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Abstract

Research in the past 5 years has provided growing evi-
dence supporting the view that the posterior cerebellum is
involved in social mentalizing (i.e., theory of mind). We
investigated the hypothesis that the posterior cerebellum
builds internal action models of our social interactions to
predict how other people’s actions will be executed, and
what our most likely responses to these actions will be.
We developed novel social sequencing tasks that involved
a combination of (a) learning or generating chronological
sequences of social actions either in an explicit or implicit
manner, which (b) require social mentalizing on another
person’s mental state such as goals, beliefs, and implied
traits. Together, the fMRI results unequivocally confirm
the central role of the posterior cerebellar Crus 2 in iden-
tifying and automatizing action sequencing during social
mentalizing, and in predicting future action sequences
based on social mentalizing inferences about others.
These findings provided the incentive to investigate non-
invasive neurostimulation with healthy participants tar-
geting the posterior cerebellum. Both transcranial
magnetic stimulation (TMS) as well as transcranial direct
current stimulation (tDCS) showed beneficial effects on
social sequencing tasks, as participants generated correct
social action sequences quicker. These stimulation tech-
niques guided by novel cerebellar social sequencing
insights might have the potential to increase posterior cer-
ebellar plasticity and alleviate social impairments in men-
tal disorders.
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Human interaction is highly dependent on the ability to cor-
rectly process, interpret, and react to other persons’ behav-
iors in social situations. A key ability in interpreting social
interactions is understanding the mental state of other per-
sons, such as their intentions, beliefs, preferences, and per-
sonality traits. This is called mentalizing or theory of mind
(for meta-analyses, see Schurz et al. 2014; Van Overwalle
2009). Engaging in successful social encounters relies on
learning from our past experiences, which prepares us to
anticipate similar social interactions in the future. Social
learning is in many respects similar to other types of learning
such as the coordination of movements or cognitive proce-
dures (Brown and Briine 2012; Rushworth et al. 2009). It is
an ongoing process that creates and strengthens internal neu-
ral representations of frequently processed sequences of
observations, movements, or actions. The cerebellum is a
key region in implicitly (i.e., with little awareness) automa-
tizing and fine-tuning of such internal representations of
recurring event sequences in time and space (Leggio and
Molinari 2015). These representations allow us to recognize
familiar events sequences so that we immediately know how
to move and act appropriately. Importantly, it also allows to
identify discrepant event sequences which are atypical or
new (Stoodley and Tsai 2021). When such unanticipated
event sequences occur, the cerebellum issues error signals
that motivate the rapid adjustment of ongoing behavior. If
these discrepant events recur, this leads to the creation of
novel or adjusted cerebellar internal representations (Heleven
et al. 2019; Ferrari et al. 2018; Pu et al. 2020). In a social
context, for example, the observation of unfriendly behavior
performed by a person to whom we thought was ‘friendly,’
can lead to the adjustment of our trait representation of this
person, and the anticipation of more unfriendly behaviors by
this person in the future. Or, if we realize that this person’s
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reaction was triggered by a remark, we might add to our rep-
resentation that the person is also ‘touchy,” and adjust our
social interaction sequences with this person by adding
soothing behaviors, which leads to more desirable social
outcomes.

The cerebellum is highly connected to the cerebral cortex
(Buckner et al. 2011). The relatively uniform anatomy and
physiology of the cerebellum has given rise to the idea that
this structure performs the same computational function
across diverse domains (Diedrichsen et al. 2019). While the
cortical brain areas are considered to be involved in the ini-
tial processing of information along seven major domains or
networks (Yeo et al. 2011), the cerebellar areas connected to
them are considered to be involved in the sequential process-
ing and coordination of this domain-specific information,
leading to automatization in time and space. This cerebello-
cortical connectivity is accomplished via closed-loop links,
starting from a specific location in the cerebral cortex to a
specific area in the cerebellum, and back to the same cortical
location. The cerebellum thus borrows its functional special-
ization from its specific connectivity with the cerebral cortex
(Buckner et al. 2011).

In this chapter, we focus on the cerebellar network
involved in social mentalizing. Researchers demonstrated
that the posterior cerebellum is mainly involved in process-
ing social information (meta-analyses by Van Overwalle
et al. 2014, 2015a). In particular, the posterior part of the
cerebellum known as Crus 2 is preferentially engaged during
social mentalizing (meta-analysis by Van Overwalle et al.
2020; see Fig. 78.1). Neuroscientists have convincingly
shown that there are functional connections between Crus 2
and the mentalizing network in the cortex. Specifically,
social mentalizing recruits a circuitry of closed-loops

Fig. 78.1 Top (transversal) view of the cerebellum with the mentaliz-
ing network marked in white. The centers of the areas in the bilateral
Crus 2, which are preferentially engaged during social sequencing
tasks, are marked in blue as 1 and 2 with MNI coordinates +25—75-40.
Adapted from Van Overwalle et al. (2020)
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between the posterior cerebellar Crus 2 and the temporo-
parietal junction, and via the latter to the medial prefrontal
cortex, two key areas in the cortical mentalizing network
(Van Overwalle et al. 2015b).

78.1 The Social Sequencing Function

of the Posterior Cerebellar Crus 2

But what is the specific function of posterior cerebellar Crus
2? One major hypothesis is that, in line with the uniform
function of the cerebellum in (implicit) learning and automa-
tizing of event sequences, Crus 2 is involved in identifying
sequences of social events that require mentalizing about
other persons. In order to demonstrate this domain-specific
mentalizing functionality, new mentalizing tasks have been
developed that allowed us to directly investigate social
sequencing for different aspects of mentalizing.

The first tasks that were developed for this purpose were
the Picture and Verbal Sequencing tasks, based on earlier
work (Langdon and Coltheart 1999; Baron-Cohen et al.
1986, 1999). In both tasks, participants view four events of a
story (presented as cartoon-like pictures, see Fig. 78.2; or
sentences) in a random order and are instructed to put them
in their correct chronological order. A particular aspect of
these stories is that they involve others’ false beliefs, this is,
when an agent has a different interpretation and representa-
tion of reality because this reality changed unbeknownst to
them (for an example, see Fig. 78.2). In contrast, in true
belief stories an agent is aware of this changed reality.
Understanding false beliefs requires distinguishing others’
beliefs from one’s own (Kampis et al. 2017; Wimmer and
Perner 1983).

An fMRI study by Heleven et al. (2019) demonstrated
that healthy participants show more posterior cerebellar acti-
vation when putting false or true belief stories in their correct
order as compared to social scripts or mechanical stories,
suggesting that processing of non-routine social belief
sequences recruits more cerebellar activation as compared to
routine (social or non-social) sequences. Moreover, story
sequencing resulted in more cerebellar activation than a non-
sequencing control task in which the story events were pre-
sented in the correct chronological order. This is in line with
a previous study by Van Overwalle et al. (2019) which dem-
onstrated that cerebellar patients perform less accurately
than healthy control participants on the Picture Sequencing
task when putting false belief event sequences in their cor-
rect order as compared to social scripts or mechanical sto-
ries. Both studies highlight the involvement of the cerebellum
in mentalizing-related sequence processing regarding other
persons’ beliefs.

In order to further investigate the social sequential func-
tionality of the posterior cerebellum, a series of novel
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Fig. 78.2 Picture sequencing task. An example of a false-belief
sequence. (The correct order is 2—1—4—3: a boy checks the last choc-
olate in a box—goes playing and leaves the box unattended—mean-

sequencing tasks were developed. In these tasks social
sequencing was compared against two control conditions
involving either (1) social non-sequencing and (2) non-
social sequencing. Thus, fleshing out both the sequencing
and social functionality of the posterior cerebellum.
Figure 78.3 depicts a number of these novel tasks involving
the combination of sequencing and a variety of mentalizing
aspects such as others’ goal-directed intentions (Li et al.
2021), traits of others (Pu et al. 2020), and trait-related pre-
dictions (Haihambo et al. 2021; not shown), not only at an
explicit level, but also at an implicit level (Ma et al. 2021a).
These tasks were explored in a series of neuroimaging stud-
ies on healthy participants, using fMRI.

* A first aspect of social mentalizing that was investigated
is goal-directed navigation (Li et al. 2021; Fig. 78.3a). In
this task, participants observed a human-like agent (i.e.,
smurf) navigating through a grid towards a desired goal.
They were instructed to memorize and subsequently rep-
licate the trajectory of the agent. In the control conditions,
they merely observed this without memorizing the trajec-
tory (non-sequencing control) or they observed a ball roll-
ing down and randomly following the same trajectory due
to the uneven terrain (non-social control).

e Trait-implying action processing is a second aspect of
social mentalizing that was investigated (Pu et al. 2020;
Fig. 78.3b). In this task, participants viewed a series of
behavioral descriptions that implied a personality trait
about a person, and were instructed to memorize and
recall the temporal order of these behaviors, and to infer
the implied trait. For instance, giving first a compliment,
then buying a present, and next picking up a book for
someone; these distinct actions all imply kindness as a
trait. In control conditions, the order of behaviors had not
to be memorized (non-sequential control), or objects were
described that implied the same characteristic (non-social
control).

e A third aspect investigated was trait-related prediction.
Haihambo et al. (2021) explored this question by revers-
ing the task logic of the trait study by Pu et al. (2020)
described above. Participants were first given the trait of a
protagonist (e.g., Fumak is dishonest), and then they had

while a girl discovers the last chocolate and eats it—on his return, the
boy is surprised to find the box empty; from Langdon and Coltheart
1999; see also Baron-Cohen et al. 1986; Heleven et al. 2019)
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Fig. 78.3 (a) Goal-directed trajectories: An example of a trial depict-
ing a smurf moving along a trajectory from start (denoted by “S”) to end
(“E”) shown in gray (characters and gray not shown to the participants; Li
etal. 2021). (b) Trait-implying Action Sequences: An example of a trial
with six sentences implying a trait of which the order had to be memo-
rized (Pu et al. 2020). (¢) Implicit Belief Serial Response Time:
Participants had to answer as fast as possible how many flowers the smurf
could see when oriented to the flowers; and when not, how many flowers
he or she had seen previously. Unbeknownst to them, there was a fixed
order of true and false beliefs held by the smurfs (Ma et al. 2021b)



514

E. Heleven and F. Van Overwalle

Social Sequencing > Social Non-sequencing
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Fig. 78.4 fMRI contrasts for various mentalizing sequencing tasks
revealing activation in the posterior cerebellum. (a) Goal-directed
Trajectories (Li et al. 2021). (b) Trait-implying Action Sequences (Pu

to select four out of six possible actions that were consis-
tent with the trait information and put them in the correct
chronological order.

* A fourth investigated aspect is implicit sequence process-
ing (Ma et al. 2021a). Testing implicit social learning is
important, because as we stated in our introduction, the
cerebellum is necessary for implicit learning and automa-
tization. In the novel Belief Serial Response Time (SRT)
task developed by Ma et al. (2021a), participants were
requested to identify true and false beliefs of two human-
like agents. Participants saw one of two smurfs, receiving
flowers at four fixed locations on top of the screen
(Fig. 78.3c), and were requested to report how many flow-
ers the smurf thought to have received. The smurf held a
true belief when he or she was oriented toward the flowers
and a potential false belief when oriented away from the
flowers. In the latter case, the correct answer was the
number of flowers the smurf thought to have received the
last time he or she held a true belief. Unbeknownst to the
participants, there was a standard sequence of these true—
false beliefs which was repeated over the course of the
experiment. This is a crucial aspect of an SRT task (Nissen
and Bullemer 1987), because repeating the same sequence
of stimuli over time typically shows faster responding
over time, demonstrating implicit learning. Moreover,
when the standard sequence is interrupted by random
orders, the response time goes up again.

Figure 78.4 depicts the main neuroimaging results of
these novel tasks. As can be seen, the critical social sequenc-
ing condition showed stronger recruitment in the posterior
cerebellar Crus for goal-directed intentions (Li et al. 2021;
Fig. 78.4a), trait-implying actions of others (Pu et al. 2020;
Fig. 78.4b), and trait-based action prediction (Haihambo
et al. 2021; Fig. 78.4c) in comparison with non-sequencing
control conditions where participants only observed trajecto-
ries or read trait sentences, without memorizing or generat-
ing their order. Comparisons against the non-social control

et al. 2020). (c¢) Trait-based Action Prediction (Haihambo et al. 2021).
(d) Implicit Belief Serial Response Time (Ma et al. 2021b)

conditions showed similar activation of the posterior cere-
bellar Crus. In the Belief SRT task (Ma et al. 2021b;
Fig. 78.4d), a comparison of standard sequences at the later
“test” phase (with occasional interruptions by random
sequences so that the standard sequence had to be reinstated)
versus the earlier “training” phase (with only standard
sequences) showed similar recruitment of the posterior cer-
ebellar Crus. Taken together, this series of fMRI studies con-
firms the posterior cerebellar involvement in different aspects
of social mentalizing-related sequence processing. These
findings are in line with the hypothesized function of the
posterior cerebellum: learning, automatizing, and fine-tuning
of internal representations of social sequence information
that requires mentalizing.

78.2 Clinical Implications

The importance of research on social mentalizing-related
sequence processing becomes apparent when we consider
the clinical implications of these studies. It has been demon-
strated that deficits in the posterior cerebellum may play a
crucial role in the onset and maintenance of psychiatric dis-
orders related to mentalizing deficits, such as autism spec-
trum disorder (D’Mello et al. 2015; Olivito et al. 2018;
Velikonja et al. 2019), depression (Bora and Berk 2016;
Schutter 2016), bipolar disorder(Lupo et al. 2021), obses-
sive compulsive disorder (Jansen etal. 2020; Narayanaswamy
et al. 2016; Xu et al. 2019; Zhang et al. 2019), addiction
(Kornreich et al. 2013; Maurage et al. 2011; Miquel et al.
2016; Onuoha et al. 2016) and schizophrenia (Bernard and
Mittal 2015; Brady et al. 2020; Moberget et al. 2018, 2019;
Pinkham 2014). The results of the novel social sequencing
tasks suggest that the posterior cerebellum may potentially
play a central role in social dysfunctions observed in many
clinical pathologies, due to impairment in social sequencing
that requires mentalizing about others (Van Overwalle et al.
2021). For each of these disorders, we can investigate which
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aspects of social mentalizing-related sequence processing is
key. It might help clinicians to identify and understand social
problems in detail, leading to a more personal diagnoses and
treatment. The newly developed mentalizing sequencing
tasks have the potential to be helpful tools for diagnosing or
treating people with cerebellar problems in a clinical
setting.

78.3 Non-invasive Brain Stimulation

As demonstrated earlier, neuroimaging and patient studies
have consistently demonstrated that the posterior cerebellar
Crus 2 is essential in sequencing social mentalizing infor-
mation, and thus suggest this cerebellar area as potential
target for treatment to improve social functioning. One
treatment directly targeting the brain is non-invasive neuro-
stimulation such as transcranial magnetic stimulation (TMS)
and transcranial direct current stimulation (tDCS). These
techniques seem to have beneficial effects on motor, cogni-
tive, and affective problems related to the cerebellum (for a
review see Van Dun et al. 2017). In two neurostimulation
studies, the potential benefits for social processing were
explored using cerebellar TMS (Heleven et al. 2021) and
cerebellar tDCS (Heleven et al. 2022). We investigated the
effects of these stimulation techniques on healthy partici-
pants’ performances on the Picture and Verbal Sequencing
tasks. The results in Fig. 78.5 show that in each task, neuro-
stimulation resulted in faster response times for putting the
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Fig. 78.5 (Left) Logged response times pre (blue) and post (orange)
TMS per story type for the Picture Sequencing task (Heleven et al.
2021). (Right) Response times pre (blue) and post (orange) anodal
tDCS for Picture Sequencing (preliminary data). Asterisks indicate sig-

events in their correct order. No such improvements were
found after sham (i.e., control) stimulation. However, these
studies did not show differential effects of cerebellar neuro-
stimulation for different types of sequences involving
mechanical, social script, or social beliefs, except for a sur-
prising lack of effect for false-belief sequences in the tDCS
study. A number of parameters of the studies such as the
focus of the stimulation and statistical power can explain
these non-specific or unexpected results. Follow-up research
taking into account limitations of these preliminary studies
is needed in order to obtain more convincing results.
Moreover, we would expect differential neurostimulation
effects for different types of sequences (i.e., mechanical,
social script, or social beliefs) when investigating different
psychiatric populations with distinct cerebellar problems
related to social mentalizing. These groups should therefore
be included in future studies.

Taken together, neuroscientific research has convincingly
shown a role for the cerebellum in social mentalizing
sequencing. Newly developed tasks allow us to investigate
different aspects of mentalizing-related sequences such as
goal-directed navigation, trait processing, trait-based predic-
tion, and implicit automatization of belief processing.
Research on this topic is ongoing and promising, and will
continue to contribute to our understanding and treatment of
human interaction related to the social cerebellum. As
always, future investigation is needed to increase our insight
in the underlying cerebellar mechanisms and potential appli-
cations for improving successful social interaction.
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nificant differences from pre to post stimulation using a two-sided t-test

with * p < 0.05, #*% p < 0.001. In both sham conditions, pre to post
differences were almost all non-significant
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