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ORIGINAL ARTICLE

Cerebellar contributions to verbal working memory: beyond cognitive
theory

GAL BEN-YEHUDAH'?, SARA GUEDICHE??, & JULIE A. FIEZ!-*>

' Department of Psychology and 2Center for Neuroscience, University of Pittsburgh, and >Center for the Neural Basis of
Cognition, Pittsburgh, Pennsylvania, USA

Abstract

Neuropsychological findings together with recent advances in neuroanatomical and neuroimaging techniques have spurred
the investigation of cerebellar contributions to cognition. One cognitive process that has been the focus of much research is
working memory, in particular its verbal component. Influenced by Baddeley’s cognitive theory of working memory,
cerebellar activation during verbal working memory tasks has been predominantly attributed to the cerebellum’s
involvement in an articulatory rehearsal network. Recent neuroimaging and neuropsychological findings are inconsistent
with a simple motor view of the cerebellum’s function in verbal working memory. The present article examines these
findings and their implications for an articulatory rehearsal proposal of cerebellar function. Moving beyond cognitive theory,
we propose two alternative explanations for cerebellar involvement in verbal working memory: Error-driven adjustment and
internal timing. These general theories of cerebellar function have been successfully adapted from the motor literature to
explain cognitive functions of the cerebellum. We argue that these theories may also provide a useful framework to

understand the non-motor contributions of the cerebellum to verbal working memory.
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Introduction

The role of the cerebellum in motor coordination
and control has been extensively documented since
the early 1900s (1). Compared to this vast body of
research, investigation into the non-motor contribu-
tions of the cerebellum has spanned only two
decades. In the mid-1980s, Leiner et al. (2)
challenged the traditional motor view of the cere-
bellum by proposing that parallel evolutionary
enlargements of the prefrontal cortex and the
cerebellum and changes in their connectivity pro-
vided a neural basis for the cerebellum’s potential
contribution to higher-level cognition. Concomitant
with this proposal, several neuropsychological and
neuroimaging studies reported cerebellar involve-
ment in cognitive tasks, such as conditional learning
(3), temporal duration discrimination (4) and lexical
generation (5,6).

In the decade that followed these neuropsycholo-
gical and neuroimaging observations, many studies
have reported findings that support cerebellar con-
tributions to several areas of cognitive processing,
such as language, learning and memory (7,8). In this
paper we focus on one cognitive process — working

memory. Working memory (WM) is a cognitive
operation that enables the temporary storage of
information used to perform complex everyday
tasks, such as reasoning (9) and language compre-
hension (10). Baddeley’s Multiple-Component
model of WM is a highly influential theoretical
framework that has motivated much of the research
conducted in the field (11). Although other theore-
tical models of WM exist (12), we begin our
discussion with Baddeley’s model because findings
of cerebellar involvement in WM have been typically
interpreted within this framework.

The multiple-component model of WM (9) posits
a domain-general control system, termed the central
executive, and several slave systems that store
material-specific information, such as verbal and
visuospatial information. The interaction between
these theoretical constructs results in the cognitive
operation of WM. In Baddeley’s model, the verbal
slave system (i.e., phonological loop) stores informa-
tion in a phonological code (i.e., in the phonological
store) and prevents its decay by an active rehearsal
mechanism akin to ‘inner-speech’ (i.e., arrculatory
rehearsal). The natural rate of decay, coupled with
individual variability in rehearsal speed, result in the
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classic ‘7 + 2’ range of verbal memory span (i.e., the
largest number of items recalled in the correct order)
(13). The visuospatial slave system stores informa-
tion about the visual and spatial features of objects.
Similar to its verbal counterpart, the visuosparial
sketchpad has a limited capacity and requires atten-
tion to maintain task-relevant information (14).

Influenced by Baddeley’s cognitive model (9),
neuroimaging studies in the early 1990s began to
examine the neural correlates of WM. One of the first
studies to explore the neural basis of verbal WM
reported bilateral cerebellar activation in addition to
activity in cortical sensorimotor and associative
regions (15). Since this initial observation, many
other neuroimaging studies have reported cerebellar
activation during verbal WM tasks (16). Evidence for
cerebellar activation during visuospatial WM tasks is
less consistent. For instance, Hautzel and colleagues
(17) employed the same WM paradigm (2-back) with
different types of stimuli (verbal, object, shape,
spatial) to investigate domain-general and domain-
specific activations in brain regions recruited during
WM. A conjunction analysis across the different types
of stimuli revealed domain-general activation in
bilateral cerebellum regions. In contrast, a meta-
analysis of 60 neuroimaging studies reported consis-
tent cerebellar activity only in studies that used object
or verbal stimuli; cerebellar activity in studies that
used spatial stimuli was rare (18).

The meta-analysis findings (18) suggest that the
cerebellum contributes to the retention of stimuli
that can be assigned a verbal label. Further support
for a domain-specific involvement of the cerebel-
lum in WM comes from neuroanatomical findings
in primates. Retrograde viral tracing methods show
that the cerebellar hemispheres project to the
contralateral prefrontal cortex through dentothala-
mic fiber tracts (19,20). Cortical regions that
receive cerebellar output project back to the
cerebellum, thus forming closed-loops (21).
Studies in humans using diffusion tensor imaging
(DTI) to track cerebrocerebellar pathways have
begun to verify these findings from primate studies
(22). One prediction that stems from this pattern of
cerebrocerebellar connectivity and the well-known
cortical lateralization of verbal and spatial proces-
sing (23) is that unilateral damage to the cerebellar
hemispheres might result in a differential impair-
ment to either verbal or visuospatial WM.
Consistent with this prediction, Silveri and collea-
gues (24) reported reduced verbal but intact spatial
memory span in a patient with unilateral right
cerebellar damage when assessed two weeks after
onset. However, Fiez and colleagues (6) observed
normal verbal and spatial spans in a patient with
extensive damage to the right cerebellar hemisphere
assessed during a similar time period after onset.
These select case studies reflect the mixed neurop-
sychological evidence on lateralization of cerebellar

damage and consequent impairments to specific
domains of WM (25,26).

Taken together, there is inconsistent evidence for
cerebellar involvement in visuospatial WM, however
there is compelling evidence that the cerebellum
contributes to verbal WM. Since most of the
neuroimaging research has been motivated by
Baddeley’s WM model, the prevalent proposal for
the cerebellum’s role in verbal WM is that it is part
of an articulatory rehearsal mechanism. In the
following sections, we examine the validity of this
articulatory rehearsal proposal and suggest two
additional theoretical mechanisms that may explain
the role of the cerebellum in verbal WM: error-
driven adjustments and internal timing.

Articulatory rehearsal

Increased blood flow to the cerebellum during verbal
WM tasks has been reported in many studies
(15,27-32). In these neuroimaging studies, frontal
cortical regions, such as the left inferior frontal,
premotor and supplementary motor cortices (regions
associated with speech production), also show
changes in blood flow even during memory tasks
that do not require overt speech. These neuroima-
ging findings suggest that the cerebellum together
with these frontal regions may form a network that
supports inner-speech, similar to the articulatory
rehearsal process proposed in Baddeley’s model (9).
Baddeley’s initial description of this rehearsal
process was not detailed. In later versions of his
model, articulatory rehearsal is depicted as a simple
loop between a phonological store in the parietal
lobe and a phonological output buffer in inferior
frontal regions (11). This loop is thought to refresh
memory traces by retrieving them from the store and
then re-articulating the phonological codes using
inner-speech. Others have suggested that articula-
tory rehearsal may be some form of high-level motor
imagery, which sustains activation in a subset of
articulatory codes (8). Because the neural basis of
articulatory rehearsal is not fully known, the func-
tional details of this process remain speculative.
Articulatory rehearsal as a cognitive process is not
fully specified. However, one prediction that does
stem from this proposal is that activity in the
cerebellum, together with activity in cortical frontal
regions, will persist across a delay interval, during
which rehearsal refreshes decaying verbal informa-
tion in the phonological store. Chein and Fiez (28)
examined this prediction using a delayed serial recall
task, in which five words (or non-words) were
sequentially presented and maintained over a 20-
sec delay interval prior to recalling the items in the
order of presentation. To avoid individual differ-
ences in maintenance strategies, participants were
instructed to silently ‘speak’ the items for the
duration of the delay interval. This functional
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magnetic resonance imaging (fMRI) study employed
a slow event-related design that enabled a separation
of blood oxygen-level dependent (BOLD) responses
related to each of the three behavioral stages of the
task: encoding, maintenance and retrieval. Contrary
to the prediction of a rehearsal hypothesis, Chein
and Fiez did not find cerebellar activation during the
maintenance interval, though superior cerebellar
regions were active during encoding and retrieval
(Figure 1c). Prefrontal cortical regions, on the other
hand, did show persistent activation over the
duration of the delay interval, consistent with their
proposed role in articulatory rehearsal (Figure la,
1b). To reconcile their findings with those of
previous studies (e.g., (31)) the authors suggested
that earlier studies may have been limited by their
experimental design and imaging technology, which
did not allow for an adequate separation of the
neural activity to different stages of the task.
Recently, Chen and Desmond (33) employed a
delayed recognition paradigm to investigate the
lobular localization of cerebellar activation during a
verbal WM task. In this task, participants encoded
one (low-load) or six (high-load) letters presented
simultaneously and then maintained these items
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across a 5-sec delay interval before deciding whether
a probe letter was present in the encoded stimulus
set (yes/no response). As a control task, participants
silently read the stimulus set four times at a rate of
one set every 1.5sec. In essence, participants
executed the motoric demands of articulatory
rehearsal  without the memory  demand.
Contrasting activation for high- versus low-load
conditions across both tasks, cerebellar activation
was observed in bilateral superior lobules (VI/Crus I)
for both the WM and the control task, whereas
activity in the right inferior lobule (VIIB) was
present only for the verbal WM task. In a related
study, Chen and Desmond (34) explored the
temporal dynamics of this cerebellar activation using
a similar verbal WM task. Bilateral superior cere-
bellar lobules were active only during stimulus
encoding, consistent with previous findings (28),
whereas activation in the right inferior cerebellum
was present during both encoding and maintenance
intervals. Taken together, these studies suggest that
different subdivisions of the cerebellum are involved
in different stages of a verbal WM task.
Furthermore, some cerebellar regions may play a
role in the motoric requirement of the task, while the
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Figure 1. Top panel: (A) Cortical regions of activity resulting from the a priori voxel-based comparison of maintenance (scans 6 and 7) to
baseline (scans 12 and 13). (B) Cerebellar regions resulting from a post hoc voxel-based test for stimulus condition effects in encoding and
early maintenance (scans 2 and 4). Voxels shown surpass a statistical probability threshold of »<0.0001 in the group composite data, and
comprise a cluster of at least five contiguous significant voxels. The statistical images are shown overlaid onto horizontal section from the
structural MRI used for inter-subject registration, which has been warped into stereotaxic (Talairach) space. The numbers to the left and
right of each image represent distance in millimeters above the anterior commisure to posterior commisure plane. Peak activation locations
for regions detailed in the bottom panel are identified with labels ‘a—c’. Bottom panel: Activation profiles for regions commonly associated
with verbal WM. Regions identified in the maintenance to baseline comparison included (a) the medial frontal gyrus, BA 6 and (b) the
ventral left inferior frontal gyrus, BA 45. (c) The superior cerebellum was identified by a Post hoc test for stimulus condition effects in
encoding and early maintenance. From left to right, the shaded panels in the background of each graph represent the encoding,
maintenance, retrieval and baseline epochs of data acquisition used in the stage-based analyses. The bar running horizontally across the
bottom of each graph tracks the timing of the visual presentation, rehearsal, recall and fixation trial events, respectively. Each scan number
on the x-axis is a 2-sec period. (Modified with permission from (27)).
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Figure 2. Average span length for patients with cerebellar lesions
compared to age- and education-matched controls in an
immediate recall task of visually presented long and short words
in (a) silence and (b) under articulatory suppression. (Modified
with permission from (25)).

role of other regions might be specific to the memory
demand.

Another approach used to investigate the role of the
cerebellum in verbal WM is to explore well-known
behavioral effects in the context of both neuroimaging
and neuropsychological studies. Our group has
applied this approach to examine two behavioral
effects that are thought to reflect the involvement of
an articulatory rehearsal mechanism. The first effect
is ‘word-length’, which is the reduced memory span
for lists of words with long articulatory durations
relative to lists of words with shorter articulatory
durations (e.g., three-syllable as compared to one-
syllable words). The traditional explanation for the
word-length effect is that longer items require more
time to rehearse, which increases the decay of the
memory traces and reduces the effective capacity of
the phonological store to fewer items (35). Chein and
Fiez (28) found that the BOLD response in bilateral
superior cerebellum was sensitive to the length (i.e.,
number of syllables) of the words in each list
(Figure 1a). This pattern of activation suggests a
neuronal word-length effect, but it may simply reflect
the larger motoric demand of encoding a longer
articulation (see also (30)). To explore this possibility,
we examined word-length effects in patients with

focal damage to the cerebellum. If the pattern of
activation in our neuroimaging study (23) was related
to an active rehearsal process, then the word-length
effect in patients with superior cerebellar damage
should be reduced. Contrary to this prediction,
Ravizza and colleagues (26) observed normal word-
length effects in a group of eight patients, who had
unilateral damage to the cerebellum that was largely
limited to either superior or inferior lobules
(Figure 2a). Location and extent of the lesions as
well as symptom severity (as measured by dysarthria
rating and ataxia scores) were not associated with the
size of the word-length effect.

A second behavioral marker that is attributed to
rehearsal is the ‘articulatory suppression effect’, in
which memory span is dramatically reduced by the
requirement to continuously speak (e.g., ‘the, the,
the ...”) while encoding and maintaining verbal
information. The predominant explanation for this
effect is that the articulatory system is engaged by the
secondary speech task and thus not available for
rehearsal (35). Chen and Desmond (30) found that
the superior cerebellar hemispheres are similarly
active whether the task requires maintenance of
verbal items in memory or continuous articulation of
items with no memory demand. These neuroima-
ging findings implicate the superior cerebellum as a
potential locus for the articulatory interference of a
secondary speech task. Neuropsychological studies,
however, have not observed reduced articulatory
suppression effects in patients with cerebellar lesions
(24,26). If the cerebellum was indeed the site of
interference between articulatory rehearsal and a
secondary speech task, then patients with cerebellar
lesions should have a reduced articulatory suppres-
sion effect. This is not the case (Figure 2b).

To summarize, most of the neuroimaging findings
suggest a role for the cerebellum in articulatory
rehearsal (though see (27)), however the neuropsy-
chological evidence does not support this proposal
because cerebellar lesions do not abolish (or reduce)
behavioral markers of rehearsal (e.g., articulatory
suppression, word-length). Furthermore, focal cere-
bellar damage results in small decrements in verbal
WM span, decrements that are significant only in
large groups of cerebellar patients relative to age and
education-matched controls (21). These findings
suggest that lesions to some cerebellar lobules may
affect memory span, however the pattern of beha-
vioral deficits in cerebellar patients cannot be fully
explained by damage to an articulatory rehearsal
process. To investigate alternative explanations for
the cerebellum’s role in verbal WM, we now move
from the predictions of cognitive theory to explore
ideas proposed in general theories of cerebellar
function.

In the remaining sections we discuss two general
theories of cerebellar function, error-driven adjust-
ment (36,37) and internal timing (38). These theories
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were originally developed to account for motor
deficits that resulted from cerebellar lesions in
animals and humans, but have been recently applied
to explain the role of the cerebellum in nonmotor
domains such as speech processing (39). We examine
the possibility that these theories extend beyond
speech processing to the realm of verbal WM.

Error-driven adjustment

One central theme in the motor literature is that the
cerebellum supports motor learning through an
adaptive control system (40). Learning a new
sequence of movements requires the coordination
of multiple muscles and joints, an effortful and slow
process that is controlled by the frontal cortex. Over
time motor execution of learned actions is swift and
automatic, presumably because the cerebellum has
associated, through trial-and-error, a sequence of
movements with a specific behavioral context. This
hypothesis, proposed in the early 1970s (36,37), has
been applied to explain cerebellar involvement in a
range of reflexes as well as voluntary movement; for
a review see (41). For instance, in the vestibulo-
ocular reflex (VOR), small head movements cause
inadvertent displacement of an image on the retina.
The VOR prevents this displacement by producing
compensatory eye movements based on the vestib-
ular input on head movement (42). When inaccurate
compensatory eye movements occur, Purkinje cell
discharges in the cerebellar flocculus carry informa-
tion about the necessary adjustments to the VOR
(43). Electrophysiological and neuroimaging studies
of voluntary reaching have shown that cerebellar
activity also encodes errors in movement (44,45).
Taken together, these findings suggest that the
cerebellum plays a role in error-driven adjustments
of motor commands.

One class of computational models of the cere-
bellum proposes that error-driven adjustments may
occur prior to the execution of an erroneous motor
command (46). These feedforward models postulate
that an ‘internal model’ simulates the execution of a
motor command, thus generating a predicted
sensory consequence (e.g., visual, tactile) of the
action. A discrepancy between the predicted and the
actual sensory consequence results in an error signal,
which may be used to modify the internal model or
inform the system about a potential execution error.
Such models can account for fast and fluid move-
ments, which are disrupted by focal lesions to the
cerebellum (1).

Fluid movement is also important for normal
speech. To explain both the fluency and the absence
of errors in speech, many models of speech produc-
tion have incorporated a monitoring process that
detects errors and adjusts the planned articulation
prior to its execution (47,48). A recent computa-
tional model of speech production has implicated
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the cerebellum as one important component of this
monitoring process (49). In line with this proposal is
the pathological case of dysarthria, in which damage
to the cerebellum results in distorted, slurred and
often slowed down speech (50). Neuropsychological
studies in the 1980s observed that dysarthria, which
results from cerebral palsy or traumatic brain injury,
does not impair verbal WM span (51,52). However,
emerging evidence from patients with focal cerebel-
lar damage does show a correlation between ratings
of dysarthria symptoms and performance on a verbal
span-matching task, which examines memory for the
temporal order of items in a list. The patients’
performance on a spatial version of this task was not
correlated with their dysarthria scores, consistent
with the view that cerebellar damage specifically
impairs verbal WM (26). These findings suggest a
possible dissociation between error-driven adjust-
ments in overt speech production and a similar
mechanism that monitors (and possibly adjusts)
inner-speech during verbal WM.

To date, only one model of verbal WM has
incorporated a monitoring process that relies on the
cerebellum. Desmond and colleagues’ (29) neuroa-
natomical model is based upon their findings of
load-dependent BOLD responses in the cerebellum
during a delayed item recognition task and the
known neuroanatomy of cerebrocerebellar path-
ways. Embedded in Baddeley’s framework,
Desmond and colleagues’ model proposes two
cerebrocerebellar pathways that supply the cerebel-
lum with phonological and articulatory information,
which is then used to calculate discrepancies and
adjust for errors. One pathway connects the tempor-
oparietal cortex to the inferior cerebellum, providing
information from the phonological store about the
actual phonological input. The second pathway
connects the frontal cortex to the superior cerebel-
lum, providing information about the predicted
articulatory output based on the subvocal rehearsal
process. The cerebellum then compares the actual
and the predicted information. Any discrepancies
result in error-driven adjustments of the articulatory
output, which are fed forward through dentatotha-
lamic projections to the frontal cortex. More recent
findings from this group on the temporal dynamics
of these cerebrocerebellar pathways continue to be
consistent with their model (34,53).

Neuropsychological findings also point to a
possible role for the cerebellum in error-driven
adjustment of verbal WM. Justus and colleagues
(54) examined the impact of cerebellar damage on
‘the phonological similarity effect’ (PSE), in which
words that are phonologically similar (i.e., words
that rhyme) are more difficult to recall than words
that are phonologically dissimilar (55). This effect is
attributed to greater conflict between similar items in
the phonological store, which leads to confusions
and thus lower memory spans. In this study, 9 out of
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10 cerebellar patients showed qualitative changes in
the phonological similarity effect. Whether these
changes were observed in the visual, auditory or both
presentation conditions was inconsistent across the
patients. However, a closer inspection of their results
shows that, on average, the patients’ probability to
recall phonologically similar and dissimilar words
did not differ, thus resulting in a reduced PSE across
both presentation conditions. Moreover, recall prob-
ability in the patient group was similar to the control
group’s probability to recall phonologically similar
items (see (53), Figure 4B and 5B). One interpreta-
tion of these findings is that the patients had
difficulty adjusting their partial recall of the dissim-
ilar words, thus yielding similar performance levels
for phonologically similar and dissimilar lists. We
speculate that in the normal population phonologi-
cally similar words may benefit less from error-
driven adjustments because of their high confusa-
bility. This could explain why cerebellar lesions
impacted memory span mainly for the phonologi-
cally dissimilar items.

In addition to phonological similarity between
items in a memory list, other factors may influence
the effectiveness of error-driven adjustments. One
such factor is pre-existing lexical knowledge about
the verbal item (56). As a result, verbal WM span
for familiar lexical items (words) is higher than the
span for novel items (non-words) (57). Since the
ability to recall non-words has little support from
long-term knowledge, it may be influenced more by
error detection and adjustment that occur prior to
overt recall. Therefore, cerebellar damage, which
presumably disrupts error-driven adjustments,
should have a differential effect on memory span
for familiar lexical items relative to novel items.
Indeed, we found significantly reduced non-word
memory spans in a group of six patients with focal
damage to the cerebellum relative to age- and
education-matched controls (58). Importantly, this
cerebellar damage did not affect the patients’ recall
of words, which was equivalent to that of the
control group (Figure 3).

Taken together, the neuroimaging and neuropsy-
chological findings suggest that the cerebellum may
be involved in verbal WM through its role in error-
driven adjustments. These adjustments in a verbal
WM task may occur at a level that precedes overt
recall. One hypothesis suggests that cortical input
from sensory and motor regions to the cerebellum is
compared and that discrepancies result in adjust-
ments to motor commands, possibly through feed-
forward connections. When cerebellar lesions
disrupt this comparison, accurate recall may be
compromised more for unfamiliar phonological
items and phonologically distinct words. Additional
neuropsychological studies are needed to under-
stand the relationship between lesions to different
subdivisions of the cerebellum and the consequences
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Figure 3. Average span length for patients with cerebellar lesions
compared to age- and education-matched controls in an
immediate serial recall task of words and non-words presented
auditorly.

to verbal memory for different types of stimuli. Such
studies would benefit from neuroimaging evidence
on the functional connectivity between cortical and
cerebellar regions during verbal WM tasks that
manipulate the type of stimuli. Initial results from
a functional connectivity study on phonological
processing indicate that reciprocal connections exist
between the cerebellum and both left inferior frontal
and left lateral temporal cortices (59). Integrating
findings from different lines of research will inform
our understanding of the role of the cerebellum in
error-driven adjustments.

Internal timing

Coordinating a sequence of motor movements may
rely on a mechanism that can keep track of the
temporal order as well as the exact timing of
muscular events. A number of studies have sug-
gested that the cerebellum may function as an
internal timing device (60,61). The cellular organi-
zation of the cerebellum supports this proposal
because it creates a functional ‘tapped delay line.’
In essence, a wave of activity propagated along one
parallel fiber can reach consecutive Purkinje cells at
incremental delays after the onset of the wave; these
delays can be used to time motor events for up to
50 ms (62). Neuropsychological evidence consistent
with a timing theory includes the characteristic
breakdown in patients’ timing of motor actions
following cerebellar damage (63,64). Other neurop-
sychological findings highlight the range of timing
deficits associated with cerebellar lesions, from
impaired production of rhythmic tapping to poor
perception of auditory duration (4,65). Production
and perception of temporal modulations is also an
integral component of speech processing (66). As
predicted by a timing theory, cerebellar lesions result
in a variety of speech impairments, including
prolonged syllabic utterances (67) and distorted
categorical perception of temporally cued speech
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sounds (68). In a recent review of neuropsychologi-
cal and neuroimaging studies, Ackerman, Mathiak
and Ivry (39) concluded that the cerebellum is
important for the temporal organization of internal
speech. Thus, cerebellar lesions that compromise
prearticulatory speech codes might also impact a
range of cognitive operations that rely on internal
speech, such as WM.

In Baddeley’s WM model (9), articulatory rehear-
sal is an inner speech process that is used to refresh
items in memory. Thus, the view that the cerebellum
contributes to verbal WM through timing of internal
speech may be related to the proposal that the
cerebellum is part of an articulatory rehearsal
network. At the beginning of our discussion we
examined neuropsychological and neuroimaging
findings related to a rehearsal hypothesis and
concluded that the cerebellum does not play a role
in maintenance of verbal information through
rehearsal. However, the general theory of internal
timing is still a useful framework to explore the
function of the cerebellum during verbal WM. One
aspect of timing is the sequencing of prearticulatory
speech codes, which may scaffold the encoding of
verbal information in addition to its role during
recall of items from memory. Consistent with this
idea is the neuroimaging finding that superior
cerebellar activity during delayed recall is limited to
the encoding and retrieval stages of the task (28).

Another aspect of timing is keeping track of the
ordinal position of the items in a list. Knowledge of
temporal order is essential for successful perfor-
mance in some verbal WM paradigms, such as serial
recall and n-back. Other paradigms, on the other
hand, do not require the accurate recollection of
temporal order. For instance, in the classic Stenberg
recognition task knowledge of item identity is
sufficient to decide whether the probe item was
present or absent from the memory list. A potential
test for the cerebellum’s role in tracking temporal
order during verbal WM is to examine cerebellar
activation across different WM  paradigms.
Unfortunately, few neuroimaging studies have
applied a within-subject design to contrast BOLD
responses in WM paradigms that require temporal
order information relative to those that do not. An
additional constraint is that many studies do not
obtain whole brain coverage, which limits the ability
to detect differential recruitment of the cerebellum
across the various WM paradigms.

A study by Henson et al. (69) is one of the few
fMRI studies that contrasted two verbal WM
paradigms that differ in their reliance on temporal
order information, while using a within-subject
design and obtaining whole brain coverage. In this
study, the recognition paradigm (i.e., ‘letter probe’)
consisted of 6 letters presented sequentially followed
by a probe letter. The recall paradigm (i.e.,
‘sequence probe’) differed from the recognition
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paradigm only in the probe, which consisted of all
of the letters in the memory set either in correct or
incorrect order. When contrasting these two tasks,
an increase in brain activation was found for the
recall relative to the recognition paradigm in several
cortical regions as well as the cerebellum bilaterally.
Such an increase in cerebellar activation was not
found for the recognition relative to the recall
paradigm.

In summary, the cerebellum’s role in verbal WM
may be related to its function as an internal timing
device. During encoding verbal items are stored in a
temporary buffer, the cerebellum controls the timing
of prearticulatory speech codes that may be part of
the verbal representation in this buffer. Upon
retrieval of the items from memory, the sequence
of these speech codes may be another cue for
accurate recall. Another aspect of the timing
proposal is temporal order. Neuroimaging findings
suggest that the cerebellum may be part of a network
that codes the ordinal position of items in memory.
To further investigate the timing proposal of
cerebellar function in verbal WM, future studies
should focus on patterns of activation in the
cerebellum during tasks that require maintenance
of serial order relative to tasks that do not have such
a demand, as well as on the role of prearticulatory
speech codes in different stages of a WM task.

Conclusion

Converging evidence from neuroimaging, neuropsy-
chological and neuroanatomical studies suggests that
the cerebellum contributes to verbal WM. The
functional role of this contribution, however, is not
fully specified. The predominant view in the WM
literature is that the cerebellum is part of an
articulatory rehearsal network, as defined in
Baddeley’s cognitive model of WM. In this article,
we discussed emerging neuroimaging and neuropsy-
chological findings that are inconsistent with this
view. To account for these and other findings in the
literature, we considered two general theories of
cerebellar function, error-driven adjustment and
internal timing, and how they may apply to verbal
WM. It is important to note that these theories may
not be mutually exclusive. Potentially, both may be
components of the cerebellum’s hypothesized func-
tion as a predictor of sensory consequences of an
action. Error-driven adjustments depend on the
detection of a discrepancy between predicted and
actual sensory consequences. A timing mechanism is
an important component of a predictive device
because it registers the enfolding of information
across time. We conclude that one useful approach
to understanding the cerebellum’s contribution to
verbal WM is to go beyond one specific cognitive
theory and examine the role of the cerebellum as a
predictive device in various cognitive processes.
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