
r Human Brain Mapping 32:677–687 (2011) r

Predicting and Memorizing Observed Action:
Differential Premotor Cortex Involvement

Waltraud Stadler,1* Ricarda I. Schubotz,2 D. Yves von Cramon,2

Anne Springer,1 Markus Graf,1,3 and Wolfgang Prinz1

1Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2Max Planck Institute for Neurological Research, Köln, Germany
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Abstract: Many studies have shown the involvement of the premotor cortex in action observation, re-
cognizing this region as the neural marker of action simulation (i.e., internal modeling on the basis of
the observer’s own motor repertoire). So far, however, we have remained unaware of how action simu-
lation differs from more general action representation in terms of premotor activation. The present
fMRI experiment is the first to demonstrate how premotor structures contribute to action simulation as
opposed to other action-related cognitive tasks, such as maintaining action representations. Using simi-
lar stimuli, a prediction condition requiring internal simulation of transiently occluded actions was
compared to three different action-related control tasks differing solely in task instructions. Results
showed right pre-SMA activation as a correlate of maintaining action representations in general. More-
over, the prediction condition was most efficient in activating the left pre-SMA and left PMd. These
results suggest that the conjoint activation of the pre-SMA and PMd reflects a core neural driver of
action simulation. Hum Brain Mapp 32:677–687, 2011. VC 2010 Wiley-Liss, Inc.
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INTRODUCTION

In monkeys and humans, motor system activation is
robustly found in experiments involving the observation
of other individuals [Gallese et al., 1996; Grèzes and Dec-
ety, 2001; Rizzolatti et al., 2002]. Although there has been
considerable theorizing about the gain of motor system
involvement during action observation, the purpose of
translating perceptual action information into sensorimotor
representations is constantly under debate. Evidence sug-

gesting that premotor cortex activation during action ob-
servation may have predictive purposes is also constantly
accumulating. The present study aimed at elucidating the
contribution of the premotor cortex to action prediction in
contrast to other action-related tasks.

It has been suggested that a particularly efficient way of
achieving action prediction may be based on exploiting
predictive functions of the observer’s own motor system in
a simulation mode [Blakemore and Decety, 2001; Grush,
2004; Wilson and Knoblich, 2005]. Corresponding neuro-
physiological evidence in monkeys points to a predictive
activation of sensorimotor action representations during
observation [Umiltà et al., 2001]: mirror neurons in the
macaque premotor area have been shown to exhibit simi-
lar firing patterns, irrespective of whether food was
grasped behind an occluder or in front of the monkey. As
its monkey homolog, the human premotor cortex contains
somatotopically organized sensorimotor representations
[Buccino et al., 2001; Godschalk et al., 1995; Graziano and
Gandhi, 2000; Rizzolatti et al., 1988; Sakreida et al., 2005].
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Several behavioral studies provide evidence of predic-
tive use of sensorimotor representations when humans
watch actions. For instance, when an attended action was
occluded in behavioral experiments [Graf et al., 2007], par-
ticipants achieved temporally precise action predictions.
This was taken as evidence of real-time action simulation
on the basis of sensorimotor representations. Likewise,
when humans observed someone stacking wooden blocks,
they coordinated their gaze in a predictive way with the
observed hand movement [Flanagan and Johansson, 2003].
Anticipatory EEG activation was also recorded over the
motor cortex of observers prior to the onset of an observed
transitive hand movement [Kilner et al., 2004]. Further,
action imagery induces motor system activation in the ab-
sence of (dynamic) perceptual input [Gerardin et al., 2000;
Hanakawa et al., 2008; Lotze et al., 1999]. Moreover, cur-
rent research extends the role of the premotor cortex to
the prediction of event dynamics in general [Schubotz,
2007; Schubotz and von Cramon, 2003].

The current fMRI experiment was designed to dissociate
brain activation specific to action prediction from the back-
ground of activation related to more general action repre-
sentation such as memorizing certain aspects of an action.
Therefore, comparison of a prediction task with other
action-related control tasks was required. To pinpoint the
impact of task instructions while balancing the influence
of perceptual input between conditions, similar stimuli
were used in four tasks. Participants watched short video-
clips showing an actress performing everyday actions in a
naturalistic environment. The clips were repeatedly
occluded for 1 s. After each occlusion, participants indi-
cated whether the action continued with coherent or inco-
herent timing (Prediction condition). As a second
condition, a memory task (Freezing condition) used the
same stimuli and required participants to indicate whether
the last frame before occlusion was identical to the first
frame after occlusion. Two further conditions were used to
control for effects of the occluder intervention (Counting
condition) and the motor response (Detection condition)
(see Methods and Fig. 1 for details).

The first step of data analysis was to assess activation
common to the Prediction and Freezing conditions. There-
fore, contrasts with the control conditions Detection and
Counting were calculated separately for Prediction and
Freezing and subsequently integrated using conjunction
analyses. Functionally, the Prediction and Freezing condi-
tions similarly required the maintenance of an internal ref-
erence against which the continuation of the video was
matched after occlusion. In the second step, prediction-
specific activation was obtained by contrasting the Predic-
tion condition directly with the Freezing condition. This
contrast aimed to reveal functional resources that Predic-
tion needed, but Freezing did not. The two conditions dif-
fered with respect to characteristics of the maintained
internal reference. In Freezing, the internal reference was
derived from the last preoccluder frame kept in memory
as a static posture. The Prediction condition additionally

required a dynamic transformation over time. That is, the
formation of the internal reference departed from the last
preoccluder frame (that was also crucial in Freezing), but
needed to be transformed through mental simulation in
Prediction. With the outlined two-step analysis, we were
able to dissociate brain activation specifically related to in-
ternal action prediction from effects of rather general
maintenance of an action-related internal reference. As
indicated by the literature reviewed, we hypothesized that
action prediction elicits stronger premotor activation rela-
tive to the other tasks. Although the experiment was
designed to reveal differences reflecting prediction task-
induced effects in the premotor cortex rather than stimu-
lus-driven effects, whole-brain images were analyzed.

METHODS

Participants

Twenty-two right-handed women (mean age 25.7 years;
range 23.7–28.8) participated in the experiment. None had
a neurological or psychiatric disorder or was on medica-
tion at the time of measurement. Four participants were
excluded from statistical analysis as their correct response
rates were below 65%, resulting in a total of 18 partici-
pants in the final analysis. All participants gave written
consent and were paid for their participation. They were
treated according to the regulations of ethics in the Decla-
ration of Helsinki and fMRI procedures were approved by
the local ethics committee.

Stimuli

Four different video-clips showed a woman performing
everyday actions (making coffee, fertilizing a houseplant,
setting the table and hanging up laundry). Videos lasted
for �60 s each (range 54–76 s). Several times during a clip,
the whole display was transiently occluded by a black rec-
tangle. Occlusions lasted for 1 s and were pseudo-ran-
domly distributed with an interval between two occlusions
jittered between 7, 9, 11 or 13 s. After an occlusion, the
video continued immediately. The videos were presented
in full color with a resolution of 720 � 576 pixels and a
frame rate of 25 frames per second using a back projection
system including a LCD projector which projected onto a
screen placed behind the magnet. The screen was reflected
on a mirror which was installed above the eyes of the par-
ticipants. For stimulus presentation and response registra-
tion, the software ‘‘Presentation’’ (Neurobehavioral
SystemsTM, Albany, CA) was used.

Design and Procedure

The video-clips were repeatedly presented in four exper-
imental conditions. The number of presentations of each
clip was counterbalanced between the conditions. Within
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one clip, the condition (i.e., task) never changed and thus
several successive occlusions (i.e., trials) applied to the
same experimental condition. On average, one video-clip

contained five occlusions. A new condition was
announced during 3 s prior to the beginning of a new clip
with a visually presented instruction. Immediately before

Figure 1.

Experimental conditions. Panels show four conditions (Predic-

tion, Freezing, Detection, and Counting) employing the same

video-clips. The bars on the bottom of each panel represent

ongoing video presentation during which black boxes repeatedly

occluded the whole screen for 1 s in Prediction, Freezing, and

Counting conditions. On average, a 60-s video was occluded five

times. In Detection, instead of occlusions, a border surrounding

the display changed color for 1 s. With every new video, the

task changed and this was announced visually. In the conditions

Prediction, Freezing and Detection, the observation of the

ongoing course of the action was required. In Prediction, partici-

pants indicated whether the action continued with coherent tim-

ing after each occluder. In Freezing, they memorized the last

frame before occlusion to judge whether the video continued

from the same position. When the border was colored in

Detection, participants were asked to detect occasional disrup-

tions in the smoothness of the ongoing action. In these three

conditions, yes/no response-buttons were pressed as soon as

possible after the offset of occlusions or colored borders. The

depicted scenes are taken from a video-clip to illustrate two sin-

gle trials for each condition. The pictures on the left show an

incoherent continuation in Prediction, a mismatch in Freezing,

and a disrupted action in Detection. The examples depicted on

the right illustrate accurate trials for each condition. The Count-

ing condition did not draw attention to the action. Instead, par-

ticipants counted occlusions and indicated whether a clip

contained more or fewer than five of these.
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the fMRI experiment, participants were familiarized with
the video-clips and trained in the different tasks in a short
practice session.

Tasks

The order of task presentation was counterbalanced
across participants, ensuring equal distribution of condi-
tions over the experimental session. In the Prediction con-
dition (P), participants had to decide whether the action
continued with congruent (67% of the trials) or incongru-
ent (33%) timing after occlusion. Timing was congruent
when the action proceeded for 1 s during occlusion,
matching with the period of occlusion. In incongruent tri-
als, videos continued at a previous scene (corresponding
to congruent trials minus 1,480 ms) or were shifted to the
future (congruent plus 2,000 ms). Participants were
instructed to respond as soon as possible after occlusion.
Responses were given with the right middle and index fin-
gers on a response device equipped with two buttons
("yes’’ and ‘‘no’’). In the Freezing condition (F), partici-
pants were instructed to keep the last visible action stage
before occlusion in memory. After each occluder, partici-
pants were required to indicate whether the video contin-
ued with the same frame (67% match) or with a different
one (33% mismatch). Mismatch trials showed a past action
stage (same frame minus 600 ms) or a future stage (same
frame plus 3,000 ms). The use of different shifting ranges
in incoherent trials of the Freezing condition compared
with Prediction was motivated by the aim to match diffi-
culty between the two conditions. In a behavioral pilot
experiment, these ranges were carefully adjusted to
achieve a correct response rate of 80% in both conditions.
Instead of occlusions, the Detection condition (D) required
participants to determine disruptions of the action’s
smoothness. In analogy to occlusions, disruptions were
similarly distributed over the clips and occurred during 1-
s intervals that were marked by a color change (from gray
to blue) of a border which surrounded the scene at all
times. Participants were asked to indicate if the video was
displayed correctly or not. Action smoothness was manip-
ulated by cutting the video such that 25 consecutive
frames were removed (corresponding to a gap of 1 s). The
Counting condition (C) employed the same videos and
required silent counting of occlusions during a given
video-clip. Using a button-press after the clip ended, par-
ticipants were asked to indicate if they had counted more
or fewer than five occlusions. A resting baseline showing a
gray screen with a centered white fixation cross was pre-
sented 20 times throughout the experimental session for 14 s.

Scanning Procedure

For MRI scanning, participants were provided with ear-
plugs to attenuate scanner noise and were installed supine
on the scanner bed with a response device in their right
hand. Using a 3 Tesla Bruker Medspec 30/100 system
equipped with a standard birdcage head coil, functional

images were acquired with a single shot gradient echo-pla-
nar imaging (EPI) sequence with the following parameters:
echo time TE ¼ 30 ms, flip angle 90�, repetition time TR ¼
2,000 ms, acquisition bandwidth 100 kHz. Twenty-two
axial slices were acquired (pixel matrix ¼ 64 � 64, FOV ¼
19.2 cm, resulting in an in-plane resolution of 3 mm �
3 mm, slice thickness ¼ 4 mm, interslice gap ¼ 1 mm).
Slices were oriented parallel to the bicommissural plane
(AC-PC). In a single fMRI run, a total of 1,120 images
were acquired. Prior to the functional run, 22 two-dimen-
sional anatomical images (256 � 256 pixel matrix, MDEFT
sequence) were recorded as well as T1 weighted EPI
images with the same parameters as functional scans to be
used for registration purposes.

Data Analysis

For data processing, the software package LIPSIA was
used [Lohmann et al., 2001]. Motion-correction was per-
formed with a matching metric based on linear correlation.
The temporal offset between the slices was corrected by
sinc-interpolation based on the Nyquist-Shannon-Theorem.
Low frequency components such as baseline drifts were
suppressed by high-pass filtering with a cut-off frequency
of 1/120 Hz. Spatial smoothing was achieved by a Gaus-
sian kernel with a standard deviation of 0.8. Because of
the voxel size of 3 mm, this is equivalent to 5.65-mm full
width at half maximum (FWHM).

To align the functional data slices with a high-resolution
three-dimensional (3D) reference dataset, a rigid linear
registration with 6� of freedom (three rotational, three
translational) was performed. The rotational and transla-
tional parameters were acquired through registration of
the two-dimensional MDEFT (160 slices with 1 mm thick-
ness) and EPI-T1 datasets with an individual 3D reference
dataset which was acquired during a previous scanning
session. The rotational and translational parameters were
subsequently transformed to the Talairach stereotactic
space [Talairach and Tournoux, 1988] by linear scaling.
Resulting parameters were used to align the functional sli-
ces with the stereotactic coordinate system using trilinear
interpolation. After interpolation of slice gaps, the spatial
resolution of output data was 3 � 3 � 3 mm3 (27 mm3).

Statistical analysis was based on a least-squares estima-
tion using the general linear model for serially autocorre-
lated observations [Friston, 1994; Friston et al., 1995a,b;
Worsley and Friston, 1995]. The design matrix corre-
sponded to an event-related design and was generated
with a synthetic hemodynamic response function [Friston
et al., 1998; Glover, 1999; Josephs et al., 1997] and its first
derivative. In the conditions Prediction, Freezing and
Counting, onsets of occlusions were defined as target
events for event-related analysis. In the Detection condi-
tion, the target event was the onset of the detection phase.
By performing a general linear regression [using the pre-
whitening approach proposed by Worsley et al., 2002], a
linear model was fitted to fMRI time series. In the first
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stage, autocorrelation parameters were estimated from the
least squares residuals using the Yule-Walker equations.
Then, the autocorrelation parameters were used to
‘‘whiten’’ the data and the design matrix. In a second
stage, the linear model was reestimated using least squares
on the whitened data to produce estimates of effects and
their standard errors. Subsequently, for each participant,
five contrast-images (i.e., estimates of raw-score differen-
ces) were generated between the target events (occlusions/
detection phases) in the different conditions: Prediction >
Counting, Prediction > Detection, Freezing > Counting,
Freezing > Detection, Prediction > Freezing.

For group analysis of each of these contrast images, a
one-sample t-test was carried out to ascertain whether the
observed between condition differences were significantly
distinct from zero [Holmes and Friston, 1998]. Subse-
quently, t-values were transformed to z-scores. A correc-
tion for multiple comparisons using Monte-Carlo
simulations was performed, combining a single voxel
probability threshold with a double threshold comprised
of minimum cluster-size and minimum cluster-z-value [see
also Forman et al., 1995; Xiong et al., 1995 for the advan-
tages of combining a voxel-based threshold with a mini-
mum cluster size]. An original voxel probability threshold
of Z ¼ 2.576 was used to define clusters in randomly gen-
erated maps. Using 1,000 iterations, the true false-positive
rate (proportional to the total number of voxels in the
dataset) was then estimated, determining the minimum
cluster size and minimum cluster z-value thresholds for a
corresponding P-value (P ¼ 0.05). Subsequently, these val-
ues were used to threshold the statistical maps to mask
out all nonsignificant activations.

To compare the percent signal change (PSC) in activated
areas between conditions in pairwise comparisons (t-test,
two-tailed, Bonferroni corrected), timelines were averaged
within a 3-s interval around peak-time.

Conjunction analyses using the logical combination
method as suggested by Joseph et al. [2002] were
employed to assess effects specific for the Prediction (P)
and Freezing conditions (F). For each of these two condi-
tions, corrected contrasts with the control conditions
Counting (C) and Detection (D) were integrated in two
separate conjunction analyses ((P > C) \ (P > D) and (F >
C) \ (F > D)). In a third conjunction analysis, all four con-
trasts were merged to assess similarities between the pre-
diction and the freezing condition ((P > C) \ (P > D)
\ (F > C) \ (F > D)).

RESULTS

Behavioral Results

Correct response rates did not differ between Prediction
(Mean ¼ 83.85%, SD ¼ 6.08) and Freezing (Mean ¼
83.91%, SD ¼ 5.75) (t(17) ¼ �0.032, P ¼ 0.975). These two
tasks differed from Detection, as indicated by a higher cor-
rect response rate for Detection (Mean ¼ 90.31%, SD ¼

3.69) which was statistically confirmed (Prediction <
Detection: t(17) ¼ �4.724, P < 0.001; Freezing < Detection:
t(17) ¼ �4.208, P ¼ 0.001). For the Counting condition, a
correct response rate of 91.66% was obtained.

A comparison of reaction times (RTs) between Prediction
and Freezing using a paired samples t-test revealed signifi-
cantly longer RTs for Prediction (Mean ¼ 1069.44 ms, SD ¼
171.74) as compared to Freezing (Mean ¼ 963.75 ms, SD ¼
168.04) (t(17) ¼ 5.721, P < 0.001). The Detection condition
was not included in this comparison since RTs were mark-
edly faster (Mean ¼ 572.15 ms, SD ¼ 111.71) due to early
response selection in this condition.

Imaging Results

Analysis was carried out in two steps. First, activation
common to the Prediction and Freezing conditions was
assessed in a conjunction approach. This analysis revealed
task-unspecific effects of maintaining an internal reference.
By subsequently contrasting Prediction with Freezing, acti-
vation specific to the prediction of action dynamics was
obtained.

Effects Related to the Maintenance of an

Internal Reference

A conjunction approach allowed the assessment of
effects specific to both the Prediction and Freezing condi-
tion separately, while controlling for stimulus-related acti-
vation (i.e., occluder intervention) in contrasts with the
Counting condition and activation associated with the
motor response in contrasts with the Detection condition.
First, the occluder event in Prediction was contrasted with
the same period in Counting and in a second contrast
with the detection phase in Detection. Subsequently, a con-
junction analysis was calculated including the contrasts
Prediction (P) vs. Detection (D) and Prediction (P) vs.
Counting (C) ((P > C)\(P > D)). It resulted in dorsal pre-
motor cortex (PMd) activation, which was larger on the
left (x ¼ �27, y ¼ 7, z ¼ 48; z-score ¼ 4.3) as compared to
the right hemisphere (x ¼ 33, y ¼ 4, z ¼ 45; z-score ¼ 4.2),
and activation in the presupplementary motor area (pre-
SMA), which was maximal in the right hemisphere (x ¼ 3,
y ¼ 13, z ¼ 48; z-score ¼ 5.4). Further, activations in the
middle frontal gyrus (MFG), the ventral premotor cortex
(PMv) and regions in the visual system were obtained (for
details see Table I and Fig. 2). Second, equivalent analyses
were carried out for Freezing ((F > C)\(F > D)), revealing
activation in the right pre-SMA (x ¼ 3, y ¼ 13, z ¼ 51;
z-score ¼ 4.9), the left intraparietal lobe (IPL; x ¼ �39, y ¼
�41, z ¼ 42; z-score ¼ 3.4) and regions in the visual
system (see Table I and Fig. 2).

With the purpose of obtaining activation related to
maintenance of an action-related internal reference which
was required due to occlusions in both Prediction and
Freezing, all four contrasts were finally merged in a third
conjunction analysis. The intersection between these
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contrasts ((P > C)\(P > D)\(F > C)\(F > D)) revealed
activation in the right pre-SMA (x ¼ 3, y ¼ 13, z ¼ 51; z-
score ¼ 4.9) (Fig. 2) as the premotor area which is simi-
larly required in both conditions, Prediction and Freezing
(for additional areas in the visual system see Table I).

Prediction-Specific Effects

To obtain activation specific to action prediction as
opposed to memorizing action information, the occluder
event in the Prediction condition was contrasted with that
of Freezing. Action prediction activated a left lateralized
cluster in the pre-SMA (x ¼ �9, y ¼ 16, z ¼ 42; z-score ¼
4.1) and one in the PMd (x ¼ �24, y ¼ 1, z ¼ 51; z-score ¼
4.0; results are depicted in Fig. 3). Additionally, activation
was obtained in the area of the rostral cingulate zone/
parahippocampal gyrus (x ¼ �9, y ¼ �44, z ¼ 12;
z-score ¼ 3.5).

Subsequently, percent signal changes (PSC) were
obtained for the four conditions to assess differences
between the control conditions providing a more detailed
description of the specificity of these activations. There-
fore, PSC were pooled within a spherical region of interest
of 7 voxels centered on the maximally activated voxel of
each the left pre-SMA and left PMd. Amplitudes were
averaged over a time window of 3 s around peak time for
each participant. Plotting PSC values for all conditions

yielded maximal activation in the Prediction condition for
both the left pre-SMA and left PMd which makes up the
effects in the statistical maps (Fig. 3). Activation increased
gradually over the conditions in both regions; with the
Counting condition exhibiting lowest activation, followed
by Detection and Freezing. This was in part statistically
confirmed by means of a paired samples t-test. In the left
pre-SMA, activation in Freezing was greater than in Detec-
tion (t(17) ¼ 3.16, P < 0.05) and in Counting (t(17) ¼ 3.16,
P < 0.05). In the left PMd, Freezing differed significantly
from Counting (t(17) ¼ 3.16, P < 0.05).

Although the reaction time difference between Prediction
and Freezing amounted to not more than 100 ms, we ensured
that this behavioral effect did not explain BOLD activation in
pre-SMA and PMd. For each of the three conditions in which
participants gave responses (Prediction, Freezing, and Detec-
tion), percent signal changes (as used in the above described
comparisons) were correlated (Pearson, two-tailed) with
reaction times, separately for the two regions of interest. No
significant correlations were found for any condition and
region of interest (Prediction: pre-SMA—RT: r ¼ 0.015, P ¼
0.952; PMd—RT: r ¼ 0.347, P ¼ 0.158; Freezing: pre-SMA—
RT: r ¼ 0.191, P ¼ 0.447; PMd—RT: r ¼ 0.375, P ¼ 0.125;
Detection: pre-SMA—RT: r ¼ 0.230; P ¼ 0.259, PMd—RT: r ¼
0.268, P ¼ 0.282). Likewise a parallel analysis using b-values
(preprocessed raw data convoluted with the design file) did
not reveal significant correlations.

TABLE I. Effects of maintaining an internal reference

Conjunction analyses

(P > D) \ (P > C) (F > D) \ (F > C) (P>D) \ (P> C) \ (F>D) \ (F> C)

Anatomy Hem x y z z-score x y z z-score x y z z-score

pre-SMA 3 13 48 5.4 3 13 51 4.9 3 13 51 4.9
PMd L �27 7 48 4.3

R 33 4 45 4.2
PMv L �39 4 30 4.0

R 33 4 45 4.2
MFG L �48 19 27 4.1

R 42 13 24 4.1
IPL L �39 �41 42 3.4
SOG L �36 �74 27 3.6 �33 �74 27 3.4 �33 �74 27 3.3
Cingulate G. L �18 �59 18 4.4

R 15 �56 24 3.5
Parahipp. G. L �21 �41 0 4.0 �18 �41 0 3.7 �18 �41 0 3.7

R 15 �47 �3 3.4 18 �50 �3 3.2 15 �50 �3 3.1
Calcarine S. L �12 �80 3 3.7
a-d INS R 27 25 9 4.4 30 19 9 4.6 27 22 9 4.3
Thalamus dm 3 �11 15 3.2
VTA 3 �23 0 4.9

Brain areas activated in z-maps resulting from integration of contrasts in three conjunction analyses.
Anatomical specification, hemisphere, Talairach coordinates (x, y, z), and maximal z-scores of brain areas exhibiting significant activa-
tion in each contrast contained in the conjunction. Anatomical abbreviations: pre-SMA, pre-supplementary motor area; PMd, dorsal pre-
motor cortex; PMv, ventral premotor cortex; MFG, medial frontal gyrus; IPL, intraparietal lobe; SOG, superior occipital gyrus; G, Gyrus;
S, Sulcus; Parahipp., parahippocampal; a-d INS, anterior-dorsal Insula; Thalamus dm, dorsomedian nucleus; VTA, ventral tegmental
area. L, left hemisphere; R, right hemisphere.
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DISCUSSION

The present fMRI study addressed neural correlates of
action prediction. Everyday actions were presented in
short videos and were repeatedly occluded. As occlusions
transiently deprived participants from ongoing action per-
ception, we used them as a means of enhancing top-down

control while attending to an observed action. Depending
on the task, participants were asked to judge after occlu-
sion if the action continued coherently in time (Prediction
condition) or at the memorized last frame (Freezing condi-
tion). Two further conditions employed the same videos
and required participants to detect disruptions in the
smoothness of the non-occluded action (Detection condi-
tion) or to count occlusions instead of attending to the
action (Counting condition). First, activation was obtained
that relates to the maintenance of an internal reference
(i.e., a requirement common to Prediction and Freezing)
but not Detection and Counting. The right pre-SMA was
found as a correlate of this functional overlap. Contrasting
the Prediction condition with the Freezing condition in a
second step revealed activation specific to action predic-
tion in the left PMd and the left pre-SMA. This finding
suggests that both areas are conjointly involved in inter-
nally driving the prediction of transiently occluded
actions. Thus, different parts of the premotor network
were differentially involved, depending on the cognitive
operations carried out on action information. These find-
ings are in line with the literature associating the neural
substrate of action planning with that of action observation
and imagery [Cross et al., 2006; Filimon et al., 2007; Gal-
lese et al., 1996; Grèzes and Decety, 2001]. The present
study extends this to include a comparison of premotor
involvement in different aspects of action observation (i.e.,
maintenance of action representations vs. action predic-
tion), thus allowing us to draw conclusions about the neu-
ral signature of action simulation.

Effects Related to the Maintenance

of an Internal Reference

Both Prediction and Freezing similarly required the
evaluation of perceptual action information after occlusion
according to an internal reference. At the time of

Figure 2.

Effects related to the maintenance of an internal reference.

Depicted statistical maps (group-averaged, n ¼ 18) show results

obtained in conjunction analyses using the logical combination

method [Joseph et al., 2002] to integrate (A) contrasts of the

Prediction condition with Counting (P > C) and Detection (P >
D), (B) contrasts of the Freezing condition with Counting (F >
C) and Detection (F > D) and (C) all contrasts of the Predic-

tion condition and the Freezing condition with control condi-

tions ((P > C) \ (P > D) \ (F > C) \ (F > D)). Z-maps were

thresholded at z ¼ 2.58 (P < 0.05 corrected). The pre-SMA

was activated during maintenance of an internal reference in the

Prediction condition (A) and also in the Freezing condition (B)

which explains its activation in the conjunction analysis (C). Lat-

eral premotor areas (PMd and PMv) were only activated when

contrasting the Prediction condition with control conditions (A).

See Table I for detailed information on coordinates and z-scores

and for anatomical abbreviations.
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matching, this reference is internal in the sense that it is not
provided by current stimulus information, but rather is
maintained in working memory. No such maintenance of an
internal reference was required in the two control conditions
Detection and Counting. Contrasts with the Detection
condition allowed the subtraction of activation related to
accessing sensorimotor representations while detecting dis-
ruptions in ongoing, nonoccluded actions. In addition, it
served to control for the preparation of a motor response.
The Counting task did not require attentive action observa-
tion but the counting of occlusions in a clip. It was used to
control for effects of the occluder intervention. Integrating

contrasts with these control conditions (as obtained for Pre-
diction and Freezing separately) in a conjunction analysis
revealed brain areas reflecting task-unspecific maintenance
of an internal reference. Right pre-SMA activation was
obtained as a correlate of this functional overlap.

Properties of pre-SMA neurons flesh out the core role of
this region in action planning [Clower and Alexander, 1998;
Isoda and Tanji, 2004; Shima and Tanji, 2000]. Instead of
being directly associated with movement execution,
sequence- and rank-order selective neurons in the pre-SMA
are involved in organizing the ordinal structure of motor
events during action planning. This results in a complex
interplay between inhibition and facilitation in sensorimotor
areas [e.g., Nachev et al., 2007]. However, pre-SMA activa-
tion is not restricted to the motor domain, but seems to be
quite generally associated with delay intervals when exter-
nal stimuli are transiently not available. In motor tasks, these
intervals are associated with internally guided action plan-
ning, that is, when actions are planned without referring to
external cues, on the basis of memory [Cunnington et al.,
2006; Deiber et al., 1999; Gowen and Miall, 2007; Ogawa
et al., 2006; Sakai et al., 2002]. Cognitive tasks inducing pre-
SMA activation share the requirement of maintained access
to mnemonic representations, as during anticipation [Ikeda
et al., 1999, Schubotz and von Cramon, 2004], time estima-
tion [Coull et al., 2004; Pouthas et al., 2005] and in working
memory tasks [Gazzaley et al., 2004; Pollmann and von Cra-
mon, 2000; Smith and Jonides, 1999].

Action occlusions are comparable to intervals of internal
guidance, since external stimuli are transiently not available
to determine which sensorimotor representations need to be
accessed and when. Thus, pre-SMA functions are required
to guide the access to sensorimotor representations to main-
tain an internal reference of upcoming, expected, or cur-
rently unavailable action information. Notice that pre-SMA
activation correlating with maintenance in both Prediction
and Freezing was located in the right hemisphere. Activa-
tion in the right pre-SMA has repeatedly been found in stud-
ies of cognitive timing. It increases with the amount of
attention drawn to the time domain instead of stimulus color
[Coull et al., 2004] or location in space [Beudel et al., 2009]
and parametrically with the duration of the estimated inter-
vals [Pouthas et al., 2005]. Accordingly, activation in the
right pre-SMA seems to be modulated by the load on inter-
nal guidance and maintenance, which may point to more
general conceptions of hemispheric involvement in atten-
tion, associating the right hemisphere with sustained atten-
tion [Sarter et al., 2001] (which includes the maintenance of
task-relevant information by definition) or suggesting
enhanced interhemispheric exchange under high task
demands [Banich, 1998].

Prediction-Specific Effects

To obtain activation associated with active, internal
action prediction, the occluder phase in the Prediction con-
dition was contrasted with that in the Freezing condition.

Figure 3.

Brain correlates of active, internal action prediction. Group-aver-

aged (n ¼ 18) statistical maps show significant activation in the left

pre-SMA (x ¼ �9, y ¼ 16, z ¼ 42) and left PMd (x ¼ �24, y ¼ 1,

z ¼ 51) in the Prediction condition as opposed to the Freezing con-

dition. Z-maps were thresholded at z ¼ 2.58 (P < 0.05 corrected).

The bar diagrams show percent signal changes (PSC) in the activated

clusters. Separate bars represent the experimental conditions. The

crossing of the category axis is aligned to null-events. In addition to

the differences between Prediction and Freezing, as revealed in sta-

tistical maps, Freezing differed significantly from Detection and

Counting with regard to pre-SMA activation. In the PMd, a signifi-

cant difference was found between Freezing and Counting. Signifi-

cant differences are indicated by asterisks; ** P < 0.01; * P < 0.05).

Anatomical abbreviations: pre-SMA, presupplementary motor area;

PMd, dorsal premotor cortex.
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As expected, this contrast revealed premotor activation. In
particular, activation specific to Prediction was found in
the left pre-SMA and in the left PMd. Prediction and
Freezing were highly similar conditions and differed only
with respect to the task instructions while stimuli and task
difficulty were matched. However, differences in task
instructions required participants to attend to different
aspects of the action. Crucially, the task-set determined the
internal reference to which the continuation was matched
after occlusion. While in the Freezing condition, the inter-
nal reference consisted of the configuration of the memo-
rized last frame (as unchanged as possible), the Prediction
condition required an additional dynamic transformation
departing from this last frame. Importantly, the prediction
of occluded actions needed mental simulation in order to
achieve such transformation of the internal reference over
time but none of the other tasks did. We accordingly take
differences in pre-SMA and PMd activation between Pre-
diction and Freezing to reflect the difference between sim-
ulation proper and the maintenance of an internal
reference, which is more generally required to substitute
or evaluate perceptual action information.

The pre-SMA and PMd are assumed to work in close
exchange during cognitive motor control [Picard and
Strick, 2001]. The PMd is described as integrating the arm
being used and the spatial target location during hand/
arm movements such as reaching and pointing [Beurze
et al., 2007; Filimon et al., 2007; Hoshi and Tanji, 2000;
Raos et al., 2003; Sakreida et al., 2005; for a review see
Schubotz and von Cramon, 2003]. The functional descrip-
tion of the PMd corresponds to the characteristics of the
actions that were predicted in the present study: most
occlusions covered right hand/arm movements like reach-
ing for an object or object transport in space. Specifically,
in the Prediction condition, participants had to rely on
rough postural configurations (e.g., distances or angles)
between the hand/body of the actress and the manipu-
lated object(s). Activation found during the prediction of
occluded actions in macaque monkeys [Umiltà et al., 2001]
was located in an area which is suggested the homolog of
a more ventral part of the human premotor cortex. Miss-
ing correspondence in localization along the ventral to
dorsal axis between these and the present results is most
likely due to a different action type that was observed by
the monkeys, namely finger coordination during grasping
actions. According to the somatotopic organization of the
premotor cortex [Buccino et al., 2001], coordinated finger
actions are represented in a more ventral part of the pre-
motor cortex.

The conjoint activation of the left PMd and left pre-SMA
suggests that to internally transform spatially defined
actions during prediction, sensorimotor representations in
the PMd were accessed under the guidance of the pre-
SMA. While right pre-SMA activation was associated with
the maintenance of the internal reference (as a function
required by both Prediction and Freezing), prediction-spe-
cific activation was found in the pre-SMA and PMd of the

left hemisphere. Left lateralization may have resulted from
right-handed participants predicting a right-hander’s
actions and therefore accessing sensorimotor representa-
tions in the contralateral premotor structures. Alterna-
tively, lateralization could reflect more abstract functional
preferences of the hemispheres. Previous studies reporting
lateralization in premotor areas during motor sequence
learning suggest effector-unspecific involvement of the left
PMd in the generation of action sequences, since its activa-
tion increases with sequence complexity regardless of the
performing hand [Grafton et al., 2002; Haaland et al., 2004;
Sakai et al., 2002]. The association of the left PMd with
sequence generation has recently been extended to non-
motor cognitive tasks by studies finding that mainly the
rostral portion of the left PMd is involved in the reorgan-
ization of memorized digit sequences [Abe and Hanakawa,
2009; Abe et al., 2007].

Thus, while the right pre-SMA provided sustained
access to task-relevant representations, the left pre-SMA
could have guided the access to sensorimotor representa-
tions on a narrower time scale. Functional involvement of
the two hemispheres may reflect biases for the activation
of two different types of pre-SMA neurons that are
described in electrophysiological studies in monkeys [e.g.,
Ohbayashi et al., 2003]. According to the authors, the gen-
eration of a motor program from maintained information
needs activation of ‘‘transient neurons’’ involved in deter-
mining the order of single motor acts, together with ‘‘sus-
tained neurons’’ that hold task-relevant information. The
additional left PMd activation found in the present study
may either concretely reflect the sensorimotor representa-
tions that were accessed under the guidance of the pre-
SMA in correspondence with characteristics of the
observed actions. Alternatively (drawing on the sequence
learning literature), it may result from a more abstract cog-
nitive function of the left PMd that overlaps with pre-
SMA functions, that is, the generation of ordinally struc-
tured sequences from mnemonic representations.

Comparing signal changes in the left pre-SMA and in
the left PMd between the Freezing and the other two con-
trol conditions suggests a gradual activation increase
towards those conditions that employed occlusions (cf.
Fig. 3). The same areas were also activated, but to a lesser
extent, in the Detection condition which indicates that sen-
sorimotor representations were exploited in order to deter-
mine disruptions in the ongoing action. However,
premotor involvement became stronger when perceptual
information was transiently absent and had to be inter-
nally substituted. The gradual increase in pre-SMA and
PMd activation thus reflects the increasing demand to
internally organize the access to sensorimotor representa-
tions when perceptual cues were absent.

It has to be kept in mind, however, that due to temporal
smoothing of the hemodynamic response function, brain
activation induced by the occluder event of one second
cannot be dissociated from the period after the offset of
occlusion when the internal reference was matched with
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the actual perceptual information. Nevertheless, the differ-
ence between Prediction and Freezing persisted during
matching, as the action continuation after occlusion was
matched to different types of internal references depend-
ing on the task. Studies using temporally more precise
electrophysiological measures provide evidence for premo-
tor involvement during anticipation or the transient ab-
sence of stimuli [e.g., Ikeda et al., 1999; Umiltà et al., 2001;
described above]. In fMRI experiments, premotor areas
have been repeatedly shown to be activated in the absence
of sensory input during periods of action imagery [Filimon
et al., 2007; Gerardin et al., 2000; Hanakawa et al., 2008].

To sum up, action observation occasionally involves both
maintenance and prediction of upcoming actions. The cur-
rent results indicate that different portions of the premotor
cortex play different roles in both of these aspects. The right
pre-SMA was involved in maintaining an internal reference
of transiently occluded actions. In contrast, dynamic transfor-
mation of an action-related internal reference over time was
needed to predict upcoming parts of an action and was
reflected in the pre-SMA and PMd in the left hemisphere.
This suggests that pre-SMA and PMd are conjointly required
to drive action simulation due to their subfunctions.
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