COGNITIVE
BRAIN
RESEARCH

ELSEVIER Cognitive Brain Research 8 (1999) 17—25

Research report

Frontal cortex and the programming of repetitive tapping movementsin
man: lesion effects and functional neuroimaging

Martin Lepage ?, Gilles Beaudoin °, Claudine Boulet 2, Irena O’ Brien @, Walter Marcantoni 2,
Pierre Bourgouin °, Francois Richer &~

2 Service de Neurologie, Centre Hospitalier de I’ Université de Montréal, Campus Notre-Dame, 1560 Sherbrooke E., Montreal, Quebec, Canada H2L 4M1
P Service de Radiologie, Centre Hospitalier de I’ Université de Montréal, Campus Notre-Dame, 1560 Sherbrooke E., Montreal, Quebec, Canada H2L 4M1

Accepted 8 December 1998

Abstract

Two studies examined the contribution of human frontal cortical areas to the programming of trains of repetitive movements. The first
study compared the performance of patients with unilateral frontal excisions, unilateral tempora excisions and controls on the speed of
initiation of discrete vs. sequential tapping movements to visual stimuli. The frontal group showed normal initiation times in single taps
and a normal execution (pace and accuracy) in sequentia taps but they were slower than the other groups at initiating sequential taps
indicating a sequence programming problem for repetitions of a single response. A second study examined the functional anatomy of
single and sequential taps in eight control subjects using fMRI. Subjects performed flexion /extension movements of the right thumb at
either 1 movement /s or as trains of four closely spaced movements at a rate of 1 train/4 s. Statistical analyses revealed that primary
sensorimotor cortex and a dorsolateral premotor cortex region were activated in both conditions. Media frontal activation was not
significant in discrete movements but was clearly present in sequential movements and involved SMA and cingulate regions bilaterally. In
addition, two other dorsolateral premotor foci of activation were observed in the sequential taps condition. Results from these two
experiments converge toward establishing a significant role of dorsolateral and media premotor regions in the programming of trains of
repetitive responses. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction between programming a single response and programming
the organization and timing of a response sequence.

A large body of evidence suggests that frontal cortex
and especially premotor cortex plays a significant role in
the programming processes occurring before the initiation
of response sequences. Single-unit studies in monkeys
have shown cells exhibiting preparatory activity specific to
response sequences in the SMA [50], and in the pre-SMA
[45]. Lesions to either medial or lateral premotor cortex in
monkeys produce deficits in the production of short se-
quences of hand movements [15,32,33,37] whereas more
anterior lesions seem to have little effect [32]. However,
dorsolateral prefrontal lesions can impair the execution of
self-generated and externally ordered sequences when
stimulus set is increased [34].

In humans, frontal lesions also affect the execution of
short response sequences [3,20,26,29,30,47,52]. Qualitative
" Corresponding author. Fax: + 1-514-987-8952; E-mail: analyses of the sequencing deficits [52] suggest that par
richer.francois@ugam.ca tients with frontal lesions tend to make selection errors

The precise and rapid execution of complex or sequen-
tial movements depends upon both pre-initiation processes
involved in planning or programming multiple aspects of
the movements and post-initiation processes concerned
with response monitoring and correction in addition to
final programming. One index of programming processes
in sequential responses is initiation time. Initiation time is
sensitive to several manipulations of response complexity
such as increasing sequence length or movement duration
[18,23,40,41,46]. It has also been shown that the timing
complexity of response sequences significantly affects ini-
tiation time [21,31]. From a neuroscientific perspective, the
added initiation time between discrete and sequential re-
sponses is an index of the difference in cerebral processing
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such as omitting a response, adding an irrelevant response,
or inverting the order of responses. Chronometric ap-
proaches have recently been used to investigate these
sequencing deficits [16,17,27,28,39]. Frontal lesions in-
crease initiation time and inter-response time in response
sequences. They also appear to impair the concurrent
programming or selection of multiple responses [27,28].
Richer et al. [39] observed that compared to the other
groups, patients with frontal lesions were not significantly
slower in single choices but they were slower at making
two closely-spaced choice responses and that this slowing
did not vary with the separation between the two choices
up to 1000 ms. Overal, these observations suggest that an
important aspect of the sequentia performance deficit is a
concurrent programming problem.

A large proportion of studies on the cerebral basis of
sequential programming has focused on sequences involv-
ing the selection and ordering of multiple responses, also
called heterogeneous sequences. However, there is ample
evidence that the programming of trains of repetitive
movements (homogenous sequences) also requires time.
Initiation time increases with the number of finger tapping
movements in a series up to about three or four move-
ments [4,13,41,46]. In sequential tapping movements, pro-
gramming processes are principally concerned with the
selection of the correct number of responses in addition to
the tempora programming of initiation, pacing and termi-
nation of the movement train. If the programming func-
tions of premotor cortex are only concerned with multiple
movement selection, these areas should not be critically
involved in the programming of sequential tapping move-
ments.

The goa of the present studies was to examine the
contribution of frontal cortex to the programming of series
of repetitive movements. A first study examined whether
frontal lesions produce a deficit in the programming of
serial tapping movements. If frontal cortex is involved in
the programming of repetitive tapping movements, frontal
lesions should exacerbate the effect of sequence length on
initiation time or should increase error rate. A second
study used fMRI to examine the cortical activation pro-
duced in control subjects during the execution of single
and repetitive taps.

2. Experiment 1: the effects of frontal lesions on the
initiation of tapping sequences

The first study examined whether frontal lobe lesions
affect the programming of simple tapping sequences. We
compared patients with a frontal lesion to patients with a
temporal lesion and control subjects in two tasks requiring
keypress movements with the index finger. In a first task,
subjects responded with a single keypress to a visua
stimulus and in a second task, they executed a series of
four closely-spaced keypresses to the stimulus.

2.1. Methods

2.1.1. Subjects

Nine patients with a unilateral frontal excision (seven
right, two left) were compared to nine patients with a
unilateral temporal excision (five right, four left) and nine
controls with no history of cerebral damage. Groups were
matched in age (38 years, range 25-51) and education
level (10 years, 6-18). Except for one patient with a right
frontal glioma (patient #5, Fig. 1), al excisions were
performed to alleviate a drug-resistant epilepsy and pa-
tients were tested at least 2 years following the surgical
intervention. For all subjects, informed consent to partici-
pate in the study was obtained according to the rules of the
institution.

Fig. 1 shows the extent of the frontal resections. Frontal
excisons were variable in extent but aways included
dorsomedial structures (anterior cingulate gyrus, superior
frontal gyrus sometimes including the supplementary mo-
tor area) and a variable amount of dorsolatera cortex
anterior to the precentral sulcus. Six of the patients with a
frontal lesion showed a marked reduction in seizure fre-
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Fig. 1. Schematic drawings of the extent of the frontal resections on
lateral and medial views of the Talairach grid.
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quency after surgery (80% or more), two were seizure-free
and al were on anticonvulsant medication. Anterior tem-
poral lobectomies involved resection of the anterior por-
tion of the temporal lobe (about 5 cm from the anterior tip
of the lobe), partial resection of the hippocampus, and
sparing of Heschl’s gyrus. All patients with a temporal
lesion showed a marked reduction in seizure frequency
(five were seizure-free and four were still on anticonvul-
sant medication). All patients underwent post-surgery neu-
rological and neuropsychological evaluation. None exhib-
ited sensory or motor impairment or any hemispatia ne-
glect on standard clinical measures. All patients had a
WAIS IQ above 80, and all could demonstrate comprehen-
sion and retention of task instructions. Neuropsychological
evaluation revealed no significant deficits in language,
episodic memory, or movement execution. Patients also
showed tapping speeds within the normal range in sus-
tained rapid finger tapping.

2.1.2. Tasks and procedure

A computer running Neuroscan software controlled the
experiment. All stimuli were presented at the center of the
screen against a black background. Each trial began with a
fixation cross followed by a white sguare measuring 2.5
cm X 2.5 cm. Subjects responded to the white square by
pressing a button on a keypad as rapidly as possible with
the index finger of their dominant hand. Subjects re-
sponded with one keypress in the single tap task, and with
four closely-spaced keypresses in the repetitive tapping
task.

In both tasks, the interval separating the two stimuli
was pseudo-random ranging from 500 to 2500 ms in
increments of 250 ms and averaging 1500 ms. It has been
hypothesized that such random intervals limit the extent to
which processes involved in response preparation and re-
sponse programming can be initiated prior to the impera-
tive stimulus [22]. In the single tap task, subjects per-
formed two blocks of 40 trials preceded by a practice
block of 20 trias. In the repetitive tapping task, subjects
performed two blocks of 50 trials preceded by a practice
block of 20 trias. All subjects first completed the single
tapping task followed by the repetitive tapping task. Two-
second pauses separated successive trials and a 10-min
break separated the two experimental tasks. Initiation time,
inter-response intervals and errors were recorded. Only
correctly performed sequences were included in the
chronometric analysis.

2.2. Results

All groups performed well in both tasks as assessed by
the high proportion of correct responses obtained (Table
1). An ANOVA on correct responses revealed a significant
effect of task [F(1,24) =87, p<0.01], no significant
group effect [ F(2,24) = 2.3, n.s.] and no significant group
by task interaction [ F(2,24) = 1.5, n.s.].

Table 1
Percentage of correct responses in the three groups
Frontal Temporal Control
% Correct responses
One tap 97.8 98 98.9
(4.4) 3.0 (1.4
Four taps 86.3 93.3 94.9
(16.3) @7 (10.0)

Standard deviations are in parentheses.

Initiation times were analyzed so as to compare the
sequence length effect (one tap vs. four taps) in the three
groups. Fig. 2 depicts the mean initiation times for the
three groups in the single and sequential tapping tasks. The
ANOVA on initiation times revealed a significant effect of
task [F(1,24) = 101.7, p<0.0001], a significant group
effect [F(2,24) = 8.1, p < 0.002] and a significant group
by task interaction [F(2,24) = 12.2, p < 0.001]. Simple
effects revealed no significant group differences in single
taps (a mean difference of 34 ms between the frontal and
the control group, Tukey’s HSD, p=0.09, and a mean
difference of 26 ms between the frontal and the temporal
group, Tukey’'s HSD p = 0.24) but in the sequential tap-
ping task, the frontal group was significantly slower than
both the temporal group (mean difference of 112 ms,
Tukey’'s HSD p < 0.002) and the control group (mean
difference of 121 ms, Tukey’s HSD p < 0.001).

We also examined group differences in the inter-tap
intervals separating the four responses in the repetitive
tapping tasks. The ANOVA showed no significant group
effect [F(2,24) = 1.29, n.s], no significant effect of re-
sponse position [F(2,48) = 0.69, n.s|, and no significant
interaction between response position and group [ F(4,48)
=0.74, ns]. Mean inter-tap intervals were: 237 ms
(s.d. = 82) in the frontal group, 234 ms (s.d. = 101) in the
tempora group, and 187 ms (s.d.=58) in the control

group.
2.3. Discussion

Patients with a frontal lesion showed speeds that were
comparable to those of the two control groups when
initiating single taps and during the execution of rapid
sequences of four taps. However, they were slower than
the other two groups at initiating sequences of four taps.
These results indicate that frontal lesions affect the pro-
gramming of repetitive sequential responses and not only
seguences involving multiple movement selections. The
disproportionate increase in initiation time between one tap
and four taps in patients with a frontal lesion indicates that
frontal damage affects the programming of trains of repeti-
tive movements in addition to the ordering of multiple
distinct movements [27,52]. This suggests that the pro-
gramming functions of frontal cortex are much more basic
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Fig. 2. Mean initiation times in the three groups for single and repetitive
tapping tasks. Error bars indicate standard deviations.

than was believed until now. This deficit could only be
found with chronometric measures because error measures
did not show any deficit in the frontal group.

Patients with frontal lesions showed relatively constant
and rapid inter-tap intervals and did not show much diffi-
culty in correctly terminating the repetitive sequences. This
lack of execution problems suggests that severa parame-
ters of the movement series are correctly programmed
before initiation and that the main consequence of unilat-
eral frontal damage is the long duration of these program-
ming processes. This additional programming time proba-
bly contributes to the bradykinesia exhibited by these
patients. The difficulty may lie in the activation of an
adequate representation of the movement sequence, which
includes the correct number of individual movements, their
pacing and termination. Many models postulate that the
construction of such representations is a major determinant
of sequence initiation time [43,48,54]. A unilateral frontal
leson may make this activation process longer without
preventing it altogether.

It is difficult from our patient sample to determine
whether there is a premotor or prefrontal region that is
more critical than others for the appearance of this sequen-
tial tapping problem since these lesions overlapped exten-
sively from one patient to another. However, only one
patient (patient 5) had an excision with little anterior
cingulate involvement and he was the only one who
showed a norma initiation time in sequentia tapping.
Patients with anterior cingulate damage but with little
premotor damage (patients 1, 4 and 9) showed significant
slowing but the maximal slowing was seen in patients
(patient 7 and 8) with lesions extending posteriorly to the
precentral sulcus and to the anterior commissure line. This
preliminary analysis points to the anterior cingulate and
the premotor cortex (lateral cortex and pre-SMA) as con-

tributing most to the slowed initiation. However, a contri-
bution of prefrontal regions to the observed segquence
initiation deficit cannot be ruled out. In order to examine
regiona differences in the contribution of frontal regions
to the programming of repetitive movement sequences, a
second study compared the frontal cortical activation dur-
ing the execution of discrete and repetitive movements by
control subjects.

3. Experiment 2: fMRI activation during single and
sequential tapping tasks

Previous functional neuroimaging studies have reveaed
activations in several frontal cortical regions during motor
seguences. Sequences which involve multiple movement
selections such as arbitrary thumb to digit opposition
movements appear to activate contralateral sensorimotor
cortex, as well as dorsolateral premotor cortex and SMA
bilaterally [2,5,36,44]. In tasks of continuous flexion/ex-
tension of the fingers of the dominant hand, Remy et al.
[38] found activation in contralateral sensorimotor cortex
and in left SMA using PET, whereas fMRI studies of the
same movements have shown activation in contraatera
sensorimotor cortex only [36,42]. Boecker et al. [1] re-
ported significant activation of sensorimotor cortex and
bilateral activation of the SMA and lateral premotor cortex
during self-paced finger tapping. These results suggest that
complex or repetitive movements consistently activate sen-
sorimotor cortex but that premotor cortex activation de-
pends on a number of ill-defined parameters. It remains to
be investigated whether repetitive tapping movements sig-
nalled by external stimuli activate frontal regions anterior
to Rolandic cortex.

We examined the frontal cortical activation in simple
tapping tasks using fMRI. In a first condition, subjects
performed single flexion /extension movements of the right
thumb to light flashes presented at a rate of one per
second. In a second condition, subjects executed sequences
of four rapid thumb movements to light flashes presented
at arate of one every 4 s. Both conditions were identical in
terms of the total number of movements in each activation
period but differed in the tempora organization of the
responses. It was hypothesized that a magjor difference
between single movements and short sequences of repeti-
tive movements would be the activation of premotor cor-
tex.

3.1. Materials and methods

3.1.1. Subjects

Eight right-handed subjects (three males, five females,
mean age: 30, range 22—-45) with no history of cerebral
damage participated in the study. All gave written in-
formed consent to participate according to the rules of the
institution.
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3.1.2. Tasks and procedure

Subjects lay supine inside the MR scanner and were
instructed to maintain their gaze at a fixation cross at-
tached to the ceiling of the scanner. Subjects were scanned
during two experimental conditions. In each condition,
subjects performed flexion/extension movements of the
right thumb signalled by flashes from a stroboscopic light
positioned at the feet of the subject. In a pilot study, we
found that thumb movements induced significantly less
forearm movements than index tapping movements. Each
of the two experimental runs consisted of eight cycles of
alternating 20-s activation periods and 20-s rest periods. In
a first condition, subjects performed discrete thumb move-
ments at a rate of 1/s. In a second condition, they
executed sequences of four closely-spaced thumb move-
ments at a rate of 1/4 s (five sequences per activation
period). In both conditions, subjects were instructed to
respond as fast as possible to the visual stimuli and to
complete the sequence of four movements as fast as
possible in the sequencing condition. The two conditions
were identical in terms of the number of movements
executed in each activation period. All subjects performed
these two conditions in the order described above. A 4-min
pause separated both conditions. All subjects had ample
practice with the tasks before the scan.

3.1.3. fMRI method and image analysis

Eighty T,. weighted volume images (128 X 128 X 9
voxels) were obtained for each of the two experimental
conditions using a Siemens Magnetom Vision 1.5T system
with echoplanar imaging capabilities. The volumes con-
sisted of nine contiguous transverse sections aligned with
the AC—PC line and were acquired every 4 s. Each volume
started at the top of the brain and extended to the upper
part of the corpus callosum. Voxel dimensions were 1.68
X 1.68 with a 5-mm dlice thickness in a field of view

Table 2

(FOV) of 215 mm. An experimental run consisted of eight
cycles of five measures during activation and five mea-
sures during rest. Following T,- image acquisition, an
arteriovenous volume for the exact same slices was taken
(FOV = 215, matrix size = 256+ 128+ 9) in order to assess
the presence of artefactual venous activation foci. The first
10 volumes of each run were excluded from statistical
analyses since tissue saturation developed during these
acquisitions.

The data were processed and analyzed with statistical
parametric mapping SPM96b (developed at the Wellcome
Department of Cognitive Neurology, London, UK) imple-
mented in Matlab (Mathworks, Sherborn, MA, USA) on a
SunSparc 20 workstation [10-12,55]. In each subject, all
T, volumes were realigned to a mean image created from
the 10 first volumes of the first run [12], transformed into a
standard space [49], then smoothed using an (4 mm
FWHM) isotropic Gaussian kernel. Global activity was
covaried and a high-pass filter was applied to remove
possible confounds of low frequency. In addition, temporal
series were smoothed in time. The condition, subject, and
covariate effects were estimated according to the linear
model at each and every voxel [11]. To test hypotheses
about regionally specific condition effects, the estimates
were compared using linear contrasts. A delayed box—car
curve was used to model hemodynamic changes. The
resulting set of voxel values for each contrast constitute a
statistical parametric map of the t-statistic (SPM[t]). The
SPM[t] were transformed to the unit norma distribution
(SPM[ Z]) and thresholded at 3.09 ( p = 0.001 uncorrected).

3.2. Results
Table 2 depicts the cortical frontal activation foci for

the two experimental conditions. The highest Z-score
within a significant cluster and the corresponding Ta

Foci of activation in frontal areas with the corresponding Talairach coordinates for the discrete and repetitive tapping tasks

Foci of activation Single taps Sequences of four taps
Z-score Talairach coordinates Z-score Talairach coordinates
X y z X y z
Left precentral gyrus 7.10 -34 -20 56 7.09 —-40 -20 60
Left postcentral gyrus 6.17 —56 -20 54 6.16 —-52 -12 44
3.83 —54 -34 58
Left lateral premotor cortex 4.68 —50 -2 58 5.95 —36 -2 60
4.95 -30 12 62
4.80 —46 -2 54
Left medial cortex
SMA 5.36 -4 -2 68
Ant. Cingulate 6.84 -2 4 46
Right medial cortex
SMA 6.06 2 2 56
Pre-SMA 4.38 2 8 62
Ant. Cingulate 6.01 2 16 48

The local maxima for each region are represented by the Z-scores and Talairach coordinates are in mm for X, y, z planes.
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lairach coordinates are represented for each activation
focus. The single tap condition yielded significant activa-
tions of primary sensorimotor cortex and dorsolateral pre-
motor cortex contralateral to the moving thumb. Sequences
of four taps also induced significant activation in contralat-
eral primary sensorimotor cortex and in dorsolateral pre-
motor cortex. In the latter, two additional dorsolateral
premotor cortex foci of activation were observed, one
more anterior and one more lateral to the common one. In
addition, bilateral medial premotor activation was observed
only during repetitive taps. This activation included SMA
cortex, extending to the pre-SMA region in the right
hemisphere and bilateral regions in the anterior cingulate
sulcus. Fig. 3 illustrates brain activations during the single
tap and repetitive tapping conditions.

To better characterize the cerebral activation in the two
conditions, we performed the same statistical analysis with
a much more libera intensity threshold (2.33, p=0.01,
uncorrected). For the sequential tapping condition, this
analysis increased the spatial extent of the media foci of
activation but did not reveal any new foci. For the single
tap condition, this analysis showed new foci of activation
in the medial wall at the level of the cingulate sulcus
extending dorsally to the SMA. These results from two
different statistical thresholds suggest that the difference in
medial premotor activation may be more quantitative than
qualitative in nature. Nonetheless, medial premotor regions
were clearly more active during repetitive tapping than
during single taps.

Smgle Taps

" S TN P
- ~ #
' . 1| 1 ALY |
i . Y] | | "

Transverse

Sagittal Coronal

Sequence of 4 Taps

b P T
- -
,k;' el %

q,a,,‘,,_" ! L"..m;f {

Sagittal
Fig. 3. Orthogonal projections of brain regions showing increased activity
(p < 0.001, uncorrected) during the simple tap condition (upper panel)
and during the repetitive tapping task (bottom panel). The data are
represented in a standardized stereotactic space [49]. For single taps,
significant activation was observed in left sensorimotor cortex and left
dorsolateral premotor cortex. For sequences of four taps, significant
activation was observed in left sensorimotor cortex, left dorsolateral
premotor cortex, and bilaterally in SMA and anterior cingulate cortex.
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3.3. Discussion

Functional neuroimaging of frontal cortical areas during
repetitive movements of the thumb revealed differential
activations depending on the temporal organization of the
responses. Discrete tapping movements at a relatively slow
and constant rate induced significant activation in con-
tralateral primary sensorimotor cortex and dorsolateral pre-
motor cortex. When the same movements were temporally
organized into short series of closely-spaced movements,
they produced additional activation in contralateral dorso-
lateral premotor regions and in medial premotor regions
bilaterally. These results suggest that lateral and medial
premotor regions are preferentially activated during repeti-
tive tapping movements. However, repetitive taps contain
several features which could contribute to the activation
observed. In addition to pre-initiation processing, repetitive
taps require post-initiation processing such as sustaining a
fast movement rate or the monitoring of response execu-
tion so as to correctly terminate the sequence. The relative
contribution of pre-initiation and post-initiation processes
to premotor cortex activation is still unknown.

Two recent functional neurcimaging studies suggest
that activity in premotor regions can be sensitive to the
programming complexity of response sequences when exe-
cution factors are held constant [2,5]. Both PET studies
examined neura activity during the execution of finger
seguences and manipulated parametrically sequence length
from short sequences of one or four movements to longer
sequences of up to 16 movements. Increasing sequence
length is known to affect initial programming but also
on-line programming of later responses, a process concur-
rent with the execution of initial responses [18,23,40,46].
In both studies, activity in premotor regions (medial and
lateral) was shown to correlate positively with sequence
length suggesting that these brain regions are sensitive to
programming complexity. This finding rules out the possi-
bility that premotor activity is related to sequence termina-
tion since it remained constant across the different se-
guence length conditions, and suggest instead a role in
pre-initiation programming or during concurrent program-
ming. In the present experiment, because sequence length
was relatively short and involved a unique repetitive re-
sponse, it is likely that the major contribution to the
premotor activity originated from processes involved in
pre-initiation programming. These data along with the fact
that frontal lesions do not cause execution problems in
sequential tapping converge to suggest that the contribu-
tion of premotor cortex is primarily concerned with pre-
initiation programming.

4, General discussion

In the first experiment, patients with a frontal lesion
showed longer initiation times in sequences of four taps
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compared to the control groups whereas they showed
response speeds comparable to that of both control groups
in single taps and in the pace of sequential taps. This effect
suggests a contribution of frontal cortex to the program-
ming of repetitive tapping movements. The second experi-
ment showed that both discrete and repetitive tapping
movements activated primary sensorimotor cortex and dor-
solateral premotor cortex contralateral to the movements
whereas additional activation of dorsolateral and medial
premotor regions (including SMA and cingulate sulcus)
was observed during repetitive taps. These results provide
converging evidence of a significant role of dorsolatera
and medial premotor regions to the programming of simple
repetitive movement series.

4.1. Frontal lobe lesions and motor sequencing deficits

It has long been known that frontal lesions affect the
dynamics of sequential movements [14,24,29,30]. The ini-
tia clinical descriptions were followed by more detailed
studies which have shown that sequencing in patients with
frontal lesions is characterized by selection errors such as
omissions, intrusions, and ordering errors [3,20,25,26,52].
Studies on the temporal aspects of the frontal sequencing
deficit have shown that the problem is exacerbated at
higher response rates [20], that it is at least partly at-
tributable to the concurrent programming of temporally
adjacent responses [27,28,39], and that the deficit is gener-
alized to the reproduction of tapping rhythms [16].

The programming of repetitive tapping movements may
be an instance of the hypothesized timing function of
premotor cortex [9]. However, the lack of execution prob-
lems in sequentia tapping in frontal patients suggests an
aternative explanation: that the number of repetitions of
the movement is a parameter that is specifically selected or
programmed. According to this hypothesis, the incorpora-
tion of the number of repetitions into the sequence plan
requires activation of premotor regions, a process which
takes time and thus affects initiation time. A unilatera
lesion in premotor cortex could hamper programming
through a mechanism such as interference in neura net-
works related to response selection [33]. In tapping se-
guences, this problem would slow the buildup of activation
necessary for the completion of programming but execu-
tion would not suffer, whereas in heterogenous sequences,
response selection errors could also appear.

4.2. Functional neuroimaging of motor sequencing

The fMRI study provided further evidence for a distinc-
tion between discrete and repetitive responses in terms of
cerebral processing. The observation of additional activa-
tions in media and dorsolateral premotor regions during
the sequential taps condition could represent the additional
cerebral processing of sequential programming. These
findings provide evidence that even simple sequences of a
repetitive and invariant movement can activate premotor
regions. A number of regions are consistently activated in

sequential movements. These include, primary somatosen-
sory cortex [2,5,19,36,38,42], dorsolateral premotor cortex
[1,2,5,19,44], anterior cingulate cortex [2,19,44], SMA
[1,2,19,36,38,42,44] and to some extent pre-SMA
[2,5,6,19]. All these regions were also activated by repeti-
tive movements in the present study. Other regions that did
not show activation in the present study have been re-
ported to be involved when sequence complexity is in-
creased. For example, Catalan et al. [5] found that increas-
ing sequence length of finger to thumb opposition se-
guences yield in addition to regions of the sequence execu-
tion network, activations of superior parietal regions bilat-
erally and of premotor regions ispilateral to the movement.
Similarly, Boecker et al. [2] found brain regions correlating
with increasing levels of complexity of motor sequences.
These regions consisted in the pre-SMA controlateral to
the movement, superior parietal regions, and the globus
pallidus.

Severa studies in animals and man point to the exis-
tence of multiple functional areas within medial and lateral
premotor cortex. [7,8,33,35,51,53]. In our data, at least
three distinct foci of activation appear to be activated by
sequential tapping. Patients in the lesion study did not have
damage in all these areas. However, all patients showing
some slowing did have damage to the anterior cingulate
cortex and the slowest patients showed damage in latera
premotor areas and pre-SMA. The relation between the
behavioral effects of cerebral lesions and brain activation
as revealed by functional neuroimaging techniques (PET,
fMRI) is still in its infancy. The observation of a regional
activation during task performance does not necessarily
imply that it has a critical role in the cerebral implementa-
tion of the task. Similarly, a behavioral deficit following a
lesion does not automatically imply that the corresponding
region will show a significant activation in a PET or fMRI
experiment. Issues pertaining to methodological and statis-
tical considerations in functional neurocimaging and of
reorganization and adaptation in the lesioned brain will
need to be address thoroughly before we can successfully
bridge these two fields of research. Nonetheless, in the
present experiments, the results suggest a relatively consis-
tent picture across the two experimental approaches in a
simple task.

In conclusion, our data suggest that patients with a
frontal lesion spend more time programming rapid trains
of repetitive movements but can execute fast and accurate
response trains once they are programmed. Also, the dif-
ferential activation between discrete tapping movements
and short trains of repetitive movements is consistent with
the suggestion that premotor cortex is involved in the
differentia programming of the two types of movements.
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