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Abstract Speech—both overt and covert—facilitates

working memory by creating and refreshing motor memory

traces, allowing new information to be received and

processed. Neuroimaging studies suggest a functional

topography within the sub-regions of the cerebellum that

subserve verbal working memory. Medial regions of the

anterior cerebellum support overt speech, consistent with

other forms of motor execution such as finger tapping,

whereas lateral portions of the superior cerebellum support

speech planning and preparation (e.g., covert speech). The

inferior cerebellum is active when information is main-

tained across a delay, but activation appears to be

independent of speech, lateralized by modality of stimulus

presentation, and possibly related to phonological storage

processes. Motor (dorsal) and cognitive (ventral) channels

of cerebellar output nuclei can be distinguished in working

memory. Clinical investigations suggest that hyper-activity

of cerebellum and disrupted control of inner speech may

contribute to certain psychiatric symptoms.
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Introduction

The cerebellum has been historically linked to the control of

posture, gait, and skilled voluntary movement. Yet, as early

as the 1800′s, numerous cases of non-motor deficits, such as

cognitive impairment, were reported in patients with

cerebellar degeneration and atrophy (Schmahmann 1997).

Inspired by the work and observations of the Leiners—who

anticipated prior to the advent of functional MRI how

important neuroimaging would be to the study of non-

motor functions of the cerebellum (Leiner et al. 1986)—

reports consistent with a cognitive role of the cerebellum

began to increase sharply in the early 1990′s. This upsurge

coincided with an increase in the number of neuroscientists

who began to use neuroimaging as a means to examine

brain function. Moreover, the neuroimaging results that

implicated cerebellar cognitive function converged with the

reports of non-motor deficits in cerebellar patients.

In general, cognitive abilities affected by cerebellar

damage include working memory (verbal and spatial),

executive function, and language (Stoodley and Schmahmann

2009). Verbal working memory, perhaps more than other

cognitive processes, has been rigorously studied within the

context of cerebellar functions using fairly consistent neuro-

imaging methods and neuropsychological assessments. For

this reason, this review focuses on a description of cerebellar

contributions to verbal working memory.

Working memory involves the temporary storage and

manipulation of online information, such as computing a tip

at a restaurant, following cooking instructions, or dialing a

phone number. The core component of working memory is

thought to be the “central executive”, which is hypothe-

sized to represent an attention-controlling system for

processing phonological information (Baddeley 1992,

2003). This article proposes that the cerebellum generally

supports working memory by engaging inner speech

mechanisms. The functional topography of sub-regions

within the cerebellum, and its relation to working memory,

will also be described.
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The Interdependence of Speech and Working Memory

According to a popular model of working memory, the

phonological loop provides 1–2 sec of passive storage of

verbal information, which can be refreshed via an active

rehearsal process (Baddeley and Logie 1999). The phono-

logical loop is thought to have evolved from rudimentary

speech systems (e.g., basic phoneme sounds) as a way to

enhance language acquisition, such as by combining

phonemes into sounds to represent complex meanings

(Aboitiz et al. 2006). Moreover, the modern day function

of the phonological loop may provide a means for children

to form reliable representations of novel speech events

(e.g., new words) during language acquisition (Baddeley

et al. 1998). For example, it has been shown that

phonological memory correlates with vocabulary in young

children (Gathercole and Baddeley 1989), and that

children with language disorders exhibit working memory

deficits (Gathercole and Baddeley 1990). Thus, working

memory appears to support language development by

providing a temporary holding place for novel sounds, and

the larger the working memory capacity, the more efficient

the language learning process becomes.

The inverse of this language/working memory relation-

ship has also been described—speech can, in turn, support

working memory. For example, it has been demonstrated

that speaking information aloud—or merely mouthing or

whispering it—while encoding verbal content improves the

immediate recall of that information relative to silent

reading without mouth movements (Murray 1965). By

contrast, producing speech responses that conflict with the

primary verbal content (e.g., repeating “the, the, the” while

reading) impairs recall performance relative to reading the

verbal content aloud (Levy 1971; Murray 1967). It seems,

therefore, that engaging speech mechanisms can enhance

working memory, as long as the motor behaviors are

consistent with the production of the phonological form of

the content. Internal representations of speech motor

sequences (inner speech) may provide similar benefits.

For example, a study by Rauschecker et al. (2008) showed

that covert repetition of pseudowords became faster when

items were presented repeatedly versus when items were

presented only once. Post-experimental testing revealed that

overt pronunciation of pseudowords was more accurate for

items that had been presented multiple times versus those

that had been presented once. According to the authors,

subjects had learned to articulate pseudowords using inner

speech mechanisms in conjunction with the phonological

loop. A separate experiment showed that studying a picture

of an object speeded subsequent word reading if the object-

word pair began with the same phoneme (Roelofs et al.

2007). Thus, covert articulation enhanced word reading as

long as the phonological content was consistent between

the two items held in working memory. Internal speech,

therefore, may support working memory in the same way

that overt speech does, by creating motor memory traces

that facilitate the processing of new information (Acker-

mann 2008; Ravizza et al. 2004).

Cerebellar Support of Overt Speech

The cerebellum is consistently activated in neuroimaging

studies of overt speech. These regions include the medial,

anterior cerebellum (Lobule IV–V, rostral to the primary

fissure) (Bohland and Guenther 2006; Ghosh et al. 2008;

Turkeltaub et al. 2002) (see Fig. 1a). Neurological damage

to this region of the cerebellum often results in speech and

articulatory disruption, or dysarthria (Spencer and Slocomb

2007). Not surprisingly, these same medial-anterior regions

of the cerebellum are generally consistent with other forms

of motor execution, such as finger tapping (Hulsmann et al.

2003). However, as speech complexity increases (e.g.,

saying “ta-ta-ta” versus “ka-ru-ti”), activity spreads to

lateral regions of the superior cerebellum (superior cerebel-

lar areas Lobule VI and Crus I between the primary and

horizontal fissures). These lateral cerebellar activations

during complex speech map closely onto those regions that

are activated several seconds prior to finger tapping

(Hulsmann et al. 2003), suggesting that these lateral

cerebellar regions support motor planning and preparation,

but not motor execution per se. The same superior/lateral

regions of the cerebellum that are activated during complex

speech (presumably as part of speech planning, but not

speech execution) are also activated during tasks of

working memory (Durisko and Fiez 2010), as described

below.

Cerebellar Support of Covert Speech and Working

Memory

An item recognition paradigm known as the Sternberg task

(Sternberg 1966) has provided a means for systematic study

of neural systems that support working memory because of

this paradigm’s well defined cognitive components. The

Sternberg task consists of three distinct phases: (1) an

“encoding phase” to study an array of briefly presented

items, (e.g., letters), (2) a “maintenance phase” to maintain

these items across a delay interval, and (3) a “retrieval

phase” to compare a probe item to the target array and to

determine whether there is a match between them.

Neuroimaging research has revealed that the superior/

lateral region of the cerebellum (Lobule VI/Crus I) is most

active during the encoding phase of the Sternberg task,

when the original array of letters are shown at the
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beginning of each trial (Chen and Desmond 2005b).

Moreover, this activity declines across the delay interval

of the maintenance phase (Chein and Fiez 2001). Because

this region of the cerebellum responds robustly to the

presentation of verbal stimuli (e.g., letters) but much less to

non-verbal stimuli (e.g., symbols) (Ravizza et al. 2004), this

encoding-related pattern of activity has been postulated to

represent the creation of a sub-vocal articulation of verbal

content (Desmond et al. 1997; Ravizza et al. 2006). Thus, it

has been suggested that encoding newly presented

verbalizable information engages cerebellar activity for the

purpose of creating an internal motor (articulatory) repre-

sentation, and once this process has been completed,

cerebellar activity subsides. However, the view that the

cerebellum performs an encoding-specific function does

not fully account for an increase in cerebellar activity

observed during the maintenance and retrieval phases of

the Sternberg when working memory demands were

shifted towards these latter phases of the task. For example,

lateral cerebellar activity increased during the retrieval phase

of the Sternberg task when multiple probe items were

presented at the end of each trial (Chen and Desmond

2005b). Similarly, activity in these regions increased during

the maintenance phase when subjects were asked to

perform computations on the original letter set throughout

the delay period (Marvel et al. 2007). Thus, in these

instances, lateral cerebellar activity increased outside of the

encoding phase, which indicated that the function was more

generally tied to the complexity of working memory

demands rather than to encoding per se. A common aspect

of encoding and complex working memory demands is

inner speech. Using the Sternberg paradigm as an example,

inner speech would be required during the encoding phase

upon initial presentation of the stimulus. However, if

additional working memory demands were imposed during

the maintenance or retrieval phases, such as performing

additional computations on the stimuli, inner speech

processes would continue, or even escalate, in order to

effectively handle these new demands. Conceivably, inner

speech may generally be used to represent, maintain, and

organize task-relevant information and conscious thoughts

whenever “talking through” a solution is beneficial (Hayter

et al. 2007; Owen et al. 2005; Strick et al. 2009; Zago et al.

2001, 2008).

Neuroimaging studies have revealed that the inferior

cerebellar Lobules VIIB/VIII also represent an important

component of working memory. This region appears to be

particularly active when information is held in mind across

a delay. For example, in an fMRI study of overt speech,

when a complex phoneme was presented and then recalled

aloud after a brief delay, inferior cerebellar activity was

elicited (Ghosh et al. 2008). Yet, when no delay was

imposed between the complex phoneme presentation and

subsequent recall, inferior cerebellar activity was not

observed (Bohland and Guenther 2006). A similar phe-

nomenon has been observed during covert speech. When

subjects were presented with letters, and subjects were

asked to recognize them 5 sec later (indicated by a yes/no

button press), inferior cerebellar activity was elicited (Chen

and Desmond 2005a). Yet, in a similar test, a letter

sequence was presented repeatedly throughout the 5-sec

delay, thereby removing the working memory requirement,

and the inferior cerebellum was not activated. Thus, the

inferior cerebellar region appears to support working

memory functions independent of–but not necessarily

unrelated to—speech and motor functions. Because the

inferior cerebellum has been associated with motor control

based on evidence of neuroanatomical connections (Kelly

and Strick 2003) and resting-state functional connectivity

(Krienen and Buckner 2009; O’Reilly et al. 2010) with the

primary motor cortex, it is likely that this region supports

motor-related aspects of speech as part of working memory.

For example, the inferior cerebellum may be important for

Fig. 1 Anatomical and functional mapping of the cerebellum in verbal

working memory, depicted on T2-weighted coronal sections (y=−50)

(Schmahmann et al. 1999). a) The anterior, superior, and inferior

cerebellar lobes are comprised of smaller lobes, as indicated by the

matching colored labels. For simplicity, only the right hemisphere is

described in the figure. D = dorsal, V = ventral, R = right, L = left. b)

Lobular and deep nuclear cerebellar regions of interest that have been

implicated in both functional neuroimaging and patient studies with

different aspects of speech and working memory are mapped onto

cerebellar anatomy. Anterior and superior lobe activations for overt

speech and verbal working memory are often bilateral, but right-side

dominant. Note that, on the right, Crus II and Lobe IX (stippled green

lines) are not included in the functional description of the inferior lobe
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comparing speech output (overt or covert) with information

contained in online storage (Desmond et al. 1997) or for

regulating the timing of motor sequences (Ackermann

2008; Leggio et al. in press). A broader interpretation for

the inferior cerebellum’s function, however, is that it

generally supports phonological storage within working

memory (Chen and Desmond 2005a, b; Chiricozzi et al.

2008; Kirschen et al. 2008; Marvel and Desmond 2010;

Ravizza et al. 2006).

Functional Dissociation Between the Dorsal and Ventral

Dentate

Transynaptic neuroanatomical tracing studies have pro-

vided convincing evidence of distinct closed-loop cogni-

tive and motor cerebro-cerebellar circuits. Ventral

portions of the cerebellar output dentate nuclei connect

with dorsolateral prefrontal regions (BA 9/46) implicated

in working memory and executive control (Dum and

Strick 2003; Kelly and Strick 2003; Middleton and Strick

2001). A separate circuit connects dorsal portions of the

dentate nuclei to primary motor, premotor, and supple-

mentary motor regions of the cerebrum (Akkal et al. 2007;

Dum and Strick 2003). Thus an anatomical foundation

exists by which cerebro-cerebellar networks can influence

higher-level cognition or motor function, depending upon

the neural pathway.

The ventral “cognitive” dentate is thought to be

evolutionarily younger than the dorsal “motor” dentate and

to have evolved in conjunction with the prefrontal cortex

(Leiner et al. 1991). Moreover, in humans, the ventral

dentate is approximately twice as large as the dorsal dentate,

which is a larger ventral-to-dorsal dentate ratio than that

observed in great apes (Matano 2001). These observations

suggest that the ventral dentate that comprises the “cognitive

loop” evolved from a phylogenetically older “motor loop”

(involving the dorsal dentate) in order to support higher-

order cognitive functions that are uniquely human. In

general, the rate of brain development follows a phyloge-

netic pattern such that evolutionarily older brain regions

mature faster than do younger brain regions (Gogtay et al.

2004). Accordingly, the cerebro-cerebellar motor loop

matures earlier (by mid-teens) than does the cerebro-

cerebellar cognitive loop (by early 20s) (Gogtay et al.

2004; Tiemeier et al. 2010). It therefore seems plausible that

throughout development the cognitive loop retains close ties

with its evolutionary precursor, the motor loop, which allows

both systems to work together, for example by engaging

inner speech mechanisms to enhance working memory.

Recent functional magnetic resonance imaging (fMRI)

data have demonstrated a functional dissociation between

the dorsal and ventral cerebellar dentate that is consistent

with putative functions of the motor and cognitive loops,

respectively. Marvel and Desmond (2010) administered a

Sternberg variant that asked subjects to count two alpha-

betical letters forward of the probe letter presented at the

end of a trial during the retrieval phase. Subjects were then

required to determine a match between the newly identified

probe and the original array of encoded letters (Working

Memory condition). In the control condition, subjects

directly matched the probe letter to the encoded array

(Match condition). A direct comparison of cerebellar

activity during the Working Memory minus Match con-

ditions revealed phase-specific activity in association with

the Working Memory condition, as shown in Fig. 2. During

the encoding phase, activity increased in the dorsal dentate.

This activity was interpreted to mean that subjects were

making a pointed effort to correctly encode letters in the

Working Memory condition, a strategy that likely taxed

motor-related inner speech mechanisms during the

orthographic-to-phonologic translation. During retrieval,

activity increased in the ventral dentate. This activity was

interpreted as online manipulation (counting two letters

forward) of the letter information. Supporting this interpre-

tation, the ventral dentate region was activated in conjunc-

tion with the contralateral dorsolateral prefrontal cortex

(BA 9). Moreover, a time series analysis indicated that the

pattern of activity in the ventral dentate and in BA 9 during

the maintenance phase predicted success during the

retrieval phase. Thus, activation patterns of the dorsal and

ventral dentate of the cerebellum were functionally disso-

ciated in a time-dependent manner that reflected discrete

contributions to working memory.

Neuropsychological Studies of Patients with Cerebellar

Damage

A convergence of data across multiple studies of patients

with cerebellar damage indicates three primary patterns of

results. First, in these types of studies, cognitive deficits

have been subtle, often falling within the low-normal range

(Justus et al. 2005; Leggio et al. 2008; Ravizza et al. 2006).

When patients have been compared to well-matched

controls, however, deficits become more obvious. Second,

verbal working memory is consistently, and sometimes

disproportionately, affected in this population (Chiricozzi et

al. 2008; Justus et al. 2005; Kirschen et al. 2008; Leggio et

al. 2008; Ravizza et al. 2006; Silveri et al. 1998). Third,

there appears to be a hemispheric dissociation of function

within the inferior lobes of the cerebellum: the left side is

more strongly involved in the processing of aurally

presented information, and the right side is more strongly

involved in the processing of visually presented informa-

tion. This third point is expanded upon below.
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Following a stroke localized to the right cerebellar lobule

V and the left cerebellar lobule VIIIA, a 54 year old male

was given a battery of cognitive tests nine days after the

stroke event (Chiricozzi et al. 2008). Performance on many

tests fell within the normal range, including tests of

intelligence, constructional praxia, frontal lobe function,

verbal/visuospatial spans, and verbal recall when informa-

tion was presented in the visual modality. However, the

patient showed a specific deficit for verbal recall (immedi-

ate and delayed) when information was presented in the

auditory modality. A follow-up battery of tests administered

18 months later indicated that persistent working memory

deficits involved an inability to rehearse phonological

information held in short-term storage, which was pro-

nounced for information presented in the auditory modality.

A similar link between left inferior cerebellar lobule VIII

and auditory working memory performance was found in a

study of 12 children (ages 6–19 years) with cerebellar

tumors resections (Kirschen et al. 2008). A lobular analysis

of the regions of cerebellar damage indicated, after

Bonferroni correction for multiple comparisons, that

damage to the left inferior cerebellar lobule VIII signifi-

cantly predicted impairment of auditory digit span. An

additional test of working memory was conducted using a

phonological similarity paradigm. The phonological simi-

larity paradigm measures one’s ability to hold information

in mind despite interference from phonologically similar

material (e.g., B, C, D, G, P, T,V) (Baddeley 1966). The

presence of interference, known as the phonological

similarity effect (PSE), is a healthy effect and is manifested

as better immediate recall of dissimilar (e.g., F, K, Q, R, X,

W, Z) versus similar material. In this study, three patients

showed particularly low performance on the phonological

similarity test (more than 3 SD below the mean) for aurally

presented material, and three other patients showed simi-

larly low performance for visually presented material. A

conjunction analysis of the lesions for each of these three

subjects in each modality was performed. All subjects had

in common damage to the inferior cerebellar lobules VIIB/

VIII. However, the modality affected was specific to

hemisphere: those with deficits in the auditory modality

shared damage in the left inferior cerebellum, and those

with deficits in the visual modality shared damage in the

right inferior cerebellum. These findings of a left inferior

cerebellar hemisphere bias for auditory information were

consistent with the case report described above. These

findings additionally implicated a right inferior cerebellar

hemisphere bias for visual information in working memory.

A right-lateralized visual modality effect was further

supported in the study of an 18-year-old male with a right

inferior cerebellar tumor resection (Silveri et al. 1998).

Three days after surgery, the patient showed an advantage

of auditory over visual presentation of stimuli in a test of

phonological similarity. Thus, the PSE was present for

auditory stimuli but not for visual stimuli, and therefore

indicated a specific deficit in the visual modality in

association with a right inferior cerebellar lesion. Follow-

up testing 5 months later showed that plasticity had

occurred, and the PSE was intact for both modalities.

Finally, neuropsychological studies of older patients

suggest that the hemispheric asymmetry of function in the

inferior cerebellum described above is reduced as a function

of age. In a study by Ravizza et al. (2006) of fifteen patients

(mean age = 60) with cerebellar damage, patients were

tested on several working memory paradigms, including

auditory digit span. Performance on digit span was

negatively correlated with damage to the inferior cerebellar

lobe, consistent with the role of the inferior lobe assisting

with phonological storage and working memory functions.

However, there was no relation between lesion hemisphere

and performance: patients with right-sided inferior cerebel-

lar lesions were just as impaired on this auditory working

Fig. 2 Peak activations within the right cerebellar dentate are shown

for encoding and retrieval phases of the Sternberg task (Working

Memory greater than Match conditions), p<.001. The green line at

z=−37 is used to indicate a functional division between the dorsal

and ventral dentate, which falls roughly between z=−36 to −40

(Dimitrova et al. 2006). This functional division is consistent with

neuroanatomical tracing studies indicating that the dorsal dentate

projects to motor regions of the frontal lobe, while the ventral

dentate projects to cognitive frontal regions, implicating a “motor”

dorsal dentate and a “cognitive” ventral dentate as illustrated in

Fig. 1. R = right; L = left. From Marvel and Desmond (2010) with

permission1

1 This figure was published in Cortex, 46, Marvel and Desmond, The

Contributions of Cerebro-Cerebellar Circuitry to Executive Verbal

Working Memory, 880-895, Copyright Elsevier (2010).
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memory task as were those with left-sided lesions. It should

be noted that a test of visual digit span was not

administered, prohibiting a direct comparison of auditory

versus visual span performance. A separate study of 10

cerebellar patients (mean age = 67) by Justus et al. (2005)

tested phonological similarity, with stimuli delivered aurally

and visually. They reported overall reductions in the PSE, but

did not find evidence for laterality effects that were associated

with stimulus modality. Laterality effects may have been

diminished by several factors in this study, including

variability of the lesion within the hemisphere (i.e., not

specific to the inferior cerebellum), and the inclusion of only

one left-hemisphere patient in the visual portion of the study.

However, given that both the Ravizza et al. and Justus et al.

studies tested older patients (relative to the tumor resection

studies described previously), negative laterality effects in

older subjects may simply mean that laterality in the

cerebellum attenuates with age. A reduction in laterality in

the aging cerebellum would be consistent with age-related

activation shifts from the left prefrontal cortex to bilateral

prefrontal cortex during verbal working memory (Cabeza

2002; Reuter-Lorenz et al. 2000).

Given that processing of language-related stimuli in the

neocortex is typically lateralized on the left side, and that

cortico-ponto-cerebellar projections have been shown to be

predominately (though not exclusively) crossed in animal

tracing studies, the dissociation of stimulus modality and

hemispheric lateralization observed in verbal working

memory deficits is unexpected. That is, verbal working

memory impairment for visually presented letters resulting

from right cerebellar damage would be predicted based on

the crossed cortico-cerebellar connectivity from left-sided

language centers. However, similar impairment for aurally-

presented letters after left cerebellar damage would not be

predicted. Further research on this puzzling pattern is

required, but one possible explanation may be that encod-

ing of aurally-presented letters involves greater demand on

sensory discrimination than encoding of visually-presented

letters, especially for phonologically similar letters (e.g.,

“P” and “T” are more similar in sound than in appearance).

The importance of the cerebellum in sensory acquisition

and discrimination has been emphasized in several studies,

and left cerebellar hemisphere activations pertaining to

sensory discrimination have been reported (Belin et al.

1998, 2002; Bower 1997; Gao et al. 1996; Holcomb et al.

1998; Parsons et al. 1997, 2009).

Functional Topography of the Cerebellum in Working

Memory

Given the evidence from neuroanatomical tracing, neuro-

imaging, and neuropsychology studies, the cerebellum

appears to contain a functional topography for working

memory processes that segues from primarily motor to

primarily cognitive, as depicted in Fig. 1b: the anterior/

medial cerebellum (Lobules IV–V) supports motor execu-

tion, including overt speech; the superior/lateral cerebellum

(Lobule VI/Crus I) supports the preparation for complex

motor patterns and covert speech as part of working memory

(but not motor execution per se); and the inferior cerebellum

(Lobules VIIB/VIII) supports working memory independent

of motor execution (Durisko and Fiez 2010; Hulsmann et al.

2003; Stoodley and Schmahmann 2009, 2010). Within the

inferior cerebellum, the left hemisphere shows a bias for

processing auditory information (Chiricozzi et al. 2008;

Kirschen et al. 2008). By contrast, the right hemisphere

shows a bias for processing visual information (Kirschen

et al. 2008; Silveri et al. 1998). In addition, the output

nuclei of the cerebellum contain a dorsal/ventral functional

topography. The dorsal dentate nuclei support primary and

secondary motor functions (including those that may be

utilized during certain aspects of inner speech), whereas the

ventral dentate nuclei lend support for higher-order cogni-

tive functions (Dum and Strick 2003; Marvel and Desmond

2010).

Clinical Relevance

A recent fMRI study found that when healthy subjects

silently manipulated letter stimuli while performing a

Sternberg task, cerebellar activity in Lobule VI increased,

and accuracy decreased (unpublished, see Fig. 3). This

pattern of activity suggested that when working memory

demands became exceedingly difficult, people continued to

Fig. 3 Correlation between fMRI signal in the right cerebellar Lobule

VI and accuracy performance while subjects silently manipulated

letters during a Sternberg working memory paradigm. Data represent

16 young, healthy adults, r=−.65, p<.01. The inverse relationship

between these two variables suggests that superior cerebellar activity

increased as subjects encountered difficulty with the task
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rely on inner speech mechanisms, perhaps intensely so,

while struggling to perform the task. It would make sense,

then, that clinical populations with known working memory

impairments would show a heavy reliance on cerebellar-

dependent inner speech mechanisms, and hyper-activity of

the cerebellum would be expected.

Working memory impairments are present in a number of

psychiatric disorders in which the cerebellum has been

implicated, such as addiction, anxiety, obsessive-compulsive

disorder, depression, and schizophrenia (Fitzgerald et al.

2008; Ho et al. 2004; Hoppenbrouwers et al. 2008; Kim

et al. 2001; Volkow et al. 2003). These disorders consist of

psychiatric symptoms that would intuitively involve aspects

of inner speech (e.g., craving, ruminations, obsessions,

preoccupations, and delusions), which may reflect either a

cause or an effect of poor working memory. A thorough

review of cerebellar contributions to working memory deficits

in psychiatric disorders is beyond the scope of this article, but

has been discussed elsewhere (Desmond and Marvel 2009).

However, as an example, we focus on the clinical relevance

of cerebellar dysfunction and working memory in addiction.

It has been proposed that deficits in working memory and

executive function are responsible for the loss of self-control

that leads to drug and alcohol addiction (Garavan and Hester

2007). Moreover, decreased gray matter volume in the

bilateral inferior lobes of the cerebellum has been observed

in drug- and alcohol-addicted populations (Connolly et al.

2009; Sim et al. 2007; Sullivan et al. 2000; Yuan et al.

2009). These findings would suggest, then, that disturban-

ces in cerebellar function may be involved in addiction.

When alcohol-dependent subjects and matched controls

were tested on a Sternberg task using fMRI, hyper-activity

was observed in the alcohol group in a cerebro-cerebellar

network that included the right superior cerebellum and left

inferior frontal gyrus (BA 44) (Desmond et al. 2003).

Similarly, an fMRI study that administered a Sternberg task

to opiate users and matched controls revealed hyper-activity

in the opiate users in the bilateral superior cerebellum, right

inferior cerebellum, and medial prefrontal regions (anterior

cingulate) (Marvel et al. 2009). An fMRI study of cocaine

users and matched controls performing a Sternberg-like

task of response inhibition revealed that the cocaine users

increased activity in the left superior cerebellum in

association with increased working memory load (i.e.,

greater number of items to hold in mind) (Hester and

Garavan 2004). In the cocaine group, higher cerebellar

activity correlated with a higher rate of response errors.

This correlation is consistent with the notion that those who

found the task the most difficult were more likely to rely on

cerebellar-dependent inner speech mechanisms to perform

the task. Interestingly, hyper-activity of the superior/lateral

cerebellum has also been reported during drug cue-induced

craving (Bonson et al. 2002; Volkow et al. 2003; Xiao et al.

2006). Working memory and drug craving, therefore,

appear to be intertwined and to share common neural

systems, of which the cerebellum is an integral part. Taken

together, these findings present the possibility that impair-

ments of working memory and/or cerebellar function may

contribute to psychiatric symptoms that involve inner

speech disturbances.

Summary

This article proposes that the cerebellum enhances working

memory by supporting inner speech mechanisms. This

capability emerged from overt speech and motor systems as

an evolutionarily adaptive way to boost cognitive processes

that rely on working memory, such as language acquisition.

The view that the cerebellum is strongly tied to verbal

working memory is supported by converging results from

neuroimaging studies of healthy subjects and neuropsycho-

logical studies of patients with cerebellar damage. Such

studies have revealed a topography of cerebellar function.

Motor execution, such as speech output, relies on Lobules

IV–V in the anterior cerebellum. Motor-related activity,

such as planning and preparation, relies on more lateral

regions of the superior cerebellum in Lobules VI and Crus

I. The inferior cerebellum (Lobule VIII) also contributes to

working memory functions, in a way that is independent

from motor execution and possibly lateralized by modality

of stimulus presentation. In addition, a topography of

function exists within the dentate nuclei, with the dorsal

dentate supporting motor-related functions, and the ventral

dentate supporting higher-order cognitive functions. Clini-

cally, the role of the cerebellum in working memory has

broad implications, ranging from disruptions in language

acquisition during childhood, to reduced memory span

following stroke, to unchecked inner speech involved in a

host of psychiatric disorders.
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