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episodic memory.
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1. Introduction

Goal-directed behaviour is usually organized in a sequential and
hierarchically structured manner: Single action steps, e.g. buttering
bread, slicing cheese, etc., make up a meaningful action to achieve
an overarching goal, e.g., preparing a sandwich [1-4]. A recent
study suggests that both the presence of a common overarching
goal and the continuity of the actor can serve as cues for detec-
tion of meaningful associations between action steps [5]. Exploiting
this coherence can be considered beneficial for the anticipation of
upcoming associated action steps. So far, it has not been investi-
gated whether brain activity reflects coherence in observed action,
and if so, in which way.

We employed fMRI to investigate if coherence impinges on
action perception in a spontaneous fashion. That is, coherence was
neither part of an instructed detection task nor was it particularly
promoted by the stimulus. Nonetheless, coherence should have a
spontaneous impact on action observation as a predictor of upcom-
ing actions. In a companion study [6], we focused on the effect of
coherence induced by continuity of the actor; in the present study,
we investigated coherence between single action steps (e.g., but-
tering bread, slicing cheese) established by overarching goals (e.g.
preparing a sandwich). We tested two hypotheses:

First, during the unfolding of a goal-coherent action sequence
(episode hereafter) BOLD activity should decrease in several brain
areas as a function of predictability. Attenuation should be observed
in the inferior frontal gyrus (IFG) as this region was found to be
negatively correlated with the ease of semantic integration in gen-
eral [7-9] and specifically of observed action [6,10,11]. In addition,
IFG is activated during the selection of overarching action plans
that consist of separate motor responses [12], supporting the view
that IFG is relevant for integration of action steps to form higher
order action goals. As a consequence of semantic integration in IFG,
activation should also decrease in the premotor-parietal network
thatis reported for execution, planning, imagery and observation of
action [13]. Therecognition of actions, i.e., the matching of observed
action and action memory, should be promoted by predictability
of goal-coherent actions, thereby reducing the cognitive load in
premotor-parietal regions [14,15]. Finally, we expected a decrease
of activity in occipitotemporal cortex (OTC) due to top-down sup-
pression of anticipated visual input and overall facilitation of action
perception [16-18].

Second, integrating a currently observed action with recently
observed actions as being performed in pursuit of an overarching
goal draws on episodic memory. Hence, episodic memory networks
should be activated more when goal coherence becomes opera-
tive in action observation than when it does not. The retrieval and
maintenance of episodic memory is associated with activation of
dorsolateral prefrontal cortex (dIPFC) and lateral parietal cortex
[19-21]. In addition, we expected to find activation linked to the
presence of coherence. Coherence has not been investigated in the
context of action observation so far. However, a meta-analysis on
text comprehension identified two dominant networks, consisting
of precuneus and medial prefrontal cortex (mPFC), and anterior
temporal lobe and mid middle temporal gyrus (MTG), that are acti-
vated for coherent vs. incoherent sentences or words [22].

We tested these hypotheses by presenting participants with
actions that either formed a common overarching goal or not (fac-
tor GOAL COHERENCE). Effects of goal coherence should not only
manifest in goal-coherent episodes that are performed by a single
actor but also in goal-coherent episodes that are carried out by
different actresses and actors. Therefore, episodes were either per-
formed by the same actor or by different actresses and actors (factor
ACTOR COHERENCE). We thereby obtained a 2 x 2 design with four
conditions: goal-coherent and actor-coherent=both coherent,
BC; goal-coherent and actor-incoherent, GC; goal-incoherent and

Table 1

2 x 2 Factorial experimental design. In the goal-coherent conditions (BC, GC) 10
goals, each consisting of 6+ 1 actions, were used. Correspondingly, in the goal-
incoherent conditions 10 x 6+1 unrelated actions were used. Each condition
employed 10 actors.

GOAL COHERENCE
+ _
ACTOR BC AC
COHERENCE + 1Goal (6+1 6+1
actions) per Independent
episode actions per
performed by 1 episode
actor performed by 1
actor
10 10 Actors — 60
Goals/actors — 60 trials
trials
GC NC
- 1Goal (6+1 6+1
actions) per Independent
episode actions per
performed by episode
641 actors performed by
6+ 1 actors
10 10 Actors — 60
Goals/actors — 60 trials
trials

actor-coherent, AC; goal-incoherent and actor-incoherent=non
coherent, NC (Fig. 1A; Table 1). There were 6+1 actions that
belonged to an episode. The actions of one episode were not pre-
sented in direct temporal succession but interleaved with actions of
the other conditions (Fig. 1B). Participants’ attention was drawn to
each single action by occasionally asking them whether a presented
action description, e.g. “buttering bread”, matched the preced-
ing action or not. The task thus did not orient the participants’
attention to the overarching goal but toward the actual action step.

We reasoned that activity in IFG, as well as in the premotor-
parietal network and in OTC, attenuates as the episode unfolds
and the action goal becomes more and more evident. In a sim-
ple model, IFG attenuation could be modulated in a linear way
with every action step that adds to the episode. However, it is
more likely that the predictability of the overarching action goal
increases in a nonlinear way because action steps at the beginning
of the episode contribute more to goal predictability than action
steps at the end of the episode. Such a model resembles more
a logarithmic function. To test putative nonlinear effects of goal
predictability, we therefore modeled the BOLD response with data
from a behavioral experiment, in which participants were asked to
predict the overarching goal of each of the actions of the episodes
(parametric factor GOAL PREDICTABILITY). Finally, main effects of
goal coherence were investigated by contrasting goal-coherent vs.
goal-incoherent episodes.

2. Methods
2.1. Participants

Twenty-two right-handed, healthy volunteers (11 females,
mean =25.89 years, range 22-30years) participated in the study. All
participants were right-handed according to the Edinburgh Inven-
tory Manual Preference [23], had normal or corrected-to-normal
vision, and were native German speakers. No subject had a his-
tory of neurological or psychiatric disorder. Four participants had
to be excluded from the analysis due to technical problems. All
participants were screened by a physician and gave informed writ-
ten consent to participate in this study. The study was approved
by the local ethics committee of the Medical Faculty, University of
Cologne, Germany.
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Fig. 1. Experimental design. (A) Example video frames of episodes for each condition. 6 + 1 separate action steps added up to one episode. Action steps pertained to an
overarching goal or not (goal coherence) and were performed by either one or by varying actors (actor coherence). BC: both goal and actor coherent, GC: goal coherent, AC:
actor coherent, NC: non coherent. (B) Video and question trials were presented in an event-related fashion. Question trials required participants to confirm or reject a verbal
action description with regard to the preceding trial. Episodes were partially overlapping. Hence, videos of one episode were mostly not shown in direct succession.

2.2. Stimuli

Stimuli consisted of 3 s long video clips of 240 actions performed
by 40 different actors. These actions were either steps of a common
action with an overarching goal or not (factor GOAL COHERENCE). In
addition, actions were performed by either the same or by varying
actors (factor ACTOR COHERENCE). This 2 x 2 design resulted in four
experimental conditions (BC, GC, AC, NC; see Table 1). In the goal-
coherent conditions (BC, GC), there were 10 episodes per condition
with overarching goals.In a similar vein, in the goal-incoherent con-
ditions actions were grouped to episodes that had no overarching
goal.

To provide an example, an episode in condition BC (both goal
and actor coherent) was organized as follows (compare Fig. 1A): an
actor takes a bun, cuts it, butters it, cuts cheese, and puts the cheese
on the bun. In condition GC (goal coherent), the first actress takes
an orange, the second actor halves it, the third actress squeezes the
first half, the fourth actor squeezes the second half, the fifth actress

removes the pulp from the squeezer, and the sixth actor pours the
juice into a glass. In condition AC (actor coherent), an actress staples
papersin the first action, writes a letter in the second, opens a wallet
in the third, salts a tomato in the fourth, laces a shoe in the fifth, and
makes a tea in the sixth. In condition NC (non coherent), varying
actresses and actors take honey from a glass, knit, pour flour in a
beaker, pepper a meal, and open a cash box.

In each condition, episodes consisted of six actions on average
(two episodes of five actions, six episodes of six actions, and two
episodes of seven actions). There were 60 actions per condition in
total.

The occurrence of actors was balanced across conditions: Every
actor was assigned to one condition and did not appear in any other.
There were hence 10 different actors per condition (40 in total).
Every actor was assigned to one condition and did not appear in
any other. Overall, each actor occurred 6+ 1 times (depending on
the length of the episode, see above) during the experiment. In the
conditions GC and NC, where episodes were performed by different
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actors, the actors occurred evenly spread over the course of the
experiment with a gap length of 23 trials on average, while in the
conditions BC and AC the gap was four trials at most (on average
1.82 4+ 1.2). Objects involved in the actions appeared only in actions
of the same episodes. For example, the squeezer in the example in
Fig. 1A appeared only in this episode and not in any other episode
of the same or other conditions.

The episodes of each condition were partially overlapping (see
Fig. 1B). The overlap was balanced across conditions to avoid con-
founding due to different working memory loads. In addition, the
gaps between actions of an episode had a maximum length of four
actions of other episodes (1.82 4 0.09 trials on average). The gap
length was balanced across conditions to avoid confounding effects
by virtue of different episode inference difficulties. In addition, gap
length was included in the design matrix as nuisance regressor (see
Section 2.5). The mean number of actions shown for the comple-
tion of an episode was 13 (12.9 +0.36), including the overlapping
actions of other episodes.

Taken together, this experimental design and set up guaranteed
a full balance of the conditions with respect to number of actions,
number of different actors, number of episodes, overlap of episodes,
and gap length between actions of the same episode.

Actions were embedded into 6s long trials (action trials) that
were presented in an event-related fashion intermixed with 48
written action descriptions referring to these actions (question tri-
als). Each trial started with a video or a question (3 s) followed by a
fixation phase (3 s). Every second question trial was followed by a
null event (6 s) requiring participants to fixate a fixation dot. Ques-
tion trials and null events followed and preceded each of the four
experimental conditions equally often (12 + 2 times).

2.3. Goal predictability estimation

To estimate how well the overarching goals of the BC and GC
episodes could be predicted from a given action step, we performed
a separate behavioral experiment. Ten participants (not from the
fMRI sample) watched the trials of the 10 BC and 10 GC episodes in
ablocked way, i.e.,all 6 + 1 trials of one episode in direct succession.
The order of the 20 episode blocks was randomized for each partic-
ipant. After each trial the participants had to name the overarching
goal they suggested for the presented action (e.g. “preparing orange
juice” for the trial “halving an orange”). We then computed the
mean correct response rate for each trial position in the sequences
(see Fig. 2B). Each value hence represents the likelihood of a correct
prediction of the action goal after observation of a given action step.
To estimate how well the goal of a given trial could be predicted
from the preceding trials of the episode, we assigned the values of
trial n to trial n+ 1. From the first trial, the action goal was unpre-
dictable and therefore had the value 0. These values were used as
parametric factor GOAL PREDICTABILITY.

2.4. Task

Participants were instructed to watch the presented videos
attentively. They were informed that some action videos were fol-
lowed by an action description that either corresponded to the
content of the preceding video or not. Half of the action descriptions
matched and half did not. Participants responded to the descrip-
tion on a two-button response box, using the right index finger to
accept and the right middle finger to reject. The action descrip-
tions used in the question trials referred to the subgoals of actions
(e.g., “halving an orange”), which were directly derivable from the
shown videos. Phrasings like “preparing orange juice” were avoided
in order not to point the participants to the episodic structure of the
actions.

2.5. Nuisance regressors

We included four nuisance regressors to control for potential
effects that might go along with the unfolding of episodes but that
are not directly related to goal coherence.

First, although we used an implicit task that did not require
the participants to follow the episode, we could not rule out that
participants actively kept information of the unfolding episode in
working memory. We therefore controlled for potential working
memory effects. Each action step adds information to the episode
that might be keptin working memory. Thus, working memory load
should increase parametrically with each action step. We there-
fore included POSITION IN SEQUENCE (first action step =1, second
action step =2, etc.) as nuisance regressor in the design matrix.

Second, intermittent/interspersed action steps might increase
the load to keep the previous action step of the current episode in
working memory. This load should vary as a function of the num-
ber of unrelated action steps between the current action and the
previous related action step of the same episode. We therefore also
included GAP LENGTH as nuisance regressor in the design matrix.
For the non-coherent episodes, both POSITION IN SEQUENCE and
GAP LENGTH were set to “1”.

Third, we sought to rule out putative confounding influences
due to differences in peculiarity and attractiveness of the actors
between the four conditions. In a post fMRI session survey, we
therefore asked the participants to rate the attractiveness and pecu-
liarity of the actors on a four point Likert scale (from 1="“not
attractive” and “not peculiar” to 4="very attractive” and “very
peculiar”). An ANOVA for the attractiveness rating revealed no sig-
nificant differences between the conditions. The ANOVA for the
peculiarity rating revealed that actors in the NC condition were
significantly more peculiar (mean Likert rating 2.48) than in GC
(2.05; p<0.001) and AC (2.06; p<0.001). We therefore included
PECULIARITY in the fMRI analysis as nuisance regressor.

Fourth, action steps that serve the achievement of an overarch-
ing goal often, but not always, involve a common set of objects. In
the present experiment, too, goal-coherent actions involved a vary-
ing number of objects that were manipulated in different parts of
the respective action sequence (see Fig. 1A). To rule out potential
effects due to recognition of objects that appeared already in pre-
vious action steps of the same episode, we constructed a regressor
that modeled the OBJECT RECENCY: For each trial we counted how
often each objectin that trial was shown already in previous trials of
the same episode. In the “preparing sandwich” example in Fig. 1A,
the first trial has “0”, the second trial has “2” (bread =1, cutting
board = 1), the third trial has “0”, the fourth trial has “5” (bread =2,
cutting board =2, butter knife=1), the fifth trial has “3” (cutting
board = 3; note that the knife is different from the other knives used
in the episode), the sixth trial has “8” (bread = 3, cutting board =4,
cheese =1). This parameter was included as nuisance regressor in
the design matrix. For goal-incoherent episodes the parameter was
set to “0”, since they never involved objects that appeared in other
actions of the experiment.

2.6. MRI data acquisition

Imaging was performed on a 3-T Scanner (Siemens Magne-
tom TRIO, Erlangen, Germany) equipped with a standard birdcage
head coil. Participants lay supine on the scanner bed with their
right index and middle fingers positioned on the appropriate
response buttons of a response box. To prevent head, arm, and
hand movements, form-fitting cushions were used. Participants
were provided earplugs to attenuate scanner noise. Twenty-eight
axial slices (4 mm thickness; 1 mm spacing; 200 mm field of view;
64 x 64 pixel matrix; in-plane resolution of 3 x3mm) covering
the whole brain were acquired using a single shot gradient EPI



112 M.F. Wurm et al. / Behavioural Brain Research 274 (2014) 108-117

sequence (2s repetition time; 30ms echo time; 90° flip angle;
116 kHz acquisition bandwidth) sensitive to BOLD contrast. Prior
to functional imaging, 28 anatomical T1-weighted MDEFT images
[24,25] were acquired. In different session, high-resolution whole
brain images were acquired from each subject to improve the
localization of activation foci using a T1-weighted 3D-segmented
MDEFT sequence.

2.7. MRI data analysis

After motion correction using rigid-body registration to the
central volume, the fMRI data were processed using the software
package LIPSIA [26]. A cubic-spline interpolation was used to cor-
rect for the temporal offset between the slices acquired in one
image. To remove low-frequency signal changes and baseline drifts
a temporal high-pass filter with a cutoff frequency of 1/85Hz was
used. Spatial smoothing with a Gaussian filter of 5.65 mm FWHM
was applied. A rigid linear registration with six degrees of free-
dom (three rotational, three translational) was performed to align
the functional data slices with a 3D stereotactic coordinate ref-
erence system. The rotational and translational parameters were
obtained on the basis of the MDEFT and the EPI-T1 slices to achieve
an optimal match between these slices and the individual 3D ref-
erence dataset. The MDEFT volume dataset with 128 slices and
1-mm slice thickness was standardized to the Talairach stereotac-
tic space [27]. The rotational and translational parameters were
subsequently normalized by linear scaling to a standard size. The
resulting parameters were then used to transform the functional
slices using trilinear interpolation, so the resulting functional slices
were aligned with the stereotactic coordinate system, thus gen-
erating isotropic voxels with a spatial resolution of 3 x 3 x 3 mm
(27 mm3).

The statistical evaluation was based on a least-squares esti-
mation using the general linear model for serially autocorrelated
observations [28,29]. The design matrix was generated with a delta
function, convolved with the hemodynamic response function.
Brain activations were analyzed time-locked to onset of the videos,
and the analyzed epoch comprised the full duration (3s) of the
presented videos, the duration of the null events (6 s), and the reac-
tion time in question trials (max. 3 s). The design matrix contained
12 regressors: four predictors of the four experimental conditions,
two regressors for the goal-coherent conditions with an amplitude
modeled by the parameter GOAL PREDICTABILITY, one regressor
for question trials, one regressor for null events, and the four nui-
sance regressors with the parameters POSITION IN SEQUENCE, GAP
LENGTH, PECULIARITY, and OBJECT RECENCY (see Section 2.5). All
parameters were z-scored. For the analysis of the main effect of goal
coherence, the first trial of each episode was analyzed as belonging
to the NC condition, as it was not recognizable as belonging to a spe-
cific condition. In the parametric analysis all trials were included,
as we were interested in the change of activity during the unfolding
of the whole episode. A Gaussian kernel of dispersion of 4s FWHM
was applied on the model equation, including the observation data,
the design matrix, and the error term, to account for the temporal
autocorrelation [29]. Contrast images, i.e., beta value estimates of
the raw-score differences between specified conditions, were gen-
erated for each subject. As the individual functional datasets were
aligned to the same stereotactic reference space, the single-subject
contrast images were entered into a second-level random effects
analysis for each of the contrasts.

For the group analyses one-sample t tests were used across the
contrast images of all participants that indicated whether observed
differences between conditions were significantly distinct from
zero. The t values were then transformed into Z scores. To cor-
rect for false-positive results, in a first step, an initial voxel-wise
z-threshold was set to Z=2.576 (p=0.005). 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<0.05, i.e., the reported activations are
significantly activated at p<0.05, corrected for multiple compar-
isons at the cluster level. To specifically test the hypothesis that
IFG is modulated as function of goal predictability, a small volume
correction was performed [30]. Left and right IFG were segmented
in the 3D T1-weighted whole brain scans according to anatomical
landmarks based on Talairach and Tournoux [27]. The volume of
both left and right IFG was used to calculate the minimum clus-
ter size at a significance level of p=0.05. Parametric zmaps were
corrected using a voxel-wise threshold of Z=2.576 (p = 0.005), with
a minimum activation area of 289 mm?3. Conjunctions were calcu-
lated by extracting the minimum Z value of the two input contrasts
for each voxel [31].

To validate if the attenuation observed in the target regions
follows a logarithmic function as predicted by the model of goal
predictability, we plotted the time course of activation change in
left IFG and bilateral OTC from the first to the last action step of the
episodes. To this end, we measured the mean % signal changes from
each action step of the episodes separately (position in sequence,
i.e., 1=first action step, 2 =second action step, etc). Design matri-
ces containing six regressors for action steps 1-6. Note that some
episodes contained 7 action steps. The seventh action step was
treated as position in sequence=6. In addition, design matrices
contained one regressor for all remaining action videos (ampli-
tude=1) and the 4 nuisance regressors (see Section 2.5). Design
matrices were generated for BC and GC episodes separately. ROIs
were defined by detecting the peak coordinates in left IFG (BA 45,
BA 47)and left and right OTC in the group contrast [all action videos
(all conditions) vs. baseline]. For each action step, mean % sig-
nal changes (average BOLD response 4-9s after video onset) were
extracted from the peak voxel plus six adjacent voxels.

3. Results
3.1. Parametric effects of action goal predictability

To assess neural responses associated with the predictabil-
ity of the action goals during unfolding episodes, we computed
parametric contrasts with the factor GOAL PREDICTABILITY in the
goal-coherent conditions BC and GC. For BC episodes, we found a
parametric decrease of the BOLD response in bilateral IFG (BA 45),
bilateral supramarginal gyrus (SMG), right postcentral gyrus, bilat-
eral OTC, and bilateral parahippocampal cortex (PHC; Fig. Table 2).
For GC episodes we found a parametric decrease of BOLD response
in bilateral OTC and PHC. A conjunction of these two contrasts
revealed overlapping effects of goal predictability in left IFG (BA
45),0TC and PHC (parametric decrease; Fig. 2A). Effects in I[FG were
corrected for multiple comparisons restricted to left and right IFG,
all other effects also survived corrections for multiple comparisons
in the whole brain. Plots of mean percent signal changes for each
action step illustrate that neural activity in left IFG and bilateral
OTC attenuates in a nonlinear, logarithmic way (Fig. 2C). We will
discuss attenuation effects that are significant for both BC and GC
episodes (i.e., left IFG and bilateral OTC).

3.2. Main effect of goal coherence

To investigate brain regions involved in the presence of goal
coherence we contrasted actions that together form an episode
with a common overarching goal with actions that were not related
to each other with respect to an overarching goal. This was done
separately for episodes performed by the same or by varying actors.
We then computed the conjunction of these two separate contrasts
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Table 2

Areas activated as a function of goal predictability in unfolding goal-coherent action episodes.
Macroanatomical specification Brodmann area Talairach coordinates Z

X y z

Parametric decrease for goal predictability in goal + actor coherent sequences (pBC)
L IFG 45 -50 24 0 -3.10*
R IFG 45 49 27 12 -3.18*
L IFG/OFC 47/11 —41 33 -15 -3.36*
R prCG/prCS 6 37 3 27 —4.30
R SMG 40 49 -27 33 -3.51
L OTC 37/19 -40 -60 -3 —4.75
R OTC 37/19 50 -63 12 -3.61
L oC 18 -38 -81 0 -4.15
R oC 18 31 -75 -3 —4.47
L PHC 36/37 -32 -51 —15 —-4.77
R PHC 36/37 28 —48 -15 -3.62
Parametric decrease for goal predictability in goal coherent sequences (pGC)
L IFG 45 -53 24 3 —2.95*
L IFG/OFC 47/11 --32 33 -12 -4.91*
L OTC 37/19 -41 -60 6 -3.91
R OTC 37/19 49 -57 -6 -3.55
L oC 18 -38 -81 0 —4.66
R oC 18 26 -69 -9 -4.33
L PHC 36/37 -35 —42 -15 -3.80
R PHC 36/37 28 —48 -12 -3.96
Parametric decrease for goal predictability in goal coherent sequences (conjunction pBC N pGC)
L IFG 45 -50 24 3 -2.61*
L IFG/OFC 47/11 -29 30 -12 -2.77*
L OTC 37/19 —44 -69 6 -3.53
R OTC 37/19 49 -60 -6 -3.36
L oC 18 -38 -81 -3 -4.15
R oC 18 25 -69 -6 —4.00
L PHC 36/37 -35 —42 -15 -3.80
R PHC 36/37 28 —48 -12 —3.56

Hemisphere (left, right), macroanatomical specification, Brodmann area, Talairach coordinates (x, y, z), and maximal Z scores (Z); z-thresholded at 2.576, corrected clus-
ter threshold p=0.05 (asterisks indicate small volume correction for left and right IFG). Abbreviations: L=left; R=right; BA=Brodmann area; IFG =inferior frontal gyrus,
OC=occipital cortex, OFC = orbitofrontal cortex, OTC = occipitotemporal cortex, PHC = parahippocampal cortex, prCG/prCS=precentral gyrus/sulcus, SMG = supramarginal

gyrus.

(BCvs.ACNGCvs.NC)todetermine regions specifically active when
participants encounter goal coherence.

Goal-coherent vs. goal-incoherent actions performed by a single
actor (BC vs. AC) or different actors (GC vs. NC) revealed bilat-
eral activations in precuneus, middle frontal gyrus/superior frontal
sulcus (MFG/SFS), and angular gyrus. In addition, we found bilat-
eral activation in the orbitofrontal cortex (OFC), middle temporal
gyrus (MTG) and the cerebellum (Table 3). All regions overlapped
as revealed in a conjunction contrast (Fig. 3A).

In addition we performed a ROI analysis in the common network
to further assess the effects of goal coherence in relation to actor
coherence, including putative superadditive effects of both goal and
actor coherence (see Fig. 3B). To this end we extracted beta values
of all four conditions in the regions activated for goal-coherent vs.
incoherent episodes. We ensured independence of data selection
by computing the conjunction BC vs. AC N GC vs. NC for odd and
even episodes separately [32]. Peak voxels were detected in the
conjunction of even BC and GC episodes while beta values were
estimated in the odd BC and GC episodes (from the peak voxel plus
six adjacent voxels), and vice versa.

An ANOVA with the factors GOAL COHERENCE and ACTOR
COHERENCE revealed main effects for goal coherence in all tested
ROIs (Table 4). No main effects for actor coherence and no interac-
tion effects were observed. Accordingly, we found no evidence for
superadditive effects of goal and actor coherence.

4. Discussion

The recognition of an action may benefit from being embedded
in episodes, as episodes often entail overarching goals the actor

pursues and hence foster the observer’s preparedness for upcoming
actions. The present fMRI study aimed to assess whether episodes
impinge on the processing of observed actions and if so in which
way. We found that the embedding into episodes, and hence the
presence of goal coherence, influenced BOLD activity in two ways.

First, regions involved in action perception, in particular IFG
and OTC, showed a decrease in activation during unfolding goal-
coherent episodes. This attenuation conforms the expected data
pattern reflecting a facilitation of action processing furnished by
the presence of an overarching goal.

Second, there was a set of areas that showed increased activation
during the observation of goal-coherent vs. incoherent episodes.
This bilateral network consisted of dIPFC, OFC, AG, precuneus, and
MTG. We will discuss the idea that these regions are involved in the
detection of goal coherence.

4.1. Facilitation of action perception as a function of goal
predictability

Goal predictability was hypothesized to modulate neural activ-
ity in several regions associated with action perception. Based on
previous findings [6,11], we expected that IFG activity decreases
the better an overarching long-term goal can be anticipated from
preceding goal-coherent action steps. Our results confirmed this
expectation. We propose that IFG attenuation reflects reduced neu-
rocognitive load in integrating the currently observed action into
the episode, whose long-term goal becomes more and more evi-
dent in the unfolding episode as reflected by goal predictability.
Our finding complements previous studies that probed the oppo-
site effect: IFG shows increased activity when it is difficult to find
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Fig. 2. (A) Parametric effects of goal predictability during unfolding of goal-coherent episodes (conjunction of goal +actor-coherent and goal-coherent). Negative effects
indicate attenuation of BOLD response from the first to the last action step of the episode as a function of goal predictability. Statistical maps are corrected for multiple
comparisons (z>2.576, corrected cluster threshold p=0.05). (B) Rates of correctly inferred goals used a parametric regressor of goal predictability from separate rating
experiment (N=10). Error bars indicate standard error of mean. For details see Section 2.3. (C) Mean % signal change for each action step separately (1 =first action step,

2 =second action step, etc). Error bars indicate standard error of mean.

an overarching goal, e.g., when the observed action is incompat-
ible with action goals implied by the room in which the action
takes place [11], or when goal-incoherent actions are expected to
belong together because they are performed by the same actor [6].
Together, our findings support the view that IFG’s role in action
observation is the reconstruction of possible overarching long-term
goals via retrieval and selection of semantic information [33] rel-
evant for the integration of an action into an overarching action
structure [34]. In a broader view, this interpretation corroborates
recent notions of IFG as potential substrate for integration of per-
ceptually distinct elements into hierarchically ordered structures
[35-37]. Indeed, there are striking similarities of hierarchical orga-
nization in language and complex action sequences such as object
manipulation ([36]; but see [38]). Our findings complement the
existing evidence from the linguistic domain on IFG’s involvement
in embedding discrete elements into overarching syntactic struc-
tures.

Reconstructing the goal of an action is proposed to subserve the
anticipation of the further progress of an action [39]. Following pre-
dictive coding accounts [40,41], the anticipation of an action step
is considered to amount to a top-down mediated pre-activation
of a hierarchically lower region. This anticipation of sensory input
supersedes bottom-up processing in the action perception cascade.
In our study we found massive attenuation of the BOLD activ-
ity in the left and right OTC, as well as in the parahippocampal

cortex, varying as a function of goal predictability. This finding sug-
gests that during the unfolding of action episodes, visual input is
effectively filtered as a function of action goal predictability. A sim-
ilar attenuation effect has been observed in monkey STS during
the observation of own movements [42] and in human inferior
temporal cortex in response to predictable visual input [43]. The
present findings provide evidence for similar attenuation effects in
action perception in response to action goal predictability. Notably,
predictability effects were observed even when the episode was
interrupted by unrelated actions. This suggests that certain aspects
of the observed actions were maintained in episodic memory and
affected the neural processing of temporally separate actions. It is
therefore unlikely that the observed attenuation effects in OTC are
the result of mere stimulus-driven repetition suppression.

Notably, attenuation effects were stronger in OTC compared to
IFG suggesting different causes for attenuation in OTC (top-down
predictive suppression in OTC) and IFG (reduced load in integrating
the currently observed action into the episode).

4.2. Presence of goal coherence during action observation

In the present study we assessed the main effect of overar-
ching goals providing coherence to temporally separate actions
by contrasting goal-coherent actions vs. goal-incoherent actions.
We found that the presence of a common overarching goal was
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Table 3
Areas activated for the main effect of goal coherence.
Macroanatomical specification Brodmann area Talairach coordinates Z
X y z

Goal coherence vs. incoherence, same actor (BC vs. AC)
L Precuneus 7 -2 —60 54 5.50
R Precuneus 7 10 —66 54 543
L AG 39/7 —-41 —42 45 433
R AG 39/7 43 —42 54 3.96
L MFG/SFS 9 -23 27 45 4.64
R MFG/SFS 9 25 12 48 4.49
L OFC 11 -23 54 3 421
R OFC 11 22 42 -12 4.12
L MTG 20/21 -50 -30 -18 4.69

ITG 20/21 -50 -6 =27 2.98
R MTG 20/21 46 -30 -18 3.72
L Lingual gyrus 18 -14 -99 9 493
R Lingual gyrus 18 7 -90 3 3.76
R Hippocampus 25 -21 -15 3.56
R Cerebellum 22 -63 —24 3.79
Goal coherence vs. incoherence, different actors (GC vs. NC)
L Precuneus 7 14 —63 45 4.57
R Precuneus 7 4 —-69 39 5.14
L AG 39/7 -38 —48 30 3.80
R AG 39/7 40 —48 45 4,77
L MFG/SFS 9 -35 15 48 2.97
R MFG/SFS 9 43 24 33 3.15
L OFC 11 -32 60 3 2.82
R OFC 11 25 54 3 3.05
L MTG 20/21 -50 -33 -6 3.69
R MTG 20/21 55 -30 3 4.31
L aSTG 38 -53 3 0 2.89
L Cerebellum -32 -75 -33 5.62
R Cerebellum 19 -78 —24 3.26
Goal coherence vs. incoherence (conjunction BC vs. AC N GC vs. NC)
L Precuneus 7 -14 —63 45 438
R Precuneus 7 7 -57 42 3.97
L AG 39/7 -35 -60 36 3.49
R AG 39/7 40 —45 54 3.92
L MFG/SFS 9 -35 15 48 2.97
R MFG/SFS 9 43 24 33 3.15
L OFC 11 -32 60 3 2.82
R OFC 11 25 54 3 3.05
L MTG 20/21 -50 -30 -9 3.06
R MTG 20/21 49 -30 =21 3.13

Hemisphere (left, right), macroanatomical specification, Brodmann area, Talairach coordinates (x, y, z), and maximal Z scores (Z); z-thresholded at 2.576, corrected clus-
ter threshold p<0.05. Abbreviations: L=left; R=right; BA=Brodmann area; AG=angular gyrus, aSTG =anterior superior temporal gyrus, IFG, inferior temporal gyrus,
MFG =middle frontal gyrus, MTG = middle temporal gyrus, OFC = orbitofrontal cortex, OTC = occipitotemporal cortex, SFS = superior frontal sulcus.

accompanied with increased neural activity in a number of brain
regions in both hemispheres, including dIPFC (MFG/SFES), OFC, AG,
precuneus, and MTG. These activations were not modulated by
the constancy of actor (see Fig. 2). Thus, activity increase in these
regions was only driven by the presence of an overarching goal
embedding separate actions into a coherent episode.

To date, neural effects of coherence have been investigated
mostly with respect to text comprehension [22,44-46]. Ferstl et al.

[47] argued that establishing coherence between two sentences
(e.g., “sort every thing into piles” and “powder is needed”) often
requires a global context or situation model (e.g., “washing laun-
dry”).In the present study, a situation model was maintained by the
presence of an overarching goal. Interestingly, we found activation
for goal coherence overlapping with regions activated for coher-
ence in text comprehension. These regions were the left precuneus
and the left MTG [22]. This overlap suggests that coherence-related

Table 4
Specificity of goal coherence in comparison to actor coherence.
Goal coherence Actor coherence Interaction
Fa,17) p Fa,17) p Fa,17) p

Left OFC 15.241 0.001 0.202 0.659 0.531 0.476
Right OFC 18.47 <0.001 0.11 0.744 0.677 0.422
Left MFG/SFS 11.344 0.004 3.202 0.091 1.129 0.303
Right MFG/SFS 13.764 0.002 1.103 0.308 2.25 0.152
Left MTG 18.704 <0.001 0.36 0.556 0.199 0.661
Right MTG 12.403 0.003 1.003 0.331 3.098 0.096
Left AG 17.68 0.001 0.677 0.422 0.133 0.72
Right AG 14.636 0.001 2.876 0.108 0.649 0.432
Left precuneus 55.389 <0.001 0.48 0.829 1.44 0.247
Right precuneus 17.084 0.001 0.518 0.481 2.905 0.107
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Fig. 3. Main effects of goal coherence (conjunction of goal +actor-coherent and goal-coherent episodes). Statistical maps are corrected for multiple comparisons (z>2.576,
corrected cluster threshold p=0.05). Effects were specific for goal coherence in comparison with actor coherence as shown in a separate ROI analysis (B). Error bars indicate

standard error of mean.

activity in these regions is modality-independent. In particular, pre-
cuneus has been suggested to be the central hub for maintenance
of situation models by linking semantic knowledge (here: script
knowledge, e.g., how to prepare a sandwich) to episodic knowledge
(here: goal-coherent action steps of previous trials) [48]. A possible
substrate for semantic action script knowledge is the MTG [49].

Divergent activations for goal coherence in observed action as
compared to coherence in text comprehension were found in dIPFG,
AG, and OFC. Activation of dIPFC and AG likely reflects the retrieval
from episodic memory as required in our study but not so or much
less in Ferstl’s [19], as actions steps making up one episode were
intermixed by action steps from other episodes. Correspondingly,
the same set of areas is activated at action boundaries (as compared
to non-goal-directed boundaries) in ongoing action sequences [50].
At these points, expectations have to be updated by a recollection of
possible upcoming action steps in episodic memory. With reference
to priority maps [51], AG, under guidance of dIPFC, functions as a
searchlight on the episode model established and maintained by
precuneus.

5. Conclusion

Observing action episodes with a common overarching goal
comes with widespread changes of BOLD activity both within
and outside regions involved in action observation. These changes
occurred automatically, i.e., without explicit requirement by the
task, and even if goal-coherent action steps were performed by
different actors and were interrupted by other unrelated action

steps. We propose that attenuation in IFG reflects that actions of an
episode can be successfully integrated under a common goal and
OTC attenuates accordingly as following action steps can be antic-
ipated. Increased activity in dIPFC, precuneus and angular gyrus
indicate that single action steps have to be buffered and concate-
nated with recourse to episodic memory.
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