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Abstract
Accumulating evidence from both human lesion and functional neuroimaging studies appears to support the hypothesis that
the cerebellum contributes to non-motor functions. Along similar lines, cognitive, affective and behavioural changes in
psychiatric disorders, such as autism, schizophrenia and dyslexia, have been linked to structural cerebellar abnormalities.
The aim of this special issue was to evaluate the current knowledge base after more than 20 years of controversial discussion.
The contributions of the special issue cover the most important cognitive domains, i.e., attention, memory and learning,
executive control, language and visuospatial function. The available empirical evidence suggests that cognitive changes in
patients with cerebellar dysfunction are mild and clearly less severe than the impairments observed after lesions to
neocortical areas to which the cerebellum is closely connected via different cerebro-cerebellar loops. Frequently cited early
findings, e.g., with respect to a specific cerebellar involvement in attention, have not been replicated or might be
confounded by motor or working memory demands of the respective attention task. On the other hand, there is now
convincing evidence for a cerebellar involvement in the mediation of a range of cognitive domains, most notably verbal
working memory. Verbal working memory problems may partly underlie the compromised performance of cerebellar lesion
patients on at least some complex cognitive tasks. Although investigations have moved from anecdotical case reports to
hypothesis-driven controlled clinical group studies based on sound methods which are complemented by state-of-the-art
functional neuroimaging studies, the empirical evidence available so far does not yet allow a convincing theory of the
mechanisms of a cerebellar involvement in cognitive function. Future studies are clearly needed to further elucidate the
nature of the processes linked to cerebellar mediation of cognitive processes and their possible link to motor theories of
cerebellar function, e.g., its role in prediction and/or timing.
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Accumulating evidence from both human lesion and

functional neuroimaging studies suggests a cerebel-

lar involvement in non-motor functions. Along

similar lines, cognitive, affective and behavioural

changes in psychiatric disorders, such as autism,

schizophrenia and dyslexia, have been linked to

structural cerebellar abnormalities. Although a

cerebellar contribution to cognitive processing seems

strongly supported by a wealth of recent studies, it is

still unclear which cognitive domains are involved,

why and to what extent. The aim of the special issue

was to evaluate the available empirical evidence after

more than two decades of controversial discussion in

the field of neuroscience research on the cerebellum.

Special emphasis has been put on human lesion

studies, but functional neuroimaging studies are also

addressed.

The current debate about a cerebellar role in non-

motor function was prompted by a theoretical paper

by Leiner, Leiner and Dow in 1986 (1). The authors

outlined a contribution of the phylogenetically new-

est parts of the cerebellum to ‘mental skills’ based on

the finding of an enlargement of the dentate nucleus

in parallel to the frontal cortex in higher primates

(including humans) during the course of phyloge-

netic and ontogenetic development.

Convincing support for this hypothesis came from

anatomical studies. Middleton and Strick (2) using

retrograde transneuronal transport of herpes simplex

virus type 1 were able to show that the cerebellum

innervates not only the motor areas of the cerebral

cortex, but also frontal and parietal association areas

which are thought to be involved in cognitive

function. It has been pointed out, however, that
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retrograde projections to motor areas are much

stronger compared to prefrontal projections (3).

New in vivo diffusion imaging and probabilistic

tractography methods confirmed the dominant con-

tribution of the cortical motor areas to the macaque

monkey cerebral peduncle (4). However, the same

study provided novel anatomical evidence of a

relatively large prefrontal contribution to the human

cortico-ponto-cerebellar system in the cerebral

peduncle, suggesting a selective evolution of prefron-

tal input to the human cortico-ponto-cerebellar

system.

Since the publication of the seminal paper by

Leiner, Leiner and Dow (1), both theoretical and

experimental approaches have mainly focused on the

elaboration of the cerebellar involvement in higher

cognitive function. In their contribution to the

present issue, Sultan and Glickstein, on the other

hand, outline that for some rodents (e.g., squirrels),

primates and some large-brained birds (crows,

parrots and woodpeckers), specifically enlarged

cerebella are associated with either the elaboration

of forelimb control (squirrels and primates) or in the

case of the birds with beak control (5).

Although a unified theory of cerebellar function

remains elusive, a number of functional hypotheses

have been proposed, including timing, internal

model for sensory motor control, the cerebellum as

a fast learning machine and as a sensory analyzer (6–

9). These theories have been developed initially to

explain motor function of the cerebellum. How-

ever, because the simple and homogeneous micro-

circuitry of the cerebellum suggests a common

computational function, it was not difficult to extend

the proposed theories to include non-motor func-

tions. Functional heterogeneity is explained by the

input and output structure of the cerebellum. The

cerebellum receives afferent fibers from most cortical

areas, which appear to terminate in specialized

regions of the cerebellar cortex and form closed

loops with their respective cortical targets (2).

Strong accumulating support for a cerebellar

contribution to cognition has come from functional

neuroimaging studies in human subjects. In fact, it is

hard to find a brain imaging task which did not yield

activation changes within the cerebellum, and it is

difficult to ascertain the specificity of such results,

i.e., whether or not an activation is critical to the

cognitive process in question. Within this context,

clinical studies are of particular relevance.

Jeremy Schmahmann has described the cerebellar

cognitive affective syndrome, both in adults (10) and

children (11). The syndrome includes impairments

in executive, visual-spatial, and linguistic abilities,

with varying changes in affect. Based on the

anatomical connections of the cerebellar hemi-

spheres with the contralateral cerebrum, the right

cerebellar hemisphere is thought to be associated

with language processing and the left cerebellar

hemisphere with visuo-spatial function. Whereas

current data appear to support lateralization of

certain language function (12), lateralization of

visuo-spatial function seems less clear (13). Both

posterolateral hemispheres are thought to contribute

to executive function and the vermis (‘limbic’

cerebellum) to affect and control of behaviour.

Human subjects with selective cerebellar lesions

are rare and the potential influence of extracerebellar

lesions need to be considered in cognitive studies.

Katrin Buerk outlines in her review that no direct

conclusion about cognitive processing can be drawn

from the study of most types of heredoataxias since

extracerebellar lesions are very common (14). The

same is true for developmental childhood disorders

(15) and neuropsychiatric disorders (16,17), which

have been linked to cerebellar dysfunction. There is

accumulating evidence for motor dysfunction in

many neuropsychiatric disorders including autism,

schizophrenia and dyslexia. In their review, Gowen

and Miall discuss how cerebellar dysfunction con-

tributes to motor abnormalities, especially in autism

(17). They also stress that even in the case of motor

problems, extracerebellar dysfunction is likely to

play a role.

Studies in patients with pure cerebellar disorders

are needed not only to determine the specific

cerebellar contribution to cognitive impairment,

but also to clarify the findings in patients with a less

focused disease. Patients with selective cerebellar

lesions are extremely rare. As outlined in the review

by Frank and coworkers (18), in most patient

populations some degree of extracerebellar dysfunc-

tion has to be taken into consideration. There are

problems of concomitant brainstem damage and

increased intracranial pressure in patients with

cerebellar stroke and tumours. Furthermore, even

in patients with purer degenerative cerebellar dis-

orders (spinocerebellar ataxia type 6, SCA6 and

sporadic adult onset ataxia, SAOA), many patients

show mild extracerebellar symptoms. This issue is of

particular importance, since cognitive impairments

observed in cerebellar patients tend to be mild.

The contributions in this special issue cover the

most important cognitive domains and address

attention (19), memory and learning (15,20),

executive control (20,21), language (12) and visuo-

spatial function (13). The prevailing finding is that

clinical signs of cognitive impairment in cerebellar

patients are mild and much less pronounced than

the deficits seen patients with damage to cortical

areas of cortico-cerebellar networks. It should also

be pointed out that most studies were based on

patients with chronic cerebellar lesions, and impair-

ment may be more prominent in patients with acute

cerebellar damage in whom compensation and

reorganization has not yet been completed. In acute

lesion patients, on the other hand, unspecific effects,

such as hydrocephalus, depression or global effects
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on brain metabolism, likely have a significant impact

on cognitive function.

Finally, similar to many functional neuroimaging

studies, many human lesion investigations do not

sufficiently control for the motor demands of

cognitive tasks. It is well known that eye and finger

movements and overt speech cause cerebellar

activation, and in lesion studies motor impairments

may compromise the performance on cognitive

tasks. Specific motor control conditions are clearly

needed in all types of studies of cerebellar contribu-

tions to cognition.

Some frequently cited early findings have not been

replicated in later studies or have been attributed to

motor confounds. In their review, Haarmeier and

Thier (19) failed to find unequivocal support for the

concept of attentional dysmetria as a consequence of

cerebellar damage, as proposed by Courchesne and

colleagues (22). Although attentional deficits have

been observed in several studies of cerebellar lesion

patients, a closer examination of the test procedures

yielded consistent impairments only on tasks with

high oculomotor, motor, and/or working memory

demands. Likewise, cerebellar activations in neuro-

imaging studies might reflect oculomotor or other

motor behaviour rather than true involvement in

attention. According to Haarmeier and Thier, there

is, however, evidence for a cerebellar involvement in

working memory, which is closely linked to atten-

tional functions.

Despite the methodological problems of human

cerebellar research, there is increasing evidence for a

cerebellar involvement at least in some aspects of

cognitive function. The most convincing human

lesion and brain imaging data available to date

support cerebellar contribution to verbal working

memory. This does not exclude that future studies

provide more convincing support for a role of the

cerebellum in, e.g., specific language function.

As outlined in the reviews by Bellebaum and Daum

(21), and Fiez and coworkers (20) in this special

issue, converging evidence from neuroimaging, neu-

ropsychological and neuroanatomical studies sug-

gests that the cerebellum contributes to executive

control, in particular with respect to verbal working

memory as one of the components of the hetero-

genous, multifaceted concept of ‘executive function’

(23). Ackermann and coworkers (12) conclude that

the right cerebellar hemisphere is involved in the

temporal organization of a prearticulatory verbal

code (‘inner speech’). According to this view, the

cerebellum appears to be engaged in subvocal

rehearsal mechanisms of verbal working memory.

Neuroimaging findings presented by Desmond and

colleagues, on the other hand, support the idea of two

cerebro-cerebellar networks for verbal working mem-

ory: a frontal/superior cerebellar articulatory control

system and a parietal/inferior cerebellar phonological

storage system (24).

Fiez and coworkers (20) challenge the hypothesis

of a critical cerebellar involvement in articulatory

rehearsal, based on the findings that cerebellar

lesions do not abolish (or reduce) behavioural

markers of rehearsal (e.g., articulatory suppression,

word length). The authors outline a cerebellar

contribution to verbal working memory during the

initial phonological encoding and/or by strengthen-

ing memory traces rather than by subserving covert

articulatory rehearsal. The authors move from the

predictions of cognitive theory to explore predictions

from general theories of cerebellar function related

to error-driven adjustment and internal timing,

which may not be mutually exclusive.

This approach is in good agreement with early

theoretical concepts. As outlined above, because of

the uniform circuit architecture of the cerebellum, a

potential cerebellar contribution to cognitive func-

tions has traditionally been conceptualised within

the framework of motor theories of cerebellar

function (6,9,25).

The frequently cited dichotomy between motor

and cognitive processes may be inappropriate with

respect to the organization of behaviours in general

and a broader, more integrative view needs to be

adopted (26). A good example is the more recent

discussion of cerebellar contributions to motor

cognition. Marc Jeannerod (27) has used the broad

term of representation to include the various internal

states in relation to action. He identified three main

levels of representation of actions, depending on

whether consciousness of objects, consciousness of

goals or consciousness of the self is concerned. The

cerebellum may be involved to different degrees in

the three levels of representations. In this issue,

Fuentes and Bastian (28) present data in support of

cerebellar role in the prediction of movement out-

comes, which can be used both for motor control

and for distinguishing sensory inputs due to our own

movements from external influences. The cerebellar

involvement in understanding the meaning of move-

ment remains to be clarified.

In summary, there is now convincing evidence for a

cerebellar involvement in some aspects of cognitive

processing, most notably verbal working memory

which in turn may influence performance in a range of

other cognitive domains. Although investigations

have moved from anecdotical case reports to hypoth-

esis-driven controlled clinical group studies based on

sound methods which are complemented by state-of-

the-art functional neuroimaging studies, the empirical

evidence available so far does not yet allow a firm

conclusion or well-founded theoretical view concern-

ing the mechanisms of a cerebellar involvement in

cognitive function. Future studies are clearly needed

to further elucidate the nature of the processes linked

to cerebellar mediation of cognitive processes and

their possible link to motor theories of cerebellar

function, e.g., its role in prediction and/or timing.
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