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The cerebellum is thought to be engaged not only in motor control, but also in the neural network dedicated
to visual processing of body motion. However, the pattern of connectivity within this network, in particular,
between the cortical circuitry for observation of others' actions and the cerebellum remains largely unknown.
By combining functional magnetic resonance imaging (fMRI) with functional connectivity analysis and dy-
namic causal modelling (DCM), we assessed cerebro-cerebellar connectivity during a visual perceptual task
with point-light displays depicting human locomotion. In the left lateral cerebellum, regions in the lobules
Crus I and VIIB exhibited increased fMRI response to biological motion. The outcome of the connectivity an-
alyses delivered the first evidence for reciprocal communication between the left lateral cerebellum and the
right posterior superior temporal sulcus (STS). Through communication with the right posterior STS that is a
key node not only for biological motion perception but also for social interaction and visual tasks on theory of
mind, the left cerebellum might be involved in a wide range of social cognitive functions.

© 2011 Elsevier Inc. All rights reserved.

Introduction

Veridical visual perception and understanding of others' actions
are indispensable in a variety of daily-life situations ranging from
motor learning to complex social interaction and non-verbal commu-
nication. Brain imaging, electrophysiology and lesion studies help to
identify the neural network engaged in visual processing of biological
motion. The findings indicate involvement of several brain regions,
including portions of the frontal (Saygin et al., 2004) and parietal cor-
tices (Bonda et al., 1996; Grèzes et al., 2001; Pavlova et al., 2004;
Vaina et al., 2001), the fusiform gyrus (Gobbini et al., 2007; Grossman
and Blake, 2002; Peelen et al., 2006; Vaina et al., 2001) and, in par-
ticular, the posterior superior temporal sulcus, pSTS (Beauchamp
et al., 2002, 2003; Gobbini et al., 2007; Grossman and Blake, 2002;
Pelphrey et al., 2003; Peuskens et al., 2005; Puce and Perrett, 2003;
Saygin et al., 2004), mainly in the right hemisphere.

Deficient visual perception of body motion is observed in individ-
uals with neuropsychiatric conditions associated with impairments in

social cognition, such as autistic spectrum disorders, ASD (Blake et al.,
2003; Klin et al., 2009; Koldewyn et al., 2010) and schizophrenia (Kim
et al., 2005). Brain imaging points to reduced brain response to
human body motion in the right temporal cortex in adolescents
born prematurely with early white matter lesions, periventricular
leukomalacia (Pavlova et al., 2009) as well as in autistic children
(Kaiser et al., 2010). Veridical perception of body motion requires in-
tact communication within the distributed brain network specialized
for biological motion processing (Pavlova et al., 2007). Information
flow, however, is primarily considered to be limited to cortico-
cortical connections, and engagement of brain structures beyond
the cerebral cortex such as the cerebellum has not yet been properly
addressed. Since the first brain imaging data on cerebellar engage-
ment in language processing (Petersen et al., 1989), the traditional
view on the role of the cerebellum has progressively shifted from
contributions to motor control and skilled motor behavior to a broad
involvement in higher cognitive processing (for review, see Strick
et al., 2009). Recent lesion data in patients with cerebellar tumors em-
phasize importance of left lateral cerebellar integrity for intact biologi-
cal motion perception (Sokolov et al., 2010). However, a few previous
brain imaging, functional magnetic resonance imaging (fMRI) and
positron emission tomography (PET), studies produced controversial
results in regard to topography of cerebellar activation in response to
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biological motion (Bonda et al., 1996; Grossman et al., 2000; Ptito et al.,
2003; Vaina et al., 2001). It remains unclear which cerebellar substruc-
tures are engaged and how the cerebellum may interact with the
cortical circuitry underpinning action observation.

Findings on neuroanatomical architecture in non-human primates
suggest that the parieto-temporal cortices might have contralateral con-
nections with the cerebellum (Brodal, 1978; Clower et al., 2001; Dum
and Strick, 2003; Glickstein et al., 1985; Schmahmann and Pandya,
1991). As the right parieto-temporal areas are of particular importance
for visual processing of biological motion (Beauchamp et al., 2002,
2003; Grossman and Blake, 2002; Pavlova et al., 2004, 2009; Pelphrey
et al., 2003), we expected that the left cerebellum might be engaged in
the neural network dedicated to body motion processing. In the present
work, we used event-related fMRI tomeasure blood oxygen level depen-
dent (BOLD) signal while healthy volunteers performed a one-back
repetition task with displays portraying human locomotion. In order to
separate information revealed by motion from other cues, we took
advantage of point-light biological motion consisting of a set of dots on
themain joints of an otherwise invisible human body. Point-light anima-
tions represented either a humanwalkermoving as if on a treadmillwith
no net translation or its scrambled version for which spatial positions of
dots were randomly rearranged on the screen (Fig. 1). To elucidate
cerebellar engagement in the neural network underpinning biological
motion processing, functional and effective connectivity were assessed
by using seed-voxel regression and dynamic causal modelling (DCM).

Material and methods

Participants

Thirteen healthy, right-handed, male volunteers (mean age 28.2±
6.3 years) with normal or corrected-to-normal vision were enrolled in
the study. None had a history of neurological or psychiatric disorders,
head injuries, or medication for anxiety or depression. They were
naïve as to the purpose of the study and did not possess previous expe-
rience with point-light biological motion stimuli. Informed written

consent was obtained in accordance with the requirements of the
local Ethical Committee of the University of Tübingen Medical School.

Biological motion stimuli and task

Participants were presented with a set of 100 point-light biologi-
cal motion stimuli of two types. One type of stimuli portrayed a ca-
nonical point-light walker, and consisted of 11 dots placed on the
head and main joints (ankles, shoulder, etc.) of an otherwise invisible
human figure (Fig. 1A). The point-light walker was seen facing right
andmoving as if on a treadmill without translation (see Supplementary
Materials for Video). A gait cycle was completed in 62 frames with
frame duration of 20 ms, resulting in a walking speed of about 48 cy-
cles per minute. The other type of stimuli was a scrambled walker,
for which the spatial positions of dots were randomly rearranged
on the screen so that the display lacked the implicit coherent struc-
ture of a canonical one (Fig. 1B). The motion of each dot of the scram-
bled display was identical to the motion of one of the dots defining the
canonical figure. The size, luminance, and phase relations of the dots
also remained unchanged. The animations were computer generated
by using Cutting's algorithm (Cutting, 1978), and displayed by using
the software Presentation (Neurobehavioral Systems Inc., Albany, CA,
USA). Each stimulus was presented for 1000 ms. The animations were
projected on a screen outside the MRI scanner and subtended a visual
angle of 4° in height and 2.5° in width. Participants viewed them
through a tilted mirror located on the head coil. Participants performed
a one-back repetition task, signaling a repeated stimulus of each type
(canonical or scrambled) by a button presswith their right index finger.
Similar stimulation and task were used in previous magnetoencephalo-
graphic work (Pavlova et al., 2004). Here, they were adapted for fMRI.

Data acquisition and analysis

MRI recordings were obtained with a 3T scanner (TimTrio, Siemens
Medical Solutions, Erlangen, Germany; 12 channel head coil). In all par-
ticipants, the MRI acquisition frames were carefully positioned covering

Fig. 1. Schematic illustration of point-light stimuli and fMRI brain activation in response to biologicalmotion. Participants viewed either (A) a canonical point-light human figurewalking as if
on a treadmill (fromPavlova et al., 2003), or (B) its spatially scrambled version (fromPavlova et al., 2004), consisting of elevenmoving dots each. Thewhole-brain fMRI analysis reveals robust
activity for biological motion as compared to scrambled motion (pb0.05, corrected for multiple comparisons) in (C) the right posterior superior temporal sulcus (pSTS), the right middle
temporal cortex, (D) the right fusiform gyrus, and the left cerebellar lobules (E) Crus I and (F) VIIB. Activation is overlaid on theMNI T1-template. Slice positions are provided in MNI space.
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the most caudal cerebellar regions. Initially, a 3D T1-weighted
magnetization-prepared rapid gradient echo imaging data set (MPRAGE;
176 sagittal slices, TR=2300 ms, TE=2.92 ms, TI=1100 ms, voxel
size=1×1×1 mm³)was acquired as anatomical reference. Subsequent-
ly, a field map was recorded for later correction of magnetic field
inhomogeneity. Echo-planar imaging sequences (EPI; 210 volumes, 36
axial slices, TR=2500ms, TE=35ms, in-plane resolution 3×3 mm²,
slice thickness=3mm, 1 mm gap) measuring the BOLD signal were
obtained during the experimental task.We used an event-related design
with total session duration of 525 s. An initial baseline fixation period
(25 s) was followed by five event-related blocks (75 s each) that were
interleaved with five baseline epochs (25 s each). An event-related
block included 20 trials, with both types of stimuli being equally repre-
sented. The stimulus order was pseudo-randomized to optimize the es-
timation efficiency. Stimulus onset intervals were jittered in steps of
500 ms from 2500 to 5000 ms that allowed for increased temporal
resolution, and thus better estimation of the event-related response
function.

The data were pre-processed and analyzed by using Statistical
Parametric Mapping (SPM8, Wellcome Institute of Cognitive Neuro-
science, London, UK, http://www.fil.ion.ucl.ac.uk/spm) in Matlab
R2008b (MathWorks Inc. Sherbon, MA, USA). In each individual
data set, the T1-weighted anatomical reference image was initially
aligned with the AC–PC plane and the resulting transformation ma-
trix was applied to the field map and EPI images. Subsequently, acqui-
sition time delay and movement artifacts were corrected by using
SPM algorithms for slice timing and realignment. EPI images were
unwarped based on the estimated field map data. The resulting im-
ages were then co-registered to the anatomical reference image. The
unified segmentation procedure of SPM was used to determine the
parameters for subsequent normalization to MNI space. As a final
pre-processing step, the normalized data were smoothed with an iso-
tropic Gaussian kernel (8 mm full-width at half maximum).

Statistical analysis was based on a general linear model (GLM).
Each condition was assigned a distinct regressor that was convolved
with the hemodynamic response function. A high-pass filter with a
cutoff-frequency of 1/256 Hz was applied to remove low frequency
components. Serial autocorrelations were accounted for by modeling
the error term as a first-order autoregressive processwith a coefficient
of 0.2. A second-level random effects analysis was run on the resulting
individual whole-brain contrast images (canonical vs. scrambled bio-
logical motion). The group activation clusters (pb0.05, corrected for
multiple comparisons) were assigned to the corresponding anatomi-
cal sites with the help of automated anatomical labeling (Tzourio-
Mazoyer et al., 2002) including the 3D-MRI human cerebellar parcel-
lation (Schmahmann et al., 1999), as implemented in SPM.

Functional connectivity analysis

The seed-voxel regression approach revealswhich brain areas exhibit
similar time courses as the seed region (Biswal et al., 1995). Regions of
interest (ROIs) were selected in individual normalized functional data
sets, with selection of the individual local maxima (for the contrast
task vs. baseline; pb0.001, uncorrected) located closest to the group
maxima for the two left cerebellar clusters. Crus I and VIIB ROIs were
identified in all thirteen participants and subsequently overlaid on indi-
vidual normalized structural images to control for location of the selected
ROIs in the lobules Crus I and VIIB. For individual maxima in Crus I,
x-coordinates ranged from −40 to −43, y-coordinates from −52 to
−58, and z-coordinates from−29 to−34 (MNI space). Individual cluster
sizes for Crus I varied from 832 to 1168 mm³. For individual maxima in
VIIB, the ranges were from −33 to −38 for x-coordinates, from −63 to
−69 for y-coordinates, and from −49 to −54 for z-coordinates. Cluster
sizes of the corresponding ROIs ranged from 216 to 336 mm³. Average
time courses from these two ROIs were extracted in each subject and in-
cluded in individual whole-brain multiple regression analyses. To control

for effects of physiological processes, six head motion parameters as
well as time series from white matter and CSF masks derived from
segmentation of the normalized structural images were included as
covariates of no interest. Statistical inference was based on second-
level random effects analysis of the contrast images resulting from
individual regression.

Effective connectivity analysis

Subsequently, DCM was used to study effective connectivity be-
tween the left cerebellar Crus I and the right pSTS. DCM, as implemen-
ted in SPM8, allows studying task-dependent interactions between
brain regions, based on their estimated neural activity (Friston et al.,
2003; Stephan et al., 2010). The individual maxima closest to the
group maxima for Crus I and pSTS were identified and regional time
series were extracted as the first eigenvariate of all activated voxels
(at a threshold of pb0.001, uncorrected) within an 8 mm radius of
the individual maxima. The GLM created for the whole-brain analysis
of the BOLD response was used as design matrix for DCM. Within-
region coupling was modeled as recurrent self-connections (Friston
et al., 2003), and visual input as reaching the pSTS. Fifteen different
models with all possible types of interconnections between the pSTS
and Crus I were constructed. The first three models assessed unidirec-
tional communication from the pSTS to Crus I, either without any
modulatory effects (model 1) or with modulation of this connection
by processing of canonical (model 2) and scrambled biological motion
(model 3). Model 4 assessed unidirectional communication from Crus
I to the pSTS without modulatory effects. Modulation of this connec-
tion by canonical (model 5) and scrambled biological motion (model
6) were also considered. Bidirectional communication between the
pSTS and Crus I was assessed in models 7–15. Model 7 did not include
modulatory effects. Canonical biological motion modulated the con-
nection from the pSTS to Crus I in model 8, and the connection from
Crus I to the pSTS in model 9. Scrambled biological motion modulated
the connection from the pSTS to Crus I inmodel 10, and the connection
from Crus I to the pSTS in model 11. Both connections, from the pSTS
to Crus I and from Crus I to the pSTS, weremodulated either by canon-
ical (model 12) or scrambled biological motion (model 13). Model 14
assessed modulatory effects of canonical biological motion on the
connection from the pSTS to Crus I and of scrambled biological motion
on the connection from Crus I to the pSTS. These modulatory effects
were inverted in model 15. The models were compared by using
fixed effects Bayesian model selection that provides negative
free-energy values as an approximation to the log-evidences for the
differentmodels (Friston et al., 2007). Bayesianmodel selection favors
models with both optimal fitting and complexity. Therefore, less
complex models best explaining the observed data are preferred to
apparently similar but less fitting and/or more complex models
(Penny et al., 2004; Stephan et al., 2010). In order to obtain log-
evidence differences required for model comparison, the log-evidence
value of the least probable model (all three models 4–6 representing
unidirectional communication from the Crus I to the pSTS were equally
improbable) was subtracted from the log-evidence values of the other
models. The optimal model was determined based on the greatest
log-evidence difference. For the optimal model, Bayesian averaging
was used to compute endogenous connectivity and modulatory
parameters as well as their corresponding standard deviations and
probabilities.

Results

fMRI brain activation during visual perception of body motion

In the fMRI whole-brain analysis, two regions in the left lateral
cerebellum, the lobules Crus I (x=−42, y=−56, z=−32; MNI co-
ordinates) and VIIB (x=−36, y=−66, z=−52), exhibited
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increased response to human walking as compared to scrambled
displays (pb0.05, corrected for multiple comparisons; Fig. 1). In
agreement with earlier findings (e.g., Beauchamp et al., 2002, 2003;
Gobbini et al., 2007; Grossman and Blake, 2002; Peelen et al., 2006;
Pelphrey et al., 2003; Peuskens et al., 2005; Saygin et al., 2004;
Vaina et al., 2001), increased activity was also observed in the right
temporal cerebral cortex, including the fusiform gyrus, middle
temporal cortex and the pSTS (x=56, y=−50, z=10). Detailed
information on all activation clusters is represented in Table 1A.

Functional connectivity analysis

In order to explore left cerebellar engagement in the neural cir-
cuitry underpinning visual processing of biological motion, we con-
ducted a seed-voxel functional connectivity analysis. This analysis
indicated strongest functional connectivity between the left cere-
bellar lobule Crus I and the right pSTS (x=58, y=−52, z=12;
pb0.05, corrected for multiple comparisons; see Fig. 2A). Other re-
gions functionally connected with the left cerebellar lobule Crus I
were the right orbitofrontal cortex, the right anterior superior tempo-
ral gyrus and the left medial frontal gyrus (see Table 1B). The func-
tional connectivity analysis with a seed region in lobule VIIB did not
yield significant results.

Effective connectivity analysis

DCM, as implemented in SPM8, was used to assess effective con-
nectivity between the left cerebellar lobule Crus I and the right pSTS
during visual processing of biological motion. Fifteen models includ-
ing all possible types of communication between the pSTS and Crus
I and modulatory effects of canonical or scrambled biological motion
on these connections were designed and compared by using Bayesian
model selection (see Methods Section Effective connectivity analysis
and Fig. 3). This analysis indicated that model 9 with bidirectional
communication between the left cerebellar lobule Crus I and the
right pSTS, and specific modulation of the outgoing connection from

Crus I to the pSTS by processing of canonical biological motion repre-
sented the optimal model (Fig. 2C). This model also was the most
probable model at individual level. The log-evidence difference be-
tween this most probable and the next probable model (bidirectional
communication between the pSTS and Crus I without modulatory ef-
fects, model 7) was 7.83. This log-evidence difference corresponds to
a Group Bayes Factor of 2515. Bayes Factors higher than 150 are con-
sidered very strong evidence in favor of one model as compared to
another (Penny et al., 2004). The endogenous connectivity parame-
ters for model 9 were 0.55±0.15 for Crus I-to-pSTS communication
and 0.51±0.18 for pSTS-to-Crus I communication with probabilities
of 99% for both parameters. The parameter for modulation of the con-
nection from Crus I to the pSTS by processing of canonical biological
motion was 0.13±0.02, with a probability of 98%.

Discussion

The outcome of the fMRI analysis indicates specific engagement of
the left lateral cerebellum in visual processing of body motion. Two
regions in the left lateral cerebellar lobules Crus I and VIIB exhibited
increased activity to human biological motion as compared to scram-
bled displays. The lack of right cerebellar activity underlines the spe-
cificity of left cerebellar involvement in the network dedicated to
visual processing of biological motion. A few earlier brain imaging
PET (Bonda et al., 1996; Ptito et al., 2003) and 1.5T-fMRI (Grossman
et al., 2000; Vaina et al., 2001) studies incidentally reported cerebellar
activity during visual point-light biological motion tasks, and the
findings are controversial as to cerebellar substructures that matter.
Two regions in the left midline cerebellum exhibited higher PET acti-
vation elicited by point-light animals running versus drifting across
the screen (Ptito et al., 2003). Increased left lateral cerebellar PET ac-
tivation was found for point-light dance-like canonical as compared
to scrambled displays (Bonda et al., 1996). Higher right midline cere-
bellar fMRI response was reported when contrasting canonical to
scrambled point-light actions (jumping, kicking, running and throw-
ing) during a one-back repetition task (Grossman et al., 2000). In
the study by Vaina et al. (2001), in a two-alternative forced choice
(2AFC) paradigm, five participants had to discriminate canonical
from scrambled walkers or the global motion direction of the same
stimuli. Elevated BOLD responses in both lateral cerebellar hemi-
spheres were shown for the biological motion discrimination task,
with canonical and scrambled point-light displays pooled together
and contrasted against baseline. The left lateral cerebellar region
QuP (posterior quadrangular lobule or lobule VI), more posterior
and superior to the Crus I activation site in our study, was active
during the biological motion but not a global motion task (Vaina
et al., 2001). The present data carefully acquired in such a way that
the most caudal parts of the cerebellum were covered in all partici-
pants, dovetail with recent findings on compromised visual sensitivi-
ty to human locomotion in patients with left cerebellar tumors.
Patients with lesions to the left lateral cerebellum exhibit deficits in
visual sensitivity to point-light body motion, whereas medial lesions
do not substantially affect visual perception of human locomotion
(Sokolov et al., 2010). Convergent evidence from lesion and brain im-
aging studies is essential for establishing reliable structure–function
relationships.

The outcome of the study provides the first evidence in favor of bi-
directional communication between the left lateral cerebellum and
the right pSTS. Given limited knowledge on cerebro-cerebellar com-
munication during biological motion processing, assessment of task-
related functional connectivity primarily served as an initial step to
identify candidate regions for subsequent DCM (Friston et al., 2011).
While the outcome of the functional connectivity analysis may also
reflect similar but not interdependent responses to biological motion
in pSTS and Crus I, DCM allows studying task-dependent causal inter-
actions between brain regions based on their estimated neural

Table 1
MNI coordinates, corresponding z-values and cluster sizes (in mm³) of (A) brain re-
gions exhibiting activation during observation of biological motion displays, as com-
pared with scrambled displays (pb0.05, corrected for multiple comparisons); and of
(B) brain regions showing functional connectivity with the left cerebellar lobule Crus
I in the seed-voxel regression analysis (pb0.05, corrected for multiple comparisons).

MNI coordinates

Anatomical label x y z z-Value Cluster
size

A
L cerebellum

Lobule Crus I −42 −56 −32 5.66 656
Lobule VIIB −36 −66 −52 5.05 168

R posterior superior temporal
sulcus (pSTS)

56 −50 10 5.49 856

R fusiform gyrus (FFG)
Anterior 42 −42 −18 5.43 472
Posterior 46 −66 −18 5.91 2200

R middle temporal cortex 44 −74 4 5.18 1784
L middle temporal cortex −52 −76 2 4.81 232
R medial frontal gyrus (MFG)

Anterior 32 52 20 4.78 216
Posterior 36 −2 48 4.95 472

B
R posterior superior temporal
sulcus (pSTS)

58 −52 12 6.12 664

R orbitofrontal cortex 12 40 −14 5.93 528
R superior temporal gyrus (STG) 58 −12 −4 5.85 688
L medial frontal gyrus (MFG) −38 44 22 5.72 376
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activity (Friston et al., 2003) and indicates effective connectivity
between these regions.

Neuroanatomical studies in non-human primates have separately
assessed connections from the STS to the pons (Brodal, 1978; Glickstein
et al., 1985; Schmahmann and Pandya, 1991) and from the pons to the
cerebellum (Brodal, 1979). In non-human primates, the dorsal bank of
the anterior STS hosts the equivalent of the human multisensory pSTS
responding to biological motion (Bruce et al., 1981; Oram and Perrett,
1994; Perrett et al., 1985; Puce and Perrett, 2003). Lesions to both ante-
rior and posterior portions of the rhesus monkey STS result in degene-
ration of dorsolateral pontine nuclei (Brodal, 1978), that are also the
target of anterograde axonal transport of radioactive amino acids
injected into the dorsal bank of the rhesus monkey STS (Schmahmann
and Pandya, 1991). Findings inmacaquemonkeys on retrograde axonal
transport of horseradish peroxidase from the dorsolateral pons to the

dorsal bank of the medial STS further support these data (Glickstein
et al., 1985).

For the first time, the present work indicates that the left lateral
cerebellum not only receives input from the right pSTS, but also
modulates functional activity in the right pSTS. The findings suggest
the existence of possible cerebellar projections to the STS, for which
there has been a lack of experimental evidence. Modulation of the
connection from the cerebellum to the pSTS by canonical biological
motion emphasizes importance of this back projection specifically
for processing of this kind of motion. Two recent resting state func-
tional connectivity MRI (fcMRI) studies suggested that the superior
temporal auditory areas are connected with the cerebellar lobules V
and VI (O'Reilly et al., 2010), and the inferior temporal cortex is
connected with the cerebellar lobules V, VI, and Crus I (Krienen and
Buckner, 2009). In contrast to resting state fcMRI, the outcome of
the present study indicates effective task-dependent connectivity be-
tween the right pSTS and the left cerebellar lobule Crus I during visual
processing of body motion. The evidence for two-way communica-
tion between the right pSTS and the left lateral cerebellum parallels
previous neuroanatomical findings on closed loops between the cere-
bellum and parietal, motor and frontal cortices (Strick et al., 2009).
Yet, a similar pattern of structural connectivity between the temporal
cortex and the cerebellum has not been shown. Presumably, high
tract curvature may account for the failure of diffusion tensor imaging
(DTI) to detect possible fiber tracts between the cerebellum and
the STS (Ramnani et al., 2006). A further step toward uncovering
cerebro-cerebellar connectivity would be a combination of fMRI
with specific DTI sequences and algorithms.

Reciprocal interaction between the left cerebellum and the right
STS has broad implications not only for cognitive, but also for clinical
neuroscience. The STS is considered a cornerstone of the topographi-
cally overlapping brain networks subserving visual processing of bio-
logical motion and social cognition (Allison et al., 2000; Puce and
Perrett, 2003; for recent review, see Pavlova, 2011). Deficient body
motion processing in survivors of premature birth suffering from
periventricular lesions (Pavlova et al., 2006, 2007; Taylor et al.,
2009) may result from altered cerebro-cerebellar connectivity.
Several neuropsychiatric conditions, such as ASD and schizophrenia
are associated with impaired visual perception of body motion and

Fig. 2. Cerebro-cerebellar connectivity during observation of human locomotion. The seed-voxel regression analysis indicates significant interconnections (pb0.05, corrected for
multiple comparisons) between the left cerebellar lobule Crus I and (A) the right posterior superior temporal sulcus (pSTS) and a more anterior region in the superior temporal
gyrus, and (B) the left medial frontal gyrus. Activation overlaid on MNI 3D-template. (C) Dynamic causal modelling (DCM) points to reciprocal effective communication between
the left cerebellar lobule Crus I and the right pSTS, with specific modulation of the outgoing connection from Crus I to the pSTS by biological motion (BM). Average endogenous
connectivity and modulatory parameters, as well as their standard deviations are plotted next to the corresponding directions of communication.

Fig. 3. Log-evidence differences for the 15 different models (m1–15) as provided by
Bayesian model selection. To obtain log-evidence differences, the log-evidence values
of the least probable models 4–6 were subtracted from the log-evidence values of
the other models. This analysis indicates that model 9 (m9) with bidirectional commu-
nication between the posterior superior temporal sulcus (pSTS) and Crus I, and specific
modulation of the outgoing connection from Crus I to the pSTS by canonical biological
motion, is the most probable model with a log-evidence difference of 7.83 between m9
and the next probable model 7 (m7).
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social cognition (Blake et al., 2003; Kim et al., 2005; Klin et al., 2009;
Koldewyn et al., 2010). These disorders are also reported to be char-
acterized by alterations in cerebro-cerebellar connectivity (Barnea-
Goraly et al., 2004; Belmonte et al., 2004; Kanaan et al., 2009;
Skudlarski et al., 2010). However, the two characteristic features of
ASD and schizophrenia, namely compromised visual social perception
and altered cerebro-cerebellar connectivity, have not yet been linked.
This gap is narrowed by the present evidence for a functional loop be-
tween the left lateral cerebellum and the right pSTS, operating both in
feedforward (the right pSTS to the left cerebellar lobule Crus I) and
feedback directions during visual body motion processing. Recently
reported lower fMRI response to biological motion in the right pSTS
of autistic children (Kaiser et al., 2010) may be, at least to some ex-
tent, explained by deficient functioning within this loop in ASD. This
proposal is in agreement with data in individuals with Asperger syn-
drome indicating that severity of social impairment correlates with
the extent of structural alterations in the left superior cerebellar pe-
duncle, the major output tract from the left cerebellum to the right
cerebral cortex (Catani et al., 2008). These findings nicely dovetail
with the present data indicating specific modulation of the output
from the left cerebellar lobule Crus I to the right pSTS by processing
of human locomotion.

Significance of the present findings may go beyond comprehen-
sion of a proper functioning of the neural circuitry dedicated to visual
body motion processing. Through engagement in different functional
neural networks, the STS is believed to subserve multimodal cogni-
tive processing including audiovisual integration, face perception, so-
cial interaction and visual tasks on theory of mind (Beauchamp et al.,
2004; Castelli et al., 2000; Hein and Knight, 2008; Howard et al.,
1996; Pavlova et al., 2010; Pelphrey et al., 2005; Saxe et al., 2004;
Schultz et al., 2005; Wyk et al., 2009). Recent fMRI data also indicate
cerebellar involvement in audiovisual integration (Baumann and
Greenlee, 2007; Baumann and Mattingley, 2010; Petrini et al.,
2011). Brain imaging suggests involvement of the left lateral cerebel-
lum in visual social cognition through body motion. Left lateral cere-
bellar activation is observed during recognition of dynamic, but not
static, emotional facial expressions (Kilts et al., 2003), and perception
of dynamic, as compared to static, emotional expressions of a full-
light whole body (Grèzes et al., 2007). When observers reveal false
intentions in others' actions, elevated fMRI response is found among
other regions in the right pSTS and the left lateral cerebellum (Grèzes
et al., 2004). In adults and 10-year-olds, both left lateral cerebellum
and the right pSTS are active during visual processing of social inter-
action between moving geometric shapes in Heider-and-Simmel-like
animations (Gobbini et al., 2007; Ohnishi et al., 2004). Further studies
are needed to clarify whether the reciprocal connection between the
left lateral cerebellar lobule Crus I and the right pSTS might also un-
derpin social cognitive functions other than visual processing of
body motion.

The present data shed light on the cerebellum as a well differenti-
ated functional brain structure, and improve our understanding of
cerebellar contribution to cognitive processing in normalcy and
pathology. The findings open a window for further research on func-
tional and structural connectivity between the cerebellum and the
temporal cortex.

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.neuroimage.2011.08.039.
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