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Behavioral/Cognitive

Functional Evidence for a Cerebellar Node of the Dorsal
Attention Network

James A. Brissenden,* Emily J. Levin,"* David E. Osher,' “Mark A. Halko,? and ““David C. Somers'
Department of Psychological and Brain Sciences, Boston University, Boston, Massachusetts 02215, and 2Berenson-Allen Center for Noninvasive Brain
Stimulation, Beth Israel Deaconess Medical Center, Boston, Massachusetts 02215

The “dorsal attention network” or “frontoparietal network” refers to a network of cortical regions that support sustained attention and
working memory. Recent work has demonstrated that cortical nodes of the dorsal attention network possess intrinsic functional con-
nections with a region in ventral cerebellum, in the vicinity of lobules VII/VIIL. Here, we performed a series of task-based and resting-state
fMRI experiments to investigate cerebellar participation in the dorsal attention network in humans. We observed that visual working
memory and visual attention tasks robustly recruit cerebellar lobules VIIb and VIIIa, in addition to canonical cortical dorsal attention
network regions. Across the cerebellum, resting-state functional connectivity with the cortical dorsal attention network strongly pre-
dicted the level of activation produced by attention and working memory tasks. Critically, cerebellar voxels that were most strongly
connected with the dorsal attention network selectively exhibited load-dependent activity, a hallmark of the neural structures that
support visual working memory. Finally, we examined intrinsic functional connectivity between task-responsive portions of cerebellar
lobules VIIb/VIIIa and cortex. Cerebellum-to-cortex functional connectivity strongly predicted the pattern of cortical activation during
task performance. Moreover, resting-state connectivity patterns revealed that cerebellar lobules VIIb/VIIIa group with cortical nodes of
the dorsal attention network. This evidence leads us to conclude that the conceptualization of the dorsal attention network should be
expanded to include cerebellar lobules VIIb/VIIIa.
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The functional participation of cerebellar structures in nonmotor cortical networks remains poorly understood and is highly
understudied, despite the fact that the cerebellum possesses many more neurons than the cerebral cortex. Although visual
attention paradigms have been reported to activate cerebellum, many researchers have largely dismissed the possibility of a
cerebellar contribution to attention in favor of a motor explanation, namely, eye movements. The present study demonstrates that
a cerebellar subdivision (mainly lobules VIIb/VIIIa), which exhibits strong intrinsic functional connectivity with the cortical
dorsal attention network, also closely mirrors a myriad of cortical dorsal attention network responses to visual attention and
working memory tasks. This evidence strongly supports a reconceptualization of the dorsal attention network to include cerebel-
lar lobules VIIb/VIIIa. j

ignificance Statement

Ungerleider, 2000). Our understanding of the brain structures
that control attention has evolved from a unitary parietal locus
(Critchley, 1953), to a frontoparietal network (e.g., Mesulam,
1981; Posner and Petersen, 1990), to multiple networks (e.g.,
Corbetta and Shulman, 2002; Dosenbach et al., 2007; Yeo et al.,

Introduction
Attention influences neural structures throughout the brain but
is controlled by a more limited architecture (e.g., Kastner and
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2011; Michalka et al., 2015; Rosen et al., 2015). Today, there is
widespread agreement that a “dorsal attention network” (DAN)
or “frontoparietal network” directs visual attention and short-
term memory processes (e.g., Courtney et al., 1998; Hagler and
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Sereno, 2006; Szczepanski et al., 2010; Ikkai and Curtis, 2011;
Sprague and Serences, 2013). Moreover, this network is distinct
from a cingulo-opercular cognitive control network (CCN)
(Dosenbach et al., 2007; Power et al., 2011; Yeo et al., 2011). Yet,
no consensus has been reached regarding the precise components
of the DAN. On the basis of task-based and resting-state fMRI
studies, the DAN in humans is typically defined to include all or
some of the following four regions: (1) intraparietal sulcus (IPS)/
superior parietal lobule; (2) superior pre-central sulcus (sPCS)
containing the homolog of primate frontal eye fields; (3) inferior
pre-central sulcus (iPCS), alternately known as inferior frontal
junction; and (4) the motion-sensitive area MT complex (MT ™)
(Fox et al., 2005; Szczepanski et al., 2010; Power et al., 2011; Ptak
and Schnider, 2011; Yeo etal., 2011; Gao and Lin, 2012). Whereas
subcortical structures, such as superior colliculus and pulvinar,
are often implicated in attentional functions (e.g., Goldberg and
Wurtz, 1972; Saalmann et al., 2012), cerebellar structures are not
typically discussed among the neural substrates of attention.

Prior work has demonstrated cerebellar activation during
working memory and attention tasks (Allen et al., 1997; Des-
mond et al., 1997; Le et al., 1998; O’Reilly et al., 2008; Salmi et al.,
2010; Kellermann et al., 2012; Stoodley et al., 2012). However, the
role of the cerebellum in cognition has long been dismissed (e.g.,
Glickstein, 2007), and some suggest that cerebellar activation
may be a vestige of the evolution of the mammalian brain with
little involvement in cognitive processes (Buckner, 2013). Inter-
estingly, both polysynaptic tracing (Kelly and Strick, 2003) and
corticocerebellar intrinsic functional connectivity studies (Buck-
ner et al., 2011) indicate that the cerebellum is not a unitary
structure. Multiple higher-order association networks share in-
trinsic functional connectivity with distinct cerebellar regions,
including the DAN and default mode network (DMN) (Habas et
al., 2009; Krienen and Buckner, 2009; O’Reilly et al., 2010; Buck-
ner et al., 2011). Specifically, Buckner et al. (2011) identified a
region spanning cerebellar lobules VIIb and VIIIa that exhibits
connectivity with the cortical DAN and a region within the
lateral-most portion of Crus I and II that couples with the cortical
DMN. In cortex, the DAN and DMN competitively interact, such
that the DAN is activated and the DMN is suppressed during
cognitive task performance (Shulman et al., 1997; Gusnard et al.,
2001; Corbetta and Shulman, 2002). Furthermore, recruitment
of the DAN reflects the number of items maintained in working
memory (Todd and Marois, 2004; Vogel and Machizawa, 2004;
Xu and Chun, 2006; Sheremata et al., 2010). It remains unclear
whether cerebellar regions coupled with the DAN and DMN ex-
hibit similar patterns of activation and interaction as their corti-
cal counterparts.

Here, using fMRI, we observe that corticocerebellar connec-
tivity predicts cerebellar activation in individual subjects during
visual attention and visual working memory (VWM) task perfor-
mance. Cerebellar lobules VIIb/VIIIa not only exhibit strong in-
trinsic functional connectivity with the cortical DAN, but their
task-driven responses mirror those of the cortical DAN. These
findings strongly support the view that the DAN functionally
extends to a portion of the cerebellum.

Materials and Methods

Subjects. Fourteen healthy subjects (eight female) participated in these
experiments. All subjects were compensated and gave written informed
consent to participate in the study, which was approved by the Institu-
tional Review Board of Boston University. Subjects were recruited from
Boston University and the Greater Boston area. All subjects were right-
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handed and had normal or corrected-to-normal vision. Nine subjects (3
female) participated in Experiment 1, and 9 subjects (5 female) took part
in Experiment 2. Four subjects participated in both experiments. Sub-
jects in Experiment 1 ranged in age from 24 to 38 years, and subjects in
Experiment 2 ranged in age from 25 to 38 years.

Visual stimuli and experimental paradigm

Experiment 1 (VWM change detection). Stimuli were created in MATLAB
(The MathWorks) using the Psychophysics Toolbox extension (Brain-
ard, 1997; Pelli, 1997) and were presented using a liquid crystal display
projector illuminating a screen within the scanner bore. Subjects fixated
on a centrally located cross while 12 oriented colored bars were presented
(six in each hemifield). The number of bars presented in each hemifield
remained constant across trials, but the number of memory targets pre-
sented on a given trial varied from 1 to 4. The remaining bars in the
display served as distractors (Fig. 1A). Targets and distractors were dis-
tinguished by color, with targets denoted by red and distractors denoted
by blue. Each bar subtended 0.25° X 2.5° of visual angle. Targets were
limited to either the right or left hemifield (counterbalanced across
blocks). Subjects were instructed to remember the orientation (0°, 45°,
90°, 135°) of the target items in the display. The memory sample display
was presented for 200 ms followed by a 1000 ms delay period. After the
sample and delay period, a memory probe was presented for 1800 ms.
A 1000 ms fixation period separated each trial. On half of the trials,
one of the target bars changed its orientation from the sample period
to probe period. On the other half of the trials, the memory probe
array was identical to the sample array. Subjects could respond during
either the memory probe or the intertrial fixation period by pressing
a key to indicate that the orientation of a target had changed, or a
separate key if it had not changed. The magnitude of the change was
always 90° (e.g., 0°-90° or 45°-135°). During sensorimotor control
trials, subjects were presented a display consisting entirely of distrac-
tors and were instructed to press either key during the probe or in-
tertrial fixation period.

Experiment 2 (visual attention Multiple Object Tracking [MOT]). Stim-
uli were generated and presented using Python with the VisionEgg
software package (Straw, 2008; Bettencourt et al., 2011). The display
consisted of two spatially offset rectangular regions, one per hemifield,
each containing six white disks and a small centrally located fixation cross
(Fig. 1B). At the onset of each trial, four target disks were highlighted in
red for 1500 ms before changing back to white for 500 ms. To encourage
subjects to maintain central fixation, two targets were restricted to the left
visual hemifield and two were restricted to the right visual hemifield. As
a result, holding central fixation is the optimal strategy for tracking all
targets. Following the cue period, all disks in the display moved in ran-
dom directions at a constant speed of 4.8°/s for 12 s. A repulsion algo-
rithm was used that aggregated the distance between each disk and the
edges of each hemifield display to determine the direction of movement.
The closer a disk came to these objects, the more strongly it was directed
away. As a result, disks repulsed off other disks and the hemifield display
edges, preventing any overlap. Subjects were instructed to maintain fix-
ation on the central fixation cross and covertly attend to the cued target
disks as they moved around the display. Once the disks stopped moving,
a single disk was highlighted in blue for 3000 ms. Subjects were asked
to respond by pressing a key if the probed disk was one of the original
targets, or to press a separate key if it was not a target. A 1000 ms blank
fixation interval separated each trial. At the onset of sensorimotor con-
trol trials, every disk in the display was highlighted in red during the cue
period. In this condition, subjects were instructed to refrain from track-
ing the disks and to press either key during the probe period. Subjects
practiced the task before scanning. Behavioral data from all but one
subject were lost before they could be analyzed. However, 19 additional
subjects were previously scanned while performing the same paradigm
with a slice prescription that did not include the cerebellum. These sub-
jects in addition to the remaining subject (n = 20) performed the task
with a mean accuracy of 63.06%, indicating that, although the task was
challenging, subjects were generally able to perform the task. There is
little reason to believe that the two subsets of subjects should differ sig-
nificantly in their performance.
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Figure 1.

Time

Experimental stimuli and methods. A, VWM change detection paradigm. Participants were asked to maintain central fixation and remember the orientation of target bars (red) and

ignore distractor bars (blue). An array of oriented bars was presented (200 ms), then a blank screen (1000 ms), and finally a second array of bars (1800 ms) that was either identical or differed in the
orientation of a single target bar (change on 50% of trials). Participants indicated with a key press whether or not a change occurred in the display. B, Visual attention MOT paradigm. Participants
were presented a cue display, which highlighted 4 of 12 total disks for 1.5 s. Participants were instructed to maintain central fixation while attentively tracking cued disks (2 in left visual field, 2 in
right visual field) as they moved around the display. After 12 s, the disks stopped moving and participants indicated whether a single highlighted disk was one of the original targets. C, Cerebellar
ROIs defined by intrinsic resting-state functional connectivity with cortical networks. Mean time courses were extracted from six cortical networks (Yeo et al., 2011) and correlated with every
cerebellar voxel. ROIs were created via a winner-take-all procedure that assigned each above-threshold voxel to the network with which it had the strongest correlation.

Magnetic resonance data acquisition. Data were acquired from a 3 Tesla
Siemens TIM Trio magnetic resonance imager located at the Center
for Brain Science at Harvard University in Cambridge, Massachusetts. A
32-channel head coil was used for all scans. T2*-weighted EPI (BOLD)
images were acquired using a slice-accelerated EPI sequence that permits
simultaneous multislice acquisitions using the blipped-CAIPI technique
[TR = 25, TE = 30 ms; flip angle = 80°; 6/8 partial-fourier acquisition]
(Setsompop et al., 2012). A total of 69 slices were acquired with a slice
acceleration factor of 3 and 0% skip, covering the whole brain, including
the cerebellum. Images were acquired at a nominal 2 mm isotropic spa-
tial resolution (matrix size = 108 X 108 X 69).

In the VWM study (Experiment 1), each subject completed eight runs
(total time per run = 6 min 16 s). Each run comprised 10 34 s task blocks
and 16 s of blank fixation before the first block and after the last block.
Each block consisted of a 2 s cue, which indicated the location of the
target stimuli (left or right hemifield), followed by 8 4 s trials. In the MOT
study (Experiment 2), subjects completed four runs (total time per run =
4 min 56 s), comprised of 16 alternating active and sensorimotor control
blocks, each lasting 18 s. The 4 s of blank fixation was presented before
and after the task blocks. In both experiments, subjects underwent 2 or 3
resting-state scans using identical scan parameters (each 180 TRs; 6 min
duration). During the resting-state scans, subjects were instructed to let
their minds wander while maintaining fixation on a centrally located
crosshair.

Data analysis. Functional and resting-state data were analyzed using
the FreeSurfer FS-FAST software package (version 5.3.0) (Charlestown;
http://surfer.nmr.mgh.harvard.edu/) (Fischl, 2012). The following
preprocessing steps were performed: slice-time correction, motion-
correction, spatial smoothing (3 mm FWHM)), and spatial normalization
to the FreeSurfer “fsaverage” brain (MNI305) using a 6 parameter affine
transformation. Single-subject data were analyzed voxelwise using a
general linear model that included a predictor for each task condition
(Experiment 1: set size 1 left, set size 1 right, set size 4 left, set size 4 right,

sensorimotor control; Experiment 2: attend and sensorimotor control).
To control for activation due to cue reorientation, cue time points were
included as nuisance regressors in the model. Singular value decompo-
sition reduced the 6 motion correction vectors to 3 eigenvectors, which
were also included as nuisance regressors in the model. The task regres-
sors were convolved with a canonical hemodynamic response function
before fitting. This canonical hemodynamic response was modeled by a y
function with a delay of 8 = 2.25 s and a decay time constant of 7 = 1.25
(Boynton et al., 1996). t tests were performed on each voxel to compare
differences in activation between conditions. The significance of these
activation differences was then overlaid onto the MNI305 template
brain, as well as projected onto each hemisphere of the “fsaverage”
cortical surface. Significant group-level task activation was corrected for
multiple comparisons using cluster-based correction in FS-FAST. To
generate a null hypothesis dataset, Monte Carlo simulations were per-
formed to generate random volumes of normally distributed values that
were smoothed with a FWHM estimated from the group analysis resid-
uals. Significant clusters were identified by thresholding group statistical
maps voxelwise (p < 0.05) followed by cluster thresholding at a cor-
rected  of p < 0.05.

Intrinsic functional connectivity analysis. We performed resting-state
functional connectivity analysis from cortex to cerebellum, using group-
averaged cortical network seeds identified from a study of 1000 brains
(Yeo et al., 2011) to identify cerebellar network ROIs uniquely within
each subject. Additionally and independently, we performed a functional
connectivity analysis from cerebellum to cortex, using task-evoked
activation in the cerebellum to define a seed to identify the network of
cortical areas intrinsically connected to task-sensitive cerebellar voxels.
Resting-state data were further preprocessed in MATLAB. Head-motion
regression (6 motion parameters and their 6 temporal derivatives),
whole-brain signal regression, and ventricular and white matter signal
regression were performed (Van Dijk et al., 2010). We then calculated
framewise displacement by taking the sum of the absolute derivatives of
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the 6 motion parameters for each time point (Power et al., 2012). A
threshold of 0.5 mm was set to identify time points with excessive
motion. To avoid artifact spread during bandpass filtering, high motion
time points were replaced using linear interpolation (Carp, 2013). Band-
pass filtering was then performed to extract frequencies between 0.01 and
0.08 Hz. After filtering, high-motion time points were removed.

Cortical seed connectivity analysis. For our cortical seeds, we defined 6
composite ROIs using a publicly available parcellation that was originally
defined using a cluster-based intrinsic functional connectivity analysis of
1000 subjects (Yeo etal., 2011). Each of these composite seeds comprised
all of the ROIs in one of 6 cerebral cortical networks: the DAN, ventral
attention network (VAN), CCN, somatomotor network (SOM), limbic
network (LIMB), and the DMN. A seventh network, the visual network,
was excluded a priori due to the finding that it does not share significant
connectivity with the cerebellum (Buckner et al., 2011). Additional anal-
yses used an alternative definition of DAN from Power et al. (2011). To
create a bilateral composite ROI, we projected MNI coordinates onto the
Freesurfer “fsaverage” cortical surface. These coordinates were then iter-
atively dilated to a size of 61 vertices (diameter ~8 mm). A mean time
course was calculated for each seed ROI. These mean time courses were
then correlated against every voxel in the brain, including the cerebellum.
The resulting correlation maps were then z-transformed using Fisher’s
r-to-z transformation. To compute the voxelwise correlation between
cerebellar task activation and connectivity, we computed the mean z
value for each cerebellar voxel across subjects.

Cerebellar ROI creation. To define cerebellar ROIs corresponding
with each cortical network in individual subjects, a cerebellar mask
was applied to individual subject functional connectivity z-maps (Fig.
1C). The extracted data were thresholded at a z of 0.2. To ensure our
results were robust to the chosen threshold, additional analyses were
performed with ROIs defined with a lower threshold (z > 0.1) and a
higher threshold (z > 0.3). A winner-take-all procedure was then
performed so that each above-threshold voxel was assigned to the
network with which that voxel had the strongest correlation. Each
network ROI was then binarized to create a volumetric mask. To
minimize the inclusion of false-positives in our ROIs, we created a
dilated mask that effectively isolated clusters of correlated voxels of
sufficient size. To create the dilated mask, network ROIs were itera-
tively smoothed with a boxcar kernel and thresholded (threshold =
6/27; 5 neighbors). Thus, voxels with <5 neighbors were excluded
from the dilated mask. This process was repeated three times. The
dilated mask was then applied to the unsmoothed ROIs. To be in-
cluded in the analysis, an ROI had to exceed a threshold of 100 mm?>.
In Experiment 1, the SOM ROI of one subject did not meet this
threshold.

To assess the effect of ROI on percentage signal change for each
contrast, we used the SPSS mixed-model procedure to fit a marginal
linear model. In contrast to a more traditional repeated-measures
ANOVA model, a marginal linear model does not exclude cases with
missing values and can flexibly model the dependency introduced by
within-subject measures (West, Welch and Galecki, 2014). ROI was
specified as a repeated measure, and subject ID was included as a
grouping variable. Within-subject error was modeled using an un-
structured covariance structure, which produced a unique variance
estimate for each ROI and a unique covariance estimate for each pair
of ROIs. A marginal linear model produces valid SE estimates and
more efficient statistical tests of fixed parameters by more accurately
modeling the error covariance structure (Littell et al., 1998). It should
be noted that SPSS uses the Satterthwaite approximation to calculate
degrees of freedom and, as a result, can produce noninteger values.
The model was fitted using maximum likelihood estimation. Post hoc
comparisons were corrected for multiple comparisons using the
Holm-Bonferroni method.

Hemispheric ROI analysis. To examine differences in activation be-
tween hemispheres, we created hemisphere-specific ROIs in the cortex
and cerebellum. Cortical ROIs were created by splitting the Yeo DAN
representation into 4 ROIs (iPCS, sPCS, IPS, MT *)in each hemisphere.
Hemisphere-specific cerebellar ROIs were created by applying hemi-
spheric masks to the cerebellar ROI defined by connectivity with the
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cortical DAN. Mean percentage signal change was then extracted from
each ROI. Hemispheric differences were assessed by performing paired ¢
tests for each ROI (corrected for multiple comparisons).

Cerebellar seed connectivity analysis. In each experiment, we performed
an additional and statistically independent functional connectivity anal-
ysis. Our goal was to reveal, independent of any presumed cortical net-
work structure, the cerebral cortical regions that exhibit intrinsic
functional connectivity with the cerebellar regions strongly recruited
during VWM and visual attention task performance. Seed regions within
the cerebellum were defined in individual subjects by significant activa-
tion (p < 0.01) within lobules VIIb/VIIIa for the set size 4 sensorimotor
control contrast (Experiment 1), the set size 4 set size 1 contrast (Exper-
iment 1), and the active tracking-sensorimotor control contrast
(Experiment 2). Our definition of lobules VIIb/VIIIa was obtained from
the Spatially Unbiased Infratentorial Template (Diedrichsen, 2006;
Diedrichsen et al., 2009). A time course was then averaged across cere-
bellar voxels included in our seed ROI. A Pearson’s correlation coeffi-
cient was computed between our cerebellar seed time course and every
vertex on the cortical surface. A random-effects group analysis was then
performed, and significant group-level correlations were projected onto
the inflated cortical surface of the FreeSurfer average (fsaverage) brain
(Dale et al., 1999). We computed the overlap between connectivity and
cortical task activation by calculating the Simpson overlap coefficient
(Fuxman Bass et al., 2013). The Simpson coefficient is defined as the size
of the intersection of two sets divided by the minimum size of the two
sets. If one set is a perfect subset of the other set, the Simpson coefficient
is equal to 1.

Hierarchical cluster analysis. To investigate the network structure of
activated regions in the cerebellum and cortex, we performed a hierar-
chical cluster analysis on seed-to-seed resting-state correlations. Seeds
were defined in individual subjects by significant functional activation
(p < 0.01) in the cortex and cerebellum. To ensure that functional con-
nectivity seeds did not differ greatly in size, we used anatomical masks to
constrain our functionally defined ROIs. Cortical masks were taken from
a parcellation of the cortex freely available in the FreeSurfer package
(Fischl et al., 2004; Destrieux et al., 2010). Cortical seed ROIs were de-
fined for each hemisphere within IPS, sPCS, iPCS, MT ™, dorsal anterior
cingulate cortex (1ACC), anterior insula (alnsula), and posterior callosal
sulcus (CAS-p). To anatomically constrain our cerebellar seed ROIL, we
again used a mask encompassing cerebellar lobules VIIb and VIIIa ob-
tained from the Spatially Unbiased Infratentorial Template (Diedrich-
sen, 2006; Diedrichsen et al., 2009). If we could not define a seed within a
particular mask due to the lack of above-threshold functional activation,
we used a seed defined from the group analysis map. To ensure that we
could create group-defined seeds for all regions in which a seed could not
be defined in individual subjects, we used a slightly lower threshold (p <
0.05) to create seeds from the Experiment 2 group map. A seed-to-seed
correlation matrix was then computed for each subject. To increase sta-
tistical power, we collapsed correlation matrices from both studies into a
single group correlation matrix. Before averaging, correlation values for
each subject were transformed using the Fisher r-to-z transformation to
address the issue of nonadditivity of correlation coefficients. As 4 subjects
participated in both studies, we first computed a mean correlation matrix
for each overlapping subject. Because of the discrepancy in the number of
resting-state runs between Experiments 1 and 2, same-subject correla-
tion matrices were weighted by the number of resting-state TRs in each
session. Treating each row of the group correlation matrix as a vector in
a 16 dimensional space, we computed pairwise Euclidean distance be-
tween each region’s pattern of connectivity. We then applied Ward’s
linkage algorithm to these distances, which forms each new cluster by
merging the two clusters that lead to the minimum possible increase in
the total sum of squares of the node to centroid distances. Cluster tree
branch points were validated using a bootstrapping approach (Dosen-
bach et al.,, 2007). A total of 1000 bootstraps were created by randomly
sampling with replacement from our pool of 14 individual subject seed-
to-seed correlation matrices. Generated bootstrap correlation matrices
were averaged to form a mean correlation matrix. Each mean bootstrap
matrix was clustered to create 1000 bootstrap cluster trees. Bootstrap
confidence values for each branch point were computed by counting the
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number of iterations in which a subtree consisted of the same ROIs as the
original tree.

Eye movement monitoring. Subjects were instructed to maintain fixa-
tion on a centrally located cross throughout all scans. In Experiment 1,
eye position was monitored using an EyeLink 1000 from SR research. Eye
movement data were analyzed using custom scripts written in MATLAB.
To assess whether differential cerebellar activation can be attributed to
eye movements, distance from fixation for each trial was calculated by
taking the root mean square (RMS) difference of the horizontal and
vertical traces from the median value for the trial. These values were then
averaged across trials of each condition to produce an average value for
each subject. Because of technical difficulties, eye movement data could
not be obtained for one subject.

Results

VWM results

Behavior. Subjects performed well in the VWM change detection
task during fMRI scanning. In the set size 4 (SS4) condition,
mean accuracy was 79.64% and subjects effectively held 2.52 ob-
jects in VWM (Pashler, 1988). In the set size 1 (SS1) condition,
accuracy was 97.57% and subjects effectively held 0.97 objects in
VWM. Subjects held more items in VWM during SS4 versus SS1
(tg) = 12.74, p < 0.001).

Eye-tracking

Because the cerebellum is functionally linked to the motor
system, it is critical to demonstrate that eye movements did
not differ across conditions. We computed the RMS of eye
position relative to fixation for each trial. There was no signif-
icant difference in mean RMS between conditions (F,4) =
2.34, p = 0.158). Pairwise comparisons further revealed no
significant difference in RMS between SS4 and both SS1 and
the sensorimotor control (554 vs SS1: t4) = —0.40, p = 0.698,
uncorrected; SS4 vs control: t5) = —2.09, p = 0.070, uncor-
rected). The trend in the SS4-Control comparison reflects
greater RMS in the sensorimotor control condition. These
measurements demonstrate that any activation observed in
the contrast of high-load VWM to low-load VWM and the
sensorimotor control condition cannot be attributed to
greater eye movements during the high-load condition.

Task-based fMRI and ROI analysis

A random-effects group analysis of the fMRI data contrasting SS4
with the sensorimotor control condition revealed significant
clusters of activation located within lobules VIIb/VIIIa bilaterally
(MNI coordinates = [—11.5, —85, —35.5]; [7.5, —91, —30.5]),
consistent with the location of the functional connectivity DAN
representation identified by Buckner et al. (2011). Significant
clusters were also identified within lobule VI/Crus I bilaterally
(MNI = [—43.5, —81, —22.5], [43.5, —80, —19.5]). To better
characterize these results, cerebellar ROIs were defined in indi-
vidual subjects by intrinsic functional connectivity with six cor-
tical networks from the Yeo 7-network parcellation (DAN, VAN,
CCN, SOM, LIMB, and DMN; see Materials and Methods) (Yeo
et al., 2011). Visualization of individual subject cerebellar fMRI
activation and resting-state connectivity patterns revealed a sim-
ilar pattern of cerebellar regions activated by VWM and intrinsi-
cally coupled with cortical DAN regions (Fig. 2A—C). The ROI
analysis revealed that VWM task activation specifically targeted
the cerebellar regions coupled with the cortical DAN (Fig. 2D).
Mean percentage signal change differences between the SS4 con-
dition and the sensorimotor control condition were extracted
from each cerebellar network ROIL These values were entered
into a marginal linear model. There was a significant effect of
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ROI (F 59y = 11.52, p = 0.001). Post hoc comparisons (Holm-
Bonferroni corrected) revealed that the cerebellar DAN ROI ex-
hibited significantly greater activation than every other cerebellar
network ROI (DAN vs VAN: t o) = 4.50, p = 0.006; DAN vs CCN:
too1) = 5.40, p = 0.002; DAN vs SOM: t4 03, = 3.61, p = 0.011;
DAN vs LIMB: £40;, = 3.35, p = 0.011; DAN vs DMN: ¢4, =
4.48, p = 0.006). Only the cerebellar ROIs defined by connectivity
with the cortical DAN and DMN significantly differed from 0.
The cerebellar ROI that coupled with the DAN exhibited a signif-
icant increase in signal (¢ 4 = 3.26, p = 0.048 corrected; un-
corrected p < 0.01), and the cerebellar ROI that coupled with the
DMN exhibited a significant decrease in signal (¢qy = —3.92,p =
0.021 corrected; uncorrected p << 0.01). These results were robust
to the threshold chosen to define cerebellar ROIs. All compari-
sons remained significant for ROIs defined with a lower thresh-
old (z > 0.1) or a higher threshold (z > 0.3).

Load-dependent responses

A load-dependent response profile (i.e., increasing activation
with increasing numbers of items held in VWM) is a defining
characteristic of cortical regions implicated in VWM. To assess
whether the cerebellar subregions exhibit load dependence, we
contrasted SS4 with SS1 within each of our cerebellar ROIs. There
was a significant effect of cerebellar ROI (F5 4 ,4) = 39.84, p =
0.000009). Again, this effect was driven by significantly greater
percentage signal change within the cerebellar ROI coupled to
DAN in relation to every other cerebellar ROI (DAN vs VAN:
toy = 4.47,p = 0.003; DAN vs CCN; to) = 4.08, p = 0.003; DAN
vs SOM: t(g) = 5.74, p = 0.0009; DAN vs LIMB: ¢4y = 9.55, p =
0.00003; DAN vs DMN: t4) = 7.94, p = 0.0001; Holm—Bonfer-
roni corrected) (Fig. 2E). We again found that only the cerebellar
ROIs defined by connectivity with the cortical DAN and with the
cortical DMN exhibited a significant difference in percentage sig-
nal change (DAN: ¢4, = 5.69, p = 0.002, corrected; DMN: ¢4y =
—4.52, p = 0.007, corrected). There was also a significant activa-
tion difference within the ROIs defined by connectivity with the
VAN and CCN, but this effect was reduced to a trend after cor-
rection for multiple comparisons (VAN: ¢4, = 3.10, p = 0.051
corrected; CCN: t4) = 2.91, p = 0.052 corrected).

Resting-state functional connectivity versus task activation
To further quantify the relationship between cerebellar task-
evoked activation and intrinsic functional connectivity to cortical
networks, we examined, for all cerebellar voxels (independent of
the above ROI definitions), the voxelwise correlation between
VWM activation and connectivity to the DAN and DMN. We
computed the mean normalized activation (SS4 vs control and
S$S4 vs SS1) and mean normalized correlation to the cortical DAN
and DMN of each cerebellar voxel across subjects and then cor-
related these two measures. There was a strong positive correla-
tion between VWM-evoked activation and DAN connectivity
(SS4 vs control: r = 0.60; SS4 vs SS1: r = 0.62), and a robust
negative correlation between VWM activation and DMN con-
nectivity (SS4 vs control: r = —0.73; SS4 vs SS1: r = —0.65) (Fig.
3). These strong correlations indicate that intrinsic functional
connectivity patterns with the DAN and DMN are robust predic-
tors of VWM task activation across individual cerebellar voxels.

Hemispheric bias

A right hemisphere bias is commonly observed in studies of spa-
tial VWM, such that right hemisphere VWM regions exhibit
greater activation than left hemisphere VWM regions (e.g., Bel-
ger et al., 1998; Rypma and D’Esposito, 1999). The cortex is an-
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Experiment 1: VWM and functional connectivity results. A, Cerebellar voxels that exhibit significant positive correlation with cortical DAN (hot colors) in one subject. B, VWM task

activation in cerebellum for the same subject, contrasting the set size 4 (SS4) condition (hot colors) versus sensorimotor control (cool colors). €, Cerebellar VWM activation contrasting the S54
condition (hot colors) versus the set size 1(SS1) condition (cool colors). D, £, Group analysis of task activation in cerebellum. Cerebellar ROIs for individual subjects were defined by intrinsic functional
connectivity with cortical networks. D, Bars represent mean percentage signal change (n = 9) for the SS4 condition relative to the sensorimotor control. Error bars indicate within-subject SEM. E,
Mean percentage signal change (n = 9) for the 554 condition relative to the SS1 condition. Error bars indicate within-subject SEM. * denotes significance (p << 0.05 corrected).

atomically connected with the contralateral hemisphere of the
cerebellum via the pons. Therefore, if a cerebellar region partici-
pates in VWM processing, we would expect to observe a left
hemisphere bias in the cerebellum. We split the cortical DAN
representation from Yeo et al. (2011) 7 network parcellation into
4 ROIs in each hemisphere (iPCS, sPCS, IPS, MT ). Within all
cortical ROIs, the right hemisphere exhibited stronger activation
than the left hemisphere (LH vs RH for SS4 minus control: iPCS:
tg) = 3.28, p = 0.029; sPCS: t5) = 2.94, p = 0.033; IPS: t.9) =
5.33,p = 0.002; MT *: .4, = 2.34, p = 0.044; LH vs RH for S54
minus SS1: iPCS: ty) = 3.22, p = 0.021; sPCS: t4) = 4.90, p =
0.003; IPS: £, = 5.17, p = 0.003; MT *: 1,4, = 2.23, p = 0.053;
Holm-Bonferroni corrected) (Fig. 4A). To create cerebellar
ROIs, we applied hemispheric masks to the cerebellar ROI de-
fined by intrinsic functional connectivity to the DAN in individ-
ual subjects to create an ROI for each hemisphere. We found
evidence for hemispheric bias in the cerebellum mirroring the
bias observed in the cortex. Within cerebellar regions defined by
functional connectivity with the cortical DAN, the left hemi-
sphere exhibited significantly greater activation than the right
hemisphere (S54 minus control: ¢4, = 5.54, p = 0.002, corrected;
§S4 minus SS1: 5, = 4.21, p = 0.007, corrected) (Fig. 4B).

Cerebellum-to-cortex intrinsic functional connectivity
As a further analysis of the interactions between cortex and
cerebellum in VWM, we reversed direction and performed a

cerebellar-to-cortex intrinsic functional connectivity analysis.
The seed regions for this seed-to-vertex intrinsic functional con-
nectivity analysis were defined in the cerebellum by significant
cerebellar VWM activation (SS4 vs control and SS4 vs SS1 con-
trasts) within lobules VIIb/VIIla (p < 0.01) in individual
subjects. Critically, this seed definition depends only on task ac-
tivation and is completely independent of the definitions used in
the cerebellar ROI analyses of Figure 2. We then compared this
cortical pattern of intrinsic functional connectivity with each cor-
tical network definition from the Yeo et al. (2011) parcellation, as
well as to cortical VWM task activation. A random-effects group
analysis of resting-state correlations revealed substantial bilateral
overlap between the cortical regions identified by functional con-
nectivity with task-activated cerebellum and the cortical regions
directly activated by the VWM task bilaterally (SS4 vs control:
overlap coefficient = 0.59 left hemisphere, 0.62 right hemisphere;
SS4 vs SS1: overlap coefficient = 0.59 left hemisphere, 0.67 right
hemisphere) (Fig. 5; black outlines indicate task activation).
There was also remarkable overlap between cerebellum-to-cortex
functional connectivity and the cortical DAN Yeo representation
(SS4 vs control: overlap coefficient = 0.61 left, 0.67 right; S54 vs
SS1: overlap coefficient = 0.60 left, 0.69 right) and to a lesser
degree the CCN Yeo representation (SS4 vs control: overlap co-
efficient = 0.18 left, 0.12 right; SS4 vs SS1: overlap coefficient =
0.20 left, 0.16 right) and VAN Yeo representation (SS4 vs control:
overlap coefficient = 0.19 left, 0.22 right; SS4 vs SS1: overlap
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0.05 corrected).

coefficient = 0.21 left, 0.23 right). Overlap with all other network
representations did not exceed 0.05. To extend these results, we
also computed the overlap between cerebellum-to-cortex func-
tional connectivity and an alternative definition of DAN from the
Power et al. (2011) network parcellation. There was an even
greater degree of overlap between connectivity and the Power
DAN ROIs (SS4 vs control: overlap coefficient = 0.80 left, 0.77
right; SS4 vs SS1: overlap coefficient = 0.77 left, 0.70 right).
Therefore, VWM -activated cerebellar regions exhibit a pattern of
intrinsic functional connectivity that aligns with multiple defini-

BOLD (% Signal Change)

Hemispheric asymmetry in VWM activation reflects contralateral corticocerebellar structural connectivity. 4, Cortical
regions of the DAN exhibit a right hemisphere activation bias. B, A left hemisphere activation bias occurs in the cerebellar ROIs
defined by functional connectivity with the cortical DAN. Bars represent average percentage signal change for SS4 condition
compared with sensorimotor control for each hemisphere. Error bars indicate within-subject SEM. * denotes significance (p <

tions of the DAN and robustly predicts the
pattern of cortical VWM activation.

0.7

0.6 = Experiment 2: MOT
To demonstrate the generality of the cere-
05 bellar task activation results, we performed
0.4 a second experiment, using a different
attentionally demanding paradigm. In
031 Experiment 2, subjects performed a sus-
0.2 tained attention MOT task, which required
subjects to track cued discs in the presence
0.1 of identical distractors. The attentional
MOT paradigm yielded a similar neural pat-
" cerebellar tern of results to the VWM change detection
DAN paradigm of Experiment 1. A random-

effects group analysis again identified signif-
icant clusters of activation within lobules
VIIb/VIIIa bilaterally (MNI: [—6.5, —91.0,
—28.5]; [32.5, —64.0, —43.5]) and lobule
VI/Crus I bilaterally (MNI: [—33.5, —76.0,
—21.5]; [46.5, —68.0, —23.5]). Individual
subject analyses revealed overlap of cerebel-
lar visual attention task activation (Fig. 6B)
and cortical DAN seed functional connectivity (Fig. 6A4). An ROI
analysis was performed to provide a quantitative measure of this
within-subject cerebellar spatial correspondence across subjects.
ROIs were defined by functional connectivity with the same six cor-
tical networks as described in Experiment 1. Mean BOLD percentage
signal change for the attend condition versus the sensorimotor con-
trol condition was obtained for each of the six cerebellar network
ROIs and entered into a marginal linear model. There was a signifi-
cant effect of ROI (F5 9y = 69.21, p = 0.000001). Post hoc compari-
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Figure5.  Intrinsicfunctional connectivity of task-responsive cerebellar regions predicts cortical task activation. For this functional connectivity analysis, cerebellar lobule VIIb/Villa ROls were defined by VWM
activation (SS4 vs sensorimotor control and SS4 vs SST contrasts). A, Color map displays cortical regions that exhibit significant (p << 0.01, group-level) intrinsic functional connectivity with cerebellar regions
activated by 554 versus sensorimotor control contrast. Black outlines indicate cortical VWM task activation (cluster-corrected, SS4 vs sensorimotor control). B, Cortical regions that exhibit significant (p < 0.01,
group-level) intrinsic functional connectivity with cerebellar regions activated by S54 versus SS1 contrast. Black outlines indicate significant SS4 versus SS1 activation (cluster-corrected).

sons (Holm—Bonferroni corrected) demonstrated that the cerebellar ~ LIMB: 4, = 5.27, p = 0.002; DAN vs DMN: t4 = 10.02, p =
ROI defined by intrinsic functional connectivity with the DAN ex- ~ 0.00002) (Fig. 6C). Of the six cerebellar network ROIs, only those
hibited significantly greater activation relative to every other cerebel-  defined by intrinsic functional connectivity with the DAN or the
lar network ROT (DAN vs VAN: t) = 3.35,p = 0.012; DANvs CCN:  DMN significantly differed from zero. The DAN-coupled ROI
toy = 5 p = 0.002; DAN vs SOM: 4 = 3.58, p = 0.012; DAN vs  showed a significant increase in signal (DAN: ¢4, = 4.24, p = 0.013
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Experiment 2: MOT sustained attention and functional connectivity results. 4, Cerebellar voxels that exhibit significant positive correlation with cortical DAN (hot colors) in one subject.

B, MOT task activation in cerebellum for the same subject, contrasting the “attend” condition (hot colors) versus sensorimotor control (cool colors). €, Group analysis of task activation in cerebellum.
Cerebellar ROIs for individual subjects were defined by intrinsic functional connectivity with cortical networks. Bar graph represents mean percentage signal change for the attend condition versus
the sensorimotor control condition. Error bars indicate within-subject SEM. D, Relationship between mean normalized task activation (attend vs sensorimotor control) and mean normalized
correlation with the cortical DAN (left) and the cortical default network (right) for every voxel in the cerebellum. * denotes significance (p << 0.05 corrected).

corrected), whereas the DMN-coupled ROI showed a significant
decrease in signal (DMN: 4y = —4.16, p = 0.013 corrected).

Resting-state functional connectivity versus task activation
To further explore the correspondence between attentional acti-
vation in the cerebellum and connectivity to cortical networks,
we computed the voxelwise correlation between cerebellar MOT
activation and either DAN or DMN connectivity. The correlation
between task-evoked attentional activation and DAN connectiv-
ity was strongly positive (r = 0.74), whereas the correlation be-
tween task activation and DMN connectivity was strongly
negative (r = —0.77) (Fig. 6D). Cerebellar voxelwise connectivity
with an alternative seed definition of cortical DAN (Power et al.,
2011) yielded a similarly robust correlation with voxelwise MOT
activation (r = 0.74). These results closely mirror the results of
this analysis for the VWM task.

Cerebellum-to-cortex intrinsic functional connectivity

To examine whether the cerebellar and cortical regions coacti-
vated during visual attention are also intrinsically coupled during
rest, we performed a resting-state functional connectivity analy-
sis using cerebellar seed regions defined by significant MOT ac-
tivation (p < 0.01) and constrained by an anatomical lobule
VIIb/VIIIa mask. We observed robust overlap between connec-
tivity and cortical task-evoked activation (overlap coefficient =
0.51 left hemisphere, 0.64 right hemisphere; see Fig. 7; black out-
lines indicate task activation). Additionally, we again observed
substantial overlap between connectivity and the cortical Yeo
DAN (overlap coefficient = 0.59 left hemisphere, 0.57 right
hemisphere). To a lesser extent, we also found overlap with the
cortical Yeo VAN (overlap coefficient = 0.34 left, 0.50 right) and

cortical Yeo CCN (overlap coefficient = 0.14 left, 0.14 right). The
remaining networks (SOM, LIMB, and DMN) exhibited negligi-
ble overlap (<0.05) with cerebellum-to-cortex functional con-
nectivity. Additionally, we found a similar degree of overlap
between cerebellum-to-cortex functional connectivity and the
Power et al. (2011) definition of DAN (overlap coefficient = 0.69
left, 0.66 right). Similar to the results for VWM, we found that
intrinsic resting-state functional connectivity between MOT-
activated cerebellar regions and the cortex preferentially aligns
with the DAN and that the pattern of connectivity robustly pre-
dicts the pattern of MOT activation in cortex.

Hierarchical cluster analysis

Cortical activation in response to both tasks extended beyond the
DAN to include a subset of the CCN, including dACC, alnsula,
and CAS-p. To investigate whether activated portions of cerebel-
lar lobules VIIb/VIIIa form an intrinsic node of the DAN, we
performed agglomerative hierarchical clustering on seed-to-seed
resting-state correlations of task-responsive regions in cortex and
cerebellum. Hierarchical clustering of the distance (Euclidean)
between functional connectivity patterns of task-activated re-
gions revealed two distinct networks (Fig. 8). Cerebellar lobule
VIIb/VIIIa and cortical DAN regions (iPCS, sPCS, TIPS, MT ™)
formed one network, and cognitive control regions (dACC, aln-
sula, CAS-p) formed another network. A cophenetic correlation
0f 0.82 indicated that the cluster tree accurately reflected the orig-
inal dissimilarity matrix. A 1000 iteration bootstrap procedure
validated these findings. The cerebellar lobule VIIb/VIIla ROI
clustered with cortical dorsal attention regions on 89.0% of boot-
straps. Additionally, on 60.9% of bootstraps, cerebellar regions
were closer in distance to frontal and parietal DAN regions (iPCS,
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Figure7.  Intrinsic functional connectivity of MOT-responsive cerebellar regions aligns with cortical task activation. Cerebellar lobule VIIb/VIlla ROls defined by significant MOT activation (p <
0.01; tracking vs sensorimotor control). Color map displays cortical regions that exhibit significant ( p << 0.01, group-level) intrinsic functional connectivity with cerebellar regions activated by MOT.
Black outlines indicate significant group-level cluster-corrected MOT task activation.

sPCS, and IPS) than MT *. These findings
confirm that cerebellar regions recruited
by working memory and attention occupy
a privileged position within the hierarchy
of the DAN.

Discussion

Cognitive processes, such as working
memory and attention, are typically con-
sidered to fall under the purview of the
cerebral cortex. In the present study, we
challenge this notion and suggest that re-
gions of the cerebellum make a general
contribution to working memory and at-
tentional processes as a core component
of an attentional network spanning both
cortical and subcortical structures. Using
resting-state functional connectivity and
task-based fMRI, we showed that cerebel-
lar regions intrinsically coupled with the
cortical DAN were robustly recruited by
both a VWM paradigm and an attentional
paradigm. The observed activation aligns
with previous findings of DAN functional
connectivity within cerebellar lobules
VIIb/VIIIa (Buckner et al., 2011). Criti-
cally, activation in cerebellar lobules VIIb/
VIlla was significantly higher during
high-load VWM than during low-load

88.2

89.0
————

larity

60.9

issimi
o
T

D

94.2

0.3

100

100

0.2+ 97.2

88.4'

100 99.9

0.14 100

AR A SR\ SR ORI O NRER\SR \DRR ORA SEEER A SRR\ R\
@ 3 OO 00 R %,Q

LR L L
cf
N \&\\%&\\" & & ST EFF
P o°
N4 Ny

Figure 8.  Cerebellar lobule VIIb/VIlla ROI groups into cortical DAN. Hierarchical cluster tree based on the Euclidean
distance between seed-to-seed resting-state functional connectivity patterns of task-responsive regions in cortex and
cerebellum. Values next to each branch point indicate confidence values based on the percentage of bootstraps in which a
subtree consisted of the same ROIs (see Materials and Methods). Green represents cortical DAN. Orange represents
cortical CCN.
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VWM. The observed load-dependent activation exhibited a high
degree of specificity. Of the six cerebellar network representa-
tions, only the cerebellar regions exhibiting functional connec-
tivity with the cortical DAN were significantly active across all
contrasts. Additionally, we observed that cerebellar regions cou-
pled with the cortical DMN were suppressed during task perfor-
mance. To our knowledge, this is the first study to show that the
antagonistic relationship between the DAN and DMN extends to
the cerebellum, providing further evidence for the active partic-
ipation of cerebellar nodes in whole-brain network function.
Finally, we found that the intrinsic functional connectivity of task-
activated cerebellar regions was a robust predictor of cortical task
activation, indicating that coactivated regions in the cortex and cer-
ebellum also exhibit correlated spontaneous fluctuations during
rest. Together, our results demonstrate that cerebellar lobules VIIb/
VIlIa play an active functional role in the intrinsic network dynamics
of the DAN. We propose the DAN should be functionally reconcep-
tualized as a corticocerebellar network that includes cerebellar
lobules VIIb/VIIIa.

Evidence for cerebellar contributions to visual attention and
working memory
There is accumulating evidence for cerebellar contributions to
nonmotor function. Cerebellar activation has been reported dur-
ing visual attention and/or working memory task performance
(Allen et al., 1997; Desmond et al., 1997; Le et al., 1998; Chen and
Desmond, 2005a, b; Kirschen et al., 2005; Tomasi et al., 2007;
O’Reilly et al., 2008; Hautzel et al., 2009; Salmi et al., 2010; Stood-
ley et al., 2010, 2012; Kellermann et al., 2012; Striemer et al.,
2015a). Anatomical tracers have been used to identify projections
from the prefrontal cortex to the pons (Schmahmann and Pan-
dya, 1997). Kelly and Strick (2003) further demonstrated the ex-
istence of polysynaptic connections between prefrontal cortex
and cerebellum, thereby establishing that cognitive regions of the
cortex are anatomically connected with the cerebellum. Addi-
tionally, closed-loop corticocerebellar prefrontal circuits are dis-
tinct from corticocerebellar motor circuits (Kelly and Strick,
2003) and are substantially larger in humans than in other pri-
mates (Ramnani, 2006). These greatly expanded closed-loop cir-
cuits between the cerebellum and multimodal association cortex
provide an anatomical basis for cerebellar contributions to hu-
man cognition and participation in greater network function.
Clinical work has further substantiated the notion of cerebel-
lar involvement in cognitive processing. Cerebellar lesions, even
in the absence of cortical damage, have been shown to produce a
variety of cognitive deficits (Schmahmann and Sherman, 1998;
Schmahmann, 2004), including impairment of visual attention
processes (Schweizer et al., 2007; Baier et al., 2010; Striemer et al.,
2015a). The cerebellum has also been linked to attention deficit
hyperactivity disorder. Attention deficit hyperactivity disorder is
associated with reduced cerebellar volume (Castellanos et al.,
2002; Mackie et al., 2007; Stoodley, 2014), decreased cerebellar
activation during the performance of cognitive tasks (Valera et
al., 2005, 2010; Suskauer et al., 2008), and abnormal intrinsic
functional connectivity (Tian et al., 2006; Cao et al., 2009; Fair et
al., 2012, Kucyi et al., 2015).

DAN

This study demonstrates that cerebellar regions functionally con-
nected to the DAN are recruited by working memory and atten-
tion. Our results align with a rich body of research implicating the
cortical DAN in these processes (e.g., Corbetta and Shulman,
2002; Hagler and Sereno, 2006; Szczepanski et al., 2010). How-
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ever, despite growing evidence for cerebellar contributions to
attention and working memory, mention of the cerebellum has
been noticeably absent from the DAN literature. On the other
hand, resting-state fMRI studies have revealed connectivity be-
tween cerebral cortical networks and the cerebellum (Habas et al.,
2009; Krienen and Buckner, 2009; O’Reilly et al., 2010; Buckner et
al., 2011). Most recently, one member of our team observed that
transcranial magnetic stimulation of the cerebellar midline can
lead to increases in corticocortical functional connectivity of the
DAN, indicating that cerebellar nodes of cortical networks are
capable of modulating greater network function (Halko et al.,
2014). Until now, the functional relevance of these cerebellar
network nodes to task processing has not been established. Our
results confirm that cerebellar regions actively contribute to
working memory and attentional processing as part of a cortico-
cerebellar attention network.

Outside of VIIb/VIIIa

Previous work has implicated cerebellar regions beyond lobules
VIIb/VIIIa in working memory and attentional functions,
namely, lobule VI/Crus I (Allen et al.,, 1997; Townsend et al.,
1999; Chen and Desmond, 2005a, b; Kirschen et al., 2005; Baier et
al., 20105 Striemer et al., 2015a, b). Here, group analyses of task
activation revealed clusters in lobule VI/Crus I bilaterally; how-
ever, only a portion of this activation exhibited functional con-
nectivity with cortical DAN, and the extent was less than half of
the size of clusters observed in lobules VIIb/VIIIa. Although this
location is consistent with resting-state observations (Buckner et
al,, 2011), our findings suggest that lobule VI/Crus I activation
may reflect recruitment of multiple cerebellar network nodes.
However, further investigation is needed uncover the full range
of cerebellar contributions to human visual cognition.

The visuomotor cerebellum and ocular-motor vermis

The role of the cerebellum has long been established in the
control of ocular movements, particularly reflexive eye move-
ments, saccades, and smooth pursuit (Voogd et al., 2012). Re-
gions within the cerebellar vermis (lobules VI/VII), Crus I/IL, and
floccular lobe indirectly receive and send projections to superior
parietal eye movement areas and the frontal eye fields (Voogd et
al., 2012). Electrical stimulation to these regions in the cerebel-
lum can evoke eye movements (Ron and Robinson, 1973; Fu-
jikado and Noda, 1987). In patients, eye movement deficits arise
from lesions in these locations (Baier et al., 2009). In the current
study, activation differences were primarily observed in the cer-
ebellar hemispheres, and an analysis of eye movements did not
reveal any differences between conditions. Consequently, it is
unlikely that the observed cerebellar activation differences can be
strongly attributed to cerebellar involvement in ocular control.
Furthermore, a recent study directly investigated the relationship
between working memory load and eye movements in the cere-
bellum and found no correlation (Peterburs et al., 2015). Our
results suggest that a broader definition of the role of the cerebel-
lum should be assigned and that the regions connected to frontal
and parietal attention regions do far more than simply control
eye movements.

Cerebellar computation

Although our results demonstrate that cerebellar subregions are a
functional component of the DAN, it is unclear what computa-
tion these cerebellar regions perform. Cerebellar cytoarchitecture
is remarkably uniform (Bloedel, 1992). Consequently, it has been
proposed that the computations performed by the cerebellum are
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similarly invariant across processing domains (Schmahmann,
1991; Ramnani, 2006). As a result, we can look to existing models
of motor control in the cerebellum for intuition as to how the
cerebellum may contribute to attention and working memory.
Some researchers implicate the cerebellum in coding of predic-
tion error (Kawato and Gomi, 1992; Ito, 2001, 2006), whereas
others have characterized the cerebellum as an internal timing
device (Ivry and Keele, 1989; Bullock et al., 1994; Ivry, 1997).
Allowing for both these possibilities, it has been proposed that the
cerebellum is critical for the development of internal models (for
review, see Ito, 2008). Internal models formed by the cerebellum
are thought to facilitate adaptive control necessary for mental
activity (Doya 2000; Ito, 2008). The present study cannot distin-
guish between these possibilities. However, the use of individual
subject intrinsic connectivity to identify regions of the cerebel-
lum recruited by working memory and attention lays the ground-
work for clarifying the computations the cerebellum performs
during working memory and attentional tasks.

In conclusion, the present study characterizes the role of cer-
ebellar lobules VIIb/VIIIa in VWM and attention tasks, and
shows that cerebellar regions functionally connected to the DAN,
as opposed to other networks, are preferentially recruited during
task performance. Typically considered to be the domain of the
cortex, the present work suggests that working memory and at-
tentional processes are supported by a dynamic interaction be-
tween cortical and cerebellar regions. Taking this into account,
we propose a reconsideration of the DAN as a cortical network
and suggest it be reconceived as a corticocerebellar attention
network.
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