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Abstract

Previous investigations have demonstrated that two regions in the right cerebellum, one located superiorly in hemispheral lobule
VI/Crus | and another located inferiorly in hemispheral lobule VIIB/VIIIA, are activated during verbal working memory performance.
On the basis of functional neuroimaging patterns of activation, as well as known cortico-pontine and ponto-cerebellar projections, the superior
region has been hypothesized to contribute to the articulatory control system of working memory whereas the inferior region has been linked to
the phonological store. The present study used event-related fMRI and individual estimates of hemodynamic response for both the cerebellum
and neocortex to test this model and characterize the task phase specific cerebro-cerebellar activations for a Sternberg verbal working memory
task. Results demonstrated that the right superior cerebellum showed the strongest activation during the initial encoding phase of the task,
and, consistent with predictions, a similar pattern was observed in left opercular inferior frontal and premotor regions. In contrast, the right
inferior cerebellum exhibited the greatest activation during the maintenance phase of the task, and as predicted, corresponded with activation
in the left inferior parietal lobule. The significance of the results with respect to cerebro-cerebellar models of verbal working memory and to
theoretical accounts of cerebellar involvement in cognition is discussed.
© 2005 Elsevier Ltd. All rights reserved.
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In the last 15 years since cerebellar activation during  In this framework Baddeley, 1992, 198& phonological
cognitive performance was first revealed by functional neu- loop is hypothesized to permit the short-term maintenance
roimaging Petersen, Fox, Posner, & Mintun, 198®ere of verbal information. This loop is assumed to be comprised
has been growing interest in the contribution of cerebro- of two components, a phonological store, which can hold
cerebellar networks to cognitive functioDésmond & Fiez, speech-related information for 1-2 s, and an articulatory con-
1998 Marien, Engelborghs, Fabbro, & De Deyn, 2Q0th trol system, which serves to subvocally refresh the contents
characterizing these networks, tasks that not only reliably of the phonological store. Neuroimaging studies have em-
elicit cerebellar and neocortical activations but also are capa-braced this model, capitalizing on the wealth of behavioral
ble of parametric manipulation and precise control of stim- studies supporting it, in order to identify neural substrates
ulus and response requirements offer significant advantagesunderlying these processes. These efforts have linked artic-
One such task is th&ternberg (1966yerbal working mem- ulatory control processes to left inferior frontal regions and
ory paradigm, which has in addition to all of these charac- phonological storage to left inferior parietal regioAsvh et
teristics a strong theoretical framework for interpreting brain al., 1996 Fiez & Raichle, 1997Fiez et al., 1996; Jonides

activations. et al., 1998 Paulesu, Frith, & Frackowiak, 199%mith &
Jonides, 1998
* Corresponding author. Tel.: +1 650 498 5368; fax: +1 650 723 5795. Desmond, Gabrieli, Wagner, Ginier, and Glover (1997)
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0028-3932/$ — see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.neuropsychologia.2004.12.015



1228 S.H.A. Chen, J.E. Desmond / Neuropsychologia 43 (2005) 1227-1237

and phonological storage to interpret the patterns of cere- utilization of the maintained information and decisional pro-
bellar activation observed in verbal working memory. That cesses. We further hypothesized that the cerebro-cerebellar
study characterized the lobular distribution of two spatially regions responsive to each phase would be consistent with the
and functionally distinct activations in the cerebellum, one anatomically based predictions@&smond etal. (1998uch
that appeared bilaterally in the superior hemisphere (lobule that phase-specific activations of superior cerebellum would
VI/Crus 1), and another that was located predominately in be associated with concomitant activations in left frontal
the right inferior hemisphere (lobule VIIB). Based on known cortex and that activations in inferior cerebellum would
patterns of cortico-pontine&Schmahmann, 199@&nd ponto- be associated with concurrent activations in left parietal
cerebellar Brodal, 1979 projections, they postulated that cortex.
the superior and inferior cerebellar foci are similarly linked The Sternberg task has been characterized as one in
to articulatory control and phonological storage processes,which encoding and maintenance of information is dom-
respectively, via anatomical connections to frontal and pari- inant, whereas alternative tasks such as n-back emphasize
etal cortex. This interpretation, based on anatomical obser-manipulation of informationgmith & Jonides, 199%mith,
vations, was also supported by the pattern of functional ac- Jonides, Marshuetz, & Koeppe, 199&Itman, Rombouts,
tivation results: the superior cerebellum activated not only & Dolan, 2003. The task phase(s) during which activations
during verbal working memory but also during a rehearsal occur in the present study will therefore help to clarify the
control task that required repeated externally guided subvo-relative contributions of different cerebro-cerebellar netwoks
cal rehearsal of letters but no memory, thereby exhibiting to encoding and maintenance processes. For example, in the
a pattern of activation consistent with an articulatory con- block design study o€hen and Desmond (20Q5ommon
trol system. In contrast, the responses of the inferior cere- activations in frontal and superior cerebellar regions were ob-
bellum were more closely linked to processes dependent onserved for a Sternberg verbal working memory task and for a
phonological storage, exhibiting activation only during the rehearsal control task. These tasks had similar requirements
working memory condition when internally guided rehearsal during the maintenance phase in that both tasks had covert
and phonological storage was requirdgeémond, 2001a; articulation during that phase. Thus, one could argue that the
Desmond et al., 1997 These observations were recently common frontal-superior cerebellar activations observed in
replicated and extended IBhen and Desmond (2005yho that study likely occurred during the maintenance phase. On
found that, as predicted by the model, both posterior frontal the other hand, both tasks also had similar requirements for
and superior cerebellar activations occurred during working rapidly converting the externally (visually) presented letters
memory and rehearsal control tasks, but that parietal and in-into an articulatory motor pattern; on this basis one could
ferior cerebellar activations occurred exclusively for working also argue that the commonalities in activations were likely
memory. due to the encoding phase. Because the cerebellum has been
The present study sought to further test the validity of this shown to preferentially respond to rapid articulatory require-
cerebro-cerebellar model of verbal working memory using ments Wildgruber, Ackermann, & Grodd, 2091and be-
event-related functional MRI (fMRI). The Sternberg task, cause of the necessity for rapid articulatory preparation dur-
with three temporally distinct phases, is ideally suited for ing the encoding phase of the task, we predict that frontal
event-related investigations. These phases consist of the ini-and superior cerebellar activations will be observed during
tial encoding phase, in which two to six letters are briefly the encoding phase. In contrast, parietal and inferior cerebel-
presented, the maintenance phase, in which the verbal in-ar activations are predicted to occur during the maintenance
formation is kept in mind through subvocal rehearsal, and phase, reflecting repeated refreshment of the phonological
the retrieval phase, in which the stored information is uti- store.
lized to make aresponse. Accordingly, subjects were scanned The results ofChen and Desmond (2005¢vealed that
during performance of this task using a relatively high rate frontal lobe activation common to working memory and
of fMRI data acquisition, and to insure maximum accuracy rehearsal control tasks occurred in more posterior frontal
for characterizing phase specific responses, subject-specificegions (BA 6/44), whereas more anterior frontal regions
estimates of hemodynamic response were obtained for bothwere activated in the working memory task but not the re-
cerebellum and neocortex. We hypothesized that the phase(shearsal control task. We hypothesize that the posterior ac-
of the task to which the superior and inferior cerebellum tivations reflected the rapid initial construction of the ar-
responds would be informative as to the nature of cere- ticulatory trajectory under external guidance that occurred
bellar contributions to this cognitive function, as the three during stimulus encoding. These posterior regions are there-
phases have different processing requirements. The encodfore predicted to activate in conjunction with superior cere-
ing phase emphasizes the acquisition of information, the bellum during the encoding phase in the present study. In
rapid conversion of visual to phonological code, and the contrast, we hypothesize that the more anterior frontal re-
rapid construction of an articulatory motor plan before the gions that were specific to the working memory task rep-
letters are removed from view. The maintenance phase em-esent internally guided articulatory processes, and these
phasizes internally guided articulatory rehearsal to refreshregions are predicted to activate during the maintenance
the phonological store. The retrieval phase emphasizes theperiod.
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1. Methods have the retrieval phase were included in each session. All
subjects performed 5 sessions of 48 (24 per condition) trials
1.1. Participants each. Each session lasted between 641 and 655s. The pre-

sentation of conditions was randomized within each session

Fifteen right-handed (7 females, 8 males) native English- and the order of session was randomized for each subject. To
speaking young-adults, with no diagnosed psychological obtain an individualized hemodynamic response functions
or neurological illness, were recruited from the university (HRFs) for each subject, a finger tapping task (Sige 1b),
community. The study was approved by Stanford Univer- consisting of a button press with the right index finger every
sity Institutional Review Board and granting agency, and 29-31s for 10 min, was also performed. This task reliably
was performed in accordance with the ethical standardselicits activation from the left motor cortex, and right (ipsi-
laid down in the 1964 Declaration of Helsinki. All par- lateral) anterior superior cerebellar corté&egmond et al.,
ticipants gave their informed consent prior to their inclu- 1997 (seeFig. 1b). Stimuli were created with and driven
sion in the study. Age ranged from 18 to 28 years with a by Psyscope V1.2.8Johen, MacWhinney, Flatt, & Provost,
mean of 22.53 years (S.D.=2.7 years) and mean years of ed1993 (http://psyscope.psy.cmu.edoresented on an Apple
ucation was 17.27 years (S.D.=3.45years) with a range of Macintosh Power PC and displayed visually with a magnet-

13-24 years. compatible projector. Prior to testing in the fMRI environ-
ment, subjects practiced 20 trials of each of the 2 load condi-
1.2. Task description tions to become familiarized with the task, using their right

hand for responding.

Participants were presented with an array of either two or
six letters for 2's, and were given either 4 or 6s to rehearse1.3. MRI data acquisition
during the maintenance phase. They were instructed to re-
hearse the letters subvocally in a sequential order. A probe All MRI data were acquired on a GE 3T scanner equipped
letter was presented during retrieval for 1 s, and participants with a gradient echo spiral pulse sequence using a quadrature
indicated within 3 s if the letter matched the array by press- endcap birdcage resonator head coil. Structural MRI pro-
ing the button under the index finger for “match” and the tocols consisted of a SpinEcho localizer scan and two T2-
button under the third finger for “not-match” with their right weighted Fast SpinEcho (FSE) anatomical scans (oblique
hand (sed-ig. 1a). Trials were jittered with an inter-trial in-  axial acquisition; TE =85ms; TR =3000 ms; FOV =24 cm;
terval ranging from 5 to 8 s, and 16 blank trials that did not 256x 192 matrix; NEX =1.0; slice thicknes=5mm; 1 in-

a) Sternberg Working Memory Task (b) Event-related finger tapping task
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Fig. 1. (a) Event timing for a single trial of the Sternberg verbal working memory task; (b) event-related finger tapping task used to obtainemifiject-sp
cortical and cerebellar hemodynamic response functions (HRFs); (c) averaged HRFs from the left motor cortex and right superior cerebelfufronesultin
the finger tapping task, illustrating that, on average, there were subtle timing differences in cerebellar and motor cortical HRFs; (d) sumijugugtiohcon
procedure used for classifying activations. Each voxel designated as responsive to encoding, maintenance, or retrieval phases were régjtibedhto exh
temporal specificity and sensitivity to memory load.
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terleave) used for spatially registering the fMRI data. The quired that it showed both, temporal specificity for that phase
T2-weighted FSE anatomical scan (whole brain FSE) cov- and a load effect for the two versus six letters. Conjunctions
ered the whole brain with 16 oblique slices of 7mm of the phase contrast (which identified voxels significantly
thickness acquired in an oblique axial plane, rotatedl 25 responding to the encoding, maintenance, and/or retrieval re-
with respect to the AC—PC line. This angle optimized gressors pooled over high and low load conditions) with the
acquisition of both cerebellar and neocortical structures. load contrast (which identified voxels showing a significant
fMRI data were collected last based on the cerebellum highload minus low load subtraction for a given phase) were
FSE prescription and acquired with a “F&eighted gra- used to identify these voxels (sEay. 1d). An initial p<.05
dient echo spiral-infoutGlover & Law, 200) pulse se- threshold was used in the conjunction to identify phase and
quence (TE=30ms; TR=1000ms; flip=6Inplane res- load sensitive voxels; the resulting set of voxels were then
olution=3.75mm; slice thicknes=6 mm skip 1 mm; 16 thresholded ap<.001 according to the SP{M} values for
oblique-axial slices; FOV =24 cm; 1 NEX). For display pur- the phase contrast. Voxels could be responsive to more than
poses, group activations were superimposed onto a normal-one phase of the task, and thus the depictions of encoding,
ized T1-weighted spoiled grass (SPGR) image. Scanner datanaintenance, and retrieval related activatiorsign 2do not
collection was synchronized with the behavioral task via in- imply mutually exclusive voxel sets. Custom-written soft-
terfacing with the Psyscope software. The examiner spokeware was used to display the activation maps coregistered
to the participants via the scanner’s intercom system prior to on the normalized TI-weighted SPGR anatog$mond &
each scan to review the test instructions and announce thatim, 1997).

the test was about to begin. The stereotaxic atlas dfalairach and Tournoux (1988)
was used for identifying activated regions and report-
1.4. Functional data analysis ing activation coordinates. Activations in the cerebel-

lum were characterized using the atlas thmahmann,
The SPM99 software package (Wellcome Department of Doyon, Toga, Petrides, and Evans (200Q@oordinates
Cognitive Neurology) was used for preprocessing and statis-depicted in Tables 1 and 2were transformed from
tical computations. As described above, participant-specific MNI into the Talairach coordinate system using the fol-
HRFs were obtained from the left motor cortex and right lowing transformations (Matthew Brethttp://www.mrc-
superior cerebellum, respectively, using an event-related fin-cbu.cam.ac.uk/Imaging/mnispace.htmFor MNI coordi-
ger tapping task. To estimate the HRF, a Fourier set of four nates superior to the anterior commissure—posterior com-
(sine/cosine) basis functions was used to model finger tapmissure (AC-PC) line (i.e.Z coordinate greater than
responses in a 32 s window. The average resulting respons®r equal to 0):X' =0.990%, Y =0.9688+0.046&, and
from the basis set was then calculated from the region of in- Z/ = —0.0485r+0.918%, whereX, Y, Z refer to the MNI
terest with maximum response in the right anterior superior coordinates ani’, Y', Z' refer to the Talairach coordinates.
cerebellar hemisphere and the left motor cortex. The HRFs For MNI coordinates below the AC—PC line (i.&< 0), the
obtained from each participant were convolved with refer- transformations werX’ =0.990, Y =0.9688/+ 0.042Z,
ence waveforms for the encoding (2 s), maintenance (4 or 6 s),andZ’ = —0.0485( + 0.839.
and retrieval (3 s) events in order to create customized neo-
cortical and cerebellar regressors for each participant. Simu-
lations of voxels responding to various combinations of en- 2. Results
coding, maintenance, and retrieval events verified that this
customized regressor approach correctly distinguished voxel Behavioral responses obtained during the scans showed
phase responses. a high accuracy rate (percentage of hits) at 94% for the low
Standard image preprocessing steps were performed, indoad (two letters) condition and 88.5% for the high load (six
cluding slice timing correction, motion correction, anatom- letters) condition (1,14) =33.4p<0.0001). The mean of
ical coregistration, normalization to Montreal Neurologi- the median reaction time for correct responses was faster for
cal Institute (MNI) stereotaxic space, and spatial smoothing low load (832 ms) than high load (1033 m§){,14) =21.5,
(FWHM =5 mm). Individual statistical maps were computed p<0.0004).
for each subject using the general linear model approach as Results of the neuroimaging analyses are summarized in
implemented in SPM99, with high passfiltering of 34 sandno Table landFig. 2, which illustrate significant activations for
global scaling. A random effects analysis was then performedthe encoding, maintenance, and retrieval phases, averaged
to make inferentially valid maps of average responses to en-over 15 subjects. Significant voxels in the figure represent
coding, maintenance, and retrieval phases of the task. Thisregions that exhibited both temporal specificity to the task
analysis was performed by computing one contrast volume phase and sensitivity to working memory load, using a con-
per subject and using these volumes to calculate one-samplgunction approach summarizedfig. 1d. To insure that cere-
t-test values at every voxel. bellar and neocortical phase-dependent responses were iden-
In order to classify a voxel as responsive to a specific phasetified as accurately as possible, the hemodynamic response
of the task, i.e., encoding, maintenance or retrieval, we re- function (HRF) for each subject was estimated for both the
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Fig. 2. Brain regions responsive to the encoding, maintenance and retrieval phases of the working memory task averaged over all subjectst®diels depi
the red-yellow color scale were computed using conjunctions of load and task phase contrasts and thus, represent regions that are both resppecifie to t
phase of the task and sensitive to working memory load. Subject-specific estimates of hemodynamic response function from right cerebellarma(mrebell
pontine regions) and left motor cortex (neocortical and diencephalic regions) were used to compute activatigreaortieate values depicted below the
sections correspond to the Talairach coordinate sysBatniahmann et al., 200Talairach & Tournoux, 1988

cerebellum and neocortex using a slow event-related finger-hippocampus. Although activations in the left inferior pari-
response taske{g. 1b and c), and convolution of these HRFs etal and right cerebellar regions began to appear during the
with the encoding, maintenance and retrieval event wave- encoding period, these regions, in sharp contrast to the frontal
forms was used to construct customized regressors for theand superior cerebellar regions described above, showed con-
analyses. tinuing increases and reached maximum intensity during the
During the encoding phase, opercular portions of the left maintenance phase. Activation in the thalamus and pontine
inferior frontal gyrus were activated along with bilateral pre- brainstem was the greatest during the encoding phase, but
central gyri, and supplementary motor area. These regionspontine activation was also observed to a lesser extent dur-
exhibited minimal activations in the ensuing maintenance and ing maintenance, and thalamic activation to a lesser extent
retrieval phases. As hypothesized, a similar pattern of activa-during retrieval. Activation in the cingulate gyrus was ob-
tion was observed in the right superior cerebellar hemisphereserved during the encoding phase and remained throughout
(VI/Crus I). Activations related to visual processing, includ- the maintenance and retrieval phases.
ing the occipital and fusiform gyri, were also predominately In addition to left inferior parietal and right inferior cere-
confined to the encoding phase, as were activations in thebellar (VIIB/VIIIA) activations, the maintenance phase was
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characterized by recruitment of activation bilaterally in more not extend into the retrieval phase. The retrieval phase was
anterior triangular portions of the inferior frontal gyrus, as largely characterized by increases in the left middle frontal
well as in middle and orbital frontal gyri. Caudate and puta- and right orbital frontal gyri, and a considerable reduction of
men activations were observed during maintenance, but didactivation in posterior regions of the brain.

Table 1
Activations within telencephalon and diencephalon based on neocortical HRF
Hemisphere X Y z SPM{Z} Nvox Brain structures BA
Encoding
Left —46 —76 -11 5.4 3375 Inferior occipital gyrus 18
Left —48 —59 -12 5.4 Fusiform gyrus 37
Left —53 -71 -12 5.0 Fusiform gyrus 19
Left —46 —80 —4 4.9 Inferior occipital gyrus 19
Left —63 8 11 5.4 2128 Inferior frontal gyrus 44
Left -51 0 44 5.4 Precentral gyrus 6
Left -57 -11 a7 5.0 Precentral gyrus 4
Left -51 -2 37 4.8 Precentral gyrus 6
Left -20 -35 -2 5.4 2124 Parahippocampal gyrus
Left —26 —-37 -7 5.2 Parahippocampal gyrus
Left —22 —36 -13 5.1 Parahippocampal gyrus
Left —-32 -30 -10 4.7 Hippocampus
Left —28 -31 -2 45 Hippocampus
Left -6 3 51 4.4 1031 Medial frontal gyrus 6
Left -2 8 46 4.3 Cingulate gyrus 32
Left -10 3 68 4.3 Superior frontal gyrus 6
Left -2 3 59 4.2 Medial frontal gyrus 32
Right 24 -33 -2 5.4 2806 Parahippocampal gyrus
Right 26 —-33 -8 5.2 Parahippocampal gyrus
Right 18 -10 -3 4.7 Medial globus pallidus
Right 42 -7 56 5.4 984 Precentral gyrus 4
Right 55 -7 50 5.4 Precentral gyrus 4
Right 57 -2 42 5.0 Precentral gyrus 4/6
Right 34 -5 63 4.9 Precentral gyrus 6
Right 28 —-99 7 3.5 48 Middle occipital gyrus 18
Right 24 —98 14 3.5 Middle occipital gyrus 18/19
Right 63 4 5 4.0 48 Superior temporal gyrus 22
Maintenance
Left -12 4 48 5.4 1124 Cingulate gyrus 24
Left —4 6 48 5.4 Cingulate gyrus 32
Left -61 9 20 4.8 860 Inferior frontal gyrus 44
Left —53 6 7 4.8 Inferior frontal gyrus 44
Left —55 7 25 4.7 Inferior frontal gyrus 44
Left —36 27 -10 5.0 472 Inferior frontal gyrus 45/47
Left —40 —47 41 5.1 227 Inferior parietal lobule 40
Left —18 9 —6 4.0 172 Putamen
Left -10 11 -7 3.9 Nucleus accumbens
Left —48 —61 -9 4.5 94 Inferior temporal gyrus 37
Right 28 25 —6 3.9 223 Inferior frontal gyrus 45/47
Right 12 13 —6 35 67 Nucleus accumbens
Retrieval
Left -4 31 28 4.8 1165 Cingulate gyrus 32
Left -10 18 43 4.3 Cingulate gyrus 32
Left —6 0 48 4.3 Cingulate gyrus 32
Left -53 9 25 4.8 738 Inferior frontal gyrus 44
Left —61 9 24 4.6 Inferior frontal gyrus 44
Left -16 —15 6 4.4 129 Thalamus, VPLN
Left -36 -5 61 4.7 116 Middle frontal gyrus 6
Left —44 13 —6 3.6 60 Insula
Right 50 13 -11 4.2 418 Insula/inferior frontal gyrus 44/45
Right 44 10 -2 4.1 Insula 44/45
Right 6 -19 18 4.5 89 Thalamus

Note IFG—inferior frontal gyrus; SMA—supplementary motor area. Talairach coordinates of activation maxima in the cerebellum obtained from the atlas o
Schmahmann et al. (200@-score values are depicted representing an uncorrpetatlie threshold of 0.001. The number of voxels in a cluster of contiguous
2mmx 2mmx 2mm voxels is depicted. Non-bolded entries represent local maxima within the main cluster.
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Table 2
Activations below diencephalon based on cerebellar HRF
Hemisphere X Y z SPM{Z} Nvox Brain structures Lobule
Encoding
Left —-18 27 -32 4.4 232 Brainstem, pons
Left -10 -23 -32 4.4 Brainstem, pons
Left —24 -33 —-34 4.2 Brainstem, pons
Right 34 —64 -34 5.1 1123 Superior cerebellum VI/Crus |
Right 46 —86 -16 4.4 Superior posterior cerebellum Crus |
Right 38 —56 —36 4.3 Superior cerebellum Crus |
Right 38 —67 -29 4.2 Superior cerebellum Crus |
Right 28 —41 -33 4.4 301 Superior cerebellum \%
Right 0 -79 -21 4.0 149 Cerebellar vermis VI
Right 26 -72 —49 4.1 123 Inferior cerebellum VIIB/VIIIA
Maintenance
Left -16 —24 —-22 3.7 25 Brainstem, pons
Right 18 —70 —44 4.3 149 Inferior cerebellum VIIB/VIIIA
Retrieval
Left -2 -81 -23 3.93 33 Posterior cerebellar vermis VI

Note IFG—inferior frontal gyrus; SMA—supplementary motor area. Talairach coordinates of activation maxima in the cerebellum obtained from the atlas o
Schmahmann et al. (200@-score values are depicted representing an uncorrpetatlie threshold of 0.001. The number of voxels in a cluster of contiguous
2mmx 2 mmx 2 mm voxels is depicted.

3. Discussion 44 suggested that this region may contribute to the first effort-
ful organizational stage of rehearsal, in a manner consistent

Two main conclusions regarding cerebro-cerebellar net- with the model oNaveh-Benjamin and Jonides (198%hey
work involvement in verbal working memory can be drawn further noted that (superior) cerebellar activation observed in
from the results of this investigation. The firstis that the supe- their study was, contrary to their expectations, observed for
rior and inferior cerebellar regions are maximally responsive the encoding period but did not persist into the maintenance
at different phases of the task, with the superior portion show- period. The absence of maintenance-related cerebellar ac-
ing the greatest activation during the encoding phase and thetivation in that study was likely due to scan coverage that
inferior region exhibiting the greatest response during the was limited to the superior cerebellum. Our observations are
maintenance phase. The second is that predicted patterns ofonsistent with those of Chein and Fiez, but also revealed
concordant cerebro-cerebellar activation were observed, i.e. maintenance-related cerebellar activation that was confined
left frontal regions in tandem with superior cerebellum and to the more inferior cerebellar region. These inferior cerebel-
left parietal regions in tandem with right inferior cerebellum.  |ar activations during the maintenance phase may reflect the

These findings provide further evidence for cerebro- continued contribution of the cerebellum in guiding the artic-
cerebellar involvement in cognition and suggest further re- ulatory trajectory via phonologically based information from
finement of the model postulated Besmond et al. (1997)  the parietal region, as originally proposedDgsmond et al.
Specifically, we propose that the recruitment of the superior (1997) However an alternative possibility—one that is per-
cerebellum in the encoding phase of the task reflects this re-haps more consistent with recent findings that neocortical and
gion’s involvement with the rapid translation of the consonant cerebellar regions are reciprocally connected in closed loops
sequence into an articulatory trajectory required to initiate the (Kelly & Strick, 2009—is that parietal and inferior cerebellar
phonological loop. The concomitant encoding-related acti- activations during this phase comprise a cerebro-cerebellar
vation observed in opercular portions of the inferior frontal loop for sustaining the phonological store (sRavizza,
gyrus and premotor cortex (BA 44, 6) suggests that these Delgado, Chein, Becker, and Fiez (200d) alternative ac-
frontal regions are rapidly recruited along with the superior counts of parietal involvement in verbal working memory). In
cerebellum toinitiate articulatory rehearsal. More anterior re- either case one salient distinction between inferior cerebellar
gions of frontal cortex (BA 44, 45, 47) were found to be active and parietal activation is that, although both regions showed
throughout the maintenance period—these regions were alsahe strongest activation during the maintenance phase, 56%
found to be active during verbal working memory but notdur- of the inferior cerebellar voxels that were activated during the
ing a rehearsal control tasklien & Desmond, 20Q5This maintenance phase were also activated during the encoding
pattern of results suggests that in the Sternberg task these arphase. In contrast, only 6% of the left parietal voxels exhibited
terior frontal regions support internally guided aspects of ar- a similar pattern. The presence of encoding-related activation
ticulatory rehearsal, whereas the posterior frontal regions aremay indicate that the inferior cerebellum is capable of assist-
more externally driverChein and Fiez (200Kjmilarly noted ing different neocortical regions at different phases of the
that the encoding-related activation observedinleft dorsal BA task. However, the results @hen and Desmond (20Q5
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which an encoding-intensive non-memory rehearsal control tended practice. These findings further emphasize that the
task elicited robust activation in frontal regions and superior superior and inferior cerebellar activations are manifested
cerebellum, but not in the inferior cerebellum (even with lib- under different circumstances during verbal working mem-
eralp-value thresholds), seem inconsistent with this interpre- ory; the independence of these activations is consistent with
tation. An alternative possibility is that phonological storage functionally distinct roles.
related processing begins during the initial presentation of  The results of the present investigation add to a grow-
letters, i.e., before the actual maintenance phase begins, anthg number of investigations of verbal working memory
that, consistent with its hypothesized role in rapid ballistic that have used the Sternberg task or similar item recogni-
movements, the cerebellum engages in this processing moréion tasks to examine issues such as the neural substrates
rapidly than does the parietal region. of phonological storage versus articulatory rehearsaih(
Additional support for this model can be found fromrecent et al., 1996; Fiez et al., 1996; Jonides et al., 1998; Paulesu
neuroimaging results. For example, a functional link between et al., 1993, verbal versus non-verbal memorg@ruber &
Broca’s area and the right superior cerebellum was observedvon Cramon, 2001, 2003mith & Jonides, 1997Smith,
in an investigation of alcoholic and non-alcoholic activation Jonides, & Koeppe, 1996maintenance versus manipulation
during verbal working memoryQOlesmond et al., 2003b of information O’Esposito, Postle, Ballard, & Lease, 1999
Greater activation in the high versus low load comparison D’Esposito, Postle, & Rypma, 200®ypma, Prabhakaran,
was observed for alcoholics compared to non-alcoholic con- Desmond, Glover, & Gabrieli, 199%mith & Jonides, 1999
trols only in left BA 44 and right hemispheric cerebellar lob- Veltman et al., 2008 interfering versus non-interfering stim-
ule VI, despite comparable levels of behavioral performance uli (Bunge, Ochsner, Desmond, Glover, & Gabrieli, 2001
as measured by both accuracy and reaction time. These reGruber, 2001; Jonides et al., 199®ntrolled versus auto-
sults may reflect a compensatory increase in this cerebro-matic processinglansma, Ramsey, Slagter, & Kahn, 2)01
cerebellar circuit—a circuit that may have been compromised and encoding versus maintenance versus retrieval related re-
by chronic alcohol consumption—in order to maintain com- sponding Chein & Fiez, 2001Manoach, Greve, Lindgren,
parable levels of task performance. These findings may ex-& Dale, 2003 Rypma & D’Esposito, 1999 The locations of
tend to other patient populations—for example the close cou- verbal working-memory-dependent activations in the present
pling of superior cerebellar and frontal speech areas might study are consistent with regions found to be active in these
explain why speech deficits are more commonly observed and other studies of verbal working memory (§éez et al.
in patients after infarctions of the superior cerebellar artery, (1996)for a review) and include premotor cortex (BA 6), in-
but not the posterior inferior cerebellar arteAckermann, ferior frontal regions (BA 44, 45), parietal cortex (BA 40),
Vogel, Petersen, & Poremba, 1993imilarly, anomalies in  extrastriate cortex (BA 18, 19), anterior cingulate gyrus (BA
right anterior cerebellar and inferior frontal regions have been 32), and cerebellum. However, activation in right dorsolateral
implicated in rapid naming difficulties of dyslexic children prefrontal cortex (BA 9/46) was absent in the present study,
(Eckert et al., 2008 in contrast to other studies. For examfitgpma et al. (1999)
Similar examples of frontal/superior cerebellar and pari- demonstrated increased right dorsolateral prefrontal activa-
etal/inferior cerebellar concordance have been demonstratedion in the load 6 versus load 1 comparison relative to the load
using manipulations of task requirements. For example, a3 versus load 1 comparison. The present study did observe
conjunction of cerebro-cerebellar regions recruited for a re- right frontal activation during the retrieval phase of the task
hearsal control task (repeatedly reading and covertly rehears{seeFig. 2, aty=14 and 19), but this activation was localized
ing either six letters or one letter at a pace designed to mimic to BA 44,45. Given that more dorsolateral prefrontal regions
the motoric aspects of articulatory rehearsal but without the tend to be engaged for tasks that require executive processing
memory requirement) with regions recruited for verbal work- (reviewed bySmith and Jonides (1999)he absence of BA
ing memory revealed common activations in the superior 9/46 activation in the present study may reflect an insuffi-
cerebellum and posterior frontal regions, presumably reflect- cient increase in executive processing demands between the
ing the common encoding and articulatory requirements of load 2 and load 6 conditions. However, an alternative possi-
the two tasks Chen & Desmond, 2009Desmond, 2001b bility, or contributing factor, may be that the timecourse of
In contrast, inferior cerebellum and inferior parietal regions dorsolateral prefrontal activations did not conform well to
were recruited only during the verbal working memory task the encoding, maintenance, and retrieval regressors used for
and not the rehearsal control task, demonstrating that the lat-analyses (e.g., s€ohen et al., 199%ho reported sustained
ter regions are invoked when the phonological store is re- activation throughout the trial in this region).
quired. This parietal/inferior cerebellar circuit has also been  Although our model of cerebro-cerebellar function in ver-
shown to increase activation over extended verbal working bal working memory emphasizes guidance of the articula-
memory practice, suggesting that these regions are respontory motor trajectory in the phonological loop, elements of
sible for practice-related enhancement of verbal working the model, as well as the observed patterns of activation,
memory efficiency Kirschen, Chen, Schraedley-Desmond, are consistent with other theoretical accounts of cerebellar
& Desmond, 2004, 2005Such efficiency is manifested be- contributions to cognition. For example, the robust encoding-
haviorally by significant reaction time reductions over ex- related activationthatwe observed inthe superior cerebellum,
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in conjunction with activations observed in the fusiform and Response Latency
left inferior frontal gyri, seems consistent with the hypothe- 2000
sized role of the cerebellum in sensory acquisition, arole that
has been emphasized in several other highly sensory-based &
paradigmsAllen, Buxton, Wong, & Courchesne, 1993@ao
etal., 1996; Jueptner et al., 19%arsons & Fox, 19950bel

et al., 1998 and theoretical accounts of cerebellar function
(Bower, 1997. On the other hand, the hypothesized guid-
ance of the articulatory trajectory throughout the maintenance
phase, involving the activations observed in the right inferior
cerebellum, left inferior parietal lobule, and more anterior
portions of the inferior frontal gyrus, is also consistent with 0
cerebellar theories that emphasize processes especially im- 1 probe 2 probe
portant to motoric control, including error correctiolio( Number of probes

19.93’ pre_dlctlve feedforward controK@ttn_er etal, 199)7’ Fig. 3. Increasing the task difficulty during the retrieval phase leads to greater

SI_('" Ieamm_g Ooyon, Penhune, & Ungerleider, 2008oor- retrieval-related cerebellar activation. Graphs illustrate significant increases

dinated timing of movement$yy, 1997), response prepara-  (F(1,27)=50.86p <.00001) in reaction time for correct responses when sub-

tion (Deiber, Ibanez, Sadato, & Hallett, 199@nd context- jects are required to respond to two simultaneously presented probes instead

response linkageThach, 199Y. It may therefore be the case of just one. Greater retrieval-phase-related cerebellar activatior0Q1) is

that strong cerebellar responses to both sensory input and’;llso observed under the two-probe conditions, reflecting possible cerebellar
. . . ... participation in executive processes.

motor preparation could at least partially explain the ubiquity

of cerebellar activations reported in neuroimaging investiga-  |n summary, the results of the present study further
tions of cognition. support cerebellar involvement in verbal working memaory
It can be seen iiFig. 1 that the least amount of cere-  and are consistent with patierSilveri, Di Betta, Filippini,
bellar activation was observed during the task’s retrieval | eggio, & Molinari, 1998 and transcranial magnetic stim-
phase, which arguably involves the most manipulation of in- yjation Desmond, Chen, Shieh, & Boxer, 2003&sults
formation and thereby requires the greatest amount of ex-indicating that cerebellar disruption adversely affects ver-
ecutive function D’Esposito et al., 1996 The absence of  bal working memory performance. The present study further
activation during this phase suggests at first glance mini- suggests that two functionally distinct cerebro-cerebellar net-
mal cerebellar participation in executive function, despite the works participate in verbal working memory. These networks
fact that there are distinct Output channels from cerebellar are recruited during different phases of the task and are pos-

dentate nuclei to dorsolateral prefrontal cortex (Via thala- tulated to Support the Changing Cognitive requirements that
mus) from which the cerebellum could significantly influ-  evolve during the timecourse of the task.

ence executive processingglly & Strick, 2003 Middleton

& Strick, 2000, 200}, and contradicting numerous reports

of impaired executive function in cerebellar patients e.g. Acknowledgements
(Appollonio, Grafman, Schwartz, Massaquoi, & Hallett,
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