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Abstract

This meta-analysis explores the role of the posterior cerebellum Crus I/II in social mentalizing. We identified over 200 func-
tional magnetic resonance imaging (fMRI) studies via NeuroSynth that met our inclusion criteria and fell within bilateral Crus
II areas related to ‘sequencing’ during mentalizing (coordinates±24−76−40; from earlier studies) and mere social ‘mental-
izing’ or self-related emotional cognition (coordinates±26−84−34; from NeuroSynth), located in the cerebellar mentalizing
network. A large majority of these studies (74%) involved mentalizing or self-related emotional cognition. Other functions
formed small minorities. This high incidence in Crus II compares very favorably against the lower base rate for mentalizing
and self-related emotions (around 35%) across the whole brain as revealed in NeuroSynth. In contrast, there was much less
support for a similar role of Crus I (coordinates−40−70−40 from earlier ‘sequencing’ studies) as only 35% of the studies were
related to mentalizing or self-related emotions. The present findings show that a domain-specific social mentalizing func-
tionality is supported in the cerebellar Crus II. This has important implications for theories of the social cerebellum focusing
on sequencing of social actions, and for cerebellar neurostimulation treatments.
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Introduction

For a long time, it was believed that the cerebellum is exclusively
involved in motor control. During the last decades, however, a
paradigmatic shift took place supported by empirical evidence,
indicating that the cerebellum also supports non-motor mental
functions (Schmahmann et al., 2019), especially in the poste-
rior lobe, which is evolutionary younger (Lent et al., 2012). Even
more recently, accumulating evidence suggests that the poste-
rior cerebellum also supports social cognition (Van Overwalle
et al., 2014, 2015a). Social cognition is the process of perceiving

and interpreting the behavior and state of mind of people,
including the self (Amodio and Frith, 2006; Van Overwalle, 2009;
Van Overwalle and Baetens, 2009). One of the most advanced
human social cognitive functions involves interpreting a per-
son’s mind, termed ‘mentalizing’. It requires insight in the
mental state of another person or the self, ranging from under-
standing concrete here-and-now intentions, causes, emotions
and beliefs, to abstract social inferences in terms of personality
traits (Spunt et al., 2010; Meyer et al., 2012; Spunt and Lieberman,
2012; Baetens et al., 2013), past or future autobiographic events
(Svoboda et al., 2006; Spreng et al., 2008; Martinelli et al., 2012),
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as well as hypothetical thoughts (Van Hoeck et al., 2013). Dis-
tortions in mentalizing are considered to cause anomalies in
social and affective functioning, such as in autism spectrum
disorder, schizophrenia, paranoia and pre-frontal syndromes
(D’Mello et al., 2015; Mothersill et al., 2016; Stoodley, 2016).

Although neuroimaging studies on mentalizing focused
mainly on the cerebral cortex, more specifically the mental-
izing/default network (Van Overwalle, 2009; Van Overwalle
and Baetens, 2009; Yeo et al., 2011; Schurz et al., 2014),
a seminal meta-analysis by Van Overwalle and colleagues
(Van Overwalleet al., 2014, 2015a) provided novel evidence that
mentalizing processes are also sub-served by the posterior cere-
bellum, which is part of the mentalizing/default network of the
cerebellum (Buckner et al., 2011). Mentalizing should be distin-
guished from mirroring, which refers to social understanding by
directly observing human bodily motion (of limbs, arms, hands,
etc.). In mirroring, social understanding is limited to inferring
the goal of human biological movement by direct matching to
a representation in one’s memory of own actions and their
goals (Gallese et al., 2004; Keysers and Perrett, 2004; Keysers
and Gazzola, 2007; Uddin et al., 2007). Mirroring is supported
by the mirror network, a part of the sensorimotor network
located in the cerebrum (Yeo et al., 2011) and anterior cerebellum
(Buckner et al., 2011), which falls beyond the scope of the present
meta-analysis.

Mentalizing in the posterior cerebellum

Although consensus is growing that mentalizing is sub-served
by the posterior cerebellum (Van Overwalle et al., 2014, 2015a,
2015b), it is unclear whether this process is unique and spe-
cialized in some areas in the posterior cerebellum. Are some
areas in the posterior cerebellum uniquely activated during this
mentalizing process, or are many other processes sub-served?
If specific areas in the posterior cerebellum are preferentially
engaged in mentalizing, which mentalizing functions are mostly
supported? The aim of this paper is to address these ques-
tions by conducting a meta-analysis of cerebellar areas that are
involved in social mentalizing and other functions. For this, we
use a somewhat unusual strategy: Instead of screening all social
studies and looking up which cerebellar areas are activated, we
turn this classic procedure upside down and select specific areas
known to be strongly involved in social cognition, and look at
all the studies, irrespective of domain, that reported activation
in these areas. This is novel, because previous meta-analyses
demonstrated only that the cerebellum played a role in social
cognition, but did not focus on the relative contribution of the
posterior cerebellum during social cognition and mentalizing
in particular, or on specific mentalizing functions that it may
underlie.

There is indeed evidence revealing that the posterior cere-
bellum might not be preferentially engaged for social cognition
after all. An early functional meta-analysis of the cerebellum
(Stoodley and Schmahmann, 2009; E et al., 2014) did not report
social functions, but pointed to a plethora of other non-social
processes that the cerebellum might support. These involved,
apart from the classic function of motor perception and exe-
cution, other cognitive functions such as semantics, language
and executive control. The meta-analysis by Van Overwalle and
his team (Van Overwalle et al., 2014, 2015a) provided evidence
that mentalizing is sub-served by the posterior cerebellum, but
did not investigate how unique this process is. A recent meta-
analysis (Guell et al., 2018) provided evidence for social cognition

in the cerebellum, but the task was limited to the percep-
tion of biological motion of geometric shapes, which is not
very representative of human social mentalizing. Recent studies
with cerebellar patients documented dysfunctions in lower and
higher levels of mentalizing, but did not relate each dysfunction
with specific cerebellar areas (Clausi et al., 2019; Van Overwalle
et al., 2019a). In sum, although earlier work demonstrated that
the cerebellum is involved in social cognition, it did not address
the question of how unique this involvement is in comparison
with other psychological processes, nor did it compare system-
atically which distinct mentalizing processes are supported by
the cerebellum.

Social action sequences in the posterior cerebellum

To answer these questions, it is instructive to briefly review
recent developments on the theoretical role that the cerebel-
lum might play during mentalizing. There is general agree-
ment that the main function of the cerebellum involves motor
implementation, monitoring and automatization, through the
construction of implicit internal models of motor behavior
and its anticipated somatosensory consequences. It has been
suggested that during evolution, a more advanced function
developed whereby the cerebellum constructs internal mod-
els of pure mental processes in the form of event sequences,
without involvement of overt movements and somatosensory
responses (Ito and Schuman, 2008; Leggio et al., 2011; Pisotta
and Molinari, 2014). This learning and automatization of action
sequences in internal cerebellar models allow to send out imme-
diate error signals when unexpected events or environmental
changes occur. Applied to social cognition, this evolutionary
recent function may support intuitive social understanding of
human action and facilitate corrective insight and adaptation
to novel social circumstances (Heleven et al., 2019; Van Over-
walle et al., 2019b). Internal cerebellar models may also allow
humans to plan actions in advance and to engage in social inter-
action, by anticipating various potential sequences of responses
of other agents and alternative ways to reach one’s goal. In sup-
port of this view, several functional magnetic resonance imaging
(fMRI) connectivity studies confirmed that there are strong links
between the posterior cerebellum and key mentalizing areas
in the cerebral cortex, such as the temporo-parietal junction
(TPJ) and the medial frontal cortex (mPFC) (Van Overwalle et al.,
2015b, 2017, 2019c, 2020; Heleven et al., 2019; Van Overwalle and
Mariën, 2016).

If these theoretical claims are correct, then mentalizing
might engage the cerebellum most strongly when predicting an
appropriate sequence of social actions that require the under-
standing of an agent’s mental state. A key aspect of mentalizing
is that observers should be able to understand another person’s
belief even when that belief contradicts reality. This aspect is
investigated during false belief tasks: unbeknownst by a protag-
onist, an object is displaced and the critical question is where
the protagonist will look for the object (e.g. upon his or her
return). To illustrate, if Anne removes Sally’s candy from a bas-
ket to a box during Sally’s absence, where will Sally look for her
candy when she returns? It takes children up to about 4 years
before they can adequately respond to this task by pointing to
the original location of the object (where the protagonist Sally
saw it last: the basket) rather than where the object is currently
located (the box). The original location (involving the correct
response) is termed ‘false’ because it refers to a situation that
does not reflect the current ‘true’ location.
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Fig. 1. Prisma diagram of the meta-analysis on Mentalizing and Emotional self-experiences.

In a recent pilot study (Van Overwalle et al., 2019a), patients
with generalized cerebellar lesions showed the greatest impair-
ments compared to healthy control participants when they had
to generate the correct order of four cartoon-like pictures that
required the understanding of false beliefs. There were no sig-
nificant impairments for generating the correct order of routine
events that involved mechanical sequences (e.g. a car hitting a
rock, then hitting and breaking a tree downhill) or social scripts
(e.g. going to the groceries by entering the building, picking
items, paying, saying bye and leaving). This seems to indicate
that a key social function of the cerebellum involves the cor-
rect sequencing of social actions that require the understanding
of mental states. A follow-up fMRI study involving healthy sub-
jects (Heleven et al., 2019) also employed this picture sequencing
task, and extended it with true beliefs stories (which only require
an understanding of another person’s beliefs that coincide with
reality) and with a similar verbal version of the task. The results
showed that both false and true belief stories in both, pictorial
and verbal task versions, engaged the bilateral posterior cere-
bellum more than non-social mechanical stories. The cerebellar
areas recruited during this study are the starting point of our
meta-analysis, as discussed below.

Regions of interest and hypotheses

To test the mentalizing role of the posterior cerebellum, we
queried the NeuroSynth database (neurosynth.org) for all stud-
ies that fell within pre-designated regions of interest (ROIs),
and categorized all studies for their mentalizing and non-
mentalizing functionality.

To isolate ROIs specialized for mentalizing in the posterior
cerebellum, we started from recent fMRI studies that investi-
gated a key aspect of cerebellar mentalizing: generating the
correct sequence of social events that require the understanding
of a person’s beliefs. In the study by Heleven et al. (2019) previ-
ously mentioned, a contrast involving sequencing of true and
false belief stories against non-social mechanical stories (includ-
ing pictorial and verbal stories; total n=73) revealed activation
in the right posterior cerebellum Crus II with Montreal Neu-
rological Institute (MNI) coordinates 25−75−40 (see also Van
Overwalle et al., 2020). Exactly the same right Crus II ROI was also
identified in an earlier connectivity study by Van Overwalle and
Mariën (2016; see also Van Overwalle et al., 2019c) that pooled 5
studies (total n=91) investigating the role of the cerebellum in
abstract social reasoning, including person trait inferences and
hypothetical counterfactuals.

Given this evidence, we defined this right Crus II peak as
our primary ROI 1 together with its left mirror location (ROI 2),
and denoted these as ‘sequencing’ ROIs given their potential
role during social action sequencing (see Figure 2). Note that
these two ‘sequencing’ ROIs are clearly located within the men-
talizing network demarcated by Buckner et al. (2011). They are
also quite close to two lateral Crus II cluster peaks reported
in a recent meta-analysis by Guell et al. (2018;−24−79−36;
20−78−34; about 6–8 mm away).

In addition, we derived two bilateral Crus II ROIs from the
automated social ‘mentalizing’ meta-analyses in NeuroSynth
(ROIs 3 and 4 with MNI coordinates±26−84−34, extracted from
the 50 topics set in the NeuroSynth database as of July 2018 (topic
#8 and #28, which contains 1054 and 951 studies respectively;
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Fig. 2. Regions of interest and results of the meta-analysis for the ‘Mentalizing’ and ‘Emotional self-experiences’ Task (sub)categories (the remaining task categories

are indicated by white bars). ROIs taken from a top view (z=−40;−34) and a back view (y=−75;−70;−84). The sequencing ROIs 1, 2 and 5 are superimposed on the

parcellation of 7 networks from Bruckner et al. (2011), where the white area reflects the mentalizing/default network, and the neighboring light grey area the executive

network. The mentalizing ROIs 3 and 4 are taken from NeuroSynth. ROIs 1–4 are in Crus II, ROI 1 with MNI coordinates 25−75−40 (Van Overwalle and Mariën, 2016;

Van Overwalle et al., 2019c 2020), ROI 2 as it is the left counterpart with MNI coordinates−25−75−40, ROIs 3 and 4 with MNI coordinates±26−84−34 from the

mentalizing (topic 8 and 28) meta-analysis in NeuroSynth. ROI 5 is in the right Crus I with MNI coordinates−40−70−40 (Van Overwalle et al., 2019c).

https://neurosynth.org/analyses/topics/v5-topics-50/8; for more
details, see Poldrack et al., 2012). Other extractions that include
‘mentalizing’ as keyword were also available, such as from the
100 topics set (topic #071, which contains 688 studies) and the
200 topics set (topic #145, which contains 478 studies). Although
these sets are arguably more precise, they nevertheless contain
fewer studies that might be relevant (e.g. topic #071 from the
100 topics set included the top-loading term ‘non-verbal’ and
excluded some studies using exclusively verbal material). More-
over, the selected coordinates for ROIs 3 and 4 fall right in the
clusters of these alternative topics sets. It is interesting to note
that the 200 topics set has two topics that include ‘mentalizing’
as a keyword, one with mentalizing as main topic (#145) iden-
tified before and which shows robust cerebellar activity, while
the other (#154) involves predominantly social interaction and
shows essentially no cerebellar activity.

Because we will use the NeuroSynth database also for
identifying studies of interest for our meta-analysis, it might
seem that taking these ‘mentalizing’ ROIs 3 and 4 from the
same database results in a sort of double dipping. Nonethe-
less, an independent analysis of their underlying functions is
important because it is still unclear which mentalizing and
non-mentalizing functions might be related to these two ‘men-
talizing’ ROIs 3 and 4, and to what extent these are similar to
the other ‘sequencing’ ROIs 1 and 2. Moreover, as we will see
later, many studies reporting coordinates in ROIs 3 and 4 do not
involve task activations, but indirect neural measures such as
connectivity, volume and so on. These are only remotely related
to mentalizing processes, and therefore were eliminated from

our analysis. Consequently, the present analysis of ROIs 3 and
4 might be considered as an additional validation and deeper
scrutiny of the automated NeuroSynth meta-analysis; it will be
interesting to learn whether the automated NeuroSynth topical
meta-analyses for mentalizing make sense or not.

We hypothesize that these four ROIs are most likely spe-
cialized for mentalizing (including emotional self-experience as
they refer to mentalizing about the self). If this prediction is
correct, we expect a great majority of mentalizing functions
to be recruited by these posterior cerebellar areas, in compar-
ison with non-mentalizing functions and in comparison with
the base rate of mentalizing functions across the whole brain
in the NeuroSynth database. Given the evolutionary role of the
cerebellum in motion, we further predict that within the men-
talizing functions, the following input material will recruit our
ROIs most prominently: observed or verbally described human
movements or actions (e.g. facial and bodily expressions; visual
information on human actions), which induce mental infer-
ences (e.g. on other’s emotional states and true or false beliefs),
and perhaps also remembered or imagined human actions (e.g.
autobiographic memories), based on the assumption that even
(static) pictures and verbal descriptions may easily generate
notions of dynamic action. In contrast, other input such as the
mere physical presence of humans or judgments without any
sequence of events will recruit our ROIs less likely, such as trait
judgments based on trait adjectives (i.e. they imply past actions
but do not directly refer to a sequence of actions).

Finally, from the study mentioned earlier by Heleven et al.
(2019) on sequencing true and false belief stories, another peak

https://neurosynth.org/analyses/topics/v5-topics-50/8
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was identified using the same procedure involving a contrast
of true and false belief stories against non-social mechanical
stories, in the left posterior cerebellum Crus I located some-
what more peripherally with MNI coordinates−40−70−40 (see
also Van Overwalle et al., 2020). This peak served as ROI 5. To
the extent that ROI 5 is very close to the executive network
(Buckner et al., 2011) as can be observed in Figure 2, it might
reveal relatively less empirical support for mentalizing function-
ality, and as such may serve as a sort of baseline to estimate the
relative contribution of mentalizing reasoning in the posterior
cerebellum in more general.

Method

Selection of studies

The fMRI studies reviewed in the current meta-analysis were
taken from the NeuroSynth database (neurosynth.org). A study
was defined as a single fMRI experiment, and all coordinates
from all task-related analyses in each study were eligible (in the
same manner as in NeuroSynth). No attempt was made to
include studies from other databases, because as far as we are
aware, NeuroSynth is currently the only one that allows to select
studies on the basis of pre-defined ROIs. An overview of the iden-
tification of studies, their screening and eligibility is given in
Figure 1.

As detailed in the introduction, we selected five ROIs in the
posterior cerebellum that were related to mentalizing (Figure 2).
Note that for the right ‘sequencing’ ROI 1, the data from Heleven
et al. (2019) were pooled across pictorial and verbal sequenc-
ing tasks. A contrast comparing sequencing of true and false
belief stories against non-social mechanical stories (P< 0.05
FWE-corrected) resulted in a cluster peak with MNI coordi-
nates 25−75−40 after rounding to the next 5 mm, and which
matched exactly with the ROI of Van Overwalle and Mariën
(2016). Afterward, in NeuroSynth, the MNI coordinates of the
right and left ‘sequencing’ ROIs were automatically rounded to
even values±24−76−40.

We identified all studies in NeuroSynth within a radius of
6 mm around the coordinates of all five ROIs. From these, we
selected studies that fulfilled the following inclusion criteria:

• MRI studies that reported functional results. Conse-
quently, MRI studies involving only resting state or
connectivity analyses, structural or volumetric measure-
ments, an independent or principal component analysis,
or coupled with EEG measurements, were excluded. PET
studies were also excluded.

• fMRI results expressed in MNI template (Collins et al.,
1994) to make sure that the reported peaks fell within
the 6 mm radius. Studies with Talairach coordinates
(Talairach and Tournoux, 1988) were excluded because,
contrary to the claim on the NeuroSynth website, more
often than not, Talairach coordinates were not converted
to MNI coordinates. In addition, converting coordinates
from Talairach to MNI might be potentially very biased
for the cerebellum, because this area is the furthest away
from the zero brain coordinates. Moreover, fMRI studies
with incorrectly reported coordinates in NeuroSynth or in
the original study (i.e. not located within the anatomical
area indicated) were also excluded, since they did not fell
within the 6 mm radius.

• fMRI results that involved unmedicated healthy partici-
pants, either adults or adolescents (i.e. > 10 years old, see

also Van Overwalle et al., 2015b). Clinical studies were
included if they reported the separate and independent
results of healthy control participants. In contrast, stud-
ies with children (<10 years old) or fMRI coordinates
resulting from statistical interactions with patients, med-
ication, a chemical substance or genetic measurements
were excluded.

• fMRI studies that involved a comparison against an ade-
quate control condition or a parametric regression anal-
ysis. This excluded, for instance, comparisons between
left and right hemispheres (Stevens et al., 2005) and
fMRI coordinates that showed more activation during a
control rest condition than an experimental condition
(e.g. Schlerf et al., 2012; Spreng et al., 2014), except when
predicted (e.g. Ishizu, 2014).

• fMRI coordinates from empirical findings for the whole
(sub)sample. Consequently, coordinates from individ-
ual participants were excluded, as well as from meta-
analyses and review studies.

Of the more than 400 studies initially identified, these cri-
teria led to the inclusion of 207 (49%) valid studies in total.
Table 1 lists the criteria for exclusion and the number of stud-
ies involved (see also Supplementary Table S1), as well as some
study/demographic variables of the included studies (i.e. gen-
der, age and sample size without participants excluded from
the analysis). A chi-square test revealed that none of the ROIs
showed an unequal distribution of the exclusion criteria (rel-
ative to the total number of studies excluded in each ROI),
P> 0.99.

Note that some studies were identified for more than one
ROI. This is due to the fact that the centers of the ROIs are only
11 mm apart and the 6 mm radius in each ROI thus causes some
overlap. To illustrate, several studies appear in multiple ROIs
with different coordinates (e.g. Bzdok et al., 2012, appears in ROI
2, ROI 4 and ROI 5; Korn et al., 2012, appears in ROI 3 and ROI 4;
2014, appears in ROI 3 and ROI 4; Schnell et al., 2011, appears in
ROI 3 and ROI 4; Wilson et al., 2008, appears in ROI 1 and ROI 2)
or with the same set of coordinates (e.g. Hartwright et al., 2015
appears in ROI 1 and ROI 3).

Classification of studies

Next, we identified several task categories that were most sim-
ilar among a set of studies. The classification of each study
into a task category was determined by the description of task,
stimuli of the main condition (in the contrast or regression),
instructions and contrast between experimental and control
conditions, using similar criteria as in earlier meta-analyses by
Van Overwalle and colleagues (Van Overwalle, 2009; Van Over-
walle and Baetens, 2009; Van Overwalle et al., 2014) and Schurz
et al. (2014; see Table 2 for some examples, Supplementary Table
S1 for more details).

The criteria for mentalizing, as well as for non-mentalizing
functions, were detailed as follows:

• Mentalizing: First, we excluded (visually) observed limb
(e.g. hand, arm, leg) movements because this may induce
goal inferences based solely on social ‘mirroring’ pro-
cesses, which do not require mentalizing. Second, in line
with the task categories specified by Van Overwalle (2011)
and other meta-analyses listed above, and based on the
stimulus material of the main condition and the statisti-
cal analysis (i.e. contrast or parametric modulation), we
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Table 1. Criteria and number of excluded studies; demographics of included studies

Regions of interest (radius 6 mm)

Sequencing Mentalizing Sequencing

ROI 1 ROI 2 ROI 3 ROI 4 ROI 5
Right Crus II Left Crus II Right Crus II Left Crus II Left Crus I
24−76−40 −24−76−40 26−84−34 −26−84−34 −40−70−40 Studies %

Excluded studies

Criteria for exclusion:
Technique and analysis

Volume 3 1 4 3 3 14 3%
Connectivity 7 2 10 8 4 31 7%
Resting state 2 4 9 2 7 24 6%
Meta-analysis 0 0 1 1 2 4 1%
Other (SPECT, EEG, etc.) 0 1 1 3 3 8 2%

Population and non-psychological factors
Patients 7 13 9 10 12 61 14%
Medication/substance 0 0 1 1 1 3 1%
Genetic interaction 1 0 1 0 0 2 0%

Coordinates
Incorrect coordinates 1 1 2 0 1 5 1%
Talairach coordinates 11 8 19 8 9 55 13%

Other
1 2 3 1 1 8 2%

Number of excluded studies 33 32 60 37 43 215 51%
% of excluded studies 40% 52% 52% 49% 56%

Included studies

Demographics (means):
Number of participants 23.0 45.6 40.6 45.3 20.2
Males 12.2 20.1 18.1 22.1 11.8
Mean age 28.2 27.3 26.6 25.7 25.2

Number of included studies 48 30 56 39 34 207 49%

A chi-square test revealed that none of the ROIs showed an unequal distribution of the exclusion criteria, P> 0.08. SPECT = Single Photon Emission Computed
Tomography; EEG = Electro-encefalography

identified mentalizing through a number of content sub-
categories. These sub-categories are listed below, loosely
ranged from concrete (i.e. here and now) to abstract in
the line of Van Overwalle et al. (2014). If more than one
content sub-category was possible, we indicated in the
Supplementary Table S1 the higher level of abstraction:

• Social Meaning involves comprehension of human
actions and narratives, minimally about the goal-
direction of the action, without being asked explicitly
about the specific mental state of the agent (e.g. X goes
to the movies; Van Overwalle, 2011). This is based on
the assumption that understanding ‘rational actions …
requires attributing intentions to the protagonist of a
story’ (Schurz et al., 2014, p. 19). There is a wealth
of behavioral and neuroimaging research showing that
mental states are spontaneously inferred on the basis
of human behavior (Ma et al., 2011; Uleman et al., 2012;
Kovács et al., 2014; Schneider et al., 2017; Bott et al., 2019).
Consequently, the particular statistical contrast is of
less importance here and need not compare mentaliz-
ing vs non-mentalizing conditions, as long as meaningful
understanding is extracted from the information in the
main condition, and less so in the control condition.
For example, when participants are passively listening
or watching narratives about humans with the instruc-
tion that they will be asked questions about the plot, and
the statistical contrast compares language comprehen-
sion (narratives) vs rest (blank screen) (Wilson et al., 2008),

or when passively listening to narratives without further
instructions and the contrast shows increased activation
during semantic anomalies (Tesink et al., 2011).

• Emotion attributions to others (including preferences of
others), answering questions such as ‘what is X feel-
ing/liking?’ or ‘who is happier/angrier?’, which are often
based on stimuli involving facial and body expressions
as well as emotional ratings of human actions. There
is ample evidence that mentalizing ‘is implicated in
consciously reflecting upon or regulating … someone
else’s affective states (e.g. X smiles), which involves
empathizing with someone’s feelings’ (Van Overwalle,
2011, p. 1595). Note that emotional experiences by the
self are categorized in a separate task category (see
below).

• Social Animations of geometrical shapes (e.g. two trian-
gles) of which ‘the movements portrayed actions which
are typical for an intentional or social interaction’ (Schurz
et al., 2014, p. 16).

• Goals are implied given human actions and human nar-
ratives involving a target object or state when answering
questions such as ‘why is X doing this, what goal is X
pursuing?’

• Beliefs of others, answering questions such as ‘what is
X thinking/believing?’ often during human actions and
human narratives. This often involves ‘false belief stories
as the prototypical problem for theory of mind reasoning’
(Schurz et al., 2014, p. 13).
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• Morality by others, answering questions such as ‘what is
X’s responsibility?’ (e.g. X harms Y purposefully), often
during recounted or observed human actions and nar-
ratives. Describes ‘events of moral (in)justice with as
main element the intentional act of wrongdoing or help’
(Van Overwalle, 2011, p. 1595).

• Causality by others (i.e. agency), answering questions
such as ‘what is X causing/controlling?’ or ‘what caused
the behavior of X?’, also during recounted or observed
human actions and narratives. For example, when a per-
son has varying levels of control over reaching a target,
participants need to be aware of this and make appro-
priate causal attributions for successful performance
(Chaminade et al., 2012).

• Dilemmas under ‘the hypothesis … that feedback from
a social partner – indicated by her moves in the
game – is spontaneously used to infer her intentions,
even if participants are not explicitly told to mindread’
(Schurz et al., 2014, p. 15). Also includes self-decisions
in dilemmas without human opponents, because this
requires self-reflection about one’s hypothetical future
state for each of the options (and rewards) taken and
foregone.

• Autobiographies or memories about actions of the self
and others in a distinct past, future and hypothetical
imaginary situation, answering questions such as ‘what
was/will I be doing?’ (Van Overwalle et al., 2014).

• Traits of others and self, based on trait adjectives with-
out action descriptions, answering questions such as
what type of person someone is (e.g. how much does
‘smart’ apply to X?) involves ‘conceptual knowledge about
persons’ (Schurz et al., 2014, p. 13).

We further excluded from social mentalizing the mere pres-
ence of humans while their actions are unclear or undeter-
mined. Note that material that was not considered mentalizing
by the researcher(s) conducting the study, was screened on
the presence of humans in the stimuli (e.g. humans in the
scenes, events, etc.) as determined from the description in the
method section (denoted by Hmethod in Table 2 and Supplemen-
tary Table S1), examples in the method section (denoted by
Hexamples), or the Supplementary Material of the study (denoted
by Hsuppl). Any material that contained more than 50% humans
in the main experimental condition was included as mental-
izing if it fulfilled one of the content criteria described above.
For example, if sentences were explicitly screened for similar
meaning (i.e. synonyms) and more than 50% of the sentences
contained humans who engaged in various actions, this was
categorized under the sub-category ‘social meaning’ (Hoffman
et al., 2015).

• Emotional self-experiences given questions such as ‘How
are you feeling?’, or the attribution of an emotion to
a situation without a clear interactive social context or
actions, even without an explicit instructions to do so.
We categorized the emotion category as a separate cat-
egory in line with the majority of the emotion literature,
although strictly speaking, emotional self-experiences or
self-judgments involve mentalizing appraisal processes
with the self as object rather than another person, also
referred to as ‘conceptualization’ (Lindquist and Barrett,
2012) and ‘mentalizing’ (Van Overwalle, 2011). Neu-
roimaging research shows that emotions show a large
overlap with mentalizing (Van Overwalle, 2009, 2011),
especially when they involve consciously reflecting upon

the reconstruction of events and (re)appraisals that lead
to the emotion, or reflecting about their good or bad
outcomes (Cunningham et al., 2004 2007; Lindquist and
Barrett, 2012; Lindquist et al., 2012; Buhle et al., 2013).
Therefore, it is very likely that self-related emotions trig-
ger mentalizing appraisals and so recruit the posterior
cerebellum. This is supported by the finding that topic
#26 in the 50 topics set of NeuroSynth, which is of most
relevance, shows a ROI in the right posterior cerebellum
roughly at MNI coordinates 26−78−34, which is between
ROIs 1/2 and 3/4.

• Semanticunderstanding of language, that is, grasping the
meaning of words, sentences and narratives. To under-
stand a story or sentence, the comprehension of goals,
behaviors and mind of agents is often a prerequisite, so
that semantics share a lot of commonalities with men-
talizing (Mar, 2011). In line with the screening criteria
as described above, studies in this category are purely
semantic independent from a social context and contain
less than 50% trials with humans.

• Linguistic functions involving grammar, spelling
(of Western and Eastern characters) and pronunciation.
These were all categorized as non-mentalizing.

• Motor Execution and Motor Perception involve evolu-
tionary older key functions of the cerebellum, typically
located in the anterior cerebellum. As noted above, when
biological movements were executed by humans (or bio-
logical human-like movements by abstract shapes), the
perception of these actions was categorized under motor
perception as it may trigger social mirroring, rather than
mentalizing (Van Overwalle et al., 2014).

• Somatosensory refers to sensory functions that respond
to changes inside or at the surface of the body.

• Music that clearly requires sensory input or motor
responses that follow a sequence.

• Cognitive refers to a variety of processes such as exec-
utive functions to plan and direct goal-oriented behav-
ior, and ignoring or resolving inconsistencies. It also
includes memory and numerical operations. When out
of a social context, these functions were categorized as
non-mentalizing.

Classification of all the studies proceeded in two steps.
The initial decision on eligibility, checking of coordinates and
classification of task categories, modality, stimuli/material,
instructions and contrasts (see examples in Table 2) was made
after a first reading of each article by Frank Van Overwalle (FVO),
and Qianying Ma (QM) (ROI 1, 2 and 5), or QM alone (ROI 3 and 4).
These classifications were then thoroughly checked by FVO. This
final check generally confirmed the initial coordinates and the
sub-division of the major task categories and stimulus modali-
ties, although minor rephrasing and reinterpretation occurred
for the mentalizing sub-categories (stimuli), instructions and
contrasts. On the basis of a reviewer’s suggestions, the classifi-
cations of the Mentalizing and Emotion categories were checked
anew by FVO and QM, leading to some re-categorizations. All
these classifications are reported in full in the Supplementary
Table S1.

Results

Some exemplary studies are listed in Table 2, listing all major
tasks and mentalizing categories included in this meta-analysis.
Supplementary Table S1 lists the details of all individual stud-
ies, including task categories, mentalizing content, stimulus
modality, stimulus material, instructions and contrasts.
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A summary overview of the major task categories is given
in Table 3 (top panel), showing the percentage of studies that
revealed activation in each of the ROIs. As predicted, in Crus
II (ROIs 1–4), the mentalizing category involved the majority
of the studies with an average of 57% over all ROIs (ranging
from 46% to 67%), while in Crus I (ROI 5) this reduced to 35%.
Since the emotional self-experiences category may be consid-
ered as mentalizing, we also took both categories together. The
reason is that emotional self-experiences involve mentalizing
appraisal processes with the self rather than another person
as object of judgment. These self-directed processes have been
referred to as ‘conceptualization’ (Lindquist and Barrett, 2012)
and ‘mentalizing’ (Van Overwalle, 2011). This combined mental-
izing and emotional categorization resulted in an average Crus
II involvement for 74% of the studies, as compared to 35% for
Crus I. In addition, in Crus II a sizeable number of studies also
involved semantic, motor-related, musical and cognitive tasks
(each no more than 8% on average). In contrast, Crus I revealed
a variety of non-mentalizing processes, starting with cognitive
tasks as most strongly represented (most often numeric or mem-
ory tasks; 18%), followed by tasks related to semantics (15%),
somatosensory experience (12%), music (9%), motor processes
(6%) and language (6%).

We explored whether there were any differences between
the number of studies in Crus II against Crus I, using a X test
assuming an equal distribution across the ROIs. Comparing
mentalizing, emotional self-experiences and all other categories
combined (Table 3), this difference was highly significant, X

(2)=15.46, P< 0.001. We further explored any differences within
the four ROIs in Crus II and found an unexpected increase in the
right as opposed to the left ROIs for the semantic task category,
X (3)=14.00, P< 0.01. These findings are probably related to the
contralateral connectivity with left-located languages areas in
the cerebrum.

To provide a comparative base rate of the typical number of
fMRI studies of each task category, we queried the NeuroSynth
database and listed in Table 3 (top panel, far right) the number
of available studies under several topics from the set of 50 topics
in the database closely related to our task categories (extracted
in July 2018; Poldrack et al., 2012). This comparison evidently
assumes that the work tabulated in NeuroSynth, and in the field
at large, is somehow representative of the distribution of pro-
cesses in the human brain. Note that when more than one topic
was selected, we counted only one time each study contribut-
ing to multiple topics (i.e. without duplicates). As can be seen,
across the whole brain, all topics ranged between 6% and 29% of
all fMRI studies, indicating that the high incidence of mentaliz-
ing/emotion studies in Crus II in our study does not result from
a higher base rate of this type of studies, but seems to be specific
to this area. Although the topics from NeuroSynth are somewhat
arbitrarily selected and the reported base rates are therefore sug-
gestive at best, this conclusion is upheld when other relevant
topics from NeuroSynth are selected.

Table 3 (middle panel) also provides the mentalizing sub-
categories (see also Figure 2), reflecting the content of mental-
izing. Consistent with our prediction, for the ROIs in Crus II, the
highest percentages are found for mentalizing sub-categories
that directly reflect or imply human behavior and movement,
including social meaning (13%), explicit goals (6%), beliefs (15%)
and autobiographies (16%), with the highest incidence for emo-
tion attribution often via facial/bodily expressions (28%). Higher-
order attributions involving morality (1%) and causality (2%)
can be considered as higher-order goal attributions referring to
human responsibility and causality of goal-driven behavior and

may be added to that category. In contrast, as predicted, lower
percentages are generally found for mentalizing sub-categories
that do not reflect human action sequences, such as trait judg-
ments (12%) and dilemmas (6%). Note, however, that these
percentages are not compared against existing base rates, so
that they are descriptive at best. Exploratory X tests did not
reveal significant differences between the four ROIs of Crus II,
P> 0.05.

Finally, Table 3 (bottom panel) provides the stimulus cat-
egories of the mentalizing studies, which were derived from
the stimuli of the main condition in all included studies (see
Supplementary Table S1, ‘Stimuli of Main Condition’ columns).
Consistent with our prediction that the cerebellum is involved
in dynamic sequencing of action and movement, for the ROIs in
Crus II, on average the largest proportion of the stimulus mate-
rial involved human actions (47%) and autobiographic memories
of actions (12%), or a total of 59%. If we include facial/bodily
expressions (18%), the total proportion raises to a mean 77%.
Exploratory X tests revealed significant differences between the
Crus II ROIs for autobiographic memories, X (3)=10.00, P< 0.05,
showing that these were more activated for the right than left
ROIs. Note, however, that the proportion of all action- and
emotion-related material was also substantial for the Crus I ROI
5 (58%), suggesting that many mentalizing inferences in both
Crus I and II are supported by them.

Discussion

This meta-analysis explored the functional role of the posterior
cerebellum in mentalizing. Given that the ROIs in the bilateral
Crus II derived from earlier belief sequencing studies (‘sequenc-
ing’ ROIs 1 and 2 with MNI coordinates±24−76−40) and from
the NeuroSynth mentalizing meta-analysis (‘mentalizing’ ROIs
3 and 4 with MNI coordinates±26−84−34) are located within
the mentalizing network by Buckner et al. (2011) and are close
to the cluster peaks reported in a recent meta-analysis by Guell
et al. (2018), we hypothesized that these areas are specialized
in mentalizing. Consistent with this prediction, we found that
a large majority of 74% of the eligible studies involved men-
talizing functions, including emotions attributed to others and
self-experienced emotions. Other non-mentalizing functions
formed small minorities and were variously related to motor,
somatosensory and executive tasks (including music, seman-
tics, memory, numbers, and so on). We found no differences
in mentalizing activity between these four ROIs. The high inci-
dence of mentalizing in Crus II is very distinct from the lower
base rate across the whole brain as revealed in NeuroSynth.

Consistent with the hypothesis that the cerebellum is
involved in action sequence detection, a high incidence of men-
talizing sub-categories was based on actual or reconstructed
human actions, such as when attributing social meaning (i.e.
implicit goals), explicit goals, beliefs and autobiographic memo-
ries. Interestingly, the highest incidence was found for emotion
attribution, often on the basis of static facial and bodily expres-
sions. Given that emotion attribution and experience has been
left out from many recent meta-analyses on mentalizing (e.g.
Schurz et al., 2014; Van Overwalle et al., 2014; but not in Guell
et al., 2018), more research on the role of the cerebellum in
emotion attribution is needed to understand their relationship
with mentalizing. This relationship might be complex, as recent
studies with cerebellar patients show impairments on social
mentalizing, but not necessarily on emotion attribution (Clausi
et al., 2019; Van Overwalle et al., 2019a). In contrast, as predicted,
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lower percentages were generally revealed for mentalizing with-
out explicit human sequencing, such as trait attributions, and
dilemmas.

We also hypothesized that the Crus I ROI 5 (with MNI coor-
dinates−40−70−40) would reveal less empirical support for
mentalizing functionality, because it is located close to the
boundary of the mentalizing and executive network (Buckner
et al., 2011). Consistent with this expectation, only 35% of the
studies recruiting this area were related to mentalizing and self-
related emotionality. The other activations were related to a
variety of other mental processes, of which the most promi-
nent ones (i.e. cognitive, 18%, and semantic/linguistic, 15%) are
consistent with the location of this area close to the executive
network. Of critical importance is that the lower degree of men-
talizing activations in Crus I, together with the low base rate
in the NeuroSynth database, suggests that the high incidence
of mentalizing processes in our meta-analysis is related to its
specific location in the bilateral Crus II.

The high percentage of mentalizing studies in Crus II is sur-
prising. In an earlier meta-analysis on the cerebellum (Van Over-
walle et al., 2014; > 350 studies), activation of the cerebellum was
revealed in only about one-third of the social cognitive studies
(except for more abstract categories such as traits and autobio-
graphic memories, showing activation in about three-fourth of
the studies). However, this lower percentage in past research
might be due to several methodological limitations of the studies
included. We surmise that many researchers simply neglected
(parts of) the cerebellum in the scanning procedure (i.e. window)
or scientific reports, as they might have not expected that the
cerebellum was important for social functioning. Also surpris-
ing is that this earlier meta-analysis revealed most mentalizing
in Crus I rather than Crus II, although this might in part be due
to shortcomings in the conversion from the original Talairach to
MNI coordinates which may have led to underreported Crus II
clusters. In contrast, a recent large-scale analysis by Guell et al.
(G2018; 787 participants) reported about equal recruitment of
Crus I and Crus II, but their analysis involved only social ani-
mations and no other mentalizing tasks, which seriously limits
this finding. Moreover, as noted in the introduction, the high
incidence of mentalizing in Crus II is consistent with recent
fMRI studies focusing on the connectivity of the cerebellum with
the cerebral cortex among healthy adults (Van Overwalle et al.,
2019c, 2020) or individuals with autism (Olivito et al., 2018), and
the cerebellar network structure proposed by several authors
(Buckner et al., 2011; Guell et al., 2018).

The existence of a small incidence of additional functions
besides mentalizing in Crus II, such as various sensorimotor
and executive functions (including semantics, linguistics and
memory) is consistent with similar overlap found between these
functions in the meta-analysis of the cerebellum mentioned
earlier (Van Overwalle et al., 2014). More work is needed to estab-
lish whether these overlapping functions are empirically robust,
either at a meta-analytic level or within single studies. Are these
overlaps due to specific core operations that support multiple
mentalizing and non-mentalizing processes sub-served in these
cerebellar areas? Or are mentalizing vs non-mentalizing func-
tions separated by loose patchy boundaries in the cerebellum?
These are fascinating questions for future research. Perhaps
studies that directly compare social information processing (e.g.
false beliefs) with non-social controls (e.g. outdated photos), can
provide more insight in this question, by revealing areas in the
cerebellum common to the underlying reasoning but distinct
in their social content. However, from all studies reviewed in

this article, none provided sufficient information to answer this
question.

Limitations

The present meta-analysis has a number of limitations. Perhaps
the most important limitation is that readers should be aware
that we screened only a limited set of ROIs, not the whole Crus
I/II area. Thus, it might well be that beyond the ROIs investigated
here, some areas in Crus II are less specialized in mentalizing or
that some areas in Crus I are more specialized. Moreover, other
areas in the cerebellum might be relevant. For instance, lobule VI
was revealed by Van Overwalle et al. (2014) as another important
area involved in self-references and autobiographic memories
(often involving the self), and in the large-scale analysis by Guell
et al. (2018) as involved in social animations. However, this area
was also associated with many non-mentalizing tasks in the
meta-analysis by E et al. (2014) and Guell et al. (2018), so that it
might be less specialized for social mentalizing.

Second, the selection of studies was based on a single
database: NeuroSynth. This was for obvious reasons, namely,
to conduct a reverse meta-analysis starting from fMRI studies
within a set of pre-determined spheres (ROIs) in the posterior
cerebellum.

Third, the studies were limited to MNI coordinates. This
was because of the uncertainty surrounding Talairach coordi-
nates, as they were not always converted to MNI coordinates
in the NeuroSynth database and thus often fell beyond our pre-
determined spheres with 6 mm radius. Because current studies
are mostly reported in MNI coordinates, this limitation affected
most often older studies.

Fourth, we included emotional self-experiences as a sepa-
rate task category and not as part of our ‘mentalizing’ studies.
Although one might concur that that emotional self-experiences
involve somatosensory processes that are available only to the
self, and not when processing others, modern views of emotions
consider emotional appraisals or conceptualization as mentaliz-
ing processes, which are an intimate part of emotions (Lindquist
and Barrett, 2012) in which a person turns his or her perspec-
tive to the mental state of the self. More generally, many studies
categorized as mentalizing did not reflect pure social-cognitive
processes and often included elements of emotionality. This is
consistent with neuroimaging research showing that emotions
show a large overlap with mentalizing (Van Overwalle, 2009,
2011).

Fifth, we used the NeuroSynth database to gauge the base
rate of similar task categories across the whole brain. Although
the ‘topics’ in NeuroSynth are the closest match to the present
task categories, obviously they have been defined and compiled
in a completely different manner, so that these comparisons are
merely indicative.

Sixth, we found no lateralization in the ROIs considered,
except for semantics. This is an issue for further research on the
cerebellum, although this might be quite unsuccessful because
meta-analyses of cortical areas involved in social mentalizing
often failed to find evidence for strong hemispheric differences
(e.g. Schurz et al., 2014).

A final limitation concerns the specificity of the mentalizing
and self-related emotional processes being studied in this meta-
analysis. All socially relevant studies were included, except
for two categories—social mirroring and the mere presence of
humans (when their actions were unclear). Apart from these
two, it may appear that all aspects of social or self-referential
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cognition fall under the heading of mentalizing. However, this
may be a consequence of the sharp categorization of studies
in the service of our meta-analysis, since a more graded per-
spective is possible, and empirically supported. As mentioned
earlier, a recent study documented that cerebellar patients were
most impaired when generating the correct sequence of car-
toons involving false beliefs, but less so for social routines and
non-social events (Van Overwalle et al., 2019a). Likewise, an fMRI
study on the same task revealed the highest Crus II activation
when stories involved beliefs and less so when they involved
social routines and non-social events (Heleven et al., 2019). Thus,
to the extent that social actions are automated and require
little or no mentalizing, they seem to activate the posterior
cerebellum less or not at all.

Theoretical implications

Some popular explanations of the role of the cerebellum in social
cognition did not receive much support in the present study.
First, there was little evidence for theories that view the cerebel-
lum as a domain-general modulator of cognitive processes that
updates information and sends adaptive feedback to the cere-
bral cortex (e.g. Bower, 1997; Andreasen and Pierson, 2008). In
this view, the cerebellum itself is not responsible for any partic-
ular function, but rather facilitates the efficiency by which other
neocortical structures perform their own processes. Second, a
general time-keeping role of the cerebellum, which coordinates
the inputs and outputs from varied sources during processing,
as proposed by E et al. (2014), is also unlikely. If a timing function
plays a role in social thought, it most likely does so during mir-
roring of observed movements, which was not the focus of this
analysis.

In contrast, the present domain-specific results on mentaliz-
ing in Crus II are consistent with the view that the general func-
tion of the cerebellum is to construct internal models of motor
and non-motor sequences of behavior and to directly manipu-
late through error-feedback the final outputs of sensorimotor,
cognitive and emotional functions (Ito and Schuman, 2008; Leg-
gio et al., 2011; Pisotta and Molinari, 2014; Sokolov et al., 2017).
This general cerebellar role of sequencing reveals regional differ-
ences as a function of the heterogeneous connections to specific
functional domains in the cerebral cortex, which contact at pre-
cise locations in the cerebellum. As suggested by the present
analysis and earlier connectivity studies on the social cerebel-
lum (Van Overwalle et al., 2015b, 2017, 2019c, 2020; Heleven et al.,
2019; Van Overwalle and Mariën, 2016), key mentalizing areas
in the cerebrum are connected via closed loops with the bilat-
eral Crus II, and so renders this cerebellar area socially relevant.
By making plans for sequences in advance and sending correc-
tive feedback about various potential responses of other persons
(based on internal cerebellar models), the cerebellum facilitates
easy and spontaneous social interaction.

Clinical implications

The involvement of Crus II in mentalizing offers interesting
avenues for clinical diagnosis and treatment of cerebellar and
related impairments. First, with respect to diagnosis, this offers
tools to predict impairments in specific social mentalizing func-
tions that might be too easily ignored, given the important
motoric dysfunctions that are clinically very apparent (D’Mello
et al., 2015; D’Mello and Stoodley, 2015; Stoodley et al., 2017). To

illustrate, a recent study with autistic adults, analyzing anatom-
ical and structural changes in the cerebellum (Olivito et al., 2018),
provided evidence for the mentalizing role of the cerebellum
in ASD dysfunctions. The results showed decreased cerebellar
grey matter volume in the right Crus II with peak voxel (MNI
29−73−43) centered very close to the present ‘sequencing’ ROIs,
and this reduced volume was correlated with the degree of autis-
tic traits. Second, this location might become a spot for brain
stimulation treatments, using transcranial magnetic stimula-
tion (TMS) or transcranial direct current stimulation (tDCS) (van
Dun et al., 2016, 2017). One promising TMS study (Gamond et al.,
2017) provided some evidence for reduction of social stereotyp-
ing after stimulating the right Crus I (which arguably affected a
larger part of the posterior cerebellum). Third, the sequencing
hypothesis of social action might offer suggestions for behav-
ioral clinical treatment, because sequencing in social interaction
has not attracted a lot of interest in current research on social
neuroimaging and treatment.

Conclusion

The present meta-analysis shows that a domain-specific men-
talizing function is supported in the cerebellar Crus II lobule.
Within four bilateral ROIs in this area, we found an incidence
of 74% of mentalizing functions related to social cognition and
self-related emotional cognition. This points to highly special-
ized areas for mentalizing processes. Importantly, this indicates
that the cerebellum has an important social function that has
been hereto largely neglected in the scientific community, but
one that receives growing evidence from neuroimaging research.

Highlights

• This meta-analysis explores the role of the posterior cere-
bellum in mentalizing.

• Seventy-four percent of studies reflect mentalizing or
emotional self-experience in Crus II.

• Results indicate a domain-specific mentalizing function-
ality in Crus II.
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Supplementary data are available at SCAN online.
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Quednow, B. B., … Grosse Holtforth, M. (2014). Neural repre-
sentation and clinically relevant moderators of individualised
self-criticism in healthy subjects. Social Cognitive and Affec-
tive Neuroscience, 9(9), 1333–1340. https://doi.org/10.1093/scan/
nst123

E, K.-H., Chen, S.-H. A., Ho, M.-H. R., & Desmond, J. E.
(2014). A meta-analysis of cerebellar contributions to higher cog-
nition from PET and fMRI studies. Human Brain Mapping, 35(2),
593–615. https://doi.org/10.1002/hbm.22194

Eich, E., Nelson, A. L., Leghari, M. A., & Handy, T. C.
(2009). Neural systems mediating field and observer memories.
Neuropsychologia, 47(11), 2239–2251. https://doi.org/10.1016/
j.neuropsychologia.2009.02.019

Eisenberger, N. I., Inagaki, T. K., Rameson, L. T., Mashal,
N. M., & Irwin, M. R. (2009). An fMRI study of cytokine-
induced depressed mood and social pain: The role of sex
differences. NeuroImage, 47(3), 881–890. https://doi.org/10.1016/
j.neuroimage.2009.04.040

Engell, A. D., & McCarthy, G. (2013). Probabilistic atlases
for face and biological motion perception: An analysis of
their reliability and overlap. NeuroImage, 74, 140–151.
https://doi.org/10.1016/j.neuroimage.2013.02.025

Engen, H. G., & Singer, T. (2015). Compassion-based emo-
tion regulation up-regulates experienced positive affect and
associated neural networks. Social Cognitive and Affective
Neuroscience, 10(9), 1291–1301. https://doi.org/10.1093/scan/
nsv008

Eriksson, J., Larsson, A., Åhlström, K. R., & Nyberg, L. (2007).
Similar Frontal and Distinct Posterior Cortical Regions Medi-
ate Visual and Auditory Perceptual Awareness. Cerebral Cortex,
17(4), 760–765. https://doi.org/10.1093/cercor/bhk029

Evans, K. C., Banzett, R. B., Adams, L., McKay, L.,
Frackowiak, R. S. J., & Corfield, D. R. (2002). BOLD fMRI
Identifies Limbic, Paralimbic, and Cerebellar Activation Dur-
ing Air Hunger. Journal of Neurophysiology, 88(3), 1500–1511.
https://doi.org/10.1152/jn.2002.88.3.1500

Fastenrath, M., Coynel, D., Spalek, K., Milnik, A.,
Gschwind, L., Roozendaal, B., … de Quervain, D. J. F. (2014).
Dynamic Modulation of Amygdala-Hippocampal Connectiv-
ity by Emotional Arousal. Journal of Neuroscience, 34(42),
13 935–13 947. https://doi.org/10.1523/JNEUROSCI.0786-14.2014

Fedorenko, E., Hsieh, P.-J., Nieto-Castañón, A., Whitfield-
Gabrieli, S., & Kanwisher, N. (2010). New Method for fMRI
Investigations of Language: Defining ROIs Functionally in Indi-
vidual Subjects. Journal of Neurophysiology, 104(2), 1177–1194.
https://doi.org/10.1152/jn.00032.2010

Fenker, D. B., Schott, B. H., Richardson-Klavehn, A., Heinze,
H.-J., & Düzel, E. (2005). Recapitulating emotional context: activ-
ity of amygdala, hippocampus and fusiform cortex during recol-
lection and familiarity. European Journal of Neuroscience, 21(7),
1993–1999. https://doi.org/10.1111/j.1460-9568.2005.04033.x

Filippi, M., Riccitelli, G., Meani, A., Falini, A., Comi,
G., & Rocca, M. A. (2013). The ‘vegetarian brain’: chatting
with monkeys and pigs? Brain Structure and Function, 218(5),
1211–1227. https://doi.org/10.1007/s00429-012-0455-9

https://doi.org/10.1093/brain/awh648
https://doi.org/10.1093/brain/awh648
https://doi.org/10.1371/journal.pone.0012835
https://doi.org/10.1093/scan/nsq038
https://doi.org/10.1521/soco.2007.25.5.736
https://doi.org/10.1162/0898929042947919
https://doi.org/10.1162/jocn.2009.21314
https://doi.org/10.1016/j.nicl.2015.02.007
https://doi.org/10.3389/fnins.2015.00408
https://doi.org/10.1002/hbm.20228
https://doi.org/10.1016/j.neuroimage.2011.07.016
https://doi.org/10.3758/s13415-017-0497-9
https://doi.org/10.3758/s13415-017-0497-9
https://doi.org/10.1016/j.schres.2013.06.027
https://doi.org/10.1016/j.nicl.2018.02.029
https://doi.org/10.1162/jocn.2009.21070
https://doi.org/10.1093/scan/nst186
https://doi.org/10.1093/scan/nst123
https://doi.org/10.1093/scan/nst123
https://doi.org/10.1002/hbm.22194
https://doi.org/10.1016/j.neuropsychologia.2009.02.019
https://doi.org/10.1016/j.neuropsychologia.2009.02.019
https://doi.org/10.1016/j.neuroimage.2009.04.040
https://doi.org/10.1016/j.neuroimage.2009.04.040
https://doi.org/10.1016/j.neuroimage.2013.02.025
https://doi.org/10.1093/scan/nsv008
https://doi.org/10.1093/scan/nsv008
https://doi.org/10.1093/cercor/bhk029
https://doi.org/10.1152/jn.2002.88.3.1500
https://doi.org/10.1523/JNEUROSCI.0786-14.2014
https://doi.org/10.1152/jn.00032.2010
https://doi.org/10.1111/j.1460-9568.2005.04033.x
https://doi.org/10.1007/s00429-012-0455-9


922 | Social Cognitive and Affective Neuroscience, 2020, Vol. 15, No. 9

Fliessbach, K., Buerger, C., Trautner, P., Elger, C. E., &
Weber, B. (2010). Differential effects of semantic processing
on memory encoding. Human Brain Mapping, 31(11), NA-NA.
https://doi.org/10.1002/hbm.20969

Fogel, S. M., Albouy, G., Vien, C., Popovicci, R., King, B. R.,
Hoge, R., … Doyon, J. (2014). fMRI and sleep correlates
of the age-related impairment in motor memory consolida-
tion. Human Brain Mapping, 35(8), 3625–3645. https://doi.org/
10.1002/hbm.22426

Franklin, R. G., & Adams, R. B. (2011). The reward of
a good joke: neural correlates of viewing dynamic displays
of stand-up comedy. Cognitive, Affective, & Behavioral Neu-
roscience, 11(4), 508–515. https://doi.org/10.3758/s13415-011-
0049-7

Frewen, P. a, Dozois, D. J. a, Neufeld, R. W. J., Densmore, M.,
Stevens, T. K., & Lanius, R. a. (2011). Neuroimaging social
emotional processing in women: fMRI study of script-driven
imagery. Social Cognitive and Affective Neuroscience, 6(3),
375–392. https://doi.org/10.1093/scan/nsq047

Fukushima, H., Goto, Y., Maeda, T., Kato, M., & Umeda, S.
(2013). Neural Substrates for Judgment of Self-Agency in
Ambiguous Situations. PLoS ONE, 8(8), e72267. https://doi.
org/10.1371/journal.pone.0072267

Gallese, V., Keysers, C., & Rizzolatti, G. (2004). A unifying view
of the basis of social cognition. Trends in Cognitive Sciences, 8(9),
396–403. https://doi.org/10.1016/j.tics.2004.07.002

Gauthier, B., & van Wassenhove, V. (2016). Time Is Not Space:
Core Computations and Domain-Specific Networks for Men-
tal Travels. The Journal of Neuroscience, 36(47), 11 891–11 903.
https://doi.org/10.1523/JNEUROSCI.1400-16.2016

Gawda, B., & Szepietowska, E. (2016). Trait Anxiety Mod-
ulates Brain Activity during Performance of Verbal Fluency
Tasks. Frontiers in Behavioral Neuroscience, 10(February), 1–15.
https://doi.org/10.3389/fnbeh.2016.00010

Ge, R., Fu, Y., Wang, D., Yao, L., & Long, Z. (2014). Age-
related alterations of brain network underlying the retrieval
of emotional autobiographical memories: an fMRI study using
independent component analysis. Frontiers in Human
Neuroscience, 8(August), 1–17. https://doi.org/10.3389/fnhum.
2014.00629

Gear, R., Becerra, L., Upadhyay, J., Bishop, J., Wallin, D.,
Pendse, G., … Borsook, D. (2013). Pain Facilitation Brain
Regions Activated by Nalbuphine Are Revealed by Pharmaco-
logical fMRI. PLoS ONE, 8(1), e50169. https://doi.org/10.1371/
journal.pone.0050169

Grady, C. L., Grigg, O., & Ng, C. (2012). Age differences
in default and reward networks during processing of person-
ally relevant information. Neuropsychologia, 50(7), 1682–1697.
https://doi.org/10.1016/j.neuropsychologia.2012.03.024

Grahn, J. A., & McAuley, J. D. (2009). Neural bases of individual
differences in beat perception. NeuroImage, 47(4), 1894–1903.
https://doi.org/10.1016/j.neuroimage.2009.04.039

Green, A. E., Cohen, M. S., Raab, H. A., Yedibalian, C. G., &
Gray, J. R. (2015). Frontopolar activity and connectivity support
dynamic conscious augmentation of creative state. Human
Brain Mapping, 36(3), 923–934. https://doi.org/10.1002/hbm.
22676

Groen, W. B., Tesink, C., Petersson, K. M., van Berkum, J.,
Van Der Gaag, R. J., Hagoort, P., & Buitelaar, J. K. (2010). Seman-
tic, factual, and social language comprehension in adolescents
with autism: An FMRI study. Cerebral Cortex, 20(8), 1937–1945.
https://doi.org/10.1093/cercor/bhp264

Guell, X., Gabrieli, J. D. E., & Schmahmann, J. D. (2018).
Triple representation of language, working memory, social and

emotion processing in the cerebellum: convergent evidence
from task and seed-based resting-state fMRI analyses in
a single large cohort. NeuroImage, 172(January), 437–449.
https://doi.org/10.1016/j.neuroimage.2018.01.082

Häberling, I. S., Steinemann, A., & Corballis, M. C. (2016).
Cerebral asymmetry for language: Comparing production with
comprehension. Neuropsychologia, 80, 17–23. https://doi.org/
10.1016/j.neuropsychologia.2015.11.002

Han, S., Mao, L., Qin, J., Friederici, A. D., & Ge, J.
(2011). Functional roles and cultural modulations of the
medial prefrontal and parietal activity associated with causal
attribution. Neuropsychologia, 49(1), 83–91. https://doi.
org/10.1016/j.neuropsychologia.2010.11.003

Hartwright, C. E., Apperly, I. A., & Hansen, P. C. (2015).
The special case of self-perspective inhibition in mental, but
not non-mental, representation. Neuropsychologia, 67, 183–192.
https://doi.org/10.1016/j.neuropsychologia.2014.12.015

Hartwright, C. E., Apperly, I. a, & Hansen, P. C. (2012).
Multiple roles for executive control in belief-desire reasoning:
Distinct neural networks are recruited for self perspective inhi-
bition and complexity of reasoning. NeuroImage, 61(4), 921–930.
https://doi.org/10.1016/j.neuroimage.2012.03.012

Heim, S., Grande, M., Meffert, E., Eickhoff, S. B., Schreiber, H.,
Kukolja, J., … Amunts, K. (2010). Cognitive levels of perfor-
mance account for hemispheric lateralisation effects in dyslexic
and normally reading children. NeuroImage, 53(4), 1346–1358.
https://doi.org/10.1016/j.neuroimage.2010.07.009

Hellrung, L., Dietrich, A., Hollmann, M., Pleger, B.,
Kalberlah, C., Roggenhofer, E., … Horstmann, A. (2018). Inter-
mittent compared to continuous real-time fMRI neurofeedback
boosts control over amygdala activation. NeuroImage, 166(Octo-
ber 2017), 198–208. https://doi.org/10.1016/j.neuroimage.2017.
10.031

Henckens, M. J. A. G., van Wingen, G. A., Joels, M.,
& Fernandez, G. (2011). Time-dependent corticosteroid mod-
ulation of prefrontal working memory processing. Proceed-
ings of the National Academy of Sciences, 108(14), 5801–5806.
https://doi.org/10.1073/pnas.1019128108

Hervais-Adelman, A., Moser-Mercer, B., Michel, C. M., &
Golestani, N. (2015). fMRI of Simultaneous Interpretation Reveals
the Neural Basis of Extreme Language Control. Cerebral Cortex,
25(12), 4727–4739. https://doi.org/10.1093/cercor/bhu158

Hilty, L., Jäncke, L., Luechinger, R., Boutellier, U., &
Lutz, K. (2011). Limitation of physical performance in a
muscle fatiguing handgrip exercise is mediated by thalamo-
insular activity. Human Brain Mapping, 32(12), 2151–2160.
https://doi.org/10.1002/hbm.21177

Hoffman, P., Binney, R. J., & Lambon Ralph, M. A. (2015). Dif-
fering contributions of inferior prefrontal and anterior temporal
cortex to concrete and abstract conceptual knowledge. Cortex,
63, 250–266. https://doi.org/10.1016/j.cortex.2014.09.001

Holdstock, J. S., Crane, J., Bachorowski, J.-A., &
Milner, B. (2010). Equivalent activation of the hippocam-
pus by face-face and face-laugh paired associate learn-
ing and recognition. Neuropsychologia, 48(13), 3757–3771.
https://doi.org/10.1016/j.neuropsychologia.2010.08.018

Hooker, C. I., Verosky, S. C., Germine, L. T., Knight, R. T., &
D’Esposito, M. (2010). Neural activity during social signal per-
ception correlates with self-reported empathy. Brain Research,
1308, 100–113. https://doi.org/10.1016/j.brainres.2009.10.006

Hsu, C.-T., Jacobs, A. M., Citron, F. M. M., & Conrad, M.
(2015). The emotion potential of words and passages in reading
Harry Potter – An fMRI study. Brain and Language, 142, 96–114.
https://doi.org/10.1016/j.bandl.2015.01.011

https://doi.org/10.1002/hbm.20969
https://doi.org/10.1002/hbm.22426
https://doi.org/10.1002/hbm.22426
https://doi.org/10.3758/s13415-011-0049-7
https://doi.org/10.3758/s13415-011-0049-7
https://doi.org/10.1093/scan/nsq047
https://doi.org/10.1371/journal.pone.0072267
https://doi.org/10.1371/journal.pone.0072267
https://doi.org/10.1016/j.tics.2004.07.002
https://doi.org/10.1523/JNEUROSCI.1400-16.2016
https://doi.org/10.3389/fnbeh.2016.00010
https://doi.org/10.3389/fnhum.2014.00629
https://doi.org/10.3389/fnhum.2014.00629
https://doi.org/10.1371/journal.pone.0050169
https://doi.org/10.1371/journal.pone.0050169
https://doi.org/10.1016/j.neuropsychologia.2012.03.024
https://doi.org/10.1016/j.neuroimage.2009.04.039
https://doi.org/10.1002/hbm.22676
https://doi.org/10.1002/hbm.22676
https://doi.org/10.1093/cercor/bhp264
https://doi.org/10.1016/j.neuroimage.2018.01.082
https://doi.org/10.1016/j.neuropsychologia.2015.11.002
https://doi.org/10.1016/j.neuropsychologia.2015.11.002
https://doi.org/10.1016/j.neuropsychologia.2010.11.003
https://doi.org/10.1016/j.neuropsychologia.2010.11.003
https://doi.org/10.1016/j.neuropsychologia.2014.12.015
https://doi.org/10.1016/j.neuroimage.2012.03.012
https://doi.org/10.1016/j.neuroimage.2010.07.009
https://doi.org/10.1016/j.neuroimage.2017.10.031
https://doi.org/10.1016/j.neuroimage.2017.10.031
https://doi.org/10.1073/pnas.1019128108
https://doi.org/10.1093/cercor/bhu158
https://doi.org/10.1002/hbm.21177
https://doi.org/10.1016/j.cortex.2014.09.001
https://doi.org/10.1016/j.neuropsychologia.2010.08.018
https://doi.org/10.1016/j.brainres.2009.10.006
https://doi.org/10.1016/j.bandl.2015.01.011


F. V. Overwalle et al. | 923

Iglói, K., Doeller, C. F., Paradis, A.-L., Benchenane, K.,
Berthoz, A., Burgess, N., & Rondi-Reig, L. (2015). Interaction
Between Hippocampus and Cerebellum Crus I in Sequence-
Based but not Place-Based Navigation. Cerebral Cortex, 25(11),
4146–4154. https://doi.org/10.1093/cercor/bhu132

Ishizu, T. (2014). A neurobiological enquiry into the
origins of our experience of the sublime and beautiful.
Frontiers in Human Neuroscience, 8(November), 1–10. https:
//doi.org/10.3389/fnhum.2014.00891

Ito, H. T., & Schuman, E. M. (2008). Frequency-dependent
signal transmission and modulation by neuromodulators.
Frontiers in Neuroscience, 2(2), 138–144. https://doi.org/
10.3389/neuro.01.027.2008

Jack, A., & Pelphrey, K. A. (2015). Neural Correlates of Ani-
macy Attribution Include Neocerebellum in Healthy Adults.
Cerebral Cortex, 25(11), 4240–4247. https://doi.org/10.1093/
cercor/bhu146

Jackson, O., & Schacter, D. L. (2004). Encoding activity
in anterior medial temporal lobe supports subsequent asso-
ciative recognition. NeuroImage, 21(1), 456–462. https://doi.
org/10.1016/j.neuroimage.2003.09.050

Jackson, R. L., Hoffman, P., Pobric, G., & Lambon Ralph, M. A.
(2015). The Nature and Neural Correlates of Semantic Asso-
ciation versus Conceptual Similarity. Cerebral Cortex, 25(11),
4319–4333. https://doi.org/10.1093/cercor/bhv003

Jastorff, J., Huang, Y.-A., Giese, M. A., &
Vandenbulcke, M. (2015). Common neural correlates of emo-
tion perception in humans. Human Brain Mapping, 36(10),
4184–4201. https://doi.org/10.1002/hbm.22910

Jiang, D., Edwards, M. G., Mullins, P., & Callow, N. (2015).
The neural substrates for the different modalities of move-
ment imagery. Brain and Cognition, 97, 22–31. https://doi.
org/10.1016/j.bandc.2015.04.005

Johnston, P., Mayes, A., Hughes, M., & Young, A. W.
(2013). Brain networks subserving the evaluation of static
and dynamic facial expressions. Cortex, 49(9), 2462–2472.
https://doi.org/10.1016/j.cortex.2013.01.002

Jost, K., Khader, P., Burke, M., Bien, S., & Rösler, F. (2009).
Dissociating the solution processes of small, large, and zero
multiplications by means of fMRI. NeuroImage, 46(1), 308–318.
https://doi.org/10.1016/j.neuroimage.2009.01.044

Kandylaki, K. D., Nagels, A., Tune, S., Wiese, R.,
Bornkessel-Schlesewsky, I., & Kircher, T. (2015). Processing
of false belief passages during natural story comprehension:
An fMRI study. Human Brain Mapping, 00(February), n/a-n/a.
https://doi.org/10.1002/hbm.22907

Kanske, P., Böckler, A., Trautwein, F.-M., & Singer, T.
(2015). Dissecting the social brain: Introducing the EmpaToM
to reveal distinct neural networks and brain–behavior rela-
tions for empathy and Theory of Mind. NeuroImage, 122, 6–19.
https://doi.org/10.1016/j.neuroimage.2015.07.082

Kehoe, E. G., Toomey, J. M., Balsters, J. H., & Bokde, A. L. W.
(2012). Personality modulates the effects of emotional arousal
and valence on brain activation. Social Cognitive and Affective
Neuroscience, 7(7), 858–870. https://doi.org/10.1093/scan/nsr059

Keysers, C., & Gazzola, V. (2007). Integrating simulation and
theory of mind: From self to social cognition. Trends in Cognitive
Sciences, 11, 194–196.

Keysers, Christian, & Perrett, D. I. (2004). Demystifying social
cognition: a Hebbian perspective. Trends in Cognitive Sciences,
8(11), 501–507. https://doi.org/10.1016/j.tics.2004.09.005

King, D. R., & Miller, M. B. (2014). Lateral posterior pari-
etal activity during source memory judgments of perceived and

imagined events. Neuropsychologia, 53(1), 122–136.
https://doi.org/10.1016/j.neuropsychologia.2013.11.006

King, J. a, Hartley, T., Spiers, H. J., Maguire, E. a, & Burgess, N.
(2005). Anterior prefrontal involvement in episodic retrieval
reflects contextual interference. NeuroImage, 28(1), 256–267.
https://doi.org/10.1016/j.neuroimage.2005.05.057

Kleber, B., Veit, R., Birbaumer, N., Gruzelier, J., & Lotze, M.
(2010). The Brain of Opera Singers: Experience-Dependent
Changes in Functional Activation. Cerebral Cortex, 20(5),
1144–1152. https://doi.org/10.1093/cercor/bhp177

Kompus, K., Hugdahl, K., Öhman, A., Marklund, P., &
Nyberg, L. (2009). Distinct control networks for cognition and
emotion in the prefrontal cortex. Neuroscience Letters, 467(2),
76–80. https://doi.org/10.1016/j.neulet.2009.10.005

Kong, J., Gollub, R. L., Webb, J. M., Kong, J.-T., Vangel, M.
G., & Kwong, K. (2007). Test–retest study of fMRI signal change
evoked by electroacupuncture stimulation. NeuroImage, 34(3),
1171–1181. https://doi.org/10.1016/j.neuroimage.2006.10.019

Korn, C. W., Prehn, K., Park, S. Q., Walter, H., & Heek-
eren, H. R. (2012). Positively Biased Processing of Self-Relevant
Social Feedback. Journal of Neuroscience, 32(47), 16 832–16 844.
https://doi.org/10.1523/JNEUROSCI.3016-12.2012

Korn, Christoph W., Fan, Y., Zhang, K., Wang, C., Han, S.,
& Heekeren, H. R. (2014). Cultural influences on social feedback
processing of character traits. Frontiers in Human Neuroscience,
8(April), 1–18. https://doi.org/10.3389/fnhum.2014.00192

Krendl, A. C. (2016). An fMRI investigation of the effects
of culture on evaluations of stigmatized individuals. NeuroIm-
age, 124, 336–349. https://doi.org/10.1016/j.neuroimage.2015.
08.030

Kroemer, N. B., Krebs, L., Kobiella, A., Grimm, O.,
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