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Abstract
Verbal working memory is the ability to temporarily store and manipulate verbal information. This
study tested the predictions of a neuroanatomical model of how the cerebellum contributes to verbal
working memory (Desmond et al., 1997). In this model, a large bilateral region in the superior
cerebellum is associated with articulatory rehearsal and a right-lateralized region in the inferior
cerebellum is associated with the correction of errors within the working memory system. The
Desmond et al. (1997) model was based on neuroimaging findings using item recognition tasks and
comparisons between working memory and covert rehearsal tasks, whereas in this fMRI study we
used a delayed serial recall (DSR) task because it relies more heavily on articulatory rehearsal, and
our comparison tasks included both overt and covert speech tasks. Our results provide some support
for the Desmond et al. (1997) model. In particular, we found multiple activation foci within the
superior and inferior sectors of the cerebellum and evidence that these regions show different patterns
of activation across working memory and speech tasks. However, the specific patterns of activation
were not fully consistent with those reported by Desmond et al. (1997). Namely, our results indicate
that activation in the superior sector should be functionally subdivided into a medial focus involved
in speech processing and a lateral focus more specific to verbal working memory; the results also
indicate that activation in the inferior sector is not uniquely right-lateralized. These complex findings
speak to the need for future studies to consider the speech-motor aspects of tasks, to investigate the
functional significance of adjacent peaks of activation within large regions of cerebellar activation,
and to use analysis procedures that support regional distinctions through direct statistical tests. Such
studies would help to refine our understanding of how the cerebellum contributes to speech and verbal
working memory.
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1. Introduction
Working memory is the ability to actively maintain a limited amount of information in a readily
available state, even in the absence of continued sensory input. This capacity for internal
representation is central to complex cognition and thus it is not surprising that working memory
has been an important interdisciplinary topic of research. One of the most prominent theoretical
models has proposed the use of a ‘phonological’ component that is composed of two sub-
systems: a short-term store that contains phonologically-based representations of the to-be-
remembered items, and a rehearsal loop that acts to prevent the decay of verbal information in
the phonological store (Baddeley, 1986; Salamé and Baddeley, 1982). The model developed
by Baddeley and colleagues was initially intended to account for patterns of behavioral
performance in the normal population and in participants with brain damage. A number of
neuroimaging researchers adopted this model in an attempt to explain patterns of brain
activation observed during the performance of working memory tasks. For instance, Smith et
al. (1998) proposed that the left inferior parietal cortex is the site of phonological storage for
verbal material and a set of regions associated with speech production are involved in
articulatory rehearsal.

One of the speech-related regions associated with articulatory rehearsal is the left inferior
frontal gyrus (i.e., Broca’s area)(Chein et al., 2002); such a mapping is consistent with
neuropsychological findings that have found rehearsal-related deficits in verbal working
memory in individuals with Broca’s aphasia (Benson, 1979; Damasio and Damasio, 2000;
Dronkers et al., 2004). Motor-related speech areas have also been associated with articulatory
rehearsal, including regions within the medial and lateral portions of premotor cortex and the
cerebellum (Cabeza and Nyberg, 2000; Fiez, 1996; Fiez et al., 1996; Henson et al., 2000). The
involvement of these areas raises interesting questions about the nature of the coding that is
used in articulatory rehearsal: specifically, whether the coding is restricted to the language
system, or whether it also involves the use of motor representations in brain regions that are
outside of the language system per se. The neuroimaging results favor the latter interpretation,
since activation during verbal working memory tasks is found in both language and motor-
related brain regions. However, prior neuropsychological results favor the former
interpretation. For instance, Bishop and colleagues (Bishop and Robson, 1989) examined the
verbal working memory performance of individuals with cerebral palsy. These investigators
found that verbal working memory performance was not different for those individuals whose
motor symptoms included disturbances of speech versus those whose speech was normal. The
authors concluded that the inner speech processes that are involved in working memory are at
a relatively abstract level of representation since they appeared to be unaffected by difficulties
in motoric aspects of speech production.

The apparent discrepancy between neuroimaging and neuropsychological findings may reflect
the fact that activation in motor areas during verbal working memory tasks is incidental: that
is, motor activation could be an irrelevant by-product of speech processing in the inferior frontal
gyrus. This possibility has yet to be ruled out for cortical motor regions (e.g., medial and lateral
premotor cortex). However, recent neuropsychological findings suggest that this account does
not hold in the cerebellum. Across a relatively large number of neuropsychological studies, it
has been found that individuals with damage to the cerebellum exhibit mild-to-moderate
working memory deficits (Timmann and Daum, 2007), especially for verbal material (Ravizza
et al., 2006).

More recent work in neuroanatomy, neuronal tracing, neuropsychology, and neuroimaging
lend further support to the idea that the cerebellum is highly influential not only for motor
processing, but also for cognitive processes. The cerebellum and the cerebrum are reciprocally
connected through multi-synaptic closed-loop circuits (Strick et al., 2009) and the cerebellum
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appears to exhibit a functional topography that is consistent with specific patterns of cerebral
connectivity (Stoodley and Schmahmann, 2009). The recent use of functional connectivity
MRI (fcMRI) has provided a new tool for the delineation of non-motor cerebro-cerebellar
circuitry. For instance, Krienen and Buckner (2009) found a set of four closed cerebro-
cerebellar loops linking both motor-based and cognition-based regions in the frontal cortex
with distinct loci in the cerebellum. This account of frontal-cerebellar connectivity is
corroborated in another fcMRI study by Allen et al. (2005), who also found parietal-cerebellar
connectivity.

Neuroimaging studies have also examined the role of the cerebellum in working memory, with
the work of Desmond and colleagues best reflecting a particular focus on the cerebellum. In a
series of four studies (Chen and Desmond, 2005a, 2005b; Desmond et al., 1997; Kirschen et
al., 2005), they used an item recognition procedure to examine cerebellar activation during
verbal working memory. The size of the memory set used in these tasks varied (1 letter or 6
letters) so that load-dependent changes in activation could be detected. The authors used a
relatively brief delay (5 sec) between item presentation and the recall probe, to which
participants responded by squeezing a pneumatic response bulb if the probe matched an item
in the memory set. As one comparison condition, activation was monitored during a rehearsal
condition, in which participants silently and repeatedly read either a low (1) or high (6) number
of the letters in the display image. As a second comparison condition, activation in one study
was monitored during a simple finger-tapping task, in which subjects sequentially touched their
right thumb to each finger in a sequence. The findings from these studies collectively support
a neuroanatomical model of the cerebellum and working memory introduced by Desmond et
al (1997).

Desmond et al. (1997) identified a set of bilateral regions in the superior cerebellum (in lobule
VI and the superior portion of lobule VIIA) that were more active for a high- versus the low-
load working memory contrast, and also for a high- versus low-load rehearsal contrast. This
observation, coupled with evidence that this portion of the cerebellum is likely to be connected
with the inferior frontal gyrus, led the authors to propose that the identified superior cerebellar
regions participate in an articulatory rehearsal loop. In contrast, activation in the inferior
cerebellum (in lobule VIIB) was only found in the working memory contrast, and only in the
right cerebellar hemisphere. This observation, coupled with evidence that this portion of the
cerebellum is likely to be interconnected with the temporoparietal cortex (a potential locus of
the phonological store (Paulesu et al., 1993)) led the authors to propose a different function for
this cerebellar region. In particular, they posited that the right inferior cerebellum helps to
correct for errors in the articulatory rehearsal loop by comparing information in the loop with
the contents of the phonological store.

The findings reported by Desmond and colleagues are compelling, and they dovetail with recent
behavioral and neuropsychological research which also point toward an error-correction role
for the cerebellum in verbal working memory (Guediche et al., 2006). At the same time,
however, a number of important issues remain. The goal of the present paper is to build upon
the work of Desmond and colleagues by addressing three issues. One issue is whether the
pattern of activation observed by in the Desmond et al. (1997) study can be replicated using a
serial recall task, rather than an item recognition procedure. While this might seem like a trivial
distinction, behavioral evidence suggests that inner speech rehearsal mechanisms are more
important for serial recall tasks, and thus it is possible that activity in brain regions associated
with inner speech might be affected by a manipulation of the working memory task (Henson,
2001; Henson et al., 2003). To address this question, we designed our working memory
paradigm to include a serial recall task with an overt retrieval epoch.

Durisko and Fiez Page 3

Cortex. Author manuscript; available in PMC 2011 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



A second question is whether Desmond and colleagues’ findings concerning the relationship
between working memory and covert rehearsal will also be found for a comparison of working
memory and overt speech – both for overt speech performed in the context of working memory
(i.e., during spoken recall of the presented items) and for overt speech performed in the context
of a simple repetition task. While simple motor accounts of the cerebellum and working
memory might predict few differences between overt and covert speech conditions, several
studies have found this to be an important distinction in cortical patterns of brain activity
(Barch et al., 1999; Huang et al., 2001; Palmer et al., 2001; Shuster and Lemieux, 2005). To
address this question, we examine subjects’ brain activity during simple overt and covert speech
tasks that we directly compare to the pattern of brain activity observed during a delayed serial
recall task.

Finally, the analysis approaches used by Desmond et al. (1997) relied heavily upon statistical
thresholding approaches that yielded voxel-wise maps of activation in the cerebellum. Such
approaches are powerful, but they can obscure important sub-threshold levels of activation in
other task conditions and they do not generally lend themselves to direct tests of whether
activation patterns differ significantly across regions. To address this issue, we complemented
voxel-wise analysis procedures with region of interest (ROI) approaches that allowed us to
conduct inferential statistical tests designed to directly compare activation patterns across tasks
and regions of the cerebellum.

2. Methods
2.1 Subjects

A total of 19 (7 female, 12 male) subjects were recruited from the University of Pittsburgh and
surrounding metropolitan area for inclusion in this research study. Subjects were right handed
(determined by questionnaire), between 19-33 yrs of age (mean age of 23 yrs), and all subjects
were native English speakers with no reported history of illiteracy, learning disability, illicit
drug use, psychiatric illness, or traumatic brain injury. To ensure safety in the MR environment,
subjects were also screened for MRI contra-indications, claustrophobia, and females of
childbearing potential were asked to complete a urine pregnancy test prior to participation.
Each subject provided informed consent on a University of Pittsburgh Institutional Review
Board approved document prior to participation, and they received monetary compensation
for their time and participation.

2.2 Experimental Tasks
Subjects performed a delayed serial recall task (DSR). For each trial of this task, subjects were
visually presented with a sequential series of six letters that were randomly selected from a set
of eight letters (F, H, K, L, M, Q, R, S), and they were asked to remember the letters in the
order in which they were presented. All subjects were explicitly instructed not to utilize any
mnemonic devices such as chunking or name designation. During the encoding interval, each
of the letters appeared in succession at the center of a computer screen for 1 sec each, to give
a total encoding duration of 6 secs. During the subsequent maintenance interval, subjects were
instructed to silently (covertly) repeat the letters using subvocal speech. They were then
prompted to retrieve the items by the appearance of six red question marks at the center of the
screen, which remained present during a 6 sec retrieval epoch. During this retrieval epoch
subjects attempted to recall the letters aloud in the order in which they had been presented. If
they did not remember a letter in the series, they said, “skip” and continued with the sequence
as they could remember it. Following the retrieval period, there was a 14 sec baseline during
which subjects fixated on a small cross at the center of the computer screen; this epoch allowed
the hemodynamic response to return to a baseline, non-task level. Subjects performed 50 trials
of the DSR task over five runs. The entire experiment lasted 26 mins and 40 secs.
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Subjects also performed four simple motor tasks: covert speech (silently repeat the word “the”),
overt speech (repeat the word “the” aloud), covert tapping (imagine tapping their right index
finger), and overt tapping (depress a response key using their right index finger). The start of
each task was cued by a brief, 2 sec instruction at the center of the screen that provided the
details for the type of trial to follow. After the instruction, subjects carried out the instructed
movement tasks at the rate of approximately three times per second for the duration of a 6 sec
production epoch. All subjects went through a series of practice trials with a metronome to
become accustomed to the rate of speech and tapping prior to beginning the experiment. Similar
to the DSR task, these simple motor tasks were followed by a 14 sec baseline fixation. This
portion of the experiment was also split into five runs, with each task-type occurring randomly
four times per run for a total of 20 trials of each. The total duration of the simple motor task
portion of the experiment was 29 mins, 20 secs.

2.3 Collection of Data from Overt Conditions
Subjects’ overt verbal responses during the retrieval portion of the DSR task and the overt
speech task were recorded with a microphone that is integrated in the Brain Imaging Research
Center’s MR compatible headphones (Avotec, Inc., Stuart, FL). The data were audio-recorded
with Sony Sound Forge 8 software (Sony Corporation of America) on a PC in the control room.
Because the microphone also collected scanner sounds and disturbances, the digitized data
were subsequently processed using a noise cancellation algorithm to eliminate the majority of
these extraneous MR sounds so that what remained were the subjects’ overtly spoken words
(Jung et al., 2005). Extraneous sounds that were not eliminated by the noise cancellation
algorithm were random across the conditions. Subjects’ overt finger tapping responses were
obtained from a MR compatible button glove placed on their right hand and output was recorded
in E-prime format text files (Psychology Software Tools, Inc., Pittsburgh, PA).

2.4 fMRI Data Acquisition
All MRI data were collected on a 3.0 T Siemens Magnetom Allegra (Siemens AG, USA) head-
only research scanner with CP transmit/receive head coil and an integrated mirror at the Brain
Imaging Research Center, a joint University of Pittsburgh and Carnegie Mellon University
facility. Subjects’ heads were padded in order to help minimize movement during scanning.

Structural scans were obtained prior to functional scans. In particular, 39, T2-weighted in-plane
and high-resolution structural scans were obtained using a standard EPI pulse sequence. During
functional scanning, 39, 3.5 mm thick, oblique slices parallel to the plane of the anterior -
posterior commissure were obtained (TR = 2000 ms, TE = 25 ms, Flip Angle= 79, FOV=205)
for 13.65 cm of whole-brain coverage on most subjects. All subjects were placed in the scanner
so that we received full cerebellar coverage on all subjects. Although we scanned the entire
brain, the focus of the current research is solely on the cerebellum. Activations in other regions
in cortex were obtained, but they are not reported in the current paper.

2.5 fMRI Data Analysis
Data were reconstructed and preprocessed using Neuroimaging Software Package, NIS 3.6
(University of Pittsburgh, Princeton University) and an integrative software package,
Functional Imaging Software Widgets, Fiswidgets (Fissell et al., 2003). After reconstruction
and quality checks, the data were corrected for motion with Automated Image Registration,
AIR 3.08 (Woods et al., 1993). Subject movement beyond 4 degrees or 4 mm was considered
unacceptable and data with this amount of movement were excluded from the analysis. After
motion correction was completed, the images were corrected for linear trends to adjust for
possible scanner drift. A reference brain was then chosen from among the structural images of
the subjects, and the skull was removed from the structural images of the subjects’ brains.
These stripped structural scans were transformed into the reference brain space. To get the
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functional data into the same space, the images were scaled to a global mean and a three
dimensional Gaussian filter (8 mm FWHM) was used to smooth the data to account for between
subject anatomical differences. Finally, the reference brain and functional maps were converted
into Talairach space (Talairach and Tournoux, 1988) so that statistical analyses could be
performed.

2.6 fMRI Voxel-wise Contrasts
Further data analysis was performed using voxel-wise repeated measures ANOVA on the data
for each task. Because we had an a priori interest in both working memory and speech we
performed two contrasts within the DSR task. In the first, we examined the encoding interval
versus baseline. More specifically, the blood-oxygen-level dependent (BOLD) signal during
the last 2 secs of encoding and first 4 secs of maintenance was contrasted with the BOLD signal
during the last 4 secs of the baseline fixation interval. In the second contrast, we looked at the
activation in the cerebellum during the retrieval epoch, and contrasted the BOLD signal during
the last 2 secs of retrieval and first 4 secs of baseline with the BOLD signal during the last 4
secs of the baseline fixation interval. For these contrasts we used a threshold criterion of p=.
00001 and a contiguity of three voxels. The analysis of the different epochs in the DSR task
help to elucidate the regions in the cerebellum associated with the encoding/maintenance and
retrieval of information in verbal working memory. We focused our analysis primarily on the
encoding interval because preliminary data had shown that it was during this task epoch that
we have the greatest BOLD signal, and previous research in our laboratory indicated that the
BOLD signal decreases in some regions over an extended maintenance interval (Chein and
Fiez, 2001). Specific cerebellar lobules were designated using a cerebellar atlas (Schmahmann
et al., 2000).

To further identify the role of specific regions in verbal working memory and their potential
relationship to speech processing and domain general motor execution, we used the same
significance threshold and voxel contiguity to perform voxel-wise ANOVA in the simple
speech and non-speech tasks.

2.7 fMRI Conjunction Analyses
As a complement to the voxel-wise ANOVAs, we utilized the statistical maps from these
contrasts and AFNI neuroimaging software (Cox, 1996) to perform conjunction analyses to
more closely identify the areas of overlap between all of the tasks. To perform the overlap
analysis we collapsed across both the encoding and retrieval epochs of the DSR task, and
identified voxels that were common to the DSR task and simple speech tasks regions. These
analyses are designed to help to further elucidate and establish interpretations of functional
specificity in the cerebellum.

2.8 fMRI Timecourse Analysis
The conjunction analyses do not provide a complete picture of the differences between the
tasks. However, with the threshold procedure utilized in the voxel-wise ANOVA we cannot
be certain that the separations between regions are not the result of a region being less ‘active’
but still enlisted for the different tasks: i.e., the thresholding procedure for the ANOVA does
not establish a significant difference between our tasks, nor does it permit a direct comparison
between regions. Thus, in order to further clarify the role that overt and covert speech play in
verbal working memory, we utilized the seven regions identified from the encoding and
retrieval contrasts to extract timeseries data from each of the regions found in our DSR task
(we did not separately examine the regions from our simple speech tasks, because our overlap
analysis indicates that these regions are subsets of those that are active during the DSR task).
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We then used the timeseries data to compute the average percent signal change in each region
for the encoding epoch versus baseline, the retrieval epoch versus baseline, covert speech
versus baseline, and overt speech versus baseline (Figure 1c). These percent signal change data
were then subject to further inferential statistical tests to probe for differences between task
conditions and regions of activation within the cerebellum. Specifically, we examined the
differences in percent signal change among four factors: 1) the sector location of the region
(superio-medial; superio-lateral; inferior), 2) the hemisphere location of the region (left, right),
3) the type of speech condition posited to be involved (covert/encoding, overt/retrieval), and
4) the task type (DSR, simple speech). We performed a 3x2x2x2 repeated-measures ANOVA.
The assumption of sphericity was not met and a Greenhouse Geiser correction was utilized,
with an alpha of p =.01. Simple main effects analyses were used to further explore any
significant interactions.

2.9 fMRI Simple Finger-tapping Analyses
As a final step in our analyses, we examined data from our overt and covert tapping tasks. We
ran a voxel-wise ANOVA on the simple tapping data at the same significance threshold and
voxel contiguity as the working memory and simple speech tasks. We expected that there would
be no overlap between verbal working memory and tapping in areas that were specific to
working memory. Once the set of regions active for overt tapping were identified, we performed
a conjunction analysis between the overt tapping conditions and DSR task as was done with
the simple speech tasks.

3. Results
3.1 fMRI Voxel-wise Contrast Results

From our voxel-wise repeated measures ANOVAs of encoding versus baseline and retrieval
versus baseline, we identified a number of cortical activations; as expected these included
regions in the left inferior frontal cortex, bilateral premotor cortex, left motor cortex, and left
inferior parietal cortex. Within the cerebellum we identified a set of seven active regions (Table
1). All seven of the regions identified in this initial voxel-wise ANOVA came from either the
encoding contrast or the retrieval contrast, but not both. They show some peripheral overlap
in their extent of activation, but in general the voxel clusters are distinct from one another and
they lie in different sectors in the cerebellum. In particular, the regions identified from the
retrieval task are located in the superior sector of the cerebellum and they have a relatively
medial extent (superio-medial); those from the encoding contrast are in both the superior and
inferior sectors of the cerebellum, with those in the superior sector having a more lateral extent
(superio-lateral) than those in the superior sector identified in the retrieval contrast. The
locations of these separate, non-overlapping foci for the encoding and retrieval contrasts can
be seen in Figure 1a and Table 1. Across both the superior and inferior cerebellar sectors, the
regions generally show a bilateral pattern of activation for the encoding and retrieval epochs
of our verbal working memory task.

Next, we examined the data from our covert and overt simple speech tasks, which resulted in
the identification of two right lateralized regions from our speech tasks’ data, one for overt
speech and one for covert speech (Table 1). The peaks of the regions found in our speech
contrasts did not exactly match those found in the DSR task, but they were close in proximity
(Table 1).

3.2 fMRI Conjunction Analysis Results
We looked at the overlap of the seven regions identified in DSR task and the two regions
identified in our simple speech tasks. We found that the set of two right lateralized speech
regions appear to be a subset of the regions found in the DSR task (Figure 1b).

Durisko and Fiez Page 7

Cortex. Author manuscript; available in PMC 2011 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



3.3 fMRI Timecourse Analysis Results
Results of the timecourse analysis show that the most inferior regions of the cerebellum tend
to be specific to working memory, whereas the superior regions show activity across all four
of the tasks. The more superio-medial regions seem to demonstrate a more general speech
motor processing role, since the activity in this sector is highest during periods of overt
articulation.

The pattern of differences on percent signal change among the four-way condition did not meet
our relatively stringent threshold for significance, though it was close, F(2,26) = 7.117, p = .
012, partial η2 = .354. None of the three-way interactions reached our strict significance
criterion either, p ≥ .021. However, two of our two-way interactions were highly significant.
First, the pattern of activation among the sectors was significantly influenced by whether the
task contrast involved covert versus overt speech, F(2,26) = 12.192, p = .001, partial η2 = .484.
Second, the degree to which the activation was lateralized to the right hemisphere was
significantly influenced by the task type (DSR, simple speech), F(1,13) = 17.266, p = .001,
partial η2 = .570. No other two-way interactions reached our significance threshold, p ≥ .037.

In order to further probe the percent signal change differences in our significant two-way
interaction between sector and speech condition, we performed simple main effects analyses.
In the first, we looked at the activation in each of the three sectors (superio-medial; superio-
lateral; inferior) as a function of speech condition (covert versus overt speech), collapsing
across task type (DSR, speech) and hemisphere (left, right). We found that covert speech had
a significantly lower percent signal change in the superio-medial sector (M = .178, SE = .017)
than overt speech (M = .584, SE = .044), F(1,16) = 50.948, p<.001, partial η2 = .761. In contrast,
there was no significant difference between the covert and overt speech in the superio-lateral
sector (M = .292, SE = .023; M = .399, SE = .065 respectively), F(1,16) = 2.939, p = .106,
partial η2 = .155, or the inferior sector (M = .183, SE = .040; M = .294, SE = .074 respectively),
F(1,16) = 2.621, p = .125, partial η2 = .141 (Figure 2a).

To explore the differences in percent signal change in the other significant two-way interaction
between the tasks (DSR and speech) and the hemisphere (left and right) we again performed
simple main effects analyses. In this analysis we executed the main effects analyses on the task
conditions at each level of hemisphere (left and right), collapsing across sectors (superio-
medial; superio-lateral; inferior) and conditions (covert, overt). The DSR task (M = .529, SE
= .035) had significantly higher percent signal change in the right hemisphere than the simple
speech task (M = .262, SE = .044), F(1,13) = 20.576, p = .001, partial η2 = .613. There was no
significant difference between the DSR task (M = .312, SE = .031) and the simple speech task
(M = .184, SE = .049) in the left hemisphere, F(1,13) = 4.234, p = .060, partial η2 = .246 (Figure
2b).

3.4 fMRI Simple Finger-tapping Results
In our voxel-wise analysis of the simple tapping tasks, we found three regions that were active
for overt tapping, and no voxel clusters that reached our threshold for covert tapping (Table
1). In the subsequent conjunction analysis, the overlap map (Figure 3) indicates a large superior
area of activation for tapping that is generally anterior and lateral to the working memory
regions and that extends through several lobules. The regions identified for overt tapping only
show marginal overlap with the DSR and speech tasks.

4. Discussion
Desmond et al. (Chen and Desmond, 2005a, 2005b; Desmond et al., 1997; Kirschen et al.,
2005) used results from a series of studies to propose a neuroanatomical model of phonological

Durisko and Fiez Page 8

Cortex. Author manuscript; available in PMC 2011 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



processing in verbal working memory (Chen and Desmond, 2005a, 2005b; Desmond et al.,
1997; Kirschen et al., 2005). One key idea in this model is a distinction between the roles of
the bilateral superior (lobule VI and superior lobule VIIA) and right inferior (lobule VIIB)
sectors of the cerebellum. Specifically, the model proposes an error correction role for the right
inferior cerebellum, in which a region that is recruited during verbal working memory tasks
helps to align items that are active in an articulatory rehearsal loop (which involves bilateral
regions in the superior cerebellum) with those in the short-term store located in the
temporoparietal cortex. Thus, regions in the superior cerebellum act to set up and maintain the
memory trace, and a region in the right inferior cerebellum works like a foreman, in a position
of oversight, to correct and reconcile the items in the articulatory trace with those in the store.

The results of this study generally substantiated our expectations; specifically, both speech
tasks and working memory tasks activate similar areas within the cerebellum. Further, the data
demonstrate an overlap between speech processing and working memory, but not simple
tapping and working memory. Thus, our data provide support for some aspects of the Desmond
et al. (1997) model. In agreement with Desmond and collaborators, we find that that there are
multiple sectors of the cerebellum that are engaged during a verbal working memory task,
including regions located in both the superior and inferior lobules. This alone is important,
because the inferior portions of the cerebellum are often not fully imaged and thus past research
has tended to generate an incomplete perspective on the regions of the cerebellum that
contribute to working memory performance. Our results also support the idea that the
cerebellum should not be treated as a single entity, and indicate the need for more precision in
specifying and referring to loci of activation within the cerebellum. Finally, we note that this
more complex picture of the cerebellum and working memory might explain why
neuropsychological research has yet to reveal a clear mapping between specific patterns of
cognitive deficits and specific loci of activation within the cerebellum (Strick et al., 2009). In
other words, in the domain of working memory it is possible that many sites of damage within
the cerebellum could give rise to impaired performance on general measures of working
memory (e.g., reductions in verbal span), though potentially more fine-grained assessments of
behavior might reveal subtle differences in performance patterns associated with damage to
particular subregions within the cerebellum.

We found several differences between our data and the results we expected based on the
Desmond et al. (1997) model and the prior findings from this research group (Chen and
Desmond, 2005a, 2005b; Desmond et al., 1997; Kirschen et al., 2005). These differences
suggest that the proposed distinction between the roles of the superior and inferior cerebellum
in verbal working memory may be incomplete. In their study, Desmond et al. (1997) proposed
a bilateral superior focus as the locus for the articulatory rehearsal loop and a right-lateralized
focus as the locus for a more specific working memory region involved in error correction.
Their localization of activation in the superior sector consisted of a large cluster that covered
both our superio-medial and superio-lateral sectors. As a whole, Desmond et al. (1997) consider
this large region to perform a unitary function, though as noted in the tables that report their
research findings, they consistently find distinct superior-medial and superio-lateral peaks
within their clusters of voxels that exceeded their statistical thresholds. Two aspects of our
findings indicate the importance of distinguishing between subregions (superio-medial and
superio-lateral) within the superior cerebellum. First, the robustness of the activation in the
superio-medial regions for overt speech and the retrieval epoch of the DSR task suggest that
the superio-medial cerebellum is generally more motoric in nature (Figure 1). Second, we found
that the superio-lateral and the inferior regions both show greater engagement in the working
memory task than the speech conditions (overt/covert). It seems the individual peaks within
the large superior sector in the Desmond model are in fact separate regions that perform distinct
functions.
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Another point of difference between our findings and the Desmond et al. (1997) model concerns
the pattern of lateralization across superior and inferior sectors of the cerebellum. The Desmond
et al. (1997) model posits that the region in the inferior sector of the cerebellum that is associated
with error correction is right lateralized, whereas the superior regions that are associated with
articulatory rehearsal are engaged bilaterally. Our ANOVA showed significantly higher right
hemisphere activation for the verbal working memory task, but there was no evidence for sector
differences. However, regions in the inferior sector of the cerebellum showed an overall lower
magnitude of activation; thus, with voxel-wise methods activation is more likely to surpass
threshold levels for significance in the superior sector as compared to the inferior sector of the
cerebellum, especially in the right hemisphere. Our region-of-interest approach suggests that
differences in activation foci revealed with such voxel-wise methods may be misleading: the
overall pattern of activity in inferior regions appears to be right-dominant, but no more so than
the pattern of lateralization found in regions located in the superio-medial and superio-lateral
sectors of the cerebellum.

Finally, according to the Baddeley et al. model of working memory, a covert inner speech
process is thought to support the articulatory rehearsal loop (Baddeley, 1986; Salamé and
Baddeley, 1982), an idea that led Desmond et al. (1997) to expect that covert speech production
and the inner speech process associated with articulatory rehearsal may activate similar regions
within the cerebellum. Based on the same general logic that both tasks involve a common inner
speech component, we had expected to extract similar regions for the covert speech task and
the encoding portion of our working memory task. Consistent with other studies using covert
speech and speech perception tasks, we found one region in the right superior cerebellum that
was minimally active (Ackermann et al., 1998; Chen and Desmond, 2005a; Mathiak et al.,
2002; Papathanassiou et al., 2000; Riecker et al., 2000; Strelnikov et al., 2006). Nevertheless,
we were surprised to find very little activation for covert speech across the cerebellum, even
when the threshold was lowered in exploratory analyses of our data. The lack of activation
could be used as evidence that none of the regions within the cerebellum play a key role in the
articulatory rehearsal process. However, it is possible that the nature of our simple speech tasks
hindered our ability to see covert speech related activation in the cerebellum. Research has
shown increased bilateral activity in the superior cerebellum with more complex tasks (Bohland
and Guenther, 2006; Riecker et al, 2006; Riecker et al., 2008; Soros et al., 2006). For example,
Bohland and Guenther (2006) found increased bilateral activation of superior cerebellum in
Lobule VI and Crus I / II, as well as, inferior cerebellum in Lobule VIII when subjects spoke
complex sequences (with three unique syllables) versus simpler sequences. We also note that
our findings are consistent with other research that has compared covert and overt speech tasks
and generally found that response magnitudes are blunted in covert task contexts (Barch et al.,
1999; Huang et al., 2001; Palmer et al., 2001; Shuster and Lemieux, 2005). This blunted
activation may have inhibited our ability to detect differences between the working memory
task and covert speech task as well as our ability to find areas particularly important for covert
speech. Overall, our findings and previous work suggest that overt speech and covert speech
are not the same (Barch et al., 1999; Huang et al., 2001; Palmer et al., 2001; Shuster and
Lemieux, 2005), with overt speech recruiting motor-processing regions and inner speech
recruiting regions in which coding occurs at more abstract levels.

5. Conclusion
We provide some support for the Desmond et al. (1997) model of working memory in the
cerebellum. Specifically, we find that the cerebellum shows functional specificity across the
superior and inferior sectors. However, we also find some important points of divergence. First,
the superior cerebellum should be functionally subdivided into at least two regions, a superio-
medial region involved in more motor-speech based processes and a superio-lateral region that
is more specific to working memory processing. Second, in our serial recall task we found that
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the inferior sector of the cerebellum is right-dominant, but the activation is not exclusive to the
right hemisphere nor does the pattern of lateralization differ from that observed in the other
sectors of the cerebellum. Finally, it may be important to reconsider the role of covert speech
in working memory and how it may be mediated and detected in the brain. Finally, though our
findings do not support some of the evidential basis for the model proposed by Desmond et al.
(1997), it would be premature to conclude that key conceptual components of the model are
necessarily wrong. In fact, in other lines of work we have found the model provides a useful
framework for understanding how cerebellar brain damage and stimulus manipulations may
affect verbal working memory performance. Instead, we believe that the current results
underscore the need for further research on the role of the cerebellum in working memory,
especially work that examines the specific contributions of distinct subregions of the
cerebellum and that seeks to delineate the interrelationship between cortical and cerebellar
processing.
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Fig 1.
Functional activations during the verbal working memory and simple speech tasks across the
superior and inferior sectors of the cerebellum (superior split into: superio-medial, superio-
lateral). (a) Overlap of the seven regions identified from the encoding and the retrieval epochs
of the DSR task. (b) Overlap of the regions identified from the DSR task and simple covert
and overt speech tasks. (c) Average percent signal change across the DSR and speech tasks in
six of the bilateral regions identified from the encoding and retrieval contrasts. Note that data
is shown for only one of the two left inferior regions listed in Table 1. The excluded left inferior
cerebellar region showed a similar pattern of activation.
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Fig 2.
Graphical representation of the two-way interactions from the ANOVAs. (a) Interaction
between condition and sector showing the significant difference between overt and covert
speech in the superio-medial sector. (b) Interaction between task and hemisphere showing that
the DSR task had significantly higher percent signal change in the right hemisphere than the
simple speech task.
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Fig 3.
Overlap of the regions identified from the DSR task and simple overt tapping tasks.
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Table 1

Regions active for working memory task epoch vs. fixation baseline, simple speech vs. baseline, and simple overt
tapping vs. baseline at p=.00001, voxel contiguity=3.

Contrast Hemisphere Sector Talairach
Coordinate

Cerebellar
Region

WM:

Retrieve L Superior,Medial −16, −61, −22 VI

R Superior,Medial 25, −64, −26 VI

WM:

Encode R Superior,Lateral 36, −48, −21 VI

L Superior,Lateral −25, −54, −29 VI

L Inferior −15, −68, −51 VIIB / VIIIA

L Inferior −31, −61, −58 VIIIA

R Inferior 13, −68, −55 VIIIA

Speech:

Overt Speech R Superior 7, −61, −25 VI / V

Speech:

Covert Speech R Superior 25, −58, −26 VI

Tapping:

Overt Tapping R Middle 33, −51, −30 VI

L Superior −32, −58, −26 VI

R Inferior 16, −61, −55 VIIIB
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