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Abstract

Contributions of cerebro-cerebellar function to executive verbal working memory were examined
using event-related functional magnetic resonance imaging (fMRI) while 16 subjects completed two
versions of the Sternberg task. In both versions subjects were presented with two or six target letters
during the encoding phase, which were held in memory during the maintenance phase. A single probe
letter was presented during the retrieval phase. In the “match condition”, subjects decided whether
the probe matched the target letters. In the “executive condition”, subjects created a new probe by
counting two alphabetical letters forward (e.g., f — h) and decided whether the new probe matched
the target letters. Neural activity during the match and executive conditions was compared during
each phase of the task. There were four main findings. First, cerebro-cerebellar activity increased as
a function of executive load. Second, the dorsal cerebellar dentate co-activated with the
supplementary motor area (SMA) during encoding. This likely represented the formation of an
articulatory (motor) trajectory. Third, the ventral cerebellar dentate co-activated with anterior
prefrontal regions BA 9/46 and the pre-SMA during retrieval. This likely represented the
manipulation of information and formation of a response. A functional dissociation between the
dorsal “motor” dentate and “cognitive” ventral dentate agrees with neuroanatomical tract tracing
studies that have demonstrated separate neural pathways involving each region of the dentate: the
dorsal dentate projects to frontal motor areas (including the SMA), and the ventral dentate projects
to frontal cognitive areas (including BA 9/46 and the pre-SMA). Finally, activity during the
maintenance phase in BA 9, anterior insula, pre-SMA and ventral dentate predicted subsequent
accuracy of response to the probe during the retrieval phase. This finding underscored the significant
contribution of the pre-SMA/ventral dentate pathway — observed several seconds prior to any motor
response to the probe -- to executive verbal working memory.
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1. Introduction

Over the past 20 years, neuroimaging has consistently revealed cerebellar activity during
cognitive tasks, such as language, working memory, attention, and executive function (for
reviews see Ben-Yehudah, Guediche et al., 2007; Desmond and Fiez, 1998; Desmond and
Marvel, 2009). Researchers often did not fully understand these activations given that the
cerebellum was traditionally thought to be primarily responsible for motor coordination and
balance. As a result, the cerebellum was sometimes used as a control region to compare against
activations in other brain regions. Other times, the lower half of the cerebellum was not even
included in the scanner’s field of view (FOV). Therefore, the contributions of the cerebellum
to cognition, for the most part, went undetected.

Clinical data support the notion that cerebellar function extends beyond the motor domain into
the cognitive domain. Studies of clinical populations in which the cerebellum is implicated
have reported cognitive deficits consistent with reports from the neuroimaging literature (i.e.,
deficits in language, working memory, and executive function) (Desmond, Chen et al., 2003;
Desmond and Marvel, 2009; Fiez, Petersen et al., 1992; Leggio, Silveri et al., 2000; Nicolson
and Fawcett, 2005; Pascual-Leone, Grafman etal., 1993; Valera, Faraone etal., 2005). Notably,
Schmahmann and Sherman (1997) proposed a cerebellar cognitive affective syndrome based
on observations of cognitive and emotional impairments in patients with diseases confined to
the cerebellum. They found that these impairments were most clinically prominent in patients
with lesions involving the inferior cerebellum (the region of the cerebellum that was often
truncated from the FOV during neuroimaging). Children with cerebellar tumor resection have
shown verbal working memory deficits that, interestingly, corresponded to the location of the
lesion: damage to the left inferior cerebellum was associated with impaired performance when
stimuli were delivered in the auditory modality, whereas damage to the right inferior
cerebellum was associated with impaired performance when stimuli were delivered in the
visual modality (Kirschen, Davis-Ratner et al., 2008). Several other disorders that are said to
involve the cerebellum have also been associated with language deficits, such as dyslexia
(Nicolson and Fawcett, 2005), attention deficit-hyperactivity disorder (Valera, Faraone et al.,
2005), alcoholism (Desmond, Chen et al., 2003), fetal alcohol exposure(O'Hare, Kan et al.,
2005), and schizophrenia (Marvel, Schwartz et al., 2004).

Neuroanatomical evidence supports a pathway of communication between the cerebellum and
the frontal lobe. Retrograde tracers have been used in non-human primates to map regions that
project from the cerebellum (Akkal, Dum et al., 2007; Dum and Strick, 2003; Hoover and
Strick, 1999; Middleton and Strick, 2000, 2001). In such studies, labeled neurons in prefrontal
Brodmanns Area (BA) 9 and 46 and the pre-supplementary motor area (pre-SMA), which are
considered to be cognitive, traced back to the dentate (Bates and Goldman-Rakic, 1993; Hoshi
and Tanji, 2004). Similarly, labeled neurons in the primary motor cortex (M1) and the
supplementary motor area (SMA), which are considered to be motor, also traced back to the
dentate. Importantly, neurons in BA regions 9/46 and the pre-SMA traced back to ventral
portions of the dentate, whereas neurons in the M1 and the SMA traced back to dorsal portions
of the dentate. This topographical organization suggests that there are two cerebro-cerebellar
pathways— one that supports cognition, and one that supports motor function.

The role of the cerebellum in verbal working memory and executive function has often been
studied using variations of the Sternberg paradigm (Sternberg, 1966). In a typical Sternberg
task, a subject judges whether a stimulus (probe) is contained in a memorized set of previously
presented stimuli (targets). The Sternberg paradigm, therefore, can be divided into three phases:
encoding (when targets are presented), maintenance (when target information is rehearsed),
and retrieval (when a probe is presented and compared to the encoded targets). Response time
(RT) on the Sternberg paradigm is linearly related to verbal working memory load. For
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example, the greater the number of targets to hold in mind, the longer the RT. Researchers can
examine behavior during each phase of the Sternberg task in order to better understand the
elements of working memory.

Baddeley’s model of working memory models a process for the temporary storage and
manipulation of visual and verbal information (Baddeley, 1992). It can be divided into three
subcomponents: 1) the executive system, which controls and regulates other cognitive
processes; 2) the visuospatial sketch pad, which stores and manipulates images; and 3) the
phonological loop, which stores and manipulates language-related information. The
phonological loop is assumed to be further comprised of two components, a phonological
store that can hold speech-related information for 1-2 seconds, and an articulatory control,
which refreshes the contents of the information via rehearsal so that it may be held longer in
working memory. Articulatory control can also register visually presented material, such as
letters, into the phonological store by subvocalization. According to Baddeley (Baddeley,
Gathercole etal., 1998), the evolutionary function of the phonological loop is to create areliable
representation of a novel speech event (e.g., a new word). This concept has direct implications
for language skills because the ability to hold unfamiliar phonemes in mind is important to
learning and expanding one’s vocabulary. Understanding the neural substrates of working
memory, and the phonological loop in particular, is therefore critical to understanding language
and its related disorders.

Neuroimaging studies have embraced Baddeley’s model, capitalizing on the wealth of
behavioral studies supporting it. These efforts have linked articulatory control processes to left
inferior frontal regions, such as BA 6/44/45/47 and phonological storage to left inferior parietal
regions, such as BA 40 (Fiez and Raichle, 1997; Fiez, Raife et al., 1996; Jonides, Schumacher
et al., 1998; Paulesu, Frith et al., 1993; Smith and Jonides, 1998; Smith, Jonides et al., 1998).
Desmond et al. (Desmond, Gabrieli et al., 1997) have proposed a model of cerebro-cerebellar
function during verbal working memory that combines Baddeley’s model with the
neuroimaging literature. This model proposes that separate regions of the cerebellum, working
with the neocortex, differentially support the subcomponents of working memory. In a series
of studies using fMRI, Desmond and colleagues observed that when participants performed
the Sternberg paradigm, neural activity revealed two spatially and functionally distinct regions
in the cerebellum (Chen and Desmond, 2005b; Desmond, Gabrieli et al., 1997). One region
appeared bilaterally in the superior hemisphere (lobule VI/Crus 1) during the encoding phase,
and another region was located predominantly in the right inferior hemisphere (lobule VIIB/
VI111) during the maintenance phase. The superior cerebellum was activated in association with
a verbal working memory task and a subvocal rehearsal control task, presumably engaging the
process of registering the visually presented letters into a phonological code as part of the
articulatory control system. Activation in the left inferior frontal regions, such as BA 45/47,
was observed in conjunction with the superior cerebellum in both types of tasks. In contrast,
activations in the inferior cerebellum, elicited during the maintenance phase, were associated
specifically with the verbal working memory task (and not with the motor control task). This
activation was accompanied by activity in the left inferior parietal lobule, which has been
associated with phonological storage and rehearsal (Becker, MacAndrew et al., 1999; Ravizza,
Delgado et al., 2004).

Initial observations indicated that little cerebellar activation was observed during the retrieval
phase (i.e., once the probe was presented and subjects made a comparison to the targets held
in working memory). The retrieval phase of the Sternberg task arguably involved more
manipulation of information than did the encoding or maintenance phases, and required greater
allocation of limited cognitive resources (Chen and Desmond, 2005b; D'Esposito, Detre et al.,
1995). Therefore, low cerebellar activity in the presence of increased executive load seemed
inconsistent with the reports in the neuroimaging and neuropsychological literature. Yet,
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preliminary evidence obtained from 14 subjects scanned in a limited FOV that was restricted
to the cerebellum suggested that the executive requirements for responding to a single probe
may not have been sufficient to recruit cerebellar participation (Chen and Desmond, 2005b).
When subjects were presented with two probes concurrently, and asked to choose if one or
both probes matched the encoded targets, response times slowed, and cerebellar activation
increased. Thus, preliminary evidence suggested that a substantial increase in executive
working memory demands during the retrieval phase did, in fact, elicit cerebellar activity.
Moreover, results from the retrograde tracing studies previously described provided a possible
neuroanatomical route to support these activations (Akkal, Dum et al., 2007; Dum and Strick,
2003; Hoover and Strick, 1999; Middleton and Strick, 2000, 2001).

The present study aimed to 1) elicit cerebellar activity by systematically increasing executive
verbal working memory demands, and 2) characterize the effects of executive load across the
three phases of a Sternberg task. Characterization of cerebellar activity during the encoding,
maintenance, and retrieval phases of the Sternberg task was revealed using event-related
functional magnetic resonance imaging (fMRI) with a whole-brain FOV. We hypothesized
that cerebro-cerebellar activity would increase as a function of executive load, especially during
the retrieval phase, based on our preliminary findings described above. We also expected to
see spatially dynamic changes in cerebro-cerebellar activity across the three phases of the task
because the cognitive demands differed among the three phases. The encoding phase refers to
the acquisition of information and rapid conversion of visual to phonological code by creating
an articulatory trajectory. The maintenance phase includes articulatory rehearsal and
phonological storage. The retrieval phase involves the utilization of the maintained information
and decision processes.

A second aim of the study was to investigate whether cerebro-cerebellar function was an
intrinsic component of executive verbal working memory that determined successful
performance. To find out, we asked whether the state of brain activation prior to response (i.e.,
during the maintenance phase) in regions that were recruited during the retrieval phase of the
task was predictive of subsequent accuracy (Pessoa, Gutierrez et al., 2002). We reasoned that
neural processes occurring during the maintenance phase would be more robust on correct
trials than on incorrect trials, thereby predicting task performance. An advantage of using an
event-related fMRI design is that we were able to examine BOLD changes on a trial-by-trial
basis for each subject. First, we identified regions of the circuit that were responsive to
increased executive load during the retrieval phase. Then, we retrospectively examined
activation in those same regions during the maintenance phase trial-by-trial and compared the
activity between correct versus incorrect trials. Therefore, we hypothesized that greater
cerebro-cerebellar activity during maintenance would be associated with successful probe
recognition.

2. Materials and Methods
2.1 Subjects

Sixteen healthy male (n=6) and female (n=10) subjects were recruited from the Baltimore
community. All subjects were native English speakers, self-reported right-handeders, with no
known psychological or neurological conditions, or history of head trauma. The subjects” mean
age was 23.69 years (range: 19-28), and mean educational attainment was 16.44 years (range:
12-20). This research was approved by the Johns Hopkins Hospital Institutional Review Board.
All subjects gave their written informed consent prior to inclusion in the study, and all were
paid for their participation.
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2.2 Task Procedures

Subjects performed two test conditions: “match” and “executive”. In both conditions, subjects
were presented with two or six black uppercase consonant letters centered on a white
background, as depicted in Figure 1. When only two letters were presented, four “#” symbols
were also presented as placeholders. Letters and symbols were shown in two rows of three.
Target stimuli were displayed for two seconds while subjects studied them (encoding phase).
The stimuli disappeared for four or six seconds while subjects held them in mind (maintenance
phase). Then, asingle lowercase letter was presented as a probe for one second (retrieval phase).
In the match condition, subjects indicated whether the probe matched any of the target letters.
In the executive condition, subjects indicated whether two alphabetical letters forward of the
probe matched any of the target letters. For example, if the probe was “f”, then a subject thought
ahead two alphabetical letters (f — g — h) and then decided whether the new probe “h” matched
any of the target letters. Subjects were instructed to respond as quickly and accurately as
possible. They were given four seconds to respond with a button press (for all subjects, yes =
right index finger; no = right middle finger) following probe onset. Failure to respond did not
inhibit the start of the next trial. Trials were jittered with an inter-trial interval (ITI) that lasted
six to nine seconds. Response time (RT) and accuracy were recorded for each trial. In order to
familiarize subjects with the rules of the task, subjects practiced 10 trials of each condition
prior to entering the MRI environment.

Match and executive conditions were performed during separate blocks. The order of block
condition was counterbalanced across subjects. Each block contained 64 trials and lasted
approximately 16 minutes. Target letters were randomly generated so that letters were unique
within atrial and randomly placed across all six possible spatial positions. Probes corresponded
to atarget on half of all trials. In such trials, the location of the target letter was counterbalanced
across spatial positions. The number of studied letters (two or six), length of the maintenance
phase (four or six seconds), expected response (yes or no), and duration of ITI (six to nine
seconds) were pseudorandomized so that the presentation of identical parameters was limited
to three consecutive trials.

Stimuli were delivered using E-Prime 1.1 software (Psychology Software Tools, 2002) on a
Hewlett Packard xw4300 workstation running Windows XP Pro. The computer-generated
visual display was rear-projected onto a screen situated behind the participant’s head. The
display was then reflected onto a mirror directly within the participant’s line of view just outside
the head coil. Responses were collected using two velcro-connected fiber optic button boxes
(MRA, Inc., Washington, PA) that were held in the subject’s right hand.

2.3 MRI Data Acquisition

All MRI data were acquired using a 3.0T Philips Intera scanner. The structural MRI protocol
consisted of a T1-weighted MPRAGE (TR =7.0 ms; TE = 3.3 ms; flip = 8°, inplane resolution
= 0.833 mm; slice thickness = 1 mm; 170 sagittal slices; FOV = 240 mm; 1 NEX). fMRI data
were collected using a T2*-weighted gradient echo EPI pulse sequence (TR = 1000 ms; TE =
30 ms; flip = 61°; inplane resolution = 3.75 mm; slice thickness = 6 mm skip 1mm; 20 oblique-
axial slices; FOV = 240 mm; 1 NEX). For the fMRI, T2*-weighted images were acquired in
the oblique-axial plane rotated 25° clockwise with respect to the AC-PC line in order to
optimize imaging of the cerebellum and neocortex. The start of the fMRI scan was triggered
by E-prime software at the beginning of each block.

2.4 Functional Data Analysis

The SPM2 software package (Friston, Holmes et al., 1995) was used for preprocessing and
statistical computations. In a previous study, Chen and Desmond (2005b) discovered subtle
timing differences between the cerebellar and motor cortical hemodynamic response functions
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(HRFs). In order to maximize the accuracy of characterizing phase-specific BOLD responses,
we used the averaged neocortical and cerebellar HRFs from the prior study by Chen and
Desmond to convolve with reference waveforms for the encoding (2 s), maintenance (4 or 6
s) and retrieval (4 s) events to create regressors for each subject.

Standard image preprocessing steps were performed, including slice timing and motion
correction, anatomical coregistration, normalization to the Montreal Neurological Institute
(MNI) stereotaxic space, and spatial smoothing (FWHM =5 mm). Individual statistical maps
were computed for each subject using the general linear model approach as implemented in
SPM2, with high pass filtering of 234 seconds. A random effects analysis was then performed
to map the average responses to encoding, maintenance, and retrieval phases of the task. This
analysis was performed by computing one contrast volume per subject and using these volumes
to calculate one-sample t-test values at every voxel. Of particular interest were contrasts
comparing executive- versus match-elicited brain activation during the encoding, maintenance,
and retrieval phases of the task. Accurate trials only were included in the analyses.

Additional analyses were conducted in order to identify areas of activation that predicted
accuracy within a trial. First, areas were identified in which the signal was greater for the
executive condition relative to the match condition during the retrieval phase of the task.
Activity during the maintenance phase for these selected areas was examined on a trial-by-trial
basis and compared to each trial’s accuracy. We decided to focus on the maintenance phase,
rather than the encoding phase, for accuracy prediction because properly encoded information
had the potential to be lost during the maintenance phase. Therefore, we reasoned that trial
success would be more closely tied to activity during maintenance than to encoding. The
statistics for accuracy prediction were accomplished in two steps. The first step involved
contrasting the beta parameter estimate of the retrieval phase-locked hemodynamic response
on 6-target trials of the executive condition with the same parameter estimate for 6-target trials
of the match condition, thresholded at p < .001 (uncorrected). The result of this step yielded
voxels that reflected significantly greater BOLD signal for the retrieval phase during high
executive demand. The second step assessed BOLD correlates of subsequent accuracy on this
reduced set of voxels by creating an averaged BOLD signal on correctly answered 6-target
trials for the executive condition at each voxel. A similar average was created at each voxel
for incorrectly answered 6-target trials. BOLD signal on each trial was time-locked to the onset
of the encoding phase of the task. Baseline was established based on the BOLD signal that
occurred one time bin (1 TR) prior to the presentation of the encoding stimuli (i.e., during the
final TR of the ITI). BOLD signal for each trial was thereby expressed as the percent signal
change from baseline. The percent signal change for each of the first four seconds of the
maintenance phase for correct and incorrect trials represented a total of 8 values per subject.
These values were entered into an SPM repeated-measures analysis of variance (ANOVA)
with non-sphericity correction, and a contrast of the accurate versus inaccurate condition was
performed. Voxels surviving the first step at p <.001 were eliminated if the accurate-inaccurate
contrast in the second step did not satisfy a p < .05 threshold. Putting these criteria together, a
voxel was identified if it was preferentially involved in responding to the probe during the
retrieval phase of the executive task, and its activity prior to the presentation of the probe (i.e.,
during the maintenance phase) predicted subsequent accuracy.

For the cerebrum, Montreal Neurological Institute (MNI) coordinates were transformed into
the coordinate system of the Talairach and Tourneaux stereotaxic atlas (Talairach and
Tournoux, 1988) using the MNI to Talairach transformation described by Lancaster et al.
(Lancaster, Rainey et al., 1997). Anatomical determinations of activations were made by
referencing the Talairach atlas and an automated coordinate-based Talairach labeling system
(Talairach Daemon) (Lancaster, Rainey et al., 1997). For the cerebellum, MNI coordinates
were used and referenced with the cerebellar atlas of Schmahmann et al.(Schmahmann, Doyon
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etal., 2000) and with a supplemental probabilistic atlas of human cerebellar nuclei (Dimitrova,
Zeljko et al., 2006).

3. Results

3.1 Behavioral Results

Mean RT and accuracy scores were calculated for the following trial types: 2-target match
condition, 6-target match condition, 2-target executive condition, and 6-target executive
condition. Mean accuracy for all trials are graphed in Figure 2a. A 2 (condition: match vs.
executive) x 2 (load: 2 targets vs. 6 targets) analysis of variance (ANOVA) yielded two main
findings. First, there was a main effect of condition, F(1,15) = 20.79, p < .001, revealing that
subjects committed more errors during the executive condition relative to the match condition.
Second, there was a main effect of load, F(1,15) = 21.07, p < .001, indicating that subjects
committed more errors during 6-target trials than 2-target trials. There was no interaction of
condition x load, F(1,15) = 2.52, p = .13. Mean RTs were computed for accurate trials only,
and are graphed in Figure 2b. A 2 (condition) x 2 (load) ANOVA on RT scores yielded two
main findings. A main effect of condition, F(1,15) = 218.35, p < .001, indicated that subjects
responded more quickly to trials in the match condition relative to the executive condition. A
main effect of load, F(1,15) = 36.53, p < .001, indicated that subjects responded faster during
2-target trials than 6-target trials. There was no interaction of condition x load, F(1,15) = 1.48,
p =.24. Thus, participants were fastest and most accurate in the 2-target match condition, and
they were slowest and least accurate in the 6-target executive condition.

3.2 Imaging Results

The inclusion of two different levels of target load allowed us to confirm previous imaging
findings (Chen and Desmond, 2005a, b; Kirschen, Chen et al., 2005). Behaviorally, this design
also helped to establish that there was an increasing load effect. Given that the characterization
of load-dependent effects has been described at length previously, the present study focused
on the direct comparison of the 6-target executive versus 6-target match conditions for accurate
trials only. We also directly compared the effects of high and low working memory demands
within target load conditions (i.e., 2-target executive versus 2-target match and 6-target
executive versus 6-target match). The findings within conditions revealed that activations in
the 6-target comparison were larger, and with higher peak values, relative to those in the 2-
target comparison. Moreover, certain activations were revealed only in the 6-target
comparison. Therefore, we focused our analysis on the 6-target executive versus 6-target match
conditions for the encoding, maintenance, and retrieval phases of the task. We used a cluster
threshold of 17 voxels, based on a criterion that corresponded to a .05 cluster significance level
for structures that are relatively spatially large. Activations smaller than 17 voxels were
excluded from the results unless such activations resided in anatomically small regions that
were particularly relevant, such as part of the hypothesized cerebro-cerebellar circuit.

3.2.1 Encoding—During the two seconds in which targets were presented for encoding,
BOLD signal changes in the executive relative to match condition were observed in several
brain regions (Table 1, Figure 3 and Figure 4). Notably, BOLD signal increased in the dorsal
aspect of the cerebellar dentate. Additional areas of activation included the bilateral insula/
claustrum and the left middle temporal gyrus. There were several large negative activations,
which reflected increased activation in the match condition relative to the executive condition.
Negative activations were confirmed by visual inspection of additional contrasts, including 6-
target versus 2-target comparisons, and 6-target conditions locked to the encoding phase (e.g.,
6-target executive encoding phase versus the “rest” of the trial). These included the left caudate/
putamen, left medial frontal gyrus (BA 6), the dorsal medial nucleus of the thalamus, the right
precuneus (BA 7), and right superior cerebellum.
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3.2.2 Maintenance—Positive BOLD signal changes during the maintenance phase of the
executive condition relative to the match condition were observed in several brain regions
(Table 2, Figure 3 and Figure 5) but did not involve the cerebellum. In the left hemisphere,
positive BOLD signal changes included the superior frontal gyrus (BA 9/10), posterior
cingulate and precuneus (BA 30/31), middle temporal gyrus (including angular gyrus) (BA
39), and middle occipital gyrus (BA 19). Positive changes were also observed in the medial
frontal gyrus (BA 9/10), bilateral putamen (with greater activation on the right), and
hippocampus. Negative BOLD signal changes were observed in the cerebellum, which
reflected increased activity during the match condition. This was confirmed by visual
inspection of of additional contrasts, including a 6- versus 2-target match condition contrast
which elicited cerebellar activity that was not observed in a 6- versus 2-target executive
condition contrast. Match-related cerebellar activations included right cerebellar lobules V and
VIIIA. In addition, match-related activations were observed in the bilateral inferior frontal
gyrus (BA 47), right superior frontal gyrus (BA 6), and left inferior parietal lobule (BA 40).

3.2.3 Retrieval—During the retrieval phase of the executive condition, BOLD signal
increases relative to match condition were observed in the ventral portions of the right
cerebellar dentate. Positive activations were also seen in the left middle frontal gyrus (BA
9/46), left medial frontal gyrus (pre-SMA) (BA 6), and the bilateral anterior insula (BA 13)
(Table 3, Figure 3 and Figure 6). Negative activations in this comparison did not appear to be
the result of greater activation during the match condition. This was deduced by examining the
activity of the 6-target match and executive activations separately during the retrieval phase.
Instead, most negative activations in this comparison reflected deactivations during the
executive condition. Of these, the largest deactivation was observed in the right putamen.

3.2.4 Accuracy Prediction—Five brain regions elicited greater BOLD signal during the
maintenance phase of the executive condition for correct versus incorrect trials (Table 4 and
Figure 7): the left middle frontal gyrus (BA 9), bilateral anterior insula (BA 13), right medial
frontal gyrus (pre-SMA) (BA 6/32), and right cerebellar dentate. In Table 4, all activations that
survived the rigorous two-step conjunction analyses have been listed, including those smaller
than 17 voxels in size. Figure 8 shows the mean change in BOLD signal from baseline
(established as the final time point of the ITI) for all five brain regions. In each case, accurate
trials exhibited a higher BOLD signal than did inaccurate trials. There was a general decline
in BOLD signal from baseline. This may reflect a continued return to resting state that extended
beyond the ITI and into the start of the trial.

4. Discussion

This study examined cerebro-cerebellar activity during executive function using a Sternberg
verbal working memory paradigm. Three main conclusions can be drawn from this study. First,
cerebellar activity increased as a function of executive load. Activity in the cerebellar dentate,
specifically, was related to encoding and retrieval under high executive working memory
demands. Second, the topography of cerebellar activation varied throughout the task,
presumably as each phase elicited a different cognitive mechanism. The dorsal dentate was
related to encoding-phase processes, presumably reflecting rapid orthographic to phonological
conversion and computation of an articulatory trajectory for subsequent rehearsal. By contrast,
the ventral dentate was related to retrieval-phase processes, requiring the manipulation of
stored information in the executive condition. Third, cerebro-cerebellar activity predicted
performance success on the executive task on a trial-by-trial basis.

Behavioral data revealed that, as expected, an increase in target load and working memory
demand slowed response times and reduced accuracy. Six targets were more difficult to encode
and maintain in memory than were two targets. The executive condition, in which participants
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were required to manipulate the probe information by thinking two alphabetical letters ahead
to create a new probe, was more difficult than the match condition. Overall, the most difficult
combination of parameters involved the 6-target executive condition.

The neuroimaging analyses focused on the 6-target executive minus 6-target match conditions
in order to examine trials that best reflected the neural underpinnings of executive working
memory demands. Each of the three phases of the Sternberg task was analyzed separately. Our
original expectation was that neural activations between the match and executive conditions
would be similar for the encoding and maintenance phases and would differ only during the
retrieval phase because that was the point at which the rules of the task differed between the
two conditions. Yet, neuroimaging analyses revealed activation differences for all three phases
of the task. This suggested that subjects applied a different cognitive approach to each test
condition and recruited different neural systems for each. Exploring this further, we found that
negative activations in the encoding and maintenance phases were consistent with match-
related activity. The nature of this activity was generally consistent with at least two previous
neuroimaging studies that used a straightforward matching Sternberg paradigm (i.e., without
the additional working memory manipulation load that was unique to our study) and,
importantly, included a phase analysis (Chang, Crottaz-Herbette et al., 2007; Chen and
Desmond, 2005b). Therefore, it seems that subjects in our study used a typical approach to
performing the Sternberg task during the match condition. However, for the executive
condition, subjects developed a novel strategy, and this was incorporated into all three phases
of the task.

4.1 Encoding

The right cerebellar dentate was activated during executive encoding. Activation in the right
dentate, which is the output nucleus of the cerebellum, suggested that the cerebellum’s
communication with other brain structures increased during the encoding phase of the
executive condition. We examined this activation further. Our scan sequences were not
optimized for fine resolution within the dentate on a subject-by-subject basis, but by averaging
data across subjects, we were able to determine coordinate estimates, which were then
compared to cerebellar nuclei maps (Dimitrova, Zeljko et al., 2006). This analysis revealed
that cerebellar activity corresponded with the dorsal region of the dentate, as shown in Figure
9. The dorsal dentate is connected to motor regions of the frontal cortex, such as M1, the
premotor cortex, and the SMA (Akkal, Dum et al., 2007; Dum and Strick, 2003; Hoover and
Strick, 1999). We did not find increased activity in these regions during the encoding phase at
the p < .001 threshold. We did, however, see an activation cluster in the left SMA (-9, —12,
53; BA 6) when the threshold was decreased to p <.005. The SMA influences the planning
and initiation of movement sequences (Hoshi and Tanji, 2004). During encoding, this process
would have been relevant to the subvocalization of target letters. Because we did not see activity
in the M1 or premotor areas at the decreased threshold, it is unlikely that overt speech occurred
at this phase and leads us to believe that the SMA activity was involved with creating a subvocal
articulatory trajectory of the target letter sequence, and the dorsal dentate contributed to this
process (Chen and Desmond, 2005b). An articulatory representation may serve to strengthen
memory traces (Ravizza, McCormick et al., 2006) and, in this case, enabled an intense state
of encoding that was required for the executive condition. Otherwise, if target letters were not
strongly encoded, then the subsequent working memory processes involved with identifying
a new probe would have diminished one’s ability to recall those targets at the end of the trial.

Previously, we reported increased cerebellar activity during the encoding phase in the right
superior cerebellum during a Sternberg match paradigm (i.e., in the absence of additional
working memory manipulation demands imposed by the present study) (Chen and Desmond,
2005b). Replicating those findings, we observed match-related right superior cerebellar
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activity during encoding (depicted in blue in Figure 4). Match-related activity was observed
in the basal ganglia as well, which also replicates findings from previous reports (Chang,
Crottaz-Herbette et al., 2007; Chen and Desmond, 2005b). However, executive-related
activations were not observed in these brain regions. A dissociation in activation patterns
between the executive and match conditions suggests that subjects used a typical strategy when
completing the match condition, but used a novel strategy when completing the executive
condition.

Rather large activations were seen within the insula. A middle region was activated on the left
side and a more posterior region was activated bilaterally. It has been suggested that separate
regions of the insula are differentially involved in orthographic and phonologic processing.
Specifically, the posterior insula has been linked to whole-word pronunciation of a letter
sequence (Borowsky, Cummine et al., 2006). Though we did not present whole words, it is
possible that subjects in the executive condition initially, or automatically, grouped the target
letters into “words” as a way to better encode the targets.

4.2 Maintenance

We observed cerebellar activity during the match condition (blue activations in Figure 5) that
was generally consistent with previous studies. Specifically, match-related maintenance
activity in the right-cerebellar lobes VI and V111 replicated findings from similar Sternberg
studies that included a target load (encoding phase) but not a working memory manipulation
load (retrieval phase) (Chang, Crottaz-Herbette et al., 2007;Chen and Desmond, 2005b). Net
increases in activations, however, were not observed in the cerebellum for this comparison.
This suggested that the executive and match condition requirements were similar to each other
during the maintenance phase within the cerebellum. This contrasted with the cerebellum’s
pattern of activity during the encoding phase and, as will be seen, during the retrieval phase.

Two other primary brain regions of interest exhibited greater activation for match relative to
executive conditions, and these were consistent with previous reports using a Sternberg match
paradigm. First, match-related activity was observed in the left inferior parietal lobe (IPL, BA
40). This region has been associated with phonological storage (Jonides, Schumacher et al.,
1998) and is often co-activated with the contralateral inferior cerebellum (Chen and Desmond,
20053, b; Kirschen, Chen et al., 2005). A second region of match-related activation was found
in the anterior insula bilaterally. The anterior insula (approximately +/— 30, 22, 7) is
consistently activated in tasks that involve making decisions about briefly encoded material,
such as letters (Chang, Crottaz-Herbette et al., 2007; Chen and Desmond, 20053, b; Kirschen,
Chenetal., 2005; Wager, Sylvester et al., 2005), pseudowords (Fiez, Balota etal., 1999), colors
(Chikazoe, Jimura et al., 2009; Wager, Sylvester et al., 2005), and spatial configurations
(Pessoa, Gutierrez et al., 2002). Moreover, this region has been associated with a goal-directed
“task mode”, which is the opposite of (or anticorrelated to) the default mode (Dosenbach,
Visscher et al., 2006). Activity in the anterior insula during the maintenance phase of the match
condition, therefore, suggests that this phase of the trial was particularly relevant to the task.
Indeed, for the match condition, maintaining the target letters was necessary so that they could
be directly compared to the subsequent probe. In the executive condition, however, anterior
insula activity was shifted to the retrieval phase, which will be discussed in the next section.

Basal ganglia activation increased during the maintenance phase for the executive condition.
Dynamic activation of the basal ganglia throughout different phases of the Sternberg task have
been attributed to an adaptive process by which the basal ganglia distributes information to
other brain regions to facilitate the transformation of sensory input and cognitive operations
into behavior (Chang, Crottaz-Herbette et al., 2007). This function may have had particular
relevance during the executive condition in order to strengthen the memory trace of the target
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information. Further discussion of this will be provided in the upcoming retrieval phase section
when additional changes in the basal ganglia activity were observed.

Taken together, the pattern of activations depicted in Figure 5 during maintenance reflected
two different strategies at work for the match versus executive conditions. Match-related
activations in the cerebellum, IPL, and anterior insula were consistent with phonological
storage processes typically used during the Sternberg match paradigm. Executive-related
activations in the basal ganglia suggested that an alternative strategy was used to enhance the
subject’s ability to process the target information and retain it throughout the maintenance
phase.

Increased activity for the executive condition relative to the match condition was observed in
the right cerebellar dentate during the retrieval phase. This area of activity was ventral to that
observed during encoding. Figure 9 shows the dissociation between dorsal and ventral dentate
activation during the executive encoding and retrieval phases, respectively. A line bisecting
the cerebellum marks the plane (z = —37) at which the two activations overlapped, with the
encoding activation superior to the dividing line, and the retrieval activation inferior to it. This
z-plane coordinate corresponds with the dorsal/ventral midpoint range of the dentate, as
mapped by Dimitrova et al. (2006) to be within the range of z=—-36 to —40. Thus, the difference
in location of functional activity within the dentate dissociated nicely along a dorsal (encoding)
and ventral (retrieval) dentate division at z = —37.

Pre-supplementary area (pre-SMA) activity on the left side was also observed. This area has
connections with the prefrontal cortex and is thought to be involved in cognitive, rather than
motor, functions, such as the anticipation of behavioral events (Bates and Goldman-Rakic,
1993; Hoshi and Tanji, 2004). By contrast, the more caudal SMA that was activated during
encoding is thought to be more directly involved in motor planning and execution. This pre-
SMAJ/SMA distinction is relevant to the results at hand because each area has topographically
distinct connections with the cerebellar dentate. The dorsal dentate communicates with the
SMA, whereas the ventral dentate communicates with the pre-SMA (Akkal, Dum et al.,
2007). In addition to communicating with the pre-SMA, the ventral dentate communicates with
other frontal regions, such as BA 9 and 46 (Dum and Strick, 2003), which were also activated
during the retrieval phase. We observed a large activation in the left middle frontal gyrus (BA
9/46), which has been linked to verbal tasks requiring executive function as well as storage
(Smith and Jonides, 1999). It is unknown whether the ventral dentate was co-activated with
BA 9/46 or the pre-SMA (or both), which are also connected to each other (Bates and Goldman-
Rakic, 1993). However, in the general sense, it is noteworthy that during retrieval the
“cognitive” portion of the cerebellar dentate was co-activated with cognitive frontal regions,
and at the same time, neither the “motor” portion of the dentate nor motor frontal regions were
activated. This pattern of activity contrasted with that which occurred during the encoding
phase when the dorsal “motor” dentate co-activated with the SMA. Given that the prefrontal
BA 9/46 is involved in executive functions and the pre-SMA is involved in anticipation of
behavior, it seems that the ventral dentate’s role in the retrieval phase was related to computing
(rather than executing) the correct response.

Executive-related anterior insula activity during retrieval was observed in the same location
as was the match-related activity during maintenance. A surge in activity during the retrieval
phase under executive demands, relative to match, indicated that the insula responded to the
probe. Keeping in mind the proposal that the anterior insula supports a goal-directed task mode
(Dosenbach, Visscher et al., 2006), we speculate that the anterior insula increased its activity
during retrieval in the executive condition because this phase contained the relevant
information that was necessary to successfully complete the trial. Specifically, this phase
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provided information that allowed the subjects to identify a new probe to compare to the targets
held in memory. This could not be done until the probe had been presented. Therefore, a contrast
between executive and match conditions revealed executive-related insula activity occurred
during the retrieval phase, whereas match-related insula activity occurred during the
maintenance phase. This difference in the pattern of activity between the match and executive
conditions further supports the notion that subjects used two different strategies when
performing each of the conditions.

Finally, the retrieval phase executive condition yielded negative activity in the basal ganglia.
This appeared to be the result of de-activation. This region had increased its activity during the
maintenance phase under executive conditions. The dynamics we observed in the basal ganglia
across task phases between conditions may reflect the general ability of the basal ganglia to
modulate cortical activity by inhibition and disinhibition (Parent and Hazrati, 1995). One mode
of basal ganglia function is to serve as a “brake” on connected brain regions, thereby providing
a means for controlling and updating working memory (Chang, Crottaz-Herbette et al.,
2007). Basal ganglia activity, therefore, may have served as a cortical gating mechanism in
our study that responded to the changing cognitive demands required by the three phases of
the Sternberg task.

4.4 Accuracy Prediction

The BOLD response in five brain regions predicted trial success. Figure 8 illustrates the BOLD
changes in these regions during executive maintenance for trials that were accurate versus
inaccurate. These regions were selected if they showed increased activity during the executive
retrieval phase and if their BOLD signal was greater for accurate versus inaccurate trials during
the maintenance phase. These regions included the left prefrontal BA 9, bilateral anterior insula,
the medial pre-SMA (BA 6/32), and the right ventral cerebellar dentate. The dentate activation,
however, should be viewed with a degree of caution given that only one voxel survived the
rigorous conjunction analysis. These areas have all been linked anatomically (Akkal, Dum et
al., 2007;Dum and Strick, 2003;Hoover and Strick, 1999;Middleton and Strick, 2000,2001) or
via connectivity analysis (Habas, Kamdar et al., 2009), and their functions have been described
in the preceding sections. It is interesting to note that all of these areas predicted trial success
in another study that examined visual working memory (Pessoa, Gutierrez et al., 2002). This
suggests that the functionality of these five regions is not specific to verbal working memory
and may serve an analogous purpose during the storage and manipulation of non-verbalizable
information.

Greater activity for accurate trials versus inaccurate trials during the maintenance phase implies
that information was encoded correctly. Otherwise, an increased BOLD signal would have
reflected both accurate and inaccurate information, with no relationship to successful recall.
Similarly, increased BOLD signal for accurate trials suggests that target information was
effectively stored and updated throughout the entire duration of the maintenance phase. If not,
the information would have been lost. Thus, our conjunction analysis indicated that these five
regions were tied to the utilization of information and provided essential contributions to verbal
working memory prior to making a response. Another way to interpret these data is that
deactivation of these regions, observed for inaccurate trials, reflected distractibility, or a lack
of focus, which prevented a rise in signal that was otherwise present on accurate trials (Kelly,
Uddin et al., 2008). Therefore, activation in these regions during a critical part of the trial—
when proper functioning was essential—was associated with trial success, whereas
deactivation was associated with trial failure.

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



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Marvel and Desmond Page 13

4.5 Summary

This study examined the functional and temporal dynamics of cerebro-cerebellar activity
within the context of executive verbal working memory. Although further high resolution
imaging explorations of these findings is desirable, particularly for the small deep cerebellar
nuclei, and localization and magnitude of the results are influenced by pre-processing settings
such as width of the smoothing kernel, our results demonstrated that phase-changing
activations within the cerebro-cerebellar circuit were sensitive to executive load. The results
showed that encoding involved the SMA and dorsal cerebellar dentate. By contrast, during the
retrieval phase a high executive load involved the pre-SMA and ventral cerebellar dentate.
Performance success was predicted by several brain regions, including the pre-SMA/ventral
dentate circuit, underscoring the cerebro-cerebellum’s relevance to executive verbal working
memory. Acknowledging Baddeley’s assertion that the phonological loop is critical for
language, there is a need for future studies to clarify the contribution of cerebro-cerebellar
circuitry to language. Doing so will improve our understanding of language development and
of language-related disorders.
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Sternberg Verbal Working Memory Task

a) Match Condition
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b) Executive Condition

Encoding Maintenance Retrieval
(& Response)
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“h” matches a target? (no)
Q## Qv C
Figure 1.

Task parameters for the match and executive conditions. Subjects studied two or six targets
during the encoding phase and then held those targets in mind during the maintenance phase.
a) During the retrieval phase of the match condition, subjects simply decided whether the probe
matched any of the targets. b) During the retrieval phase of the executive condition, subjects
decided whether two alphabetical letters forward of the probe matched any of the targets.
Subjects responded yes/no with a button press.
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Figure 2.

a) Mean accuracy for all trials as a function of condition (match vs. executive) and load (2 vs.
6 targets). b) Mean response times for correct responses as a function of condition and load.
Error bars of 1 standard error are plotted for each bar in the graphs. Asterisks denote p-value

<.0L
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Encoding Phase

Posterior View

Posterior View

Posterior View

Figure 3.

A summary of brain activations across the three task phases for the 6-target executive versus
6-target match comparisons. In all phases, red regions represent increased activity during the
executive condition. In the encoding and maintenance phases, blue regions represent increased
activity during the match condition. For the retrieval phase, blue regions represent deactivations
during the executive condition. P < .001 for all activations.
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Figure 4.

Encoding phase: 6-target executive versus 6-target match (see Table 1 for peak coordinates).
Coronal slices from Talairach y = +48 to —77mm are depicted. Positive activations (executive
> match) are shown in red; negative activations (match > executive) are shown in blue; p <.

001 —.00001.
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Figure 5.

Maintenance phase: 6-target executive versus 6-target match (see Table 2 for peak coordinates).
Coronal slices from Talairach y = +48 to —77mm are depicted. Positive activations (executive
> match) are shown in red; negative activations (match > executive) are shown in blue; p <.
001 —.00001.

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



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Marvel and Desmond

38 mm 34 mm 29 mm 24 mm

e ke ke e

-3 mm -7 mm

Figure 6.

Retrieval phase: 6-target executive versus 6-target match (see Table 3 for peak coordinates).
Coronal slices from Talairach y = +48 to —77mm are depicted. Positive activations (executive
> match) are shown in red; negative activations (deactivations) are shown in blue; p <.001 —.
00001.
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Figure 7.

Brain regions that predicted trial accuracy included the left middle frontal gyrus (BA 9),
bilateral anterior insula (BA 13), medial frontal gyrus, including the pre-SMA (BA 6/32), and
right ventral cerebellar dentate (See Table 4 for peak coordinates.) Coronal slices from
Talairach y = +48 to —77mm are depicted. Because the conjunction analysis that was used to
identify these brain regions was defined in terms of increased activations, only positive
activations are shown, p <.001 —.00001.
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BOLD Signal Differences During Maintenance
Between Accurate and Inaccurate Trials

- ¢
IS
“ ¢
t
7
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Regions Predicting Trial Accuracy
® Accurate Trials
O Inaccurate Trials
Figure 8.

The mean BOLD signal for accurate versus inaccurate trials within the left middle frontal gyrus,
left insula, right insula, pre-SMA, , and right ventral cerebellar dentate (See Table 4 for peak
coordinates and Figure 7 for visualization of the activations.) For each area of interest, the
BOLD signal during the maintenance phase was significantly greater for accurate trials (filled
circles) relative to inaccurate trials (open circles). Error bars represent 1 standard error.
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During Encoding and Retrieval

Encoding Phase Retrieval Phase

Figure 9.

Peak activations within the right cerebellar dentate are shown for encoding and retrieval phases
of the Sternberg task (6-target executive versus 6-target match), p <.001. a) The blue vertical
lines drawn through the whole brains indicate the location of the cross-sectional slices shown
below in part (b). b) The cross-sections correspond to the peak dentate activation in the y-plane
for encoding (y = —56) (shown on the left) and retrieval (y = —57) (shown on the right). The
position of activation during encoding extends dorsally from the dentate to Lobules 1V, V, and
VI, and is visible in z-planes —18 to —37. By comparison, the position of activation during
retrieval extends ventrally from the dentate to Lobules VIIIB and IX, and is visible in z-planes
—36 to —46. As can be seen, there is little spatial overlap between the two activations. A green
line has been drawn at z = =37 to mark a functional division between the dorsal and ventral
dentate, which divides approximately between z-planes —36 to —40 (Dimitrova, Zeljko et al.,
2006). This functional division is consistent with a neuroanatomical pathway division, in which
the dorsal dentate projects to motor regions of the frontal lobe, and the ventral dentate projects
to cognitive regions of the frontal lobe (Akkal, Dum et al., 2007; Dum and Strick, 2003),
implicating a “motor” dorsal dentate and a “cognitive” ventral dentate.
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