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Summary

The role of the basal ganglia and cerebellum in the control
of movements is unclear. We summarize results from
three groups of PET studies of regional CBF. The results
show a double dissociation between (i) selection of
movements, which induces differential effects in the basal
ganglia but not the cerebellum, and (ii) sensory
information processing, which involves the cerebellum
but not the basal ganglia. The first set of studies concerned
motor learning of a sequence of finger movements; there
was a shift of activation in the anterior—posterior direction

of the basal ganglia which paralleled changes in the motor
areas of the frontal cortex. During new learning, the
dorsolateral prefrontal cortex and striatum (caudate
nucleus and anterior putamen) were activated. When
subjects had to select movements, the premotor cortex
and mid-putamen were activated. With automatic
(overlearned) movements, the sensorimotor cortex and
posterior putamen were activated. When subjects paid
attention to overlearned actions, activation shifted back
to the dorsolateral prefrontal cortex and striatum. The
cerebellum was not activated when subjects made new
decisions, attended to their actions or selected movements.
These results demonstrate components of basal ganglia—
(thalamo)-cortical loops in humans. According to earlier
studies in animals we propose that the basal ganglia may
be concerned with selecting movements or the selection
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of appropriate muscles to perform a movement selected
by cortical areas (e.g. premotor cortex). Secondly, a
visuomotor co-ordination task was examined. In the
absence of visual control over arm movements, subjects
were required to use a computer mouse to either generate
new lines or to re-trace lines on a computer screen.
The neocerebellum (hemispheres of the posterior lobe,
cerebellar nuclei and cerebellar vermis), not the basal
ganglia, was more engaged when lines were re-traced
(compared with new line generation). Animal experiments
have shown that error detection (deviation from given
lines) and correction occurs during line re-tracing but
not line generation. Our data suggest that the
neocerebellum (not the basal ganglia) is involved in
monitoring and optimizing movements using sensory
(proprioceptive) feedback. Thirdly, the relative
contribution of sensory information processing to the
signal during active/passive execution of a motor task
(flexion and extension of the elbow) was examined; it was
found that 80-90% of the neocerebellar signal could be
attributed to sensory information processing. The basal
ganglia were not involved in sensory information
processing. They may be concerned with movement/
muscle selection (efferent motor component); the
neocerebellum may be concerned with monitoring the
outcome (afferent sensory component) and optimizing
movements using sensory (feedback) information.

Abbreviations: BA = Brodmann area; rCBF regional cerebral blood flow

Introduction

Lesions of the basal ganglia and cerebellum produce welleoncerning the basal ganglia see Brooks (1995), for the
known motor deficits in animals and human subjectscerebellum see Bloedel (1992) and Thathal. (1992)].

However, the physiological role of these structures for the Animal experiments have shown that the basal ganglia
control of movements still remains unclear [for reviewsrepresent a relay station within the so-called basal ganglia—
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thalamocortical loops (for review see Alexana¢rl., 1990).  perform next) or when they attended to their actions (Jueptner
There are at least five different, functionally and anatomicallyet al., 199h). On the other hand, the basal ganglia and
segregated loops. In primates, projections from dorsolateralerebellum were activated when subjects improved their
prefrontal cortex (‘dorsolateral prefrontal loop’) terminate in performance (Jueptnet al., 199%). In these studies, sensory
the caudate nucleus which projects to the globus pallidusues were used to guide discrete (short-lasting) finger
and substantia nigra. The globus pallidus and substantimovements.
nigra send projections to the thalamus which sends return |n the next study, we analysed the sensory guidance of
projections to the dorsolateral prefrontal cortex (Alexandefcontinuous movements. Both the basal ganglia and cerebellum
etal, 1990). Similarly, the primate sensorimotor motor circuit receive information from sensory, motor and association
projects to the putamen which projects to the globus pallidugortices. However, they differ in the areas from which they
and substantia nigra. Both nuclei send return projections Vvigeceive sensory, especially visual, information (Juepthet,
the thalamus back to the lateral and medial premotor cortex996). We found that the neocerebellum (but not the basal
as well as the primary motor cortex (Alexandral, 1990).  ganglia) was more active when movements were performed
Despite detailed anatomical knowledge, little is knownynder sensory guidance. These results revealed that the
about the physiological role of the basal ganglia in motorhegcerebellum, not the basal ganglia, relies on sensory
control (for reviews see Brooks, 1995; Mink and ThaCh,ﬁfeedback) information to optimize movements.
1991). It has been proposed that the basal ganglia control | the third study we analysed the relevance of sensory
single modes of movement selectively (review in Mink a”dinput for the cerebellar and basal ganglia control of
Thach, 1994), e.g. ramp or closed-loop movements, ballistic o ements (Weilleet al., 1996; Jueptnegt al., 1997). We
or open-loop movements, self-paced movements, internallyere interested to see to what extent the cerebellar and basal

guided versus externally driven movements, etc. Howevergang”a signal was due to sensory information processing.

none of these hypotheses has been able to clarify the genefi¢ve and passive movements were compared. Passive

role of the basal ganglia in movement control. _movements were studied to separate the afferent sensory
It has been postulated that the cerebellum is preferentlallymm the efferent motor component (see Weikel., 1996)

involved in controlling (1) complgx (as _o_p_posed to simple) The studies showed that passive movements did not elicit

movements (Thachkt al., 1992); (ii) multi-joint (as opposed changes in regional CBF (fCBF) in the basal ganglia.

tq single joint) mgvements; (.i”) mover.nents.that reqUireHowever, the increase of cerebellar rCBF during passive
visuomotor co-ordination (Stein and Glickstein, 1992); Of ovements was almost identical to that during active

‘(fli\:)stle?irr?mzq a;f\g?gngwe?ﬁ:éa é?s ;)Ippolsg g 2t)0 u_?:]rgmer%ovements. These results suggested that the cerebellar signal

. ) . ; ._seen during movement execution may represent processin
contradictory interpretations across many different studies 9 . ) y rep P 9
f sensory feedback information.

h me unr niz f the movemen . .
suggest that some unrecoghized aspect of the moveme %’Thus, our series of experiments revealed that both the

which was not identified or examined, may have bee . :
asal ganglia and cerebellum were engaged when subjects
controlled by the cerebellum. . . : .
proved their performance (see motor learning studies). The

In this paper, we present results from recent PET studie _ ) . : .
which examined the role of the basal ganglia and cerebellu asal ganglia were differentially activated when subjects had
select movements. There was no activation in the basal

in movement control. Most of the results have been publishe ) o )
ganglia when movements were optimized using sensory

elsewhere (Passinghaet al, 1995; Jueptneet al., 1996, i e
1997, Weiller et al, 1996). However, the summary of feedback (visuomotor co-ordination study). There was no

findings allows new conclusions about the basal ganglia angctivation of the basal ganglia when movements were
cerebellar role in movement control, which are not evidenf€rformed passively. As passive movements separate the
from the previous publications alone. afferent sensory from the efferent motor component the
The main aim of the experiments was to compare thd©€Sults suggest that the basal ganglia are not concerned with
roles of the basal ganglia and cerebellum in the control offonitoring the outcome of movements (afferent sensory
movements. The basic approach (analysis of task componentgymponent). The basal ganglia may be more concerned with
originated from our studies on motor learning; functionalthe selection of the appropriate movements/muscles (efferent
imaging studies have shown that almost all brain areas whicA10tor component).
are involved in motor control are also involved in motor During movement selection, there was no cerebellar
learning (Graftoret al., 1992; Halsband and Freund, 1993; activation. However, the neocerebellum was activated when
Jenkinset al, 1994). It seems unlikely that all brain areas movements were performed under sensory guidance
are concerned with the same task. Therefore we analysedisuomotor co-ordination study). During passive movements,
components of the motor learning task (like rehearsalthe cerebellar activation was almost identical to that during
selection of movements and improvement of performancefctive movements. These results suggest that the
to differentiate the roles that these brain areas play duringeocerebellum may be more concerned with optimizing
motor learning. We found that cortical areas were activatesdnovements, by monitoring the outcome of movements
when subjects made decisions (e.g. about what movement {sensory information processing).
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Material and methods ensured that they were able to perform it in this situation.
Subjects During scanning, the same prelearned sequence was used for

The rCBF was analysed as an index of neuronal activit!l runs of thi‘f' conditio,n. - ,

(Jueptner and Weiller, 1995). In each study a group of six (iii) In the ‘attention’ condition, supjects performeq the
healthy, right-handed volunteers was tested. None of therRréléarned —sequence. HOV\‘/e\(er, immediately prior t,o
had a history of neurological or psychiatric disease; none ofc@nning, they were told to ‘think of the next movement

them took any medications. Approximately 30 min prior to once they finished the preyious one. This meant that the
scanning, subjects were acquainted with the task angubiects had to pay attention to the prelearned sequence.

performed eight to 10 test trials for each experimentaf?92in, the same standard prelearmned sequence was used for

condition. All subjects gave written informed consent prior &l Tuns in this condition.

to the examination. The study was approved by the Ethics (iv) In the ‘free selection’ cgndition, subject_s were t_old to
Committee of the Hammersmith Hospital and by thePress any key randomly, ‘as if you were tossing a coin each
University of Essen. time’. The movements were paced at a frequency of once

every 3 s. Subjects were instructed not to repeat the same
key twice. Prior to scanning, they practised this task for 2 min.
(v) In the ‘repetitive’ condition, the subjects were required

Experimental design to press a single key repetitively with their middle finger on
Motor learning studies each trial. Their four fingers rested on the keys as in the
From the motor learning studies five different conditionsother conditions.

were analysed. Each condition was repeated three times. A personal

() ‘New sequence learning’ involved learning a new computer was used to generate trigger and feedback tones
sequence of keypresses. The sequence was eight moves laangd to register the subjects’ performance (Jueptteal.,
and was learned by trial and error; in many respects similat 99, c).
to a pianist learning a new piece. The movements were paced
by a tone at a frequency of one tone every 3 s. Correct
identification of a movement was rewarded by a high-pitched/isuomotor co-ordination study
tone. Incorrect movements were followed by a low-pitchedin the visuomotor co-ordination study, four different condi-
tone. The subject first tried to identify the first move in the tions were analysed.
sequence. At each pacing tone the subject tried one finger. (i) In the ‘new line generation’ condition (or ‘drawing’)
This continued until the subject was given positive (high-the subjects had to draw straight lines on a computer screen
pitched) feedback. The subject then tried to identify theby moving a mouse with their right hand (subjects were
second keypress by trial and error, then the third keypressinable to see their moving hand). The movements were
and so on until the subject had correctly identified thepaced by one tone every 3 s. A red 1-cm diameter circle was
sequence of eight movements. The end of the sequence wased as a pointer instead of a standard mouse arrow. The
signified by three short high-pitched tones. The subject thestarting point of each line was defined as the final position
returned to the beginning of the same sequence and continuedl the previous movement. As the pointer was moved, a
to perform the task in the same way. In each new learningtraight continuous line was created. The subjects started by
condition, subjects were given new sequences. The sequenadmwing a line after the pacing tone. They were allowed to
were identical for all subjects. When a subject had learnedraw a line in any direction. They were instructed to draw
the sequence to criterion (no errors in one run through), &he lines slowly to ensure continuous movements for 3 s.
further new sequence was presented to continue the proce8fter 3 s, the next pacing tone sounded, the screen was
of motor learning. cleared and subjects had to choose another direction to draw.
(i) For the ‘prelearned sequence’ condition, subjectsThe subjects’ performance was monitored by the computer
learned a standard sequence in the same way as describgtich recorded the direction, distance, duration and velocity
above, ~90 min prior to scanning. Subjects continued twf the movement; these data were then used to generate the
perform the task until they made no errors; this was calledines in the next three conditions (copying, watching and
the ‘prelearned sequence’. After a rest period of 2 min, theyfixation). During each new run of the ‘drawing’ condition,
continued to rehearse the same sequence for 3.5 min, théine parameters were stored again.
had another rest of 2 min. A total of 10 trials was completed, (ii) In the line re-tracing condition (‘copying’), the same
each consisting of 3.5 min of rehearsal and 2 min of restset of lines were presented to the subjects. Every 3 s, a
The automaticity of the motor task was assessed in the lagacing tone sounded and the line appeared again on a blank
trial. Subjects were asked to repeat five- or six-digit stringsscreen. The subjects had to keep the pointer at the end of
presented at a rate of once every 1 s. They had to repettie line (retracing its original path) as it slowly contracted
them immediately and in the same order. Immediately priotowards its first point. The direction and length of each line
to scanning, subjects performed two further trials of thewere derived from the immediately previous run of ‘drawing’.
prelearned sequence, while lying on the scanner couch. Thist any moment, the velocity of line contraction was identical
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to the velocity of movement when this line was generated i(CTI, Knoxville, Tenn., USA). The ECAT 953B scanner
the immediately previous run of ‘drawing’ by the same covers an axial field of view of 10.5 cm. The CTI ECAT
subject. Thus, for each subject, the movements were matché&$b3—-15 camera covers 5.4 cm and was tilted to include the
in the two conditions. The target was defined as an area dantire cerebellum. Radioactivity was administered as a bolus
2 cm radius at the end of the line as it contracted. injection of H,'%0 through a venous line in the left arm
(iii) In the third condition (‘watching’) the same sequence (injection time was 30 s for the ECAT 953B studies and 40—
of lines was used as in the immediately previous runs ob0 s for the ECAT 953-15 camera). Emission data were
‘drawing’. The lines contracted as in ‘copying’. After each corrected for attenuation by the tissues of the head using a
pacing tone, the screen was cleared and a single line appeardnsmission scan, which was performed prior to the activation
on the screen. The pointer automatically moved in alignmenscans. During each scan, 3 ml of radiolabelled water was
with the end of the line as it contracted. The subjects followedapplied containing 20 mCi 0. Dynamic PET scans were
the cursor with their eyes. No hand movements were madecollected over a period of 90 s; the paradigm was started
Each condition was repeated three times. A persona0 s prior to data acquisition and continued for 2 min. Any
computer was used to generate trigger tones and to registarcrease in the amount of radioactivity in a specific region
the subjects’ performance (Jueptregral., 1996). reflects an increase in rCBF (Mazziotttal., 1985; Fox and
Mintun, 1989) which in turn is coupled to synaptic neuronal
activity (Jueptner and Weiller, 1995).
Sensory movement control studies
From the sensory movement control studies one paradigm
will be discussed here. Active and passive movements of thBata analysis

right elbow were compared with each other and to a restingy | calculations were performed on Sparc computers (SUN

condition. . ; . . )
. . _ . Microsystems, Mountain View, Calif., USA) using the
(i) Active movements were performed with the subjects’ y ) g

interactive image display softeware ANALYZE (Biodynamic
arm fixed to the guide hinge. Elbow flexions were performedlR Ve image disp’ay W (Biody !

: oS _ o X ...~ “Research Unit, Mayo Clinic, Minn., USA) and SPM software
against gravity with the arm reaching a 90° (upright) positiong., image analysis and matrix operations (SPM95, Functional
at the end of the flexion. Subjects were instructed to perform K

. . Imaging Laboratory, Queens Square, London, UK) in the
the movements at a constant velocity with one movemenf,«ah environment (Mathworks, Sherborn, Mass., USA)
Ef!exmn dog extenstlon) lasting 1 s. The movements were The data were corrected for attenuation of the tissues of
rlg_gelre th y a metronome ¢ diti ; he head using a transmission scan. All scans were corrected

(!') N the passivé movement condilion, 8 Motor was useg, involuntary movement artefacts using realignment to the
to induce sequential flexions and extensions of the elbo

L ; i . - Yirst corrected image (Woodst al., 1992; Fristonet al.,
resting in a guide hinge (amplitude of 90°). One movemen 995). All images were transformed into the standard

of 900 ampli'tude (flexion or extgqsion) was completgd inls natomical space (Talairach and Tournoux, 1988; Friston
asin the active movement co_ndltlon._Subjects were Instructeg, al, 1995) and filtered with a low-pass Gaussian filter
to relax their arms during this passive movement task._ Th 15 X 15 9 mm in thex, y, z dimensions) to increase the
metronome_ .produced tones a.t a frequency of 1 Hz as in th ignal-to-noise ratio (Fristost al, 1995).

other conditions. EMG recordings were taken to ensure that Differences in global blood flow between subjects and

subjects did not produce voluntary muscle contractions, conditions were removed by analysis of covariance (Friston

(i) In the baseline condition (rest) subjects kept their €YeSyt al, 1995). Pixel by pixel comparisons were performed to

closed. The metronome agan produced tones at afrequen?gveal significant differences in rCBF between conditions
of 1 Hz to control for_ gudltory input. No movr_ements Were ie. P < 0.05, corrected for multiple comparisons). Results
executed. Each condition was repeated four times (Jueptn e displayed as statistical parametric maps showing the areas
et al, 199%). of significant increase in rCBF (Fristcet al., 1995).

MRI scans were obtained and processed as described
previously (Jueptneet al, 1995). The group MRI scans
erved as a template on to which the average PET data were
uperimposed for exact anatomical localization of activations.

Data acquisition

For each subject, 12 sequential rCBF scans were performe

Subjects lay in a supine position with eyes being closed in

a darkened room (except for the visuomotor co-ordination

study). The head position was maintained by use of a standard

American football helmet (internally coated with air cell Results

cushioning) or by an individually moulded Styropor head restTask performance

to minimize involuntary head movements during the scansDuring new learning of a sequence of finger movements, the
Scans were performed using a CTIl/Siemens ECAT 953Rerror rate and reaction times decreased significantly, revealing

scanner (for the motor learning and visuomotor coodinatiora modification of motor behaviour (‘motor learning’). No

studies) and a CTI ECAT 953-15 camera in the other studieshange of response times occurred during free selection of



Basal ganglia and cerebellar control of movements 1441

movements, as during the performance of the prelearned artD), right insula and right caudate nucleus, most anterior
repetitive movement tasks. When subjects paid attention tputamen and globus pallidus (first row, Fig. 2). Within the
the performance of a prelearned task, there was a slighterebellum there was more activation in the neocerebellar
(significant) increase in response times (Juepteeral,  hemispheres of the posterior lobes, the cerebellar nuclei, the
199, c). cerebellar hemispheres and vermis of the anterior lobe. There
In the visuomotor co-ordination study, no significant was also more activation in the pontine nuclei probably
differences in task performance were observed between nexeflecting the activity of cortical afferents to the cerebellum.
line generation (‘drawing’) and line tracing (‘copying’). More
precisely, there was no difference in the total length of linesBrain areas involved in decision making and
drawn, the total duration of hand/mouse movements or theelection of movements (free selection minus
average velocity of movement (Jueptregral., 19961). repetition).The comparison of the free-selection condition
During the studies of the sensory control of movementswith repetitive movements of the same finger revealed
EMG was used to record muscular activity in the active andactivations in the dorsolateral prefrontal cortex (BA 9, 10
passive movement conditions. During active movement, therand 46, bilaterally), anterior cingulate cortex (BA 24 and 32,
was alternating activation of the biceps and triceps musclebilaterally), lateral premotor cortex (BA 6, bilaterally) and
(flexion and extension). During passive movements, ngarietal cortex (BA 7 and 40, bilaterally). In the mid-putamen
muscular activity could be recorded (Jueptaerl., 1997%). (second row, Fig. 2) there was more activation during the
free-selection condition than during repetitive movements of
the same finger. There was no significant activation of the
Changes in rCBF cerebellum in this comparison.
All results are presented as SPtjifnaps showing significant
increases in rCBF at a threshold Bf< 0.05 (corrected for Brain areas involved in the performance of an
multiple comparisons). The significant changes in rCBF wereverlearned motor task (prelearned minus
superimposed onto the stereotactically normalized groufpaseline)The comparison of the prelearned condition with
MRI. The peak co-ordinates in rCBF increases, and thehe baseline reference condition, in which no movements
relative rCBF values at these peaks, are given elsewhergere performed (only presentation of tones by the computer)
(Jueptneret al., 1996, 1997a—c). Table 1 gives a summary revealed activations in the left anterior cingulate cortex (BA
of brain areas activated during different motor learning and23 and 24), left lateral and medial premotor cortex (BA 6),
movement execution tasks. left sensorimotor cortex, left parietal cortex (BA 7 and
40), left posterior putamen (third row, Fig. 2) and right
neocerebellar hemisphere and nuclei.
Components of motor learning
Brain areas involved in the learning of motor Brain areas involved in the performance of
sequences (new minus prelearnetje comparison repetitive finger movements (repetition minus
of new learning with the prelearned condition (Fig. 1) baseline).The comparison of repetitive finger movements
revealed significant activations in the dorsolateral prefrontalvith the baseline reference condition, in which no movements
cortex [Brodmann areas (BA) 10, 9 and 46, bilaterally], were performed, revealed activations in the left anterior
anterior cingulate cortex (BA 24 and 32, bilaterally), lateralcingulate cortex (BA 23 and 24), left sensorimotor cortex, left
premotor cortex (BA 6, bilaterally), right parietal cortex (BA posterior putamen (fourth row, Fig. 2) and right neocerebellar
7 and 40), insula (bilaterally), basal ganglia (striatum andhemisphere.
globus pallidus, bilaterally) and thalamus (dorsomedial and
ventro-anterior parts, bilaterally). Within the cerebellum thereEffects of attention to action (attention minus
was more activation in the neocerebellar hemispheres of thprelearned sequencejhe comparison of attention to
posterior lobe (bilaterally), the cerebellar vermis of theaction with the prelearned condition revealed significant
posterior lobe (e.g. plane —32, Fig. 1) and the cerebellaactivations in the dorsolateral prefrontal cortex (left BA 10,
nuclei. Since measurement in rCBF reflects synaptic activityBA 9 and 46, bilaterally) and in the anterior cingulate cortex
(Jueptner and Weiller, 1995), the activation of the ponting BA 24, bilaterally). There was a small activation of the right
nuclei in this comparison (e.g. plane -28, Fig. 1) probablycaudate nucleus. No significant activation was found in the
reflects the activity of cortical afferents to the cerebellum. cerebellum in this comparison.

Brain areas involved in improvement of

performance (new sequence minus free selectionyisuomotor co-ordination

The comparison of the new learning condition with the free-New line generation versus control of eye
selection task revealed significant activations in the rightmovements (drawing minus watching)The
dorsolateral prefrontal cortex (BA 9 and 10), right anteriorcomparison of these two conditions revealed significant
cingulate cortex (BA 32), right parietal cortex (BA 7 and activations in the right dorsolateral prefrontal cortex (BA
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(A)

(B)

Fig. 1 SPM{t} maps of significant increases in rCBF
superimposed onto a group MRI; white areas represent significant
increases in rCBF in the ‘new sequence learning’ condition
compared with the automatic performance of the prelearned
sequence.X) Activations in the basal gangliaB) Activations in

the cerebellum. Numbers below the images indicate the level
above (positive values) or below (negative values) the
intercommissural plane (as defined by Talairach and Tournoux,
1988).

9 and 46), left anterior cingulate cortex (BA 24), right
supplementary motor area (medial BA 6), lateral premotor

Cortex (BA 6, bilaterally), sensorlmotor corte)_( (bilaterally), Fig. 2 SPM{t} maps of significant increases in rCBF at the level
parietal cortex (BA 7 and 40, bilaterally), right temporal of the pasal ganglia superimposed onto a group MRI; the white
cortex (BA 37), left insula, left posterior putamen, areas represent significant increases in rCB.New learning of

neocerebellar hemispheres, cerebellar nuclei and vermis @fsequence of finger movements is compared with freely selected
the posterior lobe. finger movements.B) Freely selected finger movements
compared with repetitive movements of the middle finger at the
. . same frequencyQ) The automatic performance of a prelearned
Line tracing versus control of eye movementSequence of finger movements is compared with the baseline

(copying—watching).The comparison of these two condition in which no movements were performed; tones were
conditions revealed significant activations in the anteriofProduced by the computer to control for auditory inpu@) (

; : : Comparison of repetitive movements of the middle finger with the
cingulate cortex (BA 23 and 24, bilaterally), right lateral baseline condition in which no movements were performed. The

premotor cortex (BA 6), sensorimotor cortex (bilaterally), inages correspond to planes-84 and+8 mm above the

parietal cortex (BA 7 and 40, bilaterally), temporal cortexintercommissural plane (as defined by Talairach and Tournoux,

(BA 37, bilaterally), left posterior putamen, neocerebellar1988).

hemispheres, cerebellar nuclei and vermis of the posterior

lobe. the posterior lobe. There was no activation of the basal
ganglia in this comparison.

Line tracing versus new line generation (copying

minus drawing).The direct comparison of these two

conditions revealed small activations in the parietal cortexSensory control of movements

(BA 7, bilaterally) and a massive activation of the Active movements of the right elbow (active

neocerebellar hemispheres, cerebellar nuclei and vermis ghovements minus restjhe comparison of these two
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Discussion
The basal ganglia and cerebellum, and motor

learning

The main aim of the experiments was to compare the
roles of the basal ganglia and cerebellum in the control of
movements. The basic approach (analysis of task components)
originated from our studies on motor learning; functional
imaging studies have shown that almost all brain areas which
are involved in motor control are also involved in motor
learning (Graftoret al, 1992; Halsband and Freund, 1993;
Jenkinset al, 1994). It seems unlikely that all these brain
areas are concerned with the same task. Therefore, we
analysed components of the motor learning task to
differentiate the roles that these brain areas play for motor
learning.

Brain areas involved in the learning of new

motor sequences

The comparison of a ‘new learning’ condition with the

automatic performance of a well-trained and thus automatic

task (new learning minus prelearned condition) revealed

activations in the striatum, globus pallidus, neocerebellar

Fig. 3 SPM{t} maps of significant increases in rCBF hemi_spheres, cerebellar nuclei bilaterally a_n_d the cer_ebellar

superimposed onto a group MRI; the white areas represent vermis (Jueptneet al, 199). As both conditions required

significant increases in rCBF in the movement conditions subjects to perform sequences of finger movements, the

compared with restA) Activations during active movement of  gpserved increases in rCBF cannot be related to movement

the elbow compared with rest in the cerebellum and basal gangligyy oo tion, They must be related to some of the components

(B) Activations during passive movement of the elbow compared . . . .

with rest in the cerebellum and basal ganglia. '_”VQ'Ved In mo_tor Iearn!ng (Jueptnest a.l., 199-@' This
finding contradicts previous reports which attributed pure
motor executive functions to the basal ganglia (for review,
see Brooks, 1995).

conditions revealed significant activations in the anterior

cingulate cortex (BA 24 and 32, bilaterally), left

supplementary motor area (BA 6), left sensorimotor cortexBrain areas involved in improvement of

parietal cortex (BA 40, bilaterally), posterior putamen performance

(bilaterally),  neocerebellar hemispheres  (bilaterally),_earning new sequences required subjects to perform many

cerebellar nuclei (bilaterally) and cerebellar vermis (Fig. 3).different (mental) operations like making new decisions

(about which finger to move next), to control and remember

Passive movements of the right elbow (passiv@e outcome of a movement (whether it was correct or not),

movements minus rgsthe comparison of these two to rehearse mentally the sequence learned so far, to attend
conditions revealed significant activations in the left!© What they were doing (attention to action) and to improve

supplementary motor (BA 6), left sensorimotor cortex,mOtor performance. In order to analyse the improvement of

parietal cortex (Sll, bilaterally), neocerebellar hemisphere§nOtor performance, new learning was compared with a

(bilaterally), cerebellar nuclei (bilaterally) and cerebellarCondltlon Wh'Ch was similar in many of the components of
vermis (Fig. 3). motor learning: the free-selection task. This task required

subjects to make new decisions (about which finger to move
next), to control and remember a movement (‘don’t repeat
Direct comparison of active and passive movementse same key twice’) and to attend to what they were
(active minus passive movementShe direct doing. However, during the free-selection condition, motor
comparison of these two conditions revealed significanperformance did not change over time (Jueptial., 199%).
activations in the left anterior cingulate cortex (BA 24 andThus, the comparison of new learning with this free-selection
32), left supplementary motor (BA 6), posterior putamencondition revealed the brain areas concerned with
(bilaterally), right neocerebellar hemisphere and cerebellaimprovement of motor performance. Again, the striatum,
nuclei. globus pallidus, neocerebellar hemispheres, pars intermedia
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and the cerebellar nuclei on both sides were more active Our data show that once a motor task has become
during new learning. As in the previous comparison (newautomatic, the prefrontal loop of the motor system is no
minus prelearned sequence), activation of the dorsolaterédnger engaged; the executive parts of the motor system
prefrontal cortex was paralleled by an activation in the(motor loop) take over and allow the prefrontal cortex to be
striatum. Again these results support the view that thesngaged in anothertask. Neuropsychologists call this situation
basal ganglia and cerebellum are specifically concerned wita dual performance task. Shaffer (1975) demonstrated that a
improvement of motor performance (motor learning). skilled typist is able to type accurately while holding a
conversation. The results summarized here may provide the
neurophysiological explanation for this phenomenon; highly
. ) ) o ] overtrained tasks (like writing) may be performed by the
Brain areas involved in decision making and executive parts of the motor system, leaving the prefontal loop
selection of movements free to be engaged in another task (holding a conversation).
Previous PET experiments have shown that the dorsolateral Interestingly, the prefrontal loop, i.e. the dorsolateral
prefrontal cortex is activated when subjects make decisiongrefrontal cortex and the striatum, is re-engaged when subjects
e.g. when subjects decide between directions in which tattend to the performance of an automatic (overlearned) task
move a joystick (Deibeet al, 1991; Playfordet al,, 1992), (att—pre). This result confirms and extends findings reported
decide in which direction to draw a line (Jueptretral, by Raichleet al. (1994). These authors reported a decrease
199@), decide which finger to move (Fritlet al, 1991; inthe activation of the prefrontal cortex as subjects repeatedly
Jueptneret al, 199%), decide when to move a finger supplied the same verbs in response to a list of nouns. They
(Jahanshahet al., 1995) or decide not to move (fixation of also showed that the activation of the prefrontal cortex
a static target compared with pursuit eye movements; Jueptnércreased again when a new task was given; the subjects
et al, 1996). In previous studies, we have shown thatwere provided with a new list of nouns. In our experiment,
prefrontal cortex is active during new learning which requiressubjects performed the same task in both conditions. However,
subjects to make new decisions. It is no longer active duringvhen subjects paid attention to the performance of a
the performance of a prelearned task or performance of prelearned (and thus automatic) sequence the activation of
simple repetitive task which does not require practicethe dorsolateral prefrontal cortex reoccurred. This shift of
Prefrontal activation is re-established when subjects attendctivation back to prefrontal cortex was accompanied by a
to what they are doing (attention minus prelearned sequencshift of the activation within the basal ganglia, i.e. from the
Jueptnert al, 199D, c). posterior putamen back to the striatum (caudate nucleus and
The lateral premotor cortex was activated during newanterior putamen). Again this result confirms the existence
learning (compared with prelearned sequences), in the freef basal ganglia—thalamocortical loops in human subjects.
selection of movements (compared with repetitive Mink and Thach (1998) recorded the discharge of single
movements) and during performance of a prelearned sequenoeurons in the globus pallidus of the rhesus monkey. They
(Jenkinset al, 1994; Jueptneet al, 199%). All of these used five different motor tasks to test whether pallidal
tasks require subjects to select movements in the presendéscharge was exclusively related to one mode of movement.
or absence of a significant dorsolateral prefrontal cortexrhe movement tasks differed in terms of movement velocity
activation. These findings confirm earlier reports by Deiber(fast versus slow movements), mode of movement (ramp and
et al. (1991) and Colebatcht al. (1991) who demonstrated sinusoidal movements) and sensory guidance (visually guided
that premotor cortex is active when subjects selecwersus internally guided). Mink and Thach (189Iound
movements. that no single task engaged all pallidal neurons to the
Changes in rCBF observed in frontal motor areas werexclusion of others and they suggested that pallidal discharge
paralleled by similar changes at the level of the basal gangliayas used for purposes other than initiating and controlling
during new learning of motor sequences we found activatiomny one movement task. Inactivation of the globus pallidus
of the striatum and globus pallidus (new minus prelearnedMink and Thach, 1999) led to coactivation of wrist flexors
sequences, new sequences minus free selection). During fraad extensors, and to slowness of all movements. The authors
selection of movements, the activation was confined to theoncluded that pallidal neurons play little or no role in the
anterior putamen (free selection minus baseline, free selectioroluntary initiation of movements. They suggested that the
minus repetition). The pattern was different for the prelearnedole of the basal ganglia is to switch off maintained motor
task. Here we found activation that lies more posteriorly inactivities that would otherwise interfere with voluntary
putamen (prelearned sequences minus baseline). Similarlpovement commands. In other words, the basal ganglia
the activation for the repetitive task also lies more posteriorlymay help to select the appropriate muscles for movement
(repetition minus baseline). These results are in accordan@mmands generated elsewhere.
with anatomical data from animal experiments (e.g. Alexander In our motor learning studies, activation of the basal
et al, 1990) and demonstrate for the first time, that, withinganglia paralleled changes of activation in cortical motor
the basal ganglia, components of the basal gangliaareas. According to Mink and Thach (1%91c), these
thalamocortical loops can be visualized in humans. activations may reflect the process of selection of appropriate
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muscles for movement commands generated in corticdlne re-tracing required subjects to monitor their movements
motor areas. continuously, and to detect and correct errors.
The comparison of line re-tracing with new line generation
revealed small significant activations in the anterior cingulate
) o ) . and inferior parietal cortex, and a massive activation of
Visuomotor co-ordination study: line tracing the neocerebellar hemispheres, neocerebellar vermis and
and new line generation cerebellar nuclei bilaterally, but no signal in the basal ganglia.
As both the basal ganglia and cerebellum were involved irActivation of the anterior cingulate cortex (BA 24) is probably
improvement of performance (motor learning studies), wedue to the attention demanded by the line re-tracing task
tried to differentiate the roles of these two subcortical(Corbettaet al, 1990; Pardoet al, 1990; Devinsky and
structures further. In the motor learning studies, sensory cudsuciano, 1993). There was also more activity in the inferior
had been used to guide discrete (i.e. short-lasting) finggparietal cortex (BA 7 and 39). Projections from parietal
movements. In the following study we analysed the sensorgortex to the cerebellum convey the information about
guidance of continuous movements. Both the basal gangliepcation and motion which is essential for the visual guidance
and cerebellum receive information from sensory, motor anaf movements (Stein and Glickstein, 1992). There was also
association cortices. However, they differ in the areas fronmore activation in the cerebellar nuclei, cerebellar vermis and
which they receive sensory, especially visual, information. adjacent hemispheres of the pars intermedia and neocerebellar
The cerebellum receives visual inputs via the pons froncortex bilaterally. This result strongly suggests that the
the dorsal visual system, including area V5 and parietal areaeocerebellum was involved in monitoring the outcome of
7 (Ungerleideeet al., 1984; Schmahmann and Pandya, 1991)movements, i.e. in the detection and correction of errors
Inputs from the temporal lobe originate mainly in the superiorwhich occur during line re-tracing. In other words, the
temporal sulcus (Schmahmann and Pandya, 1989, 1991). @erebellum makes use of sensory information (visual
the other hand, the striatum receives input from the parietahformation about target position, proprioceptive information
cortex and inferior temporal cortex (Selemon and Goldmanabout arm position) to optimize movements (minimize errors,
Rakic, 1985; Saint-Cyet al., 1990). i.e. deviations of the pointer from the target).
Somatosensory (proprioceptive) information from muscle Within the basal ganglia, there was no difference between
spindles and tendon receptors is conveyed to the cerebelluthe two conditions. In both tasks (when compared with the
via the climbing and mossy fibre systems; these afferentsesting condition), there was a massive activation of the
provide the cerebellum with information about joint position, sensorimotor cortex which was paralleled by an activation
direction and velocity of movements (Murplet al., 1973;  of the posterior putamen. Again these results confirm our
Bausweinet al, 1983; Kolbet al, 1987; Berrettaet al,  previous findings, that an activation of the cortical areas of
1991; Bosco and Poppele, 1993; Geitlal,, 1994). The basal the motor loops also involves the motor loop equivalent of
ganglia receive proprioceptive information mainly via the the basal ganglia, i.e. the posterior putamen.
primary somatosensory cortex (Crutcher and DelLong, 1984;
Alexander, 1987; Connor and Abbs, 1990; Flaherty and
Graybiel, 1993; Wichmanet al., 1994). )
The visuomotor co-ordination study served to test to whaS€nsory control of movements: active and
extent the cerebellum and basal ganglia differ in theirpassive movements
specialization for the sensory guidance of movements. The performance of the motor task not only required subjects
During line tracing and new line generation, the actualto plan, prepare and initiate a movement (efferent motor
movements being performed were identical in terms ofcomponent), but also to monitor how the movement was
direction, distance, duration and velocity of movement.actually performed (afferent sensory component). Passive
Subjects generated their own controls during line generatiomovements may be used to separate the afferent sensory
and the identical parameters were used for the line re-tracinfjom the efferent motor component of a voluntary movement
condition. Therefore, differences in rCBF between these tw@Weiller et al., 1996). Having found (in the visuomotor co-
tasks (Jueptnest al., 1996) cannot be attributed to different ordination study) that the cerebellum uses sensory information
movements being performed. to optimize movements, we were interested to analyse the
There was, however, a fundamental difference betweerelative contribution of sensory afferents (through touch and
the two tasks. When subjects generated new lines, they wemoprioception) to the cerebellar signal seen during movement
free to choose any direction, thus there could be no errorexecution.
During line re-tracing, errors (i.e. deviations of the pointer Passive movements lead to activation of muscle spindle
from the moving end of retracting line) were bound to occur.afferents (primary muscle spindle afferents/group la fibres
Animal experiments have shown that line re-tracing tasksand secondary muscle spindle afferents/group Il fibres) and
are performed discontinuously, with execution of movementsutaneous receptors (for reviews, see Ito, 1984; Rothwell,
alternating with control of movement outcome (Miell al.,  1994). Animal experiments have shown that these afferents
1987; Stein and Glickstein, 1992). In the present experimeninform the cerebellum about many aspects of movement
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execution, e.g. joint position, and direction and velocity ofand visuomotor co-ordination task reported in this paper).
movements (Ishikawat al., 1972, b; Bausweiret al., 1983; However, recent studies have shown that the human
Ito, 1984; Berrettaet al, 1991; Bosco and Poppele, 1993; cerebellum (including the cerebellar nuclei) may indeed be
Rothwell, 1994). It has been shown that the cerebellum usdgvolved in processing sensory information (Ivry and Diener,
this proprioceptive feedback to optimize movements (It0,1991; Dieneret al., 1993; Grillet al., 1994). Our own study
1984; Stein and Glickstein, 1992; Thaeh al, 1992). In  of the effects of passive movements (in the absence of motor
humans there has been a rather limited number of studiesctivity, i.e. with a silent EMG) on cerebellar activity has
concerned with cerebellar sensory processing (Ivry and Keelshown that passive movements lead to activation of the
1989; Grill et al.,, 1994; Jueptneet al,, 1995; Jueptnegt al.,  cerebellar nuclei (Jueptnet al., 1997). Using functional
1996, b). While these data suggest that the cerebellum isVIRI, Gaoet al. (1996) demonstrated activation of the dentate
involved in processing sensory information they do not reveahucleus during passive and active sensory tasks. These
the functional relevance of this process. authors concluded that ‘A new alternative hypothesis is that
In our previous studies we have shown that passivehe lateral cerebellum is not activated by the control of
movements induce increases in rCBF in the same parts ahovement per se but is strongly engaged during the
the human neocerebellar hemisphere as active movemerdasquisition and discrimination of sensory information’.
(Jueptneret al, 1997). The local activation (percentage  On the other hand, the basal ganglia were only engaged
increase in rCBF at a specified location; see Table 1) anduring active movements. Again, we found an activation of
spatial extent of activation (size of activation as determiedhe sensorimotor cortex which was paralleled by an activation
by the number of significant voxels) due to passiveof the posterior putamen (as in prelearned sequence minus
movements was almost identical to the active movementsaseline, repetition minus baseline, drawing minus watching
This finding contradicts many previous reports which haveand copying minus watching comparisons; for summary see
postulated that the neocerebellar hemispheres are mainfyable 1). However, there was no activation in the posterior
concerned with movement planning. It has been shown, foputamen during passive movements. Therefore, it seems
example, that cooling or inactivation of the dentate nucleusinlikely that the activity of the basal ganglia is related to
leads to an increase in reaction time (for further reviews, sesensory information processing.
Thachet al., 1992; Mink and Thach, 19@1Rothwell, 1994).
However, movement planning only leads to a small increase
in rCBF in a restricted area of the ipsilateral neocerebellaConclusion
hemisphere (Jueptnet al., 19974). Both the basal ganglia and cerebellum were engaged when
Our results from the analysis of passive movements suggestibjects improved their performance (motor learning studies).
that neocerebellar activity is almost entirely driven by sensoryThe basal ganglia were differentially activated when subjects
systems (Jueptnast al, 1997&). This seems to be in strong had to select movements. There was no activation in the
contradiction to a wide range of clinical (lesion) studies inbasal ganglia when movements were optimized using sensory
humans as well as animal experiments. At the beginning ofeedback (visuomotor co-ordination study). There was no
this century, Holmes (1917) stated ‘| have, however, examinedctivation of the basal ganglia when passive movements
every modality of sensation in many cases but have nevewrere examined. As passive movements separate the afferent
found disturbances of any form, nor have | detected anyensory from the efferent motor component the results suggest
evidence that would point unequivocally to any alteration ofthat the basal ganglia are not concerned with monitoring
it’. Many single unit recording studies in animals have shownthe outcome of movements (afferent sensory component).
that the discharge of cells in the dentate nucleus is not highekccording to suggestions by Mink and Thach (189d) the
during visually guided (i.e. sensory driven) movements tharbasal ganglia may be more concerned with the selection of the
in self-paced rapid alternating movements (e.g. Thetcal., appropriate movements/muscles (efferent motor component).
1993). One explanation for this seemingly strongDuring movement selection, there was no cerebellar
contradiction might be that cerebellar input is driven byactivation. However, the neocerebellum was activated when
sensory systems, but that cerebellar output is not. Thisnovements were performed under sensory guidance
hypothesis is favoured by the fact that passive sensory stimufvisuomotor co-ordination study). During passive movements,
per sedo not activate the dentate nucleus unless the animahe cerebellar activation was almost identical to active
moves in response (Strick, 1983). The sensory ‘analysis’ isnovement performance. These results suggest that the
easily demonstrated in the cerebellar cortex of animals andeocerebellum may be more concerned with optimizing
humans, e.g. during passive movements (Bausweeial, = movements by monitoring the outcome of movements
1983; Kolbet al., 1987) but it does not necessarily lead to (sensory information processing).
changes of the cerebellar (output) nuclei. This means that
the cerebellum might act as a ‘sensory filter’, ‘comparator’
or ‘detector’ (Eccleset al, 1972; Horne and Butler, 1995) Acknowledgements
analysing sensory informations (e.g. from muscle spindlesThe original studies were supported by the Wellcome Trust,
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