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SUMMARY

In non-habitual situations, cognitive control aligns
actions with both short- and long-term goals. The ca-
pacity for cognitive control is tightly tied to the pre-
frontal cortex, whose expansion in humans relative
to other species is thought to support our superior
cognitive control. However, the posterolateral cere-
bellum has also expanded greatly relative to non-hu-
man primates and has an organizational structure
that mirrors the prefrontal cortex. Nevertheless,
cerebellar contributions to cognitive control are
poorly understood. Here, we sought to explore
whether a functional hierarchical processing frame-
work, applied to the cerebellum, could elucidate
cerebellar contributions to cognitive control. Using
functional magnetic resonance imaging, we show
that a gradient within the posterolateral cerebellum
supports cognitive control with motor-adjacent cere-
bellar sub-regions supporting control of concrete,
proximal actions and motor-distal, cerebellar sub-re-
gions supporting abstract, future processing. This
gradient was functionally hierarchical, with regions
higher in the hierarchy influencing the relationship
between regions lower in the hierarchy. This func-
tional hierarchy provides the infrastructure by which
context can inform current actions and prepare for
future goals. Crucially, this mirrors the hierarchical
organization of cognitive control within the prefrontal
cortex. Based on these findings, we propose that the
cerebellum contains within itself a parallel but sepa-
rate hierarchical organization that, along with the
prefrontal cortex, supports complex cognition.

INTRODUCTION

Humans have an extraordinary capacity for cognitive control—
the ability to imagine future goals, determine which actions are
necessary to achieve them, and organize these actions effec-
tively. It has been hypothesized that this cognitive capacity
emerges in part from the expansion of the prefrontal cortex
(PFC) in humans relative to non-human primates. However, the
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expansion of the PFC in humans has been mirrored by the enor-
mous expansion of the posterolateral cerebellar hemispheres
[1=3]. In humans, the cerebellum constitutes over 10% of total
brain volume and contains over four times the number of cells
than the cerebral cortex [4]. Although historically considered a
motor structure, a vast majority of the cerebellum is actually
devoted to cognitive processing and is functionally and anatom-
ically connected to supratentorial association cortices [5, 6].
Neuroimaging research finds that the posterolateral cerebellum
is active during complex cognitive behaviors, including cognitive
control [7], and lesions to the posterolateral cerebellum can
impair cognition in the absence of motor symptoms [8, 9].
Despite this, most neuroimaging research focuses on the role
of the cerebral cortex in cognitive behaviors and cerebellar con-
tributions to cognition are less understood.

Cortical research has benefited from unifying frameworks for
understanding cerebral cortical organization and how this orga-
nization may allow for interactions between cortical areas to sup-
port cognitive behaviors. For example, the PFC is organized in a
gradient-like manner, with somatomotor-proximal regions repre-
senting goal-oriented action and rostral somatomotor-distal re-
gions representing abstract, future-oriented processing (Fig-
ure 1A) [10-18]. In addition, clinical and neuroimaging research
suggests that these regions are hierarchically organized, with
increasing hierarchical rank exemplified by increased influence
over processing in other regions [10, 11, 13-17]. A similar frame-
work has, until this point, been lacking in studies of cerebellar
contributions to cognition. Here, we propose one such unified
framework to elucidate cerebellar contributions to cognitive con-
trol: like the PFC, the posterolateral cerebellum is organized in a
gradient-like manner to support cognitive control and this orga-
nization allows for hierarchical relationships between cerebellar
sub-regions. We experimentally show the existence of a pro-
cessing gradient of activation for cognitive control in the poste-
rior cerebellum and find that sub-regions are functionally orga-
nized in a hierarchical manner, parallel to the hierarchical
functional interactions of the PFC [14, 15, 17]. Based on our re-
sults, we suggest a parallel organizational processing structure
in cerebral and cerebellar regions that supports complex cogni-
tive behaviors.

Like the PFC, the posterolateral cerebellum is composed of
multiple sub-regions. Clinical and neuroimaging research has
elucidated a functional topography within the cerebellum,
whereby anterior regions and lobule VIII contain somatotopic
representations of the body (including face, hands, and feet),
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Figure 1. Laying the Groundwork for Cogni-
tive Control in the Cerebellum

(A) Organization of prefrontal cortex intro three
rostral-caudal zones (schematic control: abstract,
future-oriented processing important for organiza-
tion of lower order actions; contextual control:
control of current actions depending on context;
sensory-motor or concrete control: control over
present actions) for cognitive control and mapping
of task-related foci to resting-state networks from
17-network parcellation (figure adapted with
permission from [17]).

(B) Task, resting state, and gradients plotted on the
cortex (top) and the cerebellum (bottom). Lines in
cortex and black circles in cerebellum represent
zones from abstract to concrete. In task-based
fMRI, the cerebral cortex [18] and cerebellum [19]
show a progression (rostral-caudal in cortex, pos-
terior-anterior in cerebellum) from language tasks
(red), to working memory tasks (green), to motor
tasks (blue). In the 17-network parcellation of

resting-state networks, both cerebral cortex [20] and cerebellum [6] show a progression from sensorimotor networks (blue), to frontoparietal networks (orange), to
the default mode network (red). In gradient space, the primary gradient of cerebral [21] and cerebellar [22] organization moves from unimodal (blue) to transmodal

regions (red).

(C) The prefrontal cortex shows a rostral-caudal gradient for cognitive control moving from concrete (blue), to contextual (green), to schematic control (red), and
these regions interact in a hierarchical manner [14, 15, 17]. Bottom: hypothesized cognitive control gradient of activation within the cerebellum based on what is
known about cerebellar and prefrontal organization for task-based functional studies, resting-state networks, and gradient analyses is shown.

while the large posterolateral hemispheres are associated with
non-motor, cognitive behaviors [7]. Importantly, within the pos-
terior “cognitive” cerebellum, discrete tasks can activate partic-
ular regions of the cerebellum with sub-region specificity [19, 23,
24]. Although never explicitly examined, posterior cerebellar
engagement in these discrete cognitive tasks is organized in a
gradient-like manner with increasing abstraction represented in
progressively posterolateral regions of the cerebellum. For
example, cognitive tasks that require control over concrete, cur-
rent processes (e.g., mental arithmetic and active maintenance)
activate lobule VI [24], a region of the cerebellum adjacent to the
anterior lobe, which contains somatotopic representations of
motor effectors. Abstract or purely cognitive tasks, such as auto-
biographic recall, mentalizing, or language processing, activate
the posterolateral hemispheres (Crus I/ll) [24]. Regions in be-
tween those recruited for concrete processing and those re-
cruited for abstract processing are engaged by tasks necessi-
tating focused attention, such as working memory tasks
(Figure 1B) [23, 19]. Damage to specific sub-regions of the cogni-
tive cerebellum can affect language ability, visuospatial process-
ing, and/or executive function in a relatively discrete manner [9].

Although the cerebellum is clearly involved in complex cogni-
tion, little is known with regards to how sub-regions within the
cerebellum interact to support cognition. Further, given the exis-
tence of reciprocal loops between the cerebellum and the cere-
bral cortex and lack of long-range intracerebellar connectivity, it
is unknown whether putative sub-region interactions within the
cerebellum are merely reflective of sub-region interactions in
supratentorial regions. We therefore sought to explore whether
a hierarchical processing framework, applied to the cerebellum,
could elucidate cerebellar contributions to cognitive control.
Participants completed a cognitive control task that placed de-
mands on progressively abstract levels of cognitive control
(from selecting appropriate stimulus features to guide actions,
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to incorporating context to determine how stimulus features
guide actions, to integrating past information with future goals
for abstract control over action).

We hypothesized that, like the PFC, the posterolateral cere-
bellum would show a gradient-like functional organization for
cognitive control. Specifically, we predicted that motor-adjacent
cerebellar sub-regions would support control of concrete, prox-
imal actions, and motor-distal, cerebellar sub-regions would
support abstract, future processing (Figure 1C). Given the dual
representation of cerebellar resting state and gradient organiza-
tion [6, 19, 22], we also predicted that this functional organization
would invert around Crus I/Il. Further, we hypothesized that, as in
the PFC, the posterior cerebellum would be organized hierar-
chically, with sub-regions at the top of the hierarchy exerting
asymmetrical control over regions at the bottom of the hierarchy.
We used fMRI in two independent groups of adult participants to
test the hypothesis that progressive abstraction in cognitive con-
trol is associated with a functional control gradient in the cere-
bellum. We correlated cerebellar activation with behavioral per-
formance to assess how different cerebellar sub-regions
contributed to processing of current versus future behaviors.
Lastly, we conducted mediation analyses to determine whether
activation at the top of the cerebellar cognitive control hierarchy
asymmetrically influenced lower regions.

RESULTS

Cognitive Control in the Cerebellum Is Organized along
an Abstraction Gradient

Participants performed a cognitive control task that placed de-
mands on progressively abstract levels of cognitive control
from control of goal-directed actions driven by attention to stim-
ulus features (concrete control), to control over changing con-
texts (contextual control), and abstract, future-oriented control
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Figure 2. Cognitive Control Task Manipulated Schematic and Contextual Axes

(A) Basic task structure. Participants saw letters drawn from the word “TABLET.” Participants were cued to certain sub-tasks by changing shapes.

(B) The cognitive control task manipulated two main task aspects (high or low schematic control, requiring participants to keep past information in mind to
influence future behavior; high or low contextual control, requiring participants to pay attention to changing task cues).

(C) On verbal trials, the letters were relevant, while on spatial trials, the locations were relevant. Letters appeared along points of a star.

(D) Each condition was made up of sub-tasks (restart condition shown here). The trial following a sub-task, when participants returned to the original task, was

dubbed a “return trial.”

over actions (schematic control; Figure 2). These demands
produce robust rostral-caudal control gradients in the PFC
[14,15, 25] (Figure 1C). Given known cerebellar functional topog-
raphy, we hypothesized that factorial manipulations of condi-
tions within the cognitive control task would activate a parallel
functional gradient moving from motor-adjacent regions for con-
crete control (i.e., lobule VI) to transmodal regions for schematic
control (i.e., Crus I/ll). Regions in between motor-adjacent and
transmodal cerebellar sub-regions would be activated for
contextual control. We analyzed cerebellar activation patterns
for schematic control, contextual control, and concrete control.
The most abstract task processing, requiring individuals to use
past information for future planning (schematic control), re-
cruited bilateral Crus I/l in the posterolateral hemispheres of
the cerebellum.

Less abstract processing, requiring individuals to be aware of
changing context to select appropriate actions (contextual con-
trol), engaged slightly more medial and anterior bilateral lobules
VI/Crus | and Crus II/VIIB. Lastly, processing of low-level, con-
crete stimulus features (concrete control) engaged right lobules
VI and VIIB/VIIIA (Figure 3). Clusters were organized in a senso-
rimotor-fugal pattern, which inverted around Crus I/Il: as task de-
mands became more concrete, activation moved progressively
toward unimodal regions of the cerebellar cortex, while more ab-
stract processing activated transmodal regions of cerebellar
cortex.

Interestingly, activation peaks within the clusters also showed
a lateral to medial organization within the cerebellum, with more

abstract processing occupying very lateral hemispheric regions
and concrete processing occupying more medial areas close to
the vermis. These patterns are consistent with both previous
resting-state functional connectivity and task results that find
dual representations (or even triple representations) of both
resting state networks and task activations within the cerebellum
(Figure 1B).

The Cerebellar Cognitive Control Gradient Is Related to
Control over Proximal and Future Actions

In the prefrontal cortex, concrete processing in caudal regions is
associated with control over the current situation (e.g., trans-
lating features into action). On the other hand, abstract process-
ing in rostral regions of the prefrontal cortex is associated with
the ability to integrate past information to optimize future
behavior (e.g., planning). We examined the degree to which the
gradient organization within the cerebellum was related to cur-
rent versus future processing demands by assessing how cere-
bellar activation was associated with reaction times. Current
processing demands were defined as the reaction times during
the sub-task trials—those trials that formed the estimates for
fMRI activations. Future processing demands were defined as
the reaction times from trials directly after the fMRI activations
were assessed (Figure 2D). Reaction times provide a measure
of task engagement and varied across conditions. Correlations
between neural activation and current reaction times would sug-
gest that a particular region was involved in processing current
task demands. On the other hand, correlations between neural
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Figure 3. Cognitive Control in the Cerebellum Is Organized along an
Abstraction Gradient

Schematic control (the most abstract condition) engaged bilateral Crus I/1l of
the cerebellum (red). Concrete control (the most concrete condition) engaged
right-lateralized VI and VIIB/VIII (blue), regions proximal to motor areas of the
cerebellum. Contextual control (requiring attention to changing contexts to
inform action) engaged regions in between schematic and concrete control
regions (green). Left: activations mapped to the cerebellar surface and plotted
on a flat-map representation of the cerebellum are shown. Right: activation
mapped to the cerebellar surface and plotted on an inflated template of the
cerebellum is shown [26]. See Figure S3 for domain-specific effects of verbal
versus spatial processing.

activation and future reaction times would suggest that a region
was involved in preparing for future demands. Repeated-mea-
sures correlations were conducted between parameter esti-
mates from regions of interest within schematic, contextual,
and concrete control regions and normalized reaction times.
We found that future reaction times were associated with activa-
tion in regions of the cerebellum recruited for schematic control
(Crus I/1l). On the other hand, current reaction times were asso-
ciated with activation in regions of the cerebellum important for
concrete control (right VI; right VIIB/VII). Regions of the cere-
bellum recruited for contextual control showed correlations
with both current and future reaction times (Figure 4). This
pattern demonstrates that cerebellar areas activated by increas-
ingly abstract task demands are related to increasingly future-
oriented behavior.

Cerebellar Sub-regions Are Organized Hierarchically,
and Their Interactions Are Independent of Hierarchies in
the Cerebral Cortex

To determine whether this cerebellar gradient was functionally
hierarchical, we conducted a mediation analysis (Figure 5). Hi-
erarchical organization presumes that regions higher in the hi-
erarchy exert asymmetrical influence over regions lower in the
hierarchy [13, 14, 17]. We included the contextual control
sub-regions as the mediator, as these were associated with
both future and current behavior and were therefore optimally
positioned to integrate information between other regions.
Contextual control regions (VI/Crus |; Crus II/VIIB) fully medi-
ated the relationship between regions lower in the hierarchy,
meaning that the relationship between regions lower in the hi-
erarchy (direct effect of schematic control regions on concrete
control regions) was rendered insignificant when adding
contextual control regions into the regression. This implies
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that the relationship between regions lower in the hierarchy is
indirect and driven by contextual control regions. Given
closed-loop circuits between the cerebellum and the cerebral
cortex (see [27] for review), it is possible that the hierarchy in
cerebellum was simply a reflection of a cerebral cortical hierar-
chy (for example, within the PFC) and that cerebellar sub-re-
gions were not themselves interacting with one another. To ac-
count for this potential confound, we partialled out the effect of
each reciprocal PFC region from its cerebellar target and per-
formed the mediation again. Despite high correlations between
activity in these regions, the cerebellar mediation remained sig-
nificant and full, suggesting that cerebellar sub-regions are in-
teracting and that cerebellar activation is not merely reflective
of hierarchies in supratentorial regions (indirect effect = 0.25,
95% confidence interval [Cl] [0.12, 0.39]; direct effect, ¢’, =
0.05, 95% CI [-0.09 0.2]; proportion of effect that is mediated =
85%).We also conducted principal component analyses (PCAs)
of both frontal and parietal lobe activation maps for schematic,
contextual, and concrete control. Relative to region of interest
(ROI) analyses, PCA provides a more comprehensive and
data-driven method by which to select frontal and parietal sig-
nals to partial from the cerebellum. The cerebellar mediation
analysis was robust, withstanding the regression of multiple
PCs (Figure S1). Coupled with simulations (Figure S2), these
analyses suggest that it is unlikely that cerebellar mediation is
driven entirely by relays from the cerebral cortex.

Cerebellar Hierarchical Organization Supports Proximal
and Future Behavior

The analyses above demonstrate a gradient of sensitivity to
abstraction in the posterior cerebellum. Progressively motor-
adjacent cerebellar regions process concrete stimulus features
and current behavioral states, while motor-distal regions plan
for the future. Next, we sought to investigate how these sub-re-
gions interact to support cognitive control behavior. Given that
areas involved in contextual control were related to both current
and future demands, and mediated interactions among areas
involved in schematic and concrete control, we predicted that
contextual control areas would also mediate the relationships
between schematic/concrete control areas and future/current
behavior, respectively. This would provide strong evidence for
hierarchical dependence.

To test for this pattern, we conducted mediation analyses to
determine whether the aforementioned relationships between
activation patterns and behavior were dependent on activation
in contextual control regions. As predicted, we found that activa-
tion in contextual control regions of the cerebellum fully medi-
ated the relationship between activation in schematic control re-
gions and future behavior (indirect effect = 1.83, 95% ClI [1.12,
2.60]; direct effect = —0.81, 95% CI [-1.66, 0.03]), as well as
the relationship between activation in concrete control regions
and current behavior (indirect effect = 2.02, 95% CI [1.26,
3.47]; direct effect = 0.3, 95% CI [—0.95, 1.60]). This suggests
that contextual control regions of the cerebellum integrate both
abstract and concrete information to ultimately influence
behavior relevant for a specific context (Figure 6). Importantly,
the mediations were not significant when rotating the model
(i.e., including either schematic control regions or concrete con-
trol regions as the mediator).
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Figure 4. Cerebellar Cognitive Control Gradient Is Related to Proximal and Future Control over Action

Correlations between activation in specific sub-regions were correlated with behavior. Activation in schematic control regions (red; Crus I/Il) were correlated only
with future reaction times, but not with current reaction times. Activation in contextual control regions (green; VI/Crus | and Crus 1I/VIIB) were correlated with both
current and future reaction times. Activation in concrete control regions (blue; VI and VIIB) were correlated with current reaction times, but not future reaction
times. Dotted black line depicts overall correlation, accounting for repeating measures. Colored lines and dots show individual subject data points (clustered by
subject) and individual subject correlations. Asterisks depict p value significance after correcting for multiple comparisons using a false discovery rate (FDR)

correction; *p < 0.01; *p < 0.001.

Cerebellar Hierarchical Organization Is Robust:
Replication in an Independent Sample

We next replicated our analysis in a separate, independent group
of participants (n = 24) who underwent similar task procedures
[15]. We found a robust cerebellar hierarchical organization
within this second, independent sample, as in the identification
sample (Figure 7A). Once again, activation in abstract-process-
ing regions showed associations with future behavior, but not
current behavior. Contextual control regions showed associa-
tions with both future and current behavior. Lastly, concrete con-
trol regions showed only associations with current behavior (Fig-
ure 7B). As in our identification sample, contextual control
regions fully mediated the relationship between schematic and
concrete control regions, even when controlling for PFC activa-
tion (indirect effect = 0.15; 95% CI [0.06, 0.24]; Figure 7C).

Further, contextual control regions fully mediated the relation-
ship between schematic control regions and future reaction
times (indirect effect = 0.97; 95% CI [0.58, 1.44]) and concrete
control regions and current reaction times (indirect effect =
1.34; 95% CI [0.75, 2.33]; Figure 7D).

DISCUSSION

Here, we found that cognitive control is organized in a gradient-
like manner within the posterior cerebellum. This gradient is
functionally relevant, with motor-adjacent cerebellar regions
associated with current behaviors and motor-distal cerebellar
regions associated with preparation for future action. Using
mediation analyses, we showed that this functional gradient is hi-
erarchical, providing the infrastructure by which context can
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The relationship between schematic control regions and concrete control re-
gions was fully mediated by contextual control regions. This was true even
when partialling out the effects of corresponding regions of interest in the
prefrontal cortex (dashed-line boxes) and when partialling out the effects of un-
biased principle components from the prefrontal cortex and parietal cortex
(see Figures S1 and S2). The fixed-effect parameter is presented for each path
(a, b, and c) with its associated credible interval (95% mass of the marginal
posterior distribution) in brackets. n.s., not significant (Cl included 0).

inform current actions and prepare for future goals. This
hierarchical organization is robust even after controlling for con-
tributions from the cerebral cortex. Crucially, this mirrors the hi-
erarchical organization of cognitive control within the PFC.
Based on these findings, we propose that the cerebellum con-
tains within itself a parallel but separate hierarchical organization
that, along with the PFC, supports complex cognition. Together,
both the PFC and cerebellum appear to contribute to the diver-
sity of cognitive capabilities in humans.

Laying the Groundwork for Cerebellar Hierarchies:
Anatomy, Physiology, and Cerebro-cerebellar Loops
Until this point, task-based fMRI in the cerebellum has focused
on discrete tasks to define cerebellar sub-region task specificity.
In this way, neuroimaging has elucidated a functional topog-
raphy within the cerebellum whereby the anterior lobe and bilat-
eral lobule VIII are associated with motor processing, and the
posterior lobe is associated broadly with a variety of cognitive
behaviors [23]. However, multiple sub-regions of the cerebellum
are active in concert during motor and non-motor cognitive tasks
[23, 19], and specific sub-regions may contribute to discrete de-
mands within a given task [24], rendering it difficult to infer a
functional framework by assembling data across studies/tasks.
Cognitive control requires the coordination of multiple de-
mands — future goals influence which current actions are neces-
sary, and context determines how actions contribute to goals
being achieved. In the current study, we manipulated both ab-
stract and concrete processing in a single task in order to acti-
vate the entire posterior cerebellum. Previous findings in the
same participants found that this task activated the entire rostro-
caudal PFC [14, 15]. In the most abstract conditions, participants
had to hold previous information in memory in order to success-
fully complete future trials, whereas in the least abstract condi-
tions, participants had to be aware of specific cues to guide cur-
rent actions. Specific conditions activated different regions of
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Figure 6. Cerebellar Hierarchical Organization Supports Proximal
and Future Behavior

The relationships between schematic control regions and future reaction times
and between concrete control regions and current reaction times were
both fully mediated by contextual control regions. n.s., not significant (Cl
included 0).

the cerebellum, in a gradient-like manner moving between unim-
odal regions toward transmodal regions. These results show for
the first time a task-based functional gradient within the posterior
cerebellum for cognitive control. The localization of particular
task demands to discrete regions aligns well with what is already
known about the cerebellum from anatomy, physiology, and clin-
ical work.

At the most general level, regions identified here as being
engaged by concrete processing (e.g., lobule VI and VIIB) form
cerebro-cerebellar loops with premotor areas and broad atten-
tion and executive control networks [6]. In the cerebellum, these
regions are motor-adjacent but are not functionally or anatomi-
cally connected with primary motor cortex [5, 6, 28]. Neuroimag-
ing paradigms of language processing in the cerebellum find that
sub-vocal rehearsal relies on regions such as lobule VI, although
error correction and intended phonological output is represented
more posterolaterally in Crus | [29]. These regions were also
located more medially than abstract regions, consistent with
previous research finding that medial cerebellar regions
contribute more to action than the lateral hemispheres, and neu-
romodulation studies finding a greater effect of medial than
lateral cerebellar transcranial magnetic stimulation (TMS) on mo-
tor responses [30]. Lesions to medial cerebellar regions are also
associated with dysregulation of affect or inability to properly
regulate correct emotional actions in a specific context [8]. Con-
crete-processing cerebellar regions may therefore be important
for the coordination of movements toward particular targets or
goal-directed action. In the current study, these areas, located
close to representations of motor effectors in cerebellum, were
associated specifically with current behaviors, but not future be-
haviors. These behavioral patterns, coupled with anatomical ev-
idence regarding the connectivity of this region with caudal PFC,
suggest that this region is optimally positioned to use proximal
information to guide current action.
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Figure 7. Cerebellar Hierarchical Organization Is Robust: Replication in an Independent Sample

(A) An independent cohort (n = 24) underwent similar task procedures. A similar gradient was found in this independent replication sample.

(B) Sub-region correlations with behavior were similar to those found in the original sample. Colored lines and dots show individual subject data points (clustered
by subject) and individual subject correlations. Dotted black line depicts overall correlation, accounting for repeating measures.

(C) As in the original sample, contextual control regions fully mediated the relationship between schematic and concrete control regions (contributions of cor-

responding PFC regions have been partialled out).

(D) Contextual control regions also fully accounted for the relationship between schematic regions and future behaviors and concrete regions and current

behaviors.

Asterisks depict p value significant after correcting for multiple comparisons using an FDR correction; **p < 0.001; *p < 0.01; 'p = 0.051 (0.08 after FDR correction).

On the other hand, schematic control regions of the cere-
bellum form loops with rostral regions of the PFC, including
area 46, and are functionally connected to the default mode
network [5, 6]. Task-based fMRI of semantic language process-
ing [31, 32], learning of rules enabling automaticity [33], social
abstraction [34], and theory of mind routinely activate these re-
gions of the cerebellum, and this region is one of the most
consistent findings in studies of autism spectrum disorder [35],
a disorder defined by impairments in complex social cognition.
In one previous study, these regions of cerebellum were found
to represent both first- and second-order cognitive rules, consis-
tent with the putative role of this region in abstract control over

action [36]. Neuromodulation of this region is associated with
prediction difficulties—implying that it plays a role in future-ori-
ented processing [31, 37]. Physiologically, these regions show
low intrinsic spiking rates, consistent with the temporal timescale
necessary for abstract processing. In the current study, these
regions showed associations with future reaction times, but
not with current reaction times. Combined with the physiology
and anatomical connections with rostral PFC regions, these
behavioral associations are consistent with a role for these re-
gions in preparation for future action.

Cerebellar contextual control regions identified here are often
engaged by working memory tasks and are primarily functionally
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connected with frontoparietal, executive control networks in the
brain [6, 23, 19]. Broad connectivity with frontoparietal regions,
including the middle dorsolateral PFC [28] coupled with its posi-
tion between concrete and abstract processing regions of the
cerebellum, optimally position this region to integrate concrete
and goal-relevant information. Similarly, in the PFC, cognitive
control regions are situated between caudal PFC and rostral
PFC [14, 15]. These regions show connectivity with both senso-
rimotor prefrontal areas as well as regions involved in affective
and cognitive control [28]. Despite being involved in sensori-
motor processing, these regions do not show connectivity with
primary motor cortex. Importantly, in the current study, we found
correlations between these regions and both current and future
reaction times. This is consistent with the type of integration
necessary to use abstract goals to inform current action in a
context-specific manner. Although lesions to cerebellar sche-
matic control regions are typically associated with only cognitive
symptoms, lesions to these contextual control regions may
result in both motor and cognitive impairments and are associ-
ated with executive function deficits [9]. Given anatomical con-
nectivity patterns and behavioral associations, we posited that
contextual control regions form the apex of a functional process-
ing hierarchy [17].

What’s in a Name? The Meaning of Functional
Processing Hierarchies

Hierarchical processing exists throughout the human brain, but
there is often disagreement about what constitutes a hierarchy.
Here, we identify a functional processing hierarchy —whereby
higher order regions asymmetrically influence activity in lower or-
der regions. Functional processing hierarchies may take advan-
tage of the infrastructure provided by anatomical gradients
within the brain [21]. For example, the expansion of the PFC in
humans has been supported by a “sensorimotor-fugal” exten-
sion of association cortices away from unimodal sensorimotor
areas, giving rise to unimodal to transmodal “gradients” [21].
Theoretical work has long posited a gradient of function in the
cerebral cortex, with motor-adjacent regions involved in con-
crete action and motor-distal regions engaged by abstract
thought [10]. Neuroimaging findings in the PFC have confirmed
that rostral-caudal gradients support a functional processing hi-
erarchy, whereby sub-regions close to motor cortex support
concrete actions and rostral-PFC regions support abstract goals
[11, 13-15]. Similarly, in the cerebellum, the largest increases in
size of the cerebellar cortex in phylogenetically newer species
have occurred primarily in regions outside of sensorimotor areas
[38]. As in the PFC, resting-state fMRI has identified gradients
within the cerebellum that span between unimodal and transmo-
dal areas in a “sensorimotor-fugal” manner [22]. These gradi-
ents, in parallel with those found in the cerebral cortex, lay the
groundwork for regional functional specificity within the
cerebellum.

We find that cerebellar regions involved in contextual control
drove the relationship between regions involved in abstract
and concrete processing. Importantly, regions involved in more
abstract, future-oriented processing were not located at the pu-
tative “top” of the processing hierarchy as predicted by some
theories [10, 11, 13]. Rather, these regions may only be involved
in cognitive processing to the degree that abstract, future-
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oriented processing is required [17]. In cognitively demanding
situations, concrete, feature-based information is combined
with pre-existing internal models in contextual control areas
[17]. This basic functional hierarchical structure echoes that
seen in the PFC, whereby the mid-dorsolateral PFC is situated
at the top of the hierarchy over current actions represented in
more caudal PFC regions [14, 15, 17].

Hierarchies for Cognitive Control in the Cerebellum Are
Parallel but Not Reliant on Those in the Prefrontal
Cortex

Activation in contextual control regions fully mediated the rela-
tionship between schematic and feature control regions,
suggesting that contextual control regions formed the apex of
the hierarchy. Crucially, this relationship held true even when
controlling for activation in cerebral areas known to communi-
cate with these cerebellar regions via reciprocal closed-loop cir-
cuits. Therefore, cerebellar hierarchical organization was not
merely a reflection of hierarchies in the cerebrum. Instead, cere-
bellar sub-regions interact in a hierarchical manner in parallel to
hierarchies in other regions throughout the brain. The hierarchi-
cal interactions between sub-regions were also relevant for
behavior: contextual control regions fully mediated the relation-
ship between activation in concrete regions and current actions
and between activation in schematic regions and future actions.
These data provide further evidence of an apical role of contex-
tual control regions. This is consistent with lesion-based ana-
lyses in both the cerebellum and PFC finding that damage to
contextual control regions results in impairments in executive
function and behaviors associated with regions lower in the hier-
archy [9, 13] (but see [39] about minimal permanent cognitive im-
pairments following cerebellar lesions). Cerebellar contextual
control regions may combine input about future needs from ab-
stract-processing regions with information about current needs
from feature-processing regions to take into account both cur-
rent situations and future goals and ultimately choose appro-
priate actions to fulfil long-term goals.

Hierarchical Organization in Cerebellum Differs from
That in the Cerebral Cortex

Unlike in the PFC, we found multiple bilateral representations of
the cerebellar cognitive control hierarchy, inverting around Crus
I/ll. Resting-state gradient analyses and canonical resting-state
networks also show multiple representations of the entire span
of cerebral resting-state networks within the cerebellum—invert-
ing around Crus | [6, 22]. More recent work suggests that there
may even be multiple task representations within the cerebellum
that invert around Crus I/l [19] and that separate representations
might contribute to different aspects of a particular behavior.
Although the exact relevance of these multiple representations
is not known, clinical evidence suggests that the representations
are not equal, as damage to one representation results in
different symptoms than that in another [9].

Further, unlike the cerebral cortex, cerebellar cytoarchitecture
is uniform throughout the cerebellar cortex. Given this uniform
cytoarchitecture, how might regional specificity within the cere-
bellum emerge? In fact, there are plenty of regional differences in
molecular expression patterns, physiological properties, and
microcircuitry within the cerebellum [40]. These variations may



support slightly different computations within the cerebellum (for
review, see [24, 41]). Importantly, although it is unlikely that there
are many long-range association fibers within the cerebellar cor-
tex, there is substantial evidence that the cerebellum communi-
cates intensely within itself, allowing for integration of informa-
tion between disparate cerebellar regions [42]. One such
mechanism is via nucleocortical loops—circuits between Pur-
kinje cells (the sole output from the cerebellar cortex) and the
deep cerebellar nuclei (DCN) (the sole output of the cerebellum
to the cerebral cortex). Although many of these loops are closed,
some are “open,” or not precisely reciprocal, targeting various
areas, including contralateral cerebellar regions [42]. This simul-
taneous open- and closed-loop nucleocortical structure could
serve to interconnect various cerebellar microzones and allow
for integration across sub-regions [42]. Importantly, the degree
of reciprocal nucleocortical connections varies by cerebellar
cortical region [43]. Branching in nucleocortical loops allows
for innervation and binding of functionally related but spatially
distinct regions of the cerebellar cortex [44]. For example, in
the cat DCN, neurons projecting to lobule VI were found to co-
localize with neurons projecting to Crus Il [44].

Although the cerebellar cortex is often divided into discrete
modules made up of input and output cells (see [45] for review),
these modules communicate with each other across large
swaths of the cerebellar cortex. Beyond nucleocortical loops
described above, parallel fibers (ascending ramifications of
granule cells—the most abundant cell in the brain) run trans-
versely in the cerebellum for lengths of about 6 mm in primates
and can modulate the activity of Purkinje cells, which project
to various different neuron groups in the DCN [46]. The cere-
bellum is also home to a dense interneuron system made up of
multiple cell types (e.g., Golgi cells, Lugaro cells, etc.), which
make up a rich network that has strong modulatory influence
over main cerebellar cells, including granule and Purkinje cells.
For example, Golgi cells are connected via gap junctions (electri-
cal rather than chemical synapses), which may support synchro-
nization of vast regions of the cerebellar cortex [47].

Lugaro interneurons send long-range myelinated axons along
the coronal plane but also extend along the sagittal plane of the
cerebellar cortex [48]. One study found that these interneurons
were most abundant in the curvature between lobules rather
than at the lobular apex [48], which may make them excellent
source of communication between lobules. Cerebellar interneu-
rons also produce intrinsic (arising from within the cerebellum)
oscillatory activity that can be synchronous across entire lobules
and even across hemispheres [49, 50]. These oscillations have
the power to spatially and temporally coordinate distant neural
assemblies and can rapidly synchronize and desynchronize
firing in cell populations [51]. Cerebellar oscillations are also
phase locked with local field potentials (LFPs) in cerebral soma-
tomotor cortices [49, 52]. Importantly, animal studies find that
certain cerebellar oscillations are strongest at times when the an-
imal is anticipating a reward or waiting for the right time to pro-
duce a motor action—which may be especially relevant to cogni-
tive control [49]. Like in the cerebral cortex, oscillations may
provide an excellent long-range communication mechanism
within the cerebellum. There is some evidence that oscillations
may also be region specific: certain types of oscillations entrain
firing in different orientations (e.g., primarily sagittal/anterior-to-

posterior axis, patchy, or along the transverse axis) [53] and
may be of importance to cognition, as abnormalities in cerebellar
oscillatory rhythms have been identified in mouse models of fetal
alcohol syndrome [54]. These kinds of intracerebellar communi-
cation obviously differ from how sub-regions interact within the
PFC and other supratentorial structures. These differences
may help elucidate the unique role cerebellar hierarchies play
in supporting cognitive control. For example, feedback loops be-
tween Purkinje cells and the DCN, informed by input from the ce-
rebral cortex, may allow for iterative honing of internal models
and predictions that allow for optimization of behavior in a given
context. These models may allow for fast adjustment and adap-
tive control of behavior in other interconnected hierarchies
throughout the brain.

It is important to note that the putative mechanisms underlying
intracerebellar communication discussed above occur at the
level of cells and synapses, rather than at the level of large
neuronal populations thought to underlie the blood-oxygen-
level-dependent (BOLD) signal. In the cerebellum, there is evi-
dence to suggest that BOLD or cerebral blood flow is reliably
associated with LFPs, a measure of synaptic or peri-synaptic ac-
tivity, rather than spiking rate of individual neurons. For example,
direct parallel fiber stimulation is associated with increases in
LFP and cerebral blood flow (despite the fact that parallel fiber
stimulation inhibits spiking activity of Purkinje cells) [55]. Cere-
bellar granule cells and parallel fibers can also modulate blood
flow via release of vasoactive substances [56]. It is likely then
that cerebellar BOLD does not reflect output from or input to
the cerebellum but rather reflects neural processing occurring
within the cerebellum [57]. This is not dissimilar from neural un-
derpinnings of BOLD throughout the cerebral cortex, which is
also more associated with synaptically evoked field potentials
than spike output [57, 58]. Nonetheless, it is important to keep
in mind that, throughout the brain, the BOLD signal may actually
have quite complex origins. For example, the relationship be-
tween BOLD and neural activity can change as a result of cogni-
tive states [59].

What Might Cerebellar Hierarchies Contribute to
Cognitive Control?

In the motor realm, the cerebellum is involved in the formation of
internal models that allow for prediction of sensory outcomes of
a motor action. These internal models are iteratively refined via
error-based learning so as to optimize behavior in a given
context [45, 60]. Via a series of reciprocal closed-loop circuits
with nearly every cerebral cortical region, as well as the basal
ganglia, the cerebellum is optimally positioned to receive and
integrate information to generate internal models and optimize
behavior. Due to its relatively uniform cytoarchitecture, it has
been proposed that the cerebellum may perform a similar pre-
dictive function in the cognitive domain [61]. The ability of the
cerebellum to integrate information from various regions and
create predictions may allow for automatization and coordinated
processing within distributed cortical networks in a manner rele-
vant to cognition [41]. It has been suggested that the cerebellum
plays a particular role in detecting and generating sequences in
both motor and non-motor domains [62, 63]. In the domain of so-
cial interaction, one study found that individuals with cerebellar
lesions performed poorly only on tasks that required explicit
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and active sequencing, but not on mechanical tasks in which
sequencing was either less necessary or overlearned [63]. In
the case of cognitive control, goal-directed behaviors require
predictions about likely actions to achieve a desired state [64]
and therefore inherently require some sort of sequencing ability.
Cerebellar-based sequence learning may allow individuals to
form predictions about sequences of actions, which allow for
prediction about future action sequences and rapid error detec-
tion when actions deviate from expected sequences. One study
using TMS to disrupt posterolateral cerebellar processing during
working memory found that participants had increased errors.
Crucially, immediately after cerebellar disruption, participants
were more likely to use out-of-date information to predict up-
coming information [65]. Resting-state fMRI analyses find that
the cerebellar resting-state signal lags behind that of the cerebral
cortex, suggesting that the cerebellum receives input from the
cortex to process before relaying it back to the same cortical
areas [66]. Importantly, our results find that, rather than merely
reflecting networks in the rest of the brain, the cerebellum con-
ducts its own parallel, hierarchical processing. In particular, we
found evidence for a robust cerebellar hierarchy even when con-
trolling for cerebral signals carried via cerebello-prefrontal loops.
This internal hierarchical structure, parallel to functional process-
ing hierarchies throughout the brain, potentially allows for more
effective cognitive control using iteratively refined models. In
this way, the cerebellum may perform some sort of “quality con-
trol” function on information originating in cerebral cortical re-
gions and adjust signals at odds with predictions based on inter-
nal models to ultimately calibrate processing in the rest of the
brain.

Conclusions, Limitations, and Future Directions

Here, we identify separate regions of the cerebellum, arranged ina
gradient-like pattern, which respond distinctly to different aspects
of cognitive control and show dissociable correlations with
behavior. We show, for the first time, that cerebellar sub-regions
interact to support cognitive control. These interactions are func-
tionally hierarchical. Future work should assess whether there is a
finer gradient structure in the path from “will to action” within the
posterolateral cerebellum. At our current resolution and given
the highly convoluted foliation of the cerebellum, fine discrimina-
tion within the cerebellum is limited. Recent research has un-
earthed very fine parcellations of task representations within the
cerebellum [24]. The univariate task representations identified
here crossed lobular boundaries and overlapped at the border be-
tween representations. These overlaps are similarly noted in hier-
archies throughout the brain and may aid integration of information
in discrete regions. Alternatively, higher resolution methods and
subtler task manipulations may elucidate greater detail within
the posterior cerebellum. In addition, in the current task, partici-
pants had to sequence letters verbally or spatially. It is possible,
therefore, that this kind of hierarchical organization may be spe-
cific to sequencing and may not be evident for other kinds of tasks
(e.g., categorization). Future research should determine whether a
similar organization would be present under different task condi-
tions. Lastly, although we controlled for signals from supratentorial
cortical regions in our mediation analysis using both ROl and more
comprehensive PCA methods, it is nonetheless possible that the
hierarchy we propose in cerebellum is not intracerebellar in nature
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but reflective of processes happening elsewhere. In particular,
given that the cerebellum, frontal, and parietal regions form net-
works (e.g., all house representations of default mode network
[DMN], frontoparietal networks, sensorimotor networks, etc.), it
may be the case that hierarchies occur at the level of networks
rather than within individual brain regions. In this sense, it may
not be possible using fMRI methods to completely delineate local
hierarchies from hierarchies established by relay signals from
other regions. Notably, however, our PCA analyses and simula-
tions suggest that even the frontal hierarchy was susceptible to in-
fluences from the cerebellum. This implies that hierarchical orga-
nization identified in many brain regions is to some extent reliant
on signals from other brain regions. Our analyses and simulations
suggest that, although the cerebellum receives signals from the
PFC (and the PFC receives signals from the cerebellum), both
the cerebellum and frontal regions likely also contain a local
hierarchy.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited Data

Unthresholded group-level data https://neurovault.org/collections/6778/ N/A

Software and Algorithms

MATLAB 2018b https://www.mathworks.com/products/ RRID:SCR_001622
new_products/release2018b.html

Statistical Parametric Mapping (SPM) 12 https://www.fil.ion.ucl.ac.uk/spm/software/ RRID:SCR_007037
spm12/

Bayesian MultiLevel Mediation (bmlm) Toobox https://github.com/mvuorre/bmim N/A

M3 Mediation Toolbox https://github.com/canlab/MediationToolbox N/A

Other

Principle Component Analysis Simulation Code https://osf.io/864mj/ N/A

(in house)

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information should be directed to the Lead Contact, Anila M. D’Mello (admello@mit.edu). This study did not generate unique
reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Participants

A total of 24 right-handed, native English speaking participants between the ages of 18-28 years participated in the study (full
demographic details previously reported [14]). For the discovery analysis, one participant was excluded because of fewer data-
points (only one session), for n = 23 participants. An additional 25 participants were used as a replication sample (demographic de-
tails previously reported [15]). For the current replication analysis, n = 1 participant was excluded due to missing data. This resulted in
a total of n = 23 participants (12 female, mean age = 19.8 years), and n = 24 participants (15 female, mean age = 20.6 years) for the
replication analysis. Informed consent was obtained from all participants and all procedures were approved in accordance with the
Committee for Protection of Human Subjects at the University of California, Berkeley.

METHOD DETAILS

Task

This task was previously described in detail by Nee & D’Esposito [14, 15]. Participants performed a cognitive control task in both ver-
bal and spatial domains (Figure 2). For ease of exposition, we will describe the task performed in the verbal domain (Figure 2A),
although comparable conditions were also performed in the spatial domain (Figure 2C). On each trial, participants observed one
of five letters, presented in one of five locations, surrounded by one of four shapes printed in one of two colors. Colors indicated
the relevant domain (verbal or spatial), shapes indicated the relevant task to perform, and letters/location provided inputs for the
task rules. In the verbal domain, participants started each block of the task by determining whether the letter they saw was the first
letter in the word “TABLET.” On each subsequent trial, participants determined whether each new letter sequentially followed the
previous letter in the word “TABLET” (control condition). After a few trials, participants received a sub-task cue that signaled that
new task demands were necessary (e.g., squares changed to circles, diamonds, or crosses). Each sub-task cue signaled a different
sub-task: circles = ignore stimuli but remember your place in the sequence (delay condition); diamonds = restart the sequence from
the beginning (restart condition); crosses = restart the sequence while remembering your place in the previous sequence (dual con-
dition). These sub-tasks allowed us to examine the effect of schematic control and contextual control, both necessary for cognitive
control. The schematic axis manipulated demands on the use of past representations to inform future actions. The contextual axis
manipulated demands on the use of task context in order to choose the appropriate action to correctly complete the task. This gave
rise to various conditions: (1) low schematic control and low contextual control (control), (2) low schematic control and high contextual
control (restart), (3) high schematic control and low contextual control (delay), (4) and high schematic and high contextual control
(dual). These conditions were examined in both verbal and spatial domains. The control condition required low contextual process-
ing, and low schematic processing. In this condition participants completed the basic task. The restart condition required high levels
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of contextual processing, and low schematic processing. Here, participants had to be vigilant to changing cues, but did not have to
hold any information in memory. The delay condition required low contextual processing, but high schematic processing. Partici-
pants were asked to hold information in memory until cued. The dual condition was the most challenging, requiring high contextual
processing and high schematic processing. Here, participants were asked to not only maintain information in memory, but simulta-
neously pay attention to changing contextual cues. A combination of these four conditions allowed for an examination of the contin-
uum of cognitive processing — moving from concrete processing of features (concrete control), to malleable awareness of how fea-
tures inform contexts in which certain actions are required (contextual control), to planning how current contexts influence future
behavior (schematic control).

A week before the scanning session, participants performed a practice session to learn the task under supervision of an experi-
menter. Once comfortable with the task, participants completed 3 runs of the task on their own outside of the scanner. Prior to data
collection in each session, participants also performed a single practice run inside the scanner. In the identification sample, partic-
ipants completed a total of 12 runs across two separate fMRI sessions. Each session was divided into 6 runs of 16 blocks (160 trials)
each. Participants completed 24 blocks of each condition (total of eight conditions: Control, Restart, Delay, and Dual in both spatial
and verbal domain). This resulted in a total of 1920 trials (including 96 for each sub-task). In the replication sample, participants
completed a total of 6 runs of 16 blocks (144 trials) in a single session. Each participant completed 12 blocks of each condition re-
sulting in a total of 864 trials (including 48 for each sub- task).

Image acquisition

All data were collected and previously analyzed by Nee & D’Esposito [14, 15]. Image acquisition and protocol are described in detail in
Nee & D’Esposito [14, 15]. Briefly, images were acquired on a Siemens TIM/Trio 3T MRI equipped with a 32-channel head coil. Func-
tional images were acquired using an EPI sequence with 35 descending slices and 3.44 x 3.44 x 3.75 mm?® voxels (TR = 2000 ms;
echo time = 25 ms; flip angle = 70; field of view = 220). Phase and magnitude images were collected to estimate the magnetic in-
homogeneity. High-resolution T1-weighted MPRAGE images were collected for spatial normalization (240 x 256 x 160 matrix of
1 mm? isotropic voxels; TR = 2300 ms; echo time = 2.98 ms; flip angle = 9).

Preprocessing

Data were despiked using AFNI’'s 3dDespike (interpolate method). SPM was used for slice- timing correction, unwarping using SPM’s
Field Map toolbox, realignment, coregistration, segmentation, and normalization to MNI space. Data were smoothed with a 6mm
FWHM. Motion regressors were included for participants with greater than 3mm/degrees of motion over the course of the session
or asingle movement of greater than 0.5mm/degrees in TR-to-TR motion. These reflected total displacement, squared total displace-
ment, differential (TR-to-TR) displacement, and squared differential displacement to capture signal artifacts related to motion [67, 68].

QUANTIFICATION AND STATISTICAL ANALYSIS

Behavioral analysis

For each participant, behavioral data were stratified into the eight conditions formed by crossing stimulus domain x contextual con-
trol x schematic control and further segmented into task phases. The trials-of-interest for the present study were the sub-task trials
and return trials (Figure 2D). Sub-task trials included all trials during the sub-task phase except for the first. Reaction times were
calculated on correct trials only. Reaction times faster than 200 ms were discarded as anticipatory and reaction times greater
than 2000 ms were discarded as inattentive. Reaction times greater than 2.5 standard deviations of the condition mean were
removed as outliers. This resulted in the removal of 0.76% of the trials in the main analysis, and 0.65% of the trials in the replication
analysis.

First level modeling

Statistical analyses were performed in SPM12. Regressors for the Control, Restart, Delay, and Dual conditions crossed with two
Stimulus Domain types were included in a first-level model. The Restart, Delay, and Dual conditions spanned the onset of the second
trial of the sub-task through the last trial of the sub-task. As the Control condition did not contain an overt sub-task, epochs in the
middle of the block were modeled to match the other conditions. In addition to the main conditions, separate impulse regressors were
included for the first trial of each block, the first trial of each sub-task, return trials, trials occurring before the sub-task, and trials
occurring after the sub-task. Additional nuisance impulse regressors included: left button-press responses, right button-press re-
sponses, and error responses. At the first-level, regressors were combined to create three contrasts of interest: Schematic control
(Delay + Dual - Control + Restart), Contextual control (Dual + Restart — Delay + Control), and Concrete control (Interaction of Temporal
and Contextual control; Dual + Control — Delay + Restart). To assess the presence of a domain-general hierarchical axis of processing
within the cerebellum, main effects of each condition collapsed across stimulus domain (Verbal, Spatial). Regressors were also
created for effect of stimulus domain (Verbal — Spatial).

Second level modeling
Each contrast of interest was carried forward to a separate second-level model (schematic control, contextual control, and concrete
control), and one-sample t tests were performed. Results were thresholded at an uncorrected p value of 0.001 with a FDR-corrected
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cluster threshold < 0.05. Though only cerebellar results are reported (cerebral cortical results are reported in Nee & D’Esposito
[14, 15]), thresholds correspond to whole-brain thresholds (no region of interest or masking of the cerebellum) so that cerebellar re-
sults were significant in the context of the whole brain. Results were mapped to the surface and plotted on flatmaps or inflated cere-
bellar maps [26].

Correlations with behavior

We extracted regions of interest from the main effects described above (Schematic, Contextual, and Concrete contrasts;
4mm radius spheres centered on peak activation within the clusters from the univariate analysis). If the peak voxel coordinates
overlapped with other ROls, subpeaks within the same cluster were used instead. This resulted in a total of eight ROIs: Schematic
processing (Right Crus | [44 —72 - 38]; Left Crus | [-42 —76 —46]), Contextual processing (Right posterior VI [24 —68 —26]; Left
posterior VI [-32 —68 —28]; Right Crus II/VIIB [32 —72 —48]; Left Crus II/VIIB [-34 —72 —48]), and Concrete processing (Right anterior
VI [6-76 —16]; R VIIB/VIIIA [22 —70 —44]). Average parameter estimates were extracted from ROIls using REX [69]. We calculated
average reaction times for “future” and “current” epochs from each of the 8 conditions of interest. Future epochs were defined
as those directly following the sub-task, when participants returned to the condition they were performing prior to being cued to
perform the action required by the sub-task. Current epochs corresponded directly to the fMRI signal being measured (during
the sub-task, itself). Reaction times were normalized within participant. Partial correlations were calculated between parameter
estimates in each ROI and Current RT (controlling for Future RT), and Future RT (controlling for Current RT). To control for
repeated-measures within each subject, correlations were conducted using the rmcorr package as implemented in R [70]. Results
remained significant when conducting an FDR correction for multiple comparisons.

Mediation analysis

Multi-level mediation analyses were conducted using the bmim package as implemented in R [71]. BmIm conducts Bayesian infer-
ence using the RStan interface. Parameter estimates from ROI’s described above were extracted. To extract PFC signal from cor-
responding schematic, contextual, and concrete regions, 4mm spheres were created centered around peak PFC coordinates for
each condition as reported by Nee & D’Esposito [14]. To control for PFC contributions to cerebellar signal, we partialled out the ef-
fects of PFC activation from corresponding cerebellar ROIS. These values were entered into a mediation analysis (mediator = contex-
tual control activation). To assess significance, credible intervals were used (95% mass of the marginal posterior distribution) [71].

Principle component analysis (PCA) and simulations

Principal component analyses (PCA) were conducted in MATLAB on statistical maps of schematic, contextual, and concrete control
in order to extract the components that explained the most variance in the frontal lobe, parietal lobe, and cerebellum. Frontal and
parietal PCs were iteratively regressed out of the cerebellar signals (from 1-183 PCs with 183 being the maximal number of PCs
in the smallest map) and mediation analyses were rerun to determine how partialing of frontal or parietal PCs affected the mediation
estimates. To assess whether frontal lobe mediations were also affected by regression of cerebellar PCs, the inverse analysis was
also conducted (iterative regression of cerebellar PCs from frontal lobe mediation). The A mediation was calculated by subtracting
the mediation effect after regression of n PCs from the original mediation effect. The same analysis was replicated in the secondary
independent dataset (n = 24, described above). Simulation analyses were run to contextualize PCA results. Simulated data was
computed for the all regions (frontal, parietal, and cerebellum) in MATLAB. Mediations were conducted using the M3 toolbox
(https://github.com/canlab/MediationToolbox). Three different models were tested: (1) No local cerebellar mediation: all inputs for
X, Y, and Mediator (M) variables is directly relayed from the frontal lobe. (2) All local cerebellar mediation: X, Y, and M cerebellar re-
gions receive input from the frontal lobe but the cerebellar mediation is entirely local, consisting only of cerebellar signals. (3) X, Y, and
M cerebellar regions receive PFC input and this input is intermixed with local cerebellar signals to support parallel mediations.

Replication analysis

All analyses were replicated in a second, independent sample (n = 24; Nee & D’Esposito [15]). Univariate analysis results were thresh-
olded at p < 0.001, FDR cluster correction < 0.05. A 4mm sphere was created around the most significant voxel for each condition.
ROIS for the replication analysis differed slightly from the discovery sample. Schematic control (Right Crus | [36 —78 —40]), Contex-
tual control (Right Crus II/VIIB [32 —72 —44]), and Concrete control (Right anterior VI [26 —64 —24]). Results remained significant when
conducting an FDR correction for multiple comparisons.

DATA AND CODE AVAILABILITY
Group-level data generated during this study is available on Neurovault (https://neurovault.org/collections/6778/). Simulation code is
available on the Open Science Framework (OSF; https://osf.io/864mj/). Given human subjects confidentiality concerns and the po-

tential for identification, original raw data supporting the current experiment have not been uploaded to a public repository. Data can
be obtained upon request to Derek E. Nee (nee@psy.fsu.edu).
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Figure S1. Effects of regression of principle components on mediation analyses. Related to Figure 5.

(A) Percent of variance explained by each principle component (frontal = magenta; parietal = lime green;
cerebellar = cyan) in the discovery sample. (B) Top: Percent change in cerebellar mediation estimate when
regressing out frontal (magenta) and parietal (lime green) principle components [A Mediation %tage = (original
mediation effect — mediation effect after regression of n PCs)/original mediation effect x 100]. Change in frontal
lobe mediation estimate when regressing out cerebellar principal components is shown in cyan. Bottom:
Similar results were obtained in the independent replication sample (n=24). Cerebellumgrontal = Effect of
partialling frontal PCs on cerebellar mediation; Cerebellumearicta = Effect of partialling parietal PCs on
cerebellar mediation; Frontalcereveium = Effect of partialling out cerebellar PCs on frontal mediation.



Actual Mediation Measured Mediation

MFrontaI

> MCerebeIIum - 100
MC g
erebellum

XFrontal ______________ YFrontaI xCerebeIIum YCerebeIIum
XCerebeIIum ______________ > YCerebellum
50 100 150
number of PCs regressed out

MCerebeIIum

Mcerebellum r
YCerel:;ellum < P
XCerebeIIum YCerebellum
50 100 150
number of PCs regressed out

®
3

@
3

IS
3

A mediation (%

N
S

o
o

N
S

@

A mediation (%)
S

XCerebellum

b o o

o

MFrontaI
--------------

MFrontaI

20} — = 1.0x

> MCerebeIIum
/ MCerebeIIum
/ 1.5x
YFron'aI - - /

X X Y
Frontal Cerebellum Cerebellum wof o ig:

XCerebeIIum YCerebellum l = 3.0
0=
0 50 100 150 H
number of PCs regressed out

Figure S2. Simulations of effects of principle component regression on mediation analyses. Related to
Figure 5.

A mediation (%)

Three models were tested using simulated data: (1) Cerebellar mediation is entirely reflective of frontal
mediations: Mrontat mediates the relationship between Xionta and Ysontal. These signals are sent to Mcerebetium,
Xeerebellum, @Nd Ycerebelum, respectively. No actual signals are exchanged among cerebellar regions such that
measured mediation in the cerebellum entirely reflects the relayed frontal mediation. In this case, regressing a
single frontal PC from each cerebellar areas (i.e. Mirontal from Mcerepelium, Xirontal from Meerebeiium, €tC.) eliminates
the observed mediation in the cerebellum. (2) Cerebellar mediation is completely local: Mcerebeium mediates the
relationship between Xcerebetium and Y cerebellum. Xfrontal, Yfrontal, aNd Miontal Signals are sent to respective cerebellar
regions, but these signals are not exchanged among cerebellar regions. In this case, removal of the first few
frontal PCs actually improves the measured mediation effect, while removal of additional PCs slowly reduces
the mediation. (3) Cerebellar mediation reflects both local and relayed frontal mediation: Cerebellar X, Y, and
M regions receive input from the frontal lobe. These signals are mixed with local cerebellar signals so that
mediation measured in the cerebellum reflects both local and relayed mediation effects. Depending on the
weight given to incoming frontal signals (1X = equally mixed frontal and cerebellar; 3X = more cerebellar),
there is less of an effect of frontal PC regression on the cerebellar mediation. In most cases, there is an abrupt
decline in mediation after removing the first frontal PC. Collectively, the simulations indicate that if cerebellar
mediation is driven entirely by relays from the frontal lobe, regressing frontal PCs from cerebellar signals
should quickly extinguish the cerebellar mediation.
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Figure S3. Domain specific effects. Related to Figure 3.

Unthresholded maps of domain effects (verbal > spatial in reds, spatial > verbal in blues). Verbal processing
was right-lateralized in the cerebellum and spatial processing was left-lateralized in the cerebellum consistent

with known contralateral cerebro-cerebellar connectivity.
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