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Abstract

Given the key roles of the cerebellum in motor, cognitive, and affective operations and given 

the decline of brain functions with ageing, cerebellar circuitry is attracting the attention of 

the scientific community. The cerebellum plays a key role in timing aspects of both motor 

and cognitive operations, including for complex tasks such as spatial navigation. Anatomically, 

the cerebellum is connected with the basal ganglia via disynaptic loops, and it receives inputs 

from nearly every region in the cerebral cortex. The current leading hypothesis is that the 

cerebellum builds internal models and facilitates automatic behaviors through multiple interactions 

with the cerebral cortex, basal ganglia and spinal cord. The cerebellum undergoes structural 

and functional changes with ageing, being involved in mobility frailty and related cognitive 

impairment as observed in the physio-cognitive decline syndrome (PCDS) affecting older, 

functionally-preserved adults who show slowness and/or weakness. Reductions in cerebellar 

volume accompany ageing and are at least correlated with cognitive decline. There is a strongly 

negative correlation between cerebellar volume and age in cross-sectional studies, often mirrored 

by a reduced performance in motor tasks. Still, predictive motor timing scores remain stable 

over various age groups despite marked cerebellar atrophy. The cerebello-frontal network could 

play a significant role in processing speed and impaired cerebellar function due to ageing might 

be compensated by increasing frontal activity to optimize processing speed in the elderly. For 

cognitive operations, decreased functional connectivity of the default mode network (DMN) is 

correlated with lower performances. Neuroimaging studies highlight that the cerebellum might 

be involved in the cognitive decline occurring in Alzheimer’s disease (AD), independently of 

contributions of the cerebral cortex. Grey matter volume loss in AD is distinct from that seen 

in normal ageing, occurring initially in cerebellar posterior lobe regions, and is associated with 

neuronal, synaptic and beta-amyloid neuropathology. Regarding depression, structural imaging 

studies have identified a relationship between depressive symptoms and cerebellar gray matter 

volume. In particular, major depressive disorder (MDD) and higher depressive symptom burden 

are associated with smaller gray matter volumes in the total cerebellum as well as the posterior 

cerebellum, vermis, and posterior Crus I. From the genetic/epigenetic standpoint, prominent 

DNA methylation changes in the cerebellum with ageing are both in the form of hypo- and 

hypermethylation, and the presumably increased/decreased expression of certain genes might 

impact on motor coordination. Training influences motor skills and lifelong practice might 
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contribute to structural maintenance of the cerebellum in old age, reducing loss of grey 

matter volume and therefore contributing to the maintenance of cerebellar reserve. Non-invasive 

cerebellar stimulation techniques are increasingly being applied to enhance cerebellar functions 

related to motor, cognitive and affective operations. They might enhance cerebellar reserve in 

the elderly. In conclusion, macroscopic and microscopic changes occur in the cerebellum during 

the lifespan, with changes in structural and functional connectivity with both the cerebral cortex 

and basal ganglia. With the ageing of the population and the impact of ageing on quality of life, 

the panel of experts considers that there is a huge need to clarify how the effects of ageing on 

the cerebellar circuitry modify specific motor, cognitive and affective operations both in normal 

subjects and in brain disorders such as AD or MDD, with the goal of preventing symptoms or 

improving the motor, cognitive and affective symptoms.

Keywords

cerebellum; ageing; motor; cognitive; affective; Alzheimer’s disease

1. Introduction (Mario Manto)

The cerebellum is a key actor for motor control, cognitive operations and affective regulation 

[1]. Its contributions extend to emotional control and social interactions [2]. Cerebellum 

contributes greatly to timing aspects of both motor and cognitive operations, including for 

complex tasks, in order to ensure coordination of our perception and interaction with the 

surrounding environment [3]. Anatomically, the cerebellum is connected with the basal 

ganglia and it receives inputs from nearly every region in the cerebral cortex [4]. The 

current leading hypothesis is that the cerebellum builds internal models and assists automatic 

behaviors through multiple interactions with the cerebral cortex, basal ganglia and spinal 

cord and thanks to numerous neuronal loops involving the cerebellar cortex and nuclei [5].

With the increasingly ageing population and the expected rise of life expectancy of the 

global population in the next decades, the understanding of the neurological changes 

occurring with ageing becomes critical for the scientific community [6]. This is relevant 

not only for the appraisal of physiological ageing, but also for elucidation of the pathological 

changes occurring in neurodegenerative disorders such as Alzheimer’s disease (AD), for 

which age is a risk factor [7]. Indeed, recent findings have challenged the notion that 

the cerebellum is unaffected by AD [8]. Older patients are particularly prone to cognitive 

decline, depression and to impaired motor control, with obvious consequences on quality 

of life. How ageing impacts the main site of concentration of neurons in the brain (the 

cerebellum contains more than 60% of the neurons of the brain) is thus of major importance, 

especially since the cerebellum is one of the structures of the brain that shows substantial 

loss of neurons with age [1].

This Consensus Paper aims to provide an overview on the current knowledge on the effects 

of ageing on cerebellar circuitry and cerebellar functions, attempting to clarify the roles 

of the cerebellum in motor, cognitive, and affective operations during ageing. The article 

gathers the viewpoints of a group of established neuroscientists specializing in various areas 
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of cerebellar function. Structural and functional changes of the cerebellum are discussed. 

The complex concept emerging from this consensus paper creates a framework for further 

research, enriching our understanding of the effects of ageing on the cerebellum, with the 

ultimate goal of improving the quality of life or our patients. Although we are well aware 

that a final consensus cannot be reached now and that studies are ongoing, we strongly 

believe that the ideas presented here will help address the consequences of ageing upon 

motor, cognitive and affective brain functions mediated by the cerebellum.

2. Effects of ageing on behavioural performance during predictive motor 

timing (Pavel Filip, Martin Bareš)

Our ability to perceive time is an element essential to ensure synchrony and reliable 

representation of our environment, both at conscious and subconscious levels. Recent 

research advances in this field point towards distributed timing models, which derive 

temporal information from coincidental activation of various neural nodes [9]. Across this 

wide range of models, the representation of time is seen as an integral part of complex 

networks, which also encode other stimulus properties [10–11]. The neuroanatomical 

nodes most relevant for time perception are continually being revealed by studying the 

characteristic behavioural patterns or neuronal activity in both healthy individuals [12] 

and specific patient populations [13–14]. Complex, overlapping networks synthesizing 

information from multiple modalities have been proposed, involving the basal ganglia, 

cerebellum, posterior parietal cortex and frontal cortex, even though the precise relevance 

and data processing characteristics of these structures extracting temporal parameters from 

relevant inputs are a matter of continuous debate. Multiple research approaches have 

repeatedly confirmed the pivotal role of the cerebellum in predictive temporal processing, 

somewhat in contrast to retrospective timing tasks, for which the basal ganglia are the major 

driver [12].

Given this scattered, network-based nature of temporal estimation with the cerebellum in the 

central position, it is expected that ageing and its wide-spread brain alterations would exert 

substantial effects on time processing. Modern theories describing age-related performance 

decline mostly share the view that our brains counteract neural insults accumulated during 

normal ageing by continuous functional reorganization. Brain activation patterns in older 

adults have indeed repeatedly been described as heightened, especially in the prefrontal 

cortices [15–16]. A landmark study in this area has compared these age-related responses 

to previously described processes of a similar nature—neurocognitive scaffolding, which is 

generally detected during the development, learning and acquisition of new abilities in youth 

[17]. In its simplest form, scaffolding is envisaged as selective optimisation of the initially 

dispersed networks suboptimal in their performance and efficiency to the most specific 

and honed circuits. Ageing, accompanied by gradual alterations induced by pathological 

processes, is then seen as a factor hindering and diminishing the performance of these 

optimized pathways. However, it is presumed that our brains recruit the very same processes 

used in their development—re-erection of new scaffolds to compensate for lost or damaged 

networks.
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The cerebellum holds an ambiguous position in this matter. The strongly negative 

correlations of cerebellar volume with age in cross-sectional studies, with accelerating rates 

of decline in increasingly older individuals [18], are often mirrored in reduced performance 

in motor tasks dependent on the cerebellum [19]. Nonetheless, this is in stark contrast with 

the confirmed slower genetic and epigenetic ageing of the cerebellum [20] (see also section 

12). Not only does the cerebellar DNA appear to be more stable from the epigenetic point 

of view [21], but the cerebellum has also been shown to have fewer age-related deletions 

in mitochondrial DNA than the cortex [22], possibly due to lower metabolic activity in the 

cerebellum. Furthermore, performance decrease seems to be far from a uniform finding—

predictive motor timing scores have been shown to remain stable over various age groups 

despite marked cerebellar atrophy exceeding the rate detected in the supratentorial structures 

in the very same cohort [23]. This rather counter-intuitive combination of structural changes 

and stable performance has been hypothesized to be the result of the previously described 

neural scaffolding—increased age in these subjects has been closely related to vast bilateral 

hyperactivation in the posterior cerebellum, a presumed correlate of the re-erection of new 

scaffolds [23]. All in all, the combination of surprisingly preserved behavioural performance 

in predictive timing, cerebellar atrophy and extensive hyperactivation of the posterior 

cerebellum is an evidence of a successful struggle of this versatile structure with age, 

escaping the general trends of functional decline seen in the supratentorial area.

The importance of these findings extends far beyond the realm of temporal estimation, 

given the pervasive evidence in various behavioural, psychological and imaging studies, 

which position the cerebellum as one of the essential nodes in a vast spectrum of cognitive 

and associative processes [24]. Furthermore, the cerebellum has been implicated in various 

diseases, often even devoid of the “traditional” cerebellar symptoms [25–26]. Ergo, the 

ability of the cerebellum to counteract ageing and related changes with the recruitment of 

new scaffolds, makes it a worthy candidate for further research into ageing processes as 

well as our options to maintain the performance of our ageing population across multiple 

domains.

3. Roles of cerebellum subserving processing speed in older adults (Clive 

H. Y. Wong, Tatia M. C. Lee, Chetwyn C. H. Chan)

3.1. Background

Studies on the cerebellum have revealed its essential role in processing cognitive 

information [27]. Earlier research reported significant neurobehavioural correlates of 

cerebellar volumes or sub-regional activations [28] with test performances in sustained 

attention [29] and executive function and working memory [30]. Processing Speed (PS), a 

latent factor among many cognitive functions [31], refers to how fast a person can complete 

a simple task with minimal involvement of working memory and executive function. 

Individuals’ PS would peak at around the age of 30 years, and then begins to decline in 

later life. In this section, we focus on the functional roles of the cerebellum, and specifically 

the changing in the cerebello-cerebral functional connectivities (FC) due to normal aging to 

address cognitive slowness, a common phenomenon among older adults.
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3.2. Cerebello-cortical connectivity in the young

The latent speed factor mentioned above is associated with increased activations in neural 

substrates in both the cerebrum and cerebellum [32]. Topographic distributions of these 

neural substrates resemble those in two distinctive intrinsic cortical networks: the Dorsal 

Attention Network (DAN), which subserves top-down attention control, and the Salience 

Network (SN), which subserves goal-related mental representations. Specifically, the 

cerebellum’s hemisphere and vermis portions of lobule VI/VII are functionally connected 

to the DAN and SN [33]. Findings of other studies have also supported the associations of 

cerebello-cortical connectivity with younger individuals’ performances on a complex visual 

processing speed task (i.e., symbol-digit modality task) [34–35].

We have addressed the processing speed question by using a simple and cross-modality 

task. The Arrow Task has both a visual and an audial condition, which was constructed to 

minimize the potential biases resulting from the cognitive strategy and modality-specific 

brain activities [36]. We have observed that activations in the prefrontal region and 

cerebellum are significantly associated with the speed composites of the task conditions. 

Fast performers show higher prefrontal but lower cerebellar activations [36]. We have 

employed effective connectivity to understand the possible couplings between the frontal 

region and cerebellum.

Further analyses have suggested both the cerebello-cortical and cortico-cerebellar couples 

exert influences on the younger participants’ speed performances. Importantly, the stronger 

cerebello-cortical and weaker fronto-cerebellar influences are associated with higher speed. 

These findings indicate the likelihood that the cerebellum is the primary driver of faster 

speed when young individuals complete simple cognitive tasks. The results also form the 

basis for exploring how neurodegeneration due to normal aging would modulate the roles of 

the cerebellum in cognitive slowness among older adults.

3.3. Cerebello-frontal connectivity in the old

Given the cerebello-cortical connectivity revealed in younger adults, Gao et al. (2020) 

have employed connectome-based models to explore the differences in speed-related 

connectivity between younger and older individuals [37]. Brain connectivities among the 

pairs of 268 nodes were derived from resting-state functional brain signals correlated with 

the participants’ task-based reaction times. The results suggest two connective networks 

involving positive and negative paths, respectively. Interestingly, these two networks are 

significantly correlated with the task-based speed measures in older individuals but not 

younger individuals. In addition, a subset in the positive network shows that cerebello-

frontal paths are associated with faster speed.

In contrast, a subset in the negative network has revealed that cerebello-sensorimotor paths 

are associated with slower speed. Our latest work on cerebello-cortical effective connectivity 

showed that older individuals tend to recruit more extensive neural networks than their 

younger counterparts in the Arrow Task [36, 38]. The other network involved is the 

Cognitive Cerebellar Network to the original DAN and SN for younger individuals. This 

additional network has been tested with a mediation model, with the inter-network effective 
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connectivities as a mediator between age and speed [38]. Both the SN and Cerebellar 

Networks exert influences on the DAN. The Cerebellar-to-Dorsal Attention influences were 

found to mediate the age-related slowing, and the Salient-to-Dorsal Attention influences 

suppressed age-related slowing. We have speculated that, among older individuals, the SN 

would exert higher activity levels, possibly compensating for the declined cerebellar activity 

to optimize processing speed when performing simple tasks.

3.4. Conclusion

We assert that the cerebellum plays a mechanistic role in mediating processing speed. 

Extant evidence supports the existence of a cerebello-cortical network [33], an aging-related 

decrease in cerebello-cortical FC [39], and age-dependent speed-volume correlations in 

the cerebellum [40]. Here, we connect the dots and further pinpoint the cerebellar-salience-

dorsal attention network interactions in cognitive slowing. Previous studies have associated 

the cerebellum with the automation of cognitive processes [41]. The evidence of the 

cerebellar and cerebello-cortical connectivity reported herein suggests age-related slowing. 

The cerebello-frontal network could play an even more significant role in processing speed. 

Taken together, declined cerebellar function may be compensated by increasing frontal 

activity to optimize processing speed in older adults. Future studies are to explore the 

reciprocal processes of the cerebellar networks and the networks’ roles in subserving other 

human functions.

4. Cerebellum-basal ganglia interactions with aging (Jessica A. Bernard)

The cerebellum communicates with the cerebral cortex via closed loop circuits [42]. In 

parallel to these cortical circuits are subcortical links between the cerebellum and basal 

ganglia. First discovered in non-human primates, these connections provide bidirectional 

connections between the cerebellum and basal ganglia [4]. Though the exact computational 

function for these interactions is unknown, it has been speculated that they may be 

foundational for broader cortical networks, and are important for learning processes [4]. 

In the human brain, there has been limited work using diffusion imaging to map these 

circuits, but the results thus far have been promising. Pelzer and colleagues [43] completed a 

feasibility study using tractography and demonstrated the presence of parallel circuits.

There is additional evidence for these connections from work employing resting state 

FC magnetic resonance imaging (fMRI). Connectivity studies investigating the cerebellar 

lobules have demonstrated associations between the cerebellum and basal ganglia at rest 

[44], and notably similar relationships were also present when examining the ventral 

rostral putamen [45]. Using more targeted approaches to look at cerebellar-basal ganglia 

connectivity focusing solely on nodes within these regions (as opposed to whole-brain 

approaches), robust connectivity has been demonstrated in young adults [46]. Notably, these 

patterns of connectivity are stronger for subregions in the cerebellum and basal ganglia that 

are associated with motor and cognitive cortical circuits [46], respectively, as defined based 

on lobular connectivity, regional striatal connectivity, and work in non-human primates 

on the closed-loop cerebello-thalamo-cortical networks [45, 47]. These patterns of robust 

connectivity in young adults have also subsequently replicated in a large sample [48].
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Understanding this circuit in aging is of great interest given the broad functional 

contributions of both the cerebellum and basal ganglia, and the growing literature 

implicating these regions and their circuits in aging processes [39, 49–50]. Initial 

suggestions that there may be age differences in connectivity between these regions came 

from a whole-brain investigation of lobular cerebellar connectivity in older adults [44]. 

In this investigation, when comparing connectivity of each hemispheric and vermal lobule 

in young and older adults, one of the most consistent patterns was a lower connectivity 

between the cerebellum and basal ganglia in older adults relative to young adults [44]. 

Furthermore, connectivity between the cerebellum and caudate nucleus was associated with 

motor performance in older adults such that better performance was related to higher 

connectivity [44]. In a large sample of adults (n = 590) between the ages of 18 and 88 

years, there were negative correlations with age between the cerebellar dentate nucleus and 

putamen [50], providing further support for the impacts of age on this circuit.

In a targeted follow-up focusing on the cerebellum and basal ganglia, connectivity in older 

adults was not just lower than that of young adults, it also differed in direction. In young 

adults, there were positive correlations between seeds in the cerebellum and basal ganglia, 

while in older adults the predominant pattern was that of anti-correlations [46]. Furthermore, 

connectivity between Crus I and the superior ventral striatum was positively associated with 

self-report measures of balance. That is, older individuals with higher correlations between 

these regions also reported better balance when completing everyday activities, highlighting 

the functional relevance of these networks [46]. Finally, while in young adults there was 

a clear dissociation in terms of connectivity strength for connections within motor and 

cognitive circuits, this was no longer present in older adults [46], broadly consistent with 

ideas of dedifferentiation in the aging brain [51].

Mechanistic explanations for these differences in cerebellar-basal ganglia connectivity 

remain largely speculative. However, we have previously suggested that these differences 

are related, at least in part, to age differences in dopaminergic function [44; 46]. In 

individuals with Parkinson’s disease, there are difference in cerebellar connectivity when on 

and off l-dopa medication, demonstrating the broad sensitivity of these circuits to dopamine 

[52]. Notably however, the administration of l-dopa to healthy young adults modulates 

connectivity between the basal ganglia and cerebellum [53]. Given that there is a degree of 

normative decline in dopamine in advanced age [54], this may, at least in part, be driving 

connectivity differences in advanced age. More generally, this work points to the relative 

importance of considering sub-cortical circuits in our understanding of the processes of 

aging.

5. Cognitive Cerebellum and Aging (Colby L. Samstag, Erik S. Carlson)

The cerebellum is classically recognized for its role in sensory error prediction signaling in 

motor learning and postural control, facilitating the detection and correction of differences 

between intended and performed motions. Recent research has begun to elucidate the extent 

to which the cerebellum also participates in diverse cognitive domains including reward 

signaling, spatial navigation memory, and nonmotor learning in emotional domains like 

fear conditioning, all of which contribute to higher level executive function [1]. Due to the 

Arleo et al. Page 9

Cerebellum. Author manuscript; available in PMC 2024 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



uniform repeated architecture of the cerebellar cortex, it is thought that cerebellar circuitry 

functions as an error prediction in these cognitive tasks. Furthermore, since the cerebellum 

receives inputs from nearly every region in the cerebral cortex, as well as ascending inputs 

from the spinal cord [55] and cranial nerves, it serves as a nexus between cortical and 

subcortical communication. In this way, it is thought that the cerebellum coordinates the 

functions of other brain regions at the circuit level, contributes to the building of an internal 

model, and facilitates automatic behaviors [1]. Some evidence even suggests that total 

cerebellar volume can independently predict scores on intelligence tests [56]. Despite the 

increasing attention on the role of the cerebellum in cognitive processing, it remains poorly 

understood the extent to which the cellular pathological changes that occur in the cerebellum 

during ageing affect cognitive processing.

Much of our knowledge of the cerebellum’s role in cognitive processing comes from the 

study of human patients exhibiting gross cerebellar lesions as the consequence of strokes, 

prenatal or developmental lesions [57]. Cerebellar damage causes defects in classical 

cerebellar functions, resulting in ataxia and deficiencies in motor learning. However, it 

frequently also causes a constellation of altered cognitive and social dysfunction phenotypes 

collectively referred to as cerebellar cognitive affective disorder, affecting virtually every 

cognitive domain including attention, perception, declarative memory, language, and 

working memory [57]. In particular, patients with cerebellar lesions show difficulty with 

executive function, including planning, abstract reasoning, and multitasking, tasks which are 

also impaired in dementia [57]. Classical cerebellar functions including eyeblink classical 

conditioning and postural control decline with age [55], but few studies link changes in the 

cerebellum with age-related cognitive decline.

The cerebellum undergoes structural and functional changes with age, and conditions of 

ageing present with phenotypes reminiscent of acute cerebellar injury [57]. Longitudinal 

neuroimaging of healthy subjects demonstrates that regions of the cerebellum undergo 

reductions in volume [58]. Furthermore, overall cerebellar volume is closely associated with 

gait speed, itself a strong predictor of cognitive decline [59]. Neuroimaging of patients 

who progress from mild cognitive impairment to dementia show reduced volume of Crus I 

and Crus II [60], and patients with Alzheimer’s disease also show reductions in cerebellar 

volume [61]. Age-related reductions in cerebellar volume are not uniformly distributed, and 

parts of the cerebellum implicated in cognition appear particularly vulnerable. Convergent 

evidence from humans, monkeys, and rodents have highlighted the importance of the lateral 

cerebellum and the dentate nucleus as centers of cognitive cerebellar processing, regions that 

also show degeneration with age (reviewed in [62]). The dentate nucleus is a region that has 

expanded greatly in primate lineages, and experiments in rodents show that neurons in the 

dentate nucleus participate in a host of cognitive functions including working memory and 

spatial navigation [63]. The density of these regions follow an “inverted U” curve throughout 

the human lifespan, peaking at about age 30 and declining with age [64–65]. Neurons of the 

dentate nucleus acquire other pathological hallmarks with age, including an accumulation of 

both iron [66] and lipofuscin [67] in normal ageing, and increased DNA damage and cell 

cycle events in Alzheimer’s disease [68]. Taken together, these data suggest that decreases 

in cerebellar volume accompany ageing and are at least correlated with cognitive decline, 

though a causal relationship has not been clearly established.
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Several models have emerged to explain how age-related cerebellar damage may impact 

cognition. In addition to its role as an error prediction circuit, the cerebellum connects “low 

level processing” subcortical and “high level processing” cortical regions, and it buffers 

the effects of increased attentional burdens from these other brain regions (reviewed in 

[69]). Collectively, the cerebellum functions as a cognitive reserve to free up resources for 

prefrontal cortical regions to perform other tasks (see also section 14). This model posits 

that age-related cerebellar defects lead to attentional burden on other systems and results 

in more disorganized and slower function. As ageing leads to cerebellar volumetric loss 

and alterations of FC, there is a decrease in the capacity for cortical regions to offload 

automatic tasks to the cerebellum. Regions of the cerebellum that undergo age-related 

changes may therefore become an important target for treatments aiming to slow or 

reverse cognitive decline. In support of this hypothesis, recent work shows that bilateral 

transcranial magnetic stimulation of Crus II increases cognitive performance in patients with 

Alzheimer’s disease by strengthening FC networks with nodes of the prefrontal cortex [70]. 

In summary, compelling evidence shows that the cerebellum participates in cognitive tasks, 

but also undergoes age-related decline in function, yet a definitive mechanistic link between 

cerebellar function and cognitive decline remains elusive. Future work should clarify the 

role of cerebellum in cognitive decline with age, and whether interventions targeting the 

cerebellum can reduce attentional burden on cortical regions in cognitive decline.

6. Cerebellum, healthy ageing, and spatial navigation (Stephen Ramanoël, 

Christophe Habas, Angelo Arleo)

Spatial navigation constitutes a complex behaviour that encompasses perceptual, cognitive, 

and motor processes underlying efficient goal-oriented actions in most daily activities. This 

manifold ability requires the integration of different sensory modalities, the acquisition and 

maintenance of spatial knowledge in memory during the locomotion phase, and the flexible 

use of adaptive spatial strategies [71]. Spatial navigational abilities are impacted by healthy 

ageing and by changes occurring in multiple brain regions, including the frontal, temporal, 

and cerebellar cortices [72–73]. Notably, older adults display prominent impairments in their 

capacity to integrate spatial information from the environment, to reorient or navigate in 

unfamiliar environments, and to flexibly switch among spatial strategies when necessary 

[74]. While an extensive body of literature has highlighted the importance of the age-related 

atrophy and dysfunction of the hippocampus in the decline of navigational abilities, the 

cerebellum has only recently gained interest in the field of ageing and spatial navigation.

Accumulating evidence indicates that cerebellar-hippocampal interactions support the 

implementation and the efficient use of spatial representations during goal-directed 

behaviour [75–77]. These findings extend the role of the cerebellum beyond its traditional 

implication in motor control. Igloi and colleagues (2015) have shown that the use of 

a sequence-based navigational strategy, which relies on the formation of associations 

between spatial cues and a directional behaviour, is underpinned by co-activation of 

the right cerebellum (Crus I), left hippocampus, and frontal regions [75]. The authors 

also reported that the implementation of a place-based strategy, defined as the formation 

of a flexible mental map-like representation of the absolute position of the goal, was 
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subtended by different interactions between left Crus I, right hippocampus, and medial 

parietal cortex. In the same vein, Hauser and colleagues (2020) found that modulation of 

cerebello-hippocampal activity could differentiate spatial reference frames (word-centred vs. 

self-centred) during passive perception of visuo-spatial changes [76].

In the context of healthy ageing, few studies have indicated age-related structural or 

functional differences in the cerebellum during navigational tasks. One cross-sectional study 

and one longitudinal study have reported age-related changes in turning preference [78] 

and distance-dependent navigation performance [79] in a virtual Morris Water Maze task 

that were associated with global cerebellar atrophy. These results are consistent with a 

non-motor role of the cerebellum in navigation, in relation to the multisensory integration 

of spatial information to guide behaviour [77]. Moreover, results from functional studies 

have allowed the cognitive role of the cerebellum to be precisely outlined by exploring 

the activity of cerebellar subregions recruited during navigation. fMRI studies conducted 

on young and healthy older adult populations have reported the involvement of the Crus 

I and the lobule VI regions of the cerebellum during distinct spatial memory tasks in 

virtual environments [74, 80–81]. Ramanoël and colleagues (2020) have found that older 

participants exhibit stronger lateralized cerebellar activity in the right Crus I than younger 

subjects when orienting using visual landmarks [74]. In addition, in a recent voxel-based-

morphometric study conducted on the same sample of participants, the authors have shown 

an age-related reduction of grey matter volume (GMV) only for the Crus I region in the 

left cerebellum [82]. These lateralization effects were interpreted as a neural correlate of 

the age-related shift from the use of a place-based strategy, involving left cerebellar and 

right hippocampal coactivation, to the use of a sequence-based strategy underpinned by 

right Crus I, left hippocampal, and frontal regions [75]. This pattern of results could reflect 

older adults’ reduced capability to form map-like representations of the environment. They 

could also reveal a functional adaptation to the left Crus I atrophy that favours the use 

of the relatively preserved right Crus I in terms of grey matter atrophy and that supports 

sequence-based strategy. An alternative, not exclusive interpretation could be related to 

age-dependent impairments in executive functions that may impact older adults’ capacity to 

flexibly switch between navigational strategies. Indeed, Crus I region has been reported to 

be connected to a large associative network supporting executive control in various aspects 

of cognition [33].

Taken together, these studies highlight the role of the cerebellum in complex cognitive 

abilities such as spatial navigation. However, it is important to note that none of 

the aforementioned studies on healthy ageing and navigation had the primary aim of 

investigating cerebellar functioning. In addition, only one voxel-based-morphometric study 

used a specific pipeline optimized for cerebellum analysis [82]. These elements stress the 

need for future studies to use specific a priori hypotheses on human cerebellar dynamic in 

order to better characterize the impact of healthy ageing on navigation. These findings on the 

cognitive cerebellum provide the basis for new fundamental and applied research to maintain 

autonomy of healthy older adults and to characterize age-related pathologies in terms of 

spatial navigation deficits [83–84].
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7. Cerebellum and the physio-cognitive decline syndrome (Chih-Ping 

Chung, Liang-Kung Chen)

7.1. Physio-cognitive decline syndrome, concurrent physical and cognitive impairments, 
as a phenotype to identify the elderly at risk of dementia or/and disability

Physical and cognitive abilities are critical elements for maintaining functional 

independence in the elderly [85]. The accumulated evidence suggests that physical and 

cognitive declines have synergistic, harmful interactions on healthy aging [86–88]. In 

addition, the risk for dementia is higher among older people with concurrent physical 

frailty and cognitive impairment compared to those with only cognitive impairment [88]. 

Many cohort studies have found that gait slowness and handgrip weakness (mobility subtype 

of physical frailty) are the two physical functions most-strongly associated with cognitive 

impairment in the elderly.

Physio-cognitive decline syndrome (PCDS) is defined based on these observations and serial 

research studies, affecting older, functionally-preserved adults who have slowness and/or 

weakness (by cut-offs from the 2019 consensus update of the Asian Working Group for 

Sarcopenia) [89] plus cognitive performance ≥ 1.5 SD below the mean for age-, sex-, 

and education-matched controls in all cognitive domains, as assessed by comprehensive 

objective neuropsychological tests. In large cohort studies, PCDS delineated a subpopulation 

of 10–15% of community-dwelling older persons with neither dementia nor disability [90]. 

These studies also showed that PCDS had high predictive value for incident dementia (HR 

3.4, 95% CI 2.4– 5.0) among 4570 ≥ 65-year-olds followed for 36 months [91] and for 

incident disability (HR 3.9, 95% CI 3.0–5.1) among 9936 ≥ 65-year-olds followed for 24 

months [92]. Since the operational definition of PCDS successfully identifies an appreciable 

population of at-risk older people, PCDS has been proposed as a phenotype and potential 

treatment target of unhealthy aging at an early stage, and also a framework for studying the 

pathophysiological mechanisms of mobility frailty-associated cognitive impairment [90].

7.2. Cerebellar structure and neurocircuit abnormalities as the neural signature of PCDS

Neuroimaging studies of community-dwelling older people in the I-Lan Longitudinal Aging 

Study (ILAS) and National Institute for Longevity Sciences-Longitudinal Study of Aging 

(NILS-LSA) cohorts revealed a specific pattern of gray matter volume (GMV) changes in 

physical frailty and PCDS [93–95]. Using voxel-based analysis of the whole brain magnetic 

resonance T1-weighted imaging, researchers first identified regions of GMV reduction in 

the elderly with physical frailty. These regions included the cerebellum, hippocampi, middle 

frontal gyri, right inferior parietal lobule, precentral gyrus, and left insula, anterior cingulate, 

and middle occipital gyrus. The study also revealed that each physical frailty subtype had 

distinct GMV changes [93]. The cerebellum was the region with the greatest GMV reduction 

related to mobility subtype frailty (gait slowness or/and handgrip weakness) compared with 

the other components of physical frailty (exhaustion and involuntary body-weight loss) [93]. 

The neuroanatomic correlate of PCDS, concurrent mobility frailty and cognitive impairment, 

was also evaluated. Voxel-based whole-brain analysis showed that participants with PCDS 

had lower GMV than non-PCDS ones in the right and left amygdala, right and left thalamus, 

right hippocampus, right temporal occipital fusiform cortex, right occipital pole, and left 
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cerebellum VI and V (family-wise error cluster corrected P-value < 0.05). The regions with 

GMV reduction in PCDS subjects were similar between the middle-aged and older adults; 

whereas larger clusters with more extensive GMV-reduction regions were observed in ≥ 

65-year-olds with PCDS than in non-PCDS contemporaries (Table 1, family-wise cluster 

corrected p-value < 0.05) [94].

These studies consistently found cerebellum involvement in mobility frailty and related 

cognitive impairment (e.g., PCDS). Among other identified brain regions with GMV 

reduction in PCDS, hippocampus/amygdala GMV has long been recognized as an early 

marker of cognitive impairment in the elderly [96]. Therefore, a neurocircuit connecting the 

left cerebellum and hippocampus/amygdala that might be involved in the pathophysiology 

of PCDS has been postulated [94]. Researchers used diffusion-weighted tractography to 

establish a population-based probability map of hypothetical neuroanatomical connections. 

Among 1,006 included participants, delineated tracts successfully connected cerebellar 

regions of interest to the left and right hippocampus/amygdala area in 72.5%, but to the 

right amygdala/hippocampus area in only 20.8%. The tract probability map (likelihood 

of participant’s cerebellar-hippocampus/amygdala connection passing through the voxel) 

described a highly coherent connection path across participants, with maximal probability of 

60.8%/72.5% on the left side and 15.0%/20.8%) on the right (Figure 1) [94]. Tract-specific 

analyses showed that within bilateral cerebellum to amygdala/hippocampus connections, 

PCDS subjects had significantly higher values than non-PCDS ones in three different 

diffusivity indices (mean, radial and axial) [94].

The neuroanatomic characteristics revealed by these studies have provided evidence for 

cerebellar structure and neurocircuitry involved in concomitant physio-cognitive declines in 

older people. These findings may provide clues to the early neuroanatomic pathology of age-

related concomitant physical and cognitive decline. Cerebellum GMV and hippocampus-

amygdala-cerebellum neurocircuits might constitute imaging biomarkers in future preventive 

interventions for health aging.

8. Cerebello-cerebral functional connectivity with ageing (Giusy Olivito, 

Maria Leggio)

Since the cerebellar role in cognitive and behavioural functions has been well established 

[24, 97], the cerebellum has attracted an increased interest and importance in the context 

of ageing [44, 46]. Healthy ageing is typically characterized by decline in both motor and 

cognitive functions [17]. Consistently, MRI studies have shown age differences in brain 

volume [98] as well as in resting state brain networks [99–100]. In particular, age differences 

in FC have been related to both motor and cognitive performance in older adults [44, 100], 

thus supporting the functional relevance of these differences.

While the investigation of age-related differences in neural substrate has been primarily 

focused on the cerebral cortex [98, 101], the study of cortico-cerebellar FC has provided 

crucial insight into understanding both motor and cognitive declines associated with healthy 

aging [44]. Furthermore, differences in cerebello-cerebral FC across life span have been 

Arleo et al. Page 14

Cerebellum. Author manuscript; available in PMC 2024 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



shown [44, 46], demonstrating in particular lower cerebellar connectivity as individuals age 

[44, 46–47].

Functional segregation of the cerebellum has been evidenced by several connectivity studies 

[102–103] showing that it plays a crucial role in motor functions as well as in cognition 

through functional interactions with cerebral regions. In particular, based on FC results, the 

human cerebellum has been divided into a primary sensorimotor zone, having connections 

with motor and somatosensory cortices, and a supramodal zone, mainly encompassing the 

cerebellar Crus II, having connections with prefrontal and posterior parietal cortices [103] 

and strongly related to cognition [102].

It has been shown that in older adult, within-cerebellum connectivity greatly overlaps with 

the pattern observed in young adults, with cerebellar regions implicated in motor networks 

(i.e., Lobules I–IV, V, VI and VIIIa) strongly correlated between themselves, similar to how 

the posterior lobules are correlated between themselves [44]. Conversely, in older adults 

the patterns of cerebello-cortical connectivity do not overlap with findings in the young 

adults. Consistent with classical functional segregation of the cerebellum [24, 103], in young 

adults cerebello-cerebral connectivity has been shown between lobules I–IV, V, and VI and 

pre-motor and primary motor cortical regions [103] while in older adults, a more widespread 

pattern of correlations has been found between regions including the hippocampus, middle 

frontal gyrus, parahippocampal gyrus, anterior cingulate cortex, and dorsal pre-motor cortex 

[44]. In contrast, the pattern of correlation between posterior cerebellar lobules (i.e., Crus 

I and Crus II) and the cerebral cortex in older adults was similar to that found in young 

adults involving the prefrontal and temporal cortex, as well as subcortical structures, such as 

the caudate and thalamus. However, unlike the findings in young adults [103], no functional 

correlations were found between lobules of the vermis and the primary and pre-motor 

cortical regions [44].

Beyond the qualitative comparison of research findings in young and older adults described 

above, the direct comparison between the two groups has provided interesting insights 

into age-related cerebellar FC differences, showing in particular a global FC decrease in 

cerebello-cerebral networks of older adults compared to young adults with no differential 

patterns by cerebellar functional regions thus involving both motor and cognitive cerebello-

cerebral modules [44, 103]. This finding suggests that cerebello-cerebral networks are 

equally impacted by aging, regardless of functional specialization [44], and is further 

supported by evidence that both dorsal (motor) and ventral (cognitive) regions of the 

dentate nucleus show age-related negative correlations with motor and association cortices, 

respectively [50].

Of particular interest is the pattern of decreased FC involving the cerebellum and the 

medial temporal lobe, thus suggesting a relation between disrupted cerebellar-hippocampal 

connectivity and memory deficits typically reported in healthy aging [104]. Importantly, the 

opposite pattern of FC has been also described in older adults with greater connectivity 

than that observed in young brains mainly involving the prefrontal cortex and cerebellar 

regions predominantly implicated in intrinsic motor network [102–103]. This is likely to be 
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related to compensation mechanisms in response to the overall cerebello-cerebral functional 

decrease [44].

Among the intrinsic FC networks of the brain, the DMN has been especially well studied in 

older brains [99–100]. Studies show that decreased FC in the DMN is related to performance 

on cognitive tasks and contributes to cognitive decline across multiple domains [100]. 

Indeed, the DMN has a crucial role in the context of internally directed mental states, such 

as remembering, planning, and related cognitive functions [100] and has been shown to 

have strong FC with posterior cerebellar Crus II in healthy subjects [102], suggesting that 

cerebellar contribution to the DMN may be important for understanding cognitive variability 

in older adults.

Age differences in connectivity patterns between the cerebellum and basal ganglia have been 

also been found in a recent study [46] showing that altered FC is related to behavioural 

performances in older adults. Indeed, both structures strongly contribute to the performance 

of motor and cognitive tasks [24] and are reciprocally connected, forming an integrated 

network with the cortex [4].

Overall, all these observations raise important implications for understanding pathological 

mechanisms underlying motor and cognitive decline in advanced age as well as improving 

the understanding of age-related neurodegenerative conditions, such as Alzheimer’s disease 

(AD) (an overview of the cerebellum in Alzheimer disease can be found in the following 

sections).

9. Role of the Cerebellum in Cognitive Decline in Alzheimer’s Disease 

(Muriel M. K. Bruchhage)

9.1. Cerebellum and Alzheimer’s disease progression

AD is the most prevalent form of dementia [105] and is defined by progressively degrading 

cognitive, motor and socio-emotional function. AD cognitive deficits precede symptoms 

by on average 20 years and are associated with structural and functional changes in the 

brain (for example, [106]). While traditionally focus has been placed on hippocampal and 

cerebral tissue loss, accumulating findings have implicated posterior cerebellar atrophy 

in AD disease progression (for a review, [8]). A recent meta-analysis (84.Gellersen et 

al., 2021) confirmed that associations between posterior GMV loss and reduced cognitive 

performance persisted for healthy ageing and AD even when controlling for total cerebral 

and hippocampal volume, indicating an independent contribution of the posterior cerebellum 

to ageing processes and AD progression. Our group applied voxel-based prediction maps 

of cerebellar GM and white matter volume fraction myelin (VFM) comparing whole brain, 

cerebral and cerebellar contributions to different stages of cognitive impairment in AD 

and healthy ageing [107]. While GM cerebellar prediction accuracy was higher than for 

the whole brain and cerebrum across all stages of cognitive decline, cerebellar VFM 

prediction accuracy was highest for mild/moderate stages of AD but performed lowest 

for mild cognitive impairment across modalities. This prevailed even when dividing the 

cerebellum into anterior and posterior regions, with the highest AD prediction accuracy for 
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posterior cerebellar lobe in advanced cognitive decline and the anterior cerebellum in the 

first stage of cognitive decline. While these results confirm the importance of the cerebellum 

to cognitive decline in AD progression independent of cerebral contributions, they also 

potentially indicate differences in timing of cerebellar tissue and regional contributions 

to stages of AD. While early stages of cognitive decline seem to be driven by anterior 

regions of the cerebellum, the posterior cerebellum contributes to established cognitive 

decline in AD, increasing with symptom severity. This parallels cerebellar functionality and 

AD symptom disease progression, as motor phenomena classically associated with anterior 

cerebellar dysfunction are often present in early AD symptomatology, preceding cognitive 

symptoms associated with posterior cerebellar dysfunction.

9.2. The cerebellum is part of a dynamic affective network

The cerebellum is highly interconnected structurally and functionally, enabling cerebellar 

networks to impact both cerebellar and cerebral functioning and connectivity through 

short- and long-term plasticity [108]. These cerebellar plastic changes are not restricted 

to motor skills but expand to cognitive and emotional functions as early as childhood 

(for example [107]). Neuroanatomic connections and clinical observations stemming from 

cerebellar injury have led to functional divisions of the cerebellum into the mainly anterior 

‘sensorimotor cerebellum’, and the posterior ‘cognitive cerebellum’ [24]. This applies 

further to lateralization effects. Damage to the right cerebellar hemisphere results in 

language difficulties and right vermal damage leads to social and affective processing 

deficits, while damage to the left hemisphere results in spatial difficulties (for a review 

[109]). The same meta-analysis [84] confirming posterior GM loss associations with reduced 

cognitive performance in AD further identified a right lateralization of the posterior lobe 

unique to AD. Together with the cerebellum’s widespread connections, this could indicate 

more specialized atrophy processes at play, exacerbating along the right posterior cerebellum 

to the cerebrum affecting cognitive and language functions typical to AD symptomatology.

9.3. Cerebellar contributions to AD symptom development

The human cerebellum is one of the earliest regions of the brain to develop [110], but 

continues to grow into adulthood, with posterior regions maturing late [111]. This long 

duration makes it especially vulnerable for disorder and disease, including the role of 

early-life adverse events in AD genetic markers increasing chances of AD development 

and progression. In other words, environmental perturbations at a very early period 

determine the susceptibility to pathological conditions later in life (for a review, [112]). 

AD neurodegeneration follows specific topographic patterns of grey and white matter loss 

that emerge during its early stages, with white matter loss speculated to precede GM 

atrophy [113]. Coupled with differences in timing of cognitive decline and accumulating 

findings of right posterior cerebellar atrophy in AD progression, it could indicate that early 

abnormalities in cerebro-cerebellar networks together with genetic vulnerability affect early 

stages of AD symptom development. Thus, differential subregional vulnerability to AD 

pathology and normal ageing may be due to early downstream influences resulting from 

cerebro-cerebellar synergism (for example, [114]), and structural decline may also have 

selective effects on distant cerebral regions enabled by networks established already at very 

early development [115].
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9.4. Conclusion

Increasing evidence supports an active role of cerebellar abnormalities in early AD 

development and associated cognitive decline. However, AD diagnosis is often supported 

by positron emission tomography scans, where overall volume is normed against cerebellar 

volume to assess differences due to ageing processes. As outlined, recent evidence suggests 

a potentially more dominant role of the cerebellum in AD cognitive decline. Thus, clinical 

AD diagnosis and treatment should account for, rather than norm for, potential cerebellar 

atrophy at different stages of AD progression and view AD as a disease affecting dynamic 

networks rather than isolated cerebral and hippocampal atrophies. The increasing role of the 

cerebellum in AD development might further stimulate new research directions needed after 

recent controversy around the amyloid hypothesis [116].

10. Cerebellar grey matter loss in healthy ageing and Alzheimer’s disease 

(Heidi I.L. Jacobs, Xavier Guell, Jeremy D. Schmahmann)

The discovery of the cerebellar cognitive affective syndrome and its localization to the 

cognitive cerebellum in the posterior lobe [117–118] directed attention to the previously 

unrecognized possibility of cerebellar contribution to the cognitive and neuropsychiatric 

symptoms typical of AD [8]. Cerebral hemispheric volumetric changes in AD overlap only 

partially with healthy ageing, a concept that is now expanded to include the cerebellum [84].

10.1. Ageing and Mild Cognitive Impairment (MCI)

Cerebral cortical thinning is observed in most brain regions with advancing age and 

increases linearly over time [119]. Widespread cerebellar volumetric decline mirrors these 

changes in the cerebral hemispheres, and is thought to reflect principally the loss of white 

matter in cerebellar folia and corpus medullare in the vermis and both hemispheres [58, 

120].

In older individuals with mild cognitive deficits but without dementia, lower GMV was seen 

in association with worse overall cognitive performance, while posterior lobe GMV loss was 

associated with lower executive function scores [121]. Volume loss may reflect neuronal 

drop-out, as patients with MCI or AD have fewer cerebellar Purkinje cells than cognitively 

normal older individuals [122]. Synaptic alterations are observed in the mossy fibers (MFs), 

granule cell dendrites, parallel fibers and Purkinje cell dendrites with substantial loss of 

dendritic spines, and a decrease in the number of granule and Golgi cells in the granule cell 

layer [123–124]. These changes are most frequent in Crus I, consistent with observations 

from structural neuroimaging studies demonstrating lower grey matter volume in the vermis 

and posterior lobe in the early stages of the disease, whereas the anterior lobe is more 

affected in the later stages [125]. In patients with MCI, functional neuroimaging studies 

report similar topographic findings of lower task-related activity predominantly in cerebellar 

posterior regions initially, and present in anterior cerebellar regions in later stages [8]. This 

evolution of atrophy corresponds to the clinical phenotypes of early cognitive and emotional 

disturbances and later motor deficits. Lower cerebellar volume is associated with higher 

odds of being in the prodromal stages of the disease, even when controlling for hippocampal 

volume and APOE-status [107, 126]. In healthy older individuals the cerebellar DMN 
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and cerebral DMN are negatively correlated during rest, whereas in amnestic MCI there 

is degradation of the anti-correlation between the cerebellar DMN and the medial frontal 

cortex [127]. This relationship correlates with worse memory performance and suggests 

that reduced anti-correlation impacts the modulatory role of the cerebellum on cognitive 

functioning, particularly the executive control of memory [127].

10.2. Ageing and AD

The question of differential grey matter volume loss in healthy ageing versus mild to 

moderate AD was evaluated in a meta-analysis of 18 studies including data from 2,441 

participants [84], leading to three conclusions. First, areas of spatial overlap between regions 

of decreased grey matter volume were small between the two groups, including only one 

cluster of overlap in right cerebellar lobules VI-Crus I. Second, despite a lack of prominent 

spatial overlap, functional networks linked to areas of volumetric changes were similar 

across both groups, including cerebellar regions connected to default-mode, frontoparietal, 

and ventral attention networks. This conclusion was further supported by functional gradient 

analyses that showed a similar localization of areas of volumetric changes in both groups 

along the two principal gradients of cerebellar functional organization [128–130]. And third, 

despite the relative degree of functional similarity between the two groups, functional 

differences were detected when using an alternative functional gradient that relates to 

lateralization of non-motor function between left and right cerebellar hemispheres. Areas 

of volumetric changes in AD showed a right-hemispheric preference along this gradient, 

compared to volumetric changes in healthy ageing that were distributed similarly in both 

hemispheres.

10.3. AD

The view that the cerebellum was largely spared the neuropathologic hallmarks of AD 

arose because cerebellar deposition of beta-amyloid plaques and neurofibrillary tangles 

were detected only in late-stage disease [131–132]. In autosomal dominant AD, however, 

cerebellar beta-amyloid plaques can be detected in unimpaired carriers 10 years before 

clinical onset [133–135]. Detailed immunocytochemistry assessments in both autosomal 

dominant and sporadic AD reveal that the cerebellum accumulates the earlier and possibly 

more toxic soluble, diffuse forms of beta-amyloid, and occasionally, sparse neuritic plaques 

[123]. Neurofibrillary tangles are only rarely observed in the cerebellum, as in individuals 

with early and advanced familial AD with the Osaka mutation in the amyloid precursor 

protein (APP) gene [136]. These earlier diffuse beta-amyloid accumulations in AD are 

present in the molecular layer of the cerebellum and in the vicinity of Purkinje cells [124]. 

Plaque formation can be detected in the same location, but less commonly, and is not 

observed in the dentate nucleus. These observations are significant because misfolding of 

tau and beta-amyloid commences two to three decades prior to the first clinical symptoms, 

highlighting the importance of careful phenotyping, including in older individuals who 

appear cognitively normal. Severity of cerebellar beta-amyloid deposits is correlated with 

the number of plaques and tangles observed in the locus coeruleus; the locus coeruleus 

commits afferent fibers to the cerebellum, is one of the first regions vulnerable to AD 

pathology [133, 137], and may serve as a route of transneuronal spread of pathology. Indeed, 

FC studies have reported lower connectivity between cerebellum and locus coeruleus [138], 
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and between cortical resting-state networks and specific cerebellar regions when comparing 

controls to patients with prodromal or clinically established AD [125, 139–141]. When 

matching voxel-based morphometry patterns to findings from FC in AD patients, focal 

atrophy was noted bilaterally in regions of cerebellar Crus I and II that were associated with 

the DMN [125].

10.4. Mouse models

In older humans lower cerebellar volumes are linked to degraded performance on the 

classical eyeblink conditioned response [142]. In the ageing mouse model, the decline in 

this conditional associative learning paradigm occurs together with Purkinje cell loss and 

diminished synaptic plasticity [143]. In transgenic AD mice, full-length APP and C-terminal 

fragments are detected early in the cerebellum, indicating processing of the beta-amyloid 

precursor protein [122]. Increasing intracellular beta-amyloid-related processes and smaller 

beta-amyloid plaques were observed in the mouse cerebellum as well as in the cerebrum, 

starting at age 2 months. Cerebellar dysfunction as well as abnormal Purkinje cell activity 

preceded the detection of these smaller beta-amyloid plaques. Even though non-fibrillar 

forms of beta-amyloid are not always detected with PET-imaging, this suggests that their 

presence can disrupt the structure, function and modulatory capacity of the cerebellum.

11. Depression and cerebellar volumes in ageing (Vonetta M. Dotson, 

Hannah R. Bogoian, Maria Misiura)

The cerebellum’s role in affect and emotion processing was first identified through studies 

of cerebellar cognitive affective syndrome, a syndrome often marked by emotional lability 

(i.e., uncontrollable laughter or tearfulness) and changes in affect due to cerebellar lesions 

[144]. Vermal and paravermal lesions in particular have been observed to induce disruption 

to emotion and behavior [144], and have led researchers to speculate about the cerebellum’s 

role in the emotional as well as cognitive aspects of depression [145].

A number of structural imaging studies have since identified a relationship between 

depressive symptoms and cerebellar GMV. Major depressive disorder (MDD) and higher 

depressive symptom burden are associated with smaller GMV in the total cerebellum as 

well as cerebellar subregions, including the posterior cerebellum, vermis, and posterior 

Crus I [146–149]. Depression-related increases in cerebellar GMV have also been observed. 

Individuals experiencing an acute episode of MDD were shown to have increased volume 

in left cerebellar area IX compared to participants with remitted MDD, whereas remitted 

participants had bilaterally increased volumes in this area [150]. Another study of 

participants with severe depression found that individuals with MDD had increased right 

cerebellar area VIIIa volume and increased left cerebellar area VIIb volume compared to 

healthy controls at baseline [151]. In this study, structural change in the left cerebellum 

area VIIA Crus I was associated with depressive symptom improvement following a trial of 

electroconvulsive therapy [151].

To date, investigations into the cerebellum’s role in depression have been conducted 

primarily with middle-aged adults. However, a recent study examined symptom dimensions 
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of depression and subregions of the cerebellum in a sample of community dwelling 

late-middle-aged and older adults [152]. Results indicated that greater subthreshold 

depressive symptoms, as indicated by self-report of depressive symptoms on the Center 

of Epidemiologic Studies Depression Scale (CES-D), were associated with larger vermis 

VI volumes. When symptom dimensions of depression were examined through CES-D 

subscales, positive relationships were identified between the somatic symptom subscale 

score and vermis VI volumes, and the lack of positive affect subscale score and vermis 

VIII volume. In contrast, an imaging study of older adults with mild cognitive impairment 

found that cerebellar GMV was not associated with psychological symptoms of depression 

or apathy [121].

Aside from grey matter volumes, other imaging modalities have detected cerebellar changes 

in depressed older adults. FC changes, or correlated brain activity, within the cerebellum or 

between the cerebellum and other brain regions, have been detected in late-life depression 

[153–154]. One study found reduced connectivity of the cerebellum in depressed older 

adults compared to controls [153], while another found increased connectivity in posterior 

cerebellar regions in treatment-naive older adults with first-episode depression [154]. The 

discrepancy in findings may relate to the chronicity and treatment status of the two samples, 

but more research on cerebellar functional connectivity (FC) in depressed older adults is 

needed to clarify patterns and moderators of depression-related FC alterations in late life.

Cerebellar white matter volumes have been correlated with apathy and depression severity 

in one study [155]. However, there is a gap in knowledge about white matter integrity of 

the cerebellum and depression in older adults, despite the well-known link between late-life 

depression and white matter integrity [156]. Indeed, the presence of white matter lesions, 

areas of abnormal white matter visualized as white matter hyperintensities (WMH) on MRI 

scans, characterizes a subtype of late-life depression called vascular depression. There is 

clearly a need to investigate whether WMH in the cerebellum are related to depressive 

symptoms, particularly because white matter lesions in the cerebellum typically cause motor 

symptoms that may be more recognizable to ]caregivers and patients than the slower, more 

gradual changes in mood seen in LLD [157]. Alternatively, if the cerebellum is relatively 

spared from WMH in individuals with vascular disease, understanding the protective and 

compensatory cellular mechanisms inform interventions for depression.

12. DNA methylation and the ageing cerebellum (Patrick Bryant)

Changes in DNA methylation at different genomic sites are related to development and used 

for regulating gene expression. These changes have also been found to be related to ageing 

[158], connecting epigenetic changes to lifespan [159]. “Epigenetic clocks” [21] assess this 

proxy for biological ageing in terms of DNA methylation to predict deviations between 

chronological and biological ageing. However, the relationship between DNA methylation 

and age is tissue-specific, suggesting that the rate of the epigenetic clock and DNA 

methylation changes are not universal, which is also why tissue-specific epigenetic clocks 

have been developed [160]. This tissue specificity is especially prominent in the cerebellum, 

where a systematic underestimation of ageing has been observed in older subjects [161].
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The underestimation of epigenetic clocks in older subjects has been observed across other 

tissues as well and one explanation is that there are fewer older samples present in the 

fitting of these models [21, 162]. Another issue is the difference in sample availability. 

Due to difficulty in obtaining brain tissue samples and the relative ease with which blood 

samples can be obtained, blood samples are overrepresented. This is reflected in the higher 

correlation between predicted and chronological ages in blood compared to, for example, 

the cerebellum [161. The prominent deviation in the cerebellum is thereby not necessarily 

functional, but may instead be related to limitations in model fitting and data preparation.

Previously, mainly linear models have been used to relate methylation markers to age. 

The construction of these models assumes constant change rates and the models are 

outperformed by ones which do not [160, 163]. A recent study agnostic to the linearity 

of the methylation-age relationship showed that the methylation markers that change most 

during ageing tend to have both linear and non-linear relationships with ageing [164]. The 

rate of methylation in cerebellum markers was also found to be saturated with age, which 

provides an explanation for the systematic underestimation of models that assume constant 

change rates throughout life.

By selecting the DNA methylation markers with the biggest age-related changes in 407 

cerebellum samples, two distinct types are found: one that is increasingly methylated 

(hypermethylation) with age and one that is decreasingly so (hypomethylation) [164]. 

A study relating the functional impact of gene expression on methylation found that 

hypomethylation is more common with age in monocytes and T-cells [165]. How the hyper- 

and hypomethylated markers in the cerebellum impact gene expression on a functional basis 

is unknown. Neither is it known if the variation in methylation is in fact functional for 

the ageing cerebellum. It is possible that the variation in methylation with ageing is only 

spurious and perhaps only the hypomethylation is functional.

What is known about the epigenetic age of the cerebellum is that it seems to be functional. 

This is exemplified by the study of genetic variants in certain gene clusters affecting 

neurological disorders such as AD and Parkinson’s disease. Genetic variants that impact 

DNA methylation resulting in acceleration of predicted age according to epigenetic clocks 

are also related to these disorders [166]. It is suggested that ageing and disease are related to 

the misregulation of gene expression through altered methylation patterns [167]. The exact 

mechanisms are likely local, however, as seen through the tissue-specific DNA methylation 

changes throughout ageing [168].

Since the most prominent DNA methylation changes in the cerebellum are both in the form 

of hypo- and hypermethylation [164], one can hypothesize that the expression of certain 

genes is both increased and decreased with age [169]. This instability in gene expression 

may be related to lower mobility and/or coordination in older age groups [170]. This 

remains to be investigated, as it is currently not known whether the DNA methylation 

changes found in the cerebellum relate to changes in gene expression.

Several questions related to the ageing process of the cerebellum and DNA methylation 

remain unanswered. An important study would be to select the genes related to the most 
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prominent DNA methylation changes (both hyper- and hypomethylated) and investigate their 

impact on gene expression. Similar to the findings observed in AD and Parkinson’s disease, 

single-nucleotide polymorphisms (SNPs) in these genes could be related to methylation 

signatures and phenotypes related to the ageing cerebellum such as coordination. Likely, 

such data is readily available through open-source transcriptomics datasets with age 

annotations.

Studying the functional relationship between DNA methylation and ageing will inform 

many important aspects of phenotype control and lead to improved age predictors. The 

most interesting aspects of age predictors are not to accurately assess age, but to assess 

phenotypes through deviating methylation signatures [171]. A model that connects changes 

in DNA methylation at different ages to gene expression would do exactly this by providing 

a proxy for differential gene expression and outcomes. Several key issues remain as DNA 

methylation is tissue-specific and a biopsy of the cerebellum is too invasive. Future models 

using DNA methylation data from blood could be able to assess health states in other tissues 

and overall health risks. The relationships of methylation statuses between different tissues 

have not been studied so far, leaving these questions unanswered.

13. What potential does lifelong musical instrument training possess 

to avoid age-related cerebellar atrophy? (Masatoshi Yamashita, Kaoru 

Sekiyama)

MRI studies have revealed key structural characteristics of the aging brain. For example, 

GMV of the cerebellum and hippocampus decreases with age [172–173] (see also 

section 10). Atrophy of these brain regions is associated with age-related decline in 

various cognitive and motor functions [174] (see also sections 5 and 15). Considering 

the rise in aging-associated issues in the current society, identifying lifestyle habits that 

effectively mitigate age-related cognitive decline and brain atrophy is essential. Playing 

musical instruments is a candidate for such lifestyle because it is reportedly associated 

with a reduced risk of dementia [175]. Nevertheless, it remains unclear whether lifelong 

involvement in playing a musical instrument is effective in counteracting age-related 

brain atrophy. This section will introduce the structural and functional advantages of the 

cerebellum in older musicians who have participated in lifelong musical instrument training.

Musicians are an excellent model to understand learning-related brain plasticity due to 

their long-term practice. Structurally, young musicians demonstrate increased GMV in the 

auditory and motor-related regions compared to age-matched non-musicians [176]. Among 

the various brain regions where young musicians demonstrate gray matter enlargement, 

the cerebellum may be particularly relevant to behavioural characteristics. For example, 

Hutchinson et al. (2003) have reported that larger cerebellar volume was associated with 

daily practice intensity [177]. Furthermore, a recent study on young musicians reported that 

larger GMV in Crus I of the cerebellum was associated with better temporal discrimination 

of musical tones [178]. These findings indicate that the cerebellum is associated with 

instrumental music training and musically relevant cognitive skills. Although previous 

research has highlighted the need for multimodal investigations on older musicians to assess 
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positive effects of musical activity during aging, neuroimaging studies are lacking. Our 

study discovered that older musicians (mean age, 70.8 years; musical experience, 52.7 

years; age at the commencement of musical instrument training, 8.6 years) had larger 

bilateral GMVs in Crus I of the cerebellum than age-matched non-musicians (Figure 2a). 

Moreover, we demonstrated that cerebellar (Crus I) GMVs in the regions of interest of 

non-musicians sharply decreased with age, whereas volume and age were not significantly 

correlated in musicians (Figure 2b) [179]. These findings indicate that lifelong practice of a 

musical instrument is associated with structural maintenance of the cerebellum in old age. 

Interestingly, a recent study has reported that reduction in GMV of Crus I is associated 

with executive dysfunction [180]. This suggests that structural changes in Crus I play an 

important role in the maintenance of motor planning and monitoring [181], which are 

needed for skillful execution of finger movement during music-making.

fMRI studies provide additional support for the specificity of music-related cerebellum 

activation in musicians. Musician-specific activation of the cerebellum, as well as auditory-

related areas, was observed during passive listening to piano melodies [181], suggesting 

a degree of audio-motor transformation when listening to music. Moreover, some fMRI 

studies have reported that activation of the cerebellum was observed in imagery tasks 

involving specific timing and sequential finger coordination, such as imagery of playing 

the piano and a finger-tapping task [182–183], suggesting a role of the cerebellum in the 

imagery of music-related finger movements. Furthermore, our task-related FC analyses 

revealed that older musicians possessed greater cerebellar–hippocampal FC during melodic 

working memory tasks, which was correlated with tapping speed [179]. Thus, musicians 

may encode melodies to sequences of finger movements for working memory maintenance, 

considering that the right hippocampus has been implicated in melodic retrieval [184] and 

memory based-music imagery [185]. The implication of these findings is that such a music 

imagery-related network would be strengthened in musicians through musical instrument 

training.

In conclusion, the characteristics of musicians may be underscored by their vigorous musical 

training with complex physical and mental operations, such as the motor imagery of accurate 

sound, high speed and skillful execution of finger movement to realize melodies and musical 

impressions, and memorization of long musical phrases. Such extensive and time-pressured 

effort may be associated with cortical reorganization including motor-related regions in 

musicians. In particular, lifelong active engagement in musical instrument training is related 

to structural and functional advantages in the neural system involving the cerebellum.

14. Ageing and cerebellar reserve (Hiroshi Mitoma, Shinji Kakei, Mario 

Manto)

Cerebellar reserve is defined as the capacity of the cerebellum for compensation and 

restoration following pathological changes affecting this part of the brain [186–189]. In 

other words, cerebellar reserve constitutes remarkable inherent forces of resilience to 

cerebellar pathologies and ability for recovery. This description dates back to the classic 

paper by Sir G. Holmes [190]. Two types of cerebellar reserve have been described based 
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on the nature of the pathoetiology of cerebellar injury. First, when the etiology elicits 

immediate structural damage in a limited area of the cerebellum (e.g., stroke or traumatic 

injury), the ensuing cerebellar functional deficit can be restored through compensation by 

other cerebellar areas unaffected by the structural damage (structural cerebellar reserve) 

[187]. On the other hand, when the etiology weakens cerebellar neurons (as well as glial 

cells) in diverse regions (e.g., degenerative cerebellar ataxias (CAs), immune-mediated CAs, 

and metabolic/toxic CAs), it gradually leads to cell death, and the affected lesion itself can 

replenish deteriorating cerebellar functions (functional cerebellar reserve) [187].

There is little or no information on the effects of age on cerebellar reserve. The aim of 

this section is to describe possible mechanisms underlying the resistance to ageing and 

ageing-related pathologies and the decline in ageing within the frame of the cerebellar 

reserve.

14.1. Physiology underlying cerebellar reserve

The concept of reserve has been proposed first in other degenerative diseases, such 

as cognitive reserve in AD [191–192] and motor reserve in Parkinson’s disease [193]. 

Compared with these types of reserve, cerebellar reserve is probably unique by showing 

outstanding capacities for compensation and restoration following cerebellar injury. Such 

capacity depends on cerebellar-specific structural and functional features that are lacking in 

other parts of the central nervous system (CNS).

About 60-80% of the whole brain’s 85-100 billion neurons are located in the cerebellum, 

although the cerebellum forms only about 10% of the brain mass [194–195]. The vast 

cerebellar neuronal networks are functionally organized to act as internal forward models. 

The motor domain integrates various inputs to predict the state of the future apparatus 

for a command [196–199]. The cerebellum is organized to operate as an internal model 

machine supported by two distinctive inherent mechanisms in the cerebellar neural circuits: 

“redundant afferents to the microzone” and “multiple forms of synaptic plasticity.”

Indeed, the cerebellum integrates two lines of inputs necessary for an internal forward 

model, conveyed through MFs: 1) an efference copy (copy of a motor command) from 

the controller; and 2) a sensory feedback signal that describes the slightly past (~100 

ms) state of the motor apparatus [198]. Notably, the branching patterns of individual 

MFs are intensively divergent, especially along the mediolateral axis [200], leading to the 

convergence of vast numbers of combinations of multiple MF inputs into the microzone, the 

rostro-caudal strip of the cerebellar cortex [201]. On the other hand, the divergent forms of 

plasticity in the cerebellar cortex cooperate synergistically to create the optimal output for 

any behavior [202]. A separate role for each form of plasticity in motor learning has also 

been proposed [203].

In essence, cerebellar circuitry is enriched in plasticity mechanisms and multimodal cerebral 

and peripheral inputs are integrated through multiple plastic modifications at widely 

distributed synapses, which allows the organization of the internal forward model. While 

these unique characteristics underlie cerebellar learning, they also provide the cerebellum at 

the same time with the ability to reorganize any damage to the internal forward model.
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14.2. Cerebellar reserve-related resilience to ageing and neurodegenerative diseases

The cerebellum is connected with nearly all regions of cerebral association and paralimbic 

areas [204–206]. Each cerebellar region shows highly correlated patterns of activation to 

the corresponding cortical region [24]. In this context, cerebellar structural and functional 

disorders are not only associated with motor deficits, but are also associated with 

degradation of thought and affect, clinically known as the cerebellar cognitive affective 

syndrome (Schmahmann syndrome) [117, 208].

Evidence suggests that the cerebellum ages more slowly than other brain regions [62]. 

In addition, earlier research showed that amyloid deposition in the cerebellum occurred 

late in AD with the rare presence of neurofibrillary tangles [131, 209]. Another study 

showed milder synapse loss in the cerebellum compared with the hippocampus and frontal 

cortex in patients with AD [210]. Thus, the cerebellum seems to be resistant to developing 

specific pathology in the early stages of AD. Given that the cerebellum is relatively 

unaffected in early AD, it might may play a role in compensation for AD-related deficits 

[62]. Consistently, accumulating evidence points to differences between various brain 

regions (mainly, the cerebral cortex) and the cerebellum with regard to changes in their 

structures and functions in diseases that impact cognition and affect, such as AD [8, 125], 

frontotemporal dementia [125], Parkinson’s disease [211], autism spectrum disorder [212], 

schizophrenia [213], and MDD [145].

In a Consensus paper, Guell and Schmahmann pointed out the existence of cerebellar 

cognitive resilience and recovery in cerebellar-linked disorders [187]. They termed these 

mechanisms cerebellar cognitive reserve [187]. The cerebellum can compensate for ageing-

related and cortically-based cognitive declines and deficits by reorganizing the internal 

forward model through redundant afferents and multiple forms of cerebellar plasticity, as in 

motor domains.

14.3. Ageing-related decline in cerebellar reserve

Cerebellar reserve is also affected by ageing. Whereas total cerebellar cortical volume 

decreases by 10.8% over the life span, total cerebellar white matter decreases by 25.9%, 

and the latter is attributed to the loss of Purkinje and granule cells [214]. Disruption in 

the connectivity of the cortico-cerebellar resting state network was also reported in older 

adults [44]. Consistently, age-related changes are found in cerebellar functions, timing, and 

postural controls [55]. Notably, adaptation speed becomes slower in prism adaptation of ball 

slowing [215–216] and prism adaptation of hand-reaching [217].

Since motor learning abilities and cerebellar reserve are two sides of the same coin, the 

above studies point to an age-related decline in cerebellar reserve. The latter also means 

the disappearance of the time-lag between cerebral and cerebellar disorders, in which the 

cerebellum escapes the damage in normal ageing and early AD.

14.4. Therapeutic strategies: use of time-lag

One possible therapeutic strategy is to maximize the time-lag between cerebral and 

cerebellar disorders and potentiate cerebellar reserve. For example, non-invasive cerebellar 
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stimulation has been applied for potentiation of cerebellar reserve (see also next section) 

[189]. Some beneficial results with this technique have been reported [218], where the 

plasticity of cerebellar cortical synapses is assumed to be the neural basis for the long-

lasting modulation [219]. Interestingly, larger volumes of cerebellar lobules IV, VI and 

VIIIB are positively correlated with a positive outcome following a stroke, independent of 

the severity of initial impairment, age and lesion volume, whereas the total volume of the 

cerebellum is not associated with the outcome following the vascular injury [220]. These 

observations highlight a heterogeneity within the cerebellum in terms of resilience. Further 

molecular and transplantation techniques are also needed to manipulate the re-organization 

of redundant cerebellar afferents using synaptic plasticity. Globally, the cerebellum is now 

considered a critical source of scaffolding or reserve for cortical function in ageing, but 

studies are needed to clarify the secrets of resilience [69]. Techniques of optimization 

of resilience and recruitment of key lobules within the cerebellum need to be identified 

in the elderly in order to improve the management of the numerous cerebellar disorders 

encountered in the clinic.

15. Cerebellar transcranial direct current stimulation (ctDCS) and the 

aging cerebellum (Zeynab Rezaee)

The cerebellum and cerebral cortex have extensive reciprocal connectivity [221] and 

different cerebellar regions are involved in various cognitive and motor networks. The 

volume loss and morphological changes in the cerebellum as a result of aging negatively 

affect cognitive functions such as working memory, processing speed, spatial processing, 

and long-term memory [39, 222–223]. Moreover, aging in the cerebellum is associated 

with a decline in motor performance, including gait and balance [224]. The aging brain 

compensates for decreased performance by recruiting additional neural resources, enabling 

older adults to maintain higher performance levels (see also previous section). However, a 

considerable decline in both motor and cognitive performance is still observable. Therefore, 

further investigations of therapeutic approaches to improve brain function in older adults 

are needed. One way to help the brain use more neural connectivity and modulate 

neural excitability is using electric stimulation of the brain via transcranial direct current 

stimulation (tDCS), a non-invasive brain stimulation technique that modulates neural activity 

via electrical stimulation. Depending on the direction of the current, the stimulation cause 

excitation or inhibition in neural activity [225]. Cerebellar tDCS (ctDCS) has been found 

to affect the learning and performance of cognitive and motor tasks [226–227]. It has also 

been proposed that ctDCS can be beneficial in the aging brain by modulating the cerebro-

cerebellar network and improving the cerebellum’s function as an adjuvant treatment to 

address age-related cerebellar motor and cognitive decline effectively [39].

In the motor domain, anodal ctDCS has been shown to positively affect motor learning 

and adaptation in older adults. Anodal ctDCS decreased the reaction time of only older 

adults in a study of manual dexterity and motor learning [228]. Another study [229] 

noted that simultaneous postural training and bilateral anodal ctDCS had therapeutic effects 

in older adults with high fall risk. Investigators did not observe any significant positive 

results in postural training or bilateral anodal ctDCS alone. In a healthy aging sample, 
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Hardwrick and Celnik (2014) showed that age-related declines in motor adaptation can be 

diminished by cerebellar tDCS stimulation [230]. Motor adaptation improvement as a result 

of applying anodal ctDCS was also reported by Weightman et al. (2020) [231]. However, 

the positive effect was only shown in the motor adaptation of arm movement but not hand 

movement [231]. However, results have not been consistent. Hulst et al. (2017) found no 

effect of anodal ctDCS on force field reach adaptation in both controls and patients with 

cerebellar degeneration [232], and other studies have reported either no impact or adverse 

effects on motor learning in older healthy adults [233]. While research in the cognitive 

domain is less extensive than motor investigations, the Cerebellum plays an essential and 

supportive role in cognitive learning and performance via connections between the posterior 

cerebellum and prefrontal cortex. The effectiveness of ctDCS in the cognitive domain has 

been demonstrated in studies using different paradigms, i.e., semantic processing, language, 

visuospatial attention, verbal working memory, and implicit categorization [234]. However, 

the work on the cognitive domain is notably less than on motor investigations, and most of 

the ctDCS effect on cognitive learning has been reported on the younger adult population. 

Given the outcome variability, the effectiveness of ctDCS in the aging brain in improving 

cognitive and motor domains needs further investigation.

Some factors influencing outcome variability are specific to the methodology, i.e., study 

design, tasks, divergent sample size, and stimulation parameters (intensity, duration, 

electrode size, electrode placement (see below)), and others are specific to aging. Different 

regions of the cerebellum shrink differently during aging, impacting task performance and 

electrical properties. It has been shown that the posterior and anterior vermis [235–236] 

and the superior posterior cerebellum (i.e., Lobules Crus I, Crus II, VI, and VIIb) [237–

239] display pronounced age-related volume change. Based on neuroimaging studies [129], 

different groups of cerebellar lobules are involved in various tasks. For example, lobules 

IV and V of the anterior cerebellum contribute to force-field perturbations. In contrast, 

lobule VI is important in visuomotor adaptation [240], executive functioning tasks depend 

on Crus II and lobule VIIb, and spatial adaptation is related to pontocerebellum stimulation 

(for more, see [39], [222]). Therefore, individual age-related morphological change of the 

cerebellar lobules as cerebellar functional units must be considered in defining task-based 

ctDCS protocol for the aging population.

As GMV declines with age, the volume of CSF in the subarachnoid space increases. This 

increase in scalp-cortex distance influence current dispersion. Parazzini and colleagues 

found that individual anatomical variability impacted electrical field distributions [241]. 

Other aging morphological changes affecting current dispersion include skull thickness and 

head size. Computational modeling can aid in predicting the effect of these factors on 

tDCS response. In a computational modeling study [242] analyzing 20 healthy subjects, the 

electric field strength and focality showed the magnitude of the electric field in the targeted 

cerebellar area decreased with increasing distance between the targeted gray matter and 

the scalp. The same study reported an improvement in the field focality when scalp–cortex 

distance decreased by positioning the electrodes below the occipital cortex. Hence, using 

methods to evaluate scalp-cortex distance, i.e., structural MRI scans, may reduce variability 

and allow future studies to adjust the current intensity.
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Another source of inter- and intra-individual variability in ctDCS results is electrode 

montage. To modulate neural activity, in the majority of experimental studies, two electrodes 

have been used to apply a weak direct current to the cerebellum. In the three common 

montages for ctDCS, the active electrode can be placed over one cerebellar hemispheres, 

1-2 cm below and 3-4 cm lateral to the inion or in the midline to target whole cerebellum 

[242–244]. The location of the return electrode can be over 1) the buccinator muscle, 

2) ipsilateral shoulder, or 3) the contralateral supraorbital muscle [242, 245–246]. In our 

computational modeling study [243], we showed that using the same electrode montage 

across different individuals for ctDCS in various aging groups led to differences in the 

maximum electric field, electric field distribution, and stimulation patterns. Therefore, 

subject-specific montages can partially address inter-individual variability. Computational 

modeling conducted before stimulation is an effective method for individualizing ctDCS 

protocols, providing effective dose control of the intensity of the applied stimulation. In our 

computational studies, one comparing different montages [247] and another assessing the 

impact of age on a single montage [243], we showed that various electrode montages affect 

local and network activity differently. In the aging cerebellum, one must also consider the 

additional neural connectivity from the recruitment of other cerebellar areas and networks 

to maintain performance when selecting a target and to propose a stimulation protocol. For 

example, increasing excitability by ctDCS in one area can lead to inhibition in other brain 

areas that are part of the same functional network [248]. Therefore, optimizing targeting 

by minimizing electric field distribution outside the desired location is important in ctDCS 

investigations and may reduce outcome variability.

Inter-individual variability effects can emerge due to task dependency. An individual’s 

baseline task performance is effective in the outcome effects of the ctDCS [228]. It has been 

postulated that a more significant ctDCS-induced impact might be expected in older adults 

as the task is likely to be more challenging and motivating to the elderly [228]. Thus, further 

research to compare the effects of ctDCS on high-functioning and lower-functioning older 

adults seems necessary.

Although numerous studies reported well-founded results on the normal brain’s electric 

stimulation, a prediction of this approach on older adults’ brains still needs further 

investigation [225]. The possible harmful effects of tDCS on older adults’ brains is a crucial 

consideration [249]. Despite existing evidence of the benefits of ctDCS in the rehabilitation 

of motor function and cognitive performance, evidence from the investigation of electric 

field dosing and distribution in different computational studies [250–252] indicate that 

ctDCS parameters need to be modified for the older adults brain to establish a ctDCS 

protocol for individuals with brain atrophy. Computational modeling studies can facilitate 

the investigation and prediction of electric field and current density distribution across 

cerebellar regions and lobules [251, 253].

The subject and task-specific optimization in defining stimulation parameters for ctDCS 

is an excellent consideration in its clinical potential. The individual differences in the 

cerebellar cortex’s anatomical and physiological characteristics (e.g., folding structure and 

orientation of neuronal population), cerebellar lobules’ contribution to different tasks, and 

the reciprocal connection of different cerebellar regions to multiple cortical areas can lead to 
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a variety of ctDCS protocols is based on the target population needs. The possible harmful 

effects of ctDCS on older adults’ brains because of certain age-specific variables (e.g., 

gray matter shrinkage) are a crucial consideration. Despite existing evidence of the benefits 

of ctDCS in improving motor function and cognitive performance, the dosing parameters 

need to be modified for the elderly population to apply an unharmful current intensity. The 

computational analysis and optimization of electric field focality and current intensity before 

clinical study help configure age-related requirements for the ctDCS protocol. Future studies 

may focus on maintaining comparable lobule-specific dosing across subjects. Multimodal 

studies which combine modeling prior to clinical application, behavioural measurement 

of ctDCS effects, and neuroimaging approach to assessing functional changes help to 

understand better the age-related changes in current flow at the targeted region based on 

tissue resistivity and head anatomy. Additionally, lobule-specific electric field and current 

flow information for the task-specific ctDCS are necessary to estimate the spillover to non-

targeted cerebellar lobules in older adults and reduce undesired inter-individual variability in 

the ctDCS effects.

16. Discussion

The cerebellum mediates numerous functions that are significantly affected by ageing [1]. 

Hence, there is a need for a unified characterization of how cerebellar adaptation shapes 

motor, perceptual, and cognitive processes, to maintain efficient behaviour in older adults. 

With the quickly rising population of older adults, a better understanding of the effects of 

ageing on the brain becomes more and more important, considering that ageing impacts 

on motor, cognitive and affective operations. Throughout this Consensus Paper, the panel 

of experts discuss the current knowledge on the effects of ageing on cerebellar circuitry 

and cerebellar functions, attempting to clarify up the contributions of the cerebellum in 

motor/cognitive/affective operations during ageing and in prevalent disorders such as AD or 

MDD.

In the field of dementia, methodological developments to characterize individuals more 

comprehensively, and to examine whether these effects are modified by the presence of AD 

pathology in the cerebral cortex and possibly cerebellum are necessary. Increases in neural 

activation can be mediated by beta-amyloid, starting from the earliest stages of the disease, 

but two important methodological challenges need to be resolved to better understand 

the relationship between beta-amyloid and compensatory activation and to investigate the 

possibility of translating this new knowledge to therapeutic interventions. First, current 

imaging methods that visualize the spatial deposition of AD neuropathology detect fibrillar 

forms, but not the diffuse plaques which are present in the cerebellum early in the disease. 

In vivo methods will need to be developed that measure human nonfibrillar forms of beta-

amyloid to investigate whether the magnitude of diffuse amyloid in the cerebellum correlates 

with cognitive and cerebral changes. Second, increased neuronal activity in cerebral cortex 

is associated with both protective and detrimental effects, and it is likely that similar 

observations may be made in the cerebellum. In the cognitive field, it has been observed 

that the cerebellar volume is reduced in AD [61]. GMV loss in AD appears distinct from 

that observed in normal ageing: it starts initially in cerebellar posterior lobe regions and 

is associated with neuronal, synaptic and beta-amyloid neuropathology. There is growing 
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evidence for a contribution of the right posterior cerebellar atrophy in AD progression. The 

lateralization of atrophy in AD differs from the bilateral atrophy in healthy ageing [84]. The 

panel of experts considers that the cerebellum is thus not viewed anymore as an innocent 

bystander in AD [125].

Another point of Consensus is that the cerebellum is a site of structural and functional 

changes with ageing, and older patients (including older adults without disease) present 

clinical symptoms reminiscent of acute cerebellar injury [57]. In terms of motor control, 

there is an agreement that the cerebellum is a key-player for timing operations and 

that motor control is impaired in the elderly. Neuroimaging studies demonstrate that the 

cerebellar regions show a reduction in volume and that cerebellar circuitry is involved in 

the PCDS observed in older subjects [58] with a correlation between global cerebellar 

volume and gait speed [59]. Studies on the cerebellar-hippocampal interactions support the 

hypothesis that cerebellum contributes to the implementation and the efficient use of spatial 

representations [77]. Age-dependent differences have been also demonstrated in cerebello-

striatal FC [46]. In fact, reduced FC has been observed in elderly adults compared to 

young adults, equally impacting both motor and cognitive cerebello-cerebral modules [44]. 

This connectivity has also been linked to behavioural performance. Thus, cerebellum GMV, 

cerebello-cerebral FC, and hippocampus-amygdala-cerebellum neurocircuit might constitute 

neuroimaging biomarkers for healthy aging. We underline the importance of functional 

MRI, also targeting the cerebellum, in tracking normal aging and the stage and intensity 

of the neurodegenerative process in different age-related conditions. Data from resting state 

fMRI studies presented here evidence that FC can be used as a biomarker to disentangle 

normal aging from age-related pathological conditions. Since functional brain changes are 

thought to precede structural brain change [254], the functional damage in certain brain 

areas may result from a “pre-symptomatic condition”, i.e., the functional damage (reduced 

FC) may precede the clinical manifestation.

17. Conclusion and perspectives

In summary, compelling evidence shows that the cerebellum participates in cognitive tasks, 

and also undergoes age-related decline in function, yet a definitive mechanistic link between 

cerebellar function and cognitive decline remains elusive. Future work should elucidate the 

role of cerebellum in cognitive decline with age, and whether interventions targeting the 

cerebellum can reduce the attentional burden on cortical regions in cognitive decline.

There is currently insufficient information regarding the prevalence of cerebellar related 

dysfunction in ageing and dementia. This may be addressed by the development of measures 

sensitive to cerebellar function and dysfunction, including assessments of context dependent 

speed of information processing, sequencing, temporal order, associative learning, and 

automaticity. This could include computerized remote tools and machine learning methods 

that identify patterns reflecting cerebellar dysfunction in pre-symptomatic individuals.

Neuroimaging and neuropathological data reveal that grey matter volume loss in AD appears 

to be distinct from that seen in normal ageing, occurs initially in cerebellar posterior 

lobe regions that support the cognitively relevant cerebro-cerebellar intrinsic connectivity 
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networks, and is associated with neuronal, synaptic, and beta-amyloid neuropathology, 

providing support for the contention that the cerebellum is no innocent bystander in 

AD [125]. Given that AD neuropathologic changes can be present in cognitively normal 

older individuals, and that not every brain of older individuals with memory impairments 

harbors elevated beta-amyloid deposits, it will be important for future studies to carefully 

characterize the etiologic processes of both the unimpaired and impaired populations. This 

will provide a spatiotemporal model of changes within the cerebellum during disease 

progression, and advance our understanding of a potential cerebellar contribution to the 

heterogeneity of clinical phenotypes of AD. Furthermore, collaborative studies capitalizing 

on physiological and optogenetic methods to study the relationship between neuronal codes 

or firing patterns (e.g., changes in tonic versus burst firing) and the direction of change of 

motor and cognitive performance in animal models will be key to developing physiologic 

interventions in translational research studies in humans that aim to delay AD-related 

cognitive decline.

Spatial navigation offers an integrative framework to uncover relationships between distinct 

cerebellar functions and ageing. In particular, the coupling of cerebellar neuroimaging and 

behavioural assessment of spatial navigation under naturalistic conditions can provide a 

promising perspective, by leveraging the recent technological advances in mobile brain 

imaging [255–256] and cerebellar functional near-infrared spectroscopy (fNIRS) recordings 

[257]. This approach would allow neuro-behavioural biomarkers to be identified, in order 

to differentiate age-related motor and cognitive deficits and to develop personalized 

rehabilitation programs.

It remains to be shown whether cerebellar structural and functional changes in healthy 

ageing, mild cognitive impairment, and dementia have a primarily positive or negative 

impact on behavior. Correlational studies described in this Consensus paper highlight 

the relevance of cerebellar structure and function in young vs older subjects and in 

demented vs cognitively intact individuals, but they do not determine whether these 

changes are pathological/detrimental or compensatory/beneficial in nature. The underlying 

underpinnings require also a clarification. Interventional studies that modify cerebellar 

physiology, such as noninvasive cerebellar stimulation studies, may help clarify this 

question. The importance of assessing the effectiveness of new interventions and treatments 

specifically targeting the cerebellum and the development of rehabilitation protocols 

combining MRI approach with non-invasive cerebellar stimulation should be underlined. 

According to the rehabilitation potentiality of the Non Invasive Brain stimulation 

(NIBS) techniques [258–259], further research in the future could be crucial to evaluate 

neuromodulation approaches to improve functions mediated by the cerebellum [234]. 

In particular, previous research findings have already demonstrated that non-invasive 

neurostimulation modulates a brain network rather than just the local stimulation site [259] 

and that ctDCS can induce neurophysiological changes in the cerebello-brain interaction 

[243]. This emphasizes the therapeutic and clinical implications of this approach potentially 

extensible to different pathological conditions. Targeting the regions of cerebellum affected 

age-related changes may therefore prove an important target for treatments to slow or 

reverse cognitive decline. In support of this hypothesis, recent work shows that bilateral 

transcranial magnetic stimulation of Crus II increases cognitive performance in patients with 
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Alzheimer’s disease by strengthening FC networks with nodes of the prefrontal cortex [70]. 

Cerebellar resources might be important for cerebral cortical processing and it is possible 

that degraded cerebellar output disrupts cortical activation and FC [260]. NIBS might be 

applied to counter-act these remote detrimental effects.

Techniques aiming to improve cerebellar reserve are particularly relevant not only to reduce 

the impacts of ageing on the functioning of a healthy ageing cerebellum but also to promote 

recovery after injury. The interactions between cerebellum, cerebral cortex and subcortical 

nodes such as basal ganglia are dynamic across lifespan as a result of variable computational 

demands between newborns, young children and the elderly [261]. This should be taken into 

account in future studies addressing the effects of ageing on cerebellar functions. Models of 

motor/cognitive/affective/social ageing should incorporate the cerebellar circuitry [69].

The panel of experts considers that areas of future research/next steps should include:

• the validation of the role of cerebellum and its related neurocircuit in age-related 

functional declines in larger, multi-ethnic cohorts

• methods to unravel the cerebellum biological age for personalized, precision 

analysis and evaluate whether this measurement could serve as an unhealthy 

biomarker as well as a treatment target

• more direct tests of new models of cerebellum in cognitive aging, such as those 

outlined by Bernard [69]

• timeline of change and senescence in cerebellum – a closer look at mid-life and 

incorporation of impacts of sex differences/menopause (research indicating sex 

steroid hormones impact cerebellar network dynamics during menstrual cycle – 

may also play a role in menopause)

• investigations and incorporation of cerebello-thalamo-cortical white matter tracts 

to have a more integrated network approach

• further studies on AD – this is an emerging literature though consensus here 

highlights the need for additional detailed and targeted work in this domain

• the question of the roles of WMH in depression remains unanswered and 

deserves further studies

• in terms of epigenetics, the question of the impact of hyper- and hypomethylation 

of the DNA within the cerebellum and gene expression needs to be clarified.
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Data availability

The data shown in the Figures are available on request.

Abbreviations:

AD Alzheimer’s disease

APP amyloid precursor protein

CES-D Center of epidemiology studies depression scale

ctDCS Cerebellar transcranial direct current stimulation

DAN Dorsal attention network

DMN Default mode network

FC Functional connectivity

fNIRS Functional near-infrared spectroscopy

GMV Grey matter volume

ILAS I-LAN longitudinal ageing study

MCI Mild cognitive impairment

MF Mossy fiber

NIBS Non invasive brain stimulation

PCDS Physio-cognitive decline syndrome

PS Processing speed

SN Salience Network

SNPs Single-nucleotide polymorphisms

VFM Volume fraction myelin

WMH White matter hyperintensities
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Figure 1. Group-wise probabilistic connections between cerebellar and bilateral amygdala/
hippocampus areas.
VBM = voxel-based morphometry.
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Figure 2. 
Cerebellar changes related to musical instrument experience [partial modification from 

[179]. (a) Older musicians had higher bilateral GMVs in the cerebellum than non-musicians. 

(b) For the cerebellar ROIs, the non-musicians demonstrated a negative correlation between 

their GMV and age, whereas such correlation was not significant. ** P < 0.01, *** P < 

0.001. CB-L, left cerebellum; CB-R, right cerebellum; GMV, gray matter volume; ROI, 

region of interest; a.u., arbitrary units
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Table 1.

Reduced gray-matter volume in physio-cognitive decline syndrome subjects of two aged groups

Anatomical region MNI-space coordinates Maximum intracluster t value

Cluster size Side Structure X Y Z

Reduced GMV in PCDS < 65 years old

598 Left Occipital pole −13.5 −100.5 0 3.99

405 Left Precentral gyrus −58.5 7.5 15.0 4.32

298 Right Amygdala 25.5 0 −27.0 3.69

255 Left Cerebellum V −18.0 −45.0 −16.5 3.40

138 Left Cerebellum VIIIa −24.8 −62.3 −47.3 4.38

Reduced GMV in PCDS ≥ 65 years old

30986 Right Hippocampus 32.3 −15.8 −10.5 6.97

Right Thalamus 1.5 −12.0 −10.5 6.51

Left Amygdala −27.0 −12.0 −15.0 6.19

2580 Right Cerebellum Crus I 30.8 −66.0 −33.0 4.29

2013 Left Cerebellum Crus I −31.5 −69.0 −31.5 4.37

1274 Right Occipital pole 13.5 −91.5 30.0 4.68

869 Cerebellum vermis VIIIa 4.5 −67.5 −39.0 3.99

598 Right 58.0 −25.5 16.0 4.14

584 Right Postcentral gyrus 45.0 −19.5 63.0 3.90

562 Right Lateral occipital cortex 52.5 −63.0 13.5 4.32

545 Right Cingulate gyrus 7.5 1.5 40.5 4.23

Analyses adjusted for age, sex, Centre for Epidemiologic Studies Depression Scale and cardiovascular risk factors (hypertension, diabetes, 
hypderlipidemia, smoking and obesity). MNI = Montreal Neurological Institute. GMV = gray-matter volume.
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