally included behavioral
measures to be able to relate evident neural processes to observed behavior. In this way,
we assessed the developing brain, quite literally, in action. Whereas cognitive neuroscience
research in adults often combines brain and behavioral measures, it is an approach which has
been rarely taken in developmental populations to date. The challenges of bridging neural
and behavioral research in early childhood are a major reason for this gap in the literature.
On the one hand, the low signal-to-noise ratio, extremely short attention spans and movement
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artifacts (reducing the amount of data) create a challenging context in which to assess neural
activity of young children with EEG (e.g. Stets et al., 2012). These challenges are evident
in the small percentage of all tested young participants for which neural data is complete
and analyzable. On the other hand, collecting a sufficiënt amount of valid behavioral data
simultaneously to assessing EEG recordings, poses an additional challenge in developmental
populations.
Despite these difficulties, the opportunity to discover the interplay between
observable behavior and underlying neurocognitive processes in infants and toddlers renders
all challenges worthwhile. The integrative brain and behavior account enabled us to unravel a
functional feedback-monitoring system in toddlers (Chapter 5). Moreover, it made it possible
to provide converging evidence in infants and toddlers on the selective motor activation when
viewing other people’s actions (which was found to be modulated by the engagement in
joint action in Chapter 3 and the own state of motor skill leaming in Chapter 6). In my view,
these contributions to the field of social-cognitive development and joint action research are
a promising start and lead to future directions of the Developmental Cognitive Neuroscience
approach to make progress in the broader field of Cognitive Neuroscience.

Directions for future research
Advances in research are due to new discoveries and equally so to the formulation of
new research questions. The current findings on (joint) action development and the processes
involved raise several new questions for future research. One topic that requires further
investigation is the role of Mu- and Beta-band oscillatory activity in the neural processing of
others’ actions. In addition to the discussion about their functional role in the adult literature
(Crone et al., 1998; Engel & Fries, 2010; Neuper & Pfurtscheller, 2001; Pineda 2005; van
Ede et al. 2010), the current findings hint at possible developmental differences in Mu- and
Beta-band activity that might accompany or interplay with functional differences. Some
researchers propose that sensorimotor Mu-oscillations are associated with “translating
“hearing” and “seeing” into “doing”” (Pineda, 2005, p. 57) while Beta-oscillations are
associated with signaling the ‘status quo,’ including the monitoring and updating of the
system (Engel & Fries, 2010). As described in Chapter 3, our current findings in 3-year-old
children suggest, at least partly, distinct roles of Mu- and Beta-band activity for monitoring a
joint action partner. Whereas Beta-band activity during action monitoring was closely timelocked to the partner’s actions and related to the children’s joint action performance, Muband activity was neither clearly time-locked to the others’ actions nor related joint action
performance. In Chapter 6, electrophysiological results in infants confirm modulations in
Mu- but not Beta-band activity for the correctness of observed actions. Up to date, it remains
unclear whether Beta-band activity changes in functionality over age or whether the same
functionality stays the same over development but its functionality might not yet be present
or measurable early in life. Systematic investigation into power and coherence measures

ral Di
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of these oscillations is required to clarify the role of Mu- and Beta-band activity in action
processing over the lifespan.
Another suggestion for future directions is to increasingly investigate stTuctural
brain development in addition to brain fimction and behavior. Similar to social-cognitive
research on the brain structure and function in adolescents (Blakemore, 2008), research
in early childhood linking structural and functional brain development to (joint) action
development is desperately needed. As proposed in Chapter 4, an approach integrating
structural brain measures with functional brain measures and performance measures would,
for instance, allow Iracking of the development of action prediction and inhibitory action
control processes in the light of joint action coordination. Such an integrati ve approach would
offer a deeper understanding of how brain structures and neural processes are involved in the
acquisition of successful (social) interaction with our environment. Finally, in addition to an
integrative approach, complementary research with adults examining the potential causal
relation (for instance by using TMS) between the observed processes and individual and
joint performance would be needed to extend the current findings gained exclusively through
correlational findings (see Chapter 3,4, 5, 6).

Conclusion
n a nutshell, leaming how to act and interact successfully in the world involves
several neurocognitive processes such as planning, controlling and monitoring one’s own
actions, as well as predicting and monitoring others’ actions. These processes, with their
neural underpinnings and behavioral characteristics, work in concert to allow us to flexibly
act on our own and together with other people. Acting successfully and adjusting to new social
situations in everyday life requires leaming even in adulthood. Still, the first years of life
represent a period in life during which leaming how to act and interact with the environment
is both particularly challenging and rapidly advancing. Our investigations focused on early
childhood and we gained new insights in the interrelation between observable behavior in
individual and joint contexts and the underlying processes involved in both of these. One
conclusion that can be drawn from the convergent evidence (presented in Chapters 1, 3 &
4) is that the emergence of well-coordinated joint action in toddlers is tied closely to them
using their own neural motor system to predict and monitor others’ actions. Moreover, young
children’s inhibitory control and feedback monitoring (both previously related to prefrontal
brain regions) is associated to enhanced individual (Chapter 5) and joint action (Chapter
4) performance. Thus, studying the developing brain in action, from infancy to adulthood,
answers many questions and opens up many more questions about how the interplay of
processes on a neural level is linked to successful behavior in our complex social world.
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In Chapter 1, the development of individual and joint action coordination was investigated
in 2Vi- and 3-year-old children. We assessed the young children’s coordination abilities
when acting bimanually on their own or in tums with a joint action partner while playing a
computerized button-pressing game. Coordination quality was quantified by measurement of
accuracy and timing stability. Both measures indicated that 2/4- and 3-year-old children were
equally well-coordinated when acting on their own. When acting jointly with an adult action
partner, 3-year-olds, but not 21/4-year-olds performed at the same level as during individual
action coordination. In contrast, 2%-year-old children had more difficulties in coordinating
their actions continuously with another person, as indexed by a greater number of errors and
higher variability in the children’s action timing. Translating the results to the play example
with the teddy bear, they suggest that, whereas 3-year-old children would pass the teddy
bear back and forth with someone else in a smooth manner, 2 V2-year-olds might still face
difficulties in exchanging the bear in a continuous manner. Hence, young children’s skills
in coordinating their actions with a joint action partner improve significantly around the
end of their third year of life. By their third birthday, their joint action coordination skills
reach a level resembling their individual coordination performance. Though able to solve
simple joint action tasks together by the second year of life (e.g., Brownell & Carriger, 1990;
Brownell et al., 2006; Wameken et al., 2006), it takes young children until the age of three to
establish well-coordinated joint action. The findings of this study raise questions as to which
neurocognitive processes underlie the development of joint action coordination, an issue
addressed in Chapters 3 and 4.
Chapter 2 reports a behavioral study with adults in which we studied higher-order
action planning in individual and joint action contexts. In the individual context, adult
participants were instructed to hand an object over from the left to the right hand in order to
subsequently place it in a target location. The choice of where to initially grasp the object
was used as an index of action planning. Surprisingly, the findings for the individual context
suggest that, in the beginning of the experiment, the initial grasping of the object was not
modulated by the final target location. Expecting adults to plan their actions efficiently
when acting individually, one could have expected such a modulation to be present from the
beginning. Only after experiencing the action repeatedly, participants integrated the target
location in their grasping choice by adjusting their grasp height depending on the height of
the target location. Interestingly, this leaming pattem resembled the leaming pattem found
when participants were instructed to hand the object to another person who then finalized
the action sequence by placing the object in the target location. Analogously, after repeating
the action several times, participants integrated the other person into their own action plan,
despite the fact that the participant did not execute the final action step. Notably, the same
was found after experiencing the action in the individual context, suggesting a transfer
effect from individual to joint action planning. Together, these findings demonstrate higherorder planning for one’s own and others’ actions after experience with the respective action.
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Furthermore, learning of higher-order action planning in adults was shown to transfer from
individual to joint actions. In terms of placing a teddy bear on a shelf, adults would adjust
their initial grasp of the teddy bear both when subsequently handing it over to either their
own right hand or to another person. However, they would only do so after having previously
picked up and placed the teddy bear. This finding on action planning in adults leads to the
question of whether young children similarly plan ahead for themselves and others, a potential
direction for future research.
Chapter 3 is based on and extends findings presented in Chapter 1 by addressing
the role of action monitoring in young children’s joint action coordination. In an EEG
study, we assessed 3-year-olds’ neural motor activation when observing another person’s
actions. Crucially, motor activation was contrasted with a context in which children were
engaged in a joint action with the person they observed and a context in which they were not
involved in a common joint action with the same person. Although observing the exact same
person performing the same actions, we found that the 3-year-olds’ motor system activation
was modulated by the context of their involvement in the joint action. In line with previous
findings in adults (Kourtis et al., 2010), more motor activation as indexed by less Mu- and
Beta-power, was found when children were actively engaged in the joint action. Relating
these neural findings to children’s performance during the joint play revealed a significant
correlation between the neural and behavioral level. More precisely, the stronger the neural
effect, the better the children’s joint action performance was in terms of accuracy. Thus,
the current results suggest a potentially important role of the neural motor system in action
monitoring, specifically in the context of joint action development. We would thus expect
that, when observing their teddy-bear-play-partner, 3-year-olds’ neural motor system would
be more activated than when observing the same person performing the same actions when
they are not playing together.
In addition to the findings about early joint action as described in Chapter 1 and 3,
the study described in Chapter 4 deepens our understanding of the processes involved in joint
action coordination. Using the same joint action game as in Chapter 1and 3, the study of Chapter
4 examines the role of action prediction and action control for joint action coordination in
young children. In three separate tasks, employing behavioral and eye-tracking measures,
we assessed 2Vz-year-old toddlers’ skills in predicting others’ actions in time, controlling
their own actions and coordinating their actions jointly with an adult action partner. The data
suggest distinctive roles for young children’s abilities to predict others’ actions and control
their own actions on their joint action coordination. More precisely, individual differences in
action prediction were specifically related to the 2 '/2-year-olds’ timing stability in joint play
and individual differences in their action control were specifically related to their accuracy
during joint play. Analogously, when passing a teddy bear back and forth, toddlers who are
able to predict others’ actions precisely would hand over the teddy bear with more stable

action timing and toddlers who are able to inhibit and control their own actions are more
likely to hand over the teddy bear when it is their turn, consistently. Thereby, the findings of
Chapter 4 disentangle separate underlying processes of an initially similar data pattem (i.e.
worse performance for the joint than individual play) observed for action timing and accuracy
in Chapter 1. In addition to advancing understanding about social-cognitive development in
early childhood, the findings provide converging evidence for the role of action prediction
and control in joint action coordination in adults (supplementing the research of Kourtis et
al., 2010; 2013; Vesper et al., 2010).
Chapter 5 and 6 are concemed with action monitoring of one’s own and others’
actions. In particular, they address the detection and processing of erroneous actions.
Chapter 5 reports an EEG study with 2V2-year-old toddlers in which we investigated the
neural processing of feedback monitoring. In addition to measuring the neural correlates of
feedback processing, behavioral measures of feedback-leaming were assessed. Consistent
with previous findings in adults (Walsh & Anderson, 2012), toddlers displayed a more
negative deflection in their brain potential to feedback (resembling the feedback-related
negativity in adults) reflecting that their action was incorrect than to feedback reflecting
that their action was correct. The neural underpinnings of feedback monitoring were further
related to the toddlers’ adaptive performance in response to the feedback. Despite the late
maturation of fronto-medial brain areas, the current findings suggest that toddlers possess a
functional feedback monitoring system. When opening the wrong toy box in the attempt to
find a teddy bear, toddlers with more differential feedback responses on a neural level would
be more likely to then adjust their behavior and look for the teddy bear in another box. In
future research, we strive to examine the processing of feedback in a joint action context. In
the same vein as the EEG study of Chapter 3, in future research we plan to examine whether
and/or how far toddlers process feedback of another person’s actions and whether this differs
when they are engaged in a joint action with this person.
In Chapter 6 we investigated error monitoring of others’ actions in both infants and
adults. In addition to fronto-medial areas, motor cortical areas were found to be involved in
action monitoring in previous neuroimaging research (van Schie el al., 2004). Chapter 6
describes an EEG study conducted with 8-month-olds, 14-month-olds and adults in which
we investigated the role of motor development in processing errors in others’ actions. We
measured neural motor activation (as indexed by power in the Mu- and Beta-frequency
bands over sensorimotor areas; see Chapter 3) to the presentation of correct and erroneous
pincer grasp actions. The electrophysiological data demonstrate a selective enhancement
in evaluating others’ actions dependent on one’s own state of motor skill leaming. Eightmonth-old infants, who cannot yet perform, but are on the verge of leaming, pincer grasp
actions, showed more motor activation reflected by less power in the Mu-band for the correct
action than the incorrect action. This tuning of the motor system to an action the observer is
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about to leam (in this case the correct action), is in line with neuroimaging results in adults
(e.g. van der Helden et al., 2010; see Zentgraf et al., 2011 for a review). At the age of 14
months, when infants are at an intermediate level of motor proficiency in terms of producing
a pincer grasp, this difference in Mu-power vanishes. The same (i.e. no significant difference
in sensorimotor Mu-power) holds for adults, who are very proficient graspers. In addition, in
adults, the stronger motor activation as indexed by Beta-band activity was found in response
to the erroneous pincer grasp action. This is consistent with previous MEG findings in adults
(Kolewijn et al., 2008). These findings suggest that once an action is proficiently established
in the motor repertoire, motor activity is more directed at evaluating actions with respect to
violation of correctness, relative to the processing of correct actions. Thus, when observing
someone accidentally failing to grasp a teddy bear when reaching for it, the observer’s state
of motor skill leaming should infiuence whether the motor processing of this erroneous
action is enhanced. On the other hand, when the observer is currently leaming to piek up
teddies, motor processing might be enhanced when observing someone grasping the teddy
bear successfully in contrast to observing a failed attempt. Together, the findings reflect a
selective monitoring of actions in that motor processing of the correctness of others’ actions
is modulated by the state of motor skill leaming of the observer.
To sum up, we found that well-coordinated joint action in a tum-taking context
emerges at the end of the third year of life (Chapter 1). In particular, the ability to precisely
predict another person’s actions was related to the timing of actions during the joint
coordination in young children. The ability to control the own actions, on the other hand,
was related to the children’s ability to maintain the joint tum-taking structure (Chapter 4).
Furthermore, 3-year-old children showed differential motor activity in monitoring the actions
of another person, dependent on the child’s involvement in a joint action with that person
(Chapter 3). Our findings with adults suggest that higher-order action planning can emerge
in both individual and joint actions. Leaming to adjust action planning over time was not
only observed in individual and joint actions sepaiately but transferred from individual to
joint actions (Chapter 2). The outcomes of the last two studies shifted focus from insights
on successful and well-coordinated actions to the processing of erroneous actions. Neural
correlates of feedback monitoring and feedback-leaming were evident in toddlers below
the age of three (Chapter 5). In addition to the monitoring of one’s own actions in early
childhood, the monitoring of others’ actions and their errors was investigated in infants
and adults. Findings suggest that motor development plays an important role in evaluating
successful and erroneous actions of others (Chapter 6). More precisely, when observing
others performing successful and erroneous actions, the motor system was found to be
selectively involved dependent on the observer’s motor expertise and state of motor skill
leaming.

Nederlandse
Samenvatting

Vanafjongs af aan beleven kinderen veel plezier aan interacties met hun omgeving, variërend
van speelgoed, hun eigen voeten tot mensen om zich heen. Ondanks hun enthousiasme
hebben baby’s en jonge kinderen vaak moeite om succesvol een doelgerichte handeling met
een voorwerp uit te voeren (individuele acties) of iets met anderen samen te doen (joint
acties). Hoe leren wij dus onze handelingen succesvol uit te voeren? En hoe integreren we
andermans handelingen met die van onszelf?
Bij het leren van succesvol handelen zijn meerdere neuraal-cognitieve processen
betrokken, zoals het plannen, controleren en monitoren (d.w.z. observeren en beoordelen)
van de eigen handelingen en het voorspellen en monitoren van de handelingen
van anderen. De vroege ontwikkeling van individuele en gezamenlijke acties en hun
onderliggende neuraal-cognitieve processen staan in dit proefschrift centraal. De zes
hoofdstukken van het proefschrift bevatten studies die middels het meten van gedrag en
hersenenactiviteit onderzoeken in hoeverre deze bovengenoemde processen een rol spelen
voor doelgerichte handelingen, vooral op jonge leeftijd.
In hoofdstuk 1 is de ontwikkeling van individuele coördinatie en coördinatie met
een ander in 2Vi en 3 jaar oude kinderen onderzocht. De kinderen werd gevraagd een simpel
spelletje op de computer te spelen waarbij ze een kikker moesten helpen een ladder op te
klimmen door afwisselend op twee knopjes te drukken. De kinderen hebben dit spelletje
alleen gespeeld (individuele coördinatie) door met beide handen afwisselend op de knopjes
te drukken. Bovendien hebben de kinderen het spelletje samen met een volwassene gespeeld
(joint coördinatie) door om de beurt op een knopje te drukken. De kwaliteit van hun
coördinatie is gemeten door zowel te kijken naar hoe succesvol ze waren als naar de timing
van hun handelingen.
De resultaten van beide maten (correctheid & stabiliteit in timing) lieten zien dat
2Vï- en 3-jarigen al goed hun acties konden coördineren wanneer ze alleen spelden. In samen
spelen (joint coördinatie) bleken 3 jaar oude kinderen even goed te zijn als wanneer zij het
spelletje alleen speelden (individuele coördinatie). Dit was echter niet het geval voor 2'A
jaar oude kinderen: Zij maakten vaker fouten en waren minder stabiel in de timing van hun
handelingen als ze het spelletje samen met iemand anders speelden. De resultaten lieten dus
een verschil zien tussen de ontwikkeling van individuele en joint coördinatie. Samen wijzen
deze bevindingen erop dat de kwaliteit van coördinatie met iemand anders (joint coördinatie)
significant beter is voor kinderen rond drie jaar, terwijl 2 ‘/2-jarigen nog moeite hebben hun
handelingen op anderen af te stemmen. Verder tonen de bevindingen aan dat kinderen rond
hun derde verjaardag evengoed worden in het coördineren van hun handelingen met iemand
anders als alleen.
Hoofdstuk 2 beschrijft een gedragsstudie met volwassenen over het plannen van
een actie in een individuele- en joint-context. De onderzoeksvraag was of en zo ja in hoeverre
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volwassenen hun acties efficiënt plannen, voor henzelf en voor een partner. In de individuele
context vroegen we proefpersonen een voorwerp met de linker hand beet te pakken, aan
de rechter hand door te geven en vervolgens op een plank in een kast te plaatsen. Er waren
drie planken op verschillende hoogten (hoog, middel, laag), waarvan iedere keer enkel één
plank beschikbaar was. Het voorwerp kon altijd maar op twee aangegeven plaatsen vast
gepakt worden (hoog of laag). De keuze waar proefpersonen het voorwerp eerst vastpakte is
gebruikt als index voor het plannen van hun actie. Efficiënte planning van de actie houdt in
dat volwassenen hun keuze aanpassen aan het doel van de handeling (d.w.z. de hoogte van de
plank). Wij vonden echter, dat in het begin van het experiment volwassenen hun keuze niet
aanpasten aan het doel van de handeling. Pas met meer ervaring in het uitvoeren van de taak
gingen de proefpersonen hun actie efficiënt plannen.
Dit patroon van leren lijkt op het patroon wanneer proefpersonen werden gevraagd
de taak samen met een ander uit te voeren: Ze werden gevraagd het voorwerp beet te pakken
en aan een partner te geven die het voorwerp vervolgens op de plank in de kast plaatste. De
resultaten lieten zien dat proefpersonen het doel van de gezamenlijke handeling plande maar
pas nadat ze enige ervaring met de taak hadden. De bevindingen tonen aan dat volwassenen
hun partner in de planning van hun actie meenemen ondanks het feit dat zij het doel van de
handeling niet zelf hebben uitgevoerd. Dit patroon was zelfs te zien wanneer proefpersonen
alleen individuele ervaring hadden en vervolgens de taak gezamenlijk uitvoerden. Deze
bevindingen geven aan dat er een generalisatie van individuele naar gezamenlijke (joint)
planning van een actie is. Bij elkaar laten de resultaten van dit experiment duidelijk zien dat
volwassenen met ervaring in een taak vooruit plannen, zowel voor henzelf als voor een
partner. In hoeverre jonge kinderen vooruit plannen, voor zichzelf of anderen is een vraag
die alleen door toekomstig onderzoek beantwoord kan worden.
Hoofdstuk 3 is gebaseerd op de bevindingen van hoofdstuk 1 en breidt deze uit
door te onderzoeken wat het monitoren van acties voor rol speelt in de coördinatie van
jonge kinderen met anderen (joint coördinatie). Eerder onderzoek heeft aangetoond dat bij
volwassenen het motorische systeem in de hersenen sterker actief wordt wanneer ze naar
een persoon kijken met wie ze samen iets doen, dan wanneer ze naar een persoon kijken
die met iemand anders iets samen doet (Kourtis et al., 2010). Wij vroegen ons af of dit
ook al in de motorische hersengebieden van 3-jarigen te zien zou zijn. Met behulp van
elektro-encefalografie (EEG) hebben we de hersenenactiviteit, en meer specifiek de neurale
motorische activiteit, van 3 jaar oude kinderen gemeten terwijl zij naar acties van anderen
keken. Motorische activiteit in hun hersenen werd daarbij vergeleken tussen een context waar
kinderen zelf deelnamen aan een gezamenlijke handeling (joint actie) met een volwassene en
een context waarbij ze niet zelf betrokken waren maar wel naar de zelfde persoon keken. Wij
gebruikten hierbij hetzelfde computerspelletje als in de eerdere studie (hoofdstuk 1).
De resultaten lieten zien dat ook al bij 3-jarigen het motorische hersengebied actiever
was wanneer zij een persoon een actie zagen doen die met hun samenspeelde, dan wanneer

zij dezelfde persoon zagen die met iemand anders samen speelde. Verder vonden wij een
relatie tussen hun motorische hersenactiviteit en hun gedrag tijdens het spelletje: Hoe sterker
het verschil in hersenactiviteit tussen beide condities, hoe beter presteerde kinderen op joint
coördinatie in termen van correctheid. Deze bevindingen laten dus zien dat het monitoren
van andermans handelingen middels het motorische hersengebied al bij jonge kinderen van
belang is, met name wanneer zij met iemand samen spelen.
Hoofdstuk 4 beschrijft een verdiepend onderzoek dat verder ingaat op de bevindingen
over vroege ontwikkeling van coördinatie met anderen (hoofdstukken 1 & 3). Door hetzelfde
computerspelletje te gebruiken als gerapporteerd in hoofdstukken 1 en 3, werd in deze studie
de rol van actie predictie (voorspellen) en actie controle (controleren) voor joint coördinatie
op vroege leeftijd onderzocht. In drie aparte taken hebben wij gemeten hoe nauwkeurig
2 1/2-jarigen andermans handelingen konden voorspellen, hoe goed zij controle hadden over
hun eigen handelingen en hoe goed zij hun acties konden coördineren met een volwassene in
een gezamenlijk spel. Maten voor actie predictie, actie controle en joint coördinatie werden
gebaseerd op het gedrag en de oogbewegingen van de jonge kinderen. De bevindingen tonen
aan dat actie predictie en controle verschillende rollen spelen voor de joint coördinatie van
de kinderen. Hoe beter 2!4-jarigen waren in het voorspellen van andermans handelingen, hoe
stabieler hun timing was tijdens het gezamenlijke spelletje. Tegelijkertijd waren kinderen die
meer controle hadden over hun individuele handelingen succesvoller tijdens het gezamenlijke
spelletje. Samen wijzen deze resultaten op afzonderlijke onderliggende processen betreffende
de twee aspecten van coördinatie met anderen (correctheid en timing stabiliteit). Daardoor
geven de bevindingen van hoofdstuk 4 een dieper inzicht in belangrijke factoren van
coördinatie van acties met anderen tijdens vroege kindeijaren (hoofdstuk 1). Verder vullen
de bevindingen de kennis over joint coördinatie in volwassenen aan (zie Kourtis et al., 2010;
2013; Vesper et al., 2010).
In hoofdstukken 5 en 6 staat het monitoren van eigen en andermans acties
centraal. Hierbij word vooral ingegaan op het opmerken en verwerken van handelingsfouten.
Hoofdstuk 5 beschrijft een EEG studie met 2y2-jarigen waarin wij het verwerken van
feedback onderzochten. Feedback verwerken is vooral in de vroege ontwikkeling belangrijk,
omdat jonge kinderen zo leren wanneer een actie goed of fout is en daardoor succesvol
kunnen leren handelen. Echter, de hersenstructuren die betrokken zijn bij het verwerken
van feedback (zoals mediale frontale cortex) zijn pas op latere leeftijd volledig ontwikkeld.
Daarom vroegen wij ons af hoe jonge kinderen feedback in hun hersenen verwerken. Is dit
al vergelijkbaar met hoe volwassenen feedback verwerken? En hoe hangt de hersenactiviteit
van peuters samen met hun gedrag? Met behulp van EEG hebben we de hersenactiviteit van
21/2jaar oude kinderen gemeten tijdens een feedback taak op de computer. Uit onze resultaten
blijkt dat 2'/2-jarigen in hun hersensignaal al onderscheid maakten tussen goede en foute
uitkomsten (gemeten door de feedback-related negativity in het EEG). Bovendien vonden

we een verband tussen hersenactiviteit en gedrag: kinderen wiens hersenen een duidelijker
verschil maakten tussen positieve en negatieve feedback waren ook beter in het aanpassen
van hun gedrag tijdens de taak. In toekomstig onderzoek willen wij verder kijken of en zo ja
in hoeverre jonge kinderen feedback verwerken wanneer het feedback de acties van iemand
anders betreft.
In hoofdstuk 6 is onderzocht hoe baby’s en volwassenen de handelingsfouten van
anderen verwerken (monitoren van de handelingen van anderen). Naast de bovengenoemde
mediale frontale hersenstructuren is er in volwassenen tijdens het monitoren van handelingen
ook activiteit in motorische hersengebieden gevonden (van Schie et al., 2004). Hoofdstuk
6 beschrijft een EEG studie met kinderen van 8 en 14 maanden en volwassenen waarin
wij motorische hersenactiviteit hebben gemeten tijdens het observeren van correcte en foute
grijphandelingen van anderen. We vroegen ons af of motorische ervaring met een handeling
(vb. het grijpen van kleine objecten) invloed heeft op de verwerking van geobserveerde
fouten. In tegenstelling tot 14 maanden oude baby’s en volwassenen hebben 8 maanden oude
baby’s nauwelijks ervaring met deze grijphandeling. De elektrofysiologische resultaten lieten
zien dat de hoeveelheid motorische ervaring invloed had op de verwerking van andermans
acties: De activiteit van motorische hersengebieden toonde een verschillend patroon voor
de leeftijdsgroepen. Twee indicatoren voor motorische hersenactiviteit werden gebruikt:
amplitudes van Mu- en Beta- activiteit, zoals gemeten boven motorische gebieden. Voor
baby’s van 8 maanden was motorische hersenactiviteit (gekwantificeerd door Mu amplitude)
sterker voor een correcte grijphandeling (een handeling die ze aan het leren waren) dan
voor een foute grijphandeling. Er werd geen verschil gevonden tussen correcte en foute
handelingen in Mu amplitude in 14 maanden oude kinderen en volwassenen. Verder lieten
resultaten van Beta amplitude bij volwassenen meer motorische hersenactiviteit voor de foute
dan de correcte grijphandeling zien. Dit komt overeen met eerder onderzoek in volwassenen
(Koelewijn et al., 2008). We vermoeden dat deze bevindingen een invloed van de eigen
motorische ervaring tonen op het verwerken van andermans fouten in het motorische systeem:
wanneer baby’s nog een motorische actie aan het leren zijn (bijv. de grijphandeling), is hun
motorisch systeem actiever tijdens het observeren van een correcte uitvoering van deze actie;
wanneer we een motorische actie goed beheersen (zoals volwassenen, die veel ervaring met
grijpen hebben), wordt het motorische systeem meer geactiveerd door het observeren van een
verkeerde uitvoering van deze actie.
Bij elkaar laten de bevindingen van hoofdstukken 1, 2 en 4 zien dat de vroege
ontwikkeling van het succesvol coördineren van handelingen met anderen (joint acties) in
samenhang staat met de functies van motorische hersengebieden voor het vóórspellen en
monitoren van andermans handelingen. Verder vonden wij bij jonge kinderen dat processen
zoals het controleren en monitoren van eigen handelingen (beide geassocieerd met frontale
hersenactiviteit) samen hangen met hun prestatie in individuele handelingen (hoofdstuk 5) en

gezamenlijke handelingen (hoofdstuk 4). Het bestuderen van het ontwikkelende brein in actie,
van baby tot volwassenen, gaf een aantal antwoorden op onze vragen, maar resulteerde in nog
meer nieuwe vragen met betrekking tot hoe processen op een neuraal niveau samenhangen
met het succesvol interacteren in onze complexe sociale wereld.
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