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We used whole-head functional magnetic resonance
imaging (fMRI) to investigate the effect of switching
between different sequential and repetitive move-
ments in the context of conditional and fixed tasks.
Four different movement tasks were applied: (1) un-
predictable switching between two movement se-
quences comprising six submovements each according
to visual cues (SEQ-VC); (2) unpredictable switching
between repetitive movement of one finger according
to visual cues (REP-VC); (3) performance of the same
sequential movements used for SEQ-VC but in a fixed
mode triggered by a visual stimulus (SEQ-FIX); (4)
performance of the repetitive movements used for
REP-FIX but in a fixed mode by a visual stimulus
(REP-FIX). The statistical group analysis of the hemo-
dynamic responses revealed the following results: (1)
the SEQ-VC compared to the SEQ-FIX condition
(switching between movement sequences) engendered
stronger activations in the left rostral supplementary
motor area (pre-SMA), bilaterally in the posterior pa-
rietal lobule, the left ventral premotor area, and the
visual cortices; (2) the REP-VC compared to the REP-
FIX condition (switching between repetitive move-
ments) only revealed stronger activation in extra-stri-
ate areas. We hypothesize that during switching of
movement sequences higher motor control aspects are
involved including movement selection, updating of
motor plans, as well as recalling and restoring motor
plans. The repetitive movements are too simple in or-
der to evoke additional activations in the medial and
lateral premotor areas, as well as in parietal areas.
© 2000 Academic Press
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INTRODUCTION

A major issue in the study of human motor behaviour
is how we control the serial order of movements. Typ-
ically these kinds of motor behaviors are studied ap-
plying tasks requiring sequences of button presses.
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Such tasks have enabled researchers to develop de-
tailed models of the memory representations underly-
ing sequential behavior. One of these models assumes
that manual response sequences are hierarchically
controlled (Rosenbaum et al., 1983; Povel et al., 1982;
Rosenbaum, 1985). Within these models it is assumed
that motor programs are structured hierarchically and
are “unpacked” during execution. These models are
based on reaction time studies demonstrating that in-
tervals between cross-hand key strokes are shorter
than those for the same hand and keystrokes within
one hand are a function of the number of fingers in-
volved and the distance between keys. The different
latencies were taken as evidence for the different hier-
archy levels to be traversed between successive key-
strokes. A further aspect, which is associated with
serial keystrokes is that with increasing number of
different keystrokes more and more motor memory
capacity is required. From these findings and theoret-
ical assumptions one can conclude that there is a fun-
damental difference in terms of computational de-
mands between sequential keystrokes requiring
different finger movements and repetitive keystrokes
of the same finger. Sequential keystrokes will require
more computational demands during preparation and
execution because different hierarchy levels have to be
traversed. In addition, more memory capacity will be
necessary to store the commands for the different sub-
movements.

Research in patients and monkeys, as well as human
brain imaging have linked the control of sequential
movements to a number of brain structures, including
the lateral premotor cortex (dorsal and ventral: dPMC
and vPMC), the supplementary motor areas (SMA
proper and pre-SMA), and M1 (Catalan et al., 1998;
Jueptner et al., 1997a, 1997b; Jenkins et al., 1994;
Grafton et al., 1998a, 1998b; Deiber et al., 1999; Van
Oostende et al., 1997; Shibasaki et al., 1993; Karni et
al., 1995; Pascual-Leone et al., 1995; Sadato et al.,
1996; Halsband et al., 1993). In particular it was found
that the SMA becomes more active as serial motor
performances improve with practice (Grafton et al.,
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1992a). This is particularly evident when acquisition is
made under implicit learning conditions. However, re-
cent fMRI studies on humans revealed that the pre-
SMA was activated during the explicit retrieval of se-
quential movements (Hikosaka et al., 1996; Sakai et
al., 1999). A PET study by Catalan et al. (1998a) un-
covered two groups of brain areas associated either
with the executive role in running sequential move-
ments (contralateral sensorimotor and premotor cor-
tex, SMA, and ispsilateral cerebellar cortex) or which
are selectively related to sequence performance, for
example, in adjusting different sequence length (in-
cluding the ipsilateral PMC, bilateral posterior pari-
etal areas, and precuneus). In addition, single-cell re-
cordings in monkeys revealed that the medial premotor
areas (SMA, pre-SMA, and CMA) were particular
prominent in retrieving the memorised information
necessary for organising the temporal sequence of fu-
ture movements and for updating a motor plan (Shima
et al., 1998a, 1998h, 1996; Matsuzaka et al., 1996).

These studies were the starting point for the current
study. In particular we were interested to delineate
those brain areas which are specifically involved in
shifting between well-learned movement sequences, a
guestion that has not been investigated in humans
until now. In order to examine this question, we uti-
lized well-learned sequential button press tasks which
were required to be performed in a fixed and predict-
able sequence while during a further condition the
sequence of button presses was unpredictably changed
on visual demand. These sequential tasks were also
compared with repeated button-press tasks applying
the same fingers, which were also performed in the
context of fixed and conditional tasks. We hypothesized
that during switching of movement sequences in con-
trast to switching of simple finger repetitions, subjects
would have to eliminate or inhibit the previously used
motor program and select the motor program for the
next movement sequence. This switching of sequential
movement patterns should impose additional motor
control demands on the involved brain structures and
should be reflected in changed cortical activation pat-
terns. According to the aforementioned studies we hy-
pothesized that these additional computations should
be localized in those brain areas that have been shown
to be involved in the control of sequential movements.
However, it is not clear until now which of these areas
are specifically involved in these processes. It might be
that those areas which have been identified to be in-
volved in adjusting sequence parameters (the ipsilat-
eral PMC, bilateral posterior parietal areas, and pre-
cuneus) are stronger engaged during sequence
switching (according to Catalan et al. (1998a)). In ac-
cordance with the single-cell recordings in monkeys
(Shima et al., 1996, 1998a, 1998b) it might also be that
predominantly the medial premotor areas are candi-
date areas to control such processes.
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MATERIALS AND METHODS

Subjects. Six healthy, right-handed adult volun-
teers (3 male, 3 female, age range 20 to 25 years) took
part in this study. All were consistent right-handers as
measured by standard handedness tests (Peters, 1998).
Subjects were paid and gave informed consent accord-
ing to institutional guidelines (Ethics Committee of the
University of Dusseldorf).

Experimental protocol. Subjects lay supine on a
MRI scanner bed with their right thumb and index
finger on response keypads for each finger placed on
the right tight. The two response keypads had an in-
terkey distance of 3 cm. The wrist as well as all of the
inactive fingers were taped so the latter could not di-
rectly participate in the button-press movement.
Throughout the experiment a set of black code num-
bers on a white screen were used as instructional cues.
Each number subtended a visual angle of 2° and was
presented serially in the centre of the screen situated
~2 m in front of the subject’'s eyes to eliminate eye
movements. Subjects saw the stimuli through a mirror
inside the scanner. The interstimulus interval was
randomized and ranged from 5 to 6 s. The code num-
bers of the stimuli (1 to 4) indicated which kind of
movement type should be performed. There were two
movement types (SEQ: sequential and REP: repeti-
tive), each performed in two different ways to allow
better comparison: (1) REP1; six alternated key tap-
ings with the thumb (T) with a prelearned frequency of
2 Hz as accurately as possible using button 1; (2) REP2;
six alternated key taping with the index finger (I) with
a prelearned frequency of 2 Hz as accurately as possi-
ble using button 2; (3) SEQ1,; six sequential key tapings
applying the sequence T-I-T-T-I-T with a prelearned
frequency of 2 Hz as accurately as possible; (4) SEQ2;
six sequential key tapings applying the sequence I-T-
I-1-T-1 with a prelearned frequency of 2 Hz as accu-
rately as possible. Both movement types were trig-
gered by preceding visual stimuli. These stimuli were
arranged in two different ways: each repetitive condi-
tion was performed block-wise during one session, thus
using the visual stimulus as trigger stimulus. Thus,
there was no uncertainty with respect to the upcoming
movement. These movement conditions were denoted
as fixed task (FIX). The sequential and repetitive
movements were also conducted in the context of visual
conditional tasks (VC). For these conditions there was
considerable uncertainty for the next movement se-
quence to perform. In one further condition, the sub-
jects were instructed to attentively view to the screen
without any movements to perform while the cueing
signals were randomly presented as for the unpredict-
able cueing conditions (V: visual). Thus, there were
seven experimental conditions: (1) repetitive key tap-
ping with the thumb (six times), each cluster of repe-
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titions triggered by one preceding visual stimulus
(REP1-FIX); (2) repetitive key tapping with the index
finger (six times) each cluster of repetitions triggered
by one preceding visual stimulus (REP2-FIX); (3) re-
petitive key tapping according to the visual stimulus,
thus resulting in constantly changing the repetitive
key tapping pattern (between REP1 and REP2) accord-
ing to the preceding visual cue (REP-VC); (4) sequen-
tial key tapping 1 (T-I-T-T-I-T), each sequence trig-
gered by one specific visual stimulus (SEQ1-FIX); (5)
sequential key tapping 2 (I-T-1-1-T-1), each sequence
triggered by one specific visual stimulus (SEQ1-FIX);
(6) sequential key tapping according to visual stimuli,
thus resulting in constantly changing the sequential
key tapping patterns (between SEQ1 and SEQ2) ac-
cording to the preceding visual cue (SEQ-VC); and (7)
attentively looking at the screen and watching the
visual stimuli but without performing any movement
(V, visual).

The order of these conditions was randomised for
each subject. Before each scanning session the subjects
were informed about the nature of the forthcoming
experimental conditions in order to avoid unnecessary
attention effects. During a 1-week period before the
actual scanning session, all subjects participated in
seven training sessions each of 20-min duration. In
these training sessions, subjects were intensively
trained in order to perform each motor task with an
accuracy of at least 95% throughout the training ses-
sion. After each training session accuracy of tapping
sequence was measured. Accuracy was measured in
terms of percent of correctly performed movement se-
quences. Accuracy rates of 100% were quickly achieved
for the fixed conditions (REP1-FIX, REP2-FIX, SEQ1-
FIX, SEQ2-FIX), while the conditional movement
tasks took a bit longer for the subjects to accomplish
them with 100% accuracy. However, the sequential
movements to unpredictable cues (SEQ-VC) was
rather hard to learn and it took all subjects the seven
training sessions to achieve 95% accuracy throughout
the whole session. All six subjects reached the perfor-
mance criterion and participated in the following func-
tional magnetic resonance imaging study.

Magnetic resonance imaging. During magnetic res-
onance imaging, the same movement conditions were
performed as in the training sessions except that an
additional visual control condition was presented. All
seven conditions were introduced in random order.
Subjects were instructed to keep their eyes open
throughout the scanning series in order to watch for
the visual signals. During the scanning sessions room
lights were dimmed. In each experimental condition a
series of 120 images was acquired. Each series con-
sisted of multiple periods of “baseline” (OFF, rest),
during which subjects heard only the ambient machine
noise and saw a fixation asterisk but did not perform
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the motor task, alternating with periods of “activation”
(ON, task). Upon presentation of the visual signal, the
subjects were asked to start the movement, while the
asterisk indicated the start of the next rest condition,
during which no movement was required. Tapping rate
was monitored during scanning by use of a fibre optic
system attached to a laboratory computer that counted
the taps. Each scanning series began with five baseline
images (15-s interval) allowing signal equilibrium to be
reached and an initial baseline to be established, fol-
lowed by 120 images during which “activation” alter-
nated with “baseline” every 30 s (60 s/cycle, 20 images/
cycle, 10 images/OFF, and 10 images/ON, 6 cycles).
The total duration of each image series was about 4
min. Functional magnetic resonance (fMRI) imaging
was performed on a 1.5 T MRI system (SIEMENS
Magnetom VISION, Erlangen, FRG), equipped with
echo planar imaging (EPI) capabilities using the stan-
dard head coil for radiofrequency (RF) transmission
and signal reception. Sequences with the following pa-
rameters were employed: echoplanar imaging (EPI),
repetition time (TR) = 3 s, echo time (TE) = 66 ms,
field-of-view = 200 X 200 mm?, « = 90°, matrix size =
64 X 64, voxel size = 3.125 X 3.125 X 7.7 mm?®. Using
a midsagittal scout image, 16 axial slice positions
(0.3-mm interslice gap) were oriented parallel to the
bicommissural plane with the uppermost slice aligned
2 mm below the vertex, thus covering the whole brain.
In addition, anatomical images of the entire brain were
obtained by using a strongly T1l-weighted, gradient-
echo pulse sequence in 3-D (MP-RAGE, magnetization-
prepared, rapid acquisition gradient echo) with the
following parameters: TR = 11.4 ms, TE = 4.4 ms, 15°
flip angle, FOV = 256 X 256 mm?, matrix size = 256 X
256, 128 sagittal slices, with 1.33-mm thickness.
Image analysis. Image analysis was performed on
an Ultra 4 workstation (Sun Microsystems) using
MATLAB (Mathworks Inc., Natick, MA) and SPM96
software (http://www.fil.ion.ucl.ac.uk/spm). For analy-
sis, all images were realigned to the first volume, cor-
rected for motion artefacts, coregistered with the sub-
ject’s corresponding anatomical (T1-weighted) images,
resliced, and normalized (4 mm?®) into standard stereo-
taxic space (template provided by the Montreal Neuro-
logical Institute) (Evans et al., 1993), and smoothed
using an 8-mm full-width-at-half-maximum Gaussian
kernel. The data were analyzed by statistical paramet-
ric mapping. The effect of global differences in scan
intensity was removed by scaling each scan in propor-
tion to its global intensity. Statistical analysis was
performed for each condition in a general linear model,
in which regionally specific activation is explored as to
how well the reference waveform fits to the observed
time series of the fMRI signal (i.e., hemodynamic re-
sponses) at each and every voxel (Friston et al., 1995a,
1995b, 1994). The reference waveform was obtained by
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smoothing a time-dependent sensorimotor parameter
of interest (i.e., a box-car waveform with O s for rest
epochs scans and 1 s for movement epoch scans) with a
Gaussian kernel of a delay and dispersion of the square
root of 8 s, modeling the hemodynamic response func-
tions. The time-series fMRI data also were smoothed
over observation (time) by use of the same Gaussian
kernel as the hemodynamic response function. For fur-
ther statistical analysis we also defined several sets of
contrasts. The first set was used to identify significant
hemodynamic responses relative to rest: (1) repetitive
tapping during the fixed tasks vs. rest (REP-FIX vs
rest [REP1-FIX + REP2-FIX]/2 vs rest); (2) repetitive
tapping in the context of conditional visual cueing vs
rest (REP-VC vs rest); (3) sequential movements dur-
ing the fixed task vs rest (SEQ-FIX vs rest [SEQ1-
FIX + SEQ2- FIX]/2 vs rest); (4) sequential movements
in the context of conditional visual cueing vs rest (SEQ-
VC vs rest); (5) visual control vs rest (V vs rest). The
second set of contrasts was defined in order to identify
significant differences between the fixed and condi-
tional tasks for each movement type separately: (1)
REP-VC vs REP-FIX (switching between repetitive
movements); (2) SEQ-VC vs SEQ-FIX (switching be-
tween sequential movements). These contrasts are the
critical contrasts which should uncover the additional
activations during the switching processes. No further
contrast will be discussed in the context of the present
paper because we have focussed our hypothesis on the
switching process. Voxels were defined as being signif-
icantly activated for each contrast if they passed the
height threshold of z = 4.5 (P = 0.05 corrected for
multiple nonindependent comparisons). The statistical
analyses were performed for the entire group (group
analysis) to account for the experimental paradigm
(different experimental conditions which are random-
ised for each subject) and to compile mean activation
“maps.” These activation “maps” were superimposed
on the spatially normalized brain averaged from the
six individual normalised brains to identify activated
brain regions.

RESULTS

Behavioral Data

The tapping frequencies (Table 1) for the four differ-
ent movement sequences were subjected to a two-way
ANOVA with repeated measurements applying the
multivariate variant to account for possible inhomoge-
neities of variances (O'Brien et al., 1985) (movement
type: sequential vs repetitive movement; visual cueing:
conditional vs fixed task). This ANOVA only revealed
one significant effect for the difference between the
movement types (sequential versus repetitive: F(1,5) =
79.1, P < 0.001, ETA? = 0.94), qualified by faster
tapping rates for the sequential movement sequences.
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TABLE 1

Mean Tapping Frequencies (Taps/s) as Well as Reaction
Times (in ms) and Standard Deviations Broken Down for the
Movement Types and Visual Cueing Conditions as Measured
during the Scanning Procedure

Tapping frequency Reaction times (ms)

FIX VvC FIX VvC
Repetitive 20*x03 21+04 4925=*68.7 659.8+*657
Sequential 3.0+ 0.6 28*0.9 589.7*30.3 547.5* 456

There was no further significant main effect nor inter-
action. In addition we also analyzed whether the inter-
tap intervals especially for the sequential movements
showed any peculiarities. Therefore, we calculated
mean intertap intervals for each transition (1st to 2nd,
2nd to 3rd, 3rd to 4th, 4th to 5th, 5th to 6th) obtained
for each movement type and each movement task.
These measures were subjected to a three-way ANOVA
with repeated measures on each factor with movement
type, visual cueing, and intertap interval as factors.
Again, there was only a significant main effect for
movement type (F(1,5) = 79.1, P < 0.001, ETA? =
0.94), but there was no effect of intertap interval, sug-
gesting to us that there was no principle difference
between the different intertap intervals. Although this
motor task was not designed as a typical reaction time
study and the subjects were not required to start their
movements as fast as possible, we also calculated the
mean reaction times for each subject and each condi-
tion. These data were subjected to a further ANOVA.
This ANOVA revealed significant main effects (move-
ment type: F(1,5) = 8.3, P = 0.034, ETA? = 0.63; visual
cueing: F(1,5) = 45.3, P < 0.001, ETA® = 0.90). The
main effect of movement type was qualified by longer
reaction times for sequential movements (624.7 ms vs
520 ms) while the main effect of visual cueing was due
to longer reaction times for the conditional task com-
pared to the repetitive task (603.7 ms vs 541.0 ms),
thus these measures are in line with data from the
psychological literature (Woodworth, 1938; Rosen-
baum, 1985).

Functional Imaging Findings

Comparison of the experimental conditions to rest.
Comparing each experimental condition to rest re-
vealed strong activations in extended cortical and sub-
cortical areas (Fig. 1). However, activated regions were
typically large expanses of cortex following gyral and
sulcal topography rather than small foci and were thus
more completely described by reference to anatomical
structures than in terms of point coordinates. Activa-
tion areas were given anatomical labels only when the
borders of the area followed borders of a gyral or sulcal
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FIG. 1. Significant regions obtained for the group analysis for the contrasts comparing the four motor and the visual control conditions
to rest. Significant increases in hemodynamic responses were overlayed onto a rendered standard brain.

structure in the Talairach and Tournoux atlas and the
label was supported by three-dimensional inspection of
the averaged anatomical data. All four motor condi-
tions revealed strong mostly bilateral activations in
lateral and mesial premotor areas including SMA-
proper, pre-SMA, bilateral activations in the precen-
tral and central gyrus area extending into the parietal
lobe. There were also bilateral activations in the cere-
bellum, the superior temporal gyrus, and the occipital
cortex. The visual control condition only revealed
stronger activations in the middle and inferior occipital
gyrus area.

Switching between movement sequences and repeti-
tive movements. Comparing REP-VC with REP-FIX
revealed increased hemodynamic responses within the
right and left medial occipital gyrus. Table 2 and Fig. 2

show brain regions with significant activations during
SEQ-VC compared to SEQ-FIX. This contrast uncov-
ered increased hemodynamic responses in a frontopa-
rietal network comprising the left and right superior
parietal lobe, the precuneus, and a left-sided area on
the dorsal frontal gyrus at a location anterior to VAC
known to be the pre-SMA (x = —8,y = 16, z = 48). This
activation focus as well as the anterior and inferior
borders of the activation cluster corresponds well with
the boundaries given by Picard and Strick (1996a),
Roland and Zilles (1996b), and with the coordinates
given by others for the pre-SMA (Petit et al., 1998).
There were also activations on the precentral gyrus
located directly on the VAC (x = —44,y = 0, z = 32)
located in an area, which most likely is the human
homologue of the ventral premotor area (VPMC). In
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TABLE 2

Regions of the Brain with Significant Increase in Hemody-
namic Response during the Repetitive Movements (REP-VC)
Compared to Sequential Movements (REP-TR) in the Con-
text of the Conditional Tasks

Anatomical region X y z Z score
REP-VC > REP-FIX
R Middle occipital gyrus 28 -92 0 6.33
R Middle occipital gyrus 36 -84 -8 5.08
L Middle occipital gyrus —-32 -92 0 6.05
SEQ-VC > SEQ-FIX
R Superior parietal lobule 20 —76 56 6.98
M Precuneus 0 —60 64 6.79
L Superior parietal lobule -20 -72 52 6.25
L Dorsal frontal gyrus (pre-SMA) -8 16 48 5.82
L Precentral gyrus/L precentral
sulcus (VPMC) —44 0 32 5.73
L Middle occipital gyrus -32 -92 4 5.30

Note. X, y, z, stereotaxic coordinates are in millimeters; Z scores are
peak activations within the significant cluster of activated voxels; Z
scores > 4.5, correspond to P < 0.05 (corrected for multiple compar-
ison); peaks of activity are localised according to their position on the
averaged MNI brain. The coordinates do not correspond to the Ta-
lairach and Tournoux atlas.

addition there was also an increased activation in the
left medial occipital gyrus. Increased activation during
the SEQ-FIX condition compared to the SEQ-VC con-
dition were found for the cerebellum (left and right
hemispheres, as well as in the vermis region), the left
and right precentral gyrus region, the SMA, as well as
the right and left superior temporal gyrus. The activa-
tions on the precentral gyrus were found in regions
slightly anterior to the hand motor area (x = —44,y =
—16,z = 46;x = 52,y = —8, z = 44; supposedly vPMC)
as well as on the postcentral gyrus slightly behind the
hand motor area (x = —36,y = —36, z = 60).

DISCUSSION

We identified distributed regions in the lateral and
medial premotor cortex, the posterior parietal lobule,
and the occipital cortex involved in switching between
sequential movements. Interestingly, this differential
pattern of activation was not seen for the simple repet-
itive movements, suggesting that these movements are
merely too simple to evoke additional activations. For
this task we found, however, increased activation in
the visual cortices. Differential activation in pre-SMA
has been demonstrated in various studies applying
single cell recordings in nonhuman primates as well as
human brain imaging studies. For example, it was
shown that pre-SMA cells, but not SMA-proper cells,
generated transient activity when shifting motor plans
in response to the instruction signal (Matsuzaka et al.,
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1996) and when different series of sequential motor
tasks were updated (Shima et al., 1996). Human brain
imaging studies showed that, in the single Go/NoGo
paradigm, the pre-SMA had an increased signal in
association with both the Go and NoGo trials, and the
area caudal to pre-SMA, the SMA-proper, was acti-
vated only with Go trials (Humberstone et al., 1997).
Further studies (Hikosaka et al., 1996; Sakai et al.,
1999) applying fMRI found that the pre-SMA was par-
ticularly active for learning of new sequential move-
ment procedures, not movements per se. The common
denominator of these findings is that pre-SMA is crit-
ical for sequence retrieval or switching based on the
context of task performance.

In contrast, the SMA proper was active for the per-
formance of sequential movements, not learning. Fi-
nally, a recent study also applying fMRI in the context
of various working memory tasks revealed pre-SMA
activation during working memory delays suggesting
that this area does not reflect simple motor preparation
but rather a state of preparedness for selecting a motor
response based on the information held on-line (Petit et
al., 1998). Taken together there is a functional differ-
ence between pre-SMA and SMA-proper, which is sug-
gested by previous neurophysiological studies and is
corroborated by our findings, showing that pre-SMA is
involved in higher cognitive aspects of motor control

FIG. 2. Anatomical rendering of significant increases of hemody-
namic responses for the “switching effects” obtained for the move-
ment sequences (SEQ-VC > SEQ-FIX). The SPM(Z) for the relevant
contrast has been thresholded at P < 0.05 (corrected for multiple
comparisons) and superimposed on a representative brain used as
template for the spatial normalization of the images. Top row, sig-
nificant activations in the pre-SMA and vPMC areas; middle row,
activations in the superior parietal lobule including the precuneus;
lower row, bilateral activations in middle occipital cortex (GOm).
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comprising movement preparation, updating of motor
plans, motor memory processes while SMA-proper is
more involved in motor control aspects comprising
movement initiation and execution.

However, it is also possible that our findings relate to
those studies, suggesting that the pre-SMA is strongly
engaged when movements are self-initiated. A recent
brain imaging study elegantly showed that the pre-
SMA was more active during self-initiated fast move-
ments (Deiber et al., 1999). Our motor tasks comprised
submovements which are self-initiated and relatively
fast, too. For example, the visual trigger used in our
study was applied to signal the initiation of a move-
ment sequence comprising six finger movements.
Whereas the sequence as a whole is triggered, the
subjects initiate the sub-movements by themselves.
Summarizing these observations, it appears that our
task did involve all of these elements, but, of course, it
is not at all obvious which of the elements is of cardinal
importance. In view of the relatively circumscribed
activation of the pre-SMA, our next goal will be to see
how we can modify the task so that more substantial
effects can be observed.

Switching between movement sequences also evoked
activation located on the left vPMC in the vicinity of
Broca's area. This activation focus is slightly higher
but nevertheless within the variability range of Broca’s
area as indicated by a probability map computed for
this area (Amunts et al., 1999). Although there is no
general consensus with respect to the differential roles
of dPMC and vPMC in the visual guidance of move-
ments, there are data available suggesting that the
VPMC (especially the left) plays an important role in
the recalibration of visual and motor coordinates (es-
pecially in body-part-centered coordinates), or in the
explicit generation of motor programs (the blueprint
for movements (Rijntjes et al., 1999)). A more ventral
and rostral part of the vPMC (predominantly on the
left hemisphere) is also suggested to be involved in the
imagination of complex movements (Stephan et al.,
1995), manipulation of complex objects (Binkofski et
al., 1999; Stephan et al., 1999), preparation of imitated
movements (Krams et al., 1998), imitation of move-
ments in general (Rizzolatti et al., 1999, 1996a, 1996b),
in the control of difficult pointing movements (Win-
stein et al., 1997), or switching between cognitive tasks
(Dove et al., 2000). Thus, one may conclude that the
VPMC area (especially on the left hemisphere) is spe-
cifically involved when higher-order cognitive pro-
cesses like prediction, anticipation, imagination, or ex-
ecutive control are necessary which are applied in the
context of movement control.

The bilateral activation within the posterior parietal
lobe during the sequence switching relates to those
studies demonstrating the involvement of the posterior
parietal lobe in the selection and visual guidance of
movements both in humans and monkeys (Passingham
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1989; Wise et al., 1996, 1997; Halsband et al., 1982;
Snyder et al., 1998; Pantano et al., 1996; Perenin et al.,
1988). However, although our findings emphasise the
classical role of the posterior parietal lobe in the con-
trol of visually guided movements at least for move-
ment sequences it is worth noting that the posterior
parietal lobe may also be involved in higher cognitive
processes which may interact with motor control pro-
cesses. Here we would like to address two possible
cognitive functions, which may be active during com-
plex movements as used here namely visual imagery
and spatial working memory.

First, it might be that the subjects learned the move-
ment sequences by encoding them as visual patterns of
finger movements in the sense of imagining the index
finger and thumb moving in a specific sequence. If one
follows this line of argumentation, one might assume
that during the SEQ-VC condition the subjects have
recalled a visual pattern of the movement sequence
and then transferred that pattern to the lateral and
mesial premotor areas. Such a view is consistent with
findings showing activations in superior parietal lobe
areas while subjects recalled learned visual patterns
(Roland et al., 1994) and when subjects recalled scenes
of familiar surroundings (Roland et al., 1987). The stor-
age sites for these visuospatial representations in sub-
ject’s brains would probably be reactivated when they
are trying to retrieve the relevant visual information.
Beside the bilateral activation in the superior parietal
lobe found in our SEQ-VC task we also found activa-
tion in the superior part of the precuneus. In previous
human motor studies using brain imaging techniques,
precuneus activity was found when subjects performed
movements guided by an internal trajectorial map
(Deiber et al., 1991) or during visually guided finger
movements (Grafton et al., 1992b). Precuneus activity
was also found in studies during learning and retrieval
of visual patterns or imaginable material (Fletcher et
al., 1995). Thus, it might be that during SEQ-VC the
movements are visually coded and that this mental
representation is maintained during the movement
process.

Second, the operation of some kind of “cognitive in-
termediates” in parietal areas is partly corroborated by
recent PET findings published by Coull and Frith
(1998a) and Coull and Nobre (1998b). These authors
found increased activity on the right posterior parietal
cortex during tests of attention and working memory.
Interestingly, that increase was not only evident dur-
ing spatial attention tasks, for which the posterior
parietal cortex has been shown to be especially in-
volved, but also for nonspatial attention tasks. These
findings led the authors to hypothesize that the right
posterior parietal cortex, and in particularly the in-
traparietal sulcus, may be involved in fundamental
low-level attentional processes that “act as lowest com-
mon denominator for many types of cognitive pro-
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cesses.” Although the posterior parietal cortex was ac-
tivated both by spatial and nonspatial attentional con-
ditions the activation was stronger for the spatial tasks
suggesting some functional specialisation for spatial
processing in the right parietal cortex in addition to its
role in attention.

Beside the activations in this frontoparietal network
there were also additional activations in the striate
and extrastriate cortices during both the sequential
and repetitive switching tasks. These activations are
most likely due to increased attention placed on the
switching task. The differences in attention between
tasks relate to the significance of, or the information
conveyed by, the visual stimulus. In the VC conditions
the subjects relied on the visual stimulus for informa-
tion about both the movement sequence to perform
(movement selection signal) and the timing of the up-
coming sequence. Thus, the stimulus served both as a
movement selection signal and a GO signal. In the FIX
tasks, the subject did not need to attend to the specifics
of the visual stimulus and could have used the visual
stimulus merely as a GO signal. There were no controls
for attention in the behavioural tasks because it is
virtually impossible to adequately control for this fac-
tor when the tasks themselves involve different levels
of predictability which is the case for the VC compared
to the FIX tasks. By definition, the unpredictable be-
havior requires more attention. Different levels of at-
tention have been shown to affect the activity of cells in
motor and nonmotor areas of the frontal cortex during
visuomotor tasks (di Pellegrino et al., 1993). However,
these findings have not been substantiated in human
brain imaging studies. Therefore, we refrain from dis-
cussing the influence of attention on motor control
processes in order to avoid too much speculations. Al-
though we are reluctant to speculate about attentional
influences on motor control processes there are a cou-
ple of studies showing attentional influences on activa-
tions in the striate and extrastriate cortices in the
context of visual stimulation thus corroborating our
own findings (Jancke et al., 1999; Watanabe et al.,
1998; Heinze et al., 1994).

Concluding Remarks

In this fMRI study we identified several regions in-
volved in switching between movement sequences, in-
cluding the left pre-SMA, the left vPMC, bilaterally the
SPL, and bilaterally visual cortices. These activations
are comparable to activations reported in several neu-
roimaging studies and single-cell studies in nonhuman
primates. These studies revealed that this distributed
network is activated during higher order cognitive pro-
cesses (updating of motor plans, motor memory pro-
cesses, imagination of complex movements, manipula-
tion of complex objects, preparation of imitated
movements, imitation of movements in general, or
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switching between cognitive tasks) applied to motor
control processes.
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