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Abstract
Brain regions with voxels active both during action observation and action execution
(so called shared voxels) have received much attention in the cerebral cortex.
However, much less is known about whether and where in the cerebellum such
shared voxels might be found. While some studies adopting a whole brain approach
to action observation and execution have reported cerebellar shared voxels, others
have not. Interpreting negative findings in this context is however difficult, as
whole brain approaches are intrinsically biased towards optimizing signals in
the much larger volume of the cerebrum. Here, we use methods optimized to
localize cerebellar activations and show that four cerebellar regions are vicariously
activated: the anterior and the posterior portion of lobule VI, lobule VIIb and
lobule VIIIa. We confirmed the presence of shared voxels in individual subjects and
replicated the cerebellar regions involved in action observation in an independent
sample. Furthermore, we identified factors that might explain why past whole
brain studies have often failed to identify consistent cerebellar activations during
action observation: spatial smoothing merges cerebellar with cerebral clusters,
and default data acquisition and analysis settings exclude parts of the posterior
cerebellum. Using publically available resting state connectivity maps, we provide
evidence that the four cerebellar shared voxel regions are functionally connected to
sub-regions of the cerebral shared voxel network.

2.1

Introduction

In human functional imaging literature, cortical regions found active during both
action observation and action execution (so called shared-voxels; Gazzola and
Keysers, 2009) have raised high attention because of their potential links to the
human mirror neuron system. Finding an active voxel during action observation
and execution cannot guarantee that the voxel contains mirror neurons - as every
voxel contains millions of neurons, shared-voxels could contain separate populations
of neurons responding to action observation but not execution, and to action
execution but not observation (Gazzola and Keysers, 2009). With this caveat in
mind, the mapping of shared voxels using fMRI has nevertheless advanced our
understanding of the mirror neuron system by suggesting that it includes more
brain regions than originally thought (Keysers and Gazzola, 2009). Although
mirror neurons in monkeys were originally only described in the anterior inferior
parietal lobe and ventral premotor cortices (di Pellegrino et al., 1992; Fogassi et al.,
2005; Gallese et al., 1996; Keysers et al., 2003; Kohler et al., 2002; Rizzolatti et al.,
1996; Rozzi et al., 2008), fMRI revealed shared voxels also in dorsal premotor,
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supplementary motor cortex and the somatosensory cortex (Caspers et al., 2010;
Gazzola and Keysers, 2009), where the presence of neurons with mirror properties
has been later confirmed using single cell recordings in humans (Mukamel et al.,
2010) and monkeys (Hihara et al., 2015).
However, so far, this effort has focused on cortical brain regions, and shared voxels
in the cerebellum have received little specific interest. Experimental papers have
been inconsistent in their report of cerebellar shared voxels. Some report primarily
superior posterior cerebellar shared voxels (Agnew et al., 2012; Aziz-Zadeh et al.,
2006; Bello et al., 2014; Brunner et al., 2014; Catmur et al., 2008; Di Cesare et al.,
2015; Gazzola and Keysers, 2009; Gazzola et al., 2007a,b; Jelsone-Swain et al., 2015).
Others fail to report cerebellar shared voxels mainly because they fail to report
activations in this structure during action observation (Buccino et al., 2004; Horan
et al., 2014; Iacoboni et al., 2001, 1999; Jastorff et al., 2012; Orr et al., 2008; Rocca,
2010; Sasaki et al., 2012). This inconsistence is also reflected in meta-analyses
of action observation studies, with some finding no cerebellar activation clusters
(Caspers et al., 2010) or very limited activations (Molenberghs et al., 2012) and
yet others finding several clusters (Overwalle et al., 2014). Because most dataacquisition and analyses pipelines in fMRI are optimized for the cerebrum, it is
difficult to assess, whether these inconsistencies are due to sub-optimal acquisition
or analysis methods with regard to the cerebellum, or to an intrinsic unreliability
of cerebellar responses.
To shed light on the involvement of the cerebellum in shared motor circuits, we
used experimental paradigm from our lab previously used to trigger activity during
action observation and execution (Arnstein et al., 2011; Gazzola and Keysers, 2009;
Gazzola et al., 2007a,b). This paradigm permits to map shared circuits on a subjectby-subject basis using unsmoothed data hence avoiding the potentially confounding
effects of group studies. We optimized scan parameters to allow entire cerebellum
coverage. We also systematically explored the effect of different normalization
procedures and smoothing on our results. To test the intrinsic reliability of
cerebellar activations, we used data collected at a different scanning site on an
additional sample of 25 participants that underwent an identical action observation
paradigm and a similar acquisition procedure. Finally, we used literature-based
resting state functional connectivity maps to explore the relationship between these
shared cerebellar clusters and shared clusters in the cerebrum.
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2.2
2.2.1

Methods
Participants

In total, 35 participants underwent the MRI scanning procedure in the main
experiment (see section 2.2.9 for details of the consistency study with an additional
25 participants). All of them met MRI safety requirements and had a normal
or corrected to normal vision; none had a history of neurological conditions or
treatments. Four participants were excluded from the statistical analysis: two due
to excessive head motion (displacement of more than the 3.5 mm voxel dimension),
one reported sleepiness, and one because of image distortion. The remaining group
of 31 participants (21 female, 10 male) had a mean age of 23 ± 4 years (SD; range:
19 to 40) and a mean handedness of 73 ± 27 (SD; range: -25 to 100), as assessed
using the Handedness Inventory (Oldfield, 1971). Exclusion of the one left-handed
participant had no specific impact on the reported results. All participants signed
an informed consent in accordance to the declaration of Helsinki, prior to the
experiment.

2.2.2

Stimuli and paradigm

The stimuli used in this study were identical to the Observation Manipulate and
Eye Execution conditions used by Arnstein et al. (Arnstein et al., 2011). In short,
during the observation task participants watched 39 unique movies of a human
hand interacting with objects displayed on a table (ActionOBS; e.g. pouring wine
into a glass or cracking nuts). The 39 control movies displayed the same objects
but the hand moved over the surface of the table without a meaningful object
interaction (CtrlOBS). Visualizations of example stimuli and the structure of the
block-design can be seen in Figure 2.1A. Each of the 7-sec blocks contained a series
of three actions from the same condition, with a total number of 13 blocks for each
condition. Blocks were separated by a centered fixation cross for a random period
of 8 to 12 seconds, displayed on a background that was visually similar to the table
(see: Figure 2.1A). The order of blocks was randomized across participants and
presented in a single fMRI run of 345 volumes. Participants were instructed to pay
close attention to the movies shown during the observation task. The observation
task was followed by the execution task, in which participants were requested to
perform three of the actions presented in the observation task. The interactions
included stirring a spoon in a bowl, lifting a coffee cup as if to drink and swirling
a wine glass (ActionEXE). The plastic objects were placed on a t-shaped table
secured above the waist of the participants. During scanning, the participants
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performed actions in 13 blocks, each block included all three actions executed in
a pseudo-randomized order. All actions were performed with the dominant hand
(right hand for 31 participants, left hand for 1 participant). Each action started
and ended with the hand being placed in a resting position at the edge of the
t-shaped table. The visual cue to perform an action was a green circle displayed on
a grey t-shaped background, representing the table. The position of the green circle
indicated which object had to be manipulated and the step-wise downsizing and
disappearance of the circle indicated the duration of the manipulation. Participants
were trained to perform the actions without visual feedback before the start of the
experiment. In the control condition, the circle had a red color and participants
were instructed to follow the motion of the circle with their eyes only (CtrlEXE).

2.2.3

fMRI data acquisition

Participants underwent the MRI scanning session, including one anatomical and
two functional runs (action observation and action execution) in a Philips Intera
3T scanner, using a 32-channel coil. First, a high-resolution, structural 3D spoiled
gradient image (170 slices; scan resolution = 256 × 256; field of view = 232 mm;
voxel size: 1 × 1 × 1 mm) was acquired for image co-registration. Functional
images were acquired using an echo planar T2*-weighted gradient sequence covering
41 sequential axial slices (echo time = 28 ms; slice thickness = 3.5 mm; flip angle
= 70◦ ; repetition time = 2000 ms; scan resolution = 64 × 62; field of view = 224
mm; voxel size: 3.5 × 3.5 × 3.5 mm). The scanning parameters, especially the
number of slices and slice thickness, were chosen to achieve a coverage of the entire
cerebrum and cerebellum. Importantly, the acquisition plane was tilted by 30–45◦
from the AC-PC plane to cover of the entire cerebellum.

2.2.4

Preprocessing

All analyses were run in SPM8 (Wellcome Trust Centre for Neuroimaging, UCL,
UK) using Matlab 7.14 (The MathWorks Inc., Natick, USA), except the preprocessing of the consistency data set, which was executed in SPM12. Pretests showed
that whether preprocessing was done in SPM8 or SPM12 did not impact the
results for this data set. Data preprocessing included the following steps. First,
the anatomical image of each participant was manually reoriented to be centered
on the anterior commissure, and the same linear transformation was applied to
the functional images. Second, functional images were slice-time corrected, using
the bottom slice, located in the posterior cerebellum, as a reference slice. Third,
functional images of both experimental runs and the T1-weighted anatomical image
were realigned and coregistered to the mean image of both runs. Afterwards, four
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processing pipelines (Figure 2.1B) were executed to test the effect of different spatial
normalization procedures. In short, the four pipelines differed in the anatomical
space included in the analyses, the normalization template and the order between
spatial normalization and general linear model (GLM).
Pipeline I: WB_MNI_norm_GLM. As commonly done in fMRI analyses, the
whole brain (WB) functional images were brought to MNI space before computing
the GLM, using the normalization (norm) parameter generated during segmentation
of the anatomical image (final voxel size: 2 × 2 × 2 mm). We manually adjusted
the SPM8 bounding box settings to [-90 -126 -72; 91 91 109] in order include the
entire cerebellum.
Pipeline II: WBcut_MNI_norm_GLM. This pipeline is identical to Pipeline I but
without adjustment of the bounding box, which was left set to the default SPM8
bounding box settings [-78 -112 -50 78 76 85]. Thus, we were able to explore which
part of the activation is affected by choosing the default bounding box as studies
focusing on the cerebrum may have done.
Pipeline III: Cereb_SUIT_GLM_norm. A template for cerebellar-specific normalization using a high-resolution atlas of the human cerebellum is available in
the literature, together with an optimal pipeline for cerebellar activity analysis
(Diedrichsen, 2006; Diedrichsen et al., 2009). The stereotactic system used by the
SUIT template is identical to the one used for the MNI template in the sense
that the coordinates refer to the same anatomical structures. However, the SUIT
template is based on a smaller group of 20 participants and non-linear algorithms in
order to create an average anatomical template that still provides enough anatomical details to account for the small size of cerebellar functional regions (Diedrichsen,
2006). The use of the SUIT template has been shown to improve the alignment
of anatomical landmarks and increase average t-values for cerebellar functional
data sets (Diedrichsen, 2006). In pipeline III, following the method suggested by
Diedrichsen et al. (Diedrichsen, 2006), after coregistration, the functional images
were directly fed into the subject-level general linear models (see: 2.2.5 Subject-level
statistical analyses – GLM implementation). Resulting contrast images were subsequently normalized to the SUIT-space using the following steps. The cerebellum
was isolated from the T1 images using an automated algorithm from the SUIT
toolbox (www.icn.ucl.ac.uk/motorcontrol/imaging/suit.html). For each participant,
this step resulted in a cropped anatomical image that included the cerebellum and
adjacent cortical regions. The cropped anatomical image was normalized into SUIT
cerebellar space. The transformation parameters obtained during the normalization
of the anatomical image were then used to normalize the contrast images resulting
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from the first level GLM (final voxel size: 2 × 2 × 2 mm).
Pipeline IV: WB_MNI_GLM_norm. The Cereb_SUIT_GLM_norm pipeline
differs from traditional whole brain pipelines not only in the template used for the
normalization but also in the moment of normalization after vs. prior to the GLM.
In order to assess the impact of this difference, pipeline IV was run with the same
temporal order used for the SUIT-based cerebellar analysis. In particular, the first
level GLM used the coregistered functional images, and the normalization to the
MNI whole brain template was only applied on the contrast images resulting from
the GLM. The normalization parameters were calculated during the segmentation
of the whole-brain T1 anatomical image (final voxel size: 2 × 2 × 2 mm). In order
to include the entire cerebellum, the normalization procedure included a manual
adjustment of the SPM8 bounding box [-90 -126 -72; 91 91 109].
Smoothing, using a 6 mm FMHW Gaussian kernel, was applied to each pipeline
directly after normalization. Although spatial smoothing is routinely applied in the
neuroimaging literature, it poses the possibility of leakage of activation between
the anterior cerebellum and the temporal cortex. We therefore report our results
with and without the 6 mm FMHW Gaussian filter for our WB_MNI_norm_GLM
pipeline, which is closest to traditional MRI analysis in the literature.
A)

B)

Figure 2.1: A) Visualization of the observation task. The timeline on the left shows the
alternation between rest periods (fixation cross) and blocks of three videos of the same
condition, either action observation (ActionOBS = AO) or control observation (CtrlOBS
= CO). Each of the three videos featured a different object. The example video of the AO
condition shows a meaningful object interaction (pouring wine into a glass), the example
video of the CO condition shows hand motion without object interactions for the same
object. B) Schema of the temporal order of processing steps and bounding box size for
the four processing pipelines testing the effect of different processing strategies. Each
column details the order of processing steps used in a specific pipeline. All pipelines
start with core preprocessing including: centering of the anatomical image to the anterior
commissure, slice timing, realignment of all EPI images to one another. Finally, the
T1 image is corregisted to the mean EPI image. Only then do the different pipelines
start to differ. The acronym of the different pipelines is constructed using the following
elements. WB: whole-brain. Cereb: Cerebellum specific analysis. GLM: general linear
model, referring to the first level of analysis. SUIT: spatially unbiased atlas template.
MNI: MNI brain template. norm: normalization.
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2.2.5

Subject-level statistical analyses: GLM implementation

The same statistical models were implemented throughout the four pipelines: two
general linear models were applied to the data of each pipeline, one for the observation and one for the execution session. Each GLM contained eight predictors. Two
predictors modeled the experimental condition (ActionOBS or ActionEXE) and the
control condition (CtrlOBS or CtrlEXE). These two predictors were modeled using
a standard boxcar function convolved with the canonical hemodynamic response
function (HRF). The last six predictors included the displacements and rotations
determined during image realignment. The rest periods (fixation cross) were not
modeled explicitly.
The experimental conditions were contrasted with their respective control condition at the subject-level to generate action-specific activations for observation
(ActionOBS-CtrlOBS>0) and execution (ActionEXE-CtrlEXE>0).

2.2.6

Group-level analyses and identification of shared voxels

At the group-level, two one-sample t-tests were conducted, one for observation
(ActionOBS-CtrlOBS>0) and one for execution (ActionEXE-CtrlEXE>0). In
order to isolate shared voxel regions, the results of the observation analysis were
inclusively masked with the map of the action execution voxels surviving peak-level
FWE-correction (pFWE<0.05).
The choice of the statistical threshold at which to report the group results is not
trivial in the current study. First, we want to be able to compare multiple activation maps resulting from different pre-processing pipelines. Second, correction
algorithms based on random field theory require a certain amount of smoothness
(Brett et al., 2004), which is not given using unsmoothed data sets. To solve
these issues, all statistical maps used to show the effect of normalization procedure
and smoothing were thresholded at a common fixed t-value corresponding to the
t-value at pFWE<0.05 (peak-level) for the WB_MNI_norm_GLM pipeline using
smoothed input data (t = 5.8 for the action observation task and t = 6.2 for
the action execution task). All clusters reported additionally exceed a minimal
cluster size of 10. We decided to use the conservative peak-level FWE-correction
for multiple comparison, because (i) we wish to interpret activation of individual
voxels, e.g. their involvement in both action observation and execution, and doing
so using cluster-size statistics is inappropriate and (ii) because the past literature
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has suffered from inconsistent cerebellar activations, we wish to avoid the suspicion
that cerebellar activations are Type I errors in our experiment by choosing the
more conservative FWE over the more powerful FDR.
Anatomical descriptions of cerebral activity were guided by the probabilistic cytoarchitectonic maps from the Juelich brain mapping group in Germany (Amunts et al.,
1999; Caspers et al., 2006; Choi et al., 2006; Eickhoff et al., 2006, 2005; Geyer,
2004; Geyer et al., 1996, 1999, 2000; Grefkes et al., 2001), as implemented in the
Anatomy toolbox for SPM (http://www.fz-juelich.de/ime/spm_anatomy_toolbox;
(Eickhoff et al., 2006, 2005, 2007)).

2.2.7

Comparison of pipelines using different spatial normalization procedures

As implemented previously (Diedrichsen, 2006), the impact of different normalization pipelines was assessed by identifying the peaks of activation in the cerebellum
in a way that is unbiased and then comparing the t-values within these peaks
across pipelines.
To this end, for the cerebellum, we used contrast images based on unsmoothed data
generated during the 1st-level analysis of action observation. The contrast images
for each of the four pipelines were first set to identical image dimensions (91 × 109
× 91) using the ImCalc function of SPM8. Second, all voxels with missing values
were consistently coded as NaN values. This was done because the post-GLM
normalization causes missing values to be coded as 0 rather than NAN in the
WB_MNI_GLM_norm and Cereb_SUIT_GLM_norm pipelines. As a result
voxels with missing data in at least one participant would have been excluded
due to the NAN value assignment in some pipelines (WB_MNI_norm_GLM,
WBcut_MNI_norm_GLM), but not in others (WB_MNI_GLM_norm and
Cereb_SUIT_GLM_norm).
The contrast images were then inserted into four group-level, one-sample t-test
GLM models (ActionOBS-CtrlOBS>0), one for each pipeline. All analyses were
restricted to the cerebellum using an anatomical map of the cerebellum derived
from the Anatomy toolbox (http://www.fz-juelich.de/ime/spm_anatomy_toolbox)
as an inclusive mask. Voxels missing in any of the four pipelines were excluded
from the analysis with exception of the voxels missing due to the bounding box
size, which were coded with 0, such that differences between the pipelines could
also be evaluated in the inferior posterior cerebellum.
The t-values from the four group-level t-values cerebellar maps were summed up
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using the NIfTI toolbox (version 1.25). In line with Diedrichsen (2006), in order to
compare the results of the four pipelines without biasing the comparison a priori
to any specific pipeline, we selected, from the sum of the four t-maps, the location
of the 5 percent of voxels with the highest t-value sums as voxels of interest.
The pipelines were then compared using a repeated-measures ANOVA design that
considers each voxel of interest as a ’subject’, and each pipeline a repeated measurement of this ’subject’ (i.e. voxel). We then performed planned t-tests that compare
each of the pipelines against the WB_MNI_norm_GLM pipeline, because this
type of whole brain analysis is most frequently used in the neuroimaging literature.

2.2.8

Shared voxel consistency maps

In order to investigate the consistency in location of shared voxels between participants, consistency maps, as introduced by Gazzola and Keysers (2009), were
computed. Consistency maps visualize the number of participants for whom a
certain voxel is significantly activated by the contrast of interest. The normalized,
unsmoothed single-subject t-maps of action observation (ActionOBS-CtrlOBS>0)
and action execution (ActionEXE-CtrlEXE>0) from the WB_MNI_norm_GLM
pipeline were thresholded at the t-value corresponding to a threshold of p<0.001
(uncorrected), which binarized the images. For each subject separately, each pair of
binary images was then intersected to isolate voxels activated both during action
observation and execution. All shared voxel single-subject maps were finally added
together to generate the group-level consistency map, showing for each voxel the
number of participants in which it was significantly activated in both conditions.
Unsmoothed data was used to ensure that smoothing did not induce additional spatial overlap of the two conditions, although it may be noted that also unsmoothed
data are subject to some degree of interpolation during preprocessing.
The number of participants needed to show that a voxel is activated more consistently than expected by chance was calculated using a cumulative binomial
distribution with 31 repetitions and an associated probability of 0.001. The resulting probability was Bonferroni corrected using the number of voxels in the search
volume (170675 for the whole brain). Thus, a voxel activated by four or more
participants can be considered above chance. For a theoretical derivation of the
threshold calculation refer to Gazzola and Keysers (Gazzola and Keysers, 2009).
Consistency maps cannot confirm that shared voxels are present in all participants.
We therefore counted the number of shared voxels within each participant. The
counting was done separately for the four anatomical regions of interest: the anterior
and posterior lobule VI, lobule VIIb and VIIIa. The anatomical regions were chosen
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based on the group results of pipeline I (WB_MNI_norm_GLM) and built based
on the Anatomy toolbox (http://www.fz-juelich.de/ime/spm_anatomy_toolbox).
The anterior and posterior lobule VI were manually separated using MRIcron
(http://people.cas.sc.edu/rorden/mricron/index.html).

2.2.9

Consistency of cerebellar areas involved in action observation

Given the low agreement between different meta-analysis studies, one may ask
whether the stimuli and optimized processing pipeline used for the current study
would allow a replication of the mapping for cerebellar shared voxel regions. In
order to test the reliability of our results we used data from a new set of 25
participants (12 male; age: 25 ± 4 years, mean ± SD) who underwent the same
action observation task presented in the current manuscript. The new dataset was
acquired with a different Philips Intera 3T scanner. A high-resolution, structural 3D
spoiled gradient image (170 slices; scan resolution = 240 × 222; field of view = 240
mm; voxel size: 1 × 1 × 1 mm) was acquired for image co-registration. Functional
images were acquired using an echo planar T2*-weighted gradient sequence covering
39–40 sequential axial slices (echo time = 27.6 ms; slice thickness = 3.5 mm; flip
angle = 72.9◦ ; field of view = 240 mm; voxel size: 3.0 × 3.0 × 3.5 mm). The
acquisition plane was tilted to include the entire cerebellum. Data acquisition
was done in the context of testing different multiband factors (for an introduction
to multiband factors see: (Boubela et al., 2014)). Therefore, data was acquired
using either multiband factor of 1 (repetition time = 2.06; scan resolution = 80 ×
157), 2 (repetition time = 1.23; scan resolution = 80 × 222), 3 (repetition time
= 0.76; scan resolution = 80 × 222) or 4 (repetition time = 0.57; scan resolution
= 80 × 157), and does not include execution data. Each participant viewed the
stimuli four times, once at each MB factor. A full report will be submitted for
publication in the future but for now it is relevant that we found no activation
difference across MB sessions, but a significant effect of the viewing order, with
the first viewing producing the strongest activations. Here, we therefore report the
first viewing irrespective of the MB factor. Slices were scanned in ascending order,
with the reference slice in the posterior cerebellum. The stimuli, preprocessing
parameters and statistical analyses were identical to the WB_MNI_norm_GLM
processing pipeline. To confirm that activation in these 25 participants during
the action observation task (ActionOBS-CtrlOBS>0) was found within sharedvoxel regions, the GLM was computed within a binary mask of the shared voxels
defined from the WB_MNI_norm_GLM pipeline (i.e. ActionOBS-CtrlOBS>5.8
& ActionEXE-CtrlEXE>6.2; Figure 2.3A) of the original study.
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2.2.10

Resting state networks associated with shared voxel
regions

A parcellation map of 17 cortical resting state networks in MNI
space
are
publically
available
(https://surfer.nmr.mgh.harvard.edu
/fswiki/CorticalParcellation_Yeo2011). We used these maps to identifying
resting state networks associated with our cerebellar shared activity. Four
cerebellar sub-regions showed shared activity between the observation and
execution task in the WB_MNI_norm_GLM pipeline (Figure 2.3A). However,
spatial smoothing is likely to have caused merging of individual cerebellar clusters
(Figure 2.2C). We therefore treated left and right aVI, right pVI, left and right
VIIIa and right VIIb as separate regions of interest for the resting state network
analysis (see: Figure 2.4B).
We then isolated the maps of all resting state networks that covered at least 10%
of one of the cerebellar seed regions (Network 6, 7, 8 and 12; Figure 2.4B). The
minimal coverage of 10% was chosen arbitrarily. We then compared the cerebral
overlap of these networks with the spatial extend of the cerebral shared voxels (for
more details see paragraph 2.3.6).

2.3
2.3.1

Results
Effect of spatial normalization parameters on cerebellar activation during action observation

Figure 2.2A shows the activations during action observation on a flat representation
of the cerebellum (Diedrichsen and Zotow, 2015) for the four processing pipelines,
using smoothed data. Visual inspection of Figure 2.2A suggests that statistical
maps based on the four pipelines using different settings for spatial normalization
have strong similarities in terms of spatial extent and peak localization. Indeed,
63.2% of voxels are shared between all four pipelines, an additional 13.2% between
three pipelines, 6.9% between two pipelines, and 16.7% are exclusively activated
by only one pipeline. The Cartesian distance between cerebellar peaks of the
WB_MNI_norm_GLM pipeline and the available peaks in any other pipeline is
2.1 ± 2.4 mm (mean ± SD), with a range between 0 – 6.6 mm. Despite those
similarities, activation in the cerebellar lobule VIIIa remains undetected in the
WBcut_MNI_norm_GLM pipeline using the standard SPM8 bounding box setting.

Figure 2.2B shows the average t-values from the top 5% voxels from the four action
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observation maps (see: Figure 2.2A). Performing a repeated-measures ANOVA, that
compares the t-values across all four pipelines with one entry per voxel, revealed a
significant main effect of pipeline F(3,19) = 115.0, p<0.001. Planned comparison
t-tests revealed that this was due to the WBcut_MNI_norm_GLM (t-value:
4.64 ± 0.09 [mean ± SEM]) and WB_MNI_GLM_norm (5.72 ± 0.05) pipeline
having significantly reduced t-values (p<0.001 and p<0.01 respectively) compared
to WB_MNI_norm_GLM (5.80 ± 0.05), which in turn did not differ from the
Cereb_SUIT_GLM_norm (5.81 ± 0.05), (t(19) = -0.1, p = n.s.) pipeline. The
difference between the WBcut_MNI_norm_GLM and WB_MNI_norm_GLM
pipelines is likely due to the fact that some of the significant voxels fall outside
of the bounding box used in the WBcut_MNI_norm_GLM pipeline. Note that
the degrees of freedom were adjusted using the number of resolution elements
(35 voxels), to account for dependence between adjacent voxels and a Bonferroni
correction was applied to the results of the planned t-tests.
The statistical map of the WB_MNI_norm_GLM analysis was used for subsequent
analyses, as it results in one of the highest average t-values and, unlike the
Cereb_SUIT_GLM_norm pipeline, allows analysis of cerebellar and cerebral
activations, for example to test the effect of spatial smoothing.

2.3.2

Effect of spatial smoothing on cerebellar activation
during action observation

As expected, spatial smoothing increases the number of super-threshold voxels
during action observation (ActionOBS-CtrlOBS>0) in the cerebellum by 168%,
from 350 to 939 voxels, given the same t-value threshold of t=5.8 (Figure 2.2C).
However, smoothing caused clusters, that are separated when using unsmoothed
data, to merge into a single cluster. In particular, the merging happened within
the right cerebellar lobule VI, between the left and right cerebellar lobule VIIb and
VIIIa, and across the cerebellar-cerebral boarder, from the cerebellar right lobule
VI to the fusiform gyrus (black arrow in Figure 2.2C).

2.3.3

Cerebellar shared voxel regions

Given that the WB_MNI_norm_GLM pipeline had the highest sensitivity, we also
used this pipeline for the analysis of cerebellar shared voxel regions. Inclusively
masking voxels activated by action observation with those activated by execution
revealed peaks of cerebellar shared voxel regions in six locations (Figure 2.3A,
Supplementary Table 2.1): bilaterally in the anterior part of lobule VI (aVI, peak
activations in MNI coordinates: 30 -54 -24; -28 -54 -26) and VIIIa (peak activations:
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Figure 2.2: Impact of normalization parameters and spatial smoothing on cerebellar
activations during action observation (ActionOBS-CtrlOBS>0) A) Cerebellar activation
during action observation (pFWE<0.05, peak-level) displayed on flatmaps of the cerebellum (Diedrichsen and Zotow, 2015). The color code on the first flatmap illustrates the
different cerebellar regions (Diedrichsen and Zotow, 2015). T-maps are shown for each of
the four analysis pipelines: WB_MNI_norm_GLM (whole-brain analysis with a spatial
normalization to SPM MNI space before the first level GLM analyses, and the bounding
box manually adjusted to optimally include the cerebellum); WBcut_MNI_norm_GLM
(same as WB_MNI_norm_GLM, with the smaller bounding box of SPM8 default setting); Cereb_SUIT_GLM_norm (maps are normalized to SUIT space using the SUIT
toolbox following the first level GLM analyses); WB_MNI_norm_GLM (same temporal
order of processing steps as the Cereb_SUIT_GLM_norm analysis, however data is
normalized to SPM MNI space). All statistical maps are based on spatially smoothed
data. Left hemisphere shown on the left (L), right hemisphere on the right side (R).
The two secions of activations in lobule VI are labled anterior and posterior. Please
note that these lables are purely descriptive. B) Average t-value in the top 5% of voxels
during action observation for each pipeline. Error bars represent the standard deviation
across the voxels. Horizontal lines indicate the results of planned comparisons (t-tests,
Bonferroni-corrected) comparing the WB_MNI_norm_GLM pipeline to the other three
pipelines. * p<0.01; ** p<0.001; n.s. not significant. C) Unsmoothed action observation
results for the WB_MNI_norm_GLM pipeline, shown for both the cerebellum (flat map)
and the whole brain (renders of the SPM8 MNI template). Note how the cerebellar cluster
marked with the black arrow seems to be part of a cluster in the temporal lobe when
smoothing is applied, while without smoothing (most right image) the cluster is clearly
cerebellar.
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24 -64 -56; -22 -64 -56), as well as in the posterior part of lobule VI (pVI, peak
activation: 22 -72 -22) and VIIb (peak activations: 14 -76 -50). The two secions of
activations in lobule VI are labled anterior and posterior. Please note that these
lables are purely descriptive (Figure 2.3A).

2.3.4

Consistency of cerebellar shared voxel regions

All cerebellar shared voxel clusters (left and right aVI, right pVI, right VIIb, left
and right VIIIa) found in the group analyses are also significantly represented in
the single-subject consistency map (Figure 2.3B). In total, 536 consistent shared
voxels are found in the cerebellum, 175 of which in the right lobule VI (117 anterior,
58 posterior), 71 in the left lobule VI (65 anterior, 6 posterior), 85 in the right
lobule VIIb, 108 in the right lobule VIIIa and 79 in the left lobule VIIIa. Additional
shared voxels are located in the right Crus II (11), left lobule VIIb (4) and right
lobule VIIIb (3).
The most consistent voxel has shared properties in 12 out of 31 participants and is
located in the right anterior lobule VI (MNI coordinates: 30 -58 -24). However, this
analysis does not confirm that shared voxels are present in all participants. Thus,
we also counted the number of shared voxels in each participant for each anatomical
region of interest (anterior VI, posterior VI, VIIb and VIIIa) and calculated the
medians (Figure 2.3B). For each region of interest, a subset of participants does
not show shared voxels at the chosen threshold of p<0.001 (uncorrected) (Figure
2.3B, note that the number next to the circles at y-axes=0 indicate how many
participants had no shared voxels in this region). However, all participants show
shared voxels in at least one region of interest and there are only four participants
showing shared voxels in less than 4 out of 6 regions of interest. The highest
medians of 17 and 15 are found in the right and left area aVI.

2.3.5

Consistency of cerebellar activation during action observation

From the 709 cerebellar voxels, defined as shared voxels in the original analysis
(Figure 2.3A, Supplementary Material Table 2.1), 401 voxels were also activated
during action observation (ActionOBS-CtrlOBS>0) in a second, independent data
set. Please note that results of the second data set were masked with the shared
voxel mask of the first analysis. The masking was applied because there was
no execution run available for the second data set. Therefore, it could not be
determined whether activation during action observation of the second study found
outside of the shared voxel mask represent a novel shared voxel region. Thus, the
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Figure 2.3: Shared voxels on a group and individual subject level in the cerebellum and cerebrum. A) Cerebellar and cortical shared voxels based on the smoothed
WB_MNI_norm_GLM pipeline. Warm colors show the supra-threshold t-values (t>5.8,
pFWE<0.05) from the action observation task that are also activated by the execution
task: i.e. (ActionOBS-CtrlOBS.*(ActionEXE-CtrlEXE>6.2)>5.8, pFWE<0.05, peaklevel). The blue contours on the cerebellar flat map show the extent of the binary execution
mask (i.e. ActionEXE-CtrlEXE>6.2). Cerebellar activations are presented on a flattened
representation of the cerebellum (Diedrichsen and Zotow, 2015), while cerebral activations
are presented on an inflated representation of the cerebral SPM8 template. The color code
on theflatmap illustrates the different cerebellar regions (Diedrichsen and Zotow, 2015).
B) Cerebellar shared voxel consistency map. Warm color scale indicates the significant
number of participants showing shared properties in each voxel. The figure is based on
spatially unsmoothed data from the WB_MNI_norm_GLM pipeline. The graph depicts
the number of shared voxels per participant. The horizontal lines indicate the median
for each region. Because subjects with zero shared voxels overlap perfectly, we specify
the number of subjects that contributed to the zero shared voxels next to the zero-circles.
C) Replicability of action observation results within the shared voxels maps. The warm
colors show significant t-values (t=3.5, p<0.001 (uncorrected)) for the action observation
task calculated following the WB_MNI_norm_GLM pipeline, in a sample of 25 new
participants. The black outlines show the regions of interest derived from the shared
voxel analysis of the original data set (Figure 2.3A). The dots indicate an estimate of the
location of the peaks found in earlier meta-analysis studies on action observation. Blue
dots: (Molenberghs et al., 2012). Green dots: (Overwalle et al., 2014). Please note that
the peaks from the meta-analyses underwent two coordinate transformations: first from
Talairach to MNI and second from MNI to coordinates for the flatmap representation.
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current analysis only allows only the very basic conclusion that the shared voxel
regions of the first study are also activated in an idependent action observation data
set. In particular the reactivated voxels covered the left and right anterior lobule
VI, right posterior lobule VI, right lobule VIIb and VIIIa and the border between
the left lobule VIIb and VIIIa (Figure 2.3C, p<0.001 uncorrected at peak level).
Activation peaks in the original and second data sets had Cartesian distances of 4.5
mm in the right anterior and the posterior lobule VI, 5.7 mm in the left anterior
lobule VI, 4.9 mm in the right lobule VIIb and 2 mm in the left lobule VIIIa.
Similar results were obtained for the cerebral activations: of the original shared voxel
map (Figure 2.3A left) the left and right parietal region PF, primary somatosensory
cortex, ventral and dorsal premotor cortex, insular cortex and left visual area V5
were again activated by action observation (Figure 2.3C left).

2.3.6

Spatial relations of the cerebellar seed-based resting
state maps and cerebral shared voxel regions

In this section, we used publically available resting state maps (Yeo et al. 2011,
Buckner et al. 2011) to further investigate the claim that the cerebellar shared
voxel regions are part of the cerebral shared voxel network. Overlapping our results
with the resting state maps (Figure 2.4 B), one can see that the cerebellar shared
voxel regions are mainly located within four resting state networks (Yeo networks 6,
7, 8 and 12 in Yeo et al. 2011 and Buckner et al. 2011). In a next step, we explored
whether these resting state networks overlap with the cerebral shared voxel regions
above what would be expected by chance. To estimate the chance level, we divided
the number of shared voxels in the cerebrum (5,810) by the total number of voxels
in the cerebrum (155,369), yielding a proportion of 3.7%. Accordingly, we would
expect by chance that 3.7% of the voxels of each resting state network happen to
contain shared voxels. The actual ratio was much higher for Network 6 (35.7%, i.e.
35.7% of the voxels in Network 6 are also shared voxels) and Network 7 (10.5%).
For Network 12 (4.4%), the ratio is at chance level and for Network 8 the ratio
is below chance level (0.2%). Thus, for further analysis we only considered the
Networks 6 and 7, which cover 58% of the cerebral shared voxel network.
Consecutively, one can ask whether the different cerebellar shared voxel regions
connect to different subregions of the cerebral shared voxel network. To explore
this, we generated maps that illustrate the connectivity of each cerebellar cluster,
i.e. how each of the cerebellar clusters connects at rest with the various cerebral
shared voxels (Figure 2.3A). To do so, we created composite color maps. For each
cerebellar seed, we determined what proportion of its voxels fall within Networks 6
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and 7, and divided these proportions by the larger of the two proportions. These
normalized proportions were then set as opacity values for the 2 networks in the
cerebrum (Figure 2.4A) for each seed. This means that the network contributing
the largest proportion of voxels for that cerebellar seed will be shown with a 100%
opacity, and the other network with proportionally decreased opacity. For the
left aVI seed, for instance, Network 6 encompassed the larger, and Network 7
the smaller proportion of the seeds voxels in the cerebellum, and this translates
into a connectivity in the cerebrum that most encompasses the ventral sectors of
the share voxel (ventral premotor, insula and inferior parietal region PF), as can
be seen by the saturation of the pink network 6. Exploring these figures shows
mainly a dorso-ventral separation, with lobule VI (aVI and pVI) mainly connecting
via Network 6 with ventral structures in the cerebral shared voxel network, and
VIIIa and VIIb mainly connecting via Network 7 to more dorsal structures (dorsal
premotor and dorsal parietal regions).

Figure 2.4: A) Resting state networks for six cerebellar seed regions (see: Figure 2.4B)
derived from maps provided by Yeo (Yeo et al., 2011) and Buckner (Buckner et al.,
2011). Intensity of the color indicates the percentage of the seed region included in
each network. Black contours indicate the location of shared circuits as defined from
the WB_MNI_norm_GLM pipeline pipeline (Figure 2.3A). SI: primary somatosensory
cortex; PMd: dorsal premotor cortex; PMv: ventral premotor cortex; Ins: insula. B)
Spatial extend of the cerebellar seeds overlapped on the flattened cerebellar resting state
maps (Diedrichsen and Zotow, 2015).

2.4

Discussion

Here, we aimed to examine the involvement of the cerebellum during action
observation and execution, and identified shared voxels in the cerebellum of each

2. Shared voxels in the cerebellum | 41
of our participants. In particular, at the group level we identified six (sub-)regions
to show shared voxels: left and right anterior lobule VI, right posterior lobule VI,
right lobule VIIb, left and right lobule VIIIa.

2.4.1

Optimized analysis pipeline to detect cerebellar activations

Given that we found shared voxels in all of our participants and replicated the
activation of specific cerebellar regions during action observation in an independent
sample, it may seem surprising that past studies have failed to consistently report
these activations. Meta-analyses, that systematically quantify the consistency with
which activations are reported across experimental studies are probably the best
measure of those inconsistencies, as they greatly differ with regard to the existence and number of cerebellar clusters showing consistent involvement in action
observation and execution. Caspers et al. (2010) reported no consistent cerebellar
activation at all. The meta-analysis of mirror regions conducted by Molenberghs et
al. (Molenberghs et al. 2012) revealed a peak in the left and right anterior lobule
VI. Overwalle et al. reported significant meta-analytical action observation areas
in the right lobule VI and bilaterally in Crus I and II (Overwalle et al., 2014). In
a subsequent paper the group reinterpreted the location of the posterior cluster
as lobule VIIb (Overwalle et al., 2015). The average Cartesian distance between
the meta-analytical peaks and peaks derived in the current study is 9.0 ± 3.9 mm
(mean ± SD). With such a disparity of findings, we were keen to identify in our
own data, which factors influence whether fMRI analyses reveal cerebellar shared
voxels or not.
A factor we find to dramatically influence the ability to detect cerebellar sharedvoxels is the bounding box used during data analysis. In SPM8 (and its predecessors), the default bounding box actually crops out a significant part of the
cerebellum, and this leads to an almost complete disappearance of the clusters in
lobule VIIIa in our analysis (Figure 2.2A). The default bounding box in SPM12
got extended to include the posterior cerebellum and we expect that activity in
this region will be more consistently reported in future action observation studies.
A related factor regards the slice planning used for fMRI data acquisition. Here,
we used 41 slices of 3.5 mm thickness and a tilted acquisition plane, to ensure a full
coverage of the cerebellum. This ensures a dorso-ventral field of view substantially
larger than in most neuroimaging studies. Indeed, in our own previous experiments
(Gazzola and Keysers, 2009), we used a more traditional field of view (39 slices
of 3 mm thickness), and were blind to the most ventral activations in lobule VIIb
and VIIIa. It is likely that many past studies optimized for the cerebral cortex
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used, in the interest of reducing acquisition time, a dorso-ventral field of view that
limits their ability to detect activations in at least some parts of the cerebellum.
An overview of data acquisition settings in previous studies and their estimated
effect on cerebellar coverage can be found in the Supplementary Figure 2.5.
Another factor that may influence the reporting of shared voxels in the cerebellum
is spatial smoothing. Without smoothing, our data revealed six distinct cerebellar clusters, all of which were separate from cerebral clusters. Applying spatial
smoothing as would be used in most studies (6 mm FWHM filter), lead to two
adverse effects. First, clusters in the anterior and posterior parts of lobule VI,
as well as the clusters in lobule VIIb and VIIIa merge to form a single cluster,
despite the fact that the Buckner atlas (Buckner et al., 2011) suggest that the two
subclusters partly connect to distinct functional networks, e.g. the clusters in pVI
and VIIb exclusively connect to either resting state network 6 or 7, whereas aVI
and VIIIa connect to both networks. Additionally, smoothing lead the anterior
cluster in lobule VI to merge with a cluster in the fusiform gyrus for the action
observation condition. A similar merging was observed in the consistency data set.
The impact of such a merge is difficult to assess, but it is not unlikely, that it may
have lead - in at least some instances - to reporting and discussing only the ventral
visual subpeak of this merged cluster. Given that meta-analyses currently use peak
coordinates from activation tables and not the thresholded activation maps, this
could have severe consequences for the conclusions drawn from meta-analyses.
A cerebellar-specific normalization algorithm (SUIT) has been shown to increase
statistical sensitivity for certain task-based fMRI data (Diedrichsen, 2006). For the
current dataset we did not observe an increased sensitivity compared to the SPM
MNI normalization. This may be attributed to improved normalization procedures
in SPM8 using normalization parameters obtained during segmentation of the
anatomical image. It is important to note that, based on literature findings of
cerebellar activation during action execution (Agnew et al., 2012; Aziz-Zadeh et al.,
2006; Bello et al., 2014; Brunner et al., 2014; Catmur et al., 2008; Di Cesare et al.,
2015; Gazzola and Keysers, 2009; Gazzola et al., 2007a,b; Jelsone-Swain et al.,
2015), we assume that the preprocessing pipeline delivering the highest t-values
provides the highests sensitivity. However, we can not fully exclude the possibility
that higher t-values represent an increased false positive rate. However, given the
margially different results, we conclude that choosing a whole brain vs. SUIT
normalization is less likely to account for major inconsistency in finding cerebellar
shared voxels.
Assessing which methodological factors account for inconsistencies in cerebellar
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shared voxels reported in the past is difficult. However, even from the 13 studies
that contribute to the meta-analytical finding of activation in the superior posterior cerebellum (Molenberghs et al., 2012), only three studies explicitly mention
coverage of the cerebellum while scanning, and none of them has the same extent of
vertical coverage of brain volume as the current study (see Supplementary Figure
2.5). Furthermore, only one study used unsmoothed data and none of the 11 studies
using versions of SPM software antecedent to SPM12 mentioned an adjustment of
the bounding box. Additionally, studies that run a conjunction analysis between
the observation and execution data, which helped to separate cerebellar and ventral
visual clusters in our own main dataset, report cerebellar activation during action
observation more frequently (Agnew et al., 2012; Aziz-Zadeh et al., 2006; Bello
et al., 2014; Brunner et al., 2014; Catmur et al., 2008; Gazzola and Keysers, 2009;
Gazzola et al., 2007a,b; Jelsone-Swain et al., 2015), than studies that include
both modalities but analyzed them separately (Buccino et al., 2004; Horan et al.,
2014; Iacoboni et al., 2001, 1999; Jastorff et al., 2012; Orr et al., 2008; Rocca,
2010; Sasaki et al., 2012). Another possible explanation for inconsistent literature
reports is the cerebellum’s vulnarability to field distortions. Field inhomogeneities
have been shown to cause artificial expansion in the anterior-posterior direction
(Jezzard and Balaban, 1995) and it has been speculated that pulsation artifacts
specifically contribute to field distortions in the cerebellum (In et al., 2015). Finally,
differences in task design could also explain the poor reproducibility. When the
task is kept constant, as in our additional sample of participants, a higher degree
of reproducibility can be expected.
Overall, our study suggests that partial brain coverage due to scanning parameters
and bounding box (Supplementary Figure 2.5), as well as smoothing, are the most
likely causes for the past lack of consistent detection of cerebellar activations.

2.4.2

Shared voxels within the cerebellum

A number of research lines have suggested that the cerebellum could play an important role in mapping observed actions onto the neural substrate for performing
similar actions. As mentioned in the introduction, although inconsistent across
studies, some neuroimaging studies so far have found that the cerebellum contains
some voxels recruited during action observation, and in some cases, that the same
voxels also are recruited during the execution of similar actions (see (Molenberghs
et al., 2012) for a meta-analysis and (Gazzola and Keysers, 2009) for an analysis using unsmoothed data). In addition, lesion studies (Cattaneo et al., 2012;
Christensen et al., 2014; Sokolov et al., 2010) and cerebellar stimulation studies
(Hardwick et al., 2012; Torriero et al., 2011) have suggested a causal contribution
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of the cerebellum to the perception of the actions of others. This is in line with
general considerations, that the cerebellum would be well poised to play a role in
action observation due to its central role in internal models of action execution
(Blakemore et al., 2001; Gazzola and Keysers, 2009; Miall, 2003; Wolpert et al.,
1998). However, which parts of the cerebellum are involved in action observation
and execution remains unclear.
Here we showed that voxels in six clusters activated during action execution demonstrated vicarious activation during action observation. An analysis of spatial
consistency confirmed that shared voxels are also present in the vast majority of
individuals in the cerebellum, which increases confidence in the consistency of
shared neuronal processes (Gazzola and Keysers, 2009). Two cerebellar regions
(aVI and VIIIa) are activated bilaterally, like the majority of the cerebral shared
voxel network (Arnstein et al., 2011; Caspers et al., 2010; Gazzola and Keysers,
2009; Molenberghs et al., 2012). Activations in region pVI were exclusively found
in the right hemisphere, however within the left region pVI a number of significant
subject-level shared voxels were present in the consistency map (Figure 2.3B). In
addition, the actions that were observed in our experiment were all performed with
the right hand of the actor. The shared activations in lobule VIIb and pVI in
the right hemisphere may thus reflect the fact that this side is used for processing
right-handed actions in the observer.
The anatomical location of the shared voxel regions resemble the three sensorimotor
maps of finger motion (Grodd et al., 2001; Schlerf et al., 2014, 2010). A primary
sensorimotor map is assigned to the anterior part of lobule VI, which has been
shown to correlate with the accuracy of sensory prediction (Blakemore et al., 2001)
and to receive proprioceptive feedback from the ongoing movements (Bloedel, 1981;
Fuchs and Kornhuber, 1969). A secondary sensorimotor map in assigned to lobule
VIIIa/VIIIb (Schlerf et al., 2014). A potential third motor map was assigned to
a cluster in the posterior lobule VI/Crus I that was found to code for increased
levels of complexity during sequence execution (Schlerf et al., 2010). The posterior
part of lobule VI is also activated during more abstract motor planning tasks, as
the Tower of London task (Schall et al., 2003). Our data suggest the possibility of
a fourth motor map in lobule VIIb.

2.4.3

Connections between the cerebellar seeds and the
cerebral cortex

The human mirror neuron system (hMNS) has been associated with a variety of
functions, including motor imitation, action understanding, internal simulation
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(Keysers, 2011; Rizzolatti and Sinigaglia, 2010), sensorimotor learning (Catmur
et al., 2007) and motor learning through action observation in a Hebbian learning
framework (Hanuschkin et al., 2013; Keysers and Gazzola, 2014). With regard
to the cerebellum, in particular, neuroimaging can explore the structure of the
temporal correlation between cerebellar and cerebral shared voxel regions.
By comparing the anatomical position of the cerebellar shared voxel regions to
publically available resting state atlases, we concluded that the cerebellar shared
voxel clusters found in each hemisphere have distinct connectivity patterns with
the cerebrum. Whether these connectivity patterns represent distinct functional
roles within the network remains speculative. One potential subdivision may relate
to the cortical parieto-premotor system, which is considered to be composed of a
dual pathway, with the dorsal pathway more associated with reaching, and the
ventral pathway with grasping (Filimon et al., 2007). It appears that at rest, the
anterior and posterior lobule VI seem more associated with the ventral grasping,
and lobule VIIb and VIIIa with the dorsal reaching pathway.

2.4.4

Caveats and open questions

Most importantly, it is essential to remember that the presence of shared voxels in
the cerebellum of our participants could indicate the presence of neurons responding
both during action observation and execution, but is also compatible (see: Gazzola
and Keysers, 2009) with two distinct populations of neurons within a shared voxel
- one only responds during observation and the other during execution. Shared
voxels are a necessary but not sufficient condition for the existance of cerebellar
mirror neurons. Single cell recordings in the cerebellum will be indispensable to
explore the potential presence of such mirror neurons, as it was necessary to confirm
that shared voxels in the SMA and somatosensory cortices indeed contain mirror
neurons (Hihara et al., 2015; Mukamel et al., 2010).
In addition, although we carefully designed our experimental conditions to be similar
in complexity to the control conditions, they do differ along many dimensions,
including the presence of a hand action, the richness of haptic interactions as
well as semantic and linguistic information content. Therefore, further studies are
necessary to validate the occurance of human cerebellar mirror neurons.
It has been noted that chosing different analysis techniques such as repetition suppression and multivoxel pattern classification impact the definition of the
hMNS (Oosterhof et al., 2013). Even though both techniques have their specific
methodological limitations, they consider action specificity, an important aspect of
mirror neurons (Oosterhof et al., 2013). Future studies, that systematically vary
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what action is executed and observed and use multivoxel pattern classification to
compare the patterns of activation across execution and observation (Etzel et al.,
2008; Haar et al., 2015), could further help unravel the specific information content
of cerebellar shared voxel clusters.
Pending such experiments, it is best to entertain the possibility that what is
shared in these voxels across observation and execution could be specific or abstract information about the actions. The attribution of functionality to specific
somatosensory-motor cerebellar regions lies beyond the scope of the current study
and requires carefully mapped lesion studies and non-invasive brain stimulation
studies, with a high degree of spatial precision.

2.4.5

Conclusion

Our work aimed at a detailed description of cerebellar clusters involved in complex
action observation as well as action execution. The consistency of these shared voxel
regions, located in the anterior and posterior portion of lobule VI, and in lobule
VIIb and VIIIa, was confirmed in the vast majority of individual subjects. We
also showed that the clusters activated during action observation can be robustly
replicated using the same stimuli and processing procedure in an independent
dataset. We believe these findings to warrant an intensification of efforts to
investigate the cellular basis and function of these clusters. In the future, this
line of research can provide important insights into specific impairments following
cerebellar lesions.
Earlier meta-analysis studies on action observation often reported less cerebellar
activation than could be expected given the functional significance of the cerebellum
in lesion and non-invasive brain stimulation studies. Using different preprocessing
pipelines, we identified factors that reduce the ability to detect the cerebellar
involvement during action observation. Specifically, the dorso-ventral field of view,
usage of smoothed data and a missing adjustment of the default bounding box
seem to significantly reduce the detection of cerebellar shared voxels. As most of
these adverse factors are actually the default choice when it comes to ‘whole brain’
imaging, it is perhaps unsurprising that cerebellar shared voxels have so far been
inconsistently reported.
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2.5

Supplementary material

Table 2.1: Shared voxels WB_MNI_norm_GLM (smoothed)

Brain area
Cerebellum
L Lobule VI (Hem)/ anterior
R Lobule VIIb (Hem)
Lobule VIIIa (Hem)
R Lobule VI (Hem)/ anterior
Lobule VI (Hem)/ posterior
L Lobule VIIIa (Hem)
Cerebrum
L SupraMarginal gyrus (PFt)
Inferior parietal lobule (SI)
R Postcentral gyrus (PFt)
Postcentral gyrus (SI)
L Inferior temporal gyrus (V5)
L Insular lobe
R Insular lobe
R Superior frontal gyrus (PMd)
L Superior frontal gyrus (PMd)
L Middle cingulate cortex
L Precentral gyrus (PMv)
B Middle cingulate cortex
R Inferior frontal gyrus (PMv)
R Inferior temporal gyrus (V5)
B BA 6 (SMA)

a MNI

coordinates

# of voxels

x

y

za

t-value

pFWE

131
176

-28
14
24
30
22
-22

-54
-76
-64
-54
-72
-64

-26
-50
-56
-24
-22
-56

10.62
9.27
7.29
8.82
7.57
7.86

<0.001
<0.001
0.001
<0.001
0.001
0.001

-50
-46
50
38
-48
-36
38
28
-22
-14
-54
-2
58
50
0

-26
-30
-28
-34
-68
-4
-2
-10
-12
-26
2
2
8
-60
-2

34
42
44
48
-6
12
12
60
54
40
34
36
24
-6
52

17.26
13.40
14.52
12.53
12.27
11.26
11.16
10.52
9.60
9.26
8.97
7.93
7.90
7.64
6.61

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.001
0.001
0.001

313
89
2077
1923
106
292
73
452
357
67
182
145
64
13
22
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Figure 2.5: Vertical coverage of brain volume in mm over time. The graphic includes
our current original and consistency study (black bars) and 12 out of the 13 studies
included in the meta-analysis of Molenberghs (Molenberghs et al., 2012), that report
cerebellar activation during action observation (grey bars). Studies marked with a star
have reported cerebellar coverage during the scanning procedure. One study did not
report the number of slices. The images visualize the estimated effect of different amounts
of vertical coverage. The upper image visualizes the lower limits of vertical coverage
(black bars) assuming the upper limit at the position of the grey bar. The white bars
indicate the vertical extend of the standard SPM8 bounding box and the adjusted large
bounding box used in the current study. The lower image visualizes the lower limits of
vertical coverage assuming an acquisition plane tilted by 30◦ .

