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Abstract This fMRI study investigates the neural
mechanisms supporting the retrieval of action semantics. A
novel motor imagery task was used in which participants
were required to imagine planning actions with a familiar
object (e.g. a toothbrush) or with an unfamiliar object (e.g.
a pair of pliers) based on either goal-related information
(i.e. where to move the object) or grip-related information
(i.e. how to grasp the object). Planning actions with unfa-
miliar compared to familiar objects was slower and was
associated with increased activation in the bilateral supe-
rior parietal lobe, the right inferior parietal lobe and the
right insula. The stronger activation in parietal areas for
unfamiliar objects fits well with the idea that parietal areas
are involved in motor imagery and suggests that this pro-
cess takes more effort in the case of novel or unfamiliar
actions. In contrast, the planning of familiar actions
resulted in increased activation in the anterior prefrontal
cortex, suggesting that subjects maintained a stronger goal-
representation when planning actions with familiar
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compared to unfamiliar objects. These findings provide
further insight into the neural structures that support action
semantic knowledge for the functional use of real-world
objects and suggest that action semantic knowledge is
activated most readily when actions are planned in a goal-
directed manner.
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Introduction

Our capacity to use tools and objects is often considered
one of the hallmarks of the human species (Johnson-Frey
2003; Lewis 2006). Although chimpanzees may occasion-
ally use tools, this ability turns out to be very limited and
rigid (e.g. using stones to open nuts; Biro et al. 2003;
Hayashi et al. 2005). In contrast, humans have the
remarkable capability to use objects in a flexible fashion
(cf. van Elk et al. 2009) and to combine multiple objects in
complex actions. For instance, while in a restaurant you
might want to pour your partner a glass of wine in which
case you would probably grasp the wine bottle closer to the
bottom in order to facilitate a pouring action. On the other
hand, if the goal were to chill the wine, you would need to
hold the bottle close to the top to facilitate the insertion of
the bottle into an ice bucket. In either case, a particular goal
leads to the selection of an appropriate way of grasping the
object that is critically dependent on action semantic
knowledge about an object’s functional properties.

As the example illustrates, many of our actions are
guided by action semantic knowledge whereby higher-
level action goals (e.g. pouring a glass of wine) determine
the selection of lower-level action features (e.g. grasping
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the wine bottle at the lower side). Several recent theoretical
views have proposed that our ability to perform complex
actions relies on the hierarchical organization of the motor
system and that action goals are an organizing feature of
action planning (Cooper 2002; Grafton and Hamilton 2007,
Rosenbaum et al. 2007). According to this view, actions
consist of sequences of motor primitives brought together
to achieve a desired goal (e.g. making coffee; Grafton and
Hamilton 2007). In support of this view, behavioral studies
have shown that both humans and monkeys plan their
actions in a way that allows them to end the action in a
comfortable end-posture, which is known as the end-state
comfort effect (Cohen and Rosenbaum 2004, 2011; Weiss
et al. 2007; Chapman et al. 2010). For instance, subjects
tend to grasp objects in a different way when they are
required to rotate the object upside down compared to
when they are required to put the object away (Herbort and
Butz 2011).

Anticipatory action planning relies on the use of a pre-
dictive model that takes into account the final goal of the
action and the movement constraints of the body (Wolpert
et al. 1998; Wolpert and Ghahramani 2000). Several
studies have shown that the parietal and prefrontal cortex
play an important role in instantiating the predictive model
and in representing the final goal of an action. For instance,
apraxic patients with parietal lesions showed an impair-
ment in selecting the appropriate handgrip for grasping
inverted tools (Sunderland et al. 2011). In addition, these
patients had difficulties with recognizing object-related
gestures (Buxbaum et al. 2007; Kalenine et al. 2010) and
did not show the same anticipatory motor-response during
the observation of object-directed actions as healthy sub-
jects (Fontana et al. 2011). Furthermore, recent neuroim-
aging studies have shown that planning a sequence of
movements to achieve a desired end-state relies on acti-
vation in prefrontal brain areas, whereas selecting move-
ments based on a specific grip type enhanced activation in
the parieto-occipito sulcus (Majdandzic et al. 2007; van
Schie and Bekkering 2007).

Although these studies provide insight into the neural
mechanisms underlying anticipatory action planning, an
often overlooked aspect in the domain of motor control is
that many actions require the use of semantic knowledge.
Knowing what to do with a wine bottle is something that
cannot be inferred solely on the basis of an object’s spatial
features (Gibson 1979). It involves associating an intended
goal (e.g. pouring wine into a glass) with a specific way of
grasping the object (i.e. grasping the bottle at the lower
side)—a process that requires semantic knowledge. Your
partner would be quite surprised if you grasped the wine
bottle near the base and then moved it toward the bucket,
and even more surprised if wine was poured into it. The
importance of semantic knowledge for planning actions
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with multiple objects becomes unmistakably clear in
patients with the action disorganization syndrome (ADS) or
apraxia, who often fail to combine objects in a meaningful
fashion, thereby resulting in incorrect action sequences
(e.g. spooning butter in one’s coffee instead of on one’s
bread; Rumiati et al. 2001; Schwartz 2006). Behavioral
studies underline the importance of semantics for action
planning. For instance, it was found that a concurrent
semantic task interfered more strongly with grasping
objects than a concurrent visuospatial task (Creem and
Proffitt 2001). Furthermore, it has been shown that plan-
ning meaningful actions with objects results in a priming
effect for words that were congruent with the intended end
location of the action (Lindemann et al. 2006; van Elk et al.
2009). Together these studies provide behavioral support
for the importance of semantic knowledge for successful
action planning.

Still, the neural mechanisms supporting the retrieval of
action semantics and the process whereby action semantics
guides the selection of goals and grips are not well
understood. In the present study, we used a novel motor
imagery paradigm whereby goals and grips for planning an
object-directed action were selected based on action
semantic knowledge. Participants were required to imagine
planning an action in which a central object (e.g. a wine
bottle) had to be moved toward a target object (e.g. a wine
glass). The effect of action semantics on the selection of
goals and grips was investigated by manipulating the
familiarity of the objects involved (i.e. subjects’ experience
with using these objects). Familiarity has a strong influence
on how effectively semantic knowledge is used in language
and other cognitive processes (Connine et al. 1990;
Montaldi et al. 2006). Similarly, semantic knowledge of an
object’s functional properties is highly dependent on prior
physical experience, and object familiarity may influence
the ease whereby inferences are made about the goal or the
grip for using the object (Tessari and Rumiati 2004; van
Elk et al. 2009; van Elk et al. 2010b). Thus, in the present
study, we manipulated the familiarity of the objects
involved, by including both familiar and unfamiliar
objects. Familiar objects are typically used in a daily
fashion (e.g. a knife or a toothbrush), whereas unfamiliar
objects are only used occasionally (e.g. a pair of pliers, a
soup ladle). As a consequence, semantic knowledge about
the use of objects is probably more easily activated when
planning actions with familiar compared to unfamiliar
objects.

To assess the importance of action semantics for
selecting both action goals and action grips, we manipu-
lated the mode of action planning, by instructing subjects
to plan an action based on goal- or grip-related information
(for a similar manipulation, see: Majdandzic et al. 2007,
van Schie and Bekkering 2007). In case of a ‘goal cue’,
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subjects were required to indicate how they should grasp a
specific object in order to move it to a pre-specified goal. In
the case of a ‘grip cue’, subjects were instructed to indicate
whether they would move the central object to the left or
the right target object, given a pre-specified way of
grasping the central object. As previous studies have shown
a distinction between brain areas supporting action plan-
ning based on goal- or grip-related information (Maj-
dandzic et al. 2007; van Schie and Bekkering 2007) in the
present study, we expected a similar differentiation
between brain areas involved in representing the goal or the
grip of an action. More importantly, given the notion that
action semantics entails both grip- and goal-related
knowledge (van Elk et al. 2008), it was expected that object
familiarity modulates the strength of activation in brain
areas representing action goals (such as the anterior pre-
frontal cortex) and action grips (such as the inferior parietal
lobe and the parieto-occipital sulcus).

Materials and methods
Subjects

In total, 18 subjects participated in the experiment (7
women, mean age = 19.8 years) who received 60 USD for
participation. Data from 2 subjects were excluded from the
analysis because of performance at chance level. Subjects
declared themselves through informal verbal inquiry to be
right-handed. All subjects gave informed written consent in
accordance with the guidelines from the Human Subjects
Committee, Office of Research, University of California,
Santa Barbara. The study was conducted in accordance
with the declaration of Helsinki.

Stimuli

Stimuli consisted of pictures representing a central object
(e.g. a wine bottle) placed between two target objects (e.g.
a wine glass and a wine bucket; see Fig. 1). As stimuli, 14
different object pairs were selected. Each object could be
grasped in two separate ways (e.g. a wine bottle can be
grasped at the upper or lower side), and each grasp type
was associated with a different target object (e.g. moving
the bottle to the wine glass or to the wine bucket; see
Table 1).

Half of all central objects were relatively familiar,
whereas the other half of all objects was relatively unfa-
miliar (see Table 1). The classification of objects was
based on a test in which a group of subjects who did not
participate in the fMRI study were asked to rate the cen-
trally presented objects on a 5-point scale according to their
familiarity (‘How familiar is the object represented in the
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Fig. 1 Example stimuli used in the experiment. Target stimuli
consisted of pictures representing an arrow superimposed on a central
object and two target objects. In the case of a Goal Cue (upper panel),
the arrow was pointing to the left or the right target object, thereby
specifying to which object the central object should be moved. In the
case of a Grip Cue (lower panel), the arrow was pointing to the upper
or lower side of the central object, thereby specifying at which side
the central object should be grasped. The implied goal of the action
could be the left or the right target object (i.e. left and right side of
each panel) and the implied grip of the action could be a grip at the
upper part or lower part of the central object (i.e. upper and lower side
of each panel)

picture? In other words: how often do you use an object
like this?’). Based on the familiarity ratings, half of all
objects were classified as relatively familiar (mean famil-
iarity rating = 4.8), whereas the other half of all objects
was classified as unfamiliar (mean familiarity rating =
2.1).

A cue was superimposed on the central object, consist-
ing of a black arrow. In the case of a goal cue, the arrow
was pointing to the left or the right object, and in the case
of a grip cue, the arrow was pointing to the upper or lower
side of the central object (see Fig. 1). Goal cues indicated
to which target object the central object should be moved
and thereby implied a specific way of grasping the central
object (i.e. at the upper or lower side). Grip cues indicated
at which part the central object should be grasped and
thereby implied that the central object should be moved to
one of the target objects.
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Table 1 Central objects and target objects used in the experiment

Objects Target object 1 Target object 2
Familiar

Wine bottle Wine glass Wine bucket

Cola can Glass Car

Spoon Cornflakes Kitchen utensil rack
Corkscrew Wine bottle Beer bottle

Knife Butter Knife tray
Toothbrush Toothpaste Toothbrush holder
Spatula Pan Cutlery stand
Unfamiliar

Soup ladle Pan Suspension rail
Sports bottle Cup Bicycle holder
Vinegar bottle Salad Oil/vinegar set

Pliers Open end plier holder Wood plier block
Hammer Nail Tool utensil rack
Ancient key Antique lock Key holder
Charcoal Blackboard Box of charcoal

The upper panel represents familiar objects and the lower panel
represents unfamiliar objects. The middle column and right column
represent the associated target objects for each central object

The location of the target objects was counterbalanced,
such that in half of all pictures, each grasp type was
associated with a movement toward the left target object,
and in the other half of all pictures, the grasp type was
associated with a movement toward the right target object
(see Fig. 1). Thus, for each object pair, 8 different pictures
were created according to the following design: Action Cue
(goal vs. grip), Implied Goal (left vs. right) and Implied
Grip (up vs. down).

Experimental design and procedure

Each trial started with the presentation of a fixation cross
after which a picture appeared on the screen (see Fig. 2).
During grip blocks, subjects observed a ‘grip cue’ (i.e.
arrow pointing to the upper or lower part of the central
object) and made an inference about the goal of the action
(i.e. deciding whether they would move the central object
to the left or right target object). In contrast, during goal
blocks, subjects observed a ‘goal cue’ (i.e. an arrow
pointing to the left or the right target object) and made an
inference about the grip of the action (i.e. deciding whether
they would grasp the central object at the upper or lower
side). Thus, during grip blocks, subjects responded by
making a left or a right button press, and during goal
blocks, the response box was rotated 90° to allow subjects
to respond with an up or down button press (see Fig. 2).
Subjects always responded with the index and middle fin-
ger of their right hand. If subjects did not respond within
3,000 ms after picture onset, the next trial was initiated.
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Fig. 2 Overview of the experimental setup and procedure. In goal
blocks subjects were presented with a picture representing a goal cue
(i.e. arrow pointing to the left or right target object). Based on the
goal cue subjects were required to indicate at which part they would
grasp the central object (i.e. at the upper or lower side), in case they
should move it towards the specified target object. For instance, in
case of the arrow pointing to the wine glass, the correct response
would be to press the down button, as the wine bottle needs to be
grasped at the lower side in order to pour wine in the glass. In grip
blocks subjects were presented with a picture representing a grip cue
(i.e. arrow pointing to the upper or lower part of the central object).
Based on the grip cue subjects were required to indicate to which
target object they would move the central object (i.e. left or right
target object), in case they grasped it at the indicated side. For
instance, in case of the arrow pointing towards the lower side of the
wine bottle, the correct response would be to press the left button, as
grasping the bottle at the lower side allows pouring wine in the glass

In total subjects performed one grip block and one goal
block, each consisting of 200 trials. Block order was
counterbalanced between participants. A pseudorandom
trial ordering specified by an m-sequence (Buracas and
Boynton 2002) ensured a counterbalanced stimulus pre-
sentation over the experiment. Trials were separated by a
variable interval of 4 or 6 s (2-3 TRs), and the onset of
the picture was pseudorandomly jittered in steps varying
between 0 and 1,000 ms in 100 ms steps. Every 50 trials
visual feedback was given about the subject’s perfor-
mance for 10 s. At the beginning of the experiment out-
side the scanner, the task was carefully explained and the
different object pairs were visually presented to ensure
that the participant would recognize each of the objects
used.

During the experiment, we recorded subjects’ EEG as
well by means of an MRI compatible EEG system (Brain-
Amp MR, Brain Products). Unfortunately, the EEG signal
was too distorted by gradient, pulse, ECG and ocular
artifacts to be used for subsequent analysis. Therefore, we
only report the fMRI data here.
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Behavioral data and analysis

Behavioral analysis focused on reaction times and error
rates. Trials in which the subject made an incorrect
response or missed trials were discarded from reaction time
analysis. Reaction times and error rates were averaged per
condition and subject and were analyzed using a repeated
measures ANOVA with the factors Action cue (Goal cue
vs. Grip cue) and Familiarity (Familiar vs. Unfamiliar
objects).

MRI recording and analysis

Images were acquired on a Siemens 3T Magnetom Trio
system with a 12-channel phased-array head coil. Func-
tional images were acquired using a T2-weighted echo-
planar gradient-echo imaging sequence (repetition time
[TR] = 2,000 ms; echo time [TE] = 30 ms). Each vol-
ume consisted of 37 slices acquired parallel to the
anterior-posterior commissure plane (interleaved acquisi-
tion; 3 mm with 0.5 mm gap; 3 x 3 x 3 mm in-plane
resolution). After the functional runs, a high-resolution T1-
weighted sagittal sequence image of the whole brain was
acquired (TR = 15 ms; TE = 4.2 ms; FA =9; FOV =
256 mm).

Statistical analyses were conducted using SPMS soft-
ware (Wellcome Department of Cognitive Neurology,
London, UK). Preprocessing steps involved realignment,
correction for motion and differences in slice acquisition
time, spatial normalization and smoothing with an iso-
tropic Gaussian kernel of 8 mm full-width at half-maxi-
mum. Anatomical normalization to MNI space was
performed by coregistration of the functional images with
the anatomical T1 scan. To minimize the effect of signal
changes due to movements, we used the robust weighted
least-squares algorithm (rWLS) that inversely weights
each image by the inverse of its variance (Diedrichsen and
Shadmehr 2005).

First-level fMRI analyses were performed for each
individual subject according to the GLM. The fMRI time
series for both blocks was fitted in one statistical model,
with four regressors (and their temporal derivatives)
according to the four possible combinations of action cues
(goal cue vs grip cue) and object familiarity (familiar vs.
unfamiliar). Regressors of no interest included: incorrect
and missed responses, button press responses and perfor-
mance feedback. After estimation, beta values were taken
to the second level for random effects analysis to obtain a
population estimate for the effects of action cues and
object familiarity. Reported activations are at p < .05
corrected at the cluster level for multiple comparisons
using an auxiliary (uncorrected) voxel threshold of
p < .001.

Results
Behavioral results

Behavioral data are represented in Fig. 3. Overall, subjects
made errors in 9.3% of all trials and subjects missed
responses in 1.4% of all trials. The analysis of error rates
revealed a main effect of Object, F(1, 15) = 20.6,
p < .001, ’75 = 0.58, reflecting more errors for unfamiliar
(6.2%) compared to familiar objects (3.1%). In addition, a
marginally significant interaction was observed between
Action cue and Object, F(1, 15) =4.4, p = .055,
’7;2) = (.23, reflecting relatively more errors for unfamiliar
objects in response to goal cues.

For the analysis of reaction times, a main effect of
Familiarity, F(1, 15) = 26.7, p < .001, 5} = 0.64, reflec-
ted faster responses to familiar (1,280 ms) compared to
unfamiliar objects (1,352 ms). Although a tendency was
observed for faster responses to goal cues (1,278 ms)
compared to grip cues (1,353 ms), the effect of Action cue
did not reach statistical significance, F(1, 15) = 3.4,
p=.09, n3 = 0.18.

fMRI results

First to identify task-related brain activation, all conditions
were compared relative to baseline. It was found that
performing the experimental task resulted in increased
activation in bilateral occipital, parietal, premotor areas,
the insula and anterior prefrontal areas (see Fig. 4).

Comparing trials in which subjects made an inference
about the goal compared to the grip of the action did not
yield any significant difference, when corrected for multi-
ple comparisons.

When comparing trials in which familiar objects com-
pared to unfamiliar objects were presented, we observed
increased activation in the anterior prefrontal cortex (MPF)
extending to the anterior cingulate cortex, the right sup-
plementary motor area (SMA) and the posterior cingulate
(see Fig. 5a). Comparing trials in which unfamiliar objects
were presented compared to familiar objects revealed
increased activation in the bilateral superior parietal lobe
(SPL), the right inferior parietal lobe (IPL) and the right
insula (see Fig. 5b). The left and right SPL fall within the
probability range (40-70%) of Brodmann Area (BA) 7a
(Eickhoff et al. 2005). The right IPL falls within the
probability range (30-60%) of human intraparietal area 3
(hIP3). A complete list of activated brain regions is rep-
resented in Table 2.

Finally, we were interested in the question whether the
effects of Object familiarity were modulated by the type of
action inference that was made (i.e. making an inference
about the goal or the grip). When corrected for multiple
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Fig. 3 Behavioral results. The 5.0 1450 s
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Fig. 4 Task-related brain activation. Brain rendering showing areas
commonly activated during the experimental task compared to
baseline. All clusters are significant at p < .05, FWE-corrected for
multiple comparisons

comparisons, the interaction between Action cue and
Object did not reach statistical significance.

Using a region of interest (ROI) analysis based on the
averaged activation estimates for each of the areas that
were found significant for the main effect of Object
familiarity, an interaction was observed between Object
familiarity and Action Cue in the right IPL, F(1, 15) = 4.8,
p < .05. This interaction reflected that the effect of Object
Familiarity in this area was stronger for goal cues com-
pared to grip cues (see Fig. 5). No interaction effects were
observed in the other ROIs. Please note that this ROI
analysis was conducted for explorative purposes only and
to determine whether the strength of activation in areas
responsive to Object Familiarity, was modulated by the
orthogonal factor of Action Cue.

Discussion

We used a motor imagery paradigm in which participants
were required to imagine planning object-directed actions.
We manipulated the familiarity of the objects involved by
including both familiar (e.g. a toothbrush) and unfamiliar
objects (e.g. a pair of pliers). In addition, we manipulated
the type of action inference that was made: subjects were
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Goal Cue Grip Cue

required either to select the appropriate grip type given a
pre-specified goal (Goal cue) or to select the goal of an
action given a specific grip type (Grip cue).

We found that planning actions with unfamiliar com-
pared to familiar objects was slower and was associated
with increased activation in parietal brain areas. The faster
responses to familiar compared to unfamiliar objects are in
line with studies on action planning, showing a comparable
advantage for planning familiar compared to unfamiliar
actions (Tessari and Rumiati 2004; van Elk et al. 2009; van
Elk et al. 2010b), and with studies on semantic dementia,
showing an advantage for familiar objects in the retrieval
of action semantics (Lambon Ralph et al. 1998). The
reaction time advantage reflects that action planning was
easier in the case of familiar objects, likely because action
semantics could be more easily activated. In contrast, for
unfamiliar objects, the activation of action semantics took
more effort, as reflected in slower reaction times.

The planning of actions with unfamiliar objects was
associated with increased activation in the bilateral supe-
rior parietal lobes (SPL) and the right inferior parietal lobe
(IPL). Several studies have shown that the parietal lobe
plays an important role in instantiating a predictive model
of an upcoming action and in representing the grip of an
action in relation to its end location (Wolpert et al. 1998;
Wolpert and Ghahramani 2000). For instance, whereas
healthy participants typically adjust their handgrip
according to the consecutive use of an object (Cohen and
Rosenbaum 2004; Weiss et al. 2007; Chapman et al. 2010;
Cohen and Rosenbaum 2011), apraxic patients with pari-
etal lesions showed an impairment in selecting the appro-
priate handgrip for grasping inverted tools (Sunderland
et al. 2011). In line with these findings, in a recent study, it
was found that activation in the right IPL and superior
parietal cortex selectively increased with greater demands
on prospective grasp planning (e.g. simple grasping vs.
grasping to rotate; Marangon et al. 2011). Finally, studies
in monkeys have shown that grasping neurons in the IPL
fire selectively depending on the final goal of the action
(e.g. grasping to eat or place; Fogassi et al. 2005; Bonini
et al. 2010). Thus, the stronger activation in IPL and SPL
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Fig. 5 Brain activation
modulated by Object
Familiarity. a Brain areas that
were significantly more
activated for familiar compared
to unfamiliar objects overlaid on
the standard MNI brain. The left
picture represents a sagittal
view of activation in medial
brain areas, encompassing the
medial prefrontal cortex (MPF)
extending to the anterior
cingulate cortex (ACC), the
right supplementary motor area
(SMA) and the posterior
cingulate cortex (PCC). The
right pictures represent an axial
view of SMA (upper picture)
and MPF and PCC activation
(lower picture). b Brain areas
that were more strongly
activated for unfamiliar
compared to familiar objects
overlaid on the standard MNI
brain. The left picture represents
a sagittal view of the right
hemisphere representing
activation in the right insula
(rIns) and the right superior
parietal lobe (SPL). The right
pictures represent an axial view
of bilateral IPL/SPL activation
(upper picture) and rlns
activation. All clusters are
significant at p < .05, FWE-
corrected for multiple
comparisons. Bar graphs on the
right represent the BOLD
response averaged for each
activated region for the different
experimental conditions

found in the present study suggests that determining the
grip in relation to its end location took more effort when
planning actions with unfamiliar compared to familiar
objects.

The finding that motor-related brain areas are differen-
tially involved in imagining familiar compared to unfa-
miliar actions is in line with previous studies. For instance,

A Familiar vs. Unfamiliar objects

B Unfamiliar vs. Familiar objects
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two recent EEG studies showed that the planning and
execution of unfamiliar compared to familiar actions was
associated with a stronger desynchronization and a sub-
sequent rebound in the beta-frequency band that was
localized to parietal areas (van Elk et al. 2010b; Mizelle
et al. 2011). In addition, other studies have shown that the
observation of unfamiliar tools or the processing of
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Table 2 Overview of regions more strongly activated for familiar compared to unfamiliar objects (upper panel) and for unfamiliar compared to

familiar objects (lower panel)

Anatomical region cluster Local maxima t-value cluster size P
Familiar > Unfamiliar

Anterior prefrontal cortex —4 50 13 5.8 418 <.001
Anterior cingulate 2 26 0

R supplementary motor area 4 —28 65 4.9 94 <.01
Posterior cingulate -7 —-52 22 4.5 92 <.01
Unfamiliar > familiar

R insula 27 22 8 5.4 84 <.01
L precuneus/superior parietal lobe —13 =73 36 5.0 394 <.001
R inferior parietal lobe 34 —55 47 4.9 207 <.001
R precuneus/superior parietal lobe 9 =75 47 4.6 124 <.001

For clusters that span several anatomical regions, more than one local maximum is given. All clusters are significant when correcting for multiple

comparisons across the whole brain (FWE-corrected)

unfamiliar actions resulted in increased activation in
motor-related areas as well (Handy et al. 2006; Beilock
et al. 2008; Stapel et al. 2010). Together these studies fit
well with the notion that parietal areas are involved in
mental imagery of actions and that this process takes more
effort in case of difficult actions (for similar findings with
the classical hand rotation paradigm, see: de Lange et al.
2005, 2006). Importantly, the effects in parietal areas
cannot be attributed to the affordances triggered by simply
viewing the objects. Based on the object’s affordances, we
should expect a stronger activation for familiar compared
to unfamiliar objects in parietal areas instead, because the
affordances of familiar objects can be more easily per-
ceived than of unfamiliar objects.

In addition to the activation in parietal areas, a stronger
activation for unfamiliar compared to familiar objects was
observed in the right insular cortex. More specifically, the
activation was centered in the anterior part of the insula, a
brain region that has strong connections with motor-related
areas (Mufson and Mesulam 1982), that is consistently
found activated in motor tasks involving the upper and
lower limbs (Fink et al. 1997) and that has been associated
with a feeling of agency as well (Farrer and Frith 2002;
Karnath and Baier 2010). Accordingly, it has been sug-
gested that the insula is involved in generating intentions,
based on interoceptive signals regarding the subject’s body
(Brass and Haggard 2010) and with the subjective feeling
of moving (Mutschler et al. 2009). The stronger insular
activation for unfamiliar objects could reflect that imag-
ining actions with unfamiliar objects results in a stronger
motor imagery process—as reflected in increased parietal
activation—accompanied by a stronger feeling of moving.

The planning of actions with familiar objects was
associated with increased activation in medial frontal brain
areas, such as the superior medial frontal gyrus (sMFG)
extending to the anterior prefrontal cortex and the anterior
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cingulate. These frontal regions have been associated with
the planning of movement sequences (Rowe et al. 2000;
Shima and Tanji 2000; Rushworth et al. 2004) and the
planning of actions with respect to the intended end loca-
tion (Majdandzic et al. 2007). In addition, this area sup-
ports maintaining a final task goal while processing several
subgoals, as for instance in the Tower of London task
(Koechlin et al. 1999; Burgess et al. 2000; Sakai et al.
2002). The stronger activation in these regions could reflect
that subjects maintained a stronger goal-representation
when planning actions with familiar compared to unfa-
miliar objects.

In the present study, subjects tended to respond faster
when imagining an action based on goal-related informa-
tion compared to grip-related information. This finding
reflects that the natural and most efficient way of planning
our actions is the case in which we select a grip based on
goal-related information (Cohen and Rosenbaum 2004;
Rosenbaum et al. 2007). The advantage for goal compared
to grip cues is in line with previous studies that have
reported a similar advantage for planning actions in terms
of the intended end location compared to the grip required
for object grasping (Majdandzic et al. 2007; van Schie and
Bekkering 2007). However, in contrast to these previous
studies in the present study, no general difference in brain
activation was found between imaginary actions that were
planned based on goal-related information compared to
grip-related information. This apparent discrepancy may be
related to the specific experimental paradigm and design.
In previous studies, participants were required to actually
plan and execute real-world actions (Majdandzic et al.
2007; van Schie and Bekkering 2007). In contrast, the
present study used a motor imagery paradigm, thereby
making it more difficult to control for individual differ-
ences in timing and the strategy used for solving the task.
In addition, previous studies used novel objects and goal-
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and grip-inferences could be based on the objects’ affor-
dances. In the present study, goal- and grip-inferences were
made about everyday objects and as a consequence
required the activation of semantic knowledge, represent-
ing the learned association between an object’s goal and its
associated manner of usage.

Interestingly though, the strongest effects of object
familiarity in the right IPL were observed when subjects
were required to select the appropriate grip based on a goal
cue. This finding suggests that action semantics were
activated most strongly when planning actions based on
goal-related information, which is the default mode of
action planning. In contrast, the inverse mode of action
planning in which a goal is selected based on grip-related
information is less common and accordingly, in this case
action semantic information is less strongly activated.
Thereby this study provides support for the notion that
action semantics are selectively activated, depending on
the type of action inference that is made (see also: van Elk
et al. 2010a). In addition, the finding that the right IPL was
more strongly involved in activating semantic knowledge
when planning actions based on goals is in line with the
idea that this area represents object-directed actions in
terms of their goals. Studies in monkeys have shown for
instance that neurons in the inferior parietal lobe (IPL) fire
selectively depending on the final goal of the action (e.g. to
eat or place; Fogassi et al. 2005; Bonini et al. 2010). In line
with these findings, neuroimaging studies in humans have
shown that the intraparietal sulcus represents the goal or
the outcome of an observed action (Hamilton and Grafton
2006, 2008).

An important question is whether the effects observed
for action familiarity could be partly attributed to the ease
of responding (i.e. subjects responded faster to familiar
compared to unfamiliar objects). Previous studies have
localized effects of speed of responding primarily to
occipital, supplementary motor and contralateral motor
areas to the response hand (Oguz et al. 2003; Mohamed
et al. 2004). In contrast, in the present study, the effects of
object familiarity were most pronounced in parietal areas
and did not appear lateralized with respect to the
responding hand. Furthermore, reaction times were mod-
eled as a separate regressor, thereby minimizing the like-
lihood that the effects in the other conditions can be
attributed to differences in button press responses. Finally,
although a reaction time difference was observed between
goal and grip cues, this difference did not become apparent
at a neural level, thereby further supporting that the effects
of object familiarity cannot be attributed to differences in
responding or response times.

A possible functional mechanism underlying the effects
of object familiarity observed in the present study is the
ideomotor principle, according to which every action is

represented in terms of the effects it produces (Prinz 1997;
Hommel et al. 2001). That is, based on our previous
experiences, we have acquired associations between a
specific way of grasping an object (e.g. grasping a wine
bottle at the lower side) and the associated action effect
(i.e. pouring). On this account, action planning involves
selecting the required action effect, which in turn activates
the associated motor program required for accomplishing
the effect (Kunde et al. 2002). The ideomotor principle is
closely related to the hierarchical view of the motor sys-
tem, according to which higher-level action goals deter-
mine the selection of lower-level action features (Cooper
2002; Grafton and Hamilton 2007; Rosenbaum et al. 2007).
The present study suggests that the ease whereby action
goals and grips are selected is strongly determined by the
object’s familiarity. For familiar objects, the action—effect
associations are probably stronger than for unfamiliar
objects, simply because we have more experience with
using these objects. As a consequence activating these
associations during action planning is easier for familiar
compared to unfamiliar object pairs.

In our experimental paradigm, we exploited the fact that
many objects are associated with multiple target objects
and action effects. Based on the frequency of usage, some
target objects are probably more strongly associated with a
specific object than others. For instance, most people
would consider moving a wine bottle to a glass more
prototypical than moving a wine bottle to an ice bucket.
The present study specifically assessed effects of famil-
iarity by comparing different objects (e.g. a wine bottle vs.
a hammer). It remains unknown whether a similar effect of
familiarity can be observed when one and the same object
is used with a target that is more strongly or less strongly
associated with the object (e.g. a wine bottle and a wine
glass vs. a wine bottle and an ice bucket). Previous studies
have found a differential activation of motor-related brain
areas for the observation of incorrect object use (e.g.
adding salt instead of sugar to coffee; see: Manthey et al.
2003; Newman-Norlund et al. 2010), suggesting that
familiarity between objects may indeed modulate activa-
tion in these regions. However, in these cases, the objects
used were either completely correct or incorrect. An
interesting possibility for future research would be to
investigate whether the strength of the association between
different objects parametrically modulates the strength of
activation in motor-related brain areas.

The present study has implications for the representation
of semantic knowledge about objects. On the one hand, it
has been argued that semantic knowledge is represented in
an ‘amodal semantic hub’ that is localized to the anterior
temporal lobes and that supports the activation of semantic
representations in different modalities and for different
categories (Patterson et al. 2007; Gainotti 2011). On the
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other hand, according to an embodied view of cognition,
semantic knowledge is represented in modality-specific
brain areas (Beauchamp and Martin 2007; Grafton 2009)
and in line with this view, several studies have shown that
the processing of manipulable objects is accompanied by
the activation in premotor and parietal brain areas (Grafton
et al. 1997; Chao and Martin 2000; Grezes et al. 2003;
Kellenbach et al. 2003; Vingerhoets et al. 2009). In the
present study, we found that the retrieval of action
semantics was associated with a stronger parietal activation
for unfamiliar compared to familiar objects. The finding
that parietal areas, typically associated with high-level
action planning, are involved in the retrieval of action
semantics is in line with the multimodal account of object
knowledge and moreover suggests that the familiarity of
the concept determines the strength of activation in these
areas as well.

Conclusions

The present study showed that motor imagery is modulated
by the familiarity of the objects involved. Determining the
grip in relation to the end location of an action took more
effort for unfamiliar objects, as reflected in a stronger
activation in parietal brain areas, whereas mental imagery
of an action with familiar objects was associated with
increased activation in anterior prefrontal brain areas.
These findings provide further insight into the neural
structures that support action semantic knowledge for the
functional use of real-world objects, and suggest that action
semantic knowledge is activated most readily when actions
are planned in a goal-directed manner.

Acknowledgments This work was supported by The International
Human Frontier Science Program Organization (grant ST000078/
2009 to MVE), the Marie Curie Intra European Fellowship within the
Seventh European Community Framework Program (IEF grant
252713 to MVE) and by a grant from the James S. McDonnell
Foundation to SG.

References

Beauchamp MS, Martin A (2007) Grounding object concepts in
perception and action: evidence from fMRI studies of tools.
Cortex 43:461-468. doi:10.1016/S0010-9452(08)70470-2

Beilock SL, Lyons IM, Mattarella-Micke A, Nusbaum HC, Small SL
(2008) Sports experience changes the neural processing of action
language. Proc Natl Acad Sci USA 105:13269-13273. doi:
10.1073/pnas.0803424105

Biro D, Inoue-Nakamura N, Tonooka R, Yamakoshi G, Sousa C,
Matsuzawa T (2003) Cultural innovation and transmission of
tool use in wild chimpanzees: evidence from field experiments.
Anim Cogn 6:213-223. doi:10.1007/s10071-003-0183-x

Bonini L, Rozzi S, Serventi FU, Simone L, Ferrari PF, Fogassi L
(2010) Ventral premotor and inferior parietal cortices make

@ Springer

distinct contribution to action organization and intention under-
standing. Cereb Cortex 20:1372-1385. doi:10.1093/cercor/
bhp200

Brass M, Haggard P (2010) The hidden side of intentional action: the
role of the anterior insular cortex. Brain Struct Funct
214:603-610. doi:10.1007/s00429-010-0269-6

Buracas GT, Boynton GM (2002) Efficient design of event-related
fMRI experiments using M-sequences. Neuroimage 16:801-813.
doi:10.1006/nimg.2002.1116

Burgess PW, Veitch E, de Lacy Costello A, Shallice T (2000) The
cognitive and neuroanatomical correlates of multitasking. Neu-
ropsychologia 38:848-863. do0i:S0028-3932(99)00134-7

Buxbaum LJ, Kyle K, Grossman M, Coslett HB (2007) Left inferior
parietal representations for skilled hand-object interactions:
evidence from stroke and corticobasal degeneration. Cortex
43:411-423. doi:10.1016/S0010-9452(08)70466-0

Chao LL, Martin A (2000) Representation of manipulable man-made
objects in the dorsal stream. Neuroimage 12:478-484. doi:
10.1006/nimg.2000.0635

Chapman KM, Weiss DJ, Rosenbaum DA (2010) Evolutionary roots
of motor planning: the end-state comfort effect in lemurs.
J Comp Psychol 124:229-232. doi:10.1037/a0018025

Cohen RG, Rosenbaum DA (2004) Where grasps are made reveals
how grasps are planned: generation and recall of motor plans.
Exp Brain Res 157:486-495. doi:10.1007/500221-004-1862-9

Cohen RG, Rosenbaum DA (2011) Prospective and retrospective
effects in human motor control: planning grasps for object
rotation and translation. Psychol Res 75:341-349. doi:
10.1007/s00426-010-0311-6

Connine CM, Mullennix J, Shernoff E, Yelen J (1990) Word
familiarity and frequency in visual and auditory word recogni-
tion. J Exp Psychol Learn Mem Cogn 16:1084-1096. doi:
10.1037/0278-7393.16.6.1084

Cooper R (2002) Order and disorder in everyday action: the roles of
contention scheduling and supervisory attention. Neurocase
8:61-79. doi:10.1093/neucas/8.1.61

Creem SH, Proffitt DR (2001) Grasping objects by their handles: a
necessary interaction between cognition and action. J Exp Psychol
Hum Percept Perform 27:218-228. doi: 10.1037/0096-1523.27.1.218

de Lange FP, Hagoort P, Toni I (2005) Neural topography and content
of movement representations. J Cogn Neurosci 17:97-112. doi:
10.1162/0898929052880039

de Lange FP, Helmich RC, Toni I (2006) Posture influences motor
imagery: an fMRI study. Neuroimage 33:609-617. doi:10.1016/j.
neuroimage.2006.07.017

Diedrichsen J, Shadmehr R (2005) Detecting and adjusting for
artifacts in fMRI time series data. Neuroimage 27:624—-634. doi:
10.1016/j.neuroimage.2005.04.039

Eickhoff SB, Stephan KE, Mohlberg H, Gretkes C, Fink GR, Amunts
K, Zilles K (2005) A new SPM toolbox for combining
probabilistic cytoarchitectonic maps and functional imaging
data. Neuroimage 25:1325-1335. doi:10.1016/j.neuroimage.
2004.12.034

Farrer C, Frith CD (2002) Experiencing oneself vs. another person as
being the cause of an action: the neural correlates of the experience
of agency. Neuroimage 15:596-603. doi:10.1006/nimg.2001.1009

Fink GR, Frackowiak RS, Pietrzyk U, Passingham RE (1997)
Multiple nonprimary motor areas in the human cortex. J Neuro-
physiol 77:2164-2174

Fogassi L, Ferrari PF, Gesierich B, Rozzi S, Chersi F, Rizzolatti G
(2005) Parietal lobe: from action organization to intention under-
standing. Science 308:662-667. doi:10.1126/science.1106138

Fontana AP, Kilner JM, Rodrigues EC, Joffily M, Nighoghossian N,
Vargas CD, Sirigu A (2011) Role of the parietal cortex in predicting
incoming actions. Neuroimage. doi:10.1016/j.neuroimage.2011.
07.046


http://dx.doi.org/10.1016/S0010-9452(08)70470-2
http://dx.doi.org/10.1073/pnas.0803424105
http://dx.doi.org/10.1007/s10071-003-0183-x
http://dx.doi.org/10.1093/cercor/bhp200
http://dx.doi.org/10.1093/cercor/bhp200
http://dx.doi.org/10.1007/s00429-010-0269-6
http://dx.doi.org/10.1006/nimg.2002.1116
http://dx.doi.org/S0028-3932(99)00134-7
http://dx.doi.org/10.1016/S0010-9452(08)70466-0
http://dx.doi.org/10.1006/nimg.2000.0635
http://dx.doi.org/10.1037/a0018025
http://dx.doi.org/10.1007/s00221-004-1862-9
http://dx.doi.org/10.1007/s00426-010-0311-6
http://dx.doi.org/10.1037/0278-7393.16.6.1084
http://dx.doi.org/10.1093/neucas/8.1.61
http://dx.doi.org/10.1037/0096-1523.27.1.218
http://dx.doi.org/10.1162/0898929052880039
http://dx.doi.org/10.1016/j.neuroimage.2006.07.017
http://dx.doi.org/10.1016/j.neuroimage.2006.07.017
http://dx.doi.org/10.1016/j.neuroimage.2005.04.039
http://dx.doi.org/10.1016/j.neuroimage.2004.12.034
http://dx.doi.org/10.1016/j.neuroimage.2004.12.034
http://dx.doi.org/10.1006/nimg.2001.1009
http://dx.doi.org/10.1126/science.1106138
http://dx.doi.org/10.1016/j.neuroimage.2011.07.046
http://dx.doi.org/10.1016/j.neuroimage.2011.07.046

Exp Brain Res (2012) 218:189-200

199

Gainotti G (2011) The organization and dissolution of semantic-
conceptual knowledge: is the ‘amodal hub’ the only plausible
model? Brain Cogn 75:299-309. doi:10.1016/j.bandc.2010.12.001

Gibson JJ (1979) The ecological approach to visual perception.
Erlbaum, Hillsdal

Grafton ST (2009) Embodied cognition and the simulation of action
to understand others. Ann N Y Acad Sci 1156:97-117. doi:
10.1111/j.1749-6632.2009.04425 .x

Grafton ST, Hamilton AF (2007) Evidence for a distributed hierarchy
of action representation in the brain. Hum Mov Sci 26:590-616.
doi:10.1016/j.humov.2007.05.009

Grafton ST, Fadiga L, Arbib MA, Rizzolatti G (1997) Premotor
cortex activation during observation and naming of familiar
tools. Neuroimage 6:231-236. doi:10.1006/nimg.1997.0293

Grezes J, Tucker M, Armony J, Ellis R, Passingham RE (2003)
Objects automatically potentiate action: an fMRI study of
implicit processing. Eur J Neurosci 17:2735-2740. doi:
10.1046/j.1460-9568.2003.02695.x

Hamilton AF, Grafton ST (2006) Goal representation in human
anterior intraparietal sulcus. J Neurosci 26:1133-1137. doi:
10.1523/INEUROSCI1.4551-05.2006

Hamilton AF, Grafton ST (2008) Action outcomes are represented in
human inferior frontoparietal cortex. Cereb Cortex 18:1160-1168.
doi:10.1093/cercor/bhm150

Handy TC, Tipper CM, Schaich Borg J, Grafton ST, Gazzaniga MS
(2006) Motor experience with graspable objects reduces their
implicit analysis in visual- and motor-related cortex. Brain Res
1097:156-166. doi:10.1016/j.brainres.2006.04.059

Hayashi M, Mizuno Y, Matsuzawa T (2005) How does stone-tool use
emerge? Introduction of stones and nuts to naive chimpanzees in
captivity. Primates 46:91-102. doi:10.1007/s10329-004-0110-z

Herbort O, Butz MV (2011) Habitual and goal-directed factors in
(everyday) object handling. Exp Brain Res 213:371-382. doi:
10.1007/s00221-011-2787-8

Hommel B, Musseler J, Aschersleben G, Prinz W (2001) The Theory
of Event Coding (TEC): a framework for perception and action
planning. Behavioral and Brain Sciences 24:849-878; discussion
878-937

Johnson-Frey SH (2003) What’s so special about human tool use?
Neuron 39:201-204. doi:10.1016/S0896-6273(03)00424-0

Kalenine S, Buxbaum LJ, Coslett HB (2010) Critical brain regions for
action recognition: lesion symptom mapping in left hemisphere
stroke. Brain 133:3269-3280. doi:10.1093/brain/awq210

Karnath HO, Baier B (2010) Right insula for our sense of limb
ownership and self-awareness of actions. Brain Struct Funct
214:411-417. doi:10.1007/s00429-010-0250-4

Kellenbach ML, Brett M, Patterson K (2003) Actions speak louder
than functions: the importance of manipulability and action in
tool representation. J Cogn Neurosci 15:30-46. doi:
10.1162/089892903321107800

Koechlin E, Basso G, Pietrini P, Panzer S, Grafman J (1999) The role
of the anterior prefrontal cortex in human cognition. Nature
399:148-151. doi:10.1038/20178

Kunde W, Hoffmann J, Zellmann P (2002) The impact of anticipated
action effects on action planning. Acta Psychologica (Amst)
109:137-155

Lambon Ralph MA, Graham KS, Ellis AW, Hodges JR (1998)
Naming in semantic dementia—what matters? Neuropsychologia
36:775-784. doi:10.1016/S0028-3932(97)00169-3

Lewis JW (2006) Cortical networks related to human use of tools.
Neuroscientist 12:211-231. doi:10.1177/1073858406288327

Lindemann O, Stenneken P, van Schie HT, Bekkering H (2006)
Semantic activation in action planning. J Exp Psychol Hum
Percept Perform 32:633-643. doi:10.1037/0096-1523.32.3.633

Majdandzic J, Grol MJ, van Schie HT, Verhagen L, Toni I, Bekkering
H (2007) The role of immediate and final goals in action

planning: an fMRI study. Neuroimage 37:589-598. doi:
10.1016/j.neuroimage.2007.04.071

Manthey S, Schubotz RI, von Cramon DY (2003) Premotor cortex in
observing erroneous action: an fMRI study. Brain Res Cogn
Brain Res 15:296-307. doi:S092664100200201X

Marangon M, Jacobs S, Frey SH (2011) Evidence for context
sensitivity of grasp representations in human parietal and premotor
cortices. J Neurophysiol 105:2536-2546. doi:10.1152/jn.
00796.2010

Mizelle JC, Tang T, Pirouz N, Wheaton LA (2011) Forming tool use
representations: a neurophysiological investigation into tool expo-
sure. J Cogn Neurosci 23:2920-2934. doi: 10.1162/jocn_a_00004

Mohamed MA, Yousem DM, Tekes A, Browner N, Calhoun VD (2004)
Correlation between the amplitude of cortical activation and
reaction time: a functional MRI study. AJR Am J Roentgenol
183:759-765

Montaldi D, Spencer TJ, Roberts N, Mayes AR (2006) The neural
system that mediates familiarity memory. Hippocampus
16:504-520. doi:10.1002/hipo.20178

Mufson EJ, Mesulam MM (1982) Insula of the old world monkey. II:
Afferent cortical input and comments on the claustrum. J Comp
Neurol 212:23-37. doi:10.1002/cne.902120103

Mutschler I, Wieckhorst B, Kowalevski S, Derix J, Wentlandt J,
Schulze-Bonhage A, Ball T (2009) Functional organization of
the human anterior insular cortex. Neurosci Lett 457:66—70. doi:
10.1016/j.neulet.2009.03.101

Newman-Norlund R, van Schie HT, van Hoek ME, Cuijpers RH,
Bekkering H (2010) The role of inferior frontal and parietal areas in
differentiating meaningful and meaningless object-directed actions.
Brain Res 1315:63-74. doi:10.1016/j.brainres.2009.11.065

Oguz KK, Browner NM, Calhoun VD, Wu C, Kraut MA, Yousem
DM (2003) Correlation of functional MR imaging activation
data with simple reaction times. Radiology 226:188-194

Patterson K, Nestor PJ, Rogers TT (2007) Where do you know what
you know? The representation of semantic knowledge in the
human brain. Nat Rev Neurosci 8:976-987. doi:10.1038/nrn2277

Prinz W (1997) Perception and action planning. Eur J Cogn Psychol
9:129-154

Rosenbaum DA, Cohen RG, Jax SA, Weiss DJ, van der Wel R (2007)
The problem of serial order in behavior: Lashley’s legacy. Hum
Mov Sci 26:525-554. doi:10.1016/j.humov.2007.04.001

Rowe JB, Toni I, Josephs O, Frackowiak RS, Passingham RE (2000)
The prefrontal cortex: response selection or maintenance within
working memory? Science 288:1656—1660. doi:10.1126/science.
288.5471.1656

Rumiati RI, Zanini S, Vorano L, Shallice T (2001) A form of
ideational apraxia as a delective deficit of contention scheduling.
Cogn Neuropsychol 18:617-642. doi:10.1080/02643290126375

Rushworth MF, Walton ME, Kennerley SW, Bannerman DM (2004)
Action sets and decisions in the medial frontal cortex. Trends
Cogn Sci 8:410—417. doi:10.1016/j.tics.2004.07.009

Sakai K, Ramnani N, Passingham RE (2002) Learning of sequences
of finger movements and timing: frontal lobe and action-oriented
representation. J Neurophysiol 88:2035-2046

Schwartz MF (2006) The cognitive neuropsychology of everyday
action and planning. Cogn Neuropsychol 23:202-221. doi:
10.1080/02643290500202623

Shima K, Tanji J (2000) Neuronal activity in the supplementary and
presupplementary motor areas for temporal organization of
multiple movements. J Neurophysiol 84:2148-2160

Stapel JC, Hunnius S, van Elk M, Bekkering H (2010) Motor activation
during observation of unusual versus ordinary actions in infancy.
Soc Neurosci 5:451-460. doi:10.1080/17470919.2010.490667

Sunderland A, Wilkins L, Dineen R (2011) Tool use and action planning
in apraxia. Neuropsychologia 49:1275-1286. doi:10.1016/j.
neuropsychologia.2011.01.020

@ Springer


http://dx.doi.org/10.1016/j.bandc.2010.12.001
http://dx.doi.org/10.1111/j.1749-6632.2009.04425.x
http://dx.doi.org/10.1016/j.humov.2007.05.009
http://dx.doi.org/10.1006/nimg.1997.0293
http://dx.doi.org/10.1046/j.1460-9568.2003.02695.x
http://dx.doi.org/10.1523/JNEUROSCI.4551-05.2006
http://dx.doi.org/10.1093/cercor/bhm150
http://dx.doi.org/10.1016/j.brainres.2006.04.059
http://dx.doi.org/10.1007/s10329-004-0110-z
http://dx.doi.org/10.1007/s00221-011-2787-8
http://dx.doi.org/10.1016/S0896-6273(03)00424-0
http://dx.doi.org/10.1093/brain/awq210
http://dx.doi.org/10.1007/s00429-010-0250-4
http://dx.doi.org/10.1162/089892903321107800
http://dx.doi.org/10.1038/20178
http://dx.doi.org/10.1016/S0028-3932(97)00169-3
http://dx.doi.org/10.1177/1073858406288327
http://dx.doi.org/10.1037/0096-1523.32.3.633
http://dx.doi.org/10.1016/j.neuroimage.2007.04.071
http://dx.doi.org/S092664100200201X
http://dx.doi.org/10.1152/jn.00796.2010
http://dx.doi.org/10.1152/jn.00796.2010
http://dx.doi.org/10.1162/jocn_a_00004
http://dx.doi.org/10.1002/hipo.20178
http://dx.doi.org/10.1002/cne.902120103
http://dx.doi.org/10.1016/j.neulet.2009.03.101
http://dx.doi.org/10.1016/j.brainres.2009.11.065
http://dx.doi.org/10.1038/nrn2277
http://dx.doi.org/10.1016/j.humov.2007.04.001
http://dx.doi.org/10.1126/science.288.5471.1656
http://dx.doi.org/10.1126/science.288.5471.1656
http://dx.doi.org/10.1080/02643290126375
http://dx.doi.org/10.1016/j.tics.2004.07.009
http://dx.doi.org/10.1080/02643290500202623
http://dx.doi.org/10.1080/17470919.2010.490667
http://dx.doi.org/10.1016/j.neuropsychologia.2011.01.020
http://dx.doi.org/10.1016/j.neuropsychologia.2011.01.020

200

Exp Brain Res (2012) 218:189-200

Tessari A, Rumiati RI (2004) The strategic control of multiple routes
in imitation of actions. J Exp Psychol Hum Percept Perform
30:1107-1116. doi:10.1037/0096-1523.30.6.1107

van Elk M, van Schie HT, Bekkering H (2008) Conceptual knowledge
for understanding other’s actions is organized primarily around
action goals. Exp Brain Res 189:99-107. doi:10.1007/s00221-
008-1408-7

van Elk M, van Schie HT, Bekkering H (2009) Short-term action
intentions overrule long-term semantic knowledge. Cognition
111:72-83. doi:10.1016/j.cognition.2008.12.002

van Elk M, van Schie HT, Bekkering H (2010a) The N400-
concreteness effect reflects the retrieval of semantic information
during the preparation of meaningful actions. Biol Psychol
85:134-142. doi:10.1016/j.biopsycho.2010.06.004

van Elk M, van Schie HT, van den Heuvel R, Bekkering H (2010b)
Semantics in the motor system: motor-cortical Beta oscillations
reflect semantic knowledge of end-postures for object use. Front
Hum Neurosci 4:8. doi:10.3389/neuro.09.008.2010

van Schie HT, Bekkering H (2007) Neural mechanisms underlying
immediate and final action goals in object use reflected by slow

@ Springer

wave brain potentials. Brain Res 1148:183-197. doi:10.1016/j.
brainres.2007.02.085

Vingerhoets G, Acke F, Vandemaele P, Achten E (2009) Tool
responsive regions in the posterior parietal cortex: effect of
differences in motor goal and target object during imagined
transitive movements. Neuroimage 47:1832-1843. doi:10.1016/j.
neuroimage.2009.05.100

Weiss DJ, Wark JD, Rosenbaum DA (2007) Monkey see, monkey
plan, monkey do: the end-state comfort effect in cotton-top
tamarins (Saguinus oedipus). Psychol Sci 18:1063-1068. doi:
10.1111/5.1467-9280.2007.02026.x

Wolpert DM, Ghahramani Z (2000) Computational principles of
movement neuroscience. Nat Neurosci 3(Suppl):1212-1217. doi:
10.1038/81497

Wolpert DM, Goodbody SJ, Husain M (1998) Maintaining internal
representations: the role of the human superior parietal lobe. Nat
Neurosci 1:529-533. doi:10.1038/2245


http://dx.doi.org/10.1037/0096-1523.30.6.1107
http://dx.doi.org/10.1007/s00221-008-1408-7
http://dx.doi.org/10.1007/s00221-008-1408-7
http://dx.doi.org/10.1016/j.cognition.2008.12.002
http://dx.doi.org/10.1016/j.biopsycho.2010.06.004
http://dx.doi.org/10.3389/neuro.09.008.2010
http://dx.doi.org/10.1016/j.brainres.2007.02.085
http://dx.doi.org/10.1016/j.brainres.2007.02.085
http://dx.doi.org/10.1016/j.neuroimage.2009.05.100
http://dx.doi.org/10.1016/j.neuroimage.2009.05.100
http://dx.doi.org/10.1111/j.1467-9280.2007.02026.x
http://dx.doi.org/10.1038/81497
http://dx.doi.org/10.1038/2245

	Pouring or chilling a bottle of wine: an fMRI study on the prospective planning of object-directed actions
	Abstract
	Introduction
	Materials and methods
	Subjects
	Stimuli
	Experimental design and procedure
	Behavioral data and analysis
	MRI recording and analysis

	Results
	Behavioral results
	fMRI results

	Discussion
	Conclusions
	Acknowledgments
	References


