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Abstract
The cerebellum is relevant for virtually all aspects of behavior in health and disease. Cerebellar findings are common across all
kinds of neuroimaging studies of brain function and dysfunction. A large and expanding body of literature mapping motor and
non-motor functions in the healthy human cerebellar cortex using fMRI has served as a tool for interpreting these findings. For
example, results of cerebellar atrophy in Alzheimer’s disease in caudal aspects of Crus I/II and medial lobule IX can be
interpreted by consulting a large number of task, resting-state, and gradient-based reports that describe the functional character-
istics of these specific aspects of the cerebellar cortex. Here, we provide a concise summary that outlines organizational principles
observed consistently across these studies of normal cerebellar organization. This basic framework may be useful for investiga-
tors performing or reading experiments that require a functional interpretation of human cerebellar topography.

Introduction

Numerous studies have mapped motor and non-motor task pro-
cesses and resting-state networks in the human cerebellar cortex
using fMRI [1–12]. This field of research has contributed to the
development of modern cerebellar systems neuroscience—the
cerebellum is now appreciated as a structure relevant for virtually
all aspects of behavior in health and disease (see [13]). This large
body of human cerebellar neuroimaging literature has also served
as a tool for interpreting the functional significance of cerebellar
neuroimaging findings in studies of brain disorders. For example,
a study of a neurological condition reporting decreased volume
in the intersection between left cerebellar Crus I and Crus II is
now informed by a large number of task, resting-state, and
gradient-based reports that describe the functional characteristics
of this specific aspect of the cerebellar cortex. The objective of

this synopsis is to provide a concise summary that outlines orga-
nizational principles observed consistently in functional imaging
studies of the human cerebellum. This basic frameworkmay help
guide the interpretation of human cerebellar topography in func-
tional and morphometric imaging studies.

Three Functional Subdivisions: Motor,
Attentional/Executive (Task-Positive),
and Default-Mode (Task-Negative)

Data-driven analyses of cerebellar fMRI data indicate that (i)
motor, (ii) attentional/executive (task-positive), and (iii)
default-mode (task-negative) processing are three fundamen-
tal poles of cerebellar functional neuroanatomy [5]. Our di-
dactic summary will be based on this division (Fig. 1A).
Processes that cannot be clearly classified according to these
categories (e.g., emotion processing, or the property of lan-
guage lateralization) will be discussed separately.

Motor processing refers to regions in the cerebellar cortex
that exhibit activation in fMRI task contrasts such asmoving a
finger following a visual cue minus observing the same cue
without performing any movement, or regions in the cerebellar
cortex that exhibit functional connectivity to cerebral motor
areas such as M1. Attentional/executive processing refers to
cerebellar cortical areas that exhibit functional connectivity to
cerebral systems relevant for stimulus-driven attention (ven-
tral attention network, salience network), goal-oriented

* Xavier Guell
xaviergp@mit.edu

Jeremy Schmahmann
jschmahmann@mgh.harvard.edu

1 Department of Neurology, Massachusetts General Hospital, Harvard
Medical School, 55 Fruit St., Boston, MA, USA

2 Department of Brain and Cognitive Sciences, McGovern Institute for
Brain Research at MIT, Massachusetts Institute of Technology, 43
Vassar St., Cambridge, MA, USA

The Cerebellum (2020) 19:1–5
https://doi.org/10.1007/s12311-019-01083-9

http://crossmark.crossref.org/dialog/?doi=10.1007/s12311-019-01083-9&domain=pdf
mailto:xaviergp@mit.edu


attention (dorsal attention network), and related executive
functions (frontoparietal network). Tasks engaging these sys-
tems include contrasts such as working memory 2-backminus
0-back conditions. Default-mode processing refers to cerebel-
lar cortical areas that exhibit functional connectivity to cere-
bral default network [14], engagement in inattentive states

such as mind wandering, and deactivation during highly
attention-demanding processes. Task contrasts engaging this
system include listening to a story minus doing math, where
attentional demands are subtracted in the control condition.

A division of cognition based on default-mode versus
attentional/executive processing is supported across multiple
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Fig. 1 Didactic summary of cerebellar functional anatomy based on
human fMRI evidence. Top row: (A) Data-driven analyses of cerebellar
fMRI indicate that motor, attentional/executive (task-positive), and
default-mode (task-negative) processing constitute three fundamental
poles of cerebellar functional neuroanatomy [5]. Our didactic summary
is based on this division. (B, C) Motor processing is represented twice in
each cerebellar cortical hemisphere (lobules I–VI; lobule VIII). Non-
motor processes (attentional/executive and default-mode) are
represented three times in each cerebellar cortical hemisphere (lobules
VI-Crus I; lobules Crus II–VIIB; lobules IX–X). A specific anatomical
order from motor (blue), to attentional/executive (yellow), to default-
mode territories (red) is conserved throughout the cerebellar cortex.
This specific functional ordering (motor, attentional/executive, default-
mode) propagates from first motor towards first non-motor
representation (i.e., from lobules I–VI to Crus I), from second motor
towards second non-motor representation (i.e., from lobule VIII to Crus
II), and from second motor towards third non-motor representation (i.e.,
from lobule VIII to IX/X). Of note, first and second non-motor

representations can be contiguous (as in the case of default-mode
processing shown in red, see overlapping red arrows in Crus I/II) or
separate (as in the case of attentional/executive processing shown in
yellow). (D) The principal axis of macroscale functional organization in
the cerebellar cortex progresses from motor, to attentional/executive, to
default-mode processing. This progression is captured in the anatomical
order of cerebellar functional territories as shown in (B, C), and also
revealed by a data-driven analysis of functional gradients in the
cerebellar cortex based on resting-state functional connectivity between
cerebellar cortical areas (Guell et al. [5]; functional gradient 1 shown in
the y axis progresses from motor, to attentional/executive, to default-
mode processing). Functional gradient 2 captures a smaller portion of
data variability and reveals that a secondary axis in cerebellar macroscale
functional neuroanatomy isolates attentional/executive processing.
Bottom row: evidence supporting the organizational principles presented
in the top row: task activation [2], seed-based resting-state connectivity
[2], cerebellar mapping of cerebral cortical resting-state networks [1], and
functional gradients [5]



human and animal studies of brain physiology. Default-mode
and attentional/executive territories are anti-correlated at rest
[15], dissociated in inattentive as opposed to vigilant brain
state activity [16, 17], and causally interfere with the activa-
tion of each other [18].

Anatomical Order in the Cerebellar Cortex

These three functional domains are organized anatomically in
the cerebellar cortex obeying the following four principles:

(i) Motor processing is represented twice in each cerebellar
cortical hemisphere (lobules I–VI; lobule VIII). Non-
motor processes (attentional/executive and default-mode)
are represented three times in each cerebellar cortical hemi-
sphere (lobules VI-Crus I; lobules Crus II–VIIB; lobules
IX–X). There are thus two motor [19] and three non-
motor [1, 2] representations in cerebellar cortex (Fig. 1B, C).

(ii) A specific anatomical order from (a) motor, to (b) atten-
tional/executive, to (c) default-mode territories is con-
served throughout the cerebellar cortex (Fig. 1B, C)
(e.g., see [1, 5]). This organization is similar to what
previous studies have reported in the cerebral cortex (in
the case of the cerebral cortex, a basic conserved organi-
zation throughout many cortical regions progresses from
primary motor/auditory/visual, to attentional/executive,
to default-mode territories; see [20–22]).

(iii) The two principles stated so far result in the propagation of
a specific functional ordering (motor, attentional/executive,
default-mode) from first motor towards first non-motor
representation (i.e., from lobules I–VI to Crus I), from
second motor towards second non-motor representation
(i.e., from lobule VIII to Crus II), and from second motor
towards third non-motor representation (i.e., from lobule
VIII to IX/X) (see the three arrows in Fig. 1C).

(iv) This organization results in the anatomical peculiarity
that Crus I–Crus II intersection is the intersection of first
default-mode representation and second default-mode
representation. In this way, first and second non-motor
representations can be contiguous (as in the case of
default-mode processing) or separate (as in the case of
attentional/executive processing) (see overlapping ar-
rows in Crus I/II in Fig. 1C).

Functional Order in the Cerebellar Cortex

The principal axis of macroscale functional organization in the
cerebellar cortex progresses from motor, to attentional/execu-
tive, to default-mode processing (Fig. 1D). This progression is
captured in the anatomical order of cerebellar functional

territories as discussed in the previous section (principle ii;
Fig. 1B, C), and also revealed by a data-driven analysis of
functional gradients in the cerebellar cortex based on resting-
state functional connectivity between cerebellar cortical areas
(Guell et al. [5]; functional gradient 1 progresses from motor,
to attentional/executive, to default-mode processing).
Functional gradient 1 captures the highest portion of variabil-
ity in cerebellar cortical resting-state functional connectivity
patterns. Functional gradient 2 captures a smaller portion of
data variability and reveals that a secondary axis in cerebellar
macroscale functional neuroanatomy isolates attentional/
executive processing. These two dimensions (functional gra-
dients 1 and 2) provide an alternative functional rather than
anatomical space for the visualization of the results of cere-
bellar neuroimaging [23].

Special Cases: Emotion, Vestibular, Language,
and Social Processing

Some functional domains require special consideration be-
cause of peculiarities of their anatomical or functional distri-
bution in cerebellar cortex that are not captured by the sum-
mary provided in the previous sections.

Emotion processing follows the principle of a triple repre-
sentation in the cerebellar cortex [2], but it is located centrally
along functional gradients 1 and 2. It is therefore not possible
to classify emotion processing wholly within default-mode
(high gradient 1 values), motor (low gradient 1 values), and
attentional/executive (high gradient 2 values) divisions [5].
Emotion processing also shows a tendency to engage cerebel-
lar vermis, consistent with the theory of a vermal location of
emotion processing in the cerebellum [2, 24, 25]. Within the
framework presented here, Crus I/II vermal engagement in
emotion processing is viewed as a first and contiguous second
representation, and lobule IX/X emotion processing activation
corresponds to the third representation [2].

Vestibular functions are in many cases difficult to investi-
gate within the constraints of fMRI experimental designs.
Physiology and anatomy investigations in animals and clinical
studies in humans underscore the engagement of cerebellar
vermis (predominantly vermal lobules V–VII, named oculo-
motor vermis) as well as lobules IX and X in vestibular control
[26, 27]. Human fMRI experiments map ocular movements to
these regions [3, 28]. It is possible that there is an overlap
between oculomotor control and visual attention in the cere-
bellum [3, 29], as well as links between vestibular and emo-
tion processing that both engage vermal aspects of the cere-
bellar cortex [30, 31].

Language processing in the cerebellar cortex has a well-
established predominant right lateralization that mirrors the
predominant left lateralization of language processing in the
cerebral cortex. This distribution follows the logic of
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anatomical connections that link the majority of cerebellar
cortex to the contralateral cerebral hemisphere [32, 33].

Social cognition processing in the cerebellum overlaps
with default-mode processing territories [2, 34], reflecting an
engagement of default-mode network in processes that are
relevant for social cognition [14, 35]. Social cognition also
extends diffusely along functional gradient 1, resonating with
the understanding that this multimodal function engages mul-
tiple levels of information processing along the principal di-
mensions of cerebellar functional neuroanatomy, without ex-
clusive localization at any of its poles (default-mode, atten-
tional/executive, or motor) [5].

Conclusion

Here, we have outlined general principles that remain broadly
observable across a large and growing body of literature describ-
ing the functional organization of human cerebellar cortex [1–3,
5–12, 36]. These principles are based on the notion of multiple
areas of motor and non-motor representations, and a specific
ordering of functional domains (motor, attentional/executive,
and default-mode) that together define the position of, and rela-
tionship between, each functional territory in cerebellar macro-
scale functional anatomy. Structural and functional neuroimaging
experiments often reveal findings in the cerebellum that are rel-
evant for many aspects of clinical and fundamental neuroscience
beyond the field of imaging. The summary presented here may
be useful for investigators performing or reading experiments
that require a functional interpretation of human cerebellar topog-
raphy. For amore nuanced understanding of cerebellar functional
neuroanatomy that goes beyond the basic framework presented
here, we encourage the readers to consult the references included
in this article.
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