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Motor Planning Is Facilitated by Adopting an Action’s Goal Posture: An fMRI Study
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Motor planning is a hierarchical process that is typically organized
around an action’s goal (e.g., drinking from a cup). However, the
motor plan depends not only on the goal but also on the current
body state. Here, we investigated how one’s own body posture
interacts with planning of goal-directed actions. Participants
engaged in a grasp selection (GS) task while we manipulated their
arm posture. They had to indicate how they would grasp a bar
when transporting it from a start to goal position and orientation.
We compared situations in which one’s body posture was in-
congruent with the start posture and/or goal posture of the planned
movement. Behavioral results show that GS took longer when one’s
own body state was incongruent with the goal posture of the
planned movement. Correspondingly, neural activity in the intra-
parietal sulcus (IPS) and extrastriate body area (EBA) was
modulated by congruency between the body state and the action
plan. IPS was sensitive to overall congruency between body
posture and action plan, while the EBA was sensitive specifically to
goal posture congruency. Together, our results suggest that IPS
maintains an internal state of one’s own body posture, while EBA
contains a representation of the goal posture of the action plan.

Keywords: action simulation, EBA, movement representation, parietal,
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Introduction

Action plans are typically specified at a high symbolic level,
such as taking a sip from a cup of tea (Wolpert and Ghahramani
2000). Yet, there is almost an infinite amount of solutions by
which this action plan could be achieved. Finding a good
solution is a fundamental decision process that depends on
both the current state of our body and the context at hand
(Kording and Wolpert 20006).

One fundamental organizational principle that has emerged
is that action plans are organized in a hierarchical fashion
around temporally distal outcomes or goals (Rosenbaum et al.
2001; Grafton and Hamilton 2007; Kilner et al. 2007).
Behavioral studies have shown that motor properties (such as
grip force and size and movement speed) are adjusted on the
basis of the final action goal (Gentilucci et al. 1997; Rosenbaum
et al. 2001). As an everyday example, picking up a glass with the
goal to drink from the glass results in a different grasp pattern
(thumb pointing up) than picking up the glass with the goal to
put it upside down (thumb pointing down). Also, neurophys-
iological studies suggest that the parietal and precentral cortex
may be organized in terms of action goals and spatial locations
to which the hand is directed (Graziano et al. 2002; Cooke et al.
2003; Stepniewska et al. 2005) rather than simply representing
movements or muscles.

Motor cognition can be facilitated or impaired by changing
one’s own physical body posture. For example, judging the
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plausibility of a particular action is more difficult when one’s
own body posture is incongruent with the action (Sirigu and
Duhamel 2001). Also, reaction times (RTs; Parsons 1994;
Shenton et al. 2004) and neural activity in the posterior
parietal cortex (de Lange et al. 2006; Pellijeff et al. 20006;
Parkinson et al. 2010) are larger when participants (implic-
itly) have to plan actions that are incongruent with their
current physical body posture. In this study, we make use of
this postural congruency effect to examine whether action
plans are elaborated around goal postures. We established
a new task that allows us, in contrast to previous experi-
ments, to distinguish between effects caused by congruency
between body posture and a movement’s start posture and
those caused by congruency between body posture and
a movement’s goal posture. If action plans are organized
around goal postures, we expect that action planning is
facilitated when a participant’s physical body posture is
congruent specifically with its goal posture. Alternatively,
action planning could also be facilitated when subjects
adopt the start posture of the to-be-planned movement.
We tackled this question by presenting participants with
a cylindrical bar (see Fig. 1), which had to be grasped and
transported from its center cradle to either the left or the
right cradle (Rosenbaum et al. 1990). We asked subjects how
they would grasp the bar, if they would carry out the
instructed movement. We manipulated the physical posture
of participants’ body, in order to probe whether action
planning facilitation occurs as a function of participants’
physical posture. Furthermore, we measured neural activity
using functional magnetic resonance imaging (fMRI) to
probe the neural mechanisms of this facilitation process as
a function of congruency between physical body posture and
goal posture of the action plan. Previous studies have
identified 2 brain regions that potentially contain body
representations for use in motor control: the intraparietal
sulcus (IPS) located within the posterior parietal cortex
and the extrastriate body area (EBA). Neuroimaging (Johnson
et al. 2002; de Lange et al. 2006; Pellijeff et al. 20006;
Parkinson et al. 2010) and neuropsychological (Wolpert
et al. 1998; Jackson et al. 2005) studies suggest a role for the
IPS in maintaining an internal representation of one’s
physical body state. This body state is thought to be
estimated based on both incoming sensory information and
efference copies of motor commands (Wolpert and Ghahra-
mani 2000). Similarly, the EBA is thought to contain a visual
representation of the body (Downing et al. 2001), which,
importantly, is also called upon during action planning and
execution (Astafiev et al. 2004; Helmich et al. 2007; Kuhn
et al. 2011). Therefore, we expect neural activity in these
areas to be modulated by the mismatch between one’s own
physical body state and the body states during the elabora-
tion of the motor plan.
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Figure 1. ME task. A cylindrical bar is placed on the center cradle. Trial instructions
are provided on the screen. In the example, the instructions require the subject to
place the bar on the right cradle (R), as indicated by the direction cue and with the
black end to the left, as indicated by the goal-orientation cue. In this example,
a rotation of the bar is required.

Material and Methods

Participants

Twenty participants (13 females) with an average age of 23 + 2 (mean *
standard deviation [SD]) years participated after giving informed
consent according to institutional guidelines (CMO region Arnhem-
Nijmegen, the Netherlands) for payment of 10 euros/h or course credit.
All subjects were consistent right-handers and had normal or
corrected-to-normal vision. Due to technical issues, we did not collect
behavioral data from 2 participants during the motor execution (ME)
task and from 1 participant during the grasp selection (GS) task. Two
participants were excluded from the analysis because of idiosyncratic
performance on both ME and GS tasks (defined by >2.5 SD from mean).

Experimental Paradigm

Participants first engaged in a ME task, during which we recorded
movement profiles. Subsequently, participants engaged in a GS task,
during which we acquired behavioral data and fMRI data.

ME Task

Three cradles were positioned on a table next to each other at 5 cm
distance between adjacent cradles (Fig. 1). We instructed participants
to grasp a bar (length: 25 cm, diameter: 2.5 cm) that was positioned on
the middle cradle using a power grip and place it according to
instructions presented on a screen. One half of the bar was black,
whereas the other half was white. The instruction involved both
a direction (i.e., whether to place the bar on the left or right cradle) and
a goal orientation of the bar (i.e., where the white and black end of the
bar are pointing).

Some actions required a simple translation of the bar from the
middle cradle to the left or right cradle, whereas other actions
required a 180° rotation. We also included trials in which the bar had
to be placed vertically (requiring a 90° rotation), allowing for
comparison with earlier studies (Rosenbaum et al. 1992). We
instructed participants to position their own hand on the table prior
to every trial with the palm facing either up or down. We changed
body posture prior to each block of 8 trials. During the ME task, we
tracked participants’ hand position using a 3D motion tracking device
(Polhemus Liberty, Colchester, USA) using 2 sensors at the left and
right edge of the wrist of the right arm and a sampling frequency of
240 Hz. Movement times and grip choice were calculated from these
recordings. Subjects engaged in 5 training trials and 96 ME trials (32
trials involving translation, 32 trials involving rotation, and 32 trials
involving vertical placement), lasting ~20 min.

GS Task
Immediately after the ME task, participants engaged in a GS task, while
whole-brain activity was measured using fMRIL During the GS task,

participants were presented with a drawing of a bar on the center
cradle, representing the start configuration. We used the same
instructions to signal the desired goal direction (left or right) and
orientation (where the white and black end of the bar were pointing),
as illustrated in Figure 2. The crucial difference between tasks was that
in the GS task we asked our participants to report “where they would
place their thumb on the bar” in order to move the bar from starting to
goal position. They indicated whether they would place their thumb on
the black or white end of the bar, using 1 of 2 buttons with their index
and middle finger of their left hand. We established RTs and grip choice
from these button box responses.

Prior to each block of 8 trials, we manipulated participants’ right
arm posture, by instructing participants to position their right hand in
a palm up or palm down orientation. Note that no overt movements
had to be performed during the GS task, and hand posture therefore
did not change during a trial. The posture manipulation resulted in
different patterns of congruency between subject’s own hand posture
and the hand posture(s) during the planning task. During trials
requiring no bar rotation but only bar translation (TRANSLATION trials),
participants’ posture could either be “overall congruent” or “overall
incongruent” with the planned action (because the start posture and
goal posture are the same for these actions, see Fig. 24). During trials
requiring a bar rotation (ROTATION trials), participants’ posture could
either be in a “start-posture congruent/goal-posture incongruent”
posture or “start-posture incongruent/goal-posture congruent”
posture with the planned action. Note that in ROTATION trials, a
“start-posture congruent” posture is automatically “goal-posture in-
congruent” (because the action involves a rotation, start posture and
goal posture are necessarily opposite, see Fig. 2B). During trials
requiring 90° bar rotation (verticAL ending trials), participants’ posture
could either be “start-posture congruent” or “start-posture incongru-
ent,” while always being incongruent with the goal posture (because
we never asked participants to keep their hand in a thumb-up or -down
orientation, see Fig. 2C).

Participants engaged in 15 practice trials outside the scanner and 40
practice trials inside the fMRI environment. Then, participants engaged
in 320 trials (120 trials involving translation, 120 trials involving
rotation, and 80 trials involving vertical placement). Trials were divided
in 5 blocks of each 64 trials, with rest breaks in between blocks. Trials
were presented in pseudorandom order such that each block
contained the same number of trials of each condition, and the same
instruction cue was not presented twice in a row.

Each trial began with a picture showing only the bar resting on the
central cradle, representing the start configuration of the ME task. After
a 1-s delay, the instruction cue appeared and was shown, together with
the picture of the bar, for 3 s. Appearance of the instruction cue was
taken as trial onset for further analysis of behavioral and neuroimaging
data. Following this there was a jittered intertrial interval of 2.5-4.5 s.

Scanning was split in 2 sessions, each of which lasted ~25 min. There
was a short break ( <2 min) between the sessions. Participants remained
inside the scanner during the break.

Analysis of Ki tic and Bebavioral Data

During the ME task, we used a minimum-speed approach to obtain
initiation, grasp, and movement times. Initiation time (IT) was defined
as the time when participants started to move. Grasp time (GT) was
defined as the time when participants lifted the bar from the middle
cradle. Movement time (MT) was defined as the time between the first
movement of the hand and the time when hand velocity was lowest
withina 10 x 5 x 5 (width, depth, height) cm range of the target cradle
(i.e., when the goal was achieved). Hand orientation at the moment of
grasping and placing was obtained from the relative position of the
motion sensors. On the basis of this, trials in which subjects did not
follow the instructions were removed (on average, 4.2% of the trials
were removed by this procedure). The bar could be grasped using
either an overhand (prone) or an underhand (supine) grip. We defined
grip preference as the ratio of underhand grips used for a particular
trial type. In order to probe the effect of action complexity on
performance, we analyzed IT, GT, MT, and grip preference as a function
of trial type (rotation, translation, vertical) using a one-way analysis of
variance (ANOVA).
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Figure 2. GS task. Stimuli and conditions of GS task with translation (4), rotation (B), and vertical (C) trials. Left column shows example stimuli (compare Fig. 1). Middle column
shows preferred start posture and goal posture during the movement. Right column shows the participant’s possible arm postures, as well as how these result in (in)congruency

between body posture and posture(s) of the planned movement.

RTs and grip preference during the GS task were obtained using
the button box responses. Trials with RTs exceeding 2 SDs above
a participant’s condition mean were removed from analysis. On average,
8.4% of the trials were removed by this procedure (the majority of
removed trials was from the early phase of the experiment, suggesting
that some participants had not yet fully learnt the trial contingencies at
the start of the experiment).

To compare performance between ME and GS, we compared
movement and RTs and grip preferences between ME and GS for all
possible movements (3 movement types (rotation, translation, vertical) x
2 positions (left, right) x 2 body postures (palm up, palm down)), using
Spearman correlations.

In order to probe the effect of action complexity on performance,
we analyzed RTs and grip preference as a function of trial type
(rotation, translation, vertical) using a one-way ANOVA. We assessed
postural congruency effects separately for each trial type. For
TRANSLATION trials, we compared RTs for trials with overall congruent
and trials with overall incongruent body posture. For ROTATION trials, we
compared RTs for trials where participants own posture was
incongruent with the goal posture and trials where the own posture
was congruent with the goal posture of the action plan. For VERTICAL
trials, we compared trials where participants own posture was
congruent with the start posture and trials where it was incongruent
with the start posture. We used one-tailed paired samples #tests for
these comparisons.

Image Data Acquisition

We used a 1.5-T Avanto MR-scanner (Siemens, Erlangen, Germany),
using a 32-channel head coil for signal reception to acquire whole-brain
T,*-weighted gradient-echo echo-planar images (time repetition [TR]/
time echo [TE] = 2140/40 ms, voxel size 3.5 x 3.5 x 3.5 mm). For each
participant, we collected a total of ~1400 volumes in 2 sessions. The
first 5 volumes of each session were discarded to allow for T7;
equilibration effects. Anatomical images were acquired with a 7-
weighted magnetization prepared rapid gradient-echo sequence (TR/
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TE = 2250/2.95 ms, voxel size 1 x 1 x 1 mm). The head of each
participant was carefully constrained using cushions on both sides of
the head and participants were instructed to remain as still as possible
during the experiment. Inspection of the data showed that there were
no excessive head movements in any of the participants.

Imaging Data Analysis

Imaging data were analyzed using SPM5 (Wellcome Department of
Cognitive Neurology, London, UK). First, functional images were
spatially realigned using a sinc interpolation algorithm that estimates
rigid body transformations (translations, rotations) by minimizing head
movements between each image and the reference image (Friston,
Ashburner, et al. 1995). Subsequently, the time series for each voxel
was realigned temporally to acquisition of the first slice. Images were
normalized to a standard EPI template centered in Talairach space
(Ashburner and Friston 1999) by using linear and nonlinear parameters
and resampled at an isotropic voxel size of 2 mm. The normalized
images were smoothed with an isotropic 8-mm full-width at half-
maximum Gaussian kernel. Anatomical images were spatially coregis-
tered to the mean of the functional images and spatially normalized by
using the same transformation matrix applied to the functional images.
The ensuing preprocessed fMRI time series were analyzed on a subject-
by-subject basis using an event-related approach in the context of
the General Linear Model. For each trial type, square wave functions
were constructed with a duration corresponding to the mean RT of the
subject and convolved with a canonical hemodynamic response
function and its temporal derivative (Friston, Holmes, et al. 1995).
Finally, the statistical model included separate regressors of no interest,
modeling the period in which the subject changed posture, incorrect
and missed responses, residual head movement-related effects, and low-
frequency signal drifts over time. Parameter estimates for all regressors
were obtained by maximum-likelihood estimation, using a temporal
high-pass filter (cutoff 128 s), and modeling temporal autocorrelation as
an AR(1) process. Linear contrasts pertaining to the main effects of the
factorial design were calculated.



We specifically compared TRANSLATION trials, in which body posture
could be overall congruent or overall incongruent, ROTATION trials, in
which body posture could be congruent or incongruent to the
action’s goal posture, and VERTICAL trials, in which body posture could
be start-posture congruent or start-posture incongruent. Contrasts
of the parameter estimates for these comparisons constituted the
data for the second-stage analyses, which treated participants as
a random effect (Friston et al. 1999). Additionally, we included the
behavioral effect size of each contrast for each participant as
a covariate in the analysis.

Statistical Inference

We isolated regions that were sensitive to complexity of the action plan
by looking for regions that exhibited differential activity between
ROTATION and TRANSLATION trials. Furthermore, we investigated how
postural congruency affected neural activity by comparing: 1) trials
with overall congruent and overall incongruent body posture for
TRANSLATION trials (contrast: overall incongruent body posture - overall
congruent body posture); 2) trials with goal-congruent and goal-
incongruent body posture for ROTATION trials (contrast: goal-posture
incongruent body posture - goal-posture congruent body posture); and
3) trials with start-congruent and start-incongruent body posture for
VERTICAL trials (contrast: start-posture incongruent body posture - start-
posture congruent body posture). We used paired samples #tests for
these comparisons.

Statistical inference was performed using a cluster-level statistical
test to assess clusters of significant activation (Friston et al. 1996). We
used a corrected cluster threshold of P < 0.05, on the basis of
a threshold of P < 0.001 at the voxel level at the whole-brain level.
Additionally, we used a priori anatomical information from previous
studies to constrain our search space (Friston et al. 2006) to 2 regions
that have been consistently involved in arm and body representation
during action planning: the IPS and the EBA. We defined search volumes
comprising spheres of 10 mm around these regions (IPS: [-25, =56, 50],
de Lange et al. 2006; EBA: [-51, -72, 8], Downing et al. 2001) and
corrected our results for multiple comparisons using a familywise
error rate (FWE) threshold of P < 0.05 within this search volume
(Worsley 1996).

Anatomical details of significant signal changes were obtained by
superimposing the statistical parametric maps on the structural images
of the subjects. The atlas of Duvernoy et al. (1991) was used to identify
relevant anatomical landmarks.

Results

Bebavioral Results—ME Task

We obtained IT, GT, and MT, as well as grip preference
measures during the ME task. ITs were longer for trials that
required a 180° rotation of the bar (roTaTION trials, 1012 ms)
than for trials that required a 90° rotation (VERTICAL trials, 909
ms) and trials that did not require any rotation (TRANSLATION
trials, 950 ms; e.g., see Fig. 2) (F5 30 = 6.36, P = 0.005). Post hoc
analyses (paired samples F£tests) revealed that ITs were
significantly longer for RoTATION than VERTICAL (%5 = 2.57, P =
0.011) and TrRANSLATION trials (45 = 2.73, P = 0.008). GTs
behaved similar as ITs, while MTs differed in the sense that
participants had longer MTs for verTICAL compared to
TRANSLATION trials.

Based on previously established comfort ratings for different
postures (Rosenbaum et al. 1992), we assessed whether
predicted grip preference for a particular action sequence
corresponded with the actual grip preference of participants in
the ME task. Indeed, grip preferences during ME strongly
correlated with expected grip preferences (r = 094, P <
0.001), in line with models of end-state comfort (Rosenbaum
et al. 2001).

Bebavioral Results—GS Task

We collected RT and grip preference measures during the GS
task. RTs differed between the 3 movement types (£, 3 = 15.28,
P <0.001), specifically, RTs for roTATION trials (2198 ms) were
longer than for VerTICAL trials (1984 ms; ¢ = 2.27, P=0.19) and
TRANSLATION trials (1792 ms; £ = 6.76, P < 0.001).

When directly comparing RTs during the GS task with
planning and execution times (i.e., IT, GT, and MT) of executed
movements for corresponding action plans, there were strong
correlations between RT and each of these parameters
(MRTIT) = 055, P = 0015 nRT,GT) = 0.53, P = 0.019;
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Figure 3. Comparison of behavioral performance during ME and GS task. Average
[Ts, GTs, and MTs (A, in seconds) and grip preference (B, proportion underhand grips)
during ME for all possible movements are highly similar to average RTs and grip
preference during GS for corresponding movement types.
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7RTMT) = 0.70, P = 0.002; Fig. 34). Moreover, indicated grip
preference during the GS task correlated strongly with the
observed grip preference during the ME task (r = 0.97, P <
0.001, Fig. 3B). They also correlated strongly with predicted
grip preferences (r = 0.857, P < 0.001), based on previously
described comfort ratings (Rosenbaum et al. 1992). Together,
these data indicate that the duration and outcome of cognitive
processes during the GS task are highly similar to those
observed during actual motor preparation and execution.

Bebavioral Results—Effect of Hand Posture

We next assessed the effect of hand posture on RT during the
GS task. During TRANSLATION trials, participants’ posture could
either be overall congruent or overall incongruent with the
planned action (because the start posture and goal posture are
the same for these actions, see Fig. 2). Participants were faster
with their hand in an overall congruent posture than in an
overall incongruent posture (difference = 93 ms: 46 = 3.15, P=
0.003, Fig. 4, top). During ROTATION trials, participants’ posture
could be either congruent or incongruent with the goal
posture of the planned action (because the action involves
a rotation, start posture, and goal posture are necessarily
opposite). Here, participants were faster when their hand was
in a goal-posture congruent compared to a goal-posture
incongruent posture (difference = 54 ms: tg = 2.17, P =
0.023, Fig. 4, middle). During verTicAL ending trials the posture
manipulation had no effect on RTs (4,6 = 0.05, P > 0.10, Fig. 4,
bottom), that is, they were equally fast no matter whether their
own posture was congruent or incongruent to the start posture
of the planned movement.
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Figure 4. Behavioral performance during GS task. Plotted are averages of planning
times for different movement types (translation [top], rotation [middle], vertical
[bottom]) as well as effects of posture congruency on each movement type. For
detailed description and color coding of conditions, see Figure 2.
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Neural Activity—Movement Complexity

When comparing trials of different movement complexity
(ROTATION > TRANSLATION) during GS, we observed increased
activity in parietal and premotor cortex (Fig 54,B). In the
premotor cortex, we observed a dorsal and ventral cluster of
activation. The dorsal premotor cluster (PMd) falls within the
probability range (50%) of Brodmann Area (BA) 6 (Eickhoff
et al. 2005). The ventral premotor cluster (PMv) overlaps with
both BA 6 (30-70%) and BA 44 (30-60%). The intraparietal
activation cluster falls within the probability range (40-90%) of
BA 7a. A correlation analysis showed that there was a tight link
between intersubject variability in RT difference between
ROTATION and TRANSLATION trials on the one hand and neural
activity difference between these conditions in this network on
the other hand. This is illustrated for the left IPS in Figure 5C.
A complete list of activated brain regions, including the
correlation with intersubject RT differences, can be found in
Table 1.
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Figure 5. Neural activity modulated by complexity of movement plan. (4) Brain
rendering showing areas that were significantly more activated as a function of
movement complexity during the GS task (rotation > translation, thresholded at 7 >
4 for display purposes). (B) Event-related response of left IPS (box), plotted for
different levels of complexity of the movement plan. (C) Correlation between BOLD
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Table 1
Summary of brain regions more strongly activated during (complex) rotation trials compared with
(simple) translation trials

Anatomical region Local t-Value Cluster P cluster r (ABOLD,
maxima size ART) (P)

L precentral gyrus —28 -2 62 1315 4615 <0.001 0.60 (0.013)

L middle frontal gyrus —28 0 50 1174

L superior medial gyrus  —18 0 64 1129

L superior parietal lobe ~ —24 —60 54 9.37 6358 <0.001 0.68 (0.003)

R superior parietal lobe 24 —60 58 1012 0.70 (0.002)

L precuneus —10 —68 54 10.63

L middle occipital gyrus  —24 —62 32 957

L inferior parietal lobe —42  —44 55 9.36

L middle frontal gyrus —42 28 32 760 410 <0.001  0.65 (0.004)

L middle frontal gyrus —40 38 30 562

L middle frontal gyrus —38 52 16 543

L insula —28 24 2 631 281 <0.001 n.s.

R inferior frontal gyrus 34 2410 610 374 <0.001  ns.

R insula 36 22 0 582

L inferior temporal lobe  —46 —64 —6  6.02 180 <0.001 0.60 (0.011)

L middle temporal lobe ~ —44 58 4 507

R precentral gyrus 56 10 30 562 85 0.026 ns.

L thalamus -8 12 8 518 80 0.034 047 (0.058)

R middle frontal gyrus 36 28 32 491 98 0.013  ns.
R inferior frontal gyrus 38 30 28 429

Note: For clusters that span several anatomical regions, more than one local maximum is given.
Cluster size is given in number of voxels. All clusters are significant when correcting for multiple
comparisons across the whole brain. For each cluster, the correlation coefficient (and
corresponding P value) of the intersubject BOLD and RT differences is given. Correlation
coefficients are printed in bold letters for significant correlations, and in italic letters for trends.
n.s., not significant; L, left; R, right.

Since our group comprised both male and female
participants, we carried out a control analysis to assess the
generality of the observed neural activity difference. This
analysis showed that the activity difference was present in both
male and female participants, with no significant differences
between groups (Supplementary Fig. 1).

Neural Activity—Effect of Hand Posture

During TRANSLATION trials, we observed increased neural activity
in the left IPS ([-22, 60, 58]; I'= 4.39, Pryg = 0.019) and right
1PS ([20, -68, 58]; T'= 4.35, Prywe = 0.018) when subject’s hand
posture was overall incongruent with the planned action
(Fig. 6A4,B). Morecover, interindividual differences in blood
oxygen level-dependent (BOLD) activity between congruent
and incongruent posture conditions correlated with differences
in RTs between postures in the left IPS (= 0.531, P= 0.028; see
Fig. 6C) and right IPS (= 0.539, P = 0.026).

An exploratory whole-brain search for significant differences
yielded no other significant activation differences.

During ROTATION trials, we observed increased neural activity
in the EBA ([-42, -72, 10]; T = 548, Ppye = 0.001) when
participants adopted a goal-incongruent hand posture compar-
ed with goal-congruent hand posture (Fig. 7A,B). This increased
neural activity was not significantly related to interindividual
differences in RTs between postures (7=-0.149, P > 0.10).

There were no significant activation differences on the
whole-brain analysis.

Manipulation of hand posture did not result in larger neural
activity during VerTicAL trials. For a summary of all activity
differences related to posture, see Table 2.

Discussion

In this study, we investigated how one’s own body posture
interacts with planning of goal-directed actions. Behavioral
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Figure 6. Neural activity modulated by overall body posture congruency. (4)
Anatomical localization of areas that were more active when body posture was
overall incongruent with the movement plan during the GS task (thresholded at T > 2
for display purposes). (B) Event-related response of left IPS, plotted for different levels
of body posture congruency. (C) Correlation between BOLD and RT differences of
each subject between congruent and incongruent posture. For details on conditions
and color coding, see Figure 2.

results indicate that motor planning is facilitated when one’s
own body state is congruent with the goal posture of the
planned movement. fMRI results show that 2 regions, the IPS
and EBA, showed an interaction between body posture and
action planning. There was more activity in IPS when the body
posture was overall different from those that were calculated
for the action plan. EBA was more active when the body
posture was incongruent with the goal state of the planned
action than when they were congruent. Together, our results
indicate that movement planning is facilitated (in terms of
behavioral performance and neural computation) by adopting
the goal posture of the movement, in line with models that
hypothesize that movement planning is organized around the
specification of goal postures (Rosenbaum et al. 2001; Graziano
et al. 2002).

Importance of Goal Posture in Movement Planning

When participants decided how to grasp the bar, they
predominantly selected the option that resulted in a comfort-
able goal posture. This finding replicates earlier work using
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Figure 7. Neural activity modulated by goal-posture congruency. (4) Anatomical
localization of areas that were more active when body posture was incongruent with
the goal posture of the movement plan during the GS task (thresholded at 7 > 2 for
display purposes). (B) Event-related response of left EBA, plotted for different levels
of body posture congruency. For details on conditions and color coding, see Figure 2.

a similar experimental setup (Rosenbaum et al. 1990, 1992) and
suggests that during motor planning the solution to the
selection problem is determined on the basis of the goal state
of an action. We extend these observations by showing that
planning of movements is facilitated when proprioceptive
information about one’s own body state is congruent with the
movement’s goal state. Thereby, our behavioral results are in
good accord with theories that posit that movement planning is
organized around goal postures (Rosenbaum et al. 1995, 2001;
Weiss et al. 2007).

Parietal and Premotor Cortex Are Modulated by
Movement Complexity

The GS task activated a parietal-premotor network comprising
the superior parietal, as well as dorsal and ventral premotor
cortex. The involvement of superior parietal and dorsal
premotor cortex (PMd) during the elaboration of motor plans
is in line with previous studies of movement planning in
monkeys (Kalaska et al. 1997; Scott et al. 1997) and humans
(Beurze et al. 2007). The involvement of ventral premotor
cortex (PMv) also fits well with earlier findings on “canonical
neurons” in both monkeys (Murata et al. 1997; Joly et al. 2009)
and humans (Grezes, Armony, et al. 2003). These neurons are
selectively activated both by the presentation of specific
objects and their corresponding motor program (Rizzolatti
and Luppino 2001). We show that activity within this network
increased with increasing complexity of the movement plan,
from a simple translation to combined translation and rotation
movements. A highly similar linear relationship between
movement complexity and neural activity in this network has
been previously observed during mental rotation of body parts
(Parsons et al. 1995; Richter et al. 2000; de Lange et al. 2005,
20006), suggesting that the underlying neuronal computations
may be similar. In particular, both motor planning and mental
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rotation of body parts may involve a process of alignment of the
actual and desired hand postures.

Individual differences in motor planning demands (as
indexed by RTs) correlated with neural activity differences
within this network. The strong link between behavioral and
neural data suggests that the larger neural computations in this
parietal-premotor network are a direct neural corollary of the
longer planning times as movement complexity increases.
Therefore, the activation differences are related to differences
in the strength of the hemodynamic response (rather than its
presence or absence). This is supported by the hemodynamic
response plots in Figures 5-7, which show BOLD responses for
all conditions in the brain areas of interest. Along this line, we
interpret stronger activation in one condition compared with
another as reflecting more intense/prolonged processing
within that brain area, whereas reduced activity indexes
a relative facilitation of neural computation in the brain area.

Incongruence between Body Posture and Action Plan
Leads to Larger Activity in Intraparietal Sulcus and
Extrastriate Body Area

There were 2 regions whose activity was modulated by
participant’s body posture during the movement planning task:
IPS and EBA. Interestingly, both IPS (Wolpert et al. 1998;
Jackson et al. 2005; Pellijeff et al. 20006; Parkinson et al. 2010)
and EBA (Downing et al. 2001; Astafiev et al. 2004; Saxe et al.
2006; Kuhn et al. 2011) appear to contain a representation of
the body. In our study, IPS showed increased activity when
one’s arm posture was overall different from the posture used
in the motor plan (i.e., with both the start and the goal posture
of the movement). EBA, on the other hand, showed increased
activity specifically when one’s arm was different from the goal
posture of the planned action. In the following sections, we will
discuss potential functions of both areas during the generation
of a motor plan.

Estimation of Body State in Posterior Parietal Cortex

We observed increased activity in the posterior parietal
cortex when there was an incongruence between one’s arm
posture and the arm posture of the action plan. The posterior
parietal cortex integrates sensory information from multiple
modalities with information pertaining to the motor plan from
efference copies (Andersen and Cui 2009). These sources of
information are used to generate an estimate of a body state,
in order to achieve an accurate representation of the current
body state (Wolpert and Ghahramani 2000; Grush 2004;
Pellijeff et al. 20006; Parkinson et al. 2010). Therefore, the
increased activation in the posterior parietal cortex for
incongruent postures suggests that this region may in fact
be engaged with 2 (closely related) processes: maintaining an
internal representation of one’s physical body and calculating
the (simulated) body state during the planned action. This is
compatible with earlier studies on mental simulation of
reaching (de Lange et al. 2006) and grasping movements
(Grezes, Tucker, et al. 2003; Vargas et al. 2004), which
observed larger activity in posterior parietal and premotor
cortices when a simulated body state does not match one’s
current body state. Perhaps somewhat surprisingly, IPS was
not differentially modulated by body posture during rotation
movements, in which participants adopted either a goal-
congruent or a goal-incongruent (i.e., start-posture congruent)



Table 2
Posture congruency effects during the motor planning task

Contrast Anatomical region MNI coordinates Cluster size t-Value
X y z
Incongruent > congruent overall posture (translation trials) IPS -20 —60 58 14 4.39
20 —68 58 20 4.35
Precentral gyrus -10 —24 56 14 451
Inferior frontal gyrus —38 24 22 13 4.49
Caudate nucleus 22 26 6 1" 5.43
Incongruent > congruent goal posture (rotation trials) Middle occipital gyrus (EBA) —42 -72 2 54 5.48
Fusiform gyrus 30 —64 10 17 476
Superior medial gyrus 2 46 46 34 5.99
Postcentral gyrus —48 -30 61 13 4.61
Postcentral gyrus —62 —12 20 27 423
Postcentral gyrus 66 -22 20 12 3.91

Note: Activity differences in the areas in bold font are based on an analysis within an a priori search space and survived multiple comparisons correction. Activity differences in the other listed areas were
significant at a lenient threshold of P < 0.001 uncorrected but did not survive correction for multiple comparisons. Therefore, these areas are solely listed for reference. Cluster size is given in number of

voxels. MNI, Montreal Neurological Institute.

body posture. We speculate that the absence of activation
differences may be related to the fact that congruent and
incongruent phases cancel out each other in these action plans.
That is, a start-congruent posture is initially congruent but later
incongruent with one’s body posture and vice versa when body
posture is congruent with the goal posture. While this could
induce a temporal difference in IPS activity between these
conditions, this may be too small to be detected using the
sluggish hemodynamic response.

The posterior parietal cortex receives information from
various parts of the cortex, including motor and premotor
areas on the one hand, and vestibular cortex and areas
involved in visual processing on the other hand (Bakola et al.
2010). Based on this connection pattern, Bakola et al
suggested that the superior parietal lobe processes informa-
tion about limb postures and may play a role in coordinated
limb movements in the environment. This information is
necessary to enable the comparison of perceived and
estimated limb positions in the posterior parietal cortex.
One possible mechanism to incorporate contextual informa-
tion in motor plans has been proposed by Gail et al. (2009).
They observed gain modulation by behavioral context in the
parietal reach region, located on the medial bank of IPS, in an
antireach task and suggest that gain field modulations enable
flexible goal-directed behavior. In line with this, gain field
modulations by the current body posture (i.e., its state
estimate) may underlie the increased activation in IPS
observed in the current study.

The posterior parietal cortex has not only been associated
with movement planning prior to execution but also with fast
online corrections of ongoing movements. Desmurget et al.
(1999) showed that disruption of neural processing in PPC by
TMS impairs the ability of healthy subjects to update and
correct ongoing movements to visual targets. This disruption,
in our view, may have corrupted the body state estimate in the
PPC, with the result that the body posture is unknown to the
system, and movements cannot be corrected based on this
estimated body posture. Similar mechanisms may underlie the
motor planning deficits that are apparent in some forms of
apraxia (Heilman et al. 1986; Halsband et al. 2001). Interest-
ingly, apraxic patients also have difficulty in comparing visual
and proprioceptive information during the generation of
movement (Sirigu et al. 1999).

Estimation of Goal State in EBA

Activity in the EBA was specifically increased when subject’s
body posture was incongruent with the goal posture of the
planned action. Although EBA was initially coined as a purely
“visual” area that is involved in the perception of body parts
(Downing et al. 2001; Urgesi et al. 2004), later studies
suggest that EBA also has a role during planning of voluntary
manual actions (Astafiev et al. 2004; Kuhn et al. 2011).
According to the ideomotor theory, actions are accessed via
representations of the sensory effects they evoke (Hommel
et al. 2001). In this framework, the role of the EBA may to
provide a predicted goal state of one’s hand, on the basis of
which the action plan is elaborated (Kuhn et al. 2011). The
activity increase in EBA was not correlated with RT increases
when subject’s body posture was incongruent with the
action’s goal posture. While the interpretation of null
findings is generally difficult, one possibility is that this
stems from the fact that the EBA is only providing an initial
estimate of the goal state, which constitutes the input to
a motor simulation carried out in the IPS. The delay in onset
of this motor simulation may be what underlies the RT
increase. Indeed, there were consistent correlations be-
tween motor planning time and neural activity in the latter
area (Figs 5C and 60).

The notion that EBA provides a visual estimate of the hand’s
goal state for action planning is also supported by neuro-
psychological studies that observed impairments in the
elaboration of action plans in visual agnosia patients with
lesions in lateral occipital areas and occipitoparietal and
occipitotemporal regions (Dijkerman et al. 2009). Despite
being able to grasp and move objects according to instructions,
these patients showed abnormal grip behavior in trials where
start and goal postures differed, and an action plan had to be
elaborated that required computing a goal posture. We suggest
that EBA may therefore, in the context of action planning,
represent the goal posture of a planned action. Such a sensory
representation of the desired goal state will need to be held
online for longer when the planning process is slowed down by
the incongruence of one’s own posture with the goal posture
(as is evident from the behavioral results). Importantly, the goal
representation in EBA is visual in nature and is not dynamically
updated during the movement (unlike the body posture
representation in IPS).
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Conclusion

We have shown a facilitation of action planning when one’s
physical body posture is congruent with the action’s goal
posture. This facilitation is visible in behavior and in neural
structures that contain body representations: the IPS and EBA.
Specifically, our neuroimaging data suggests that IPS maintains
an internal state of one’s own body posture during the planned
action, while EBA contains a representation of the action goal
posture. Together, this study elucidates how action plans are
elaborated in terms of their distal goals and how planning of
actions interacts with one’s own body, emphasizing the
embodied nature of motor planning.

Supplementary Material

Supplementary material can be found at: http://www.cercor.
oxfordjournals.org/
Funding

F.d.L. received funding from the Netherlands Organisation for
Scientific Research (NWO VENI 451-09-001).

Notes

We thank Robrecht van der Wel, Ivan Toni, Rick Helmich, and
Lennart Verhagen for helpful discussions. Conflict of Interest: None
declared.

References

Andersen RA, Cui H. 2009. Intention, action planning, and decision
making in parietal-frontal circuits. Neuron. 63:568-583.

Ashburner J, Friston KJ. 1999. Nonlinear spatial normalization using
basis functions. Hum Brain Mapp. 7:254-2606.

Astafiev SV, Stanley CM, Shulman GL, Corbetta M. 2004. Extrastriate
body area in human occipital cortex responds to the performance
of motor actions. Nat Neurosci. 7:542-548.

Bakola S, Gamberini M, Passarelli L, Fattori P, Galletti C. 2010. Cortical
connections of parietal field PEc in the macaque: linking vision and
somatic sensation for the control of limb action. Cereb Cortex.
20:2592-2604.

Beurze SM, de Lange FP, Toni I, Medendorp WP. 2007. Integration of
target and effector information in the human brain during reach
planning. J Neurophysiol. 97:188-199.

Cooke DF, Taylor CSR, Moore T, Graziano MSA. 2003. Complex
movements evoked by microstimulation of the ventral intraparietal
area. Proc Natl Acad Sci U S A. 100:6163-6168.

de Lange FP, Hagoort P, Toni I. 2005. Neural topography and content of
movement representations. ] Cogn Neurosci. 17:97-112.

de Lange FP, Helmich RC, Toni I. 20006. Posture influences motor
imagery: an fMRI study. Neuroimage. 33:609-617.

Desmurget M, Epstein CM, Turner RS, Prablanc C, Alexander GE,
Grafton ST. 1999. Role of the posterior parietal cortex in
updating reaching movements to a visual target. Nat Neurosci.
2:563-567.

Dijkerman HC, McIntosh RD, Schindler I, Nijboer TC, Milner AD. 2009.
Choosing between alternative wrist postures: action planning needs
perception. Neuropsychologia. 47:1476-1482.

Downing PE, Jiang Y, Shuman M, Kanwisher N. 2001. A cortical area
selective for visual processing of the human body. Science.
293:2470-2473.

Duvernoy HM, Cabanis EA, Vannson JL. 1991. The human brain: surface,
three-dimensional sectional anatomy and MRI. Wien (Austria):
Springer-Verlag.

Eickhoft SB, Stephan KE, Mohlberg H, Grefkes 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.

130 Goal Posture Facilitates Action Planning Zimmermann et al.

Friston KJ, Ashburner J, Frith CD, Poline JB, Heather JD, Frackowiak RS.
1995. Spatial registration and normalization of images. Hum Brain
Mapp. 3:165-189.

Friston KJ, Holmes A, Poline JB, Price CJ, Frith CD. 1996. Detecting
activations in PET and fMRI: levels of inference and power.
Neuroimage. 4:223-235.

Friston KJ, Holmes AP, Worsley KJ. 1999. How many subjects constitute
a study? Neuroimage. 10:1-5.

Friston KJ, Holmes AP, Worsley KJ, Poline JB, Frith C, Frackowiak RS.
1995. Statistical parametric maps in functional imaging: a general
linear approach. Hum Brain Mapp. 2:189-210.

Friston KJ, Rotshtein P, Geng JJ, Sterzer P, Henson RN. 2000. A critique
of functional localisers. Neuroimage. 30:1077-1087.

Gail A, Klaes C, Westendorff S. 2009. Implementation of spatial
transformation rules for goal-directed reaching via gain modula-
tion in monkey parietal and premotor cortex. J Neurosci.
29:9490-9499.

Gentilucci M, Negrotti A, Gangitano M. 1997. Planning an action. Exp
Brain Res. 115:116-128.

Grafton ST, Hamilton AF. 2007. Evidence for a distributed hierarchy
of action representation in the brain. Hum Mov Sci. 26:
590-616.

Graziano MS, Taylor CS, Moore T. 2002. Complex movements evoked
by microstimulation of precentral cortex. Neuron. 34:841-851.
Grezes J, Armony JL, Rowe J, Passingham RE. 2003. Activations related
to “mirror” and “canonical” neurones in the human brain: an fMRI

study. Neuroimage. 18:928-937.

Grezes J, Tucker M, Armony ], Ellis R, Passingham RE. 2003. Objects
automatically potentiate action: an fMRI study of implicit process-
ing. Eur J Neurosci. 17:2735-2740.

Grush R. 2004. The emulation theory of representation: motor control,
imagery, and perception. Behav Brain Sci. 27:377-396.

Halsband U, Schmitt J, Weyers M, Binkofski F, Grutzner G, Freund HJ.
2001. Recognition and imitation of pantomimed motor acts after
unilateral parietal and premotor lesions: a perspective on apraxia.
Neuropsychologia. 39:200-216.

Heilman KM, Rothi LG, Mack L, Feinberg T, Watson RT. 1986. Apraxia
after a superior parietal lesion. Cortex. 22:141-150.

Helmich RC, de Lange FP, Bloem BR, Toni I 2007. Cerebral
compensation during motor imagery in Parkinson’s disease. Neuro-
psychologia. 45:2201-2215.

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

Jackson SR, Newport R, Mort D, Husain M. 2005. Where the eye looks,
the hand follows; limb-dependent magnetic misreaching in optic
ataxia. Curr Biol. 15:42-46.

Johnson SH, Rotte M, Grafton ST, Hinrichs H, Gazzaniga MS, Heinze HJ.
2002. Selective activation of a parietofrontal circuit during implicitly
imagined prehension. Neuroimage. 17:1693-1704.

Joly O, Vanduffel W, Orban GA. 2009. The monkey ventral premotor
cortex processes 3D shape from disparity. Neuroimage. 47:
262-272.

Kalaska JF, Scott SH, Cisek P, Sergio LE. 1997. Cortical control of
reaching movements. Curr Opin Neurobiol. 7:849-859.

Kilner JM, Friston KJ, Frith CD. 2007. Predictive coding: an account of
the mirror neuron system. Cogn Process. 8:159-1606.

Kording KP, Wolpert DM. 2006. Bayesian decision theory in sensori-
motor control. Trends Cogn Sci. 10:319-326.

Kuhn §, Keizer AW, Rombouts SA, Hommel B. 2011. The functional and
neural mechanism of action preparation: roles of EBA and FFA in
voluntary action control. ] Cogn Neurosci. 23:214-220.

Murata A, Fadiga L, Fogassi L, Gallese V, Raos V, Rizzolatti G. 1997.
Object representation in the ventral premotor cortex (area F5) of
the monkey. J Neurophysiol. 78:2226-2230.

Parkinson A, Condon L, Jackson SR. 2010. Parietal cortex coding of limb
posture: in search of the body-schema. Neuropsychologia.
48:3228-3234.

Parsons LM. 1994. Temporal and kinematic properties of motor
behavior reflected in mentally simulated action. ] Exp Psychol
Hum Percept Perform. 20:709-730.


http://cercor.oxfordjournals.org/cgi/content/full/bhr098/DC1
http://www.cercor.oxfordjournals.org/
http://www.cercor.oxfordjournals.org/

Parsons LM, Fox PT, Downs JH, Glass T, Hirsch TB, Martin CC,
Jerabek PA, Lancaster JL. 1995. Use of implicit motor imagery for
visual shape discrimination as revealed by PET. Nature. 375:54-58.

Pellijeff A, Bonilha L, Morgan PS, McKenzie K, Jackson SR. 20006. Parietal
updating of limb posture: an event-related fMRI study. Neuro-
psychologia. 44:2685-2690.

Richter W, Somorjai R, Summers R, Jarmasz M, Menon RS, Gati JS,
Georgopoulos AP, Tegeler C, Ugurbil K, Kim SG. 2000. Motor area
activity during mental rotation studied by time-resolved single-trial
fMRI. J Cogn Neurosci. 12:310-320.

Rizzolatti G, Luppino G. 2001. The cortical motor system. Neuron.
31:889-901.

Rosenbaum DA, Loukopoulos LD, Meulenbroek RG, Vaughan J,
Engelbrecht SE. 1995. Planning reaches by evaluating stored
postures. Psychol Rev. 102:28-67.

Rosenbaum DA, Marchak E, Barnes HJ, Vaughan J, Slotta ]JD,
Jorgensen MJ. 1990. Constraints for action selection: overhand
versus underhand grips. In: Long J, Baddeley A, editors. Attention &
performance. Hillsdale (N]): Erlbaum. p. 321-342.

Rosenbaum DA, Meulenbroek R], Vaughan J, Jansen C. 2001. Posture-based
motion planning: applications to grasping. Psychol Rev. 108:709-734.

Rosenbaum DA, Vaughan J, Barnes HJ, Jorgensen MJ. 1992. Time course
of movement planning: selection of handgrips for object manipu-
lation. J Exp Psychol. 18:1058-1073.

Saxe R, Jamal N, Powell L. 2006. My body or yours? The effect of visual
perspective on cortical body representations. Cereb Cortex.
16:178-182.

Scott SH, Sergio LE, Kalaska JF. 1997. Reaching movements with similar
hand paths but different arm orientations. II. Activity of individual
cells in dorsal premotor cortex and parietal area 5. ] Neurophysiol.
78:2413-24206.

Shenton JT, Schwoebel ], Coslett HB. 2004. Mental motor imagery and
the body schema: evidence for proprioceptive dominance. Neurosci
Lett. 370:19-24.

Sirigu A, Daprati E, Pradat-Diehl P, Franck N, Jeannerod M. 1999.
Perception of self-generated movement following left parietal
lesion. Brain. 122(Pt 10):1867-1874.

Sirigu A, Duhamel JR. 2001. Motor and visual imagery as two
complementary but neurally dissociable mental processes. ] Cogn
Neurosci. 13:910-919.

Stepniewska I, Fang PC, Kaas JH. 2005. Microstimulation reveals
specialized subregions for different complex movements in
posterior parietal cortex of prosimian galagos. Proc Natl Acad Sci
U S A. 102:4878-4883.

Urgesi C, Berlucchi G, Aglioti SM. 2004. Magnetic stimulation of
extrastriate body area impairs visual processing of nonfacial body
parts. Curr Biol. 14:2130-2134.

Vargas CD, Olivier E, Craighero L, Fadiga L, Duhamel JR, Sirigu A. 2004.
The influence of hand posture on corticospinal excitability during
motor imagery: a transcranial magnetic stimulation study. Cereb
Cortex. 14:1200-1206.

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.

Wolpert DM, Ghahramani Z. 2000. Computational principles of
movement neuroscience. Nat Neurosci. 3:1212-1217.

Wolpert DM, Goodbody S§J, Husain M. 1998. Maintaining internal
representations: the role of the human superior parietal lobe. Nat
Neurosci. 1:529-533.

Worsley KJ. 1996. A unified statistical approach for determining
significant signals in images of cerebral activation. Hum Brain Mapp.
4:58-73.

Cerebral Cortex January 2012, V22N 1 131



