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Abstract: The action observation network (AON) is supposed to play a crucial role when athletes
anticipate the effect of others’ actions in sports such as tennis. We used functional magnetic resonance
imaging to explore whether motor expertise leads to a differential activation pattern within the AON
during effect anticipation and whether spatial and motor anticipation tasks are associated with a differ-
ential activation pattern within the AON depending on participant expertise level. Expert (N 5 16) and
novice (N 5 16) tennis players observed video clips depicting forehand strokes with the instruction to
either indicate the predicted direction of ball flight (spatial anticipation) or to decide on an appropriate
response to the observed action (motor anticipation). The experts performed better than novices on
both tennis anticipation tasks, with the experts showing stronger neural activation in areas of the
AON, namely, the superior parietal lobe, the intraparietal sulcus, the inferior frontal gyrus, and the
cerebellum. When novices were contrasted with experts, motor anticipation resulted in stronger activa-
tion of the ventral premotor cortex, the supplementary motor area, and the superior parietal lobe than
spatial anticipation task did. In experts, the comparison of motor and spatial anticipation revealed no
increased activation. We suggest that the stronger activation of areas in the AON during the anticipa-
tion of action effects in experts reflects their use of the more fine-tuned motor representations they
have acquired and improved during years of training. Furthermore, results suggest that the neural
processing of different anticipation tasks depends on the expertise level. Hum Brain Mapp 35:4016–
4034, 2014. VC 2014 Wiley Periodicals, Inc.
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INTRODUCTION

Anticipating an opponent’s actions and deciding on an
appropriate response are important skills in fast ball sports
where athletes have to respond under time pressure. For
example, tennis players have to select an appropriate
response to their opponent’s serve before the opponent
strikes the ball otherwise there is not enough time to per-
form the return shot [Williams et al., 2011]. The substantial
increases in serve velocity over the last two decades, with
typical ball velocities now exceeding 240 kph, implies that
anticipation is crucial to successful performance in profes-
sional tennis. Moreover, in team sports such as soccer and
combat sports like karate athletes have to predict the spe-
cific outcomes of an opponent’s movement ahead of the
action itself. Similarly, in many professional occupations
(e.g., aviation, surgery) and everyday activities (e.g., driv-
ing, crossing a road) the ability to anticipate future events
is paramount to successful performance [e.g., Jackson
et al., 2009; Koglbauer et al., 2011; Zheng et al., 2007].

Sport provides an excellent vehicle to examine how per-
formers anticipate the actions of others, and particularly,
the influence of the observer’s experience on anticipation.
When compared to novices, expert athletes possess a
wealth of experience in executing sport-specific move-
ments along with an extraordinary ability to anticipate
their opponents’ movement behaviors [e.g., Abernethy
et al., 2001; Ca~nal-Bruland et al., 2011; Rowe and
McKenna, 2001; Singer et al., 1996; Williams et al., 2002;
for a review, see Williams et al., 2011]. For example, Aber-
nethy and Russell [1987] showed that badminton experts
perform better than novices when anticipating the direc-
tion of strokes from videos that were stopped before, at, or
shortly after ball–racket contact. These results indicate that
experts already know what action an opponent will per-
form well before ball-flight information becomes available,
potentially relying on information conveyed by the kine-
matics of their opponent’s action rather than the ball per
se [Abernethy and Russell, 1987; Aglioti et al., 2008; Huys
et al., 2008; Urgesi et al., 2011; Williams et al., 2009].

Regarding the underlying neural mechanism, the so-
called action observation network (AON) is supposed to
play a crucial role when observing the actions of others
[Cross et al., 2009]. The AON embraces all brain areas acti-
vated by the mere observation of actions. According to a
meta-analysis of 104 studies, the inferior frontal gyrus (BA
44/45), dorsal and ventral premotor cortex (dPMC, vPMC),
supplementary motor area (SMA), inferior parietal lobe
(IPL), superior parietal lobe (SPL), and primary sensory cor-
tex (SI) show enhanced activation during the observation of
human actions [Caspers et al., 2010]. The involvement of
these areas in action observation is supported by studies
using repetitive transcranial magnetic stimulation to apply
virtual lesions for a limited amount of time [Candidi et al.,
2008; Pobric and Hamilton, 2006; Urgesi et al., 2007]. For
example, a temporary lesion of the ventral premotor cortex
impaired the performance of participants in a task that

required the perception and processing of biological move-
ments [Candidi et al., 2008].

Beyond the results of the meta-analysis of Caspers et al.
[2010], numerous researchers have reported activation in
the cerebellum during the observation of actions [Buccino
et al., 2004; Gallagher and Frith, 2004; Gazzola and Keysers,
2009; Gazzola et al., 2007; Molenberghs et al., 2012; Pil-
gramm et al., 2010]. Moreover, contrary to earlier publica-
tions where the cerebellum was regarded as a structure
with functions exclusively in motor control [Glickstein,
1993; Holmes, 1939], many researchers have shown involve-
ment of the cerebellum in non-motor processes such as
observation of biological movements as well as cognitive
and emotional processing [Desmond and Fiez, 1998; Fink
et al., 2000; Imaizumi et al., 1997; Rao et al., 1997; Schl€osser
et al., 1998; Stoodley and Schmahmann, 2009]. The cerebel-
lum is part of the AON as well [Calvo-Merino et al., 2006]
and one the central functions of the AON may be the simu-
lation of observed actions in order to predict the outcome
of very specific movements [Abreu et al., 2012; Avenanti
et al., 2013; Stadler et al., 2012; Zentgraf et al., 2011]. In par-
ticular, the premotor cortex is thought to be involved even
in the anticipation of nonbiological events [Schubotz, 2007].
Abreu et al. [2012] reported activation in the AON when
predicting the effects of basketball free throws. Basketball
experts and novices showed similar activation in areas of
the AON when the prediction of the throws was contrasted
with a nonprediction task. Findings confirm that the AON
is an important network for the perception of actions and
the prediction of another person’s actions. More precisely,
the frontoparietal areas in the AON as well as the cerebel-
lum [Abreu et al., 2012; Avenanti et al., 2013; Miall, 2003]
are employed to simulate observed actions in order to pre-
dict their outcome.

Several researchers have focused on factors that may
modulate neural activity in areas of the AON during
action simulation. Calvo-Merino et al. [2006] compared
male and female ballet dancers who were watching
gender-specific dance videos in order to investigate the
role of the observer’s motor and visual expertise during
action observation. They found stronger activation in the
premotor cortex, the parietal cortex, and the cerebellum
when dancers observed moves from their own motor rep-
ertoire compared to moves by the opposite gender with
which they had only visual familiarity. These results indi-
cate that activation in the AON and the cerebellum
depends strongly on the motor expertise of the observer.
Furthermore, it has been shown that different tasks or
instructional modes modulate neural activation within spe-
cific areas of the AON [Zentgraf et al., 2005, 2011]. For
example, there is evidence that experts demonstrate better
performance on an action anticipation task when they
have to perform a natural response depending on their
motor repertoire compared to a verbal prediction [Farrow
and Abernethy, 2003].

Thus far, no researchers have applied one design to test
whether motor experts and novices prefer different
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anticipation strategies (motor vs. spatial anticipation) and,
whether they engage different neural networks during
such tasks. We examined the ability to anticipate an oppo-
nent’s stroke in tennis using videos that were occluded at
the moment of ball–racket contact. We applied a 2 3 2
design with two types of action anticipation task (within-
subject condition: motor vs. spatial anticipation) and two
levels of tennis expertise (between-subject condition: novi-
ces vs. experts). In one task, participants had to indicate
the expected flight direction of the tennis ball (spatial
task). In the other task, they had to decide on their own
appropriate motor response to the observed stroke,
namely, a forehand or a backhand stroke (motor task).
Our main aim in the present study was to identify those
areas of the AON involved in movement prediction. We
expected, based on the results of Abreu et al. [2012] and
Avenanti et al. [2013], neural activation in areas of the
AON for all participants in the prediction task. The second
aim was to explore whether motor expertise leads to a dif-
ferential activation pattern within the AON (more pre-
cisely, within the premotor cortex, the posterior parietal
cortex, and the cerebellum). According to Abreu et al.
[2012], Calvo-Merino et al. [2006], and Cross et al. [2009]
there should be stronger activation within areas of the
AON in a group with high motor expertise compared to
novices. Consequently, we expected to find stronger AON
activation in tennis experts during the prediction of stroke
direction. A final aim was to assess whether different
anticipation tasks (spatial vs. motor) are associated with a
differential activation pattern within certain areas of the
AON and to identify a possible interrelationship between
motor expertise and task at behavioral and neural levels.

METHODS

Participants

Thirty two participants with normal or corrected to nor-
mal vision took part in the study. All participants were

right-handed according to the Edinburgh Handedness
Inventory [Oldfield, 1971]. No participant reported any
history of psychiatric or neurological disorders or current
use of psychoactive medication. One-half of the partici-
pants (eight females and eight males, mean age 5 22.56,
SD 5 5.11) were tennis experts who played in one of the
four highest level tennis leagues in Germany and trained
an average of 4.56 times a week (SD 5 2.16). The experts
had a mean of 16 years (SD 5 5.73) tennis-playing experi-
ence and had played an average of 534 (SD 5 300) tourna-
ment matches. The other 16 participants (8 females and 8
males, mean age 5 25.38, SD 5 3.88) were novices who had
played only at a recreational level (mean experience in
years 5 0.19, SD 5 0.54). All participants were paid or
received course credits. The study was approved by the
local ethics committee at the lead institution and partici-
pants gave their informed written consent in accordance
with the Declaration of Helsinki.

Stimulus Material

Ninety-six of the 144 video clips showed forehand
ground strokes in tennis performed by a male and a
female model (cf., Fig. 1A). More specifically, we recorded
48 strokes and presented each of these clips in two differ-
ent response conditions, resulting in a total of 96 tennis
stroke videos. Both models were right-handed and played
at a regional club level. All videos stopped at ball–racket
contact and the clip duration ranged from 2,104 to 3,006
ms. The camera was positioned 2 m behind the net in the
other half of the court, simulating the view of an opponent
standing right behind the net waiting to play a volley. The
players were instructed to aim for target zones in the left
and the right corner of the court that had a width of one
meter (from the sideline) and a length of three meters
(from the baseline). Half of these tennis strokes showed
hits of the target zone in the left-hand corner, the other
half hits of the target zone in the right-hand corner.

Figure 1.

Examples of all experimental conditions. Each of the 144 video

clips lasted 2–3 s. (A) Male player performing a forehand stroke.

The tennis stroke sequences were stopped at ball–racket con-

tact and shown in both tennis anticipation conditions (motor

anticipation, spatial anticipation). (B) Female player bouncing the

ball with her racket (observation only condition). (C) Yellow ball

moving down the screen on a vertical sinusoidal trajectory, dis-

appearing at a random point in time (dashed line) (ball only con-

dition). Please note that participants did not see the gray

trajectory in the ball only condition.
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Another 24 clips displayed both models bouncing a ball
with their racket in the right hand standing in the middle
of the ground line (cf., Fig. 1B). The tennis stimuli were
recorded using a Canon XM2 video camera with a sam-
pling rate of 25 fps.

To prevent such contradictory stimuli and to avoid neu-
ral effects related to face perception, the models’ faces
were blurred in all clips with Adobe Premiere (Adobe Sys-
tems Software Ireland Limited, Dublin, Ireland). A mis-
match between gaze direction and kinematics of an actor
can result in ambiguous movements that are used in
sports to deceive the opponent about their own intention
[e.g., the no-look-pass in basketball, see Kunde et al.,
2011]. In the remaining 24 videos, participants watched a
yellow ball moving down the screen on a vertical sinusoi-
dal trajectory around a vertical line (cf. Fig. 1C). The trace
was not visible (unlike in Fig. 1C in which it is depicted
only to illustrate the task), and the ball disappeared at a
random point in time. These stimuli were created using
Microsoft PowerPoint (Microsoft Office Suite 2003, Red-
mond, USA). The duration of these ball bouncing and ani-
mated ball only stimuli was the same as the tennis strokes.

All stimuli were presented at a resolution of 720 3 576
pixels with a PC running Presentation software (Version
12.9, Neurobehavioral Systems, Albany, USA) and pro-
jected onto a screen behind the scanner so that the partici-
pants could watch them via a mirror attached to the head
coil (visual field 188 mm in the horizontal and 168 mm in
the vertical plane, rectangular aperture; visual angle �18�

horizontal and 11� vertical).

Task

Participants had to respond to four different conditions.
In the spatial anticipation condition, they watched tennis
forehand strokes by the two models and were asked to
anticipate the direction of the observed stroke and subse-
quently indicate the presumable flight direction of the ball.
The response was given by pressing the left or right but-
ton on a two-button response box. In this condition, the
left button indicated a ball flying to the left-hand corner
and the right button a ball flying to the right-hand corner.
In the motor anticipation condition, participants watched
the same 48 clips as in the spatial anticipation condition
but were required to anticipate the direction of the
observed stroke and subsequently choose an appropriate
own motor response, namely, a forehand or a backhand
stroke. To select a backhand stroke, participants pressed
the left button, whereas for a forehand stroke the right
button was pressed. Therefore, a correct forehand answer
in the motor anticipation condition corresponded to a cor-
rect decision in favor of the right-hand corner in the spa-
tial anticipation condition. For both anticipation
conditions, participants were asked to imagine themselves
as the opposing player standing at the net (matching the
camera view depicting a first-person perspective). The lat-
ter instruction was used to prevent experts from thinking

about playing an inside-out stroke (i.e., playing a ball on
the backhand side by running around the ball and per-
forming a forehand stroke), because an inside-out stroke is
played only from the baseline and not when standing at
the net to play a volley. We excluded inside-out strokes
because otherwise forehand and backhand would have
been correct responses in trials showing a stroke to the
backhand side.

To control for effects due to visual stimulation and the
observation of biological movements, we added an observa-
tion only condition including the same two models in the
same visual setting without any need for anticipation. The
task in this observation only condition was merely to
observe the models bouncing the ball and to press the left
or right button immediately after the video. Which button to
press was indicated in the instruction text before the video
presentation and was identical for the six video clips of the
observation only condition succeeding this instruction. In an
additional nonbiological anticipation condition (ball only
condition), participants were instructed to interpolate the
trajectory of the unpredictably disappearing ball and to
anticipate whether the ball would hit a horizontal line to the
left or the right of mid-line. As in the other conditions, they
responded by pressing the left or right button. All responses
in this study included motor reactions after the respective
observation condition. The ratio of correct left and right
reactions was balanced across all four conditions.

Procedure

Participants were given instructions for the experimental
conditions illustrated with sample videos and figures.
Before the start of the fMRI experiment, participants com-
pleted a short training session with two videos for each
experimental condition to ensure their full understanding
of the tasks. These videos were not used in the fMRI ses-
sion. While lying in the scanner, participants had to com-
plete 144 trials resulting in a total duration of about 35
min for the whole experiment. Every trial started with a
black screen for 1 s and a fixation cross for another 5 s, fol-
lowed by presentation of the video sequence lasting 2,104–
3,006 ms. Directly after the video presentation, the screen
turned blank and participants had 3 s to give their
response by pressing the left or the right button on the
response box with the index and middle finger of their
right hand. When a button was pressed, the given
response was displayed on the screen for the rest of the
response time. During the experiment, participants did not
receive any feedback on their performance.

The 144 trials were presented in miniblocks. Each mini-
block consisted of an instruction lasting 8 s followed by
six trials of the same condition. Miniblocks were organized
into four bigger blocks. Each of these contained two motor
anticipation, two spatial anticipation, one observation
only, and one ball only miniblock. The sequence of mini-
blocks within the bigger blocks was balanced as well as
the distribution of trials to the miniblocks (cf. Fig. 2).
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Behavioral Data Acquisition and Analysis

In each of the four experimental conditions, both correct
answers and response times (defined as the time between
the end of the video stimulation and the button press)
were analyzed with SPSS (Version 18, SPSS, Chicago, IL).
To investigate the influence of expertise and anticipation
task (motor anticipation vs. spatial anticipation) on the
number of correct responses, a 2 3 2 ANOVA with
repeated measures was computed for anticipation task
and expertise level. The same computation was employed
for the response times. Additionally, a t test within each
group assessed whether the number of correct responses
in the motor and the spatial anticipation condition was
significantly above chance level. For the ball only condi-
tion, a nonpaired t test between the two expertise groups
was calculated to examine whether the number of correct
responses differed significantly.

fMRI Data Acquisition and Preprocessing

The fMRI data were acquired using a 1.5 Tesla whole
body scanner (Siemens symphony, Erlangen, Germany)
with a standard head coil. The structural images consisted
of 160 T1-weighted sagittal images (slice thickness 5 1 mm,
TR 5 1.99 s, TE 5 4.18 ms, field of view 5 250 3 250 mm2,
base resolution 5 256 3 256, orientation 5 sagittal). During
the experiment, a total of 840 T2*-weighted images were
collected using a gradient echo-planar-imaging sequence
(number of slices 5 25, slice thickness 5 5 mm, gap 5 1 mm,
TA 5 100 ms per slice, TR 5 2.5 s, TE 5 55 ms, flip
angle 5 90�, field of view 5 192 3 192 mm2, matrix size 5 64
3 64). The axial slices recorded during the EPI sequence
were oriented parallel to the AC–PC line. The onsets of the
video clips were jittered within an interval between 6 1=2 TR
to realize a better sampling of the HRF function.

Functional data were processed and analyzed using
SPM8 (Wellcome Department of Cognitive Neurology,
London, UK). The 840 volumes were realigned and
unwarped, slice-time corrected, and normalized into Mon-
treal Neurological Institute (MNI) space. Finally, data were

smoothed with 9-mm Gaussian isotropic filter as recom-
mended by Worsley [2007]. Furthermore, an additional
movement correction was employed to reduce the impact
of rapid head movements using software developed in-
house. The detection of outlier volumes was based on a
comparison of each volume with its two neighbors in a
motion-corrected time series. This procedure was done by
calculating the mean squared differences to the previous
and the next volume. The smaller difference was used as
the outlier score for each volume. Scores were thresholded
using Hubert and van der Veeken’s [2008] method of cal-
culating a skewness-corrected interquartile range. To
threshold outlier scores, the range was multiplied by 1.5
and added to the 75th percentile. The correction of outlier
volumes was done during the first-level analysis by the
usage of an additional regressor for each odd volume.

For the cerebellar data, a specific normalization method
was applied to allow a more accurate localization of acti-
vation within the small structures of the cerebellum.
Because of the low contrast in the 152 ICBM template
(MNI space) of the cerebellum, a whole brain normaliza-
tion that is used as a standard in SPM8 would have led to
a large spatial variance between participants [Diedrichsen,
2006]. Therefore, we used the template of the SUIT toolbox
for SPM8 (Version 2.5.2, Institute of Cognitive Neuro-
science, London, UK), which is based on the average cere-
bellar anatomy of 20 participants. This procedure
preserved the fine details of the cerebellum and improved
the intersubject alignment compared to the standard nor-
malization [Diedrichsen, 2006]. In a first step, the auto-
matic isolation algorithm provided by the toolbox was
used to segregate the cerebellum and the brainstem. If nec-
essary, the isolation maps were corrected manually based
on anatomical information and then these were normal-
ized to the SUIT template via a nonlinear transformation.
The resultant deformation maps were used to normalize
the functional images of each participant. Contrary to the
whole brain data, in which normalization and the ensuing
smoothing were performed before the first-level analysis,
in the SUIT normalization, these steps were conducted
after the functional data had been analyzed on the single

Figure 2.

Configuration and procedure for the 24 miniblocks. Each miniblock started with an instruction

followed by six trials of one of the four experimental conditions. Each trial began with a fixation

cross, followed by one of the 144 video clips and a subsequent response. The order of the mini-

blocks as well as the distribution of the videos was randomized for each participant.
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subject level. On the second level, the whole brain and the
cerebellar data were analyzed in exactly the same way.

Data Analysis

The first-level analysis was computed for each partici-
pant separately on the basis of the general linear model
(GLM). The signal was convoluted using the hemody-
namic response function (HRF). The video observation of
each trial in the four conditions was covered by this HRF
matching the length of the video. Functional data were
high-pass filtered with a cutoff of 128 s to remove slow
signal changes. The correct and incorrect trials of the four
different experimental conditions (motor anticipation, spa-
tial anticipation, ball only, and observation only) as well
as the instruction, the response, and rest periods were
entered into the model. Furthermore, six parameters
resulting from the movement correction were added to the
GLM as covariates. Autoregressive processing was applied
to account for serial correlations.

In the second-level analysis, one- and two-sample t tests
were conducted. First of all, we conducted a one-sample t
test for the contrast tennis anticipation (motor anticipation
and spatial anticipation)> observation only for all 32 partici-
pants to identify brain areas activated during the anticipa-
tion of action effects in the whole group and to see whether
we could replicate previous findings on activation in the
AON during effect anticipation. To investigate the activation
in areas of the AON for the contrast tennis anticipa-
tion> observation only with the influence of the anticipation
performance eliminated, in a post-hoc analysis, the covariate
“correct responses” was fed into a one-sample t test of the
contrast tennis anticipation> observation only for all 32 par-
ticipants. The covariate contained the percentages of correct
responses in the tennis anticipation conditions. The statisti-
cal threshold for these comparisons was set at P 5 0.05, cor-
rected for multiple comparisons using the family-wise error
(FWE) criterion on the whole-brain level. For these compari-
sons, the correction volume included all voxels of the brain
mask provided by SPM8. The peak voxels of significant acti-
vations were labeled using the Anatomy Toolbox [Version
1.7, Eickhoff et al., 2005] for SPM8. This toolbox was used to
label all activations on the basis of cytoarchitectonic proba-
bility maps. Significant results within the cerebellum were
assigned to the cerebellar lobuli by means of the probabilis-
tic atlas included in the SUIT toolbox [Diedrichsen et al.,
2009]. The SUIT toolbox also provided the cerebellar mask
that was used to define the correction volume for cerebellar
activation. To investigate the influence of the tennis anticipa-
tion performance of the participants on the activation in
areas of the AON, we conducted a second post-hoc analysis
considering the number of correct responses. A parameter
“correct responses” containing the percentages of correct
responses in the tennis anticipation conditions was used to
examine the influence of the anticipation performance on
the results of the one-sample t test of the contrast tennis

anticipation> observation only for all 32 participants. As we
expected to find activation differences in the AON, we
examined a small-volume correction with a priori defined
search volumes based on Caspers et al. [2010] (for details
see section below).

To investigate the influence of expertise on the contrast
tennis anticipation (motor anticipation and spatial anticipa-
tion)>observation only, an ANOVA was calculated.
According to Penny and Henson [2007] a test for interac-
tion requires the fitting of the first-level models and the
computation of the within-subject contrasts, followed by
the fitting of the second-level models to test these con-
trasts between the two groups. Furthermore, an addi-
tional parameter “years of tennis experience,” containing
the years of tennis experience of all 16 experts in whole
numbers (7–29 years), was fed into a one-sample t test of
the contrast tennis anticipation> observation only in the
expert group. The aim of this post hoc analysis was to
investigate whether the brain activation of tennis experts
depended on years of experience. To assess whether
different anticipation tasks were associated with a differ-
ential activation pattern within certain areas of the AON,
and to identify a possible interrelationship of motor
expertise and task, the comparisons of the two different
anticipation instructions, motor anticipation> spatial
anticipation and spatial anticipation>motor anticipation,
were calculated for all 32 participants, as well as in each
expertise group separately, and in an ANOVA comparing
the two tasks in a between-subject comparison between
both groups (Penny and Henson, 2007). To check whether
the stronger activation in the experts was specific to the
tennis anticipation task with which they had experience,
we compared the anticipation performance in the ball
only condition between the two groups.

We were particularly interested in brain activation within
the areas of the AON and expected to find activation differ-
ences within these areas depending on expertise and differ-
ent instructions. Therefore, we examined a small-volume
correction with a priori defined search volumes in the AON
for the between-subject comparison of the contrast tennis
anticipation> observation only and for all contrasts compar-
ing the motor and spatial anticipation tasks. The selection
of these regions of interest (ROIs) was based on the results
of Caspers et al.’s [2010] meta-analysis and identical for all
contrasts. We included the inferior parietal lobe (IPL), the
intraparietal sulcus (IPS), the superior parietal lobe (SPL),
the dorsal and ventral premotor cortex (dPMC and vPMC),
the supplementary motor area (SMA), the somatosensory
cortex (S1), and the inferior frontal gyrus (IFG). Because
Caspers et al.’s [2010] meta-analysis did not include the cer-
ebellum, we chose ROIs in the cerebellum that had been
reported to be activated during the execution [e.g., Dimi-
trova et al., 2006; Schmahmann et al., 2009] or the observa-
tion [e.g., Sokolov et al., 2010] of actions. These regions
were Lobules I-IV, VII, and VIII, as well as Crus I and Crus
II. The cerebellar masks were based on the probabilistic
atlas of the cerebellum provided by Diedrichsen et al.
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[2009], whereas the masks of the cerebral cortex were based
on cytoarchitectonic data [Eickhoff et al., 2005]. All masks
for this ROI analysis were created using FSL software
[Smith et al., 2004] and included voxels with an at least
50% probability of being part of the specific regions. The
statistical threshold for the ROI analysis was set at P 5 0.05
(FWE-corrected).

RESULTS

Behavioral Data

Considering motor and spatial anticipation together as
an overall tennis stroke anticipation condition, participants
in the novice group gave correct answers on an average of
57.29% (SD 5 7.07) of strokes, whereas tennis experts
recorded a mean accuracy score of 70.18% (SD 5 10.08).
When separated into both response conditions, tennis
experts gave correct responses on 69.66% of trials
(SD 5 9.44) in the motor and 70.70% of trials (SD 5 11.29)
in the spatial condition, compared to 57.13% (SD 5 7.64) in
the motor and 57.42% (SD 5 8.12) in the spatial condition
for the novices. A 2 (expertise) 3 2 (response condition)
repeated measures ANOVA revealed a significant main
effect of expertise, F(1,30) 5 17.54, P< 0.001. No signifi-
cant main effects were reported for the two different
response conditions or the interaction. The number of
correct responses in both groups was significantly above
chance level, texperts(15) 5 8.00, P< 0.001; tnovices(15) 5 4.13,
P 5 0.001.

Tennis experts had a mean response time (i.e., the time
between the ball–racket contact and the button press) of
691 ms (SD 5 380) in the motor and 674 ms (SD 5 366) in
the spatial condition, compared to 733 ms (SD 5 259) in
the motor and 675 ms (SD 5 221) in the spatial condition
for the novices. A 2 (expertise) 3 2 (response condition)
repeated measures ANOVA revealed a significant main
effect of response condition, F(1,30) 5 6.68, P< 0.05. Nei-
ther the main effect of expertise nor the interaction
attained significance.

We found no significant differences for the percentage
of correct responses between the two groups in the
ball only condition (Mcorrect experts 5 53.39%; SD 5 22.22;
Mcorrect novices 5 51.82%; SD 5 25.55), t(30) 5 .185, ns. In the
ball-bouncing condition (observation only), participants
were asked to press either the left or right button
depending on the instruction received before each
miniblock. In this condition, all responses were correct,
indicating that all participants had also maintained atten-
tion in the observation only condition during the whole
experiment.

fMRI Data

In a first step, we were interested in the brain areas
involved in anticipating observed actions in all participants

irrespective of their tennis experience. We expected to repli-
cate previous findings with activation in the AON being
strongly evident during anticipation of action effects. To
investigate whether motor expertise modulated this AON acti-
vation, we were particularly interested in differences within
the AON between the two expertise levels when anticipating
tennis strokes. In a further step, we assessed whether different
instructions during effect anticipation were associated with
differential activity within the areas of the AON.

Activation in the AON during anticipation of action

effects

On the basis of the previous literature [Abreu et al.,
2012; Avenanti et al., 2013], we expected to find neural
activation in areas of the AON during the anticipation of
action effects. To test this hypothesis, we ran a within-
subject comparison of the contrast tennis anticipa-
tion>observation only for all 32 participants. Because the
ball-bouncing control condition contained the observation
of biological movements of the same players in the iden-
tical visual setting, the results of the contrast tennis
anticipation> observation only reflect brain activation
mainly due to anticipation and not to the mere observa-
tion of biological motion. The contrast revealed signifi-
cant activation in the dorsal premotor cortex (dPMC), the
superior parietal lobe (SPL), the inferior frontal gyrus
(IFG), the primary sensory cortex (S1, area 2), the insula,
the thalamus, the superior medial gyrus (SMG), the mid-
dle cingulate cortex (MCC), the hippocampus, the cau-
date nucleus, the visual cortices (V1, V2, V5), as well as
Crus I, Crus II, Lobule VI, Lobule VIIIb, and Lobule IX
of the cerebellum (P< 0.05, FWE-corrected) (see Fig. 3).
Table I presents a detailed summary of all activations. To
eliminate the influence of the anticipation performance
the covariate “correct responses” (varying from 49 to
88%, M 5 63.74%, SD 5 10.78) was fed into a one-sample t
test of the contrast tennis anticipation> observation only
for all 32 participants in a post-hoc analysis. The analysis
revealed significant activation in the dPMC, the SPL, the
IFG, the S1, the insula, the thalamus, the SMG, the MCC,
the hippocampus, the caudate nucleus, the visual cortices
(V1, V2, V5), as well as Crus I, Crus II, Lobule VI,
Lobule VIIIb, Lobule IX and Lobule X of the cerebellum
and therefore resulted in activation comparable to the
same contrast without the covariate “correct responses”
(P< 0.05, FWE-corrected) (see Table I). The division of
the premotor cortex (BA 6) into the ventral and dorsal
premotor cortex at Z 5 50 was based on the recommenda-
tions of Rizzolatti et al. [2002].

To examine whether the tennis anticipation performance
modulated brain activation in the AON, we introduced the
percentages of correct responses in the tennis anticipation
conditions (varying from 49 to 88%, M 5 63.74%,
SD 5 10.78) as an additional parameter. A post hoc ROI
analysis of the influence of this parameter on the contrast
tennis anticipation> observation only in all 32 participants
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revealed a performance-related increase of activation in
the SPL as well as in Crus II, Lobule I–IV, Lobule VIIb,
Lobule VIIIa and Lobule VIIIb of the cerebellum (see
Table II).

Differences in the activation of the AON between

experts and novices during anticipation

To identify expertise-related differences in activation of
the AON during anticipation of action effects, we com-
pared brain activation in experts versus novices during the
anticipation of the tennis strokes (including motor and
spatial anticipation). The between-subject ROI analysis of
the contrast tennis anticipation> observation only revealed
higher activation in the tennis experts in the IFG, the IPS
and the SPL as well as in the cerebellum in a cluster
spreading into Crus I, Crus II, Lobules VIIb, and VIIIa and
a second activation site in Lobule VIIIb (see Fig. 4). No
area showed a higher activation in the novices. All results
are summarized in Table III. To assess whether the length
of experience in playing tennis modulated the brain activa-
tion of experts, we introduced the years of tennis experi-
ence (varying from 7–29 years, M 5 16.00, SD 5 5.73) as an
additional covariate. A post hoc ROI analysis of the influ-
ence of this covariate on the contrast tennis anticipa-
tion>observation only in the expertise group revealed an
experience-related increase of activation in Lobule VIIIb of
the cerebellum (see Table IV). To test whether a stronger
activation in the AON of the tennis experts was specific to
the tennis anticipation task with which they had experi-
ence, we compared anticipation in the ball only condition
between the two groups, ball onlyexperts>ball onlynovices

and ball onlynovices> ball onlyexperts. This comparison
revealed no significant activation differences between ten-
nis experts and novices.

Differences between motor and spatial anticipation

tasks

To investigate whether different instructions modulated
activity in the AON during the anticipation of action
effects, we contrasted the motor anticipation condition
with the spatial anticipation condition and vice versa. The
within-subject ROI analysis of the contrast motor anticipa-
tion> spatial anticipation for all 32 participants revealed a
stronger activation of the IFG, the S1, the IPL, and the
medial SPL. The opposite comparison revealed stronger
activation in the more lateral and anterior SPL. In the ten-
nis experts, the contrast motor anticipation> spatial antici-
pation resulted in a stronger activation in the IPL, whereas
the SPL was activated in the opposite comparison, spatial
anticipation>motor anticipation (see Fig. 5B). In the novi-
ces, the motor anticipation task resulted in activation of
the vPMC, the S1 (area 1), the pre-SMA, and the SPL; the
contrast spatial anticipation>motor anticipation did not
reveal any activation differences (see Fig. 5C). To see
whether this modulation was dependent on expertise, the
comparison was performed for the between-subject com-
parison of the two different expertise groups. In this
between-subject comparison, the novices showed stronger
activation in the vPMC, the SMA proper, and the SPL for
the contrast motor anticipation> spatial anticipation com-
pared to the tennis experts (see Fig. 5A). All results are
summarized in Table V.

DISCUSSION

We used fMRI to identify the brain areas involved dur-
ing anticipation of tennis strokes. Moreover, we used dif-
ferent prediction tasks (motor vs. spatial anticipation) to
investigate differences in AON activation between tennis

Figure 3.

Significant brain activation in all 32 participants for the comparison tennis anticipa-

tion> observation only. T maps were thresholded at t 5 5.81 (P< 0.05, FWE-corrected). Activa-

tion is rendered on a high-resolution T1 template (“colin brain”).
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experts and novices during action anticipation. As
expected, the tennis experts recorded higher accuracy
scores on the task compared to novice players. On the
neural level, the anticipation of tennis strokes resulted in
enhanced activation in SPL, S1, IFG, and dPMC for all
participants compared with a control condition which
involved observation of the same models bouncing the
ball. This activation was modulated by the anticipation
performance of the participants, as better anticipation
was correlated with stronger activation in the SPL and
various areas of the cerebellum. During the anticipation
task, experts showed stronger activation within the infe-
rior frontal gyrus (BA 44), the intraparietal sulcus, the
superior parietal lobe, and the cerebellum when com-
pared with the tennis novices. Furthermore, experts’

neural activation of the cerebellar lobule VIIIb was
related linearly to years of tennis experience. Regarding
the different anticipation instructions, the present data
demonstrated that the motor anticipation task was related
to increased activation with parietal activation sites in the
IPL and the SPL as well as within the IFG (BA 44).
Regarding the interrelation between expertise and task,
the present data suggest that the neural processing of dif-
ferent anticipation tasks depends on expertise level,
because novices showed an increased activation within
the ventral section of the PMC, the adjoining SMA
proper, and the SPL (Area 5M) for the contrast motor
anticipation> spatial anticipation when compared to
experts. The following sections will discuss the results
and their implications in more detail.

TABLE I. Brain areas identified by contrasting the anticipation of tennis strokes with the ball-bouncing control con-

dition in all 32 participants

L/R X Y Z t value SUIT Covariatea

Tennis anticipation > observation only (all 32 participants)

dPMC L 227 27 58 16.47 �

dPMC R 27 24 58 11.12 �

IFG (pars triangularis)b R 45 14 25 8.49 �

IFG (pars opercularis) L 248 5 22 6.45 �

IFG (pars opercularis)b L 251 2 34 6.13 �

SPL (7A)b R 18 267 43 10.39 �

SPL (5M) R 12 252 58 10.35 �

Cerebellum, lobule IX L 212 254 249 8.40 � �

Cerebellum, lobule IX R 14 254 251 7.38 � �

Cerebellum, crus II L 28 280 237 7.71 � �

Cerebellum, crus II R 6 276 235 5.98 � �

Cerebellum, lobule VI L 210 276 225 7.43 � �

Cerebellum, lobule VI L 236 236 233 6.26 � �

Cerebellum, lobule VI L 224 260 229 5.10 �

Cerebellum, lobule VIIIb R 28 242 245 5.75 � �

Cerebellum, crus I R 38 244 237 5.19 � �

Cerebellum, crus I R 38 264 229 5.01 �

S1 (area 2) L 233 246 55 11.16 �

V1 L 29 2100 10 6.00 �

V2 L 215 297 10 6.33 �

V5/MT1 R 48 261 7 11.67 �

V5/MT1 L 245 273 10 7.86 �

Insulac L 230 20 1 10.58 �

Insulac R 33 23 22 9.80 �

SMGc L 29 20 40 9.08 �

MCCc L 26 26 34 8.96 �

MCCc R 9 17 43 7.69 �

Caudate nucleusc L 29 14 1 7.76 �

Caudate nucleusc R 12 14 22 6.27 �

Caudate nucleusc R 9 5 1 6.11 �

Thalamusc L 212 225 10 6.42 �

Thalamusc R 6 213 10 6.09 �

Hippocampusb R 9 231 25 6.28 �

Hippocampusb R 15 231 4 6.21 �

aSame activation found when a covariate “correct responses” was introduced.
bProbabilistic labeling below threshold of 20%.
cAnatomical labeling. MNI coordinates, P< 0.05, FWE-corrected. For abbreviations, see text.
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Anticipation Performance in Expert and Novice

Tennis Players

Our findings show that both groups of participants were
able to successfully anticipate ball direction at levels above
chance even in the absence of information from the ball’s
flight path. As ball-flight information was not available,
we suggest that participants had to base their decisions on
the observed kinematic information. However, compared
to their novice counterparts, experts showed a significantly
higher number of correct responses. This result depends
not on a speed–accuracy trade-off, as response time did
not differ significantly between the groups. Our findings
support previous published reports involving anticipation
of forehand strokes in tennis [Ca~nal-Bruland et al., 2011;
Williams et al., 2009] and provide additional support for
the notion that the ability to pick up kinematic information
from the opponent’s initial movements is essential to suc-
cessful performance in sport [M€uller et al., 2006; Ward
et al., 2002; Williams et al., 2002; for a review, see Williams
et al., 2011].

Activation in the AON During Effect

Anticipation

Based on results reported by Abreu et al. [2012], Ave-
nanti et al. [2013], and Caspers et al. [2010], we expected
increased neural activation in areas of the AON for all par-
ticipants irrespective of their expertise level when the ten-
nis anticipation task was contrasted with the ball-bouncing
condition (observation only). As expected, contrasting
those two conditions in all participants regardless of their
motor expertise revealed a stronger activation in the SPL,
the S1, the dPMC, and the IFG during the anticipation of
tennis strokes. The stronger activation of these areas is in
line with the theory that a frontoparietal network is used
to predict the effect of observed actions [Abreu et al., 2012;
Avenanti et al., 2013; Blakemore and Decety, 2001;

Blakemore and Frith, 2005; Calvo-Merino et al., 2006; Cas-
pers et al., 2010; Cross et al., 2009; Gazzola and Keysers,
2009; Iacoboni et al., 2005; Miall, 2003; Oztop et al., 2005;
Prinz, 2006; Sch€utz-Bosbach and Prinz, 2007; Shmuelof and
Zohary, 2007; Stadler et al., 2011; Wolfensteller, 2009].
Because we found the well-known activation pattern of
motor and motor-related areas belonging to the AON, we
assume that action simulation, which is predictive in
nature, is responsible for the prediction of the effects of
others’ actions.

The assumption that areas of the AON play a decisive
role during the anticipation of action effects is further sup-
ported by a post-hoc analysis including the parameter
“correct responses” for the contrast tennis anticipa-
tion>observation only in all 32 participants. We found
that the percentage of correct responses in the tennis
anticipation conditions was associated with stronger acti-
vation in the SPL (5Ci, 7PC) as well as in Crus II, Lobule
I–IV, Lobule VIIb, Lobule VIIIa and Lobule VIIIb of the
cerebellum. To test whether this effect of anticipation per-
formance was specific to areas within the AON, we ran
additional analyses using ROIs outside of the AON,
namely the middle frontal gyrus, the frontal operculum
and the frontal pole. As these areas revealed no activation
in dependence on the performance of the participants, the
results indicate that areas of the AON are actually
involved in the anticipation of action effects.

Differences in AON Activation Between Tennis

Experts and Novices During Anticipation

Several researchers have demonstrated that biological
motion perception is influenced by the observer’s familiar-
ity with the observed action [Bischoff et al., 2012; Calvo-
Merino et al., 2006, 2010; Cross et al., 2009]. In particular,
previous reports involving experts underpin the notion
that anticipation performance is related to motor represen-
tations. We investigated the underlying neural correlates
of sports excellence during an anticipation task by meas-
uring the hemodynamic response while tennis experts and
novices observed tennis strokes. Our experts demonstrated
an increased activation within the inferior frontal gyrus
(BA44), the intraparietal sulcus (hIP1), the superior parietal
lobe (7P), and broad sections of the cerebellum. Findings
suggest that motor representations of athletes are activated
more when they anticipate actions belonging to their
domain of motor expertise. In contrast, novices did not
demonstrate higher activations compared to experts. All
reported structures are supposed to be a part of the AON
[Abreu et al., 2012; Calvo-Merino et al., 2006; Caspers
et al., 2010] and are involved in the observation of actions
and the prediction of the effects of observed actions
[Abreu et al., 2012; Gazzola and Keysers, 2009; Stadler
et al., 2011]. It is important to note that we used a control
condition that included observation of the same players
moving in the identical visual setting as well as a response

TABLE II. Brain areas showing stronger activation as a

function of correct responses in the tennis anticipation

conditions when contrasting the anticipation of tennis

strokes with the ball-bouncing control condition in all 32

participants

L/R X Y Z t value SUIT

Tennis anticipation > observation only (all 32 participants)

Cerebellum, crus II L 224 288 239 3.58 �

Cerebellum, lobule I–IV R 18 240 223 3.51 �

Cerebellum, lobule VIIIb L 222 242 251 3.43 �

Cerebellum, lobule VIIIa L 24 268 235 2.82 �

Cerebellum, lobule VIIb L 24 268 233 2.76 �

SPL (7PC) R 21 273 64 3.27
SPL (5Ci) L 215 234 46 2.76

MNI coordinates, P< 0.05, FWE-corrected, ROI analysis, ROI
masks thresholded at 50%.
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with a button press at the end of the sequence (observa-
tion only condition) to investigate the neural activation
resulting from the anticipation. Therefore, activation found
when contrasting the anticipation conditions with the ball-
bouncing control condition could not be due to the obser-
vation of biological movements per se or the movement of
the button press. To test whether a stronger activation in
the AON of the tennis experts was specific to the tennis
anticipation task, we compared the anticipation in the ball
only condition between the experts and the novices. The
lack of effects between the two groups is an indication
that the tennis experts’ use of areas of the AON is specific
to the tennis anticipation task.

The most prominent activation cluster when comparing
experts and novices during the anticipation of tennis
strokes was identified in the cerebellum. This result is in
line with data reported by Abreu et al. [2012], Calvo-
Merino et al. [2006], and Cross et al., [2009] that also dem-
onstrated stronger activation of the cerebellum in a group
with high motor expertise compared to novices. In accord-
ance with the tennis-stroke anticipation task, our study
revealed stronger activation in the expert group in Crus I
and Lobule VIII of the cerebellum that are both involved
in the sensorimotor processing of, in particular, arm and
hand movements [Dimitrova et al., 2006; Grodd et al.,
2001; O’Reilly et al., 2010; Schmahmann et al., 2009; Stood-
ley and Schmahmann, 2009]. A broad body of literature,
including neurophysiological and computational studies,
has demonstrated the cerebellum as a principal brain
structure for the storage of internal forward models that
predict movement outcomes and therefore support predic-
tive motor control [Bastian, 2006; Imamizu et al., 2000;
Miall and King, 2008; Synofzik et al., 2008; Wolfensteller,

2009; Wolpert et al., 1998]. Within this framework, the cer-
ebellum seems to be used to process sensory data and pro-
vide, for example, precise timing information for
predictions [Gao et al., 1996; Ghajar and Ivry, 2008;
O’Reilly et al., 2008]. As the provision of precise timing
information for predictions plays a fundamental role in
successful tennis-stroke anticipation in our study, the acti-
vation of cerebellar areas supposed to be involved in
motor prediction fits those assumptions perfectly. Further-
more, we observed that length of tennis expertise was
associated with an increase of activation in the cerebellum
within the expert group. This finding suggests that motor-
related cognitive functions of the cerebellum can be modi-
fied by training and, therefore, might exhibit neural plas-
ticity [Calvo-Merino et al., 2006; Iacoboni, 2001]. Similarly,
Lotze, Scheler, Tan, Braun, and Birbaumer [2003] reported
a correlation between years of practice and activation in
the cerebellum when violin players actually performed a
Mozart concerto, underpinning the notion of plasticity
processes within this region that depend on experience
and practice.

Because the cerebellum is interconnected with other
brain areas belonging to the AON [Imamizu and Kawato,
2008; Miall, 2003; Ramnani, 2006], it is reasonable to
assume that experts reveal increased activation within
other cortical structures belonging to this network. In the
literature, prominent candidates are posterior parietal as
well as inferior frontal regions [e.g., Caspers et al., 2010].
The present data revealed increased activation within the
intraparietal sulcus (IPS) and within the posterior parietal
(SPL) as well as in the inferior frontal gyrus (BA 44) when
experts performed the anticipation tasks. The center of
posterior parietal activation was found within the

Figure 4.

Significantly stronger activation in the tennis experts compared to the novices for the compari-

son tennis anticipation> observation only. The blue vertical lines indicate the slice positions. T

maps were thresholded at t 5 2.50 (P< 0.05, FWE-corrected). Activation is rendered on a high-

resolution T1 template (“colin brain”) as well as on the cerebellar SUIT template [Diedrichsen,

2006].
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posterior section of the SPL. According to execution stud-
ies, this area is related to predictable variations in motor
control due to changing the accuracy demands of a motor
task [Winstein et al., 1997]. With the growing accuracy
demands of an executed aiming task, neural activity
within these areas increases in line with the greater visuo-
motor processing demands. Within this framework, our
data suggest that, especially in experts, the tennis anticipa-
tion task might trigger the activation of motor representa-
tions within areas whose activation relates clearly to the
accuracy demands of a motor task. Motor expertise seems
to enhance the use of specific internal sensorimotor repre-
sentations during an anticipation process requiring accu-
racy. For example, expert tennis players know precisely
which kind of response is required by observing their
opponent’s stroke.

To predict the effect of an opponent’s action and to initi-
ate an appropriate response, tennis experts also rely on
contextual information such as the position from which
the observed player is going to hit the ball and the type of
strokes the opponent has played in former rallies. Several
researchers have shown that experts improve their antici-
pation performance when they are provided with contex-
tual, game-related information [Crognier and F�ery, 2005;
McPherson and MacMahon, 2008; McRobert et al., 2011].
An alternative explanation for the SPL activation could be
that experts use such contextual information during situa-
tions requiring the anticipation of their opponent’s behav-
ior. In support of this latter argument, Imamizu and
Kawato [2008] found activation in the SPL when partici-
pants had to initiate movements based on prior expecta-
tions. These authors concluded that the SPL associates
contextual information with an appropriate internal model
located in the cerebellum to predict the consequences of
an action.

Besides increased activation within cerebellar and supe-
rior parietal sites, the present data demonstrated that
experts reveal increased activation compared to novices
within the IFG (BA 44) during an anticipation task. Previ-
ously, researchers have linked action-related activations in
BA 44 to, for example, motor sequence learning, motor
imagery, and action preparation [e.g., Binkofski et al.,
1999; Johnson-Frey et al., 2003; Krams et al., 1998; Mecklin-
ger et al., 2002]. In particular, involvement of BA 44 in
action preparation might explain the increased activation
when experts engage in action anticipation. It might be
argued that experts tend to prepare their motor response
while observing the early movement phases of the oppo-
nent. This theory is further supported by the activation of
the intraparietal sulcus, as the IPS is supposed to play a
crucial role in the planning of actions as well as in the rep-
resentation of the related action goals [for a review, see
Tunik et al., 2007]. In summary, the present findings
underpin the notion that action anticipation in experts is
based on internally represented actions and their goal
states, as well as on the predictions and internal computa-
tions made about the action in advance of its execution.
These processes run on the basis of the expert’s fine-tuned
motor representations that are built up over years of prac-
tice [e.g., Desmurget et al., 2009].

The Influence of Different Instructions on the

Anticipation of Action Effects

A further aim in our study was to investigate whether
the anticipation process as well as the underlying neural
response could be manipulated by different instructions.
Participants had to observe each tennis stroke with the
instruction to either indicate the predicted direction of the
stroke (spatial anticipation) or to decide on the own appro-
priate physical response that they would make to the
observed action (motor anticipation). It has to be noted
that in the present study we used identical stimulus mate-
rial for both anticipation tasks. Therefore, stimulus differ-
ences can be ruled out as a confounding variable. As the
participants had to press the left or the right button in
both anticipation conditions we analyzed behavioral and
neurophysiological differences to investigate whether par-
ticipants used diverging strategies in both tasks. Previous

TABLE III. Brain areas identified by the between-subject

comparison of tennis experts and novices when con-

trasting the anticipation of tennis strokes with the ball-

bouncing control condition

L/R X Y Z t value SUIT

Tennis anticipation > observation only (experts > novices)

Cerebellum, crus I L 26 274 231 4.38 �

Cerebellum, crus II L 22 278 235 5.15 �

Cerebellum, crus II R 10 280 229 4,27 �

Cerebellum, lobule VIIb L 24 274 239 3.91 �

Cerebellum, lobule VIIIa R 4 272 243 3.91 �

Cerebellum, lobule VIIIb L 220 240 249 3.51 �

IFG (BA44) L 245 5 25 3.84
SPL (7P) L 230 252 64 3.19
IPS (hlP1) L 236 246 43 2.62
Tennis anticipation > observation only (novices > experts)

— — — — — —

MNI coordinates, P< 0.05, FWE-corrected, ROI analysis, ROI
masks thresholded at 50%.

TABLE IV. Brain areas showing stronger activation as a

function of years of tennis experience when contrasting

the anticipation of tennis strokes with the ball-bouncing

control condition within the expert group

L/R X Y Z t value SUIT

Tennis anticipation > control (experts only)

Cerebellum, Lobule VIIIb L 220 244 251 3.98 �

MNI coordinates, P< 0.05, FWE-corrected, ROI analysis, ROI
masks thresholded at 50%.
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reports suggest that different response types influence the
performance of experts in an anticipation task [Farrow and
Abernethy, 2003] as well as the brain areas activated dur-
ing movement observation [Zentgraf et al., 2005].

The present data revealed longer response times as well
as increased activation within the IFG (BA 44), the IPL

(Areas PGp and PGa), and the SPL (Area 7M) when par-
ticipants had to decide to play a forehand or backhand
response rather than indicate the direction of the stroke—
independent of expertise level. The opposite contrast
revealed an increased activation within the anterior and
adjoining posterior sections of the SPL. These findings

Figure 5.

(A) Stronger activation in the novices in a between-subject com-

parison of both groups for the contrast motor anticipation

> spatial anticipation (blue marks). (B) Higher activation within

the expert tennis players for the contrasts motor anticipation

> spatial anticipation (red marks) and spatial anticipa-

tion>motor anticipation (blue marks). (C) Stronger activation

within the novices for the contrast motor anticipation> spatial

anticipation (red marks).T maps were thresholded at t 5 3.00

(P< 0.05, FWE-corrected). Activation is rendered on a high-

resolution T1 template (“colin brain”).
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indicate that the motor and the spatial instruction resulted
in different anticipation strategies in the participants.
When compared to experts, novices revealed increased
activation within the ventral section of the PMC, the
adjoining SMA proper, and the SPL (Area 5M) when the
motor task was contrasted with the spatial anticipation
task. The opposite comparison of the experts with the
novices revealed no significant increases in activation.

On a behavioral level, Farrow and Abernethy [2003]
conducted two experiments to examine the ability of ten-
nis players to predict the direction of an opponent’s serve.
They used two different response conditions: Participants
were required to make either a movement-based or a
verbal prediction of serve direction. Results provided clear
evidence of superior prediction accuracy under the
movement-based response condition when early ball flight
was available. Furthermore, the data revealed that the
experts’ superiority is more apparent for movement-based
predictions than for verbal predictions. They argued that

different perceptual processes underlie anticipatory tasks
that might depend on expertise level, the type of informa-
tion presented, and the task requirements (motor vs.
verbal).

Our findings provide support for the ideas proposed by
Farrow and Abernethy [2003]. Neural activation increased
within the IFG (BA 44), the IPL (Areas PGp and PGa), and
the SPL (Area 7M) when the task required prediction of the
required movement response rather than a prediction of ball
direction. Moreover, greater activation of the SPL (Area 7P
and Area 7A) was observed in the spatial compared with
motor prediction task. Thus, the movement-based prediction
task captured broader sections of the AON, reflecting a sort
of motor simulation running on motor representations lying
in frontoparietal areas [Abreu et al., 2012; Avenanti et al.,
2013; Blakemore and Decety, 2001; Blakemore and Frith,
2005; Calvo-Merino et al., 2006; Caspers et al., 2010; Cross
et al., 2009; Gazzola and Keysers, 2009; Iacoboni et al., 2005;
Miall, 2003; Oztop et al., 2005; Prinz, 2006; Sch€utz-Bosbach

TABLE V. Brain areas identified when contrasting motor anticipation with spatial anticipation in a within-subject

comparison of all 32 participants and each group separately as well as in a between-subject comparison of tennis

experts and novices

L/R X Y Z t value SUIT

Motor anticipation > spatial anticipation (all 32 participants)

IFG (BA44) L 257 11 31 4.03
S1 L 257 213 40 3.98
IPL (PGp) L 242 276 34 3.76
IPL (PGp) R 57 264 28 5.05
IPL (PGa) R 63 255 22 4.22
SPL (7M) L 23 270 37 2.98
SPL (7M) R 0 273 43 3.43
Spatial anticipation > motor anticipation (all 32 participants)

SPL (7A) L 221 261 70 3.83
SPL (7A) R 9 264 70 3.73
SPL (7P) L 233 252 67 3.02
Motor anticipation > spatial anticipation (experts > novices)

— — — — — —
Motor anticipation > spatial anticipation (novices > experts)

vPMC R 57 2 40 3.99
SMA proper R 6 21 73 3.80
SPL (5M) R 3 252 64 3.83
Motor anticipation > spatial anticipation (experts only)

IPL (PGp) L 239 273 37 4.34
IPL (PGp) R 57 264 28 4.30
Spatial anticipation > motor anticipation (experts only)

SPL (5M) R 3 249 64 3.79
SPL (7P) L 233 252 67 4.22
Motor anticipation > spatial anticipation (novices only)

vPMC R 57 5 40 5.04
S1 (area 1) L 257 27 40 5.62
pre-SMA R 9 2 52 7.16
SPL (7M) L 23 270 37 2.73
Spatial anticipation > motor anticipation (novices only)

— — — — — —

MNI coordinates, P< 0.05, FWE-corrected, ROI analysis, ROI masks thresholded at 50%.
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and Prinz, 2007; Shmuelof and Zohary, 2007; Stadler et al.,
2011]. It could be argued that movement-based prediction
leads to a more action-related performance with continuous
functional linkages between perceptual information and the
parameters being used for movement control [Bootsma,
1989; Farrow and Abernethy, 2003].

Regarding the influence of expertise, one focus of
research during the last decade has been on investigating
experts and novices using different performance strategies
during action anticipation tasks. For example, it has been
argued that especially motor experts solve anticipation
tasks by using early information from the kinematics of
the opponent’s movement patterns that precede the avail-
ability of ball-flight information [Williams et al., 1999,
2011]. On the neural level, the present data revealed
increased activation within the ventral section of the pre-
motor area, the SMA proper, and the SPL when perform-
ing the contrast motor anticipation> spatial anticipation in
the novice group compared to the experts. This finding
suggests that the novice group tended to respond to the
instruction to solve the motor anticipation task by particu-
larly applying a motor strategy. Experts, however, demon-
strated no increased activation differences compared to
novices with regard to the motor instruction. These data
indicate that a motor instruction especially supports a
motor-processing strategy within the novice’s brain.

When taking a closer look at the differences within the
two expertise groups, it becomes apparent that the neural
differences between the motor and spatial anticipation
task were less pronounced in the expert group compared
to the novices (see Table V). Beilock et al. [2002] demon-
strated that instructions directing a performer’s attention
to motor-task-relevant cues enhanced performance only in
novices performing a soccer dribbling task, yet were detri-
mental in experts. It was reasoned that the motor-related
instructions disturbed the expert players’ automatic proc-
essing of fine-tuned motor knowledge and forced them to
perform the task on a more explicit, perhaps more ineffi-
cient level. The present findings in the expert group point
to a similar conclusion. Whereas the novices possibly used
anticipation strategies depending on the given instruction,
experts either did not or did to lesser degree. Thus,
experts seem to exhibit similar neural processing under
different instructions. Higher automaticity of perception–
action coupling might align both processing strategies in
experts.

Another explanation for the higher activation in motor
related areas in novices during the motor anticipation con-
dition could be that this increased activation is due to
error processing, as incorrect trials were included in the
analysis. For example, the predictive coding account of
Kilner et al. [2007] claims that the anticipation of action
effects is based on a process minimizing the prediction
error, defined as the discrepancy between the predicted
and the actual action effect, within the AON during the
observation of actions. However, the anticipation perform-
ance of the novices in the motor and spatial anticipation

condition did not differ. Therefore, the difficulty as well as
the prediction error seems to be comparable between both
conditions. Thus, one would expect activation related to
error processing when the anticipation of tennis strokes
(motor and spatial) in novices is contrasted with the antici-
pation of tennis strokes (motor and spatial) in experts, as
novices made significantly more errors than the tennis
experts. As can be seen in the results section as well as in
Table III, there was no stronger activation in novices com-
pared to the experts in this contrast at all, indicating that
higher activation in the motor anticipation condition in
novices is not determined by error processing.

Potential Limitations

To control for effects due to visual stimulation and the
observation of biological movements, we contrasted the
tennis anticipation condition with an observation only con-
dition without any need for anticipation. Although both
conditions were comparable concerning the two depicted
models, the tennis hall background, the perspective of the
camera and the fact that both conditions involved the
observation of biological movements that included a tennis
racket and ball, there were some differences between the
conditions. One limitation concerns the way the partici-
pants had to respond to the different conditions. In the
tennis anticipation condition participants had to choose
between the left and the right button depending on the
tennis clip they had seen before. In the observation only
condition the response button was instructed before the
start of the video clip, so there was no response selection
comparable to the tennis anticipation condition. A second
limitation is related to the instructed response in the obser-
vation only condition. As the response was not associated
with the upcoming video clip, one cannot be sure whether
attention was comparable to the anticipation condition. A
third potential criticism concerns the differences in task
difficulty, as participants showed 100% correct responses
in the observation only condition and a mean of 64% in
the tennis anticipation condition. However, if a higher dif-
ficulty was responsible for stronger activation in the AON,
one would expect a stronger AON activation in the novi-
ces compared to the experts; we found the opposite result.
Additionally, when eliminating the influence of the antici-
pation performance on the activation of the AON for the
contrast tennis anticipation> observation only for all 32
participants, the results were comparable to the same con-
trast without the covariate “correct responses.” These
results indicate that the difficulty of the anticipation condi-
tions had no influence on the activation of the AON.

Although these limitations should be acknowledged, we
note that the same kind of control condition (observation
only condition of ball bouncing) has been routinely used
in published reports investigating brain activation during
anticipation in sport (Abreu et al., 2012; Bishop et al., 2013;
Wright and Jackson, 2007; Wright et al., 2010). Our

r Balser et al. r

r 4030 r



findings are consistent with those previously reported.
Furthermore, the comparison of anticipation conditions
between experts and novices revealed activation in brain
areas that were activated for the contrast of the tennis
anticipation and the observation only condition in all 32
participants. As the influence of the observation only con-
dition was minimized in the comparison of both expertise
groups due to the fact that the observation only condition
was used equally in both groups, activation differences we
found can be assigned to anticipation processes that are
modulated by expertise.

A further potential flaw concerning our interpretation
could be related to neural activation differences between
experts and novices as well as to different anticipation
conditions resulting from different imagery strategy (i.e.,
kinesthetic or visual imagery). It might for example be
argued that experts rely more on kinesthetic imagery as
they have more direct experience in playing tennis
whereas the novices might rely more on a visual mode of
imagery. Thus, the increased activation of parietal and pre-
motor areas during the anticipation condition in the expert
group could be explained by different modes of imagery
[Guillot et al., 2009]. However, in the present task, partici-
pants were asked to react immediately to the video clips
and they were not explicitly instructed to imagine the
opponents’ action or their own movement response. Thus,
first, the time might have been too short to generate a
motor image. Second, as we not instructed motor or visual
imagery, the used strategies might have been too heteroge-
neous to allow us to attribute the activation pattern to a
certain imagery process. Furthermore, action observation
and effect anticipation are viewed as stimulus driven proc-
esses whereas imagery is defined as a perception-like pro-
cess in the absence of external stimuli [Munzert and
Zentgraf, 2009]. These arguments strongly argue against
the possibility that the present neuronal differences mainly
result from different motor imagery strategies.

CONCLUSION

Our data provide evidence that irrespective of expertise
level, the anticipation of tennis strokes is associated with
increased activation in areas that subserve the AON. Most
importantly, tennis experts showed a stronger activation in
the IFG, the SPL, the IPS and the cerebellum when antici-
pating the stroke direction irrespective of the given
instruction. We consider that these activation differences
between experts and novices reflect the use of the more
fine-tuned motor representations that experts have
acquired and improved through years of training. More-
over, we reported that different anticipation tasks with dif-
ferent instructions (motor vs. spatial) invoke activity in
different neural networks. We demonstrated increased
activation within the frontoparietal areas independent of
expertise especially when participants had to decide on an
appropriate response to the observed action compared to

indicating the direction of the ball flight. It appears that
the neural processing of different anticipation tasks
depends on the expertise level. When compared to experts,
novices revealed an increased activation within the ventral
section of the PMC, the adjoining SMA proper, and the
SPL (Area 5M) when contrasting the motor with spatial
anticipation task. This indicates that a motor instruction
especially supports a motor processing strategy within the
novice’s brain.
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