
Beuriat et al. Behavioral and Brain Functions            (2022) 18:6  
https://doi.org/10.1186/s12993-022-00193-5

HYPOTHESIS

The shifting role of the cerebellum 
in executive, emotional and social processing 
across the lifespan
Pierre‑Aurélien Beuriat1,2,3,4*  , Irene Cristofori5,6, Barry Gordon7,8 and Jordan Grafman1,9 

Abstract 

The cerebellum’s anatomical and functional organization and network interactions between the cerebellum and 
the cerebral cortex and subcortical structures are dynamic across the lifespan. Executive, emotional and social (EES) 
functions have likewise evolved during human development from contributing to primitive behaviors during infancy 
and childhood to being able to modulate complex actions in adults. In this review, we address how the importance 
of the cerebellum in the processing of EES functions might change across development. This evolution is driven by 
the macroscopic and microscopic modifications of the cerebellum that are occurring during development includ‑
ing its increasing connectivity with distant supra‑tentorial cortical and sub‑cortical regions. As a result of anatomical 
and functional changes, neuroimaging and clinical data indicate that the importance of the role of the cerebellum 
in human EES‑related networks shifts from being crucial in newborns and young children to being only supportive 
later in life. In early life, given the immaturity of cortically mediated EES functions, EES functions and motor control 
and perception are more closely interrelated. At that time, the cerebellum due to its important role in motor control 
and sequencing makes EES functions more reliant on these computational properties that compute spatial distance, 
motor intent, and assist in the execution of sequences of behavior related to their developing EES expression. As the 
cortical brain matures, EES functions and decisions become less dependent upon these aspects of motor behav‑
ior and more dependent upon high‑order cognitive and social conceptual processes. At that time, the cerebellum 
assumes a supportive role in these EES‑related behaviors by computing their motor and sequential features. We 
suspect that this evolving role of the cerebellum has complicated the interpretation of its contribution to EES compu‑
tational demands.
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Introduction
The cerebellum has been assigned many crucial roles 
beginning with motor control but more recently it 
has been deemed crucial for higher-order cognitive, 
emotional, and even social processing [54]. However, 
the cerebellum’s organization and the interactions 

between the cerebellum and the cerebral structures 
are dynamic across the lifespan and Executive, emo-
tional and social (EES) functions have likewise evolved 
during development from contributing to primitive 
behaviors during our early life to being able to direct 
complex actions as an adult. This parallel development 
indicates that integration of different cortical regions 
into varied functional networks is a dynamic process. 
These networks also rely upon subcortical structures 
important for motivation and reward, valuation, and 
sensorimotor filtering, processes which also evolved 
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from childhood to adulthood. Therefore, the functional 
responsibility of each node in the brain network that 
support EES functions might have a different weight-
ing across development. This might be also true for the 
cerebellum,however, no such hypothesis has previously 
been explicated.

In this review, we will suggest that the role of the cer-
ebellum in human EES-related networks shifts from 
being crucial in newborns and young children to being 
only supportive later in life. Here, we propose, based 
on evidence from both the child and adult literatures, a 
dynamic framework for this shifting importance of the 
cerebellum in executive, emotional and social process-
ing across the lifespan.

From sensorimotor control to cognition
Children have to learn and then practice skilled move-
ments and behavior in order to perform them without 
conscious attention whereas in adults, cognitive and 
motor behavior are coordinated, often unconsciously, 
and often become automatically expressed ensuring 
efficient performance.

EES behaviors that are acquired and eventually exe-
cuted automatically are essential in real-life, otherwise, 
EES actions would impose a significant cognitive load. 
These automatic EES behaviors are not always suf-
ficient when slower high-order cognitive regulation 
and adaptation is mandatory. Children and adults are 
often engaged in EES behaviors that elicit automatic 
or higher-order control. Sensorimotor-based percep-
tion and agency and high-order control are two distinct 
means of EES behavioral control that rely upon com-
plex anatomical and functional networks that evolve 
during human development.

The EES cerebellum in adults
Evidence of the role of the cerebellum in EES functions 
from healthy volunteer and patient studies
Studies in healthy volunteers
In adults, multiple task-based imaging studies report 
healthy volunteer cerebellar activation across a wide 
range of tasks, depending on task demands (for review 
see [57]. EES task related cerebellar activation sites are 
located as follows: working memory activates lobules VI, 
VII, and VIIIA, bilaterally; Executive functions (EF acti-
vates lobules VI and VII (VIIB, Crus I, Crus II, bilater-
ally and emotional processing activates lobules VI, Crus 
I, and VIIA, bilaterally and in the midline (Fig. 1). As for 
social cognitive tasks, multiple regions were reported to 
be involved with stronger evidence for functional acti-
vation in the right crus I and lobule IX [63]. It is worth 
noting here that motor activation sites were different 
as most of them were located in the anterior part of the 
cerebellum (lobule I–V) except when motor tasks were 
more complex (for a review see [57]). For example, when 
a motor task involved planning or sequencing, lobules VI 
and VII are activated, sometimes, in addition to the “cer-
ebellar motor regions” [52].

Studies in cerebellar patients
Despite the enthusiastic attribution of cognitive and emo-
tional functions to the cerebellum, there are still disputes 
regarding the exact role of the cerebellum in performing 
EES tasks [18]. In adult studies, neuropsychological task 
impairment has been reported after cerebellar damage 
in almost every high-order function including EF (cogni-
tive flexibility, speed of processing, planning, reasoning, 
working memory, inhibitory control, problem solving) 
(for a review, see [58]) and several emotion processes 
(emotional perception, emotional recognition, emotional 

Fig. 1 Right: anatomical representation of the cerebellum. Left: repartition of function within the cerebellum (blue: emotion, working memory and 
exécutive function, orange: working memory and exécutive function, green: working memory and emotion)
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processing, emotional learning) (for a review, see [2]). 
Conversely, there are also many authors that reported 
very mild to no cognitive dysfunction in adult patients 
with cerebellar lesions [20, 22, 39, 40, 48] while others 
reported deficits on certain EF tests in cerebellar patients 
compared to controls, but often the cerebellar patients’ 
performance was still typically within the normal range 
[33, 47].

Lastly, to our knowledge, no perfusion imaging stud-
ies showing distant cortical hypoperfusion following cer-
ebellar damage have been reported in adult patients.

EES anatomy and network
Overlapping brain regions support EES functions (Fig. 2). 
EF are dependent upon the prefrontal cortex (PFC). The 
PFC has multiple input and output projections with cor-
tical and subcortical structures including the cerebellum. 
Input projections are from the parietal and temporal cor-
tex, hippocampus, cingulate cortex, substantia nigra and 
thalamus. Output projections are to the thalamic medial 
dorsal nuclei as well as to the amygdala, the septal nuclei, 
the basal ganglia, and the hypothalamus. Thus, the PFC 
is one of the critical cortical regions that participate in 
extended EES neural networks. Yet the PFC doesn’t fully 
mature until the third decade of life.

The anatomical networks that are responsible for 
emotional processing are also extensive as the differ-
ent manifestations of emotion (behavioral, autonomic, 
or cognitive) are closely intermingled with other brain 
functions such as motor skills, cognition, and sensory 
processes. The core of the system that processes emotion 
includes the PFC, the hippocampus, the amygdala, the 
hypothalamus, the pituitary gland and the insula. Others 
subcortical regions such as the basal ganglia (thalamus, 
striatum, globus pallidus, subthalamic and accumbens 
nuclei) are connected to these regions by circuits known 
as Cortico-Striato-Thalamo-Cortical loops [34]. These 
latter midline structures that extend to the ventromedial 
PFC may “color” the emotion system with valuation scal-
ing leading to an interaction between emotion, reward, 
desire, and agency.

Social functions are also supported by an extended 
brain network, including dorsomedial PFC, premotor 
cortex, intraparietal sulcus, temporoparietal junction, 
posterior cingulate cortex, and ventro medial PFC, dorso 
lateral PFC, Orbito Frontal Cortex, and the anterior tem-
poral lobe [21].

These EES functions closely interact, therefore several 
overlapping brain networks involve these functions. All 
these cortical and subcortical supra tentorial regions are 
known to be anatomically and functionally connected 

Fig. 2 Cortical brain area associated with high order functions based on lesions and/or neuroimaging studies. Adapted from [10]
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either directly or indirectly to the cerebellum forming a 
larger distributed network concerned with EES functions.

EES brain networks with cerebellum membership
EES networks including the cerebellum can be consid-
ered both functionally and anatomically as “closed-loop” 
systems. These integrated systems have been continu-
ously evolving throughout anthropoid evolution as spe-
cies acquired complex skills. Almost every cortical area 
has a reciprocal, segregated connection with the cerebel-
lum although these connections may traverse polysyn-
aptic circuits [58]. The thalamus is a major relay from/to 
the cerebellum to/from the cortex. In the cerebellum, the 
deep cerebellar nuclei, especially, but not exclusively, the 
dentate nuclei (DN), are the gateway and the entry nodes 
of the loop from/to the cerebellum. In adult humans, dis-
tinct cortico-cerebellar circuits have also been mapped 
from/to the cerebellum from/to the motor and the PFC 
[30]. However, compared to non-human primates, in 
humans the connection of the posterior cerebellum only 
with motor cortex and of the anterior cerebellum only 
with PFC is not respected. Lobule VIIIb is additionally 
connected to the motor cortex and lobule VI to the PFC 
[30]. These cortico-cerebellar loops rely on white mat-
ters tracts between the DN and the prefrontal cortex and 
between the DN and the parietal cortex [24]. Subcortical 
networks such as the basal ganglia [7] are also connected 
with the cerebellum. These highlighted cerebellar cortical 
and subcortical networks are the anatomical clues for the 
role of the cerebellum in EES functions in adult humans.

Taken together, the reported findings suggest that the 
role of the cerebellum in EES function changes across 
the lifespan. In the following section, we propose that 
the cerebellum participates in a complex dynamic net-
work that allows humans to acquire, develop and execute 
properly EES behaviors in real life. However, the signifi-
cance of the cerebellum’s contribution to EES behavior is 
diminished in adults compared to children.

The EES cerebellum in children
Evidence of the role of the cerebellum in EES functions 
from healthy volunteer and patient studies
Studies in healthy volunteers
In healthy children, they are few task-based imaging 
studies related to EES functions [5, 42]. They are differ-
ent from the adult studies (see above) in that, they do 
not only report activation clusters for a specific task, but 
they aimed to explore the relationship between cerebellar 
grey matter (GM) volume of a specific cerebellar region 
and performance of specific cognitive tasks. Moreover, 
the specific cerebellar regions explored are a priori cho-
sen, based on the adult data. Therefore, the entire cer-
ebellum is not explored for each task which limits the 

generalization of these results. Bernard et  al. reported 
that larger GM volume of left Crus I and posterior cer-
ebellum was correlated with lower working memory per-
formance. This effect was not found for the right Crus 
I and posterior cerebellum [5]. Moore et  al. reported 
an association between increased GM in bilateral lob-
ule VIIB/VIIIA and left Crus II with higher scores on 
EF tasks as well as higher scores on a working memory 
task and GM in right lobule VII (Crus I/II). They noted 
that some GM activation clusters’ overlap between dif-
ferent cognitive tasks such as general intelligence ability 
[42]. Increased cerebellar GM volume and higher general 
intelligence ability were reported in children and young 
adults [17].

One study compared children and adult brain and cer-
ebellar activation, using fMRI during a working memory 
task [9]. They reported that children and adults engaged 
different neural networks. Adults were engaging the 
prefrontal, the inferior temporal cortex, the posterior 
cingulate and the precuneus. Limited activation of the 
cerebellum was observed. On the other hand, children 
were engaging the premotor, superior/inferior parietal 
and middle temporal cortex, anterior insula, caudate/
putamen, and the cerebellum. Cerebellar activations were 
stronger and more diffuse in children compared to adults 
[9]. Thus, there was a shift of the activation pattern, from 
children to adults, of areas closely related to sensory-
motor and dorsal visual pathways associated with visual–
spatial or action-related behaviors in children to complex 
cognitive processing in adults [13].

Studies in cerebellar patients
Since the latter part of the last century, cognitive deficits 
including EES functions were described following cer-
ebellar injuries in children, leading to the launch of the 
Cerebellar Cognitive Affective Syndrome (CCAS) [35], 
and the Cerebellar Mutism Syndrome (CMS) [55]. In 
children, contrary to adults (see below), very few incon-
sistencies are reported [18].

The CCAS is characterized by impairments in EF 
(planning, set-shifting, abstract reasoning, verbal flu-
ency, working memory), often with perseveration, dis-
tractibility or inattention; visual–spatial disorganization 
and impaired visual–spatial memory; personality change 
with blunting of affect or disinhibited and inappropriate 
behavior; and by impairments in language production 
such as dysprosody, agrammatism and mild anomia. The 
CMS is a condition that encompasses speech and lan-
guage dysfunction (from complete mutism to mild dys-
function), behavioral/emotional changes with cerebellar 
motor signs (e.g., ataxia and gait disturbance), cognitive 
(including EF), and sometimes brainstem dysfunction 
including long tract signs and cranial nerve impairment. 
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This syndrome has been extensively studied in children 
[55] especially after posterior fossa surgery but has also 
been described in a non-surgical context (cerebellitis) 
[38]. It has also been described in adults [56]. However, 
compared to children, different cerebellar sub-divisions 
were found to be responsible for CCAS onset (hemi-
spheric lobules VI, VII and possibly lobule IX) with no 
involvement of the vermis [54].

The pathophysiology of CMS is unclear [4]. It occurs 
very rarely in adults [66]. However, in children, increas-
ing evidence has shown an association between the CMS/
CCAS and damage to cerebellothalamic-cerebral con-
nections [3, 4, 56, 62] and to the deep cerebellar nuclei 
(DCN) [3, 32]. Also, bilateral DCN damage is likely to 
lead to greater deficits [3, 32]. Moreover, lesion mapping 
studies in children have found that damage to the vermis 
was associated with CMS/CCAS occurrence. Lobule IX 
and X of the vermis were identified as the sub-division 
responsible for the CMS/CCAS [3].

However, the impairment of a function after cerebellar 
damage may also reflect the remote effect of the cerebel-
lar malfunction to the cerebral cortex. Perfusion Imaging 
studies are helpful to explore the distant consequence 
(s) of a cerebellar injury and therefore in understanding 
the role of the cerebellum in children [62]. In children 
with cerebellar pathologies, cerebellar perfusion deficits 
are reported [51, 65]. Supratentorial hypoperfusion was 
also reported which usually normalizes when cerebellar 
symptoms were resolved [41, 51, 65]. The hypoperfusion 
spreads to several cortical (e.g., frontal, parietal, tempo-
ral cortices) and subcortical (e.g., thalamus) regions with 
the frontal regions [from the PFC to the primary motor 
cortex (M1)] being the most consistently reported. One 
study found a global cortical hypoperfusion with a pro-
nounced effect on the frontal lobes [41]. The mechanism 
of the distant cortical hypoperfusion is theoretically 
similar to the adult crossed cerebellar diaschisis initially 
described after a cortical stroke [8], however, for the 
cerebellum, cortical hypoperfusion is contralateral to 
the cerebellar affected hemisphere [41, 51, 65]. Further-
more, Wang et al. proposed the same diaschisis in ASD 
patients, in which disruption of the cerebello-thalamo-
cortico pathways would lead to a developmental disorder 
leading to the appearance of ASD [64]. The diaschisis we 
refer here to is the connectional as opposed to the focal 
diaschisis in which changes of structural and functional 
connectivity between brain areas appear distant to the 
focal lesion. Connectional diaschisis explains the role of 
the cerebellum in the broad spectrum of high order func-
tions due to its multiple and complex connections to dis-
tant cerebral cortical areas.

Up until recently, it was debatable whether a younger 
age at the time of a cerebellar injury predicted worse 

motor and cognitive outcomes. Does a cerebellar injury 
impair EES function in the same way across develop-
ment? It has been shown that complex congenital cer-
ebellar anomalies such as cerebellar agenesis may be 
linked to developmental diaschisis [64]. Others studies 
reported that cerebellar acquired damage at a young age 
contributed to more severe, and prolonged impairment 
[12, 50]. Some investigators argued that it was not due 
to the cerebellar injury but to the post-operative radio-
therapy [44]. In non-irradiated children, no effect [27] 
or positive effect [35] of young age was reported. Only, 
Aarsen et  al. described a negative effect [1]. However, 
multiple caveats limited those studies [6]. Beuriat et al. in 
a study of patients who were treated for a posterior fossa 
tumor, controlled all the major confounders (namely 
radiotherapy, tumor characteristics, damages to the deep 
cerebellar nuclei and delay between surgery and assess-
ment time) and reported that early cerebellar damage 
(≤ 7  years old) is an independent factor for poor long-
term functional (cognitive and motor) outcome [6].This 
suggests that the cerebellum is a sort of “broad learning 
machine”, and that during critical periods of develop-
ment, the cerebellum, as part of a distributed neural net-
work, is the foundation for future motor and cognitive 
learning.

This concept has been previously suggested by some 
authors. In a consensus paper on the role of the cerebel-
lum in movement and cognition, most of the authors 
described the cerebellum as a structure that acquires 
internal models that govern both movement and think-
ing [29]. Schmahmann defined it as a Universal Cer-
ebellar Transformation [53] while Riva and colleagues 
characterized the cerebellum as a “homeo-static orches-
trator” [49] and Parker and Andreasen’s described the 
concept of “synchrony” as the coordination of sequences 
of both action (movement) and thought [45]. This is also 
consistent with the view that the cerebellum is critical 
to motor and cognitive automation and adaptation as 
supported by others [43]. It was also proposed that the 
cerebellum operates as a general-purpose co-processor, 
whose effects depend on the specific brain centers to 
which individual modules are connected [11]. The idea of 
these authors is that the cerebellum act as a “timing and 
learning machine” for cognitive/emotional and mental 
processes.

Cerebellar anatomy and EES networks in children
Structurally, the cerebellum and the cerebrum undergo 
major changes during human development, as a conse-
quence of brain maturation and adaptation. Functionally, 
networks evolve from spatially close anatomical hubs to 
large-scale but integrated network communities [15].
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Structural modifications
Most of the brain’s macroscopic changes (cortical fold-
ing and increase volume) are completed by the age of 2 
[46]. Nevertheless, the course of maturation of the cor-
tex is different from one region to another with a later 
maturation of cortices processing high-order functions 
compared to those processing somatosensory ones. For 
example, somatosensory, visual, auditory, and motor cor-
tices mature earlier than the PFC. One the other hand, 
microstructural (sub-cortical areas/white matter of the 
brain and cerebellum) architecture continues to mature 
from gestational age to far beyond 2 years of age. These 
changes are supported by the myelinization process that 
continues into young adulthood [19]. EES and complex 
sensorimotor behavioral development are more limited 
before 2  years old with later development [46] includ-
ing myelinization, leading to an increased efficiency of 
the connectivity of these large-scale integrated networks 
[16].

Cerebellar macroscopic changes reaches peak later 
in development [61]. Interestingly, the cerebellar ver-
mis, has an almost stable volume from 8 to 20 years old. 
Most of the later growth of the cerebellum is due to the 
increased volume of the cerebellar hemispheres [61].

Brain and cerebellar functional connectivity and EES network 
modifications
Using resting-state functional magnetic resonance image 
(rs-fMRI), it was reported that functional connectivity 
(FC) is already present in utero from 24 weeks gestation 
age and increases with full-term age [60]. However, this 
connectivity between brain regions is immature (weak 
FC) compared to adults, even at full term, especially 
antero-posterior networks compared to inter-hemi-
spheric ones [60]. Using diffusion magnetic resonance 
image (dMRI), Huang et  al. showed that the number of 
connections (nodes) within the functional networks was 
lower in neonates compared to toddlers and preadoles-
cents [23].

It had been thought that long-range network con-
nections between the cerebellum and cortical areas 
developed only after birth [67]. Yet, the cortical volume 
of prefrontal, sensorimotor and temporal regions is 
decreased after preterm cerebellar injury [37]. Contrast-
ing results were published regarding the FC of the cere-
bellum with other cortical regions in children. Doria et al. 
found FC between the cerebellum and cortical regions 
such as the PFC, cingulum and parietal lobe in full term 
infants at birth. The connectivity in this network was not 
present in the early preterm infant [14]. In contrast, Kip-
ping et al. showed that in the infant (6 months of age), the 
cerebellum connection to the sensorimotor cortex was 
present, but that connections to other cortical regions 

only appeared later in childhood. In his study, the senso-
rimotor cortex was connected to lobule I–IV and to lob-
ule VIII. This is remarkable because, in the adult humans, 
lobule VIII is said be part of the cognitive part of the 
cerebellum. The strength of cortico-cerebellar FC was 
greater in middle childhood compared to infant or late 
childhood and even to the adult. The coherence (matu-
rity), of the cortico-cortical FC was stronger in adults. 
Therefore, they described the development of Cerebellar, 
Cerebello-Cortical, and Cortico-Cortical Functional Net-
works in Infancy, Childhood, and Adulthood as “asyn-
chronous” [25] (Fig. 3).

Moreover, Kipping et  al. assessed cerebellar GM vol-
ume and white matter (WM) tract integrity [Fractional 
Anisotropy (FA)] in children from 6 to 10  years of age. 
First, they showed that there was an evolution across 
development of both parameters. Compared to older 
children, younger children had lower GM volumes and 
higher WM FA of the anterior cerebellum, while com-
pared to younger children, older children had higher GM 
volumes and lower WM FA in the posterior cerebellum. 
Moreover, they correlated these findings with increasing 
cognitive planning capacity [26].

The evidence reviewed above indicates significant 
morphological, microstructural and functional reorgani-
zation of human cortical and cerebellar structural net-
works from infancy to adulthood. As this occurred, EES 
functional processing became more efficient and organ-
ized indicating that the relevance of each component 
of the network to EES changes over development. We 
will address later in this article the implication of these 
changes for the shifting role of the cerebellum in EES 
functions.

The shifting cerebellar role in ees processing 
from childhood to adulthood
Having identified the cerebellum as an important ana-
tomical hub does not mean that its role in a network is 
necessarily crucial. Indeed, every functional network is 
built on regional nodes some of which can be consid-
ered crucial to the network’s assigned functional role(s) 
whereas other network nodes can be considered support-
ive. For example, even if the primary visual cortex (V1) is 
a member of an extended network that reaches into the 
prefrontal cortex, it would be hard to argue that V1 has 
a crucial role in decision-making or social cognition. In 
this example, V1 may provide visual information contrib-
uting to a decision or social interaction but is not likely to 
be computing the higher-order representations that are 
crucial to the decision (e.g., social context, procedures, 
and rules). Likewise, higher-order decision making can 
bias how we process visual information (e.g., by directing 
visual attention to a particular object’s orientation) but is 
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not likely to be computing the molecular aspects of visual 
information processing.

The crucial to supportive evolution of the cerebellum’s role 
in EES functioning
Movement and cognition are human behaviors that are 
deeply intermingled in our daily life. In newborns, both 
motor and cognitive behaviors are relatively “primitive”. 
In late childhood, our motor abilities are approaching 
their peak of performance, but our cognitive behaviors 
continue to mature—especially EES-related behaviors—
into young adulthood. We propose that EES-related 
behaviors are more dependent upon motor processing 

in newborn and younger children given their cognitive 
immaturity.

Clinical studies reporting the outcome of patients with 
acute cerebellar injury or chronic neurodegeneration 
have shown that the degree of cognitive impairment and 
the long-term effect of the injury is worse in younger chil-
dren [1, 6]. Preterm cerebellar injuries are also associated 
with poor motor and cognitive outcome [59]. Moreover, 
other studies reported an association between motor and 
executive function impairment in children [28].

When damaged, inflow and outflow pathways to/from 
the cerebellum, especially via the thalamus, not only 
play a role in both ataxic movement and impaired fine 
motor skills, but also EES dysfunction, particularly after 

Fig. 3 Cerebello‑cortical functional networks from early childhood to adulthood: this figure illustrates the cerebello‑cortical functional networks 
according to the functional connectivity of the cerebellar networks as proposed by Yeo et al. [68]. For each cerebellar lobules, the cerebello‑cortical 
connectivity strengh at each age (early childhood, middle childhood, late childhood, adulthood) is represented from low (+) to high (++++). Note 
that the maturity of the cerebello‑cortical functional networks dysplayed here increases from early childhood to adulthood. Maps are overlaid on 
anatomical surface maps. A anterior; P posterior; L left; R right; lat lateral; med medial
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childhood cerebellar injury [3]. This is because the cer-
ebellum is acting more “independently” from the cer-
ebrum in newborns and young children with less efficient 
feedback and feedforward capacities. But, since it may 
mature earlier than many other nodes in the network, 
such as the PFC, that builds motor and high-order cog-
nitive behaviors influencing EES functions, the cer-
ebellum’s role is more important to the perception and 
execution of EES functions in infants and young children 
than many other nodes. That means that children’s EES 
behaviors are more dependent upon observing the timing 
and sequence of EES-related actions than the conceptual 
basis of those same actions.

Two other observations support this hypothesis. The 
first one is that, in children, the PFC is not increasingly 
recruited when performing an EF task when the cer-
ebellum is damaged in contrast to what is observed in 
adults [31]. In an immature, less well-connected and not 
fully functional network, damage to one of the nodes in 
the network cannot be easily compensated for by other 
nodes. The second observation stems from the differ-
ence between the adult crossed cerebellar diaschisis and 
the childhood CCAS/CMS cortico-cerebellar diaschisis. 
In adults, a crossed cerebellar diaschisis after a cortical 
injury such as a stroke due to cerebellar contralateral 
hypoperfusion may be observed. In this case, no addi-
tional clinical symptoms, due to the hypoperfused cer-
ebellum, have been identified in humans, non-human 

primates or rodents [36]. On the contrary, in children, 
EES functional impairments may be due to the secondary 
remote cortical hypoperfusion [41, 51, 65]. This indicates 
that in an adult with a mature, well-connected and fully 
functional network, hypoperfusion of the cerebellum has 
much less impact because other nodes in the network are 
sufficient to compensate for its diminished functional-
ity. If the cerebellum was a crucial node in the EES net-
work in the adult and was damaged, chronic EES deficits 
should be apparent not only immediately after the dam-
age but also when the patient has reached a plateau in 
recovery.

Conclusions
For every function, different cortical and sub-cortical 
regional nodes can be considered crucial to any network 
they belong to or the nodes can simply be supportive, 
supplying information for, or biasing, decision-making 
and agency. To complicate matters, the relative impor-
tance of cerebellar participation in the network(s) evolves 
during development. This evolution is driven by the mac-
roscopic and microscopic modifications of the cerebel-
lum that are occurring during development including its 
increasing connectivity with distant supra-tentorial corti-
cal and sub-cortical regions.

As a result of these anatomical and functional 
changes, neuroimaging and clinical data indicate that 
the importance of the role of the cerebellum in human 

Fig. 4 Summary of the asynchronous development of EES functions and Cerebello‑Cortical Networks from Infancy to Adulthood that supports 
the shifting role of the cerebellum in EES processing network. For each item the shape of figure represents the evolution of its relative importance 
across development. + weak/low; +++ strong/high
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EES-related networks shitfs from being crucial in new-
borns and young children to being only supportive later 
in life. In early life, given the immaturity of cortically 
mediated EES functions, EES functions and motor 
control and perception are more closely interrelated. 
At that time, the cerebellum due to its important role 
in motor control and sequencing makes EES func-
tions more reliant on these computational properties 
that compute spatial distance, motor intent, and assist 
in the execution of sequences of behavior related to 
their developing EES expression. As the cortical brain 
matures, EES functions and decisions become less 
dependent upon these aspects of motor behavior and 
more dependent upon high-order cognitive and social 
conceptual processes. At that time, the cerebellum 
assumes a supportive role in these EES-related behav-
iors by computing their motor and sequential features 
(Fig.  4). We suspect that this evolving role of the cer-
ebellum has complicated the interpretation of its con-
tribution to EES computational demands.

However, in order to truly understand this shift in 
nodal network responsibility, future longitudinal cohort 
studies are needed that follow healthy participants from 
in utero to later in adulthood, using repeated functional 
and morphological imaging and neuropsychologi-
cal testing to monitor the developmental relationship 
between cerebellar structure and cognition including 
EES functions. Moreover, longitudinal cohort studies 
in cerebellar patients are also needed to compare long 
term sequelae across all age but also to evaluate the 
pattern of recovery depending on age.

Acknowledgements
The First Author (PAB) would like to gratefully thank the “Gueules Cassées” 
Foundation, the Servier Institute, the Philippe Foundation, the “Hospices Civils 
de Lyon”, the French Society of Neurosurgery and the French Society of Pediat‑
ric Neurosurgery for their support.

Author contributions
P‑AB—MD, PhD, Shirley Ryan AbilityLab, Chicago, designed and performed 
research; analyzed and interpreted the data; wrote the paper. IC—PhD, 
Institute of Cognitive Neuroscience Marc Jeannerod, Lyon; BG—MD, Johns 
Hopkins University School of Medicine, Baltimore, designed and performed 
research; revised the manuscript. JG—PhD, Shirley Ryan AbilityLab, Chicago, 
designed and performed research; analyzed and interpreted the data; wrote 
the paper; supervised the study. All authors read and approved the final 
manuscript.

Funding
This research was supported by the Therapeutic Cognitive Neuroscience Fund 
(B. Gordon) and University of Lyon IDEX/IMP/2019/12 (I. Cristofori and PA. 
Beuriat).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors consent for publication of the manuscript in its present form.

Competing interests
All authors declare that they have no competing interests.

Author details
1 Cognitive Neuroscience Laboratory, Brain Injury Research, Shirley Ryan 
AbilityLab, Chicago, IL, USA. 2 Feinberg School of Medicine, Northwestern 
University, Chicago, IL, USA. 3 Department of Pediatric Neurosurgery, Hôpital 
Femme Mère Enfant, Hospices Civils de Lyon, Lyon, France. 4 Rockfeller School 
of Medicine, Claude Bernard University, Lyon, France. 5 Institute of Cogni‑
tive, Neuroscience Marc Jeannerod, CNRS/UMR 5229, 69500 Bron, France. 
6 Université Claude Bernard, Lyon 1, 69100 Villeurbanne, France. 7 Department 
of Neurology, Johns Hopkins University School of Medicine, Baltimore, MD, 
USA. 8 Department of Cognitive Science, Johns Hopkins University, Baltimore, 
MD, USA. 9 Departments of Neurology, Psychiatry and Cognitive Neurology & 
Alzheimer’s Disease, Feinberg School of Medicine, Northwestern University, 
Chicago, IL, USA. 

Received: 8 September 2021   Accepted: 13 April 2022

References
 1. Aarsen FK, Paquier PF, Arts W‑F, et al. Cognitive deficits and predictors 3 

years after diagnosis of a pilocytic astrocytoma in childhood. J Clin Oncol. 
2009;27:3526–32. https:// doi. org/ 10. 1200/ JCO. 2008. 19. 6303.

 2. Adamaszek M, D’Agata F, Ferrucci R, et al. Consensus paper: cerebellum 
and emotion. Cerebellum. 2017;16:552–76. https:// doi. org/ 10. 1007/ 
s12311‑ 016‑ 0815‑8.

 3. Albazron FM, Bruss J, Jones RM, et al. Pediatric postoperative cerebellar 
cognitive affective syndrome follows outflow pathway lesions. Neurol‑
ogy. 2019;93:e1561–71. https:// doi. org/ 10. 1212/ WNL. 00000 00000 
008326.

 4. Avula S, Mallucci C, Kumar R, Pizer B. Posterior fossa syndrome follow‑
ing brain tumour resection: review of pathophysiology and a new 
hypothesis on its pathogenesis. Childs Nerv Syst. 2015;31:1859–67. 
https:// doi. org/ 10. 1007/ s00381‑ 015‑ 2797‑0.

 5. Bernard JA, Leopold DR, Calhoun VD, Mittal VA. Regional cerebellar vol‑
ume and cognitive function from adolescence to late middle age. Hum 
Brain Mapp. 2015;36:1102–20. https:// doi. org/ 10. 1002/ hbm. 22690.

 6. Beuriat P‑A, Cristofori I, Richard N, et al. Cerebellar lesions at a young 
age predict poorer long‑term functional recovery. Brain Commun. 
2020. https:// doi. org/ 10. 1093/ brain comms/ fcaa0 27.

 7. Bostan AC, Strick PL. The basal ganglia and the cerebellum: nodes in an 
integrated network. Nat Rev Neurosci. 2018;19:338–50. https:// doi. org/ 
10. 1038/ s41583‑ 018‑ 0002‑7.

 8. Carrera E, Tononi G. Diaschisis: past, present, future. Brain. 
2014;137:2408–22. https:// doi. org/ 10. 1093/ brain/ awu101.

 9. Ciesielski KT, Lesnik PG, Savoy RL, et al. Developmental neural networks 
in children performing a Categorical N‑Back Task. Neuroimage. 
2006;33:980–90. https:// doi. org/ 10. 1016/j. neuro image. 2006. 07. 028.

 10. Cristofori I, Cohen‑Zimerman S, Grafman J. Executive functions. Handb 
Clin Neurol. 2019;163:197–219. https:// doi. org/ 10. 1016/ B978‑0‑ 12‑ 
804281‑ 6. 00011‑2.

 11. D’Angelo E, Casali S. Seeking a unified framework for cerebellar func‑
tion and dysfunction: from circuit operations to cognition. Front Neural 
Circuits. 2012;6:116. https:// doi. org/ 10. 3389/ fncir. 2012. 00116.

 12. Dennis M, Spiegler BJ, Hetherington CR, Greenberg ML. Neuropsycho‑
logical sequelae of the treatment of children with medulloblastoma. J 
Neurooncol. 1996;29:91–101. https:// doi. org/ 10. 1007/ bf001 65522.

 13. Desmond JE. Cerebellar involvement in cognitive function: evidence 
from neuroimaging. Int Rev Psychiatry. 2001;13:283–94. https:// doi. 
org/ 10. 1080/ 09540 26012 00821 37.

 14. Doria V, Beckmann CF, Arichi T, et al. Emergence of resting state networks 
in the preterm human brain. Proc Natl Acad Sci USA. 2010;107:20015–20. 
https:// doi. org/ 10. 1073/ pnas. 10079 21107.

https://doi.org/10.1200/JCO.2008.19.6303
https://doi.org/10.1007/s12311-016-0815-8
https://doi.org/10.1007/s12311-016-0815-8
https://doi.org/10.1212/WNL.0000000000008326
https://doi.org/10.1212/WNL.0000000000008326
https://doi.org/10.1007/s00381-015-2797-0
https://doi.org/10.1002/hbm.22690
https://doi.org/10.1093/braincomms/fcaa027
https://doi.org/10.1038/s41583-018-0002-7
https://doi.org/10.1038/s41583-018-0002-7
https://doi.org/10.1093/brain/awu101
https://doi.org/10.1016/j.neuroimage.2006.07.028
https://doi.org/10.1016/B978-0-12-804281-6.00011-2
https://doi.org/10.1016/B978-0-12-804281-6.00011-2
https://doi.org/10.3389/fncir.2012.00116
https://doi.org/10.1007/bf00165522
https://doi.org/10.1080/09540260120082137
https://doi.org/10.1080/09540260120082137
https://doi.org/10.1073/pnas.1007921107


Page 10 of 11Beuriat et al. Behavioral and Brain Functions            (2022) 18:6 

 15. Fair DA, Cohen AL, Power JD, et al. Functional brain networks develop 
from a “local to distributed” organization. PLoS Comput Biol. 2009;5: 
e1000381. https:// doi. org/ 10. 1371/ journ al. pcbi. 10003 81.

 16. Fair DA, Dosenbach NUF, Church JA, et al. Development of distinct 
control networks through segregation and integration. Proc Natl Acad Sci 
USA. 2007;104:13507–12. https:// doi. org/ 10. 1073/ pnas. 07058 43104.

 17. Frangou S, Chitins X, Williams SCR. Mapping IQ and gray matter density 
in healthy young people. Neuroimage. 2004;23:800–5. https:// doi. org/ 10. 
1016/j. neuro image. 2004. 05. 027.

 18. Frank B, Schoch B, Richter S, et al. Cerebellar lesion studies of cognitive 
function in children and adolescents—limitations and negative findings. 
Cerebellum. 2007;6:242–53. https:// doi. org/ 10. 1080/ 14734 22070 12974 32.

 19. Giedd JN, Blumenthal J, Jeffries NO, et al. Brain development during 
childhood and adolescence: a longitudinal MRI study. Nat Neurosci. 
1999;2:861–3. https:// doi. org/ 10. 1038/ 13158.

 20. Gómez Beldarrain M, García‑Moncó JC, Quintana JM, et al. Diaschisis 
and neuropsychological performance after cerebellar stroke. Eur Neurol. 
1997;37:82–9. https:// doi. org/ 10. 1159/ 00011 7415.

 21. Heberlein A, Adolphs R. Functional anatomy of human social cognition. 
East Sussex: Psychology Press; 2004.

 22. Hokkanen LSK, Kauranen V, Roine RO, et al. Subtle cognitive deficits after 
cerebellar infarcts. Eur J Neurol. 2006;13:161–70. https:// doi. org/ 10. 1111/j. 
1468‑ 1331. 2006. 01157.x.

 23. Huang H, Shu N, Mishra V, et al. Development of human brain structural 
networks through infancy and childhood. Cereb Cortex. 2015;25:1389–
404. https:// doi. org/ 10. 1093/ cercor/ bht335.

 24. Jissendi P, Baudry S, Balériaux D. Diffusion tensor imaging (DTI) and trac‑
tography of the cerebellar projections to prefrontal and posterior parietal 
cortices: a study at 3T. J Neuroradiol. 2008;35:42–50. https:// doi. org/ 10. 
1016/j. neurad. 2007. 11. 001.

 25. Kipping JA, Tuan TA, Fortier MV, Qiu A. Asynchronous development of 
cerebellar, cerebello‑cortical, and cortico‑cortical functional networks 
in infancy, childhood, and adulthood. Cereb Cortex. 2017;27:5170–84. 
https:// doi. org/ 10. 1093/ cercor/ bhw298.

 26. Kipping JA, Xie Y, Qiu A. Cerebellar development and its mediation role 
in cognitive planning in childhood. Hum Brain Mapp. 2018;39:5074–84. 
https:// doi. org/ 10. 1002/ hbm. 24346.

 27. Konczak J, Schoch B, Dimitrova A, et al. Functional recovery of children 
and adolescents after cerebellar tumour resection. Brain. 2005;128:1428–
41. https:// doi. org/ 10. 1093/ brain/ awh385.

 28. Koustenis E, Hernáiz Driever P, de Sonneville L, Rueckriegel SM. Executive 
function deficits in pediatric cerebellar tumor survivors. Eur J Paediatr 
Neurol. 2016;20:25–37. https:// doi. org/ 10. 1016/j. ejpn. 2015. 11. 001.

 29. Koziol LF, Budding D, Andreasen N, et al. Consensus paper: the cerebel‑
lum’s role in movement and cognition. Cerebellum. 2014;13:151–77. 
https:// doi. org/ 10. 1007/ s12311‑ 013‑ 0511‑x.

 30. Krienen FM, Buckner RL. Segregated fronto‑cerebellar circuits revealed by 
intrinsic functional connectivity. Cereb Cortex. 2009;19:2485–97. https:// 
doi. org/ 10. 1093/ cercor/ bhp135.

 31. Krivitzky LS, Roebuck‑Spencer TM, Roth RM, et al. Functional magnetic 
resonance imaging of working memory and response inhibition in 
children with mild traumatic brain injury. J Int Neuropsychol Soc. 
2011;17:1143–52. https:// doi. org/ 10. 1017/ S1355 61771 10012 26.

 32. Law N, Greenberg M, Bouffet E, et al. Clinical and neuroanatomical pre‑
dictors of cerebellar mutism syndrome. Neuro Oncol. 2012;14:1294–303. 
https:// doi. org/ 10. 1093/ neuonc/ nos160.

 33. Leggio MG, Tedesco AM, Chiricozzi FR, et al. Cognitive sequencing 
impairment in patients with focal or atrophic cerebellar damage. Brain. 
2008;131:1332–43. https:// doi. org/ 10. 1093/ brain/ awn040.

 34. Lévêque M. La neuroanatomie des émotions. In: Lévêque M, editor. 
Psychochirurgie. Paris: Springer; 2013. p. 51–110.

 35. Levisohn L, Cronin‑Golomb A, Schmahmann JD. Neuropsychological 
consequences of cerebellar tumour resection in children: cerebellar cog‑
nitive affective syndrome in a paediatric population. Brain. 2000;123(Pt 
5):1041–50. https:// doi. org/ 10. 1093/ brain/ 123.5. 1041.

 36. Lewis DH, Toney LK, Baron J‑C. Nuclear medicine in cerebrovascular dis‑
ease. Semin Nucl Med. 2012;42:387–405. https:// doi. org/ 10. 1053/j. semnu 
clmed. 2012. 06. 002.

 37. Limperopoulos C, Chilingaryan G, Guizard N, et al. Cerebellar injury in the 
premature infant is associated with impaired growth of specific cerebral 

regions. Pediatr Res. 2010;68:145–50. https:// doi. org/ 10. 1203/ PDR. 0b013 
e3181 e1d032.

 38. Makarenko S, Singh N, McDonald PJ. Non‑surgical transient cer‑
ebellar mutism‑case report and systematic review. Childs Nerv Syst. 
2018;34:535–40. https:// doi. org/ 10. 1007/ s00381‑ 017‑ 3643‑3.

 39. Malm J, Kristensen B, Karlsson T, et al. Cognitive impairment in young 
adults with infratentorial infarcts. Neurology. 1998;51:433–40. https:// doi. 
org/ 10. 1212/ wnl. 51.2. 433.

 40. Manes F, Villamil AR, Ameriso S, et al. “Real life” executive deficits in 
patients with focal vascular lesions affecting the cerebellum. J Neurol Sci. 
2009;283:95–8. https:// doi. org/ 10. 1016/j. jns. 2009. 02. 316.

 41. Miller NG, Reddick WE, Kocak M, et al. Cerebellocerebral diaschisis is the 
likely mechanism of postsurgical posterior fossa syndrome in pediat‑
ric patients with midline cerebellar tumors. AJNR Am J Neuroradiol. 
2010;31:288–94. https:// doi. org/ 10. 3174/ ajnr. A1821.

 42. Moore DM, D’Mello AM, McGrath LM, Stoodley CJ. The developmental 
relationship between specific cognitive domains and grey matter in the 
cerebellum. Dev Cogn Neurosci. 2017;24:1–11. https:// doi. org/ 10. 1016/j. 
dcn. 2016. 12. 001.

 43. Njiokiktjien C. Developmental dyspraxias: assessment and differential 
diagnosis. In: Riva D, Njiokiktjien C, editors. Brain lesion localization and 
developmental functions. Montrouge: John Libbey Eurotext; 2010. p. 
157–86.

 44. Packer RJ, Sutton LN, Atkins TE, et al. A prospective study of cognitive 
function in children receiving whole‑brain radiotherapy and chemother‑
apy: 2‑year results. J Neurosurg. 1989;70:707–13. https:// doi. org/ 10. 3171/ 
jns. 1989. 70.5. 0707.

 45. Parker KL, Narayanan NS, Andreasen NC. The therapeutic potential of the 
cerebellum in schizophrenia. Front Syst Neurosci. 2014;8:163. https:// doi. 
org/ 10. 3389/ fnsys. 2014. 00163.

 46. Paus T, Zijdenbos A, Worsley K, et al. Structural maturation of neural path‑
ways in children and adolescents: in vivo study. Science. 1999;283:1908–
11. https:// doi. org/ 10. 1126/ scien ce. 283. 5409. 1908.

 47. Ravizza SM. Relating selective brain damage to impairments with voicing 
contrasts. Brain Lang. 2001;77:95–118. https:// doi. org/ 10. 1006/ brln. 2000. 
2435.

 48. Richter S, Aslan B, Gerwig M, et al. Patients with chronic focal cerebellar 
lesions show no cognitive abnormalities in a bedside test. Neurocase. 
2007;13:25–36. https:// doi. org/ 10. 1080/ 13554 79060 11869 42.

 49. Riva D, Vago C, Usilla A, et al. The role of the cerebellum in processing 
higher cognitive and social functions in congenital and acquired disease 
in developmental age. In: Riva D, Njiokiktjien C, editors., et al., Brain lesion 
localization and developmental functions. Montrouge: John Libbey 
Eurotext; 2010. p. 133–43.

 50. Robinson KE, Fraley CE, Pearson MM, et al. Neurocognitive late effects of 
pediatric brain tumors of the posterior fossa: a quantitative review. J Int 
Neuropsychol Soc. 2013;19:44–53. https:// doi. org/ 10. 1017/ S1355 61771 
20009 87.

 51. Sagiuchi T, Ishii K, Aoki Y, et al. Bilateral crossed cerebello‑cerebral diaschi‑
sis and mutism after surgery for cerebellar medulloblastoma. Ann Nucl 
Med. 2001;15:157–60. https:// doi. org/ 10. 1007/ bf029 88609.

 52. Schlerf JE, Verstynen TD, Ivry RB, Spencer RMC. Evidence of a novel 
somatopic map in the human neocerebellum during complex actions. J 
Neurophysiol. 2010;103:3330–6. https:// doi. org/ 10. 1152/ jn. 01117. 2009.

 53. Schmahmann JD. The role of the cerebellum in affect and psychosis. J 
Neuroling. 2000;13:189–214. https:// doi. org/ 10. 1016/ S0911‑ 6044(00) 
00011‑7.

 54. Schmahmann JD. The cerebellum and cognition. Neurosci Lett. 
2019;688:62–75. https:// doi. org/ 10. 1016/j. neulet. 2018. 07. 005.

 55. Schmahmann JD. Pediatric post‑operative cerebellar mutism syndrome, 
cerebellar cognitive affective syndrome, and posterior fossa syndrome: 
historical review and proposed resolution to guide future study. Childs 
Nerv Syst. 2019. https:// doi. org/ 10. 1007/ s00381‑ 019‑ 04253‑6.

 56. Schmahmann JD, Sherman JC. The cerebellar cognitive affective syn‑
drome. Brain. 1998;121(Pt 4):561–79.

 57. Stoodley CJ, Schmahmann JD. Chapter 4—functional topography of the 
human cerebellum. In: Manto M, Huisman TAGM, editors. Handbook of 
clinical neurology. Amsterdam: Elsevier; 2018. p. 59–70.

 58. Strick PL, Dum RP, Fiez JA. Cerebellum and nonmotor function. Annu Rev 
Neurosci. 2009;32:413–34. https:// doi. org/ 10. 1146/ annur ev. neuro. 31. 
060407. 125606.

https://doi.org/10.1371/journal.pcbi.1000381
https://doi.org/10.1073/pnas.0705843104
https://doi.org/10.1016/j.neuroimage.2004.05.027
https://doi.org/10.1016/j.neuroimage.2004.05.027
https://doi.org/10.1080/14734220701297432
https://doi.org/10.1038/13158
https://doi.org/10.1159/000117415
https://doi.org/10.1111/j.1468-1331.2006.01157.x
https://doi.org/10.1111/j.1468-1331.2006.01157.x
https://doi.org/10.1093/cercor/bht335
https://doi.org/10.1016/j.neurad.2007.11.001
https://doi.org/10.1016/j.neurad.2007.11.001
https://doi.org/10.1093/cercor/bhw298
https://doi.org/10.1002/hbm.24346
https://doi.org/10.1093/brain/awh385
https://doi.org/10.1016/j.ejpn.2015.11.001
https://doi.org/10.1007/s12311-013-0511-x
https://doi.org/10.1093/cercor/bhp135
https://doi.org/10.1093/cercor/bhp135
https://doi.org/10.1017/S1355617711001226
https://doi.org/10.1093/neuonc/nos160
https://doi.org/10.1093/brain/awn040
https://doi.org/10.1093/brain/123.5.1041
https://doi.org/10.1053/j.semnuclmed.2012.06.002
https://doi.org/10.1053/j.semnuclmed.2012.06.002
https://doi.org/10.1203/PDR.0b013e3181e1d032
https://doi.org/10.1203/PDR.0b013e3181e1d032
https://doi.org/10.1007/s00381-017-3643-3
https://doi.org/10.1212/wnl.51.2.433
https://doi.org/10.1212/wnl.51.2.433
https://doi.org/10.1016/j.jns.2009.02.316
https://doi.org/10.3174/ajnr.A1821
https://doi.org/10.1016/j.dcn.2016.12.001
https://doi.org/10.1016/j.dcn.2016.12.001
https://doi.org/10.3171/jns.1989.70.5.0707
https://doi.org/10.3171/jns.1989.70.5.0707
https://doi.org/10.3389/fnsys.2014.00163
https://doi.org/10.3389/fnsys.2014.00163
https://doi.org/10.1126/science.283.5409.1908
https://doi.org/10.1006/brln.2000.2435
https://doi.org/10.1006/brln.2000.2435
https://doi.org/10.1080/13554790601186942
https://doi.org/10.1017/S1355617712000987
https://doi.org/10.1017/S1355617712000987
https://doi.org/10.1007/bf02988609
https://doi.org/10.1152/jn.01117.2009
https://doi.org/10.1016/S0911-6044(00)00011-7
https://doi.org/10.1016/S0911-6044(00)00011-7
https://doi.org/10.1016/j.neulet.2018.07.005
https://doi.org/10.1007/s00381-019-04253-6
https://doi.org/10.1146/annurev.neuro.31.060407.125606
https://doi.org/10.1146/annurev.neuro.31.060407.125606


Page 11 of 11Beuriat et al. Behavioral and Brain Functions            (2022) 18:6  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 59. Tam EWY. Cerebellar injury in preterm infants. Handb Clin Neurol. 
2018;155:49–59. https:// doi. org/ 10. 1016/ B978‑0‑ 444‑ 64189‑2. 00003‑2.

 60. Thomason ME, Dassanayake MT, Shen S, et al. Cross‑hemispheric 
functional connectivity in the human fetal brain. Sci Transl Med. 
2013;5:173ra24. https:// doi. org/ 10. 1126/ scitr anslm ed. 30049 78.

 61. Tiemeier H, Lenroot RK, Greenstein DK, et al. Cerebellum development 
during childhood and adolescence: a longitudinal morphometric MRI 
study. Neuroimage. 2010;49:63–70. https:// doi. org/ 10. 1016/j. neuro image. 
2009. 08. 016.

 62. Toescu SM, Hales PW, Aquilina K, Clark CA. Quantitative MRI in post‑oper‑
ative paediatric cerebellar mutism syndrome. Eur J Radiol. 2018;108:43–
51. https:// doi. org/ 10. 1016/j. ejrad. 2018. 09. 007.

 63. Van Overwalle F, D’aes T, Mariën P. Social cognition and the cerebellum: a 
meta‑analytic connectivity analysis. Hum Brain Mapp. 2015;36:5137–54. 
https:// doi. org/ 10. 1002/ hbm. 23002.

 64. Wang SS‑H, Kloth AD, Badura A. The cerebellum, sensitive periods, and 
autism. Neuron. 2014;83:518–32. https:// doi. org/ 10. 1016/j. neuron. 2014. 
07. 016.

 65. Watanabe Y, Yamasaki F, Nakamura K, et al. Evaluation of cerebellar 
mutism by arterial spin‑labeling perfusion magnetic resonance imag‑
ing in a patient with atypical teratoid/rhabdoid tumor (AT/RT): a case 
report. Childs Nerv Syst. 2012;28:1257–60. https:// doi. org/ 10. 1007/ 
s00381‑ 012‑ 1741‑9.

 66. Wibroe M, Rochat P, Juhler M. Cerebellar mutism syndrome and other 
complications after surgery in the posterior fossa in adults: a prospective 
study. World Neurosurg. 2018;110:e738–46. https:// doi. org/ 10. 1016/j. 
wneu. 2017. 11. 100.

 67. Yakovlev P, Lecours A. The myelogenetic cycles of regional maturation of 
the brain. In: Minkowsky A, editor. Regional development of the brain in 
early life. Oxford: Blackwell Scientific Publications; 1967. p. 3–70.

 68. Yeo BT, Krienen FM, Sepulcre J, Sabuncu MR, Lashkari D, Hollinshead M, 
Roffman JL, Smoller JW, Zollei L, Polimeni JR, Fischl B, Liu H, Buckner RL. 
The organization of the human cerebral cortex estimated by intrinsic 
functional connectivity. J Neurophysiol. 2011;106:1125–65. https:// doi. 
org/ 10. 1152/ jn. 00338. 2011.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1016/B978-0-444-64189-2.00003-2
https://doi.org/10.1126/scitranslmed.3004978
https://doi.org/10.1016/j.neuroimage.2009.08.016
https://doi.org/10.1016/j.neuroimage.2009.08.016
https://doi.org/10.1016/j.ejrad.2018.09.007
https://doi.org/10.1002/hbm.23002
https://doi.org/10.1016/j.neuron.2014.07.016
https://doi.org/10.1016/j.neuron.2014.07.016
https://doi.org/10.1007/s00381-012-1741-9
https://doi.org/10.1007/s00381-012-1741-9
https://doi.org/10.1016/j.wneu.2017.11.100
https://doi.org/10.1016/j.wneu.2017.11.100
https://doi.org/10.1152/jn.00338.2011
https://doi.org/10.1152/jn.00338.2011

	The shifting role of the cerebellum in executive, emotional and social processing across the lifespan
	Abstract 
	Introduction
	From sensorimotor control to cognition
	The EES cerebellum in adults
	Evidence of the role of the cerebellum in EES functions from healthy volunteer and patient studies
	Studies in healthy volunteers
	Studies in cerebellar patients
	EES anatomy and network
	EES brain networks with cerebellum membership


	The EES cerebellum in children
	Evidence of the role of the cerebellum in EES functions from healthy volunteer and patient studies
	Studies in healthy volunteers
	Studies in cerebellar patients

	Cerebellar anatomy and EES networks in children
	Structural modifications
	Brain and cerebellar functional connectivity and EES network modifications


	The shifting cerebellar role in ees processing from childhood to adulthood
	The crucial to supportive evolution of the cerebellum’s role in EES functioning

	Conclusions
	Acknowledgements
	References




