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Abstract
Recent research has indicated that the posterior cerebellum plays a crucial role in social cognition by encoding sequences of 
social actions. This study investigates its role in learning sequences of stereotype-implying actions by group members. We 
presented a set of five sentences that each described a group member who performed either stereotype-consistent or incon-
sistent actions. Participants were instructed to memorize the temporal order of the sentences and infer a common stereotype 
of the group. As a comparison, we included control conditions where participants had to memorize sequences of nonsocial 
consistent events or simply read stereotype-consistent sentences without memorizing their order. The results showed that the 
posterior cerebellum was strongly activated when participants were memorizing the order of the social actions, as opposed 
to simply reading these social actions. More importantly, when the social actions were inconsistent as opposed to consistent 
with the stereotype of the group, the posterior cerebellum was activated more strongly. This activation occurred together 
with cortical recruitment of the mentalizing network involving the dorsomedial prefrontal cortex (dmPFC) during social 
actions, and additionally the conflict monitoring network involving the lateral prefrontal cortex (PFC) and posterior medial 
frontal cortex (pmFC) during stereotype-inconsistent actions. These findings suggest that the cerebellum supports not only 
learning of low-level action sequences, but also of their high-level social implications.
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Introduction

To navigate in a complex human society, people assign 
individuals to specific social groups along a given category 
such as gender, occupation, socioeconomic class, and so on. 
We attribute these groups specific stereotypes, which are 
generalized characteristics, such as personal traits (e.g., the 
engineer is intelligent) and circumstantial attributes (e.g., the 

celebrity is rich; Amodio, 2014). Nevertheless, our social 
expectations of particular group members are sometimes 
violated, such as when we expect lawyers to be dishonest but 
experience honest lawyers, or when we come across reliable 
thieves (Cloutier et al., 2011; Macrae et al., 1999; Sherman 
et al., 1998). Although neuroimaging research has revealed 
the brain regions supporting social groups and their stereo-
types, only a handful of studies have investigated the neural 
mechanism involved in identifying stereotype-inconsistent 
behaviors (Van der Cruyssen, Heleven, Ma, Vandekerck-
hove, & Van Overwalle, 2015).

Neuroscientific studies have revealed that key areas in 
the mentalizing network, including the medial prefrontal 
cortex (mPFC) and the temporoparietal junction (TPJ), are 
preferentially involved in the process of person perception 
(Schurz et al., 2014; Van Overwalle, 2009). These areas are 
recruited when inferring the mental states of others (Frith & 
Frith, 2006), personality traits (Ma, Vandekerckhove, Van 
Overwalle, Seurinck, & Fias, 2011), and group stereotypes 
(Delplanque et al., 2019). Although the cerebellum has been 
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traditionally considered as supporting mainly motor and 
movement coordination, neuroscientists have demonstrated 
its involvement also in cognitive processes, including social 
cognition (Van Overwalle et al., 2014), language (Mariën 
et al., 2014), and emotions (Adamaszek et al., 2017).

Researchers have proposed that the cerebellum constructs 
internal models to encode, detect, and predict temporally 
structured sequences of motor and nonmotor (i.e., mental) 
events (Leggio & Molinari, 2015). With respect to social 
cognition, Van Overwalle et al. (2019b) hypothesized that 
the cerebellum builds internal models of social action 
sequences to predict and control the behaviors of oneself or 
other persons in social interaction. This sequencing mecha-
nism makes it easier to understand the social motives behind 
behaviors, to detect violations, and to adjust subsequent 
reactions accordingly. For instance, allowing another person 
to enter a room first might be interpreted as polite, whereas 
the reverse order of entering the room first oneself, might be 
seen as inconsiderate. Research has revealed that the poste-
rior cerebellum supports learning of action sequences that 
involve social mentalizing, such as inferring another per-
son’s beliefs (Heleven et al., 2019), traits (Haihambo et al., 
2021; Pu et al., 2020), and goals (Li et al., 2021), even when 
sequencing was manipulated implicitly (Ma et al., 2021a). In 
clinical research, cerebellar patients performed worse when 
they were asked to generate the temporal order of social 
actions requiring the understanding of others’ outdated or 
“false” beliefs, more so than when actions involved routine 
physical or social scripts, such as shopping (Van Overwalle 
et al., 2019a).

More importantly, recent fMRI studies showed that the 
posterior cerebellum is recruited when memorizing the 
temporal order of actions that imply a personality trait (Pu 
et al., 2020), even when there was no inherent logical order 
in the actions (Li et al., 2021). Critically, when participants 
were asked to memorize the temporal order of a series of 
actions implying either a consistent or an inconsistent trait of 
a person, the posterior cerebellum was even more activated 
when an action violated the trait implied by prior actions (Pu 
et al., 2021). Because there was no inherent logical order in 
the actions, participants could not predict precisely the next 
action, only that it should match the same trait. These stud-
ies therefore suggest the critical role of the cerebellum in 
generating predictions during action sequence learning and 
processing prediction errors due to inconsistencies during 
social understanding (Sokolov, Miall, & Ivry, 2017).

The present study investigates whether the cerebellum 
might support such inconsistency effect not only for trait 
inferences that are related to an individual, but also for 
stereotypes related to a social group. Social groups (e.g., 
murderers) and their stereotypes (e.g., violent) are funda-
mental types of social constructs that help people to sim-
plify social perception and decrease cognitive load in social 

understanding (Macrae et al., 1993). Stereotypes therefore 
facilitate the prediction of behaviors of other persons and 
social interaction (Bodenhausen et al., 1976; Mitchell et al., 
2009).

What happens in the brain when we perceive stereotype-
inconsistent behaviors from group members? Although 
fMRI studies have explored the neural correlates of social 
categories and their stereotypes (Lau & Cikara, 2017; Mitch-
ell et al., 2009; Van der Cruyssen et al., 2015), research 
investigating the violation of stereotypical behaviors is 
limited. To illustrate, in an fMRI study, the photographs of 
either Republican or Democrat politicians were paired with 
either typical Republican or Democrat political views and 
presented to participants. Results showed that the mental-
izing network, including the TPJ and mPFC, was recruited 
for stereotypically incongruent social targets (Cloutier et al., 
2011). No cerebellar activation was reported. In another 
fMRI study, participants were presented with faces that 
were either congruent or incongruent with stereotypes of 
various races and emotions. The mentalizing mPFC and, 
additionally, the lateral prefrontal cortex (PFC) were more 
strongly activated for faces that violated rather than con-
firmed stereotypical expectancies (Hehman et al., 2014). 
Moreover, the cerebellum also showed stronger activation 
to stereotype-inconsistent faces. An fMRI study comparing 
trait-related actions by group members versus individuals, 
found that inconsistent actions recruited the mentalizing TPJ 
more strongly than consistent actions (Van der Cruyssen 
et al., 2015). However, the posterior cerebellum did not show 
stronger recruitment for inconsistencies, although, interest-
ingly, it showed stronger activation for group stereotypes 
than for individual traits. In a related study, trait-inconsistent 
behaviors recruited the mentalizing mPFC and TPJ, as well 
as the conflict-related lateral PFC and posterior medial fron-
tal cortex (pmFC; also known as dorsal anterior cingulate; 
Botvinick et al., 2004; Van Overwalle, 2009). Again, no cer-
ebellar involvement was observed.

In summary, inconsistent stereotype behaviors increased 
activation in cortical mentalizing areas (TPJ and mPFC) and, 
additionally, in the pmFC and lateral PFC, which is part 
of the of the conflict monitoring network (Botvinick et al., 
2004; Van Overwalle, 2009). However, the contribution of 
the cerebellum in stereotype inconsistency across previous 
studies was contradictory. Although this might in part be due 
to the fact that the cerebellum was not always measured by 
fMRI protocols in previous studies (Baetens et al., 2020), a 
more likely explanation in line with our theorizing is that 
sequencing was not explicitly manipulated, so that the con-
tribution of the cerebellum remained undiscovered. Given 
these unclear results, the aim of the present study is to inves-
tigate the neural correlates of stereotype-inconsistent social 
behaviors of group members in the context of a sequencing 
learning paradigm.
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Present study

The research question in this study is: does the posterior 
cerebellum contribute to detecting stereotype-inconsistent 
behaviors of group members? We expected that the cerebel-
lar function of detecting violations of trait-implying behav-
iors by individuals (Pu et al., 2021) extends to stereotype-
violating behaviors by group members. To investigate this, 
we adapted a sequencing learning paradigm from Pu et al. 
(2021). Specifically, participants were asked to memorize 
the temporal sequence of sentences describing various group 
members (e.g., celebrities) who all performed stereotype-
consistent behaviors (Social Consistent Sequencing condi-
tion), or who after initial stereotype-consistent behaviors by 
some members, engaged in stereotype-inconsistent behaviors 
(Social Inconsistent Sequencing condition). After memoriz-
ing the temporal sequence of these behaviors, participants 
were tested on their correct recognition of the sequence. As 
a comparison, we created two control conditions in which 
participants had to simply read the social consistent sen-
tences without memorizing the order (Social Consistent 
Nonsequencing Control condition) or in which participants 
had to memorize the order of nonsocial consistent events 
(Non-social Consistent Sequencing Control condition).

We expected that the posterior cerebellum would be 
recruited more when participants memorize the order of 
social actions, as opposed to the two non-sequencing and 
non-social control conditions. Of particular interest, we 
predicted that the posterior cerebellum would contribute to 
identifying social behaviors that are inconsistent with the 
stereotype of social groups, by revealing higher activation 
during stereotype-inconsistent than consistent behavior. In 
addition, we expected that cortical brain networks, consist-
ing of mentalizing regions (e.g., TPJ and mPFC) would be 
activated during all social sequencing conditions, while 
domain-general conflict monitoring regions (e.g., lateral 
PFC and pmFC) would support the processing of stereotype-
inconsistent behaviors (Hehman et al., 2014; N. Ma et al., 
2012; Van der Cruyssen et al., 2015).

Methods

Participants

Twenty-eight, healthy, right-handed, native Dutch-speaking 
volunteers were recruited to participate in this fMRI study. 
We excluded one participant due to excessive head move-
ments (more than 10% outlier scans; see below). Thus, 
27 participants (18 females; age mean ± SD, 23 ± 4 years) 
were included in the analyses. All participants had normal 
or corrected-to-normal vision, and reported no neurologi-
cal or psychiatric disorders. Informed consent was obtained 

with the approval of the Medical Ethics Committee at the 
Hospital of the University of Ghent, where the study was 
conducted. Participants were paid 20 euros in exchange for 
their participation and transportation costs.

Stimulus materials

Five sentences were shown in each sentence set, which 
described five different members belonging to a social group 
(e.g., jury members) who performed a social behavior that 
implied a stereotype. For example, “The  1st judge has the 
final say on the sentence” and so on until “The  5th judge 
sentences a criminal to five years in prison.” There were a 
great number of groups, including stereotyped categories, 
such as gender, occupation, social status, etc. These sentence 
sets were used in four conditions (Table 1). Specifically, in 
the Social Consistent Sequencing and Social Consistent 
Nonsequencing condition, each sentence set comprised of 
social actions that were all consistent with a stereotype. For 
example, “The  1st athlete breaks the gold medal record in 
the Olympic games” implies the stereotype “sportive.” In 
the Social Inconsistent Sequencing condition, each sentence 
set comprised of social actions with the initial three or four 
actions implying a consistent stereotype and the remaining 
two or one actions implying an inconsistent stereotype. For 
example, “The  1st celebrity lives in a splendid house in the 
suburbs” implies a consistent stereotype of “rich.” However, 
“The  4th celebrity cannot afford health insurance” implies 
an inconsistent stereotype of “poor.” To create a strong 
expectation of stereotype-consistent behaviors, inconsist-
ent actions were always presented after at least three con-
sistent sentences. Half of the inconsistent sets included one 
inconsistent action at a random position in the fourth or fifth 
sentence (randomly determined), and the other half included 
two inconsistent actions in the fourth and fifth sentences. 
This manipulation was introduced to vary the occurrence 
and number of inconsistent sentences, to avoid a growing 
anticipation of the position of inconsistent sentences that 
might weaken our inconsistency effect. As a comparison, 
we included a Nonsocial Consistent Sequencing Control 
condition; the five sentences of each set described five dif-
ferent objects belonging to a specific nonsocial category that 
implied a consistent characteristic. For example, “The  1st 
skyscraper offers a landscape view all over the city” implies 
“tall,” which is consistent with the feature of skyscrapers.

All nonsocial sentences and features were selected from a 
previous study (Pu et al., 2021). Some of the stereotype-con-
sistent sentences and their stereotypes were adapted from an 
earlier study (Delplanque et al., 2019). Additional consistent 
sentences, and all inconsistent sentences, as well as their 
stereotypes, were newly created by the first author. All social 
sentences and their stereotypes were pilot tested. In the pilot, 
participants (n = 25) were asked to rate “How applicable is 
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the stereotype for the group?” using a 7-point scale (1 = not 
applicable at all, 4 = neutral, and 7 = very applicable). The 
consistent stereotypes were selected when the applicability 
rating was >5.5, while inconsistent stereotypes were selected 
when the applicability rating was <2.5. Next, to identify the 
applicability of stereotypical sentences regarding the social 
group, participants rated “How stereotypical is the behav-
ior in the sentence?” using a 7-point scale. The sentences 
describing the consistent stereotype were selected when the 
applicability rating was >5.5, while sentences describing 
the inconsistent stereotype were selected when the appli-
cability rating was <2.5. For the Consistent condition, we 
selected sentence sets that consisted of five consistent sen-
tences, while for the Inconsistent condition, sentence sets 
consisted of three (or 4) consistent sentences and two (or 
1) inconsistent sentences. All selected sentences contained 
between 9 and 12 words, including the group name (e.g., 
“The  1st celebrity”), with most sentences containing 10 
words in total.

Procedure

This study included three Sequencing conditions (i.e., Social 
Consistent Sequencing, Social Inconsistent Sequencing, and 
Nonsocial Consistent Sequencing), preceded by a baseline 

Nonsequencing condition (i.e., Social Consistent Nonse-
quencing), or four conditions in total. The Nonsequencing 
condition was presented at the beginning of the experiment, 
whereas the Sequencing conditions were presented in the 
remainder of the experiment in a randomized order. In all 
conditions, each sentence set was fully randomized for each 
participant, with the provision that inconsistent sentences 
appeared only in positions four or five (see below).

In the Sequencing task, participants were instructed to 
memorize a given temporal order of a set of five sentences 
involving a group member or an object. Then they had to 
infer from these sentences a common stereotype/character-
istic of that group or that kind of object. There were 11 
sentence sets for each Sequencing condition—all presented 
in a random order across all sequencing conditions. In each 
set, participants had to memorize the order of sentences in 
25 s or 35 s (randomly determined). The two different dura-
tions were intended to create different levels of difficulty in 
which participants performed at neither chance nor ceiling 
level. This factor was of no further relevance for our hypoth-
eses, and therefore reported in the Supplementary Table S1. 
Before the task, participants performed two practice sets 
including Social and Nonsocial sets.

For each set of the Sequencing task, the same procedure 
was followed (Fig. 1). During the study phase, participants 

Table 1  Abbreviated examples of experimental stimuli

Trial randomization refers to random presentation of trials across all Sequencing conditions, whereas sentence randomization refers to random 
presentation of sentences within each trial, with the provision that inconsistent sentences appeared only in positions 4 or 5

Social consistent nonse-
quencing condition

Social consistent sequenc-
ing condition

Social inconsistent 
sequencing condition

Nonsocial consistent 
sequencing condition

Sentence 1 Fair
The 1st judge sentences 

a criminal to 5 years in 
prison.

Sportive
The 1st athlete effortlessly 

runs ahead of others in 
the race.

Rich
The 1st celebrity lives in 

a splendid house in the 
suburbs.

Tall
The 1st skyscraper has a 

height of >300 m.

Sentence 2 Fair
The 2nd judge has the final 

say on the sentence.

Sportive
The 2nd athlete soon recov-

ers his breath after the 
final sprint.

Rich
The 2nd celebrity buys a 

bag from Hermes.

Tall
The 2nd skyscraper offers a 

landscape view of the city.

Sentence 3 Fair
The 3rd judge orders the 

return of the child to his 
mother.

Sportive
The 3rd athlete breaks a 

gold medal record in the 
Olympic games.

Rich
The 3rd celebrity travels 

around the world by a 
private jet.

Tall
The 3rd skyscraper is visible 

from a satellite.

Sentence 4 Fair
The 4th judge brings his 

hammer down on the 
table.

Sportive
The 4th athlete is strong 

and has good motor coor-
dination.

Poor
The 4th celebrity lives in a 

low-income apartment.

Tall
The 4th skyscraper is sur-

rounded by clouds.

Sentence 5 Fair
The 5th judge takes into 

account any previous 
convictions.

Sportive
The 5th athlete makes 

history by breaking three 
records.

Poor
The 5th celebrity cannot 

afford health insurance.

Tall
The 5th skyscraper has more 

than 70 floors.

Sequence Retrieval No Yes Yes Yes
Trial randomization No Yes Yes Yes
Sentence randomization Yes Yes Yes Yes
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were asked to memorize the correct temporal order of a set 
of sentences. First, the name of the social groups or non-
social objects (e.g., “the celebrities”, or “the skyscrapers”) 
was presented on the top of the screen. Then five sentences 
were shown on screen one by one with a duration of 3 s 
each (while prior sentences were not shown), leaving suf-
ficient time to read each sentence carefully. Immediately 
afterwards, all sentences were presented together for a total 
duration of 25 s or 35 s, to memorize their order. A red 
notice appeared on the top of the screen to indicate that 10 s 
remained before the memorizing phase ended. To optimize 
the estimation of the event-related fMRI response for incon-
sistent sentences, a mean 500-ms jitter (randomly ranging 
between 0 and 1000 ms) was presented between the third and 
fourth sentence regardless of condition.

Participants were then asked, “Which characteristic best 
describes these five group members or five objects?” Two 
options were given in a random order: one option was the 
correct stereotype/characteristic, and the other was a distrac-
tor with the same valence. Participants then rated, “How 
stereotypical are the behaviors in the sentences?” (i.e., 
Stereotypicality rating phase) using a 4-point rating scale 
(1 = not at all, 4 = very much). Next, to verify whether the 

participants had fully understood the sentences and to avoid 
that they used a minimal strategy whereby they memorized 
only some keywords of the sentences, they had to answer 
a factual check question “Which of the two sentences was 
shown before?” One sentence came from the original set, 
and the other was a slightly reworded version (e.g., “The 
celebrity orders a bag from Hermes,” and “The celebrity 
orders a bag from Dior”). Note that the factual check ques-
tion does not demonstrate sequence memorization of the 
sentences (which is the main dependent behavioral variable), 
but only memorization of some details in the sentences (as a 
manipulation check that the sentences were read).

Finally, during the sequence retrieval, participants were 
instructed to recognize the correct order of the sentences 
consisting of two trials by answering the question, “Which 
of the two sentences were shown earlier during the study 
phase (1 = the first sentence, 2 = the second sentence).” 
The order (1st, 2nd, ...5th) of the group members or objects 
was omitted from the sentence options during the factual 
check and sequence retrieval questions. On each trial, two 
sentences were shown in a random order.

Before the start of the Sequencing task, a Social Consist-
ent Nonsequencing Control condition was introduced. This 

Fig. 1  Experimental procedure. In the beginning, participants were 
asked to memorize the order of the behaviors of five group mem-
bers. Five sentences describing the actions of each group member 
were first shown on screen one by one with a duration of 3  s each. 
Immediately afterwards, all sentences were presented together for a 
total duration of 25 s or 35 s. Importantly, the sentences in the second 
half (positions 4-5) of the set implied either a consistent or inconsist-
ent stereotype (Social Consistent Sequencing and Social Inconsistent 
Sequencing conditions). Afterwards, they had to infer a common ste-

reotype/characteristic of the group member and rate how stereotypi-
cal the behaviors of the group members are, followed by a factual 
check question. All these questions had to be answered within 5  s. 
Next, participants had to retrieve the correct order of the sentences. 
An example of the Social Inconsistent Sequencing condition is shown 
here; Table 1 shows examples of the other conditions. For the Non-
sequencing Control condition, the procedure was identical to the 
Sequencing conditions, except for not having a subsequent sequence 
retrieval phase
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condition was presented first to avoid spontaneous memori-
zation of the order of the sentences after going through the 
Sequencing conditions first (see also Pu et al., 2020, 2021). 
Participants were required to read sets of social sentences 
implying a consistent stereotype of a social group (11 sets 
in total) but without memorizing their order. For this reason, 
participants were allowed to end the reading earlier (i.e., 
before 25 or 35 s) once they understood all the sentences. All 
other aspects of the procedure were identical to the Sequenc-
ing task, except for not having a sequence retrieval phase.

All questions and ratings had to be answered within 5 s 
and were preceded by a blank screen with a fixation cross 
in the center, which was jittered randomly between 0 ms to 
2000 ms (mean = 1000 ms). All responses were given on a 
response box used with the (nondominant) left hand. Over-
all, the participants failed to respond within 5 s (missed) in 
6.5% (SD = 5.6%) of the retrieval trials across all sequenc-
ing conditions. These missed trials were excluded from the 
behavioral and fMRI analysis.

Imaging procedure and preprocessing

Images were collected with a Siemens Magnetom Prisma fit 
scanner system (Siemens Medical Systems, Erlangen, Ger-
many) using a 64-channel radiofrequency head coil. Stimuli 
were projected onto a screen at the end of the magnet bore 
that participants viewed by way of a mirror mounted on the 
head coil. Stimulus presentation was controlled by E-Prime 
2.0 (www. pstnet. com/ eprime; Psychology Software Tools) 
running under Windows XP. Participants were placed head 
first and supine in the scanner bore and were instructed not 
to move their heads to avoid motion artifacts. Foam cush-
ions were placed within the head coil to minimize head 
movements. First, a high-resolution anatomical images 
were acquired using a T1-weighted 3D MPRAGE sequence 
[TR = 2250 ms, TE = 4.18 ms, TI = 900 ms, FOV = 256 mm, 
flip angle = 9°, voxel size = 1 × 1 × 1 mm]. Second, a field-
map was calculated to correct for inhomogeneities in the 
magnetic field (Cusack & Papadakis, 2002). Third, whole-
brain functional images were collected in a single run using 
a T2*-weighted gradient echo sequence, sensitive to BOLD 
contrast (TR = 1000 ms, TE = 31.0 ms, FOV = 210 mm, flip 
angle = 52°, slice thickness = 2.5 mm, distance factor = 0%, 
voxel size = 2.5 × 2.5 × 2.5 mm, 56 axial slices, acceleration 
factor GRAPPA = 4).

SPM12 (Wellcome Department of Cognitive Neurology, 
London, UK) was used to process and analyze the fMRI 
data. To remove sources of noise and artifacts, data were 
preprocessed. Inhomogeneities in the magnetic field were 
corrected using the fieldmap (Cusack & Papadakis, 2002). 
Functional data were corrected for differences in acquisition 
time between slices for each whole-brain volume, realigned 
to correct for head movement, and co-registered with each 

participant’s anatomical data. Then, the functional data 
were transformed into a standard anatomical space (2-mm 
isotropic voxels) based on the ICBM152 brain template 
(Montreal Neurological Institute). Normalized data were 
then spatially smoothed (6-mm full-width at half-maxi-
mum, FWHM) using a Gaussian Kernel. Finally, using the 
Artifact Detection Tool (ART; http:// web. mit. edu/ swg/ art/ 
art. pdf; http:// www. nitrc. org/ proje cts/ artif act_ detect), the 
preprocessed data were examined for excessive motion 
artifacts and correlations between motion and experimental 
design, and between global mean signal and experimental 
design. Outliers were identified in the temporal differences 
series by assessing between-scan differences (Z-threshold: 
3.0 mm, scan-to-scan movement threshold: 0.5 mm; rota-
tion threshold: 0.02 rad). These outliers were omitted from 
the analysis by including a single regressor for each outlier. 
A default high-pass filter was used of 128 s and serial cor-
relations were accounted for by the default auto-regressive 
AR(1) model.

Statistical analysis of neuroimaging data

Whole‑brain analysis of study phase and retrieval phase

The general linear model of SPM12 (Wellcome Depart-
ment of Cognitive Neurology, London, UK) was used to 
conduct the analyses of the fMRI data. For the analysis at 
the first (single participant) level, the event-related design 
was modeled with one regressor for each of the four condi-
tions (Social Consistent Non-sequencing; Social Consist-
ent Sequencing; Social Inconsistent Sequencing; Nonsocial 
Consistent Sequencing). During the study phase, onsets for 
all conditions were specified at the presentation of all sen-
tences-at-once of the sentence set, that is, when memorizing 
the order of the sentences most likely began. After the study 
phase, onsets were specified at the presentation of each ques-
tion (i.e., stereotype/characteristic judgment, stereotypicality 
rating, and sequence retrieval) for each of the Sequencing 
conditions. Each regressor was convolved with a canonical 
hemodynamic response function of which the duration was 
set to 0 s for all questions. During the study phase, event 
duration was determined in the same manner as Pu et al. 
(2020): For the Nonsequencing Control condition, the dura-
tion for reading all sentences was set to 4 s (on average the 
shortest reading time to understand the sentences). Sentence 
sets with reading times shorter than 4 s were excluded from 
the analysis, and the mean rejection rate of sentence sets was 
16% (SD = 22%). For the Sequencing conditions, duration 
was limited to 10 s to capture memorizing the order of all 
sentence sets and participants.

At the second (group) level, the regressors from the sin-
gle-subject, first-level analyses were entered into a second-
level, random-effects analysis. For the study phase and all 
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questions, we conducted a one-way within-subject ANOVA 
and defined all possible t-contrasts of interest comparing 
Sequencing and Nonsequencing conditions during the 
study phase, and comparing in a similar manner the ste-
reotype/characteristic judgment, stereotypicality rating, and 
sequence retrieval questions of the Sequencing conditions. A 
full factorial analysis was not conducted, because there were 
not enough conditions to combine into a full factorial design 
that allowed to test our hypotheses, and because SPM does 
not have a within-participants version of this analysis which 
controls for individual differences.

Whole‑brain analysis of detecting stereotype‑inconsistent 
behaviors

We then examined brain activity associated with stereo-
type-inconsistent behaviors of social groups. Recall that 
each sentence set was split up in the first half of consist-
ent sentences (positions 1-3) and the second half of mixed 
consistent and inconsistent sentences (positions 4-5). At the 
second (group) level, to analyze inconsistency detection in 
more detail, for the Social Inconsistent Sequencing sets, we 
compared the first occurrence of an inconsistent sentence 
(in position 4 or 5) > the third occurrence of a consistent 
sentence (in position 3). We did so to have an inconsistent 
sentence following as close as possible to a consistent sen-
tence in an attempt to identify a sudden inconsistency effect 
at the relevant moment. Note that because the order of (in) 
consistent sentence was full randomized for each participant, 
the exact sentence in these comparisons always differed. In 
addition, to verify that the cerebellar Crus was preferentially 
activated when detecting inconsistent actions, as opposed to 
consistent actions, we next examined brain activation for the 
parallel (Social and Nonsocial) Consistent Sequencing con-
ditions. Specifically, we compared the fourth occurrence of 
a consistent sentence (to parallel a similar position of the 1st 
inconsistent sentence) > the third occurrence of a consistent 
sentence. This analysis required six regressors of interest at 
the first level, involving two sentences in the three Sequenc-
ing conditions.

For all whole-brain analyses, significant activation maps 
were defined at a cluster-defining threshold of p < 0.001, 
uncorrected with a minimum cluster extent of 10 voxels, 
and we restricted the analysis to clusters with a Family 
Wise Error (FWE) corrected with a cluster-wise threshold 
of p < 0.05.

Regions of Interest Analysis

Several a priori Regions of Interest (ROI) were determined 
by our specific hypotheses (e.g., Cerebellar Crus) and by 
earlier findings (Ma et al., 2012) indicating that mentalizing 
and conflict monitoring networks were activated in updating 

consistent and inconsistent social behaviors. Specifically, the 
ROIs for cerebellar Crus were taken from an earlier study 
(MNI Coordinates: Crus 2, ± 24, −76, −40; Crus 1, 40, −70, 
−40; Van Overwalle et al., 2020). The cortical ROIs were 
derived from prior meta-analyses on social cognition (Van 
Overwalle, 2009) involved the following areas and center 
coordinates: social mentalizing: TPJ, ±50 − 55 25; dmPFC, 
0 50 35; mPFC, 0 50 20; precuneus, 0 − 60 40; conflict moni-
toring: pmFC, 0 20 45; lateral PFC, ± 40 25 20. A sphere of 
10-mm radius for cerebellar ROIs (given the smaller volume 
of the cerebellum) and 15-mm radius for cortical ROIs (see 
similar analysis by Pu et al., 2021) around the centers was 
used to perform a small volume correction using the same 
cluster-defining threshold as the whole-brain analysis, with 
p < 0.001, uncorrected with a minimum of 10 voxels. Sig-
nificant ROIs were identified using a threshold of p < 0.05, 
FWE corrected at the cluster level.

Results

Behavioral results

We used one-way repeated measures analysis of variance 
(ANOVA) on the accuracy of stereotype/characteristic judg-
ment, the factual check question, the stereotypicality rating, 
and the accuracy and response time of sequence retrieval, 
with Sequencing condition (Social Consistent, Social Incon-
sistent, and Non-social Consistent Sequencing conditions) 
as within-participant factors.

First, for the accuracy of the stereotype/characteristic 
judgment, the main effect of Sequencing condition was not 
significant, F(2,52) = 0.91, p = 0.41, η2

p = 0.034. The average 
accuracy across all conditions was 96% (SD = 7.8%).

Second, for the accuracy of the factual check question, 
the main effect of Sequencing condition was significant, 
F(2,52) = 15.36, p < 0.001, η2

p = 0.37. The accuracy in the 
Social Inconsistent Sequencing condition (mean ± SD: 
85% ± 13%) was significantly lower than the Nonsocial 
Consistent Sequencing (mean ± SD: 95% ± 7%), p = 0.024 
and Social Consistent Sequencing conditions (mean ± SD: 
91% ± 8%), p < 0.001 (Bonferroni correction). The average 
accuracy of the factual check question across all Sequencing 
conditions (Social + Nonsocial) was 90% (SD = 9%).

Third, for the stereotypicality rating, the main effect 
of Sequencing condition was significant, F(2,52) = 36.79, 
p < 0.001, η2

p = 0.59. The stereotypicality rating in the Social 
Inconsistent Sequencing was significantly lower than the 
Social Consistent and Non-social Consistent Sequencing 
conditions, both p < 0.001 (Bonferroni correction). Overall, 
these results indicated that participants performed well on 
inferring the stereotype/characteristic of both social groups 
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and non-social objects, and that the manipulation of stereo-
type (in)consistency was successful.

Finally, for the main dependent variable—accuracy of 
sequence retrieval—we analyzed the % correct response. 
The main effect of Sequencing condition was significant, 
F(2,52) = 5.41, p = 0.007, η2

p = 0.17. The retrieval accuracy 
in the Social Inconsistent Sequencing condition (mean ± SD: 
85% ± 11%) was higher than the Nonsocial Consistent 
Sequencing condition (mean ± SD: 78% ± 12%), p = 0.012 
(Bonferroni correction). There was no significant difference 
for other comparisons (Social Inconsistent vs. Social Con-
sistent Sequencing, Social Consistent vs. Non-social Con-
sistent Sequencing), all p > 0.10.

In addition, for the response time of sequence retrieval, 
the main effect of Sequencing condition was not significant, 
F(2,52) = 2.59, p = 0.09, η2

p = 0.09.

Neuroimaging results

The analysis of the data was hypothesis-driven to avoid an 
overload of nonessential results and because of the lack of a 
full factorial design. Hence, we focused only on the hypoth-
esized contrasts between Sequencing versus Nonsequencing, 
between Social versus Nonsocial, and between Consistent 
versus Inconsistent conditions. We also report the reverse 
contrasts to ensure that the involvement of the posterior cer-
ebellum is observed only in the hypothesized direction of 
the contrasts.

Given our focus on the cerebellum, we start the descrip-
tion of our results with this brain area, followed by the other 
(posterior to anterior) areas.

Study phase: memorizing the order of social actions

First, to identify the cerebellar involvement in learn-
ing action sequences, we computed a Social Consistent 
Sequencing > Social Consistent Nonsequencing contrast. 
As expected, the results from a whole brain analysis revealed 
significant posterior cerebellar Crus 2 activation. Additional 
brain activations were found in the mPFC, dmPFC, TPJ, 
cerebellar VI, postcentral gyrus, and Inferior Frontal Gyrus 
(IFG; including lateral PFC), and superior frontal gyrus 
(Table 2; Fig. 2A). For the reverse contrast, we observed 
brain activations in the cuneus, precuneus, supramarginal 
gyrus, superior frontal gyrus, and middle frontal gyrus.

For the parallel contrast of Social Inconsistent Sequenc-
ing > Social Consistent Non-sequencing, the posterior cer-
ebellar Crus 2 was again significantly activated, together 
with activations in the mPFC, dmPFC, TPJ, cerebellum VI 
and VII, middle temporal gyrus, inferior parietal lobule, 
postcentral gyrus, inferior temporal gyrus, middle frontal 
gyrus, and IFG including lateral PFC (Table 2, Fig. 2B). 
The brain activations for the reverse contrast were found in 

the cuneus, supramarginal gyrus, superior frontal gyrus, and 
middle frontal gyrus.

Next, to explore the effect of inconsistency on cerebel-
lar activation, we directly compared Social Inconsistent 
Sequencing > Social Consistent Sequencing. We found sig-
nificant brain activation in the posterior cerebellar Crus 1 
and 2 (Table 2, Fig. 2C); no significant brain activation was 
found in the reverse contrast.

Finally, to demonstrate that cerebellar activation for 
processing action sequences was preferentially recruited in 
social contexts, we compared Social Consistent or Incon-
sistent Sequencing > Nonsocial Consistent Sequencing. 
Cerebellar Crus activation was found for the contrast Social 
Inconsistent Sequencing > Non-social Consistent Sequenc-
ing (Table 2, Fig. 2D), but nothing for Social Consistent 
Sequencing > Nonsocial Consistent Sequencing. No sig-
nificant brain activation was found for the reverse contrasts.

As mentioned earlier, this study does not constitute a 
full factorial design (e.g., lack of Social Inconsistent Non-
sequencing condition). To further support our hypothesis 
that the posterior cerebellar activation in the inconsistent 
sequencing condition was predominantly stronger compared 
to all other consistent conditions (Ma, Pu, Haihambo et al., 
2021; Ma et al., 2021c), we conducted a spreading inter-
action contrast by comparing Social Inconsistent Sequenc-
ing > all other conditions (Social Consistent Sequencing 
+ Social Consistent Nonsequencing + Nonsocial Con-
sistent Sequencing; using contrast weights +3 − 1 − 1 − 1, 
respectively; Table 2). Consistent with the hypothesis, this 
spreading interaction revealed significant activation in the 
bilateral posterior cerebellar Crus 2. Additional activations 
in the cerebrum were found in the dmPFC, mPFC, supe-
rior frontal gyrus, inferior frontal gyrus, middle temporal 
gyrus, and inferior parietal lobule. As hypothesized, the 
reverse contrasts revealed no activation in the cerebellum, 
but found brain activations in the cerebrum, including the 
cuneus, superior orbital gyrus, middle frontal gyrus, and 
superior frontal gyrus.

Detecting stereotype‑inconsistent actions

More importantly, to investigate the neural process in detect-
ing stereotype-inconsistent behaviors more directly, we com-
pared the first occurrence of an inconsistent sentence > the 
third consistent sentence in each set of the Social Incon-
sistent Sequencing condition. This analysis demonstrated 
stronger activation in the posterior cerebellar Crus 1 and 2, 
together with activation in the mentalizing regions including 
TPJ, precuneus and dmPFC, and conflict monitoring regions, 
including the lateral PFC and pmFC (Table 3; Fig. 3). Note, 
however, that cerebellar Crus activation in this inconsistency 
contrast is predominantly located in the executive control 
network (Fig. 3; Buckner et al., 2011). Additional activations 
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Table 2  Whole-brain analysis of the study phase (e.g., memorizing the order of actions)

Contrasts and anatomical label MNI coordinate Voxels max t

x y z

Social Consistent Sequencing > Social Consistent Nonsequencing Control
R Cerebellum (Crus 2) 28 −84 −42 561 4.53***
R Cerebellum (Crus 2) 10 −82 −32 4.18***
L Cerebellum (VI) −24 −54 −22 217 4.47**
R Postcentral Gyrus 28 −34 48 765 5.28***
L Postcentral Gyrus −58 −20 32 955 4.99***
L Inferior Frontal Gyrus including lateral PFC −44 24 −4 2532 6.40***
L Superior Frontal Gyrus including dmPFC −10 36 48 1892 6.23***
ROI: TPJ −40 −62 28 88 4.48**
ROI: dmPFC −10 46 44 643 6.09***
ROI: mPFC −8 52 32 237 5.26***
Social Consistent Nonsequencing Control > Social Consistent Sequencing
R Cuneus 14 −94 16 5617 15.49***
R Precuneus 8 −46 44 2236 6.89***
R SupraMarginal Gyrus 56 −46 34 624 5.84***
R Superior Frontal Gyrus 24 10 64 240 5.40***
L Superior Frontal Gyrus −28 36 34 128 5.25***
R Middle Frontal Gyrus 30 46 38 1247 6.63***
Social Inconsistent Sequencing > Social Consistent Nonsequencing Control
R Cerebellum (Crus 2) 10 −82 −30 1888 5.93***
R Cerebellum (Crus 2) 30 −82 −40 5.89***
R Cerebellum (Crus 1) 28 −78 −28 5.41***
L Cerebellum (VIII) −18 −60 −48 237 4.68**
L Cerebellum (VI) −24 −54 −22 262 4.64**
L Angular Gyrus including TPJ −40 −62 28 330 4.53**
L Middle Temporal Gyrus −50 −46 0 219 4.84**
L Inferior Parietal Lobule −46 −28 38 1392 5.35***
R Postcentral Gyrus 40 −22 38 911 5.05***
L Inferior Temporal Gyrus −50 −2 −34 170 5.19*
L Middle Frontal Gyrus −34 16 58 456 4.89***
L Superior Frontal Gyrus including dmPFC −10 36 48 2322 7.22***
L Inferior Frontal Gyrus −46 46 −4 3256 7.31***
ROI: mPFC −8 52 32 289 5.64***
ROI: dmPFC −12 52 36 770 6.81***
Social Consistent Nonsequencing Control > Social Inconsistent Sequencing
R Cuneus 14 −92 16 6631 15.27***
R SupraMarginal Gyrus 54 −46 34 585 6.03***
R Superior Frontal Gyrus 20 18 64 191 5.29*
L Superior Frontal Gyrus −28 34 34 313 5.25**
R Middle Frontal Gyrus 30 44 34 1409 6.76***
Nonsocial Consistent Sequencing > Social Consistent Nonsequencing Control
R Cerebellum (Crus 2) 10 −82 −32 188 4.79*
R Cerebellum (VII) 30 −76 −50 631 5.01***
L Cerebellum (VIII) −18 −62 −48 181 4.55*
L Cerebellum (VI) −20 −58 −20 476 4.99**
L Inferior Occipital Gyrus −50 −72 −6 164 4.43*
R Postcentral Gyrus 28 −34 48 1003 4.99***
L Inferior Parietal Lobule −46 −28 36 1512 5.32***
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Table 2  (continued)

Contrasts and anatomical label MNI coordinate Voxels max t

x y z

L Rectal Gyrus −2 34 −24 143 5.22*
R IFG 34 34 −6 204 4.24*
L Superior Frontal Gyrus −10 36 48 2467 6.63***
L IFG −40 38 −6 3342 6.96***
Social Consistent Nonsequencing Control > Nonsocial Consistent Sequencing
L Superior Occipital Gyrus −8 −98 6 4647 15.11***
R Precuneus 8 −46 44 1532 5.94***
R SupraMarginal Gyrus 54 −46 34 371 5.33***
R Superior Frontal Gyrus 20 18 64 161 5.06*
L Superior Frontal Gyrus −28 36 34 312 5.44**
R Superior Frontal Gyrus 20 42 34 1278 6.60***
Social Consistent Sequencing > Nonsocial Consistent Sequencing
–
Nonsocial Consistent Sequencing > Social Consistent Sequencing
L Fusiform Gyrus −32 −30 −20 337 4.68**
Social Inconsistent Sequencing > Social Consistent Sequencing
L Cerebellum (Crus 1) −28 −82 −26 302 4.03**
R Cerebellum (Crus 2) 30 −74 −40 533 4.52***
Social Consistent Sequencing > Social Inconsistent Sequencing
–
Social Inconsistent Sequencing > Nonsocial Consistent Sequencing
R Cerebellum (Crus 2) 26 −82 −38 226 4.37***
Nonsocial Consistent Sequencing > Social Inconsistent Sequencing
R Cuneus 16 −82 32 148 4.61*
R Calcarine Gyrus 16 −52 8 183 4.77*
L ParaHippocampal Gyrus −26 −40 −6 397 5.40**
R Fusiform Gyrus 22 −34 −18 448 5.11**
R Superior Medial Gyrus (ventral mPFC) 2 46 0 626 4.97***
Spreading Interaction: Social Inconsistent Sequencing > (Social Consistent Sequencing + Social Consistent Nonsequenc-

ing + Nonsocial Consistent Sequencing)
R Cerebellum (Crus 2) 22 −84 −40 1728 6.29***
R Cerebellum (Crus 2) 32 −80 −38 6.17***
R Cerebellum (Crus 2) 10 −82 −30 5.72***
L cerebellum (Crus 2) −28 −82 −34 434 4.36***
L cerebellum (Crus 2) −2 −84 −30 4.29***
L cerebellum (Crus 2) −16 −84 −36 4.08***
L Inferior Parietal Lobule −36 −66 48 211 4.31**
L Middle Temporal Gyrus −58 −40 −8 176 4.69*
L Inferior Parietal Lobule −48 −28 44 199 4.36*
L IFG (p. Orbitalis) −46 46 −4 2640 6.76***
L Superior Frontal Gyrus −14 54 36 1453 6.09***
ROI: dmPFC −14 54 36 385 6.09***
ROI: mPFC −10 54 30 51 4.26*
Spreading Interaction: (Social Consistent Sequencing + Social Consistent Nonsequencing + Nonsocial Consistent Sequenc-

ing) > Social Inconsistent Sequencing
R Cuneus 14 −92 16 2575 10.27***
R Midcingulate Cortex 4 −36 48 808 6.27***
R Middle Frontal Gyrus −32 32 38 143 4.76*
R Superior Frontal Gyrus 28 44 34 689 4.74***
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were found in the middle occipital gyrus, superior frontal 
gyrus, insula, and middle frontal gyrus. No significant brain 
activation was found for the reverse contrast.

As might be expected, for both Social and Nonsocial 
Consistent Sequencing conditions, no cerebellar Crus acti-
vation was found when contrasting the fourth consistent 
sentence > the third consistent sentence. Specifically, for 
this contrast in the Social Consistent Sequencing condi-
tion, activations were found in the middle occipital gyrus, 
middle frontal gyrus, medial cingulate cortex, basal ganglia 
(putamen), paracentral lobule, precentral gyrus, and supe-
rior temporal gyrus (Table 3). In the Nonsocial Consistent 
Sequencing condition, we observed activations in the mid-
dle occipital gyrus, cerebellum VII, insula, superior frontal 
gyrus, basal ganglia (caudate), and middle frontal gyrus 
(Table 3). No significant brain activation was found for the 
reverse contrasts.

For sequence retrieval, stereotype/characteristic judg-
ment, and stereotypicality rating, we did not observe any 
significant brain activation for the Social Inconsistent 
Sequencing > Social Consistent Sequencing contrast (nor 
the reverse contrast).

Discussion

The goal of the current study was to investigate the neu-
ral substrates of stereotype-conflicting behaviors of group 
members. Participants were asked to memorize the tem-
poral order of a series of social actions that were either 
stereotype-consistent or inconsistent with prior knowledge 
or expectations of a social group. This was designed to 
explore two fundamental functions of the cerebellum, 
related to its basic role of predicting upcoming behaviors. 
First, we expected that the posterior cerebellum supports 
learning the sequence of social actions implying group 
stereotypes, as this facilitates the prediction of subsequent 
behaviors. Second and more importantly, we hypothesized 
that the posterior cerebellum contributes to identifying 
stereotype-inconsistent behaviors, as this disrupts predic-
tions of ongoing behaviors. Moreover, cortical activation 

was expected in mentalizing regions in all social sequenc-
ing conditions, and additionally in conflict monitoring 
areas during the stereotype-inconsistent condition (Buck-
ner et al., 2011; Yeo et al., 2011).

Cerebellar Crus and memorizing the sequence 
of social actions

In line with our hypothesis, our results confirmed that the 
posterior cerebellum contributes to memorizing social action 
sequences as opposed to simply reading and recognizing 
social actions that implied a consistent group stereotype. 
This finding extends prior research demonstrating the gen-
eral role of the posterior cerebellar Crus in action sequencing 
along a large variety of social mentalizing tasks, most often 
without any a priori inherent order, including memorizing 
the temporal order of trait-implying actions (Pu et al., 2020, 
2021), predicting social action sequences based on personal-
ity traits (Haihambo et al., 2021), memorizing social trajec-
tories involved in goal-directed navigation (Li et al., 2021), 
and even implicitly learning the order of others’ beliefs 
(Ma et al., 2021b). Together, these studies confirmed the 
“sequence hypothesis” (Leggio & Molinari, 2015) applied 
to social cognition (Van Overwalle et al., 2019b), which 
states that the cerebellum identifies and encodes sequences 
of actions in the social domain. In addition, the mentalizing 
network including the TPJ and mPFC also was activated 
in this contrast, which indicates that mentalizing processes 
were involved during learning social action sequences.

However, the current results failed to find a preferential 
recruitment of the cerebellum for social sequencing under 
consistent conditions (i.e., nonsignificant Social Consistent 
Sequencing > Nonsocial Consistent Sequencing contrast). 
This runs against the hypothesis and the prior finding of 
significant effects of social versus non-social conditions 
under consistent trait-implying conditions (Pu et al., 2020). 
The present finding is paralleled by a similar pattern of 
retrieval accuracy, which revealed that although accuracy 
was highest under social inconsistent sequencing, it did not 
differ between the consistent conditions mentioned above 
(Social Consistent Sequencing vs. Nonsocial Consistent 

Table 2  (continued)

Contrasts and anatomical label MNI coordinate Voxels max t

x y z

R Superior Orbital Gyrus 6 50 −2 400 5.16***

Coordinates refer to the MNI (Montreal Neurological Institute) stereotaxic space and are ordered from posterior to anterior. Whole-brain analy-
sis thresholded at voxel-wise uncorrected p < 0.001 with cluster-wise FWE corrected p < 0.05, with voxel extent ≥10. Only the highest peaks of 
each cluster are shown, except for the cerebellum showing all peaks. ROIs involve a cluster-level FWE using a small volume correction with a 
sphere of 15 mm radius and centered around priori MNI coordinates: TPJ, −50 − 55 25; dmPFC, 0 50 35; mPFC, 0 50 20. L = left, R = right
*p < 0.05; **p < 0.01; ***p < 0.001 (cluster-level FWE corrected)
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Sequencing). This seems to suggest that the inconsistency 
manipulation became so salient, that it received processing 
precedence over other information so that other distinctions 
in the manipulation such as human versus nonhuman agents 
became much less relevant or salient. This is an interest-
ing qualification to the social sequencing hypothesis of the 

social cerebellum originally put forward by Van Overwalle 
et al. (2019b), which seems to indicate that monitoring one’s 
alignment with other’s actions is more important than rep-
resenting upcoming actions of self and other (for a similar 
view, see Deschrijver & Palmer, 2020). Both strategies are 
in line with the overall idea that the major function of the 

Fig. 2  Memorizing social action sequences. Top: Sagittal and Trans-
verse views of the contrasts at an uncorrected threshold of p < 0.001. 
Bottom: Cerebellar activations of the same contrasts drawn on a 
SUIT flat map, together with a flatmap atlas and the functional net-
work flatmap from Buckner et  al. (2011; http:// www. diedr ichse nlab. 
org/ imagi ng/ Atlas Viewer/ viewer. html). The results show that the 
posterior cerebellum Crus was significantly activated in the contrast 

(A) Social Consistent Sequencing > Social Consistent Non-sequenc-
ing Control; (B) Social Inconsistent Sequencing > Social Consist-
ent Non-sequencing Control; (C) Social Inconsistent Sequencing > 
Social Consistent Sequencing; (D) Social Inconsistent Sequencing > 
Nonsocial Consistent Sequencing. For all contrasts, whole brain acti-
vation, p < 0.05, FWE corrected
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Table 3  Whole-brain analyses when detecting the stereotype-inconsistent actions

Coordinates refer to the MNI (Montreal Neurological Institute) stereotaxic space and are ordered from posterior to anterior. Whole-brain analy-
sis thresholded at voxel-wise uncorrected p < 0.001 with cluster-wise FWE corrected p < 0.05, with voxel extent ≥10. Only the highest peaks of 
each cluster are shown. ROIs involve cluster-level FWE corrected clusters using a small volume correction with a sphere of 15-mm radius for 
cortical ROIs and 10 mm radius for cerebellar ROIs, and centered around priori MNI coordinates: Cerebellar Crus 2, ±24 − 76 − 40; Cerebellar 
Crus 1, 40 − 70 − 40; TPJ, ±50 55 25; dmPFC, 0 50 35; lateral PFC, ±40 25 20; pmFC, 0 20 45; precuneus, 0 − 60 40). L = left, R = right
*p < 0.05; **p < 0.01; ***p < 0.001 (cluster-level FWE corrected)

Contrasts and anatomical label MNI coordinate Voxels max t

x y z

Inconsistent actions in the social inconsistent condition:
1st Inconsistent sentence >  3rd Consistent sentence
L Cerebellum (Crus 1) −36 −62 −30 208 4.80**
L Cerebellum (Crus 1) −28 −68 −30 4.12**
L Middle Occipital Gyrus −12 −102 4 18,878 12.11***
L Superior Frontal Gyrus −24 −4 52 2236 6.03***
R Superior Frontal Gyrus 26 4 54 842 7.01***
R Insula Lobe 32 24 −2 198 5.65**
R Middle Frontal Gyrus 48 34 32 1699 6.61***
L Middle Frontal Gyrus −30 50 10 440 4.82***
R Middle Frontal Gyrus 34 52 18 145 4.24*
ROI: L Cerebellum (Crus 2) −28 −74 −48 16 3.74*
ROI: R Cerebellum (Crus 2) 26 −72 −44 9 3.48*
ROI: R Cerebellum (Crus 1) 36 −68 −42 12 3.53*
ROI: Precuneus 8 −66 46 780 7.62***
ROI: TPJ −40 −50 36 36 5.20*
ROI: pmFC 6 20 46 1063 6.04***
ROI: L Lateral PFC −46 22 28 436 5.08***
ROI: R Lateral PFC 44 34 32 440 6.42**
ROI: dmPFC 2 40 46 64 4.22**
3rd Consistent sentence >  1st Inconsistent sentence
–
Consistent actions in the social consistent condition:
4th Consistent sentence >  3rd Consistent sentence
L Middle Occipital Gyrus −12 −102 4 14,866 14.96***
L Middle Frontal Gyrus −44 28 30 1451 5.56***
R Medial Cingulate Cortex 10 30 30 851 5.67***
L Putamen (Basal Ganglia) −20 18 2 873 5.52***
L Paracentral Lobule −4 −36 64 106 5.27*
R Precentral Gyrus 48 4 44 314 5.01***
L Middle Frontal Gyrus −24 2 54 574 4.57***
R Superior Temporal Gyrus 52 −10 2 138 4.29*
R Middle Frontal Gyrus 38 52 24 110 4.04*
3rd Consistent sentence > 4th Consistent sentence
–
Consistent actions in the non-social consistent condition:
4th Consistent sentence >  3rd Consistent sentence
L Middle Occipital Gyrus −24 −94 6 29,313 14.79***
R Cerebellum (VIII) 24 −44 −48 140 5.35*
L Insula Lobe −38 −12 6 287 5.66***
R Superior Frontal Gyrus 24 −2 58 1330 6.32***
L Superior Frontal Gyrus −30 2 66 1427 5.79***
R Caudate Nucleus (Basal Ganglia) 14 18 −2 687 5.62***
L Caudate Nucleus (Basal Ganglia) −14 20 0 601 5.82***
L Middle Frontal Gyrus −28 58 14 520 4.54***
3rd Consistent sentence >  4th Consistent sentence
–
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social cerebellum is to aid predicting and preparing social 
interaction.

Cerebellar Crus and detecting 
stereotype‑inconsistent actions

As expected, the posterior cerebellar Crus was preferen-
tially recruited when social sequencing involved actions that 
were stereotype-inconsistent rather than consistent (i.e., 1st 
occurrence of Social Inconsistent action >3rd occurrence of 
Social Consistent action). Consistent with our hypothesis, 
cerebellar Crus activation was not found in the same contrast 
involving Social and Non-social Consistent conditions (e.g., 
4th Consistent sentence >3rd Consistent sentence). We did, 
however, observe a weak activation in the anterior cerebellar 
lobule VII in the Nonsocial condition. Given that this effect 
was weak and not robust across all Consistent conditions, 
and given that previous research associated lobule VII with 
sensorimotor (Stoodley & Schmahmann, 2009) and working 
memory tasks (Brissenden et al., 2021), it is difficult to pin-
point a specific interpretation to this finding. Taken together, 
the present results extends the “sequence hypothesis” (Leg-
gio & Molinari, 2015) where the cerebellum detects viola-
tions between predicted and actual sequences, to a higher 

level of implied social meaning (i.e., stereotype-inconsist-
encies). Thus, the function of the posterior cerebellum is to 
identify and potentially correct “prediction errors” not only 
by inconsistencies in the sequences of actions, but also in 
the social implications of these actions, thus allowing adjust-
ment of future interactions with members of a social group.

In addition, we observed stronger cerebellar Crus activa-
tion when we contrasted Social Inconsistent Sequencing > 
Nonsocial Consistent Sequencing, although no cerebellar 
activation was observed for the parallel Social Consistent 
Sequencing > Nonsocial Consistent Sequencing contrast. 
This seems to highlight the sensitivity of the posterior cer-
ebellum to inconsistencies in the present study, rather than 
any domain-specific preference, unlike prior research where 
the posterior cerebellum was preferentially recruited in the 
social domain when inconsistencies were absent (Pu et al., 
2020). This is likely due to a somewhat diminished sensi-
tivity to, or processing of, social information in general, to 
facilitate processing of inconsistencies in the social informa-
tion. Therefore, taking these two studies together, our results 
provide evidence on the critical function of the posterior 
cerebellum in processing social action sequences as well 
as in detecting violations in the social implications of these 
actions.

Fig. 3  Detecting stereotype-inconsistent behaviors when learn-
ing action sequences (i.e., 1st inconsistent sentence (of the second 
half) > 3rd consistent sentence (of the first half)). Top: Left panel 
shows sagittal view with activation in the posterior cerebellar Crus 1 
indicated by a circle representing the ROI (sphere with radius 10 mm) 
at an uncorrected threshold of p < 0.001 (whole brain p < 0.05, FWE 
corrected). Right panel shows activation of the cerebellar Crus on a 

SUIT flatmap; together with a flatmap atlas and the functional net-
work flatmap from Buckner et  al. (2011; http:// www. diedr ichse nlab. 
org/ imagi ng/ Atlas Viewer/ viewer. html). Bottom: activation in corti-
cal regions including TPJ, dmPFC, precuneus, pmFC, and lateral 
PFC denoted by a circle representing the ROIs (cluster-level p < 0.05, 
FWE using a small volume correction with a sphere with 15-mm 
radius)
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One might argue that the increased cerebellar activa-
tion in processing (Social) Inconsistent Sequencing against 
(Social and Nonsocial) Consistent Sequencing was poten-
tially due to memory difficulty (e.g., increased cognitive 
load) in the study phase. However, this interpretation is 
unlikely. The behavioral data show that there was no signifi-
cant difference in accuracy and response time of sequence 
retrieval between the Social Inconsistent and Social Consist-
ent Sequencing conditions. In fact, we only found signifi-
cantly higher retrieval accuracy in the Social Inconsistent 
Sequencing than in the Nonsocial Consistent Sequencing 
condition, indicating lower memory demands and cognitive 
load in the Social Inconsistent condition. This is probably 
because inconsistent information elicits increased top-down 
attention to task-relevant sequence information, thus improv-
ing memory performance when retrieving the sequence of 
sentences (Egner & Hirsch, 2005; Krebs et al., 2015). These 
results are incompatible with the possibility that the stronger 
cerebellar activation was due to the difficulty of memoriza-
tion. Note that increased top-down attention to task-relevant 
sequence information about sentences may have caused less 
attention to task-irrelevant information, thus decreasing the 
accuracy of the factual manipulation check question.

Previous studies have demonstrated that the cerebellum 
is involved in the prediction and violation detection of lan-
guage and social cognition (Sokolov et al., 2017), includ-
ing semantic processing (Moberget et al., 2014), linguistic 
prediction (Lesage et al., 2017), and social norms (Berthoz 
et al., 2002). Nevertheless, the exact function of the cer-
ebellum in processing violations in high-order social func-
tioning remained largely unexplored. In a novel study, Pu 
et al. (2021) recently observed that, while memorizing the 
temporal order of trait-implying actions of individuals, the 
cerebellar Crus was more strongly activated during trait-
inconsistent than trait-consistent actions. Our study extends 
this individual social inconsistency effect (Pu et al., 2021) 
for the first time to stereotype-inconsistent behaviors of 
group members.

This finding is theoretically important because this sug-
gests a greater role of the posterior cerebellum in predict-
ing and monitoring conflicts at a higher and more complex 
social level. This role is functionally very relevant, because 
the involvement of the cerebellum may aid to adjust the 
order of subsequent actions during social interactions to 
avoid future inconsistencies (e.g., we let other people enter 
a room first, to appear more polite and considerate). Taken 
together, our results are consistent with the hypothesized 
role of the cerebellum in predicting sequential events to 
anticipate others’ social behaviors, so that we can automa-
tize current and future social interactions and instantly detect 
violations (e.g., error signals) in these action sequences (Van 

Overwalle et al., 2019b), which signal potential ways for 
improvement. Importantly, our findings provide novel evi-
dence for a greater role in detecting inconsistencies in high-
level social understanding, providing even richer signals for 
adjusting one’s social repertoire.

Note that the sequences in the present study did not 
involve in a logical order as when they are an inherent part 
of an event or story as in previous research (Heleven et al., 
2019; Van Overwalle et al., 2019a). As mentioned, even in 
the absence of a logical order, the posterior cerebellar was 
observed in other studies when memorizing the temporal 
order of actions that imply a personality trait (Pu et al., 
2020) or a goal (Li et al., 2021). This strongly suggests that 
the posterior cerebellum is sensitive to all sorts of sequences 
that might help to predict upcoming behaviors, even if they 
are quite idiosyncratic and limited so specific situations, 
events and persons, not only when logically or inherently 
plausible across a large set of contexts. This coincides with 
the common observation that we often receive a great vari-
ety of behavioral information about different people and the 
chronological order of their behaviors, which is sometimes 
idiosyncratic but is nevertheless crucial for understanding 
others’ motivations and predicting their upcoming behaviors.

With respect to functional anatomy, cerebellar Crus 
activation while detecting stereotype-inconsistent behav-
iors was mainly located in the executive control network 
(Buckner et al., 2011). This is consistent with previous 
research that demonstrated that the identification and reso-
lution of conflicting information requires the involvement 
of executive control processes (Thomas Yeo et al., 2011) 
located in the conflict monitoring network, encompass-
ing the lateral PFC and pmFC in the cortex (Cohen et al., 
2000). In the social domain, these areas also were acti-
vated in updating trait-inconsistent behaviors (Ma et al., 
2012; Mende-Siedlecki, Cai, & Todorov, 2013) and iden-
tifying stereotype-conflicting facial emotional expressions 
(e.g., white angry faces instead of stereotypical back angry 
faces; Hehman et al., 2014). Our study is in line with these 
findings in that we also observed activation of the lateral 
PFC and pmFC during stereotype-inconsistent behaviors. 
Moreover, the present findings extend this stereotype-
inconsistency effect to the cerebellar Crus, analogous to 
the trait-inconsistency effect observed in the executive 
cerebellum by Pu et al. (2021).

In addition, the mentalizing network including the TPJ, 
dmPFC and precuneus showed stronger sensitivity to stere-
otype-inconsistent behaviors in comparison with consistent 
behaviors. This indicates that these regions are responsi-
ble not only for social mentalizing (Van Overwalle, 2009), 
but are also involved during inconsistency resolution of 
social information. This is consistent with previous studies 
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indicating that the dmPFC, TPJ, and precuneus play an 
important role in evaluating inconsistencies in person per-
ception, such as inconsistent trait behaviors within a person 
(Ma et al., 2012) and social categories (e.g., a Democrat 
wants a small government; Cloutier et al., 2011). This is 
probably because these regions are involved in making sense 
of the social violation, which requires heightened mental-
izing processing to resolve the inconsistency and to form a 
coherent perception of persons (Cloutier et al., 2011; Ma 
et al., 2012).

That cerebellar and cortical regions collaborate during 
mentalizing and conflict monitoring is supported by growing 
evidence on the functional connectivity between the cer-
ebellum and the cerebral cortex (Van Overwalle & Mariën, 
2016). As identified by earlier research using Dynamic 
Causal Modeling (Van Overwalle et al., 2020; Van Over-
walle et al., 2019c), it is likely that there is substantial con-
nectivity between the mentalizing and executive regions in 
the cerebellum and the cortex via closed-loops. This is cur-
rently an avenue for future research.

This study has a number of limitations. First, the Social 
Consistent Nonsequencing control condition was always 
presented first, whereas the Sequencing conditions were 
presented afterwards. We did so to avoid spontaneous 
memorizing of the action sequences in the control condition. 
However, this might have an adverse impact on the valid-
ity of contrasts between the Nonsequencing and Sequenc-
ing conditions. Hence, it is possible that non-specific time-
related factors (e.g., novelty) influenced these contrasts. 
Nonetheless, this is not very likely given that an earlier 
study on social sequencing (Li et al., 2021) found similar 
posterior cerebellar activation when contrasting Sequencing 
versus Nonsequencing conditions when the Sequencing task 
was presented before the Nonsequencing task during social 
navigation. To eliminate this bias, one possible approach 
is to counterbalance the Non-sequencing and Sequencing 
conditions across the participants. This would be considered 
in the future study.

Second, one might argue that an fMRI analysis specify-
ing 10-s duration for memorizing the sentences during the 
Study phase in the Sequencing conditions may have allowed 
for subvocal rehearsal or mind-wandering, which might have 
led to posterior cerebellar activations for this reason alone. 
To exclude this possibility, we ran an alternative model with 
duration = 0 s during the Study phase. This analysis yielded 
approximately the same results as before with duration = 10 s 
(Supplementary Table S2), indicating that the duration in 
our analysis is of no critical importance. Therefore, subvo-
cal rehearsal or mind-wandering is an unlikely explanation 
for our findings.

Third, we noticed that the accuracy on factual check 
question was significantly lower in the Social Inconsistent 
Sequencing than Social/Nonsocial Consistent Sequencing 

conditions. As noted before, we speculate that inconsistent 
information that conflicts with prior expectations directs 
attention to task-relevant information and hence less to task-
irrelevant details, thus participants were worse at recogniz-
ing whether or not they had seen some details in a sentence 
before in this condition. However, note that the accuracy of 
the factual check in general was quite high in the inconsist-
ent condition (85%) as well as across all sequencing condi-
tions (90%), which indicates that participants understood the 
sentences well when memorizing the sequence of sentences.

Conclusions

Our findings elucidate that the posterior cerebellum con-
tributes to memorizing social action sequences that require 
mentalizing about stereotypes of social groups, and so con-
firm the role of the cerebellum in prediction and error-based 
learning in the nonmotor social domain (Leggio & Molinari, 
2015). Crucially, this study sheds new light on the cerebel-
lar function to identify stereotype-inconsistent behaviors 
that conflict with prior expectations and knowledge about 
social groups, and so raise the error-correcting function of 
the cerebellum to a higher, social level, beyond mere action 
sequences. This demonstrates the importance of the poste-
rior cerebellum for adapting upcoming social interactions 
when conflicting information arises.
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