
The notion that the cerebellum is exclusively involved in

motor control has been challenged by studies of cerebellar-

damaged patients and by functional neuroimaging results.

Although patient studies are important for understanding

cerebellar function, they are not without complications and

controversy. For example, positive results showing an asso-

ciation between cerebellar damage and cognitive deficits

might reflect encroachment of pathology onto brainstem

structures1. Conversely, negative results could be due to dif-

ferences in the location of cerebellar damage. For example,

Ivry et al.2 have shown a dissociation between medial and

lateral cerebellar lesions on timing perception and perfor-

mance in cerebellar patients.

An additional approach for correlating structure and

function is through functional brain imaging methods.

Measures of brain activation from positron emission tomo-

graphy (PET) and functional magnetic resonance imaging

(fMRI) have enhanced our understanding of brain–behavior

relationships. Interpreted in conjunction with patient stud-

ies, functional imaging can provide a powerful tool for un-

derstanding the anatomical substrates for specific behavioral

phenomena. For example, the types of tasks that elicit changes

in cerebellar functional activation and the locations of these

changes can serve as hypotheses regarding the types of com-

putations the cerebellum is performing and where in the

cerebellum they are being performed; these hypotheses can

then be tested with cerebellar patient studies.

A number of functional imaging studies have reported

changes in cerebellar activation during a variety of cognitive

tasks (see Fig. 1), suggesting that this structure is involved in

basic cognitive processes, such as working memory, implicit

and explict learning and memory, and language. Here we

review functional imaging evidence for cerebellar partici-

pation in these processes. We will focus on outlining the

general pattern of results and the critical issues in each topic

area. We will not develop a theoretical framework to ac-

count for all of the existing results, nor will we evaluate ex-

isting theories of cerebellar contributions to cognition (for

reviews of this type, see Schmahmann3 and Ivry and Fiez4).

We will, however, review the outstanding questions that

make theoretical accounts of cerebellar involvement in cog-

nition incomplete and open to debate.

Working memory

Working memory can be broadly defined as the ability to

maintain and manipulate information ‘on-line.’ Models of

working memory have postulated that it involves a central

process (the ‘central executive’) that operates in conjunction

with rehearsal systems specialized for the maintenance of

different types of information. Verbal information (letters,

words, digit names) appears to be maintained using a silent

rehearsal strategy that involves articulatory processes also 

involved in overt speech production5. Comparisons across

neuroimaging studies of working memory reveal a set of

areas that is active during verbal working memory studies,

but not spatial working memory studies: left Brodmann

areas 44/45 (Broca’s area), the supplementary motor area

(SMA), and the cerebellum (for review, see Ref. 6). This

pattern of selective activation, coupled with the fact that 

all three areas have been associated with aspects of speech
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production, has led to numerous suggestions that they 

constitute at least part of the neuroanatomical substrate of

verbal rehearsal (for example, see Refs 7–9).

While the neuroimaging results are in accord with the

basic notion of an articulatory rehearsal system that sup-

ports the maintenance of verbal information, the results also

pose challenges for the predominant model of this system.

As proposed by Baddeley5, the rehearsal system is conceived

as a continuous loop in which a covert articulatory process,

modelled as a single component, serves to refresh acous-

tically based phonological representations. As described

above, the neuroimaging evidence implicates at least three

broad regions – Broca’s area, the SMA and the cerebellum –

in an articulatory process, and within some of these areas 

multiple foci of activation are often reported. It is unclear

how to map the set of activated areas onto a single concep-

tual component, especially as converging evidence from

other tasks and methodologies indicates that the different

areas make distinct contributions to speech production (for

review, see Fiez and Raichle6).

A related issue is the nature of the interactions between

the areas. One possibility is that information ‘loops’ through

the areas, perhaps from high-level phonologically based rep-

resentations in Broca’s area to lower-level movement-based

representations in the cerebellum and SMA, to acoustically

based representations corresponding to the predicted out-

come of these motor plans. If this were true, damage to any

component of the loop should ‘break’ the loop and result 

in dramatic impairments in verbal working memory.

However, subjects with cerebellar damage generally appear

to have intact verbal working memory10, although typically

it is assessed as part of a standard neuropsychological battery

and not as a focus of experimental investigation. A second

possibility is that the cerebellum serves to enhance working

memory performance, perhaps becoming more important

as the memory load increases and the need for more accu-

rate and efficient rehearsal becomes more critical. For in-

stance, Desmond et al.11 hypothesized that the function of

the cerebellum during verbal working memory is to com-

pare, via distinct cerebellar subregions, the output of sub-

vocal articulation with acoustically based phonological rep-

resentations in a short-term store. Discrepancies between

actual versus intendend motor trajectories are hypothesized

to result in an error-correction that would serve to maintain

the integrity of the rehearsed items. A third possibility is

that Broca’s area and the cerebellum can independently

support the maintenance of verbal information. For in-

stance, based upon neuropsychological evidence, Cubelli

and colleagues12 hypothesized that the cerebellum con-

tributes to an articulatory rehearsal process, whereas Broca’s

area might be important for recoding visual information

into speech-specific articulatory representations.

A final issue is that the articulatory rehearsal system is

generally assumed to be a ‘slave’ system to a central execu-

tive. As a consequence it is thought to be driven by a simple

covert articulation task in the same way as it is by a verbal

working memory task. This hypothesis was tested in three

neuroimaging studies, in which subjects performed both a

verbal working memory task and an articulatory rehearsal

task that did not impose a significant memory load (the lat-

ter was either: silently counting from one to five repeatedly8,

silently reading 1–6 letters11, or silently repeat a single letter7).

In all cases, greater cerebellar activation was found in the

verbal working memory task than in the silent rehearsal

task. These findings reveal a complex relationship between

covert articulation and articulatory rehearsal that is not ac-

counted for by current models of verbal working memory.

Implicit learning and memory

The term ‘implicit’ is applied to learning when experience-

dependent changes in performance do not require the sub-

ject to recollect the circumstances under which improve-

ment occurred13. This form of learning and memory is

thought to be independent of medial temporal/hippocam-

pal structures and includes phenomena such as classical

conditioning, motor skill learning, and priming14. Given

the devastating effects that cerebellar damage can have on

motor behavior, the cerebellum has long been suspected 

as a possible site for motor learning, although this is still a

matter of controversy.

One difficulty in using functional imaging to investi-

gate learning is the challenge of separating learning from
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Fig. 1 Schematic diagram of the unfolded cerebellum illustrating the locations of

activations described in this review. Roman numerals appearing in the cerebellar vermis

(illustrated by the darker shaded region along the midline) denote the lobule identification

based on Larsell’s80,81 nomenclature. For the human cerebellar vermis, they correspond to

the following lobules: lingula (I), Centralis (II1III), Culmen (IV1V), Declive (VI), Folium vermis

(VIIA), Tuber vermis (VIIB), Pyramis (VIII), Uvula (IX), Nodulus (X). Corresponding lobules in

the hemispheres (labels not shown) are: Vinculum lingulae (HI), Ala of Centralis (HII1HIII),

Anterior (HIV1HV) and Posterior (HVI) Quadrangular, superior and inferior Semilunar

(HVIIA), Gracile (HVIIB), Biventer (HVIII), Tonsil (HIX), and Flocculus (HX). The bold line 

separating IV1V from VI represents the primary fissure. Regions of activation were assessed

by first transforming a cerebellar volume into the space of the Talairach78 atlas. All of the 

locations of significant activation from the reviewed studies were then plotted on this 

volume. The volume was then inspected slice-by-slice to determine the distribution of foci

associated with each type of task. This information was used to depict the areal extent of 

activation on an unfolded model of the cerebellum.



performance changes. For example, as a subject learns to

finger-press keys in a repeating sequence (a skill that would

be acquired when learning to play the piano), reaction times

tend to decrease and the subject tends to make more finger

movements per unit time. Greater functional activation in

the cerebellum following learning could be due to learning

or to the fact that there is more movement. Conversely, in a

joystick-controlled trajectory-tracking task, a reduction of

movement occurs as the subject acquires greater skill in

moving a cursor toward a target. Decreases in functional 

activation could reflect learning or an overall reduction in

movement. In some cases this problem can be addressed by

pacing movements so that the overall number of move-

ments remains constant across conditions.

A second difficulty is that non-specific order effects can

contaminate measurements of learning. That is, if acti-

vation is obtained initially during a naive state and is then

obtained later during a learned state, global or regional acti-

vation drifts upward or downward could lead to erroneous

conclusions of learning-related increases or decreases in ac-

tivation. This problem can be addressed by taking multiple

measurements of a neutral (or resting) condition before and

after learning to insure that no such nonspecific changes

have occurred.

Classical eyeblink conditioning

Although eyeblink conditioning might seem far removed

from human cognition, the mechanisms for simple forms 

of associative learning might generalize to associations be-

tween words or between concepts, and thus could be rele-

vant to human cognitive processes. Lesion evidence from

both animals and humans have demonstrated that cerebel-

lar circuitry is essential for eyeblink conditioning15–22. Given

that lesions of nucleus interpositus have the most detrimen-

tal effect on classically conditioned responding18, it is per-

haps surprising that in four PET studies of eyeblink condi-

tioning23–26 only one has reported changes in deep nuclear

activation for conditioning relative to pseudoconditioning

training23. Whether the paucity of activation reflects poss-

ible limitations in imaging resolution on the one hand, or

complex firing patterns of deep nuclear neurons that

attenuate measurable changes in blood flow on the other

hand, is unknown. Cerebellar cortical activation was ob-

served, and consistent with rabbit lesion literature, most of

these were superior activations in the vicinity of HVI (see

Fig. 1). Two studies reported decreased activation for con-

ditioning relative to pseudoconditioning24,25, one study re-

ported both increases and decreases in different portions of

the hemisphere23, and one reported only increases26. As will

be described below, the discrepancy in results for the latter

study might be due to the fact that training occurred over

days rather than in a single session.

Motor skill learning

Three types of tasks have been used to investigate possible

cerebellar contributions to motor skill learning. The first

two, rotor pursuit learning and trajectory tasks, require

learning sensorimotor coordination. The third type of task,

sequence learning, can be performed either with or without

visual input.

(1) Rotor pursuit learning: in the rotor pursuit task, the

subject tries to keep the tip of a stylus on a target located on

the edge of a rotating disk. Learning is measured by the du-

ration of time the stylus is kept on the target. Grafton et al.27

found that during early acquisition, right anterior superior

portions of cerebellar cortex exhibited increased activation

during later compared to earlier periods of training.

However, the cerebellum was not activated at all after ex-

tended performance of the task, suggesting a net decrease in

activation after learning had reached an asymptote.

(2) Trajectory learning: trajectory tasks require sensory-

guided hand/arm manipulation of a tracking device with

the goal of following a defined path or reaching a specific

target. For example, Shadmehr and Holcomb28 observed in-

creased activation in right anterior superior cerebellar cortex

after subjects learned to track a target by moving a robot

arm under visual guidance. The increase in activation re-

quired a period of consolidation of 5.5 hours, and occurred

while total movement remained constant. In contrast to

these results, other studies have observed decreased acti-

vation in well-trained subjects relative to early learning con-

ditions. Seitz et al.29 measured cerebral blood flow while

subjects learned to draw novel two-dimensional ideograms

on a digitizer pad. Interestingly, the right dentate nucleus

showed the greatest increase relative to a resting baseline

condition when first learning to draw a new ideogram.

Movement velocity was lowest during this phase of learn-

ing. Dentate activation was sharply lower when subjects

were asked to draw a familiar ideogram (the letter ‘r’) very

accurately. Similar results were found in a study by Flament

et al.30, in which subjects manipulated a joystick to guide a

cursor to a target under standard (normal tracking) and re-

versed (cursor moves in direction opposite to imposed joy-

stick motion) conditions. A wide distribution of cerebellar

cortical activation (relative to a resting baseline) was ob-

served initially during the reversed condition. As perfor-

mance improved, the extent and magnitude of the acti-

vation decreased. Finally, Petersen et al.31 observed decreased

activation in left cerebellar cortex as subjects learned a

maze-tracing task, which consisted of tactile guidance of

a digitizing pen through cut-out cardboard designs. Left

cerebellar change was observed regardless of which hand

was used to trace through the maze, and learning-depen-

dent changes appeared to be unrelated to differences in

movement velocity.

(3) Sequence learning: sequence learning has been stud-

ied by a number of investigators under a variety of condi-

tions, but all required subjects to perform a sequence of

motor responses using one or more fingers. Early investi-

gations of this task employed sequences of finger-to-thumb

movements of the right hand32,33. Subsequent studies have

used sequences of key or touch-pad presses paced by an 

auditory or visual cue34–36, with learning assessed by the 

decrease in reaction time from cue onset to finger press. In

most cases, decreases in activation have been observed bilat-

erally in superior cerebellar cortex and deep nuclear regions

as subjects’ performance improved. However, a different

conclusion was reached by Doyon et al.36 who observed 

increased activation in the right dentate nucleus during

highly-learned relative to newly-learned sequences.
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Increased or decreased cerebellar activation after motor 

skill learning?

The different patterns of increased or decreased acti-

vation in motor skill learning could be attributable to several

factors that varied across studies (see Table 1). One factor is

the potential role of feedback. In the sequence learning

study of Doyon et al.36 learning occurred under completely

implicit conditions; that is, subjects were unaware of the 

sequence and were given no feedback. In contrast, other se-

quence learning studies have either provided explicit train-

ing of the sequence32,33, or correct/incorrect feedback signals

during training34,35,37. In support of this explanation,

Doyon et al.36 observed that if subjects are given explicit

training on the sequence, right dentate activation is sig-

nificantly lower than it is during completely implicit con-

ditions, even though reaction times are not significantly 

different.

Other explanations for the discrepancies are possible,

however. For example, subject proficiency at the time of

scanning and differences between control conditions could

be important factors. In addition, in the task used by

Doyon et al.36, subjects moved their arms and hands in

order to press one of four screen locations. In contrast, the

other sequence learning studies were conducted with eyes

closed and used multiple finger movements. It is likely that

more sensorimotor integration was required for the Doyon

et al.36 task than the other sequence learning tasks. In the 

somatosensory domain, it has been shown that such inte-

gration can result in significantly more dentate activation

than would occur under movement conditions alone38,39.

Finally, the results of the trajectory learning study of

Shadmehr and Holcomb28 suggest that the degree to which

consolidation occurs might also influence whether or not

increased cerebellar activation occurs after learning. In this

regard it is relevant to note that the only imaging study of

classical eyeblink conditioning to observe only increases in

cerebellar activation after learning used a training protocol

that extended over days, in contrast to the typical single-

session protocol26. Although there are no obvious temporal

factors that differ between Doyon et al.36 and other se-

quence learning studies, other differences in experimental

procedures might have contributed to differential rates of

consolidation.

Explicit memory

Explicit memory refers to memory for specific events or ex-

periences that can be intentionally recalled. The formation

of such memories is thought to be dependent on medial

temporal lobe structures40–43, and thus it is not surprising

that explicit memory is generally found to be unimpaired in
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Table 1. Studies of implicit learning and memory in the cerebellum 

Study Visually- Explicit Consolidation Activation change Net movement 

guided instructions hours to days from new learning change from 

movement or error to well-learned new learning to 

feedback well-learned

Classical conditioning

Blaxton et al.23 ↑↓ –

Logan et al.26 u ↑ –

Molchan et al.24 ↓ –

Schreurs et al.25 ↓ –

Rotor pursuit learning

Grafton et al.27 u u u ↓ (a) (b) ?

Trajectory learning

Flament et al.30 u u ↓ ↓

Petersen et al.31 u ↓ ↓ (c)

Seitz et al.29 u u ↓ ↑

Shadmehr et al.28 u u u ↑ (b) –

Sequence learning

Doyon et al.36 u ↑ – (d)

Friston et al.33 u ↓ – (d)

Jenkins et al.34 u ↓ (b) – (d)

Jueptner et al.35 u ↓ – (d)

Seitz et al.32 u ↓ (e) ↑

Abbreviations: u = condition present; ↑ = increase; ↓ = decrease; – = no change
(a) increased activation was observed between the first and third trial of the new learning period
(b) order effects tested with control scans
(c) additional controls ruled out the possibility that decreased activation was due to changes in velocity or the number of error
stops encountered while learning the maze
(d) finger movements were paced with auditory or visual cue to equate number of movements across conditions
(e) decrease inferred by virtue of the fact that activation remained constant despite increased frequency of movement after
subjects became well-trained



patients with cerebellar damage1,10,44–46. However, it is 

possible that the cerebellum is involved in the circuitry 

normally invoked by explicit memory processes.

Tulving has postulated a ‘Hemispheric Encoding

Retrieval Asymmetry’ (HERA) model47 in which left pre-

frontal cortical regions are proposed to be involved in re-

trieving information from semantic memory (the latter con-

sisting of generic factual knowledge, such as the meanings

of words) and in simultaneously encoding the retrieved in-

formation into explicit memory. In support of this notion 

is the observation that tasks that tend to involve elaborate

semantic retrieval, such as generating verbs to presented

nouns48,49 or deciding whether a word is abstract or con-

crete50,51, tend to produce increased activation in left pre-

frontal areas and lead to superior memory for those words52.

Right prefrontal cortical regions, on the other hand, are

proposed to be more involved in explicit memory retrieval.

Given the contralateral connections between cerebellar

and frontal structures, including cognitive prefrontal

areas53, the HERA model would predict reversed cerebellar

laterality for explicit encoding and retrieval processes.

Imaging studies appear generally to support this prediction.

As reviewed below, semantic tasks that elicit left prefrontal

activation often produce increases in right cerebellar acti-

vation. Conversely, retrieval of explicit information produces,

in many cases, increased activation in the left cerebellum as

well as in right prefrontal structures. This phenomenon has

been observed under a variety of explict retrieval conditions,

including during the recognition of previously seen54 or

heard55 words, the recognition of previously seen faces56,57,

the retrieval of autobiographical information58,59, the com-

pletion of three-letter stems with previously studied

words60,61, and the recall of words that had been paired with

other words62. The regions of activation in these studies

often involve lateral posterior portions of cerebellar cortex

(see Fig. 1). Right frontal lobe areas that are often simul-

taneously activated include Brodmann areas 9, 10, 45, 46

and 47.

The role of the cerebellar activation in explicit memory

retrieval is unknown, but it has been proposed that right

frontal activation reflects the effort of retrieving, rather than

the successful retrieval of information per se. If so, cerebellar

activation might complement this operation; for example,

Backman et al.60 suggest that the cerebellum contributes to

self-initiated retrieval. Alternatively, Cabeza et al.62 have

proposed that the cerebellum could be involved in gener-

ation of ‘candidate responses’ during retrieval, a hypothesis

that is similar to the one proposed by Desmond et al.63

who observed a dissociation of right cerebellar and left

frontal activation during a semantic retrieval task. In this

last study, subjects completed stems that had either few or

many possible completions. The right cerebellum showed

greater activation when there were few possibilities, perhaps

reflecting the search for a valid response, whereas left frontal

areas exhibited greater activation when there were many

possible completions, perhaps reflecting the selection of 

response (see also Ref. 64). It is possible that analogous

processes of search and selection are reflected in fronto-

cerebellar networks for explicit as well as semantic retrieval

operations.

Language

One of the first examples of cerebellar activation during a

clearly cognitive task came from a PET study of language

processing reported by Petersen et al.48. As part of this

study, subjects were asked to think of and say aloud appro-

priate verbs for presented nouns. During the control scan,

subjects were asked to merely read aloud or repeat auditorily

presented nouns. Unexpectedly, activation of an area within

the right lateral cerebellum was found when subjects gener-

ated verbs, but not when they read or repeated nouns. In

addition to the cerebellar activation, a set of left-lateralized

frontal cortical regions was selectively activated during the

verb-generation task. This correspondence (the cerebellar

hemispheres communicate with contralateral neocortex), as

well as the lack of lateral cerebellar activation during simpler

verbal output tasks, made it difficult to account for the cer-

ebellar activation on a purely motor basis48. Subsequent

studies have replicated this initial finding and extended the

results to include other types of generation tasks (e.g.

Refs 65–67).

The verb-generation task is one of the most-cited in-

stances of cerebellar involvement in language processing. It

thus serves as a useful example of how the cerebellum might

contribute to language processing (for discussion of other

tasks, see Ref. 68). Unlike damage to left hemisphere 

perisylvian regions, damage to the cerebellum is not

strongly tied to central disturbances of language and read-

ing (acquired aphasias and dyslexias). This fact suggests that

the cerebellum is not integral to the access and represen-

tation of orthographic, phonological, semantic and syntatic

information, but instead that it exerts a more indirect 

influence.

Indirect cerebellar influences on the performance of

language tasks might be best understood by highlighting the

interfaces between language and other domains of cogni-

tion. Examining a language task from an alternative per-

spective could yield theoretical explanations applicable to

both language and non-language tasks. For instance, the

verb-generation task has features associated with implicit

learning tasks: performance improves rapidly with practice,

improvement does not depend upon conscious awareness of

previous responses, and the learning is mostly item-spe-

cific49,69. Similarly to the findings reported for other implicit

learning tasks, the patterns of cortical and cerebellar acti-

vation associated with the verb-generation task change follow-

ing practice, and cerebellar damage has also been associated

with impaired learning on the task45,49. The verb-generation

task also has features of an explicit memory task, such as re-

quiring the retrieval of information from semantic mem-

ory70. As discussed in the preceding section, the cerebellum

might participate in the search for valid responses from se-

mantic memory. Potentially, this participation could form

the basis for the improved performance observed with re-

peated exposure to the same items. Finally, the verb-gener-

ation task might have features of an articulatory rehearsal

task: for instance, it has been suggested that cerebellar 

activation during the verb-generation task reflects the

preparation of a set of potential responses, in order to facili-

tate rapid production of a selected response71. These pre-

pared responses might take the form of internal articulatory

D e s m o n d  a n d  F i e z  –  N e u r o i m a g i n g  o f  t h e  c e r e b e l l u m

359
T r e n d s  i n  C o g n i t i v e  S c i e n c e s  –  V o l .  2 ,  N o .  9 ,   S e p t e m b e r  1 9 9 8

Review



representations that are similar to those hypothesized to

support verbal rehearsal.

Conclusion

Neuroimaging studies have demonstrated that the cerebel-

lum exhibits changes in activation during a wide variety of

cognitive tasks that involve implicit and explicit learning

and memory processes, working memory, and language.

This somewhat surprising result is consistent with the

equally surprising observations from neuropsychological

studies that demonstrate cognitive impairments in cerebel-

lar-damaged patients. This review has focused on describing

the general patterns of cerebellar activation observed across

different cognitive domains, but there is still considerable

debate as to whether a unified theory of cerebellar function

can account for these observations (see Outstanding ques-

tions). Answers to these questions will require the results

from neuroimaging experiments to be integrated with what

is known about cerebellar architecture, cerebro-cerebellar

connectivity, and patterns of cognitive and motor deficits

after cerebellar damage. Such integration remains a chal-

lenging but necessary task for investigators desiring to un-

derstand the role of the cerebellum in cognition.
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Outstanding questions

• To what extent could non-cognitive factors be affecting cerebellar
activations reported in cognitive experiments? Most experiments include
controls for motoric differences across conditions, but sometimes this is
difficult. For instance, studies of learning might necessarily involve
changes in motor output, and the difficulty of introducing electrical
devices into the MRI environment might preclude monitoring for eye
movements, etc. Even when overt components of movement are well-
matched, other task differences can be interpreted from a motoric
perspective. For instance, differences in reaction time could be
interpreted as evidence for differences in motor planning.

• In cognitive operations, does the cerebellum simply mirror what is going
on in neocortical structures, or does it provide a unique contribution to
cognition? To the extent that neocortical and cerebellar activations can
be dissociated63, unique contributions of the cerebellum to cognition
might be identifiable.

• Can a unified theory of cerebellar ‘computation’ be developed?
Different investigators have theorized that cerebellar cognitive
operations involve processes such as attention72,73, timing71, context-
response linkage74, sensory acquisition38,39,75 and state estimation76. Each
of these theoretical frameworks can account for a diverse set of imaging
and neuropsychological results at a qualitative level of description,
giving rise to much debate about which, if any, most accurately
characterize the contributions of the cerebellum. We would pose an
additional question: at what level of description will a unified theory be
useful? For instance, even if there is agreement that the cerebellum
contributes to ‘cognitive coordination,’ similarly to how the frontal
cortex might be viewed as important for ‘executive control,’ or parietal
cortex for ‘visuospatial processing,’ where does this get us in terms of
understanding the specific contributions of the cerebellum to a given
task?

• Are cerebellar cognitive ‘computations’ fundamentally similar to those
used in motor control? Interpretations of cerebellar involvement in
cognition often draw upon analogies to cerebellar involvement in motor
tasks. For instance, one finds discussions of motor and cognitive skill
learning, motor and cognitive error detection, motor and cognitive
timing, motor and cognitive coordination, and overt and covert speech
production. It has been questioned whether a distinction between
cognitive and motor domains is even useful, because ‘there is not
movement without cognition, and there is not cognition without
movement’77.

• Does it make sense to treat the cerebellum as a single structure? As
illustrated in Fig. 1, there is anatomical specificity in the patterns of
cerebellar activation for different tasks, with some overlap between
tasks. However, our current state of knowledge precludes a detailed
explanation of how each area of the cerebellum uniquely contributes to
cognitive function. Furthermore, it is unclear how such specificity bears
upon general theoretical accounts of cerebellar function. A single
theoretical account of cerebellar function that lumps together different
regions might be no more informative than a single theoretical account
of the cerebral cortex that seeks to explain the role of regions as 
diverse as primary visual cortex and dorsolateral prefrontal cortex. On
the other hand, the cytoarchitectonic structure of the cerebellum is
strikingly consistent, and this might indicate a singularity in function,
with regional specialization arising purely from differences in afferent
input.

• What is happening in the inferior cerebellum? In most imaging studies
data are not acquired from the entire brain. This is because of field-of-
view limitations in early generations of PET scanners, and trade-offs
between the covered volume, temporal resolution, and the signal-to-
noise ratio in fMRI. Coverage of the cerebellum is often deliberately
limited in order to sample the cortex more completely, resulting in a
sampling bias across studies for superior portions of the cerebellum.
Another problem is that the stereotaxic atlas used for reporting the
majority of functional imaging results78 contains only sparse anatomical
detail for the hindbrain. Recent studies have begun to address this
problem through the use of cerebellar-lobular-based techniques for
reporting activation11 and the development of a Talairach stereotaxic
atlas for the cerebellum79.
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Review



The possible role of the cerebellum in sensory, cognitive

and affective processing has long been overshadowed by 

interest in the cerebellar coordination of voluntary move-

ment. Cerebellar motor disturbances are characterized by

incoordination of the limbs (dysmetria), wide based, un-

steady, and lurching gait (ataxia), speech impairment

(dysarthria), and a variety of disturbances of eye movements

(such as nystagmus, and overshoot and undershoot with 

attempted volitionally directed gaze). Midline lesions are

characteristically associated with truncal ataxia, and lesions
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Dysmetria of thought:
clinical consequences
of cerebellar
dysfunction on
cognition and affect

Jeremy D. Schmahmann 

Cognitive and emotional changes might be prominent or even principal manifestations

of cerebellar lesions. This realization supports evidence suggesting that the cerebellum

is an important part of a set of distributed neural circuits that subserve higher-order

processing. Early anecdotal clinical accounts described aberrant mental or intellectual

functions in the setting of cerebellar atrophy. Later systematic analyses showed that

the cerebellum is able to influence autonomic, vasomotor, and emotional behaviors,

and further studies revealed neuropsychological deficits in patients with degenerative

diseases. Current descriptions of behavioral changes in adults and children with

acquired cerebellar lesions bring the debate about the cerebellar role in neural function

within the realm of clinically relevant cognitive neuroscience. The activation of focal

cerebellar regions by cognitive tasks on functional neuroimaging studies, and

morphologic abnormalities of cerebellum in psychiatric diseases such as autism and

schizophrenia further support this view. Anatomical substrates have been elucidated

that could support a cerebellar role in cognition and emotion. Our concept of

‘dysmetria of thought’ draws an analogy with the motor system to describe and

explain the impairments of higher-order behavior that result when the distributed

neural circuits subserving cognitive operations are deprived of cerebellar modulation.

J.D. Schmahmann is

at the Department of

Neurology,

Massachusetts General

Hospital, Boston, 

MA 02114, USA.

tel: +617 726 3216

fax: +617 726 2353

e-mail: schmahmann

@helix.mgh.harvard.

edu

Review D e s m o n d  a n d  F i e z  –  N e u r o i m a g i n g  o f  t h e  c e r e b e l l u m

Copyright © 1998, Elsevier Science Ltd. All rights reserved. 1364-6613/98/$19.00     PII: S1364-6613(98)01218-2

T r e n d s  i n  C o g n i t i v e  S c i e n c e s  –  V o l .  2 ,  N o .  9 ,   S e p t e m b e r  1 9 9 8

coordination and anticipatory control, in The Cerebellum and Cognition

(International Review of Neurobiology) (Vol. 41) (Schmahmann, J.,

ed.), pp. 575–598, Academic Press

73 Allen, G. et al. (1997) Attentional activation of the cerebellum

independent of motor involvement Science 275, 1940–1943

74 Thach, W.T. (1997) Context-response linkage, in The Cerebellum 

and Cognition (International Review of Neurobiology) (Vol. 41)

(Schmahmann, J., ed.), pp. 599–611, Academic Press

75 Parsons, L.M. and Fox, P.T. (1997) Sensory and cognitive functions, in

The Cerebellum and Cognition (International Review of Neurobiology)

(Vol. 41) (Schmahmann, J., ed.), pp. 255–271, Academic Press

76 Paulin, M.G. (1997) Neural representations of moving systems, in The

Cerebellum and Cognition (International Review of Neurobiology)

(Vol. 41) (Schmahmann, J., ed.), pp. 515–533, Academic Press

77 Bloedel, J.R. and Bracha, V. (1997) Duality of cerebellar motor and

cognitive functions, in The Cerebellum and Cognition (International

Review of Neurobiology) (Vol. 41) (Schmahmann, J., ed.), pp. 613–634,

Academic Press

78 Talairach, J. and Tournoux, P.A. (1988) A Co-Planar Stereotaxic Atlas Of

The Human Brain, Thieme

79 Schmahmann, J. et al. (1996) An MRI atlas of the human cerebellum in

Talairach space: second annual conference on functional mapping of

the human brain, Boston NeuroImage 3, S122

80 Larsell, O. and Jansen, J. (1972) The Human Cerebellum, Cerebellar

Connections, And Cerebellar Cortex, Univerity of Minnesota Press

81 Brookhart, J.M. (1960) The cerebellum, in Handbook of Physiology:

Section 1: Neurophysiology (Vol. 2) (Field, J., Magoun, H. W. and Hall,

V. E., eds), pp. 1245–1280, American Physiological Society


