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When we observe an action, we recognize meaningful action steps that help us to predict probable upcoming
action steps. This segmentation of observed actions, or more generally events, has been proposed to rely in
part on changes in motion features. However, segmentation of actions, in contrast to meaningless move-
ments, may exploit additional information such as action knowledge. The present fMRI study sought to
tear apart the neural signatures of processing two sources of information that observers may exploit at action
boundaries: change in motion dynamics and action knowledge. To this end, subjects performed a segmenta-
tion task on both actions (that can be segmented based on motion and action knowledge) as well as tai chi
movements (that can be segmented only based on motion) and two further control conditions that imple-
mented point-light walker like displays of the same videos. Behavioral tests showed that motion features
played a critical role in boundary detection in all conditions. Consistent with this finding, activity in area
MT was enhanced during boundary detection in all conditions, but importantly, this effect was not stronger
for actions. In contrast, only action boundary detection was reflected by specific activation in the superior
frontal sulcus, parietal angular gyrus and the parahippocampal cortex. Based on these findings, we propose
that during action observation, motion features trigger a top–down modulation of the attentional focus
and the incitement of retrieving long-termmemory place-action associations. While action perception entails
activity common to processing of all motion stimuli, it is at the same time unique as it allows long-termmem-
ory based predictions of succeeding steps.

© 2012 Elsevier Inc. All rights reserved.
Introduction

A considerable amount of what we perceive consists of dynamic
change. Motion, language, music or actions can all be conceived of
as providing an ongoing stream of structured perceivable change.
From a biological perspective, events entail change, and catch our
particular attention because they often imply the need to adapt
one's behavior; therefore, perceiving events leads to the build-up of
implicit or explicit expectations (Kurby and Zacks, 2008; Schiffer et
al., 2012; Schubotz, 2007; Schütz-Bosbach and Prinz, 2007).
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However, some fractions of such events are more predictive of
their respective next instance than others, and thus, to an observer,
prediction of the event undergoes fluctuations of more certain and
less certain phases. For actions, this has been demonstrated in a series
of behavioral studies using the unit marking procedure developed by
Newtson (1973). In this paradigm, subjects were asked to press a re-
sponse button when they judged one meaningful action part to end
and the next to start. The time points indicated by these judgments
are called event boundaries. Using this approach, Newtson and
Engquist (1976) showed (a) that perceivers are better in detecting
manipulations of the stimulus material that occur at boundaries,
(b) that they rely on boundaries when reconstructing an action's
meaning, and (c) that recognition memory is enhanced for event
boundaries compared to the remaining components of an event. The
authors argued that the objective quality of boundaries is that within
the continuous sequence boundaries convey a higher amount of in-
formation than the remainder of the event, called non-boundaries
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hereafter (Newtson and Engquist, 1976). In this regard, action bound-
aries compare to chunk boundaries in general. Both can be described
as the first elements to sequentially grouped bits of information,
which are considered to be charged with information about all up-
coming (chunk) elements (Koch and Hoffmann, 2000; Restle and
Brown, 1970; Rosenbaum et al., 1983).

While action observation has attracted considerable attention in
human imaging research (Decety and Grezes, 1999; Rizzolatti et al.,
2001), most studies have focused on very short actions of limited com-
plexity, i.e., single segments or chunks. Thus, action has been treated
as one homogeneous bit of information, not as a structured event.
Hence, we are largely ignorant of the neural processes that occur
at or around action boundaries. Recently, Zacks and co-workers
(Zacks and Sargent, 2009; Zacks et al., 2007) have put forward the
Event Segmentation Theory, proposing that a set of event models bias
processing in the perceptual stream. The authors propose that predic-
tion undergoes fluctuations of certainty: when an event boundary is
approached, prediction certainty declines leading to a gating mecha-
nism and thus an update of the current event model (Zacks et al.,
2007). Zacks and co-workers (Speer et al., 2003; Zacks et al., 2001)
report motion selective area MT and the junction of the left inferior
frontal and precentral sulcus to show enhanced activity when subjects
perceive boundaries in everyday action. The finding was interpreted
as indicating that event segmentation could be driven by prominent
features of the observed trajectories, i.e., by perceptual rather than
top–down cognitive processing (Zacks et al., 2001). Greater motion
changes at event boundaries, as an example of prominent motion fea-
tures, may thus directly trigger MT activation, which could in turn
propagate to prefrontal areas (Speer et al., 2003).

While it is conceivable that the sight of objects or characteristic
movement patterns of the body or the manipulating hands triggers
the recognition of the upcoming action step more or less directly,
there is usually a set of possible next action steps, and hence compe-
tition among these options has to be resolved. Since probabilities of
these different action options differ, the selection process may be re-
alized by a Bayesian function of probabilistically weighted forward
models (Körding and Wolpert, 2006). Moreover, purely stimulus-
triggered recognition implies a process following the stimulus,
whereas the notion of predictive perception (Bubic et al., 2009;
Grush, 2004; Schiffer and Schubotz, 2011; Zacks et al., 2011) means
preparation for early selection among available cues. Here, a frontal
top–down signal of transiently enhanced control or selection mecha-
nisms would be expected (Miller and Cohen, 2001; O'Reilly et al.,
2002; Ridderinkhof et al., 2004a,b). The capacity to predict ongoing
action relies on learnt event models (Friston et al., 2011; Neal and
Kilner, 2010; Schiffer et al., 2012), therefore activity would be
expected in long-term memory-related areas. Further evidence for
this long-term memory influence lies in differences between adults'
and children's segmentation performances (Baird and Baldwin,
2001).

We agree that action boundaries are relevant nodes for an observ-
er of a continuous action stream, and at these nodes, an update of the
internal or event model occurs, probably triggered in part by changes
in motion features (Zacks et al., 2001). However, we took a somewhat
different view in that we explicitly wished to control for the influence
or usage of movement features as cues for action boundaries. While
movement information probably serves as a good cue for action seg-
mentationwe propose that action script knowledge has to be a further
source of information that is exploited here. Changes in movement
features may also occur in other kinds of events, including biological
and non-biological motion, and we aimed to find out whether area
MT is activated specifically for boundaries in goal-directed action or
not.

Moreover, we expected the segmentation of action, but not seg-
mentation in a non-action baseline condition (see below), to draw
on prefrontal sites. This hypothesis was based mainly on patient
studies showing that chunking action segments into longer, more
complex actions relies predominantly on the anterior frontal lobes
(Allain et al., 1999; Sirigu et al., 1995; Zalla et al., 2001). Thus, the pre-
frontal cortex should contribute to the selection among competing al-
ternative action steps on the basis of action scripts. Moreover,
prefrontal cortex has been associated with the suppression of domi-
nant but currently unwarranted decisions/actions (Frank and Claus,
2006; Ghahremani et al., 2010; Kuhl et al., 2007; Miller and Cohen,
2001; Ridderinkhof et al., 2004b), a function that would be required
when preceding action steps bias or restrict the expectation of the up-
coming action steps.

Participants were presented with movie clips showing an actress
performing everyday actions such as ironing a shirt or hanging out
the laundry. Actions were of a duration of about 1 min and comprised
of several action steps; thus, ironing a shirt included for example car-
rying the washing basket to the ironing board, placing the shirt on the
board, switching on the iron, starting to move the iron over the shirt's
sleeves and so forth. We used the unit marking procedure developed
by Newtson (1973). That is, participants were asked to press a re-
sponse button whenever they felt that the action proceeded to its
next step. No feedback was provided for this purely subjective
judgment.

In order to identify action-specific neural correlates of event seg-
mentation, we implemented a control condition where subjects
were asked to perform the same segmentation task as in the action
observation while watching movie clips that showed an actor or ac-
tress performing whole-body tai chi movements. Action-specific
boundary detection was tackled by calculating the interaction con-
trast [(action boundary vs. action non-boundary) vs. (tai chi bound-
ary vs. tai chi non-boundary)]. Importantly, the tai chi condition
allowed us to control for the perception of a human being in motion,
as well as for button presses. As the segmentation of tai chi move-
ments based on changes in movement patterns at event boundaries,
this condition was moreover used to control for those portions of
boundary judgments that merely relied on changes of spatiotemporal
dynamics of the body.

To investigate whether area MT is particularly sensitive towards
action boundaries as compared to movement boundaries, we imple-
mented a region of interest (ROI) analysis that was based on the
area MT coordinates reported by Zacks et al. (2001). We tested
whether we could replicate the finding that action boundaries yielded
a higher response than non-boundaries in area MT, as reported by
Zacks et al. (2001), corresponding to a main effect of factor PART
(boundary>non-boundary). Moreover, we wanted to test whether
this effect was disproportionally large for actions, corresponding to
an interaction between the factors CONDITION (action, tai chi) and
PART (boundary, non-boundary) area MT.

Regarding behavioral analyses, we aimed to assess that sub-
jects' response behavior was meaningful and consistent, not ran-
dom button pressing. This was particularly important because the
task we implemented was a subjective judgment; therefore, the
recorded responses could be neither right nor wrong. Accordingly,
we assessed test–retest reliability of response patterns and compa-
rability of conditions on the single subject as well as on the group
level.

Methods

The present study consisted of a pilot study that included two ses-
sions and one fMRI session. The task (as will be described below) was
identical in all sessions. The main idea of the pilot study was to assess
comparability between the four conditions that were implemented
(see below) and test–retest-reliability. As we employed a subjective
judgment task, the pilot studies' tests for comparability and retest re-
liability were important to establish whether participants responded
according to an internal and stable criterion.



1197R.I. Schubotz et al. / NeuroImage 61 (2012) 1195–1205
Subjects

16 participants took part in the pilot study (8 women, 19–30 yrs,
mean 23.8 yrs old). They were recruited from the Max Planck Insti-
tute for Human Cognitive and Brain Science's volunteer database
and were paid 4€ per 30 min participation.

17 Participants (8 women, 20–31 yrs, mean 24.5 yrs old) partook
in the fMRI-study. They were all right handed as assessed with the
Edinburgh Handedness Inventory. FMRI participants were recruited
from the same database and remunerated with 10€/h. None of the
participants reported a record of neurological or psychiatric illnesses,
and all of them had normal or corrected to normal vision. The exper-
iment accorded to the standards of the ethics committee of the Uni-
versity of Leipzig and all participants gave informed written consent.

Stimuli and task

The first half of the stimulus material consisted of 12 movies
displaying an actor performing every day actions (action movies
hereafter) and 12 movies displaying an actor performing tai chi
movements (tai chi movies hereafter). All action movies showed
the same (female) actor. The movies were shot from a third person
perspective that showed the entire body and face of the actor, as
well as the room (and furniture) she was moving in as a backdrop.
Actions were, e.g. doing the dishes, taking a picture, or ironing a
shirt, and were performed in naturalistic settings, for example the
doing the dishes movie was shot in the kitchen. The videos' lengths
varied between 43.8 and 143.6 s. Average length was 81.1 s, median
65.7 s. Six of the tai chi movies showed a male, six a female actor. All
videos also showed the actor and the room they were moving in as a
backdrop. Tai chi movies, however, did not take place in household
settings. They were shot in a large seminar room and displayed a dark
curtain and no furniture as a backdrop to the movements. Each tai chi
movie's length was matched to that of one action clip, lengths accord-
ingly varied between 43.8 and 143.7 s. Average lengthwas 81.1 s,median
65.8.

Apart from these naturalistic action and tai chi movies, the exper-
iment contained point cloud versions of both, the action and tai chi
movies. Using the PFTrack software (The Pixel Farm®) we marked
the head, left and right shoulder, left and right hand and hip of the
actor within each movie clip. Over the length of the clip, the coordi-
nates of each marker were tracked from frame to frame (40 ms
length) and saved in an array. During the experiments, which were
all run on Presentation (Neurobehavioral Systems, Inc.), the program
read out the coordinates from frame to frame, setting one rectangle in
place of each marker against a gray background. These rectangles
changed position from frame to frame, according to the coordinates
that had previously been saved. Thus they moved along the same tra-
jectories as the limbs they corresponded to (Fig. 1). In order to avoid
recognition of the corresponding action or tai chi movie, and there-
fore adding a confound to the experimental design, the point trajecto-
ries were flipped along the horizontal screen axis, i.e., the point cloud
movies were presented upside down. The choice and order of the four
conditions was randomized with an individual order for each partici-
pant. In the pilot study, participants viewed 48 movies, 12 of each
condition, i.e., action, tai chi, action point cloud and tai chi point
cloud movies. In the fMRI session, the participants encountered only
six movies of each condition. The movies were selected in a “counter-
matched” manner: first, six action movies were chosen randomly.
Then the six tai chimovies that did not correspond in lengthwere select-
ed. Finally, all the point clouds were picked that corresponded to the
remaining 6 action and 6 tai chi movies not presented. To ensure
that all movies were presented equally often throughout the study, for
each movie list generated based on the criteria above, a second one
was created including all remaining movies. Hence, the two resulting
movie lists combined included all action, tai chi and point cloudmovies,
which were randomly presented during the scanning sessions. In doing
so, it was ensured that a) the experiment was of the same length for
each participant, and b) the association of a point cloud movie to the
underlying action or tai chi movie was made impossible. Therefore,
all analyses that rely on averaging over movies built on twice as
many cases in the analysis of the pilot study than in the analysis of
the fMRI study.

Participants had to press a button whenever they judged a new ac-
tion or movement step to begin, i.e., a boundary to have occurred.
Their instruction stressed that action and movement steps (and
thus boundaries) relate to how a description of the display would
sound like (‘as if you would tell someone what happens’). The same
instruction guided the participants' boundary detection for all four
conditions.
Behavioral data analysis

In the pilot study that consisted of two within subject measures
(sessions on average 15 days apart; minimum 14 days, maximum
18 days), participants performed the boundary detection task. The
task we implemented was a subjective judgment task, therefore, the
recorded responses can be neither right nor wrong. It is therefore par-
ticularly important to establish and assess that response patterns in
the judgment task are meaningful and consistent instead of random
button pressing. We assessed test–retest reliability of response pat-
terns and comparability of conditions on the single subject as well
as on the group-aggregated level.

Response rates were calculated as the number of responses for
each movie divided by its length. We took two measures to analyze
reliability of the response patterns. To deal with variability on the
subject level, we employed an individual criterion for each partici-
pant that took response rate into account to assess reliability. We
assessed the position of all responses for each video in the first ses-
sion for each participant and tested how often the same participant
responded in the second session within 0.25 standard deviations of
personal condition-specific mean response rate of the responses in
the first pilot session. The 0.25 standard deviations criterion was
employed to include only those responses that were significantly
close, i.e. concurred to a 10% confidence interval.

As a second measure of retest-reliability, we ran a repeated-
measure analysis of variance (ANOVA) between the response rates
of the first and the second pilot session, with SESSION as a two-
level factor and CONDITION as a four-level factor. Moreover we calcu-
lated two univariate ANOVAs on response rates. The first univariate
ANOVA modeled the first pilot session and the fMRI session as levels
of the two-level factor SESSION and the four conditions as levels of
the factor CONDITION. The second univariate ANOVA consisted of
the same factors, but with the second pilot session and the fMRI ses-
sion as levels of the SESSION factor.

In the next step, we aimed to establishwhether participants agreed
on boundaries, that is whether their responses inter-individually
co-occurred. For all subsequent group-based analyses, we employed
time-windows, called ‘bins’ hereafter. We aggregated for each frame
(40 ms length) how many responses had occurred within the next
bin, consisting of 25 frames (one second) of the respective movie.
This aggregation of responses pooled the data of all participants. The
first bin consisted of the first 25 frames; the second bin encompassed
the second to the 26th frame of the movie and so forth. Only one re-
sponse of each participant was taken into the bin, so that the highest
number of responses that could occur in one bin equaled the number
of participants. This number of responses per bin was assigned to the
frame that was initial to the 25 frames that contained the responses
(frame-value hereafter). Another way of explaining this analysis
would be to say that the frame-by-frame data were smoothed with a
rectangular kernel of width 1 s.



Fig. 1. Examples of the four conditions: action movies, tai chi movies, action point cloud movies and tai chi point cloud movies.

Fig. 2. Frame value assessment. Black dots signify responses. The first frame of a 25-
frame bin (1 s) was assigned the number corresponding to all participants' responses
within the next bin.
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If, for example, the first bin, i.e., frame one to 25 contained eight
responses, the bin value was eight and this bin value was assigned
to the first frame (frame value=8). If one response had been with-
in frame one and there was further no response in frame 26, then
the second bin, encompassing frames two to 26 carried the value
seven and the frame value of the second frame was seven. If then
the 27th frame had been responded to three times, the according
bin value of the third bin was 10 and the frame value of frame
three was accordingly also ten (Fig. 2). Frames were assigned the
value zero (“empty frames” hereafter) if no response had occurred
within the next bin. The mean number of responses for each
movie was calculated as the sum of frame values divided by the
number of frames that were not empty, respectively for each specif-
ic movie. These mean responses will be referred to as average bin
values hereafter, to prevent confusion with individual mean response
rates. If an initial frame had a value higher than two standard devia-
tions above the mean for the respective movie it was called a bound-
ary. For a discussion of related methods, see Christoffersen et al.
(2007).

As a qualitative measure of comparability between conditions, we
first correlated the time series of frame values between associated
movies (e.g., the dish-washing action movie with either the tai chi
movie of the same length or with the dish-washing action point
cloud movie). In a next step, the r-values of all movie correlations
were Fisher z-transformed and averaged, as a qualitative correlation
measure for conditions. This was done separately for all experiments
(1st, 2nd pilot; fMRI)

The within-group (as opposed to within-subject) retest-reliability
for each movie across sessions was calculated by correlation of frame
values of the first and second pilot session. Since there was no retest-
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session to the fMRI, we calculated, in an analogy to the retest reliabil-
ity, a correlation of frame values between fMRI and 1st pilot session.

MRI data acquisition

Imaging was carried out on a 3T Siemens (Erlangen, Germany)
Trio system equipped with a standard birdcage head coil. Participants
were placed on the scanner bed in a supine position with their right
index finger positioned on the appropriate response button of a re-
sponse box. Form-fitting cushions were utilized to prevent head,
arm, and hand movements. Participants were provided with earplugs
to attenuate scanner noise.

Twenty-four axial slices (192 mm field of view; 64×64 pixel matrix;
4 mm thickness; 1 mm spacing; in-plane resolution of 3×3 mm) paral-
lel to the bicommissural line (AC–PC) covering the whole brain were
acquired using a single-shot gradient EPI sequence (2 s repetition time;
30 ms echo time; 90° flip angle; 116 kHz acquisition bandwidth) sensi-
tive to BOLD contrast. Prior to the functional imaging, 26 anatomical
T1-weighted MDEFT images (Norris, 2000; Ugurbil et al., 1993) with
the same spatial orientation as the functional data were acquired (160
slices of 1 mm thickness).

FMRI data analysis

After motion correction using rigid-body registration to the cen-
tral volume, fMRI data was processed using the software package
LIPSIA (Lohmann et al., 2001). To correct for the temporal offset be-
tween the slices acquired in one image, a cubic-spline interpolation
was employed. Low-frequency signal changes and baseline drifts
were removed using a temporal high-pass filter with a cut-off fre-
quency of 1/130 Hz. Spatial smoothing was performed with a Gauss-
ian filter of 5.65 mm FWHM. To align the functional data slices with
a 3-D stereotactic coordinate reference system, a rigid linear regis-
tration with six degrees of freedom (three rotational, three transla-
tional) was performed. The rotational and translational parameters
were acquired on the basis of the MDEFT slices to achieve an opti-
mal match between these slices and the individual 3-D reference
dataset. The MDEFT volume dataset with 160 slices and 1-mm
slice thickness was standardized to the Talairach stereotactic space
(Talairach and Tournoux, 1988). The rotational and translational pa-
rameters were subsequently transformed by linear scaling to the
same standard size. The resulting parameters were then used to
transform the functional slices employing a trilinear interpolation,
to align the resulting functional slices with the stereotactic coordi-
nate system. Resulting data were resampled to a spatial resolution
of 2×2×2 mm (8 mm3).

The statistical evaluation was based on a least-squares estimation
using the general linear model for serially auto-correlated observa-
tions (Worsley and Friston, 1995). The design matrices were generat-
ed with a delta function, convolved with the hemodynamic response
function (gamma function). This analysis was based on the events
that were time-locked to the participants' button presses and to
non-boundaries. Non-boundaries were set at the mean distance be-
tween two indicated boundaries. Boundaries that were less than
four seconds apart were excluded from the analysis to account for
BOLD signal inertia.

The analysis was based on a mixed model design-matrix contain-
ing fourteen entries: one for each condition (four epochs), time-
locked to movie onset and modeled as block for the entire movie
length; one event for the boundaries (time-locked to responses) in
each condition (four), modeled as events; one event for the non-
boundaries in each condition (four) (time locked to the middle be-
tween two boundaries that were at least four seconds apart), mod-
eled as events; and finally, empty trials (so-called null events), and
movies that had not been responded to.
The model equation, including the observation data, the design
matrices, and the error term, were convolved with a Gaussian kernel
of dispersion of 4 s FWHM to account for the temporal autocorrela-
tion (Worsley and Friston, 1995). In the following, contrast images,
that is, beta value estimates of the raw-score differences between
specified conditions were generated for each participant. The individ-
ual functional datasets were aligned to the same stereotactic refer-
ence space and the single-subject contrast images were entered into
a second-level random effects analysis for each of the contrasts.
One-sample t-tests were employed for the group analyses across
the contrast images of all subjects that indicate whether observed dif-
ferences between conditions were significantly different from zero.
The t-values were subsequently transformed into z-scores. To correct
for false-positive results, in a first step, an initial voxelwise z-
threshold was set to z=2.576 (pb=.005, uncorrected). In a second
step, the results were corrected for multiple comparisons using
cluster-size and cluster-value thresholds obtained by Monte Carlo
simulations at a significance level of p=.05, that is, the reported acti-
vations were significantly activated at pb .05.
Results

Behavioral data, first pilot session

As described in the Methods, boundaries were determined as
frames with a frame value two standard deviations above average
bin value. As explained above (Fig. 2), frame value is an index of the
sum of all participants' responses (aggregated responses) within the
next 25-frames bin. An example of a typical movie can be seen in
Table 1 and Fig. 3.
Differences and similarities between conditions
There was a significant effect of the factor CONDITION in any

ANOVA. Moreover, the Fisher z-transformed correlations for response
rates in action with action point cloud and tai chi with tai chi point
cloud movies were higher than all other comparisons. In the 2nd
pilot session the Fisher-z transformed correlation averages, calculated
in analogy to the analysis for the 1st pilot session, for the naturalistic
conditions and their respective counterparts were again higher than
all other comparisons. However, the correlation of the time series of
frame values between corresponding movies of different conditions
reached significance (pb0.05) between action and tai chi movies in
seven out of 12 comparisons. Thus, conditions seem comparable,
but differences especially between action and tai chi movies exist.
Reliability of detection judgments
We used the second pilot session to analyze whether participants

were consistent in their detection, or whether there was intra-
personal variability. In the time-window analysis on the single sub-
ject level, a mean of 24% of responses in the second pilot session fell
within the participants' individual response window. A standard dis-
tribution would have 10% of responses fall within this time frame.
This result was found in all conditions with 28% of responses in the
action, 21% of responses in the tai chi, 21% of responses in the action
point cloud and 26% of responses in the tai chi point cloud fulfilling
this criterion of proximity to the response in the first session. Intra-
individual detection behavior was thus rather consistent.

This intra-individual reliability was also reflected in group-averaged
statistics. The correlation of the time series of frame valueswas substan-
tial (z′r>0.5) for all conditions, indicating sound re-test-reliability.
Action condition reached a re-test reliability of z′r=0.7, tai chi condition
reached z′r=0.5, action point cloud condition reached z′r=0.7 and tai
chi point cloud test–re-test reliability was z′r=0.5.



Table 1
Bin-analysis measures for one example movie (the making coffee action movie), the time-matched tai chi movie as well as the corresponding action point cloud and tai chi point
cloud movies. Labels and abbreviations: Movie name=content related movie name; Condition=stimulus condition; Act=action movie; Tai=tai chi movie; Act cloud=action
point cloud movie; Tai cloud=tai chi point cloud movie; N° frames=number of 40 ms frames; Responses=number of responses for the movie pooled across all participants; Ini-
tial frames=number of frames that initiated a bin that contained a response; Bin min=minimum of responses per bin; Bin max=maximum of responses per bin; Bin mean=sum
of values of initial frames divided by number of initial frames; Bin STD=standard deviation of Bin mean; Boundary=number of bins that contain a number of responses>Bin
mean+2 Bin STD; Dist (s)=average time (seconds) between two boundaries.

Movie name Condition N° frames Responses Initial frames Bin min Bin max Bin mean Bin STD Boundary Dist (s)

Making coffee Act 1117 186 999 1 12 4.59 2.63 8 5.59
Tai 1117 104 950 1 7 2.73 1.41 11 4.06
Act cloud 1117 122 906 1 12 3.33 2.33 12 3.72
Tai cloud 1117 92 872 1 8 2.63 1.64 10 4.47
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Behavioral data, fMRI session

In the target interaction contrast and two control calculations, the
onset vectors for the hemodynamic modeling were not derived from
group statistics. However, to guarantee comparability of the results
from the pilot study and the fMRI experiment, we calculated an ana-
log analysis.

As previously mentioned, the first univariate ANOVA between first
pilot and fMRI session showed a significant main effect of CONDITION
(F3,1=4.56; pb=0.05). There was no main effect of SESSION
(F1,1=4.4; p>=0.05) and no interaction between the two factors
(F3,1=0.15; p>=0.05). The univariate ANOVA between the second
pilot session and fMRI session yielded the same results, a significant
main effect of CONDITION (F3,7=4.91, pb0.05), no main effect of
SESSION (F1,7=4.88; p>=0.05) and no interaction (F3,7=0.19;
p>=0.05) (Fig. 4).

In addition to the analysis of individually set boundaries, aggregat-
ed bin value-based boundaries were also consistent between the first
pilot session and the fMRI session. In a correlation analysis of frame
values, a measure carrying information on position in time and partic-
ipant agreement on boundaries, six out of 12 actionmovies correlated
Fig. 3. Example of response recording. A: Boundaries derived from group-aggregated bin-an
frame was designated boundary. Times and images refer to the actual boundaries of the iron
images of the indicated boundaries. Blue dots refer to non-boundaries, placed at the mean
single subject's responses that coincided with group-aggregated boundaries.
significantly (pb0.05). The same significant correlation was found for
three out of 12 tai chi movies, 10 out of 12 action point cloud movies
and eight out of 12 tai chi point cloud movies.
Synopsis of the behavioral data analyses

Subjects reliably detected the same boundaries on re-test mea-
sures. Group-aggregated boundaries also showed good re-test reli-
ability. Conditions differed in response rates, especially comparing
the action and action point cloud with the tai chi and tai chi point
cloud conditions. These differences were stable and no condition
seemed to be subject to learning between sessions. The similarity be-
tween action and action point cloud and tai chi and tai chi point cloud
could point towards the importance of motion features in detection,
while the differences between action and tai chi indicates that bound-
ary detection in action vs. tai chi does entail differences. Thus, motion
seems important for boundary detection. Boundary detection in ac-
tion seems to be moreover influenced by something else, apart from
motion, accounting for the differences between action and tai chi
boundary judgments.
alysis. If frame values surpassed the mean frame value by two standard deviations, this
ing-movie. B: A single subject's responses during the ironing-movie and the according
distance between two boundaries that were more than 4 s apart. Green lines mark the



Fig. 4. The responses per condition averaged over participants and movies, displayed
for each condition in each session.

Table 2
Target Action boundary interaction contrast. Anatomical specification, Talairach coor-
dinates (x, y, z) and maximal Z-scores of significantly activated voxels for ((ACT-
BO>TAI-BO)>(ACT-NOBO>TAI-NOBO)).

Localization Talairach coordinates z-Values,
local maxima

x y z

Superior frontal sulcus −14 36 46 3.33
−28 16 48 4.04

Angular gyrus −32 −72 36 4.81
Parahippocampal gyrus 26 −44 0 3.92

−28 −46 −6 4.82

Table 3
F-values and p-values from the area MT ROI-analysis. Talairach coordinates from Zacks
et al., 2001.

Left MT Right MT

(x=−34; y=−73; z=7) (x=34; y=−70; z=6)

CONDITION main: F1,15=.447 p=0.513 F1,15=1.49 p=0.240
(Action vs tai chi)
PART main: F1,15=9.382 p=0.007 F1,15=11.028 p=0.004
Boundary vs. non-boundary
Interaction: F1,15=0.299 p=0.529 F1,15=0.313 p=0.584
CONDITION*PART
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Functional MRI data analysis

In order to tap boundary-detection related activity specific for
action (as in contrast to tai chi movements), we calculated the inter-
action contrast ((ACT-BO>TAI-BO)>(ACT-NOBO>TAI-NOBO)). We
found significant activity in the left superior frontal sulcus (SFS), the
left angular gyrus (AG) and bilaterally in the parahippocampal gyri
(PHG) (Table 2, Fig. 5).

In order to address the question as to how MT area's response to
boundary detection is action-specific or disproportionally strong for
actions, we set up a ROI analysis based on MT-coordinates from
Zacks et al. (2001) to avoid double dipping (Kriegeskorte et al.,
2009). This analysis yielded a main effect of PART (boundary, non-
boundary), but neither a significant effect of CONDITION (action, tai
chi), nor a significant interaction PART by CONDITION. Further analy-
sis revealed that the main effect of PART was driven by a higher he-
modynamic response in boundaries as compared to non-boundaries
(Table 3).
Fig. 5. Activity in the target contrast ((ACT-BO>TAI-BO)>(ACT-NOBO>TAI-NOBO)), correc
perior frontal sulcus; PMd: dorsal premotor cortex; AG: angular gyrus; PHG: parahippocam
We finally calculated the conjunction [(ACT>null)∩(TAI>null)∩
(ACT-Cloud>null)∩(TAI-Cloud>null)] in order to test whether we
could identify significant activity in area MT using a whole-brain
analysis as well. Null events were displays of a gray screen dispersed
between the movies. This contrast yielded in fact significant activity
in area MT (Fig. 6). Further active spots were localized in the dorsal
premotor cortex/frontal eye field (PMd/FEF), the anterior intraparietal
sulcus (IPS), the horizontal segment of the IPS, the left descending
segment of the IPS and in the anterior fusiform gyrus (Table 4).

To summarize the fMRI results, the targeted interaction contrast
yielded activation in a clearly circumscribed network. Moreover, the
presence of enhanced area MT activity in all conditions (conjunction
contrast) as well as the results from the ROI analysis create a coherent
picture: activity in area MT was specifically elevated at segmentation
boundaries, but it was not particularly enhanced in the action as com-
pared to the tai chi condition.

Discussion

The current fMRI study investigated whether the detection of
meaningful steps in actions relies on more than the detection of
change in motion, i.e., dynamic information. In particular, we tested
whether motion area (MT) enhancement at action boundaries is spe-
cific to action segmentation as compared to segmentation of move-
ments, and whether selection- and long-term-memory related brain
areas are particularly elevated at action boundaries, as opposed to
movement boundaries.

The behavioral results revealed that boundary judgments were a
reliable measure, and comparable between different action, tai chi
and point cloud motion conditions. Inferential statistics showed that
the segmentation behavior was similar between the action and the
action-point-cloud movies. The latter condition contained the same
dynamic features as the former, the action condition. The same simi-
larity of segmentation behavior was found for tai chi movies and the
ted for multiple comparisons at Zb0.05. aSFS: anterior superior frontal sulcus; SFS: su-
pal gyrus.



Fig. 6. Activity in the control conjunction [(ACT>null)∩(TAI>null)∩(ACT-Cloud>
null)∩(TAI-Cloud>null)], corrected for multiple comparisons at z=2.56 and z-map
optically thresholded at z=3.0.
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tai chi point cloud movies. These two results indicate that the analysis
of motion was of great importance in both action as well as the tai chi
condition. Moreover, the boundary detection in the action movies dif-
fered significantly from boundary detection in the tai chi movies, with
regard to response rates, suggesting the existence of differences be-
tween these conditions. The fact that dynamic features seem to be a
common aspect to boundary detection falls in place with the estab-
lished activity of area MT in all conditions if compared against the
rest. However, the existence of a circumscribed network specifically
for action boundary detection, as revealed in the interaction contrast,
points out differences between segmentation in action as compared
to movements. This network comprised of the left superior frontal
sulcus including aSFS and pSFS/PMd, the left angular gyrus (AG)
and both parahippocampal gyri (PHG).

Of the frontal areas, the mid-dorsolateral prefrontal cortex (BA 46,
9/46, 9) has access to the hippocampal memory system, as it gives
rise to fibers that travel as part of the cingulum bundle via retrosple-
nium to the hippocampal region (see Petrides, 2005, for review). The
aSFS and PMd are also directly connected to the angular gyrus, which
in turn is connected to the parahippocampal gyrus (Makris et al.,
Table 4
Control conjunction. Anatomical specification, Talairach coordinates (x, y, z) and max-
imal Z-scores of significantly activated voxels for [(ACT>null)∩(TAI>null)∩(ACT-
Cloud>null)∩(TAI-Cloud>null)].

Localization Talairach coordinates z-Values,
local maxima

x y z

Area MT 42 −63 6 4.53
−38 −73 6 5.21

Dorsal premotor cortex 24 −3 48 3.34
−22 −5 48 3.62

Intraparietal sulcus 36 −37 48 3.79
18 −59 56 4.57
24 −71 46 4.22

−26 −49 54 5.13
−22 −67 56 4.04

Fusiform gyrus 42 −15 −36 3.67
Medial occipital gyrus 32 −83 12 5.56

−28 −95 16 5.31
2004; Olson and Berryhill, 2009; Rushworth et al., 2006; Schmahmann
et al., 2007). Thus, input from the dorsolateral prefrontal cortex
reaches the posterior inferior parietal lobule. This dorsal fronto-
parietal connection, is realized via SLF I and II (Makris et al.,
2004). The SLF II network has been suggested to regulate attention
within different parts of space, whereas the SLF I network is relat-
ed to spatial motor control. Finally, dense connections exist be-
tween the parahippocampal gyrus and the posterior inferior
parietal lobule (Cavada and Goldmanrakic, 1989; Seltzer and
Pandya, 1984; Suzuki and Amaral, 1994).

Predictive attentional control

Shifts of visual or mnemonic attention are reported to be associat-
ed with transient control signals in a fronto-parietal network (for ref-
erences, see Tamber-Rosenau et al., 2011). Both the middle frontal
gyrus and SFS are suggested to play a part in shifts of perceptual
and mnemonic attention, but their respective specific functional
role remains undescribed so far. Perceptual and mnemonic attention
is relevant at event boundaries: Kurby and Zacks (2008) have argued
that at event boundaries, a prediction error occurs because the cur-
rently valid event model has come to its end and provides no further
cues for prediction. These transient increases in prediction errors
leads to an updating of the models. Event boundaries can be thought
of as nodes where several upcoming action steps are possible, hence
conflict increases when a boundary is approached. A predictive ac-
count of perception proposes that competing models are retrieved
and held ready before a boundary is reached. At the time when sub-
jects press the response button to indicate that a new action step
has begun, conflict is already resolved or is vanishing quickly. Against
this backdrop, it is particularly interesting that the left anterior SFS
has been identified in a study that investigated post-error behavioral
adjustments (King et al., 2010). The left aSFS was enhanced in activity
when participants showed a post-error reduction of interference. As
the authors also found an increase in task-relevant perceptual areas
(here: fusiform face area), the post-error interference reduction was
suggested to reflect an enhancement of relevant representations rath-
er than a suppression of irrelevant ones. Transferring these functional
suggestions to our findings, aSFS activity increase at action bound-
aries reflects a top–down attentional enhancement of those parts of
the action scenario that are becoming relevant at the very moment.
A slightly different interpretation holds that aSFS exerts a top–down
enhancement of the parts of the action script that are currently held
in working memory (Tamber-Rosenau et al., 2011). Accordingly,
aSFS may enhance attention towards (the memory or the percept
of) a specific location or item in space. For instance, after the actress
has put on her shoes and slipped into her coat, the keyboard next to
the door may become relevant because the overarching action –

preparing to leave the apartment – will very probably encompass
the actress' grabbing of the keys. This item or location is prioritized
on the basis of action expertise, i.e. knowledge retrieved from long-
term memory, and this retrieval is probably reflected by concurrent
activity in the parahippocampal gyrus (as will be discussed below).
In close keeping with the interpretation put forward by King and
co-workers, aSFS may also help to hold the relevant representations
(e.g. keyboard) online and thereby enable fast and efficient stimulus
processing (e.g. to perceive the actress grabbing the keys).

Bledowski and co-workers (Bledowski et al., 2009) noted that a
core feature of working memory is that some of the maintained
items become transiently more important than others. The authors
report left aSFS and posterior cingulate cortex for the selection oper-
ation that retrieves the most relevant item from memory; in contrast,
bilateral dorsal premotor cortex (PMd; caudal SFS) and posterior pa-
rietal cortex were found to increase activity either for an updating op-
eration that changes the focus of attention onto the retrieved item, or
for both updating and selecting. In our study, both the selection of the
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relevant item as well as updating attention to the new item may be
reflected in the SFS activity, as it extended from the crossing with su-
perior precentral sulcus (PMd) to anterior prefrontal cortex (aSFS,
corresponding to y=40 of the Talairach space). The notion expressed
by Bledowski and coworkers of an updating process subserved by
PMd is corroborated by a recent fMRI study where left PMd was
found to be the only area selectively activated by predictive bridging
of occluded actions (Stadler et al., 2011). It is important to see these
findings in the context of other research in human (and animal) find-
ings on PMd, showing that PMd is engaged in preparatory and antic-
ipatory processes, particularly in the spatial domain (cf. Rushworth et
al., 2003; Schubotz, 2007). In the present experiment as well as in
Stadler's study, videos showed an actress moving around in a room
while performing the action, and transport of objects and non-distal
body movements were prominent cues for segmentation (in our
study) and prediction (in Stadler's study). This argues in favor of
the relevance of spatial attention/processing in our study, a point fur-
ther strengthened by angular gyrus and hippocampal activation, as
will be discussed in the following section.

Adaptation of spatial attention

In addition to aSFS, we found the left posterior angular gyrus
and the parahippocampal gyrus bilaterally to be specifically en-
hanced by boundary detection in actions. Rushworth and colleagues
(Rushworth et al., 2006) showed that the posterior angular gyrus
can be distinguished from adjacent parietal fields by its distinct con-
nection (via inferior longitudinal fascicle) with the parahippocampal
gyrus. This study strongly corroborates a functional connection be-
tween angular gyrus and parahippocampal gyrus, and this connection
also provides a hint for the specific functional meaning of angular
gyrus activity in our study. In particular, it suggests that attentional
adaptations to the perceived changes are informed by long-term
memory.

Human angular gyrus is associated with the redirecting of sac-
cades and the reorientation of attention (Kincade et al., 2005; Mort
et al., 2003; Rushworth et al., 2001; Thiel et al., 2004, 2005). Impor-
tantly, following a functional segregation in parietal fields proposed
by Corbetta and Shulman (2002), angular gyrus activity in our
study points to a top–down (frontally) mediated attentional modu-
lation rather than to the detection of salient or unexpected stimuli.
In addition, angular gyrus may also receive relevant input from
area MT (cf. Speer et al., 2003; Zacks et al., 2001). In particular,
these MT signals can relate to a change in movement pattern, for in-
stance the release of an object (e.g. the coat) or the turning of the
hands or the body towards the next object (e.g. the keyboard).
While our findings suggest that motion signals can serve as a bound-
ary detection trigger in moving stimuli, not only in observed action,
BOLD effects suggest that only in the action condition, motion sig-
nals are mediated to the dorsolateral prefrontal cortex, triggering
the selection of the next relevant item in the scene and the conse-
quential updating operation that changes the focus of attention
onto the retrieved item (cf. Bledowski et al., 2009). It is plausible
to assume that aSFS exerted predictive attentional control onto an-
gular gyrus based on the currently valid action model. Early selection
of informative changes in the stimulus and the adaptation of predic-
tive perception can be driven by a set of probabilistically weighted
forward models (Summerfield et al., 2006). This operation has to
be informed by long-term memory retrieval (cf. Schacter and
Addis, 2009), and we consider parahippocampal activation to reflect
this latter function.

Relevant action models supplied by long term memory

The medial temporal lobe, including the hippocampal formation,
is established for long-term episodic and semantic memory (Kim
and Baxter, 2001). The hippocampus proper is a core structure for
encoding spatial environment and relations in long-term memory
(Rosenbaum et al., 2004). However, mental navigation in old environ-
ments was found to rather rely on the parahippocampal gyrus
(Maguire et al., 1997; Rosenbaum et al., 2004; Shelton and Gabrieli,
2002). Thus, parahippocampal gyrus seems to figure as a long-term
memory for topographical orientation in highly familiar environ-
ments (Aguirre et al., 1996; Bohbot et al., 1998; Maguire et al.,
1997; Rosenbaum et al., 2004).

The parahippocampal activation included the parahippocampal
place area or PPA, an area suggested to code for the layout of local
space (Epstein and Kanwisher, 1998). Recent findings extend PPA
function to automatically re-activate visual context to mediate suc-
cessful episodic memory retrieval (Hayes et al., 2007). According
to this suggestion, in the current study, the shift of attention to-
wards aspects in the scene that become important at event bound-
aries (e.g. the keyboard) may reflect an automatic reinstatement of
visual context (e.g. the vestibule of one's own apartment) to en-
hance episodic retrieval (e.g. actions and experiences we had at
this or prototypically similar locations). Rosenbaum et al. (2000;
2001) proposed that spatial memories in the parahippocampal
gyrus might be schematic cognitive maps that retain the gist of
the environment without rich contextual details that allow one to
re-experience it. Accordingly, parahippocampal gyrus in our study
provides “spatial semantics” or environmental gist that associates a
currently relevant stimulus part (e.g. the keyboard) with memories
of actions that have been frequently experienced in such a context
(e.g. grabbing or storing away keys). In the context of action obser-
vation, this memory retrieval builds the basis of forward models,
and hence expectations and predictions, about upcoming action
steps (e.g. leaving the apartment).

The “spatial gist” of parahippocampal function is in line with
that of co-activated angular gyrus and left SFS/PMd, as mentioned
before. However, a more action-related account of parahippocampal
activity is plausible as well. The activation of parahippocampal gyrus
in our study extended from y=−32 to y=−52 (right) and y=
−70 (left) in anterior–posterior direction. Sommer and co-workers
(Sommer et al., 2005) found that a comparable segment of the para-
hippocampal gyruswas associated equallywith the retrieval of objects
based on location cues and the retrieval of locations based on object
cues. Moreover, several neuroimaging studies have put forward a
more general role of the parahippocampal gyrus or cortex in associa-
tive memories, as it is active during encoding and retrieval of associa-
tive information (Düzel et al., 2003; Eldridge et al., 2000; Henke et al.,
1997; 1999; 2003; Krause et al., 1999; Rombouts et al., 1997). Hence
this area engages during both scene processing and episodic retrieval
because both rely on associations (Bar et al., 2008), i.e., spatial as well
as non-spatial ones (Aminoff et al., 2007; however, cf. Epstein and
Ward, 2010).

As we found this area to show an increased hemodynamic re-
sponse at event boundaries, i.e., associative nodes in the actions, the
associative nature of actions rather than enhanced spatial memory
retrieval may have triggered parahippocampal gyrus activity. Related
to this view, probabilistic learning studies indicate that hippocampus
proper, but also parahippocampal gyrus (Amso et al., 2005; Turke-
Brown et al., 2010) is sensitive to the stochastic or probabilistic struc-
ture of observed events. More specifically, its activity level announces
the expected informational content of an event before it occurs
(Strange et al., 2005). Parahippocampal gyrus activation increase at
event boundaries hence may also point to a change in the probabilis-
tic structure that we have outlined in the beginning.

Concluding remarks

Actions and movements provide a continuous stream of input to
observers. In this study we found that individuals are very consistent
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when judging upon meaningful segments or steps, albeit high inter-
individual variability. Imaging results indicate that motion serves as
a bottom–up cue for boundary detection in different types of dynamic
stimuli, but that only for actions, this information also triggers a long-
term memory search that guides further expectations. The emerging
picture is that motion feature signals are conveyed to the prefrontal
cortex that exerts a top–down modulation of attention on informa-
tive features in posterior parietal lobule. This attentional adaptation
to a detected change in the action makes use of long-term memory
place-action associations encoded in the hippocampal formation. Fu-
ture studies have to address whether this mechanism depends on ex-
pertise, i.e. the existence of internal models in long-term memory. In
this case, tai chi experts should reveal a similar network when judg-
ing tai chi boundaries.
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