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Abstract

Anatomical, clinical and imaging findings suggest that the cerebellum is engaged in cognitive and
affective functions as well as motor control. Evidence from converging modalities also indicates
that there is a functional topography in the human cerebellum for overt control of movement vs.
higher functions, such that the cerebellum can be divided into zones depending on connectivity
with sensorimotor vs. multimodal association cortices. Using functional MRI, we show that
regions active during overt movement differ from those involved in higher-level language, spatial
processing and working memory tasks. Nine healthy participants each completed five tasks in
order to determine the relative activation patterns for the different paradigms. Right-handed
finger-tapping activated right cerebellar lobules 1VV-V and VII1, consistent with descriptions of the
cerebellar homunculi. Verb generation engaged right cerebellar lobules VI-Crus | and a second
cluster in lobules VIIB-VIIIA. Mental rotation activation peaks were localized to medial left
cerebellar lobule VII (Crus II). A 2-back working memory task activated bilateral regions of
lobules VI-VII. Viewing arousing vs. neutral images did not reliably activate the cerebellum or
cerebral limbic areas in this study. The cerebellar functional topography identified in this study
reflects the involvement of different cerebro-cerebellar circuits depending on the demands of the
task being performed: overt movement activated sensorimotor cortices along with contralateral
cerebellar lobules IV-VI and VIII, whereas more cognitively demanding tasks engaged prefrontal
and parietal cortices along with cerebellar lobules VI and VII. These findings provide further
support for a cerebellar role in both motor and cognitive tasks, and better establish the existence of
functional subregions in the cerebellum. Future studies are needed to determine the exact
contribution of the cerebellum — and different cerebro-cerebellar circuits — to task performance.
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1. Introduction

The understanding of human cerebellar function has undergone a paradigm shift. No longer
considered purely devoted to motor control, a wider role for the cerebellum in cognitive and
affective functions is supported by anatomical, clinical and functional neuroimaging data.
However, clinical findings are inconsistent, and cerebellar activation in neuroimaging
studies is commonly reported, but often not interpreted, potentially ignoring an important
component of functional neural systems. Recent evidence from functional connectivity
studies in humans indicates that the cerebellum participates in functional networks with
sensorimotor areas engaged in motor control and with association cortices that are involved
in cognitive processes (Habas et al., 2009; Krienen and Buckner, 2009; O’Reilly et al.,
2010).

We have proposed that there is a functional topography of the cerebellum, based on its
linkages with sensorimotor and higher-order brain areas (see Schmahmann, 1991, 2004;
Stoodley and Schmahmann, 2010), such that different cerebellar regions process
sensorimotor, cognitive and affective information. This concept is of vital importance to the
interpretation of lesion-symptom correlations in clinical studies and cerebellar activation
patterns in functional neuroimaging data.

Extensive connections between the cerebellum, spinal cord, and sensorimotor and
association areas of the cerebral cortex provide the anatomical substrates for the cerebellar
contribution to both movement (Holmes, 1939) and cognition (see Schmahmann and
Pandya, 1997). The cerebellum is comprised of ten lobules, grouped as the anterior lobe
(lobules I through V); posterior lobe (lobules V1 through 1X); and the flocculonodular lobe
(lobule X). Physiological experiments in cats (Adrian, 1943; Snider and Eldred, 1951) and
functional MRI (fMRI) studies in humans (see Grodd et al., 2005) reveal the presence of
sensorimotor homunculi in lobules 111-VI and lobule VIII. In contrast, association area
projections (prefrontal areas, posterior parietal, and superior temporal, posterior
parahippocampal and cingulate areas) are mainly localized to lobules VI and VII (for
overview, see Kelly and Strick, 2003; Stoodley and Schmahmann, 2010).

Focal lesions in stroke patients also provide insights into cerebellar structure-function
relationships. Following cerebellar stroke the expected motor syndrome (gait impairment,
incoordination of the extremities, disordered eye movements and slurring of speech) is
present in some, but not all, patients (Schmahmann et al., 2009). Similarly, not all patients
experience the cerebellar cognitive affective syndrome (CCAS; Schmahmann and Sherman,
1998), characterized by deficits in executive function, visual spatial processing, selected
aspects of language, and affect. If there are different functional regions in the cerebellum,
then one would predict that different clinical symptoms may be present depending on the
location of cerebellar damage, and depending on which cerebellar circuits are affected.
There is evidence of this in the sensorimotor domain, where the cerebellar motor syndrome
is associated with anterior lobe damage (Schmahmann et al., 2009) and dysarthria is
associated with damage to the representation of the articulatory apparatus (cerebellar lobule
VI; Urban et al., 2003). The CCAS occurs more often following damage to the posterior
lobe of the cerebellum (Schmahmann and Sherman, 1998), and damage to right
posterolateral cerebellar regions has been linked with language deficits (e.g., Marien et al.,
2001). Finally, affective symptoms in children are more likely to be present when cerebellar

Neuroimage. Author manuscript; available in PMC 2013 January 16.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Stoodley et al.

Page 3

lesions (Levisohn et al., 2000) or malformations (Tavano et al., 2007) affect the posterior
midline vermal regions. Therefore, these clinical findings suggest that different regions of
the cerebellum are involved in different functional domains.

Further support for cerebellar functional topography comes from functional neuroimaging
data. Resting-state functional connectivity studies have shown that activity in sensorimotor
regions correlates with the contralateral cerebellar anterior lobe and lobule V111, whereas
activity in prefrontal, posterior parietal, and superior and middle temporal association areas,
as well as the cingulate gyrus and retrosplenial cortex, correlates with activity in cerebellar
lobules VI and VII (Krienen and Buckner, 2009; O’Reilly et al., 2010). In a recent meta-
analysis of cerebellar activation patterns reported in functional imaging studies, it was
apparent that sensorimotor tasks activated the anterior lobe and lobule V111, whereas
language tasks activated right cerebellar regions in lobules VI and VI, and spatial tasks
tended to lateralize to the left cerebellar hemisphere (Stoodley and Schmahmann, 2009).
These findings are consistent with the contralateral connections between the cerebral cortex
and cerebellar hemispheres, and suggest that cerebellar activation patterns in imaging
studies reflect the involvement of different cerebro-cerebellar loops in a task-dependent
manner.

However, meta-analyses are limited by the combination of data from many different studies,
acquired on scanners of different strengths, while subjects completed different task
paradigms, yielding data that were analyzed with a variety of techniques and statistical
thresholds. Therefore, we used fMRI to investigate cerebellar activation patterns for various
tasks within individual subjects, in order to examine the topography of activation peaks for
sensorimotor, cognitive and affective tasks. Further, these data provide important
information about cerebellar participation in the distributed neural circuits subserving
sensorimotor as well as higher-order functions.

In the scanner, nine healthy male young adults performed a set of tasks assessing
sensorimotor, linguistic, spatial, working memory and affective processing. Each participant
completed five tasks which previously had been shown to engage the cerebellum, including:
finger tapping with the right index finger (sensorimotor); generating verbs in response to
common nouns (language); mental rotation of letter stimuli (spatial); a 2-back task (working
memory); and viewing images from the International Affective Picture Scale (IAPS,
affective processing; Lang et al., 2005). Reported task activations represent contrast images
controlling for the motor responses associated with each task, with the exception of the
finger-tapping paradigm, in which the goal was to highlight activation related to overt
movement.

Based on the anatomical projections between the cerebellum and cerebral cortices (see
Schmahmann and Pandya, 1997; Stoodley and Schmahmann, 2010), we hypothesized that
the overt motor task (finger tapping) would activate regions of the cerebellum to which
sensorimotor regions project, namely lobules 1\VV-VI and lobule VI11. We predicted that the
cognitive tasks (verb generation, mental rotation, 2-back task), would predominantly
activate lobules VI and VII, and that language activation would be right-lateralized and
spatial activation left-lateralized. Finally, we anticipated that viewing images from the IAPS
scale would engage the posterior vermis of the cerebellum, which on the basis of clinical
(Heath, 1977; Levisohn et al., 2000; Schmahmann and Sherman, 1998; Tavano et al., 2007),
behavioral (Berman et al., 1978), electrophysiological (Heath and Harper, 1974; Snider and
Maiti, 1976), and stimulation studies (Demirtas-Tatlidede et al., 2010), is thought to connect
with limbic and autonomic regions of the brain.
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2. MATERIALS AND METHODS
2.1 Participants

Nine healthy, right-handed adult males (mean age 25 years, 6 months) with no history of
neurological illness or injury participated in the study. Data from one participant has been
reported as a proof-of-principle, single case study (Stoodley et al., 2010). The project was
approved by the Institutional Review Board of the Massachusetts General Hospital and all
participants provided written, informed consent. Handedness was confirmed by a score > 40
on the Edinburgh Handedness Inventory (Oldfield, 1971; mean + standard deviation
handedness score 75.7 + 20.8).

2.2 Cognitive ability

2.3 Tasks

Participants cognitive abilities were assessed with the abbreviated form of the Wechsler
Adult Intelligence Scale-111 (WAIS-I11; The Psychological Corporation, 1997). This
standardized scale of intelligence includes seven subtests (Similarities, Arithmetic, Digit
span, Information, Picture completion, Digit symbol and Block design) designed to measure
both verbal and non-verbal cognitive ability.

Participants were familiarized with the tasks before the functional MRI (fMRI) session. The
tapping task was run using Matlab 7.0.4 (Mathworks, Sherborn, MA) on a Sony Vaio
laptop; all other tasks were presented using MacStim software (White Ant Occasional
Publishing, West Melbourne, Australia) and run on a Mac iBook laptop. In the scanner, the
participants completed five different tasks that were chosen because they reliably activate
the cerebellum in imaging studies. These included:

2.3.1 Finger-tapping (sensorimotor processing)—Participants were required to tap a
button with the right index finger in time with cued beeps at a pace of 2 Hz. Beeps were
presented at a comfortable level via MR-compatible headphones; task instructions were
presented visually. After an initial fixation period, instructions to “Tap along” were given
for 3.5 s, followed by 15 s of cued tapping. “Stop” instructions were then followed by the
“Listen only” (2.5 s) condition, which consisted of 15 s of the cueing beeps during which the
participant rested. A 15 s fixation period separated the blocks. Each 36-s block (tapping
followed by listen only followed by fixation) was repeated 6 times, leading to a total run
time of 5:36. Accuracy and response time data were measured.

2.3.2 N-back task (working memory, executive function)—Participants were asked
to respond with a button press when the current letter on the screen was the same as that
which appeared “N” items previously; an X task, in which the participants responded to the
letter X, was used for comparison. In this study, we used a 2-back task. Following an initial
fixation period of 20 s, “Respond to X” appeared for 4 s, followed by 16 letters (0.2 s
presentation with 1.8 s inter-stimulus-interval [ISI]), leading to a block time of 56 s.
Participants responded by pressing a button with the right index finger when the letter “X”
appeared, which was approximately 25% of the time. Following a 20 s fixation period, “2
back” appeared for 4 s, to cue the participant to perform the 2-back task. Again, 16 letters
appeared in succession and the participant was asked to press a button when the letter
presented was the same as that appearing 2-back (approximately 25% of trials). The
fixation-X task-fixation-2 back sequence repeated three times, leading to a total run time of
5:36. Two runs of the task were performed. Performance accuracy and response times were
recorded.
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2.3.3 Verb generation (language)—In this task, participants covertly generated a verb
when presented with a concrete noun (e.g., beer — drink). After an initial instruction period,
“Read only” appeared for 5 s, followed by 10 nouns, each of which appeared for 2 s with no
IS1. During this time, the participant was instructed to silently read the nouns as they
appeared. After a 5 s fixation period, “Generate a verb” appeared for 5 s, cueing the verb
generation task. Again, 10 nouns appeared and the participants covertly generated a verb for
each noun. Each run comprised initial instructions and four blocks of read only interleaved
with four blocks of verb generation, leading to a total run time of 4:18. Each 30-s block
consisted of the fixation period, followed by instructions (“Read only” or “Generate a
verb”), followed by the presentation of nouns. The same stimuli were used for the read only
and verb generation conditions, appearing in randomized order. Participants performed two
runs of the task, and after the scan session provided verbs for a sample set of the nouns
presented in the study as a measure of accuracy.

2.3.4 Mental rotation (visual-spatial processing)—The participants were required to
judge whether a single rotated letter was presented in its normal form or as a mirror image
by pressing the button under the right index finger if the letter was in its normal orientation,
and the button under the right middle finger if the letter was mirror-oriented. After 18 s of
initial instructions, blocks of non-rotated and rotated letters (F, G, J and R) alternated. The
rotated letters appeared at angles of 40, 120, 200, and 280 degrees. Each block comprised 8
black letter stimuli which appeared on a gray background for 1500 ms with an 1SI of 1500
ms; a 6 s rest period followed stimuli presentation, leading to a block length of 30 s. Each
run comprised four blocks with non-rotated letters alternating with four blocks with rotated
letters, leading to a total run time of 4:18. Participants completed two runs of the task.
Behavioral performance in the scanner was analyzed for accuracy and response times.

2.3.5 Viewing of pictures from the International Affective Picture System
(IAPS; Lang et al., 2005; affective processing)—These images are similar with
regard to visual features (complexity, color, etc.) but differ in emotional content.
Participants viewed images rated as “highly arousing” (average standard valency for
negative images was 2.9, and for positive images 6.7; arousal ratings were 6.4 and 6.3,
respectively) and “neutral” (average valency, 5.2; average arousal rating, 2.6) while in the
scanner. Images with extreme arousal content were excluded. Participants completed one
run of the task. After an initial instruction period of 11 s, 8 blocks comprised of neutral
images alternated with 8 blocks of arousing images. Each block consisted of 8 images
appearing for 2 s with an I1SI of 500 ms, resulting in a 20-s block length. The total run time
was 5:31, and participants completed one run of the task. After the scan session, the
participants viewed a subset of the images and rated them on a scale of 1-9 to assess the
degree to which they found them negative/positive or neutral/arousing.

2.4 fMRI scanning

Scanning was performed at the Athinoula A. Martinos Center for Biomedical Imaging using
a 3T TimTrio (Siemens, Erlanger, Germany) MRI with a 12-channel head coil. During
scanning, the participant s head was immobilized using tight but comfortable foam padding.
Stimuli were presented via a liquid crystal display (LCD) projector onto a screen located in
the scanner bore and viewed through a mirror attached to the head coil; auditory stimuli
were presented through MR-compatible headphones. Each participant underwent a sagittal
T1-weighted structural MR scan (magnetization prepared rapid gradient echo, MPRAGE),
with 128 1.33 mm-thick slices, 1.3 x 1.0 x 1.3 mm voxel size, TR 2530 ms, TE 3.39 ms, flip
angle 7°, and field of view (FOV) 256 x 256 mm. Functional echo-planar imaging (EPI)
runs were performed with the following parameters: 42 interleaved axial slices at a TR 2900
ms, TE 30 ms, voxel size 3 x 3 x 3 mm, flip angle 90°, FOV 288 mm. One run each of the
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tapping (112 measurements) and affective (110 measurements) tasks were run. Participants
completed two runs of the verb generation (85 measurements per run), mental rotation (85
measurements per run) and 2-back task (112 measurements per run).

2.5 Data analysis

Analysis of fMRI data was performed using Statistical Parametric Mapping, version 8
(SPM8; Wellcome Department of Cognitive Neurology, London). Data were realigned for
motion correction by registration to the mean image. Artifact detection was performed using
the Artifact Detection Tools (ART) toolbox (http://www.nitrc.org/projects/artifact_detect/);
global mean intensity (> 2 standard deviations from mean) and motion (> 2 mm) outliers
were identified and entered as regressors of no interest in the General Linear Models. Each
participant s T1 anatomical scan was co-registered to the mean functional image of each run,
and the gray and white matter segmented to produce modulated, normalized images. The
spatial normalization parameters from the segmentation process were used to normalize the
realigned functional images to MNI space. This procedure has been shown to more
accurately align the cerebellum, without introducing the elongation that can occur with the
standard “normalize” procedure in SPM (Diedrichsen et al., 2009). Data were then smoothed
using a 6 mm full width half maximum filter. The realigned, normalized and smoothed data
were modeled using a boxcar function convolved with a canonical hemodynamic response
function. A 128s high-pass filter was used. At the 15t level, general linear modeling (GLM)
was employed to form statistical parametric maps of the T-statistic. The contrasts were: 1.
Tapping vs. Listen only; 2. 2-back vs. X-task; 3. Verb generation vs. Read only; 4. Rotated
vs. Non-rotated letters; 5. Arousing vs. Neutral images. Individual contrast images for each
task were entered into a 2"9 level random effects analysis to make inferences at the group
level. The SPM T-maps were thresholded at a voxel-level threshold of P<0.0001 with a
cluster-level threshold of P<0.05 (False Discovery Rate [FDR] corrected) unless otherwise
noted.

In order to assess areas which were significantly activated in all tasks, the conjunction null
was evaluated using a full factorial design with 5 levels (each representing one of the 5
tasks). The lack of independence between the activation related to each task paradigm was
accounted for in the model. An uncorrected P<0.001 and cluster size of k>15 was used to
search for significant regions of conjunction at the whole brain level. This model also
allowed us to examine relative activation patterns for the sensorimotor (finger tapping) vs.
cognitive tasks (verb generation, n-back and mental rotation).

The Spatially Unbiased Atlas Template (SUIT) of the cerebellum and brainstem
(Diedrichsen, 2006; Diedrichsen et al., 2009) for the SPM Segmentation method and the
MRI Atlas of the Human Cerebellum (Schmahmann et al., 2000) were used to localize
activation patterns within the cerebellum. The SUIT atlas was developed to improve both
the registration and anatomical detail of the cerebellum for structural and functional images.
While our images are in MNI space and not SUIT space, we used the SPM Segmentation
method so that the data would be unbiased relative to the SUIT atlas template (see
Diedrichsen et al., 2009). The MRI Atlas provides detailed anatomy for one individual brain
and was used to guide analysis of individual activation patterns. Activation patterns in the
cerebral hemispheres were localized using the AAL atlas (Tzourio-Mazoyer et al., 2002).
The activation patterns were visualized using MRIcroGL software
(http://www.cabiatl.com/mricrogl/).
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3. RESULTS

3.1 Behavioral Performance

Participants (n=9, mean age 25 years, 6 months) scored in the average to above-average
range on all subtests of the abbreviated form of the Wechsler Adult Intelligence Scale-111
(WAIS-III; The Psychological Corporation, 1997; mean + standard deviation = 10 * 3 for
each subtest). Mean scores for the Similarities (13.1 + 2.1), Arithmetic (12.9 + 1.3), Digit
Symbol (13.3 £ 2.7), Information (15.2 £ 1.9), Block design (13.2 + 3.0), Digit span (13.0 +
3.0) and Picture completion (10.6 + 2.5) subtests indicated that all participants were of
above-average cognitive ability.

3.1.1 Tapping—On the finger tapping task, the cues were paced every 500 msec. On
average, the participants tapped every 501.4 + 0.7 msec, indicating excellent performance on
the task. None of the participants made erroneous taps during the “listen only” condition.

3.1.2 N-back—Due to technical difficulties with data collection, behavioral data from 3
participants were analyzed for the n-back task. These participants were 100% accurate when
performing the X-task, and performed the 2-back task at a mean accuracy of 90.2 + 9.9%.
Mean RTs were 438.2 + 30.8 msec for the X-task, and 553.1 + 44.7 msec for the 2-back
task.

3.1.3 Verb generation—A sample of 40 nouns from the verb generation task was
presented to the participants during post-scan testing, and participants generated appropriate
verbs for the nouns. The mean score was 39/40 with a standard deviation of 1.2, indicating
that the participants were able to successfully complete the task.

3.1.4 Mental Rotation—Behavioral response data from 4 participants were analyzed for
the mental rotation task. Mean accuracy during the trials in which the letters were upright
was 99.1 £ 1.9%, and accuracy during the rotated trials was 96.7 + 4.4%. Mean RTs during
the upright trials were 817.0 £ 125.3 msec and 924.2 + 210.3 during the rotated trials.

3.1.5 Viewing IAPS pictures—Post-testing indicated that the participants had normal
responses to the IAPS images. A subset of images were shown to the participants and they
were rated on a scale of 1-9 for their degree of arousal (1=extremely low to 9=extremely
high) and valency (1=extremely negative, 5=neutral, 9=extremely positive). Based on the
IAPS ratings for the images, our participants average ratings were very close to the
published norms — the mean z-score for the arousal ratings was 0.08, and for the valency
ratings the mean z-score was -0.07 for all images presented in post-testing.

3.2 fMRI Results

The fMRI analyses were conducted at the whole-brain level, although here we focus on the
cerebellar activation patterns (see Tables 1-5 and Figure 2 for more detail on whole-brain
activation patterns). Activation clusters surviving a voxel-level threshold of P<0.0001 and a
cluster-level threshold of P<0.05 (False Discovery Rate [FDR] corrected) are reported.

Figure 1 shows the functional activation patterns in the cerebellum for the different tasks.
Both topographic and lateralization effects are evident. While overt movement activated
known sensorimotor representations in lobules 1VV-V and VII1, the cognitive tasks showed
activation peaks in lobules VI and VII. In terms of laterality, finger tapping with the right
index finger engaged the right cerebellum, reflecting the connectivity patterns of the
cerebellum with spinal cord (ipsilateral) and cerebral cortex (contralateral). Similarly, verb
generation activation patterns were right-lateralized, whereas the activation during the
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mental rotation paradigm was left-lateralized, consistent with the broad classification of
language as a left cerebral hemisphere function and spatial tasks as engaging more right
cerebral hemisphere areas.

Consistent with previous findings (e.g., Grodd et al., 2005), right-handed finger tapping
activated right cerebellar lobules IV-V and lobule V111 (tapping activation is shown in red,
Figure 1). Working memory (2-back vs. X-task contrast; shown in violet) engaged bilateral
cerebellar regions including lobules VI and VII (Crus I). The main right cerebellar peak was
in Crus | with a second peak in lobule VI. The left cerebellar peak was in Crus | and the
cluster extended into lobule VI. Verb-for-noun generation (verb generation vs. reading
nouns; shown in cyan) activated right cerebellar hemisphere regions of lobules VI and VII,
extending into VIIIA; there were two right cerebellar clusters, one with a peak in Crus | and
the second with a max peak in VIIIA. Mental rotation (the contrast of rotated vs. upright
letters) involved left cerebellar lobule VII at the midline (shown in green). The IAPS task
did not reliably activate the cerebellum in this study as it has in previous reports, nor were
non-cerebellar areas in the amygdala, insula, cingulate gyrus and orbital, medial and lateral
prefrontal cortices activated (Bermpohl et al., 2006; Northoff et al., 2000). At a more lenient
threshold (P<0.002, uncorrected at the cluster level) a small cluster in right VIIB was
evident, however.

The conjunction analysis of all five task paradigms did not reveal any significant regions of
overlap for all tasks (no significant clusters of k>15 in the whole brain at P<0.001,
uncorrected). Our paradigms could be broadly grouped as “sensorimotor” (finger tapping),
“cognitive” (verb generation, mental rotation, n-back task), and “affective” (IAPS image
viewing). The conjunction of the cognitive paradigms revealed significant overlap in frontal
(supplementary motor area [MNI coordinates X y z] 2 16 50, T=5.44, k=222; left precentral
gyrus, -50 4 28, T=4.42, k=42; left middle frontal gyrus, -24 6 58, T=3.77, k=40), parietal
(left inferior parietal lobule, -40 -42 42, T=5.06, k=219; left superior parietal lobule, -24 -64
50, T=4.62, k=222) and insular (34 24 -2, T=5.22, k=64) cortices, but there was no
significant overlap in the cerebellum.

The contrast of finger tapping > cognitive paradigms revealed statistically significant
differences in right cerebellar lobules V and IX/V11IB, as well as sensorimotor cortices, the
supplementary motor area, and the right superior medial frontal gyrus, extending into the
anterior cingulate (threshold was set at P<0.0001, FDR-corrected P<0.05 at the cluster level;
see Table 6 and Figure 3). The contrast of cognitive > finger tapping tasks revealed greater
activation in right cerebellar lobules VI and VII, including Crus | and VIIB, along with
various cortical regions.

4. DISCUSSION

Our aim was to determine whether the functional topography suggested by the anatomical
connectivity of different regions of the cerebellum was evident when participants performed
different types of tasks. As all participants performed the full set of tasks, we were able to
look at the relative activation patterns for different tasks using the same data acquisition
parameters and analysis methods. This is a step beyond previous work surveying the
imaging literature and determining whether different categories of tasks (e.g., language,
spatial, executive, sensorimator) engage different cerebellar regions (Stoodley and
Schmahmann, 2009).

It is clear from the results, as well as many previous investigations, that the cerebellum is

active during both motor and cognitive tasks (see Stoodley, 2011, for review). Furthermore,
different regions of the cerebellum are engaged depending on the nature of the task being
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performed. Finger tapping activated sensorimotor circuits between the cerebral cortex,
cerebellar lobules 1V-V and VIII, and the spinal cord. In contrast, cognitive tasks engaged
different cerebro-cerebellar circuits, including cerebellar lobules VI and VI and the
prefrontal and parietal cortices.

These findings support the cerebellar functional topography that was evident in a meta-
analysis of cerebellar activation patterns during cognitive and affective tasks (Stoodley and
Schmahmann, 2009). Language tasks activated predominantly right-hemisphere regions of
lobules VI, Crus I and Crus Il, and spatial task activation peaks were predominantly left-
lateralized and localized to lobule VI. Working memory paradigms activated bilateral
regions of lobules VI, Crus I, and VIIIA; other executive function tasks showed converging
activation in lobules VI, Crus | and left VIIB. Emotional processing paradigms activated
bilateral clusters in VI-Crus | as well as a midline posterior region in VIIAt. The meta-
analysis data, which highlight converging findings from a number of published studies in the
literature, indicate that activity during cognitive tasks tends to be localized to lobules VI and
VII. Further, both the lobular and lateralization patterns seen in the meta-analysis study are
consistent with the results of the current study, as are the results of a preliminary case study
investigating intra-individual cerebellar topography (see Figure 4; Stoodley et al., 2010).

4.1 Activation patterns relative to previous studies

BOLD signal patterns during the finger-tapping task — including a peak in ipsilateral lobule
V and a second cluster in lobules VIIIA/B — were consistent with those found in previous
studies during simple sensorimotor tasks (Bushara et al., 2001; Grodd et al., 2001; Rijntjes
et al., 1999; Stoodley and Schmahmann, 2009). For example, Grodd and colleagues showed
that right-hand movement engaged right lobule V with a secondary representation in right
lobule VIII (Grodd et al., 2001). Similarly, right lobules V-VI and lobules VIIIA-B were
consistently activated across studies of right-handed finger movements (Stoodley and
Schmahmann, 2009). These findings also correspond with resting-state functional
connectivity studies which show that activity in sensorimotor cortices correlates with
activity in cerebellar lobules V, VI and VIII (Habas et al., 2009; Krienen and Buckner, 2009;
O’Reilly et al., 2010). When sensorimotor tasks are more complex, involving sequenced
movements, there is functional topography for hand vs. foot movements in lobule VI
(Schlerf et al., 2010).

Cerebellar activation is consistently reported during working memory paradigms, starting
with early fMRI and PET studies (e.g., Desmond et al., 1997; Fiez et al., 1996). The
cerebellum is involved in both verbal and non-verbal working memory tasks, such as the
paced auditory serial addition task (PASAT), the n-back task, and the Sternberg paradigm
(e.g., Beneventi et al., 2007; Cardinal et al., 2008; Chen and Desmond, 2005a, b; Forn et al.,
2008; Hautzel et al., 2009; Hayter et al., 2007; Honey et al., 2000; Kirschen et al., 2005;
Kirschen et al., 2010; LaBar et al., 1999; Marvel and Desmond, 2010; Stoodley et al., 2010;
Tomasi et al., 2005). Our finding of bilateral cerebellar activation in lobules VI and Crus |
during the n-back task is consistent with other studies showing cerebellar posterior lobe
activation during working memory tasks (e.g., Honey et al., 2000; LaBar et al., 1999;
Tomasi et al., 2005; Valera et al., 2005). Based on activation patterns during the Sternberg
paradigm, Desmond and colleagues have proposed that the superior lobule V1/Crus |
activation is related to the activation of a cerebello-frontal loop between the cerebellum and
Broca s area, which is involved in articulatory rehearsal and the visual-to-phonological
encoding necessary for visually-presented stimuli; further, they suggest that a cerebello-
parietal loop (right lobules VIIB and VIIIA and the inferior parietal lobule) is involved in
the maintenance and storage of information (Chen and Desmond, 2005a). While we did not
see the inferior (lobule VIII) cluster that is often seen during the Sternberg paradigm, the n-
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back task used here did not enable us to extract activation patterns related specifically to
maintenance and storage during working memory.

In the current study, verb generation activated right cerebellar hemisphere regions of lobules
VI and VII, extending into VIIIA. The lateralization of the verb generation activation is
consistent with studies showing that right posterior lateral regions of the cerebellum are
involved in language tasks, including semantic and phonological processing tasks, word
stem completion, and verbal fluency (see Stoodley and Schmahmann, 2009, for review).
Clinical findings also suggest that language deficits, including verbal fluency (Neau et al.,
2000; Richter et al., 2007; Schweizer et al., 2010), are related to damage to the right
posterior cerebellar hemisphere. Several studies have shown that the cerebellum is part of
the “language network”; for example, dynamic causal modeling of activity during a rhyming
task revealed that right lobules VI and Crus | are reciprocally connected with language areas
in the left inferior frontal gyrus and left lateral temporal cortex (Booth et al., 2007). From
this study, as well as others, it is clear that cerebellar activation is not dependent on
movement of the articulatory muscles — i.e., overt speech — but rather is also present when
there is no motor response. Indeed, overt and covert speech may engage different cerebellar
regions due to the differential demands on motor control. For example, Frings and
colleagues (Frings et al., 2006) found that articulation engaged bilateral paravermal regions
of lobule VI, whereas a verb generation condition specifically activated right hemisphere
regions of lobule VI and Crus I. Ackermann and colleagues (Ackermann et al., 2007) have
suggested the formation of a “pre-articulatory verbal code (inner speech)” underlies the
cerebellum s role in both speech production and perception.

Several previous studies have reported cerebellar activation during mental rotation or spatial
transformation tasks (Bonda et al., 1995; Creem-Regehr et al., 2007; Jordan et al., 2001,
Parsons et al., 1995; Stoodley et al., 2010; Vingerhoets et al., 2002; Weiss et al., 2009;
Zacks et al., 2002). The mental rotation task in this study activated a cluster in medial left
cerebellar lobule VI1I. This cluster is consistent with one of the “spatial” clusters reported in
the meta-analysis by Stoodley and Schmahmann (Stoodley and Schmahmann, 2009).
Although the meta-analysis cluster was more superior to the activation peak in the current
results (the meta-analysis peak was located at -4 -70 -18 vs. -4 -72 -32 here), this could be
due to differences in the registration methods, as standard normalization procedures can
stretch the cerebellum in the z-direction (see Diedrichsen, 2006). This region of the
cerebellum may constitute part of the “oculomotor vermis” and is active during the control
of eye movements (see Glickstein et al., 2011). We attempted to minimize eye movement
differences in the mental rotation task by presenting only one letter on the screen at a time,
although it is still possible that this activation is related to oculomotor factors inherent in the
mental rotation task.

In this study, the 1APS task did not reliably activate the cerebellum. There are several
potential explanations for this finding. We performed only one run of this task, which may
have resulted in insufficient power. It has been reported that negative stimuli activate the
cerebellum (and occipito-temporal regions) more significantly than positive stimuli (Lane et
al., 1997; Paradiso et al., 1999; Takahashi et al., 2004), and the combination of positive and
negative arousing stimuli used in this study also may have limited the cerebellar activation.
It is worth noting that the task also did not activate traditional limbic regions (Papez, 1937)
and paralimbic cortices (Yeterian and Pandya, 1985) such as the amygdala, insula, cingulate
gyrus or neocortical areas including the orbital, medial, and lateral prefrontal cortices that
have been shown to activate in the IAPS task (Bermpohl et al., 2006; Northoff et al., 2000).

Finally, our findings are consistent with the functional connectivity between the cerebellum
and association cortices, which suggests that hemispheric regions of VI and VII participate
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in functional networks with prefrontal and parietal regions, whereas sensorimotor cortices
show functional correlations with lobules V and VIII (e.g., Habas et al., 2009; Krienen and
Buckner, 2009; O’Reilly et al., 2010). The contrast of finger tapping > cognitive tasks
revealed peaks in the left postcentral gyrus (-42 -20 54) and cerebellar lobules V (18 -46
-16) and VIIIB (18 -54 -50), which correspond closely with the functional connectivity
findings of Krienen and Buckner (2009), where a seed at -42 -24 60 led to correlations in
lobules V (22 -52 -22) and VIIIB (20 -58 -54). The cognitive > finger tapping comparison
led to peaks in cerebellar lobules VI (26 -60 -30), Crus 1 (38 -62 -30) and Crus Il (8 -76 -34),
as well as parietal and frontal cortices; these findings correspond to the functional
connectivity data showing correlations in Crus | (-32 -64 -32 and 28 -70 -30) for the
prefrontal mask and Crus Il (-10 -88 -34 and 14 -86 -42) for the parietal mask reported by O
Reilly and colleagues (2010). These functional subdivisions of the cerebellum are also
supported by structural findings in humans, which indicate that separate cerebro-ponto-
cerebellar and cerebello-thalamic-cerebral tracts exist for Crus I/11 (*cognitive”) and lobules
V-VI (“sensorimotor”) (Salmi et al., 2010).

4.2 Why is the cerebellum involved in these tasks?

Our results demonstrate the “where” of cerebellar activation patterns, but they do not
explain “what” the cerebellum is contributing to the performance of each of these tasks.
Because we were interested in establishing whether tasks utilizing different categories of
information (e.g., language, spatial) engaged different cerebellar regions, we specifically
chose tasks that have been shown to reliably produce cerebellar activation in previous
studies, rather than targeting a particular processing mechanism per se. It has been proposed
that the computational contribution which underlies the role of the cerebellum in motor
control can also be applied to the information that the cerebellum receives from association
cortices, be it linguistic, spatial, or required for working memory (internal model theory, see
Ito, 2006; the universal cerebellar transform, see Schmahmann, 1991, 2000). There is
currently no consensus as to “what” the cerebellum is doing, but several proposed theories
provide options that could be applicable to both motor and non-motor tasks, including: the
development and refinement of internal models for both motor and mental operations (lto,
2008); the idea that the cerebellum is involved in the monitoring of expected and observed
outcomes (e.g., Ben-Yehudah et al., 2007), such as expected events in a working memory
paradigm; a cerebellar role in the timing (e.g., Ivry et al., 2002) or sequencing of stimuli (see
Ackermann, 2008; Molinari et al., 2008), which is relevant to working memory (encoding
the sequence of stimuli) or language (the sequencing and ordering of syllables; e.g. Bohland
and Guenther, 2006); and the dysmetria of thought theory that the cerebellum integrates
multiple internal representations with external stimuli and self generated responses in an
implicit (automatic / non-conscious) manner, serving as an oscillation dampener to optimize
performance according to context (Schmahmann, 1991, 2000, 2004; Schmahmann and
Pandya, 1997; Schmahmann and Sherman, 1998). It should be acknowledged that the
cerebellum could be engaged in tasks that have some relevance to current or future
movement — this could apply to finger tapping, verbal rehearsal during working memory
tasks, inner speech, motor imagery, or facial expressions. In this case, increased demands on
motor planning or rehearsal mechanisms could be responsible for cerebellar activation
during cognitive task paradigms in which overt movement is either controlled for or absent.
Even with the most cautious and narrow interpretation, however, the fact that the cerebellum
is engaged in the absence of overt appendicular movement represents a radical departure
from earlier notions that the cerebellum is involved solely in motor control. Regardless of
the underlying mechanism driving cerebellar activation, these data clearly show that there is
functional separation within the cerebellum — and related cerebral cortical areas — according
to task demands.
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4.3 Conclusion

Establishing functional subregions of the cerebellum has potentially wide-ranging
implications. It helps explain the presence of both the classic cerebellar motor syndrome as
well as the CCAS in patients with cerebellar lesions. In addition, structural and functional
cerebellar differences have been found in a range of disorders, from schizophrenia to autism,
and deeper understanding of functional topography in the human cerebellum may lead to
new insights into the anatomical underpinnings, pathophysiology and clinical manifestations
of these disorders. Further, our results may help to interpret neuroimaging findings in the
context of cerebellar involvement in a wide range of motor and cognitive functions. The
present data contribute to the growing body of evidence indicating a role for the human
cerebellum in tasks beyond those requiring overt control of movement, and reinforce the
new conceptualization of the cerebellum as part of the distributed neural circuits subserving
cognition and emation.
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Figure 1.

fMRI results. Cerebellar activation patterns for finger tapping (red), verb generation (cyan),
mental rotation (green) and the n-back task (violet) are shown on sagittal (top row), axial
(middle row) and coronal (bottom row) slices through the cerebellum. Regions where verb
generation and n-back activation overlap are outlined in black. A 3-D rendering of the
activation patterns is shown on the left, with a cutout at x = -5, y =-56, z = -45 (MNI
coordinates). Activation maps are thresholded at a voxel-level threshold of P < 0.0001
(uncorrected) with a cluster-level correction of P < 0.05 (corrected for false-discovery rate
[FDRY]). Left is shown on the left.
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Figure 2.

fI\/IgRI results. Whole-brain activation patterns for (from top to bottom) finger tapping (red);
n-back (violet); verb generation (cyan); mental rotation (green); and IAPS (yellow) tasks.
Activation maps are thresholded at a voxel-level threshold of P < 0.0001 (uncorrected) with
a cluster-level correction of P < 0.05 (corrected for false-discovery rate [FDR]). Left is
shown on the left. IFG, inferior frontal gyrus; 10G, inferior occipital gyrus; IPL, inferior
parietal lobule; MFG, middle frontal gyrus; MedFG, medial frontal gyrus; MOG, middle
occipital gyrus; MT, middle temporal; SMA, supplementary motor area.
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Figure 3.

Sensorimotor vs. cognitive activation patterns. Regions where finger tapping > cognitive
tasks (verb generation, n-back and mental rotation) are shown in red; regions where
cognitive > finger tapping are shown in blue. A 3-D rendering of the activation patterns is
shown on the left, with a cutout at x = 9, y = -19, z = 18 (MNI coordinates). Activation maps
are thresholded at a voxel-level threshold of P < 0.0001 (uncorrected) with a cluster-level
FDR-corrected P < 0.05. Left is shown on the left. Labeling is based on entire activation
cluster, not all of which may appear in a given slice (see Table 6). IPL, inferior parietal
lobule; MFG, middle frontal gyrus; SPL, superior parietal lobule.
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Meta-analysis Case Study Group Results

Language
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Figure 4.
Converging evidence of cerebellar topography from a meta-analysis of published imaging

data (Stoodley and Schmahmann, 2009), a single-case study (Stoodley et al., 2010), and the
present study. Consistently active clusters during motor (red; right-handed finger
movement), language (blue), spatial (green) and working memory (purple) paradigms are
shown on coronal cerebellar slices. Left is shown on the left.
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The tapping task activated the insula, pre- and post-central gyri, and the supplementary motor area, as well as
thalamic, cingulate, and parietal regions. Cerebellar activation peaks were in right lobules V-V and right

lobules VIIIA and VIIIB.

Location Cluster size (voxels) Max T  MNI Coordinates
R Insula 179 36.1 34208
R Insula (BA 13), precentral gyrus (Rolandic perculum) 69 25.6 4444
Cingulate, superior medial frontal gyrus 7 17.8 62238
L Rolandic operculum, superior temporal gyrus 68 175 -44 -28 18
L VPL Thalamus 129 14.3 -18-20 6
Cerebellum R lobules VIIA, VIIIB 43 13.3 12 -66 -48
L Precentral gyrus (Rolandic operculum), insula (BA 13) 67 125 -464 8
L Postcentral gyrus 158 12.2 -46 -24 32
L Putamen 100 12.0 -26-10 6
L Precentral gyrus (BA 9), inferior frontal gyrus (operculum) 34 10.9 -56 4 24
R Inferior parietal lobule, supramarginal gyrus 48 10.9 60 -38 30
L Insula 42 9.9 -40104
Cingulate cortex 61 9.8 0836
Cerebellum R lobules 1V, V 19 9.0 14 -48 -10
L Postcentral gyrus (BAs 2, 3), precentral gyrus 90 8.5 -42 -20 56
R Superior frontal gyrus, supplementary motor area 13 8.4 208 60
L Supplementary motor area 12 8.1 -104 50
R Putamen, pallidum 11 7.7 24 -4 2
Cerebellum R lobule VIIIB 13 7.7 20-50-50
R Supplementary motor area 10 7.3 8 866

Key: R = Right; L = Left; BA = Brodmann s area. MNI coordinates = x, y, z coordinates of cluster peaks. Clusters meeting a height threshold of
P<0.0001 with cluster-level threshold of P<0.05 (FDR corrected) are reported.
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The 2-back vs. x-task contrast showed widespread, bilateral frontal and parietal activation. The cerebellum
similarly showed bilateral activation peaks, located in lobules VI-VII.

Location Cluster size (voxels) T-value MNI Coordinates
R Insula 100 13.9 32224
R Inferior parietal lobule, supramarginal gyrus 388 13.8 38 -40 40
Cerebellum R lobules VII (Crus 1), VI including dentate 136 12.7 36 -52 -32
Precuneus 90 11.9 -4 -68 54
L Superior parietal lobule 88 11.4 -22 -66 48
R Superior frontal gyrus, middle frontal gyrus 237 10.8 30460
Cerebellum L lobules VII (Crus 1), VI 103 10.5 -32-52 -36
R Middle frontal gyrus 97 10.5 36 36 22
Supplementary motor area 83 9.8 21650
L Caudate 21 9.6 -12-218
L Insula, inferior frontal gyrus 36 9.4 -3026 0
R Angular gyrus, middle occipital gyrus 89 9.1 38-72 38
L Middle frontal gyrus, superior frontal gyrus 68 9.1 -28 8 58
Cerebellum R lobules V, VI 19 8.9 30-34 -36
R Middle frontal gyrus, superior frontal gyrus 20 7.9 2616 52
L Inferior parietal lobule 39 7.9 -32-50 44
L Precentral gyrus, inferior frontal gyrus (operculum) 17 7.5 -46 4 30

Key: R = Right; L = Left. MNI coordinates = X, y, z coordinates of cluster peaks. Clusters meeting a height threshold of P<0.0001 with cluster-
level threshold of P<0.05 (FDR corrected) are reported.
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The contrast of rotated vs. upright letters activated occipital and parietal areas. In the cerebellum, the

activation was found in left lobule VII.

Location Cluster size (voxels) T-value MNI Coordinates
Cerebellum L lobule VII (Crus I1), extending from VI to VIIB at the midline 81 16.7 -4-74-32
R Middle occipital gyrus, precuneus 108 16.5 32-7020
L Fusiform gyrus 46 14.7 -34 -62 -6
R Inferior occipital gyrus, middle occipital gyrus 73 14.6 34-82-4
R Inferior temporal gyrus, fusiform gyrus 79 141 40-58 -8
R Superior parietal lobule 96 13.4 26 -64 58
R Inferior parietal lobule 52 12.2 36 -40 40
L Caudate 16 10.9 -22226
R Middle temporal gyrus, inferior temporal gyrus 26 10.7 50 -46 -6
R Inferior parietal lobule, supramarginal gyrus 12 10.0 40 -40 32
L Superior parietal lobule 60 9.9 -24 -62 52
L Middle occipital gyrus, inferior occipital gyrus 26 9.3 -36 -840
L Precuneus (BA 7), superior parietal lobule 15 9.3 -14 -62 54
R Superior occipital gyrus, middle occipital, cuneus, calcarine 9 9.2 22-92 10
R Precuneus (BA 7), superior parietal lobule 26 9.0 12 -66 48
R Calcarine, lingual gyrus 15 8.7 12-902
R Middle frontal gyrus, superior frontal gyrus 15 8.1 301054
L Inferior parietal lobule 19 7.9 -34 -46 42

Key: R = Right; L = Left; BA = Brodmann s area. MNI coordinates = x, y, z coordinates of cluster peaks. Clusters meeting a height threshold of
P<0.0001 with cluster-level threshold of P<0.05 (FDR corrected) are reported.
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Verb generation vs. read only activated frontal cortices. In the cerebellum, activation peaks were found in right
lobules VI and V11 (Crus 1) with a second cluster involving lobules VIIB and VIIIA.

Location Cluster size (voxels) T-value MNI Coordinates
Supplementary motor area, medial (superior) frontal gyrus, superior frontal gyrus 134 15.6 -82248
Cerebellum R lobules VII (Crus 1), VI 236 14.9 42 -56 -30
L Inferior frontal gyrus (operculum, pars triangularis) 90 13.9 -4812 14
L Precentral gyrus 194 12.3 -46 -2 50
L Inferior frontal gyrus (orbitalis, pars triangularis) 115 10.6 -44 34 -6
Cerebellum R lobules VIIIA, VIIB 65 105 36 -58 -52
L Putamen, pallidum 152 10.2 -1840
Supplementary motor area 41 9.3 -4256
L Inferior frontal gyrus (pars triangularis) 42 9.1 -50 32 20
L Inferior frontal gyrus (operculum, pars triangularis) 25 8.0 -46 12 28
L Thalamus 29 7.9 -10-126

Key: R = Right; L = Left. MNI coordinates = X, y, z coordinates of cluster peaks. Clusters meeting a height threshold of P<0.0001 with cluster-

level threshold of P<0.05 (FDR corrected) are reported.
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Viewing “emotional” vs. “neutral” images strongly activated occipital-temporal regions of the brain
bilaterally.

Location Cluster size (voxels) T-value MNI Coordinates

R Lingual gyrus, calcarine cortex, middle temporal, inferior temporal 3437 21.2 16 -90 -6

L Fusiform gyrus, inferior occipital gyrus, middle temporal, inferior temporal 1500 12.1 -34 -68 -12

L Calcarine cortex, lingual gyrus, cerebellum lobule VI 301 8.4 -10-90 -8

R Superior temporal gyrus, middle temporal 96 6.8 48 -40 18

Cerebellum R lobule VIIB™ 9 57 20-70-42

Key: R = Right; L = Left. MNI coordinates = X, y, z coordinates of cluster peaks. Clusters meeting a height threshold of P<0.002 with cluster-level

threshold of FDR-corrected P<0.05 are reported.

**k
This cluster does not meet the cluster-level threshold.
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Location Cluster size (voxels) T-value MNI Coordinates
Tapping > cognitive

L Postcentral gyrus, rolandic operculum, precentral gyrus 3774 10.94 -42 -20 54
R Rolandic operculum, supramarginal gyrus 985 7.46 56 -14 18
L Supplementary motor area (area 6), middle cingulate cortex 183 6.28 -4 -6 54
Cerebellum lobules R lobules V, VI 292 5.85 18 -46 -16
R Insula 118 5.48 4446
Cerebellum R lobules IX, VIIIB 92 5.34 10 -60 -50
R Superior medial gyrus, anterior cingulate 87 5.29 2542
Cognitive > Tapping

L Inferior parietal lobule, superior parietal lobule (7A) 1273 7.22 -26 -70 42
L Supplementary motor area (area 6) 402 6.91 016 50
Cerebellum R lobules Crus I, VI 271 6.82 38-62 -30
L Precentral gyrus, middle frontal gyrus including pars triangularis 1387 6.55 -30048
R Insula 46 6.28 3424 -2
Cerebellum R lobules Crus 11, VI 69 5.56 8-76-34
L Insula 119 5.44 -3020-2
R Middle frontal gyrus, superior frontal gyrus 53 4.89 32054
L Inferior frontal gyrus (pars triangularis) 77 4.76 -40420

Key: R = Right; L = Left. MNI coordinates = X, y, z coordinates of cluster peaks. Clusters meeting a height threshold of P<0.0001 with cluster-

level threshold of FDR-corrected P<0.05 are reported.
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