
SOMATOSENSORY SYSTEMS, PAIN NEUROREPORT

0959-4965 & Lippincott Williams & Wilkins Vol 11 No 17 27 November 2000 1

Both sides of human cerebellum involved in
preparation and execution of sequential

movements

Sheng-Zhong Cui,1,2 En-Zhong Li,3 Yu-Feng Zang,1 Xu-Chu Weng,1,CA Richard Ivry4 and
Jian-Jun Wang2

1Laboratory for Higher Brain Function, Institute of Psychology, The Chinese Academy of Sciences, Beijing 100101; 2Department
of Biological Science and Technology, Nanjing University, Nanjing 210093; 3Department of MRI, Shougang General Hospital,

Beijing 100041, China; 4Department of Psychology, University of California Berkeley, CA 94720, USA

CACorresponding Author

Received 8 August 2000; accepted 28 September 2000

Using an event-related fMRI procedure, we investigated the
role of the human cerebellum in sequential ®nger movements.
Subjects performed a delayed sequential ®nger movement task
in which an instructive cue preceded the imperative signal by
16.5 s. Bilateral activation was observed in the cerebellum
following both the cue and imperative signals. The activated
regions overlapped within the cerebellum, extending across

intermediate and lateral regions corresponding to lobules HV-
HVII. In contrast, activation in primary motor cortex was
primarily restricted to the execution phase and most promi-
nent in the contralateral hemisphere. These results indicate
that the cerebellum is bilaterally recruited for the preparation
and execution of sequential movements. NeuroReport 11:1±5 &
2000 Lippincott Williams & Wilkins.
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INTRODUCTION
Voluntary movements are generally decomposed into two
basic processes, motor preparation (planning and program-
ming) and motor execution. Anatomical, physiological, and
neuropsychological studies point to a role of the cerebel-
lum in both aspects of motor control. Within this structure,
it has been suggested that the lateral zone of cerebellum is
primarily involved in motor preparation while the inter-
mediate zone is closely related to ongoing motor control
[1].

The neural substrates of voluntary movements in hu-
mans have been examined with non-invasive brain map-
ping techniques such as PET and fMRI. This work has
helped identify a distributed network of structures in-
volved in sequential movements, including the cerebellum
[2]. However, this literature has revealed an inconsistency
in that, while most authors report only ipsilateral cerebellar
activation during voluntary movements [3±5], others have
observed contralateral activation [6]. In addition, most
imaging studies have relied on block design procedures
[3±7], in which subjects are asked to do the same task
continually and activation is measured across an extended
period. With this procedure, one is neither able to detect
metabolic changes associated with a single trial, nor is it
possible to separate activation associated with the prepara-
tion and execution of movements.

In contrast to the block design procedure, event-related

fMRI can measure the hemodynamic response on a trial by
trial basis [8±10]. By combining event-related fMRI with a
delayed response motor task [11], one should be able to
temporally separate the hemodynamic events, and presum-
ably the neural correlates associated with motor prepara-
tion and execution. We apply this logic in the present
study to explore the role of the human cerebellum in
voluntary movement. A sequential movement task was
used in which an advance cue indicated the target
sequence to be performed following an imperative re-
sponse signal.

MATERIALS AND METHODS
Subjects: Ten healthy volunteers (®ve males and ®ve
females, range 18±29 years, mean 23 years) without any
history of psychiatric and neurological problems partici-
pated in the study. All were right handed as determined
by a Chinese version of a standardized inventory [12].

MRI equipment and scan pattern: A 1.5 T GE Signa
Horizon magnetic resonance imaging system was used.
During the experiment, subjects lay supine with their
hands comfortably positioned at their side. Conventional
anatomic images were collected with T1-weighted spin
echo sequence (TR� 440 ms, TE� 11 ms, FOV� 22 3 22 cm,
slice thickness� 5 mm, skip� 2.5 mm, matrix� 256 3 256,
NEX� 2). Functional images were acquired with gradient-
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echo echo planar imaging (TR� 1500 ms, TE� 60 ms,
FOV� 22 3 22 cm, slice thickness� 5 mm, skip� 2.5 mm,
matrix� 256 3 256, NEX� 1). Two slices were selected for
the cerebellar analysis, parallel to the anterior commissure
and the superior cerebellar peduncle. Considering the
important role of primary motor cortex (M1) in movement
initiation and movement control, we obtained data from
two additional axial slices that spanned M1 in four of the
subjects.

Delayed sequential ®nger movement task: Stimulus sig-
nals were generated by a personal computer. An LCD
projector was used to present the stimuli on a screen
visible from inside the scanner. Initially, a row of four
vertical white rectangle boxes was presented on a black
background. The subjects were instructed that illumination
of the boxes would indicate the target response. A compa-
tible stimulus±response mapping was used in which, from
left to right, the boxes corresponded to movements with
index, middle, ring, and little ®ngers respectively. At the
start of each trial, the color of one of the four boxes
changed to yellow. After a delay of 200 ms, another box
turned yellow. This procedure was repeated until all four
boxes had changed color. The order of the color changes
was randomized from trial to trial and served as the cue
signals, indicating the required sequence of responses for
that trial. Subjects were instructed to prepare the sequence
in advance of an imperative go signal. After a delay of
16.5 s, the four boxes simultaneously turned green for
200 ms. This change served as the go signal. The subjects
were required to produce the prescribed sequence with
their right hand as quickly as possible. The onset of the
next cue epoch began 16.5 s after the previous Go signal.
Thus, each trial lasted for 33 s, divided into two stages. The
motor preparation stage began with the onset of the cue
signal and the motor execution stage began with the onset
of the go signal. Twenty-two fMR images per slice were
collected during the 33 s trial. There were 11 trials in each
363 s run, providing a total of 242 functional MR images
per slice.

Data analysis: Two software packages, WCM AFNI
(analysis of functional neuro-images) [13] and SPSS (statis-
tical package for the social science) were used for image
display and data analysis. fMR images were co-registered
to remove head-motion artifacts and normalized according
to the standard coordination de®ned by Talairach and
Tournoux atlas [14]. The images were then re-sampled
and smoothed with an isotropic Gaussian kernel
(FWHM� 5 mm) to enhance the signal-to-noise ratio. The
voxel size for this procedure was 3 3 3 3 3 mm.

The signal change within a voxel was calculated with a
deconvolution procedure and multiple linear regression.
Voxels for which the change in the hemodynamic response
produced a F ratio . 2.35 ( p , 0.001), were de®ned as
activation points. To elevate the reliability further, regions
of interest (ROIs) were de®ned as regions in which there
were at least six adjoining activated points [15]. The region
of activation was then superimposed on the anatomic
image to produce individual and group mean activation
maps (Fig. 1).

The signal change in each voxel within the ROI was

averaged according to the onset of the stimulus signals
(cue and go). These changes provide a measure of the
fractional signal intensity change over time (transformation
computation, see legend of Fig. 2). Finally, these data were
averaged over voxels within each ROI and then averaged
over subjects (Fig. 2).

RESULTS
Location and volume of activation during performance of
delayed sequential ®nger movements: The brain activation
maps projected on to an anatomic image are shown in Fig.
1 (a and b show the activation during preparation and
execution,respectively, in one subject; c shows the activa-
tion in all subjects during the 33 s trial period). For all 10
subjects, both cerebellar hemispheres were signi®cantly
activated when planning and producing sequential ®nger
movements with the right hand. Regions activated follow-
ing the cue signal essentially overlapped with those acti-
vated following the go signal (Fig. 1a,b). We did not
observe a functional dissociation between areas associated
with motor preparation and motor execution in the cere-
bellum. The area of activation extended across the inter-
mediate and lateral zones of the cerebellum. Considered in
terms of the anterior±posterior axis, activation was ob-
served in lobules HV±HVII. Based on the Talairach and
Tournoux atlas, the center of activation within the ipsilat-
eral, right cerebellar cortex was at coordinates (x,y,z)
ÿ28.41� 5.31, 56.18� 3.26, ÿ19.15� 1.95 (mean� s.d., n�
10). The corresponding values for the left, contralateral cere-
bellar cortex was 30.27� 4.10, 57.35� 4.11, ÿ20.47� 2.28
(n� 10). Thus, the centers of activation within the two
halves of the cerebellum are roughly symmetrical. The
mean volumes of the ipsilateral and contralateral activated
areas are 10.66� 2.58 cm3 (n� 10), 8.10� 2.88 cm3 (n� 10),
suggesting a trend for greater activation in the ipsilateral
side ( p� 0.06). Note that unlike M1, the primary direct and
indirect projections of the cerebellum in¯uence the ipsilat-
eral side of the body.

Bilateral activation was also observed in M1 for delayed
sequential ®nger movements with the right hand. In
contrast to that observed for the cerebellum, the volume of
the activated area in contralateral M1 was much larger
than that in ipsilateral M1. Indeed, no activation was
detected in the ipsilateral M1 for one of the four subjects.
The mean volume of the activated area in contralateral M1
was 2.73� 0.52 cm3 (n� 4); for ipsilateral M1, the value
falls to 0.93� 0.33 cm3 (n� 3).

Time course of signal intensity change during performance
of delayed sequential ®nger movements: Figure 2 shows
the time course of the fractional signal intensity change for
each activated brain area while subjects performed the
delayed sequential ®nger movement task. The signal
reached its peak intensity �6 s after each stimulus event
(cue or go). The activity in the contralateral M1 was
signi®cantly stronger during the execution stage than
during preparation stage ( p , 0.05), although this region
was active following either the cue or the go signals.
Activation within ipsilateral MI was weak, but signi®cant,
and restricted to the execution epoch.

In contrast to M1, the activation functions for both
halves of the cerebellum were very similar. Salient peaks
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can be seen following both the cue and go signals and the
magnitude of these peaks is similar in both epochs. Thus,
the cerebellum was bilaterally activated during motor
preparation and motor execution. The time of peak activa-
tion within the cerebellum during the motor execution
phase occurred �1.5 s later than in M1.

DISCUSSION
Event-related fMRI is new functional imaging technique.
While some of the initial reports with this method have
examined the neural mechanisms of human voluntary
movements, these studies have focused on the cerebral
cortex [16,17]. In the current study, we used event-related
fMRI technique to explore the role of the human cerebel-
lum in the planning and production of sequential ®nger
movements, comparing activation within this subcortical
structure to that observed in primary motor cortex. Based
on models of motor control, we had hypothesized that the
lateral zone of cerebellum would be primarily involved in
motor preparation and the intermediate zone would be
primarily involved in motor execution. Similarly, we ex-
pected that M1 would exhibit a stronger signal during
motor execution. We also expected that the activation for
each neural regions would be lateralized, strongest within

Fig. 1. The event-related fMRI activation maps during performance of the delayed sequential ®nger movement task. (a,b) fMRI activation maps of the
cerebellum from one subject during the preparation and execution stages respectively; (c1±c3) event-related fMRI activation maps averaged over all
subjects during the preparation and execution stages (bilateral cerebellum, n� 10; left M1, n �4; right M1, n �3). The color bar on the right side
represents activation probability. C1, C2 and C3 are coronal, sagittal and axial images respectively. The two green lines on the sagittal image (C2)
indicate the location of the coronal and axial images respectively. R: right, L: left, A: anterior, P: posterior.
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Fig. 2. Fractional signal intensity change within each activated brain area
during performance of delayed sequential ®nger movements. The mean
curve of fractional signal intensity change for all subjects within each
activated brain area (bilateral cerebellum, n� 10; left M1, n� 4; right
M1, n� 3). Fractional signal intensity change� (xÿx0)/x0 3 100%, corre-
sponding to the percentage change in signal intensity for each individual
point (x) relative to the initial signal level (x0).
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the ipsilateral hemisphere for the cerebellum and contral-
ateral hemisphere for M1.

Contrary to our expectations, the results showed that
both cerebellar hemispheres were signi®cantly activated
during motor preparation and execution. Moreover, the
extent of activation was similar during the two epochs (A
and B in Fig. 1). Although we did not observe a functional
dissociation of the lateral and more medial regions of the
cerebellum during movement preparation and execution,
our results do provide strong evidence of bilateral involve-
ment of the cerebellum during both phases.

In accord with our predictions, M1 was weakly activated
during motor preparation and signi®cantly activated dur-
ing motor execution. This activation was much stronger in
the contralateral M1 (Fig. 2). These results are consistent
with the hypothesis that M1 is primarily involved in motor
execution, even when the required action involves a
sequence of movements. However, we did observe some
activation, albeit weak, within contralateral M1 during
motor preparation [18]. Single-unit studies have demon-
strated that ®ring within motor cortex neurons is predictive
of the forthcoming movement during a delayed, instruction
period [19]. The intensity of this activity during movement
preparation is considerably lower than during movement
execution, consistent with our results. It remains unclear
whether the relatively low level of activity in M1, observed
in single-cell studies or with fMRI in the current study, is
an essential part of movement preparation or, alternatively,
re¯ects priming from upstream motor areas that play a
primary role in motor planning. Such areas may include
the cerebellum.

Using event-related fMRI, we have provided further
evidence implicating the cerebellum in movement pre-
paration. Precuing techniques have not been widely used
in imaging studies because the block designs used in
PET and fMRI involve scanning epochs that include both
preparation and execution (but see [20]). In correspon-
dence with our results, neurophysiological studies with
primates have found that cellular activity within the
cerebellum change in advance of movement onset, con-
sistent with a role in motor preparation [21]. However,
these studies have not included delay periods making it
dif®cult to separate movement planning and movement
initiation.

The bilateral involvement of the cerebellum in both
motor preparation and execution was unexpected given
that most previous imaging studies have revealed only
ipsilateral activation [3±5]. We can consider four possible
accounts for this discrepancy. First, the event-related fMRI
procedure used in this study may be more sensitive than
the block design procedure. It may be that a block design
procedure is not suf®ciently sensitive to detect activation
in the contralateral cerebellum (but see [7]). However, this
hypothesis does not seem to mesh with the fact that the
activation within both halves of the cerebellum was
similar in the current study. A threshold problem would
have predicted greater activation in the ipsilateral cerebel-
lum.

Second, bilateral activation may require relatively com-
plex movements. In many of the studies showing only
ipsilateral cerebellar activation, the movements tended to
be simpler, following a ®xed pattern from trial to trial.

We required a sequence of movements that changed on
each trial. Perhaps the bilateral activation results from
the additional coordination requirements involved in
producing relatively unpracticed sequences. Studies with
both human patients [22±24] and non-human primates
[25] indicate that the acquisition and performance of
movement sequences can be seriously impaired following
cerebellar lesions. Third, we also required the subjects to
produce the sequences as rapidly as possible. Under such
conditions, the demands for precise timing of the sequen-
tial movements are likely to be quite high. The cerebel-
lum has been hypothesized to play an important role in
motor timing [26] and this control may engage bilateral
regions.

Fourth, related to the last two points, the working
memory and attentional demands are likely to be higher
in our study compared to previous studies given the
random variation in the sequences. The cerebellum has
been hypothesized to contribute to these cognitive opera-
tions [27]. At present, we are unable to determine if the
bilateral activity observed in the cerebellum during the
CUE epoch is related to speci®c operations associated
with motor sequence planning or re¯ect more generic
operations associated with anticipating a forthcoming
action.

CONCLUSION
We found that when subjects performed a delayed
sequential ®nger movement task with their dominant
hand, the cerebellum was bilaterally activated following
both the instructive cue and the imperative go signals.
This indicates that the cerebellum is bilaterally recruited
for the preparation and execution of sequential move-
ments.

REFERENCES
1. Brooks VB. The Neural Basis of Motor Control. New York: Oxford

University Press; 1986.

2. Catalan MJ, Honda M, Weeks RA et al. Brain 121, 253±264 (1998).

3. Nitschke MF, Kleinschmidt A, Wessel K et al. Brain 119, 1023±1029

(1996).

4. Desmond JE, Gabrieli JD, Wagner AD et al. J Neurosci 17, 9675±9685

(1997).

5. Lotze M, Montoya P, Erb M et al. J Cogn Neurosci 11, 491±501 (1999).

6. Jancke L, Specht K, Mirzazade S et al. NeuroImage 9, 497±507 (1999).

7. Nitschke MF, Hahn C, Melchert UH et al. J Neuroimaging 8, 127±131

(1998).

8. Buckner RL, Bandettini, PA, O'Craven KM et al. Proc Natl Acad Sci USA

93, 14878±14883 (1996).

9. Rosen BR, Buckner RL and Dale AM. Proc Natl Acad Sci USA 95,

773±780 (1998).

10. Weng XC, Ding YS and Volkow ND. Proc Natl Acad Sci USA 96, 11073±

11074 (1999).

11. Evarts EV. J Neurophysiol 29, 1011±1027 (1966).

12. Li XT. Acta Psycholog Sin 3, 268±275 (1983).

14. Talairach J and Tournoux P. Co-planar Stereotaxic Atlas of the Human

Brain. New York: Thieme Medical Publishers; 1988.

15. Xiong J, Gao JH, Lancaster JL et al. Hum Brain Mapp 3, 287±301 (1995).

16. Lee KM, Chang KH and Roh JK. NeuroImage 9, 117±123 (1999).

17. Toni I, Schluter ND, Josephs O et al. Cereb Cortex 9, 35±49 (1999).

18. Richter W, Andersen PM, Georgopoulos AP et al. NeuroReport 8,

1257±1261 (1997).

19. Georgopoulos AP. In: Gazzaniga MS, ed. The Cognitive Neurosciences.

Cambridge, MA: MIT Press; 1995, pp. 507±515.

20. Dieber MP, Ibanez V, Sadato N and Hallett M. J Neurophysiol 75,

233±247 (1996).

NEUROREPORT S.-Z. CUI ET AL.

4 Vol 11 No 17 27 November 2000



21. Thach, WT. Brain Res 88, 233±241 (1975).

23. Molinari M, Leggio MG, Solida A et al. Brain 120, 1753±1762 (1997).

24. Pascual-Leone A, Grafman J, Clark K et al. Annals Neurol 34, 594±602

(1993).

25. Lu X, Hikosaka O and Miyachi S. J Neurophysiol 79, 2245±2254 (1998).

26. Ivry R. Int Rev Neurobiol 41, 555±573 (1997).

27. Schmahmann JD. The Cerebellum and Cognition. San Diego: Academic

Press; 1997.

Acknowledgement: This work was supported by grants 39770264 and 39770249 from National Natural Science Foundation of
China to X.C.W. and J.J.W. respectively, grant G1999054000 from Ministry of Science and Technology of China to X.C.W.,

grant BK97045 from Natural Science Foundation of Jiangsu Province, China to J.J.W., and grants NS30256 and NS33504 from
NIH of USA to R.I.

AQ: Ref 19. Chapter title?

CEREBELLUM ACTIVATION IN SEQUENTIAL MOVEMENT NEUROREPORT

Vol 11 No 17 27 November 2000 5


	INTRODUCTION
	MATERIALS AND METHODS
	Subjects:
	MRI equipment and scan pattern:
	Data analy—sis:
	Delayed sequential finger movement task:
	RESULTS
	Location and volume of activation
	Time course of signal intensity
	mkf1
	mkf2
	DISCUSSION
	mkr1
	mkr2
	mkr3
	mkr4
	mkr5
	mkr6
	mkr7
	mkr8
	mkr9
	mkr10
	mkr11
	mkr12
	mkr13
	mkr14
	mkr15
	mkr16
	mkr17
	mkr18
	mkr19
	CONCLUSION
	REFERENCES
	mkr20
	mkr21
	mkr22
	mkr23
	mkr24
	mkr25

