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Abstract: This meta-analytic connectivity modeling (MACM) study explores the functional connectivity
of the cerebellum with the cerebrum in social cognitive processes. In a recent meta-analysis, Van Over-
walle, Baetens, Marién, and Vandekerckhove (2014) documented that the cerebellum is implicated in
social processes of “body” reading (mirroring; e.g.,, understanding other persons’ intentions from
observing their movements) and “mind” reading (mentalizing, e.g., inferring other persons’ beliefs,
intentions or personality traits, reconstructing persons’ past, future, or hypothetical events). In a recent
functional connectivity study, Buckner et al. (2011) offered a novel parcellation of cerebellar topogra-
phy that substantially overlaps with the cerebellar meta-analytic findings of Van Overwalle et al.
(2014). This overlap suggests that the involvement of the cerebellum in social reasoning depends on its
functional connectivity with the cerebrum. To test this hypothesis, we explored the meta-analytic co-
activations as indices of functional connectivity between the cerebellum and the cerebrum during
social cognition. The MACM results confirm substantial and distinct connectivity with respect to the
functions of (a) action understanding (“body” reading) and (b) mentalizing (“mind” reading). The con-
sistent and strong connectivity findings of this analysis suggest that cerebellar activity during social
judgments reflects distinct mirroring and mentalizing functionality, and that these cerebellar functions
are connected with corresponding functional networks in the cerebrum. Hum Brain Mapp 36:5137-5154,

2015. © 2015 Wiley Periodicals, Inc.
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In 2014, Van Overwalle et al. conducted a large-scale
meta-analysis on social cognition and the cerebellum that
included over 350 functional magnetic resonance imaging
(MRI) studies. Social cognition is an important human
ability that allows understanding the social origin and
purpose of the behaviors of other persons or the self (i.e.,
“body” reading) and their state of mind (i.e., “mind” read-
ing or mentalizing). Van Overwalle et al. (2014) found
robust clusters of activation in the cerebellum that were
recruited during these social-cognitive processes. These
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clusters seemed to overlap with non-social functions
reported in earlier meta-analyses on the role of the cerebel-
lum in motor functions, emotions, executive control and
language [E et al., 2014; Stoodley and Schmahmann, 2009].
Van Overwalle and colleagues (2014, p. 563) therefore sug-
gested that “the cerebellum does not play a domain-
specific role in social cognition, but most probably pro-
vides domain-general executive and semantic support.”
But is this correct? The same authors recently put for-
ward an alternative interpretation of the cerebellum that
focuses on function-specific social cognitive processes
[Van Overwalle, Baetens, Marién, and Vandekerckhove,
2015]. This novel perspective was based on a connectiv-
ity study by Buckner et al. (2011; Buckner, 2013), who
explored the organization of circuits between the cere-
brum and cerebellum using resting-state functional con-
nectivity MRI for a total sample of 1000 participants,
resulting in a complete topography of the cerebellum in
relationship with major networks of the cerebrum (Yeo
et al.,, 2011). The study revealed similar network struc-
tures in the cerebellum as in the cerebrum, spanning
approximately the same relative volumes (see Fig. 1 for
their location and organization). Of interest among the
networks in the cerebrum identified by Yeo et al. (2011)
were a default network that includes many mentalizing
areas recruited during “mind” reading (see meta-
analyses by Schurz et al., 2014; Van Overwalle, 2009), as
well as two somatomotor networks that reflect primary
somatomotor and somatomotor integration functions which
show substantial overlap with mirror areas recruited
during “body” reading [see meta-analysis by Molen-
berghs et al., 2012; Van Overwalle and Baetens, 2009]. To
our knowledge, Buckner et al. (2011) is the only publica-
tion to date that provides an empirical parcellation of the
cerebellum at such a large scale, and that allows a rough
interpretation of the cerebellar networks based on the
connectivity with networks of the cerebrum previously
described in the literature [see also Habas et al., 2009;
O'Reilly et al., 2010]. Importantly, Van Overwalle et al.
(2015) detected a remarkable similarity between the
results of their meta-analysis of social mentalizing in the
cerebellum and the default/mentalizing network of
Buckner et al. (2011), as well as between areas involved
in social mirroring or behavior understanding (i.e.,
“body” reading) in the cerebellum and the somatomotor
networks described by Buckner et al. (2011). Van Over-
walle et al. argued that their results might therefore be

Abbreviations
ALE activation likelihood estimation;
MACM  meta-analytic connectivity modelling;
mPFC medial prefrontal cortex;
MRI magnetic resonance imaging;
pSTS posterior superior temporal sulcus;
ROIL regions of interest;
TP] temporo-parietal junction

better explained as a reflection of the role of specific
social mentalizing and mirroring functions.

However, in past research on the cerebellum, most of
the networks [Buckner et al.,, 2011] were identified using
clusters of intrinsic functional connectivity during resting
state, without independent verification of their assumed
functionality during the alleged tasks or processes. Like-
wise, the novel analysis by Van Overwalle et al. (2015)
was based on a close similarity with Buckner’s cerebellar
networks, without independent verification of the func-
tional connectivity underlying the parcellation by Buckner
et al. (2011). Thus, the reinterpretation by Van Overwalle
et al. (2015) in terms of these functional networks is post-
hoc, solely based on spatial similarity. In order to provide
stronger empirical evidence for the claim by Van Over-
walle et al. (2015) that the cerebellar areas involved in
mentalizing and mirroring activity are connected to the
corresponding functional networks in the cerebrum, the
aim of the present study is to conduct meta-analytic con-
nectivity modeling (MACM), which takes co-activations
across studies in a meta-analysis as indices of functional
connectivity.

Some words on the terminology of the networks (Fig. 1).
First, we renamed one of the major networks of Yeo et al.
(2011) the mentalizing network, although it was originally
labeled the default (red) network. This default network
reflects activity during undirected thought and daydream-
ing at rest. Its function is not entirely clear, although sev-
eral meta-analyses have consistently demonstrated that
functional activity in this network strongly overlaps with
the social mentalizing network in the cerebrum [Mars
et al,, 2012; Schilbach et al., 2012; Spreng et al., 2009].
Given the consistent and substantial correspondence
between the functional activity during rest and mentaliz-
ing, Barrett and Satpute (2013) suggested the term
“default/mentalizing” for this network and argued that its
main function is conceptualization by constructing a
“mental model of the past, the present moment, or the
future” (p. 365). Second, although actually a subset of the
somatosensory integration network (green) defined by Buck-
ner et al. (2011), we use the term mirror network to indi-
cate those areas that correspond most closely to action
understanding by the observation of human motion (also
labeled mirroring, see next paragraph). Note also that
Buckner et al’s (2011) parcellation results (Fig. 1) are
based on the strongest connectivity in each voxel, and
hence do not reflect the uncertainty with respect to the
assigned network. Thus, areas close to the demarcation
between networks may involve populations of neurons of
mixed connectivity to different networks.

Four Themes in Social Cognition

The meta-analysis by Van Overwalle et al. (2014) dis-
closed four themes or subdomains that coherently
recruited the cerebellum, and were related to very similar
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Figure I.

Parcellation of the cerebellum showing three distinct repre-
sentations, labeled the primary, secondary, and tertiary repre-
sentations. Each is a mirror-image ordering of the adjacent
map. Networks are color-coded with their function as pro-
posed by Bruckner et al. (2011, p. 2332). The networks refer
to the 7-network parcellation of the cerebrum shown in the
bottom of the figure. The white lines demarcate estimated
boundaries between the maps and do not have significance in

tasks and stimulus types. These four themes involved
studies on (1) mirroring (i.e., related to the mirror network
in the cortex) which refers to the understanding of visual
or other perceptual input from human movements, (2)
mentalizing (without human movements) focusing on spe-
cific events, (3) general traits, and (4) abstractions. The first
three themes were used in two earlier meta-analyses on
social neuroscience by Van Overwalle (2009) and Van
Overwalle and Baetens (2009), while the latter theme was
inspired by recent research on abstraction in social mental-
izing [cf. Trope and Liberman, 2010]. These four themes
were identified based on the similarities and overlap
between stimulus input, task requirements, and empirical
clusters revealed by an activation likelihood estimation
(ALE) analysis. To briefly summarize the findings (see
Table I for examples):

e Mirroring involves the observation of human motion
(e.g., by hands and fingers, face, and legs) with or
without a focus on the intention of the agent, which
typically recruits the mirror network in the cortex

relation to sulcal boundaries. R* refers to the red network,
which can be seen in the x = —12 section. Adapted with per-
mission from Figure 16 of Buckner R, Krienen F Castellanos
A, Diaz JC, Yeo BT, ] Neurophysiol, 2011, 106:2322-2345, ©
Americal Physiological Society and from Figure || of Yeo BTT,
Krienen FM, Sepulcre ], Sabuncu MR, Lashkari D, Hollinshead
M, Buckner RL, ] Neurophysiol, 2011, 106, 1125-1165, ©
Americal Physiological Society.

[Van Overwalle and Baetens, 2009]. Cerebellar activity
was found in about 28% of the mirror studies.

Event Mentalizing encompasses mentalizing about
the actor’s momentary intentions and beliefs, given
a Dbehavioral (event) description that does not
involve perceptual input from human motion [Van
Overwalle and Baetens, 2009]. Approximately 22% of
the studies in the meta-analysis revealed cerebellar
activity.

Person Mentalizing involves inferring enduring char-
acteristics of a person or the self, such as traits and
preferences [Van Overwalle, 2009]. Again, cerebellar
activity was limited to 25% of the studies.

Abstract Mentalizing includes studies that contrast
high against low abstraction in social cognition [Trope
and Liberman, 2010]. For instance, contrasting person
judgments against visual descriptions of the same
behaviors (e.g., respectively judging “why” or “how”
a person is reading a book), or by contrasting the
more distant and abstract past or future, or even con-
trasting hypothetical events with the momentary
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present. Abstraction recruited very strong and robust
cerebellar activity in 67%-100% of the studies.

Present Meta-Analytic Connectivity Analysis

In order to identify the functional connectivity (i.e., co-
activations) between the cerebellar activation identified in
the meta-analysis by Van Overwalle et al. (2014), and other
brain networks in the cerebrum, our general plan of analy-
sis consisted of the following steps:

e As a first step, we selected all the studies (> 350) on
social cognition from the meta-analysis by Van Over-
walle et al. (2014) that showed cerebellar activity. This
resulted in 133 studies. None of these studies
involved any motor activity by the participants (e.g.,
tasks using imitation and judgment of self-agency) so
that only the effect of pure perception or observation
was examined. We used the same overarching divi-
sion in four themes from this meta-analysis, as
described above. Each theme strikes an optimal bal-
ance between a sufficient number of studies on the
one hand, and a relatively small number of task cate-
gories and functions that are quite homogeneous and
consistent with each other. This methodology makes it
possible to detect reliable connectivity between the
cerebellum and cerebrum.

As a second step, and in addition to the cerebellar
coordinates extracted from the previous meta-analysis
[Van Overwalle et al., 2014], we coded the coordinates
of significant clusters in the cerebrum that were
reported in the selected studies. FVO extracted the
coordinates, while TD checked them, and FVO double
checked and corrected them.

As a final step, we identified regions of interest (ROI)
in the cerebellum based on the meta-analytic results
of Van Overwalle et al. (2014). Next, we selected the
studies that contained at least one ROI, and then con-
ducted an activation likelihood estimation (ALE) anal-
ysis on the coordinates in the cerebrum in order to
identify the clusters of consistent co-activations with
cerebellar activity in that ROI. We then determined
whether these clusters were part of a mentalizing or
mirror/somatosensory networks in the cerebrum, or
of the other major networks identified in the parcella-
tion study by Yeo et al. (2011).

Given the close correspondence between the mentalizing
and mirroring networks in the cerebellum and the cere-
brum [Buckner et al., 2011], and the close correspondence
with the mentalizing and mirroring tasks identified in the
meta-analysis of the cerebellum by Van Overwalle et al.
(2014), we hypothesize that the cerebellum is intrinsically
involved in function-specific mentalizing and mirroring
processes of social cognition. Consequently, we predict
that the areas of the cerebellum involved in these proc-

esses are functionally connected (i.e., co-activated) with
the same mentalizing and mirroring/somatomotor net-
works in the cerebrum.

METHOD
Selection of Studies and Coordinates

The fMRI studies reviewed in the current study were
taken from the earlier meta-analysis on cerebellar activity
during social cognitive tasks or judgments by Van Over-
walle et al. (2014). Originally, these studies were identified
by a search in PubMed using the term “fMRI” along with
at least one of the following terms in the title or abstract:
“person”, “social”, “self” or “autobiographic[al]” from
2000 to the end of 2012. Additional studies were added
from several meta-analyses on various aspects of social
cognition, including mirror studies and mentalizing stud-
ies on goal-directed action, beliefs and theory of mind,
morality, traits of others and the self, and several forms of
abstraction (i.e., higher construal) including episodic auto-
biographic studies on the past and future [Bzdok et al,,
2012; Carrington and Bailey, 2009; Denny et al., 2012; Lom-
bardo et al., 2011; Mar, 2011; Martinelli et al., 2012; Molen-
berghs et al., 2012; Qin et al., 2012; Schilbach et al., 2012;
Shkurko, 2013; Spreng et al., 2008; Svoboda et al., 2006;
van der Meeret al., 2010].

All studies or conditions that involved the participant’s
own actions, such as imitation of the behavior of others or
one’s sense of agency during movement, were excluded,
because motor activity in itself might activate the cerebel-
lum. As reported in Van Overwalle et al. (2014), studies
were only included if they investigated unmedicated
healthy adults or adolescents (i.e., between ages 10 and 19
according to the definition of the World Health Organiza-
tion), used fMRI scanning, involved non-emotional stimuli
or tasks, and reported the coordinates of activations in
the space of the MNI template [Collins et al., 1994] or the
atlas of Talairach and Tournoux (1988). Clinical studies
were included if they reported the results of healthy
control participants separately. When activations were
reported in MNI space, they were transformed into
Talairach and Tournoux coordinates by means of a non-
linear Brett transformation [http://imaging.mrc-cbu.cam.
ac.uk/imaging/MniTalairach; Brett et al., 2001] so that all
the coordinates had a common stereotaxic framework. As
noted earlier, all studies were sorted in the same task cate-
gories and four overarching themes from the earlier meta-
analyses by Van Overwalle (2009) and Van Overwalle and
Baetens (2009).

Connectivity Meta-Analysis Using ALE

For each cerebellar cluster reported by Van Overwalle
et al. (2014), we identified a ROI based on the (sub)peak
coordinates of the cluster by drawing a sphere with a
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TABLE Il. Meta-analytic clusters of Van Overwalle et al. (2014) in function of the networks identified by Buckner
et al. (2011) with the peak coordinates serving as ROl seeds for the connectivity analysis

Network Theme Cerebellar Label Volume X y z
Mentalizing network
Mirroring
Right Posterior - Uvula Crus I 192 30 —78 —24
Event Mentalizing
Left Posterior - Uvula Crus I 4128 —24 —86 —24
Left Posterior - Tuber —=30 —80 —28
Left Posterior - Pyramis —14 —80 -30
Right Posterior - Pyramis Crus I 624 20 —80 —28
Person Mentalizing
Right Posterior - Tuber Crus I 2544 24 —82 —28
Abstract Mentalizing
Right Posterior - Uvula Crus I 8112 16 —84 —26
Right Posterior - Uvula & VI 28 —80 —26
Right Posterior - Tuber 40 -72 —28
Right Posterior - Tonsil 36 —60 —42
Right Posterior - Tonsil IX 4064 8 —48 —38
Left Posterior - Tonsil —4 —42 —44
Left Posterior - Tonsil -8 —48 —38
Left Posterior - Tuber Crus I 816 —22 —84 —28
Left Posterior - Tuber —36 —86 —30
Left Posterior - Uvula —28 —82 —24
Left Posterior - Uvula —34 —74 —24
Somatomotor networks
Mirroring (somatomotor integration network)
Right Posterior - Uvula VIIB 800 10 —78 -32
Left Posterior - Uvula VIIB 360 -12 —78 -32
Left Posterior - Inf. Semi-Lunar VIIB 232 —-22 —70 —38
Person Mentalizing (somatomotor network)
Right Anterior - Lingual (self*) v 1016 8 —46 —18
Right Anterior - Culmen (self?) VI 576 26 —40 —16
Other Networks
Mirroring (visual network)
Right Anterior - Culmen VI 504 38 —54 -22
Person Mentalizing (executive network)
Left Posterior - Pyramis VI 136 -10 —=70 —26

Anatomical labels given according to the atlas of ALE and Schmahmann et al. (2000). Volume in mm? for each cluster; All coordinates

according to the Talairach & Tournoux (1988) atlas.
Cluster preferentially involved in self-references.

5 mm radius around it. This relatively small radius was
chosen given the smaller size of the cerebellum [and its
mentalizing and somatomotor networks; cf. Buckner et al.,
2011], so that all ROIs were largely within the boundaries
of these cerebellar networks. In their reinterpretation of
cerebellar activity, Van Overwalle et al. (2015) identified
each cluster as belonging to one of the cerebellar networks
from Buckner et al. (2011), most often a mentalizing or a
somatomotor (integration) network. Subsequently, the
ROIs were categorized along each network and along each
of the four task themes (Table II). The focus here was on
the analysis of the mentalizing (red) and somatomotor
(blue and green) networks.

The cerebellar ROIs served as “seeds” for the connectiv-
ity analysis. That is, for each cerebellar network and task

theme, we identified the studies that reported activation in
at least one of the ROIs. Connectivity was then analyzed
by identifying the coactivation in the cerebrum. Thus, for
all studies that revealed activation in a cerebellar ROI, the
reported peak coordinates in the cerebrum were analyzed
using the Activation Likelihood Estimation (ALE) proce-
dure as implemented by GingerALE 2.1 [Eickhoff et al.,
2009; Laird et al., 2005]. ALE attempts to reveal clusters of
consistent activation across selected studies. More specifi-
cally, based on the collection of peak coordinates from
each study, ALE estimates the probability that at least one
of the peaks lies within a voxel. This computation is
repeated for each voxel in the cerebrum and results in an
ALE map. A statistical threshold for the ALE map is com-
puted using a nonparametric permutation test. This test
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identifies real activation if the null hypothesis that the acti-
vation foci are spread uniformly throughout the brain (i.e.,
random clustering) is rejected. We thresholded the non-
parametric permutation test for each voxel at a false dis-
covery rate corrected threshold of p<0.05 and an
additional cluster extend threshold of 500 mm® [Laird
et al., 2005].

Next, to isolate the distinct connectivity pattern related
to each network, we contrasted the resulting connectivity
analysis of each network with one another. To that end,
we ran several ALE subtraction analyses. ALE subtraction
analyses are processed in a similar manner as simple ALE
analyses, although z score images are used to compute the
contrast results.

RESULTS

To analyze the connectivity of the cerebellum with the
cerebrum, we ran an ALE analysis on the coactivations in
the cerebrum of studies that reported cerebral activity. We
conducted this analysis for the cerebral mentalizing net-
work (Table III) and the two somatomotor networks (Table
IV) because these were of theoretical interest and involved
a sufficient number of studies. All analyses were run for
each task theme separately (mirroring, event, person, and
abstract mentalizing) as well as combined. Note that
MACM has limited selectivity because studies that are
selected for, for instance, somatomotor activity in the cere-
bellum may also contain task elements that trigger mental-
izing activity in the cerebrum. Therefore, to isolate the
distinct connectivity pattern related to each network, we
also conducted contrast analyses on the connectivity
results, comparing mentalizing connectivity with somato-
motor connectivity and vice-versa (Table V).

Our expectation was that if the reinterpretation of cere-
bellar activity by Van Overwalle et al. (2014) based on the
connectivity analysis by Buckner et al. (2011) is correct, we
should find a strong and function-specific connectivity
between the cerebellum and the cerebrum for mentalizing
as well as for somatomotor activity. We discuss the results
for each network below.

Mentalizing Connectivity

Table III shows the connectivity (i.e., coactivation)
results for mentalizing. The mentalizing ROIs in the cere-
bellum show strong connectivity with the mentalizing net-
work in the cerebrum, including the dorsal and ventral
parts of the medial prefrontal cortex (mPFC), the temporo-
parietal junction (TPJ), posterior cingulate, and temporal
pole. These are the largest clusters, spanning volumes of
704 — 11,912 mm?>. These coactivations were revealed for
all three mentalizing tasks, and for none of the mirror
tasks. Apart from this, we also observed substantial con-
nectivity in parahippocampal areas (2704-5936 mm?) and
some temporal areas (< 1000 mm?). Figure 2 depicts the

mentalizing connectivity clusters and illustrates a substan-
tial similarity with the mentalizing network (red) of the
cerebrum (Yeo et al., 2011).

Table V shows the mentalizing > somatomotor contrast
analysis which reveals that, in line with our expectations,
only the mentalizing areas in the (ventral and dorsal)
mPFC, TPJ, and posterior cingulate (but not the temporal
pole) survived the contrast analysis, together with the par-
ahippocampal areas.

Somatomotor Connectivity

Table IV shows the connectivity (i.e., coactivation)
results for the somatomotor networks. The somatomotor
ROIs showed strong connectivity with the mirror/somato-
motor network in the cerebrum. There was connectivity
with all major areas of the mirror network, including the
posterior superior temporal sulcus (pSTS), inferior frontal
gyrus and parietal lobule, spanning volumes of 640-
4248 mm?®. In addition, connectivity with other somatomo-
tor areas was found, including the precentral, postcentral
and middle frontal gyri (792-1592 mm?), and the insula
(896 mm?) which is responsible for somato-sensory inte-
gration. These coactivatons were revealed not only for the
mirror tasks as one might expect, but also for person trait
tasks. Apart from this, there was also connectivity with
mentalizing areas (< 1680 mm?), but only for person trait
tasks. Figure 2 depicts the somatomotor connectivity with
the somatomotor integration (green) network in the cere-
brum predominantly, and also with the primary somato-
motor (blue) network (Yeo et al., 2011).

Table V shows the somatomotor > mentalizing contrast.
In line with our expectations, this analysis revealed that
only the mirror areas in the pSTS and inferior frontal
gyrus survived the contrast analysis, as well as the pri-
mary somatomotor areas in the precentral and postcentral

gyrus.

DISCUSSION

This study investigated whether the mentalizing and
mirroring clusters identified in a recent large-scale meta-
analysis of social cognition in the cerebellum [Van Over-
walle et al., 2014], are functionally connected with mental-
izing and mirror/somatomotor networks in the cerebrum.
To do so, we explored robust and systematic cerebellar-
cerebral coactivations across studies using ALE, as signa-
tures of functional connectivity. We found substantial and
function-specific connectivity between the cerebellar clus-
ters reported in the original meta-analysis of Van Over-
walle et al. (2014) and activation in the cerebrum. In line
with our hypothesis, the mentalizing clusters in the cere-
bellum that are recruited mainly during mentalizing tasks
about an event, person or more abstract judgments (past,
future, or hypothetical events; Van Overwalle et al., 2015),
were strongly and distinctly connected to the mentalizing

¢ 5143



¢ Van Overwalle et al. ¢

*(A 9[qeL 29s) SISATeue JSeIFU0D A} SIAIAING,
"GP ‘CF ‘g ‘SULIOIIIWU pue 9FT ‘6/ ‘g YULAd T/ ‘T6 ‘Fruosiad 91¢ ‘Gze ‘0 uondernsqe 105 A[pAndadsar
arom sjuedonred pue ‘120§ ‘SaTPN3s JO I9qUINU SYJ, "SIUWAYY [[B 10j [UW ()G < SWN[OA M Pue pa3dai1od Y ‘G0°0 > d ¥e yuedyrusis are syead v [V "WI0jsues) 3aig ayy
Bursn (8861) XNowInoJ 2 yoeire[e] 0} [NJA WOIj PIULIOjSueI) IO Se[je (§86]) XNOWINO], 3 Uoeile[e] 9y} 0} SUIPIOddE I8 S9}RUIPIO0D z-A-X [[Y ‘ON[eA ewonxy TV = on[ep
{I9)SN> YOS 10 WU UT SUM[OA 'Se[ie FTV 2y} 03 Surproode uaArd s[oqe| [edruojeuy “(I1 Aqe] 39s) spass se S[OY SUIZI[EUsW Te[[2qaIed UDAIS WNIGRINd A} UT ATATDaUU0D)

0T  0I— ¥T— 95—
L ¥e- T 9%
¥0SY  0c— 9— FS— €200 0z 0c— ¥— 8¢S
0F¢ ¥ 8¢— 09— WS  ¥— 0v— 85— G200 s - 0b— 85—
e  0z— ¥— 8§ 8100 92— 0 9% snifo erodwa], S[PPIA
€200 $06 0c— %1 ¥%  sniko perodws] roradng
¥I— 06— T
0¥9C¢ ¥1— ¥I— 0C  S€00 ¥0z  ¥1- ¥1- 0C
8— 9¢— ¥T— /200 8— 96— ¥T—
7659 TI— 0C— ¥C— 6£00 966 TI— 0T— <C— o Sniko Tedureooddiyereg
E‘D.Hn—wuwu ut wmmﬁﬂ erﬂo
¥8¢  8t— ¥— 05—
9¢e 91— FI— 8§ (o104 Terodua])
9¢/ 91— 8— 95— 66  CI— 9— 85— £90°0 0029 81— 8- 95— sniko erodwa] Ioriayuy
T 05— 8 —
0 05— 0T  Z200 9  9%— 01
8¢ 05— 9—  ¥H00 9 76— 8-
¥8/1  OF 8F— 9— ¥86Z 91  TS— 8— 9S00 61T 8T ¥S— C— 21e[n3ur) 10119350
9T  8F— F9-— 8¢ 95— TS T200 9¢ 95— ¢S
9/ 81 TS— 95— € 89— 0S5 6200 9¢ 79— S
¥L 8F— %S 8¢ ¥S— 9%— 8¥8CT 9T 09— FF  €€00 918 ¥ T9- I
88 0z ¥S— 8S $90z 7€ 89— 8y— 880 0€ 09— FH— ZFOO 89 8T 09— Fh— o[dL
W< T ¥ T 8200 wa voosy 8
ST 9 0€  ¥C  Z100 0 85 -
9  0¢ 8 F— 889 € 0§ FI— G200 888 0 05 FI-
¥ oF  0I— 4100 oF %€ 8I—
891z 8¢ TS— 0 W 9T Te— €200 S 9T TI-
809 O0F € ¥ ¥cCI 05 ¥E  CI— 98 O FE  SI— 6200 %I 05  9¢  TI— cOdJW [esIop
e« T ¥ ¥ 89¢ T— € 9 £20°0 $0Z 0 ¥ ¥
8f¢ 81 79 Tl WL %L 8¢ FL 4100 - ¥ 9
Wwe ¢ 0SS  T— €200 0c 95 0T
oFF ¢ 95 ¥ ¥ 09 ¥— 5200 A <R
- 8%  ¥— 000 - 0S5 C—
09T  0I— ¥S 0 009 0z— 7€ F—  9€00 ¥8SS  0t— € ¥— LDddW [eruRA
Eﬁhn_w.mwu ut
mmmh< wﬁwNﬂqumE
m55~0> z m X MESMO\/ Z m X mEﬂ:O\/ z \m X mES~O> Z m X mambxm mES~O> z \m X Mwﬂmﬁ TmUMEOumCm
Surioriy JuaAq UoSsIdJ uonoensqy sawRdY} [[V PUE SIOMIPN

*awiay3 jse) Jo uonduny

ul WINj|9gaJ43d 3Yy3 ul spads Suizijeauaw uaAIS sisAjeue-ejawl £31AI329UU0D JY Y3 JO WINJIGI3D 3Y) Ul S3JeUIpJo0d dead pue saa3sn|d ||| I19V.L

¢ 5144



ivity ¢

¢ Social Cognition and Cerebellum Connect

USAIS S[oqe] [edTwojeuy

‘(A dqe] 29s) sisATeue }SeIUOD AU} SIAIAING,

€11 ‘86 ‘G:3urrormu pue Q1T ‘69 ‘9:uosiad 10y A[pandadsar arem syuedionred pue 10y ‘saTpnys Jo IdqUINU YT, ‘SOWAY) [[€
10j JWw QG < SWN[OA PIM pue pajoa1iod ¥ ‘G0°0 > d e yueoyrusis are syead gy [[V "wiojsuer) 3aig oy 3uisn (§86]) XNOUINO] p ypelle[e], 03 [NJA WOy pawojsuer
10 sepe (886[) XNOWINO], 3 YPelle[e], 33 03 SUIPIOddE a1k $2jeuIpIo0d z-A-X [[V ‘an[ea ewanxg TV = 2N[eA IOISN |oes 10j [WW Ul SWN[OA ‘Sefe TV oy} 0} Surpiodde
‘(Sunroxrmur) uoneIdajur Jojowojewos pue (Uosiad) Jojouwojewog (] S[qeL OS[e 93S) SPads sk S[OY Je[[2GRIAd USAIS WNIGaIdD 3} UI AJIATIOSUUOD)

8 86— 01— snauny
096 9 89— 9% — 8100 L 9 89— 9F— sniko 1endoQ PPN
$8ST T 8F— i 0200 z 87— ¥I snifo endury
¥8S1 - 9¢— 4} ¥10°0 9501 = 96— 4} snikoy redwresoddnyereg
0zl 8— 99— - 88T e1— €8— 0C— 7200 0%01 PI- 05— -
8— 79— 9% 9200 8¥Ty 8— 09— 47 SNILD wIoyIsng
Eﬂhﬂmumu ur seoary umﬁﬁo
0200 968 0 - 8t ensuy
S 0C— €—
Sia 7S 0€— - G100 T65T s 0g— Pe— STIAD) [eTUL0}S0]
919 s 9-— 87— L1070 6L s ¥— §T—
0T 0T 0S 88T 9¢ %3 97— €100 0T 0T 0s SNIAD) [e}UOL] SPPIA
43 8 47 G100 96 43 8 47 SNIAD [enuLd1]
WINIGaId)) Ul Sealy I0j0WO}eWog I3y}
80T w 05— 0€—
880T 95 87— 8T ST0°0 0ZL 9g 8h— 8T anqor] [eydrre oradng
iCial s ov— ve— 88T 0¢ - 05— 7200 s ob— Pe— 3[NqoT [eIRLIR ] IOLIJU]
il ¥C 4 ¥ €100 9.6 ¥C 43 i
0¥¢ 8T 8 9F— L10°0 079 0¢ 8 - SNIAD) [eJUOI] IOLIRFU]
9T 9 96— 0S 4554 91 95— s 1200 i 96— s
08¢T 0 €— s¥ 0200 8Ty 01 $5— 8 S1sd
ESMQ@H@U ut mwm.j& JOLITIA
0941 - 9— $S— 6100 - 9— $S—
0941 91— 01— 95— 1200 PI- 01— 96—
0200 0891 ¥— T ¥S— 310 Terodway],
6 ¥C 79— 8 8100 %99 ¥C 79— 8 snaundaI g
9621 ¥ 9¢ i 810°0 U8 i4 9¢ i4 DAJW [enuaA
ESMQ@H@U Ul seary waN:mﬁHwE
QWIN[OA z A X QWIN[OA z f X jegiechivie] QUWIN[OA z f X [2qe[ [edrwojeue pue YI0MdN
SuroLI uosIdJ sawdY} [V

awayj) djse) jo uoiduny

ul WIN||2ga432 3YJ Ul SPIds J0jowWoIeWOoS UIAIS sisA[eue-e3aw A3IA13D9UUOD JTV Y3 JO WNIGII3D dYJ Ul S9JBUIpPI00D Head pue suaisn|d ‘Al 319V.L

® 5145



¢ Van Overwalle et al. ¢

TABLE V. Clusters and peak coordinates of the ALE connectivity contrast meta-analysis

Contrasts and Anatomical labels x y z Volume Extrema
Mentalizing > Somatomotor seeds in cerebellum
Mentalizing areas in Cerebrum
ventral mPFC -1 55 10 472 3.353
—4 58 14 3.090
6 52 12 2.948
dorsal mPFC -8 51 29 808 3.719
-6 56 26 3.540
—4 57 30 3.353
-10 42 42 104 3.353
TPJ —52 —62 35 1592 3.540
—40 —58 30 2911
—48 —74 34 2.652
Posterior cingulate 0 —52 28 1728 3.719
-1 —52 29 3.540
4 —47 30 3.353
-10 —56 28 3.156
Other Areas in cerebrum
Parahippocampal gyrus —21 -14 -20 2264 3.540
—25 =17 -19 3.353
=21 -18 =15 3.239
—28 -22 -17 3.156
Somatomotor > mentalizing seeds in cerebellum
Mirror Areas in cerebrum
pSTS 54 -59 8 720 3.239
55 =59 4 2.794
47 —54 2 2.848
50 —55 1 2.748
Inferior frontal gyrus -37 30 6 120 2.948
—38 34 6 2911
Other Somatomotor areas in cerebrum
Precentral gyrus -30 -30 52 464 3.540
Postcentral gyrus =32 —34 52 3.353
—34 -29 54 3.156

Anatomical labels given according to the ALE atlas.
Volume in mm? for each cluster; Value = ALE Extrema value.

All x-y-z coordinates are according to the Talairach & Tournoux (1988) atlas or transformed from MNI to Talairach & Tournoux (1988)
using the Brett transform. All ALE peaks are significant at P < 0.05, FDR corrected and with volume > 100 mm?.

network (red) in the cerebrum, including major areas of
the mPFC, TPJ and posterior cingulate (Fig. 2). Likewise,
the clusters in the cerebellum involving mainly mirroring
and person trait tasks [Van Overwalle et al., 2015] were
substantially and distinctly connected to the somatomotor
areas in the cerebrum, including the typical mirror net-
work (green) that encompasses the pSTS and inferior fron-
tal gyrus, as well as the primary somatomotor (blue)
network that includes the precentral and postcentral gyri
(Fig. 3). Although mentalizing activity and connectivity
prevailed for all three mentalizing processes involving
event, person and abstract tasks (across cerebellum and
cerebrum), there was a small exception when judging a
person’s traits (mainly the self; see Van Overwalle et al,,
2014), which also revealed activity and connectivity of
somatomotor networks. This finding confirms the original
interpretation of Van Overwalle et al. (2014) that bodily

experiences and awareness play a role in evaluating the
self.

The present connectivity findings confirm the recent
interpretation of the meta-analytic results on distinct net-
works in the cerebellum by Van Overwalle et al. (2015),
and thus shed new light on the function of the cerebellum
in social cognition. In the original meta-analysis by Van
Overwalle et al. (2014), cerebellar activity was interpreted
in relation to non-social functions as described in other
meta-analyses of the cerebellum that investigated evolu-
tionary “older” motor and emotional functions as well as
“younger” executive and language functions [E et al,
2014; Stoodley and Schmahmann, 2009]. It was concluded
that the cerebellum plays a general role in supporting
social cognition across different functional tasks. The pres-
ent analysis suggests a markedly different conclusion.
Rather than a general function, the distinct connectivity
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Figure 2.

Functional connectivity in social mentalizing from the cerebellum
to the cerebrum. All ALE clusters are significant at P < 0.05,
FDR corrected, and with volume > 100 mm?. The bottom of the
figure shows the 7-network parcellation of the cerebrum (Yeo

patterns indicate that social cognition in the cerebellum
triggers activity in function-specific cerebellar networks
that are connected to function-specific networks in the cer-
ebrum serving an identical function.

Moreover, the functional connectivity patterns identified
in these analyses, provide further meta-analytic support
for the parcellation of the cerebellum conducted by Buck-
ner et al. (2011; see also Buckner, 2013) founded on the
functional connectivity with networks in the cerebral cor-
tex (Yeo et al., 2011). While the connectivity results of this
group of researchers were based on activity during idle
rest in the scanner, the present study revealed the same
connectivity patterns for some of the major networks while
participants were actively engaged during various social
judgment tasks. The present results are also consistent
with earlier anatomical findings reporting topographically
ordered reciprocal cerebellar-cerebral loops via the pons
(Schmahmann, 1996). Animal studies indicated that the
majority of these connections are characterized by circuits
that reflect predominantly contralateral closed loops [Kelly
and Strick, 2003] although more open-ended, ipsilateral
loops have also been reported [Suzuki et al., 2012]. Human
research exploring structural connectivity using diffusion

et al., 2011). Adapted with permission from Figure |l of Yeo
BTT, Krienen FM, Sepulcre |, Sabuncu MR, Lashkari D, Hollins-
head M, Buckner RL, | Neurophysiol, 2011, 106, 1251165,
© Americal Physiological Society

imaging reported similar cerebellar-cerebral circuits [Salmi
et al., 2010; Sokolov et al., 2014].

An important limitation of the present approach is that
functional connectivity was measured through shared
activity across studies. Specifically, the analysis identified
which brain areas reveal coactivation (i.e., peak coordi-
nates reported together) and how systematic these coacti-
vations are across studies. The unit of analysis was a
complete study, not a participant. Hence, the present data
do not demonstrate that real functional connectivity exists
within individual brains of the participants. Another limi-
tation of this study is that the direction of the connectivity
was not assessed, because there was no access to the exact
timing of the shared activity.

At a theoretical level, it remains unclear what specific
purposes and processes the cerebellum serves in social
cognition. Several authors [Andreasen and Pierson, 2008;
Bower, 1997; Schmahmann, 1998] suggested that the cere-
bellum regulates mental operations in much the same way
as it regulates movements. According to Schmahmann
(1998), its general function is to facilitate “actions harmoni-
ous with the goal, appropriate to context, and judged
accurately and reliably according to the strategies mapped
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Somatomotor Connectivity
@ Mirroring

Person Trait

@ Somatomotor integration
@ Somatomotor

Figure 3.

Functional connectivity in somatomotor/mirroring processes from
the cerebellum to the cerebrum. All ALE clusters are significant at
P < 0.05, FDR corrected, and with volume > 100 mm?>. The bot-
tom of the figure shows the 7-network parcellation of the cere-

out prior to and during the behavior. In this view, the cer-
ebellum detects, prevents, and corrects mismatches
between intended outcome and perceived outcome of the
organism’s interaction with the environment” (p. 367). And
more specific to social cognition, he also noted that dis-
turbed cerebellar functionality leads to “unpredictability to
social and social interaction” (p. 368). Thus, the cerebellum
might be a general modulator to prevent and correct errors
of actual movement as well as unobserved thought, and it
is doing so for distinct functional processes, including social
cognitive functions.

The critical role of the cerebellum is perhaps better
understood from the perspective of its essential function
in constructing internal models of mental processes involv-
ing sequencing and planning of action, in order to auto-
mate and fine-tune not only voluntary motor processes,
but also cognitive processes where event sequences play a
role [Ito, 2008; Pisotta and Molinari, 2014]. This sequencing
role is most evident and prominent in mental reconstruc-
tions of autobiographic past, future or hypothetical events.

brum (Yeo et al,, 2011). Adapted with permission from Figure 11
of Yeo BTT, Krienen FM, Sepulcre |, Sabuncu MR, Lashkari D, Hol-
linshead M, Buckner RL, ] Neurophysiol, 2011, 106, 1125-1165, ©
Americal Physiological Society.

Thus, to understand observed events and their underlying
goal, or to infer traits from a person’s observed behavior,
it is imperative that sequences of actions can be imagined
or interpreted into a meaningful whole. The cerebellum
may play a functional role in this sequencing process dur-
ing social cognition. One view [Ito, 2008; Pisotta and Moli-
nari, 2014] suggests that such internal models are a copy
from the social event implications generated in mentaliz-
ing areas in the cerebrum and allows humans to anticipate
better action sequences during social interaction in an
automatic and intuitive way and to fine-tune these antici-
pations. Thus, signals from the cerebellum might continu-
ously check whether an anticipated event sequence based
on (abstract) social information fits with current behavior.
For example, if we meet a neighbor whom we attribute a
friendly trait to based on past observations, we learn to
reciprocate with appropriate behaviors (e.g., we approach
her with friendly remarks). This behavioral anticipation
might be copied into and reconstructed by an internal
model in the cerebellum holding predictable patterns of
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behavior and learned social responses. This allows us to
act automatically and socially adept each time we see our
neighbor, and to be quickly on alert when mismatches in
these predictions occur.

This reasoning suggests that the role of the cerebellum
might be relatively automated during the processing of
typical events (revealing minimal neural activity), but less
so in reconstructing novel past or future events, or in
more complex events (revealing more activity). This is in
line with the finding that the level of cerebellar recruit-
ment differs between social tasks. The meta-analysis by
Van Overwalle et al. (2014) revealed higher involvement
of the cerebellum (77% of the studies) in more abstract
and complex social-cognitive inferences (e.g., projecting
oneself into future or hypothetical events, or recalling
autobiographical past events), while cerebellar activity was
more limited for ordinary social judgments (e.g., mirror-
ing, event, and person mentalizing; 23%-32% of the stud-
ies). Interestingly, the present results showed stronger
mentalizing connectivity also with parahippocampal gyri
under abstract, often autobiographic task conditions. Like-
wise, recent findings from our lab indicate that the cerebel-
lum is strongly recruited when trait-implying behavioral
descriptions are repeated, that is, when novel behaviors
need to be integrated with prior behavioral information
[Heleven and Van Overwalle, 2015; Ma et al., 2014a,b].
Hence, it is quite likely that in order to reconstruct or inte-
grate appropriate sequences from past events or to con-
struct de novo future or hypothetical events, extra
cerebellar capacity has to be recruited.

Thus, although distinctly connected with function-
specific input and networks, the cerebellum might play a
more common basic role in acquiring and predicting
motor and cognitive sequences which underlie not only
the understanding of planned and observed actions, but
also the construction of internal mental models about cur-
rent events, traits (abstracted out of events), and past,
counterfactual or future autobiographic events. This func-
tion would be taxed more heavily when imagining novel
or complex event sequences. These ideas concerning the
role of the cerebellum are admittedly still at an early stage.
One obvious avenue for future research is to test the idea
that sequencing is an important aspect of the cerebellar
function in social cognition.

CONCLUSION

The present connectivity analysis provides support for
an alternative interpretation of the meta-analysis of Van
Overwalle et al. (2014). Instead of being involved in gen-
eral non-social functions as originally suggested in the
2014 article, the cerebellum seems to plays a crucial role in
social cognition by function-specific mentalizing and
somatomotor processes. This conclusion is based on the
distinct coactivation between these respective networks in
the cerebellum and the cerebrum. Future research is

needed to explore the functional connectivity at the level
of individual participants, and to resolve theoretical ques-
tions with respect to the basic processes underlying cere-
bellar activity in social cognition. It is suggested that event
sequences might be the common underlying functionality.
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