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Abstract: Inherent differences in difficulty between on the beat (synchronization) and off the beat (syncopa-
tion) coordination modes are well known. Synchronization is typically quite easy and, once begun, may be
carried out with little apparent attention demand. Syncopation tends to be difficult, even though it has been
described as a simple, phase-shifted version of a synchronized pattern. We hypothesize that syncopation,
unlike synchronization, is organized on a cycle-by-cycle basis, thereby imposing much greater preparatory and
attentional demands on the central nervous system. To test this hypothesis we used fMRI to measure the
BOLD response during syncopation and synchronization to an auditory stimulus. We found that the distri-
bution of cortical and subcortical areas involved in intentionally coordinating movement with an external
metronome depends on the timing pattern employed. Both synchronized and syncopated patterns require
activation of contralateral sensorimotor and caudal supplementary motor cortices as well as the (primarily
ipsilateral) cerebellum. Moving off the beat, however, requires not only additional activation of the cerebellum
but also the recruitment of another network comprised of the basal ganglia, dorsolateral premotor, rostral
supplementary motor, prefrontal, and temporal association cortices. No areas were found to be more active
during synchronization than syncopation. The functional role of the cortical and subcortical regions areas
involved in syncopation supports the hypothesis that whereas synchronization requires little preparation and
monitoring, syncopated movements are planned and executed individually on each perception—action cycle.
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INTRODUCTION

A key aspect of successful interaction with the sur-
rounding world is the ability to coordinate movement
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with predictable external events. We examined two
modes of sensorimotor coordination: synchronization
(movement in time with a pacing metronome) and
syncopation (movement in between successive metro-
nome beats). Very limited research has been con-
ducted to identify the neural structures engaged in
these tasks and their underlying dynamics. Synchro-
nization is typically established very rapidly if the rate
of the metronome is within a range that one would
normally call rhythmic (~0.6-4.0 Hz). Syncopated
patterns, however, are much more difficult and can
typically be carried out successfully only at lower
rhythmic rates [Fraisse, 1982; Kelso et al., 1990]. As a
result, when asked to syncopate at rates higher than
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approximately 2 Hz subjects show a spontaneous
switch to synchronization to stay coordinated with the
metronome [Kelso et al.,, 1990, 1992]. Furthermore,
even when both patterns are carried out at the same
rate, evidence suggests there is a higher attentional
load (increased probe reaction time) associated with
syncopation [Carson et al., 1999; Temprado et al,,
1999]. The stability of sensorimotor coordination ap-
pears directly related to attention demand: the more
stable, less variable the behavior, the less demanding
it appears to be of central processing resources, and
vice-versa [Jantzen et al., 2001; Monno et al., 2002].

The reason why syncopation is inherently more dif-
ficult than synchronization is still, however, unclear.
In principle, the performance of both synchronized
and syncopated behavioral patterns requires one to
generate a rhythmic response sequence at the metro-
nome rate and then shift the onset times appropriately
so as to produce the correct phase relationship/tem-
poral delay with the stimulus, usually an auditory or
visual metronome. In practice, however, shifting a
response sequence by 180 degrees to produce a syn-
copated pattern is difficult even at low movement
rates. There is a strong tendency, for example, to react
to the stimulus rather than to time the response cor-
rectly [Engstrom et al., 1996]. Constraints on the abil-
ity to syncopate may arise because one has to predict
not only when the next metronome beat will occur,
but also the point in time that separates successive
beats. Furthermore, although timing accuracy during
synchronization is easily defined with respect to a
single metronome beat, evaluating one’s performance
during syncopation requires knowledge concerning
the temporal relationship between each movement
and both surrounding stimuli. This delay in perfor-
mance feedback during syncopation may impose ad-
ditional demands on working memory.

Research has shown that it is possible for subjects to
improve syncopation performance through the use of
cognitive strategies [Chen et al.,, 2001; Kelso et al.,
1990] and practice [Jantzen et al., 2001] that may ef-
fectively eliminate the extra timing demands of syn-
copation and reduce the task to one of synchroniza-
tion. For instance, some subjects report perceptually
doubling the rate of the metronome [Chen et al., 2001].
Other subjects, rather than syncopating finger move-
ment to the target-movement phase (e.g., flexion off
the beat), focused on synchronizing the counterphase
motion (extension on the beat) to accomplish synco-
pation [Kelso et al., 1990; Kelso et al., 1998]. In the
absence of such strategies, however, syncopated be-
havior may be organized on a cycle-by-cycle basis,
that is, independently for each metronome beat. This

is in contrast to synchronization that may be orga-
nized as a continuous rhythmic sequence. Treating
each perception—action cycle individually requires the
planning and execution of each movement separately
whereas a continuous motor sequence may only in-
volve the execution of a single plan of action that is
adjusted by sensory feedback. An obvious key cortical
region known to play a role in the planning and
preparation of movement is Brodmann area 6, gener-
ally classified as premotor cortex and consisting of the
supplementary motor area (SMA) within and above
the interhemispheric fissure as well as the dorsolateral
premotor areas located anterior to each primary sen-
sorimotor cortex. Both electroencephalographic [Bar-
rett et al., 1986; Deecke et al., 1969; Deecke and Korn-
huber, 1978, Kornhuber and Deecke, 1965] and
magnetoencephalographic [Erdler et al., 2000; Lang et
al., 1991] recordings have revealed activation of the
SMA before the onset of voluntary movement,
strongly indicating that it participates in the planning
of movement. In addition, the role of premotor regions
in motor planning and execution is supported by ob-
servations that activity in these areas increases with
complexity of movement [Lang et al., 1989, 1990; Or-
gogozo and Larsen, 1979; Rao et al., 1993; Shibasaki et
al., 1993; Simonetta et al., 1991]. Subcortical areas in-
cluding both the cerebellum and basal ganglia have
also been implicated in timing processes at motor and
perceptual levels [e.g., Harrington et al., 1998; Har-
rington and Haaland, 1999; Ivry et al., 1988; Ivry and
Keele, 1989; Larsson et al., 1996; Lejeune et al., 1997;
Malapani et al., 1998; Penhune et al., 1998; Rao et al.,
1997; Schubotz et al., 2000]. Given our hypothesis that
syncopated coordination patterns require the plan-
ning and execution of each motor response separately,
one might predict an increase in activation of these
motor planning and preparation areas during synco-
pation compared to synchronization.

Recent investigations from our laboratory using
both electroencephalography (EEG) and magnetoen-
cephalography (MEG) have addressed whether dis-
tinct patterns of neural activity are associated with the
two timing patterns. Mayville et al. [1999] showed that
event-related potentials recorded from sites approxi-
mately overlying contralateral sensorimotor cortex
were significantly stronger during performance of
syncopated versus synchronized auditory-motor coor-
dination. Investigations of non time-locked brain os-
cillations have also showed differences in sensorimo-
tor and premotor cortices related to the two timing
modes. MEG signal power in the B (15-30 Hz) [Chen
et al., in press; Mayville et al., 2001] as well as in the p
(8-12 Hz) frequency ranges [Jantzen et al., 2001] is
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significantly reduced in sensorimotor regions when
subjects syncopate compared to when they synchro-
nize, indicating a relative suppression of brain
rhythms during syncopated movement. Moreover, 3
suppression is eliminated when subjects switch modes
of coordination [Mayville et al., 2001]. Interestingly,
the same effect was observed when subjects only
imagined syncopating and synchronizing with an au-
ditory metronome [Mayville et al., 2000] suggesting
that the underlying neural mechanisms are dependent
upon timing strategy and planning rather than execu-
tion of movement, per se.

Although EEG and MEG provide excellent tem-
poral resolution, they do not provide the precise
spatial information available with other imaging
techniques such as positron emission tomography
(PET) and functional magnetic resonance imaging
(fMRI). Furthermore, with the former techniques it
is not possible to accurately measure activity in the
many subcortical regions that are putatively in-
volved in different kinds of sensorimotor coordina-
tion. We sought to follow up spatiotemporal analy-
ses of neural activity in the frequency and time
domain [e.g., Mayville et al., 2001] with blood oxy-
gen level dependent (BOLD) contrast measures. Pre-
liminary work using fMRI to investigate cerebellar
function in syncopation and synchronization timing
tasks suggested that the cerebellum is more active
when subjects move off the beat [Fuchs et al., 1999].
The later study only examined four to eight coronal
slices primarily covering the cerebellum, however,
and did not extend far enough in the anterior direc-
tion to encompass the basal ganglia or frontal cor-
tical areas (including premotor cortex). Using the
BOLD effect, we studied the entire brain volume
using 20 axial slices that covered the full superior-
inferior and anterior-posterior range of the brain.
Our aim was to identify the distribution of cortical
and subcortical structures engaged in these two ba-
sic forms of coordination, and to determine if and
how brain regions are affected by different sensori-
motor task requirements.

SUBJECTS AND METHODS

Subjects

Nine subjects (5 male, 4 female) participated in this
experiment. Subject ages ranged from 20 to 41 years.
All subjects were right-handed according to self-re-
port. Informed consent was obtained from each sub-
ject before any data collection. This experiment con-

formed to all ethical standards regarding research
with human subjects.

Task conditions

Subjects carried out a rhythmic coordination task
that involved squeezing a pillow between their right
index finger and thumb in time with an auditory
metronome presented at 1.25 Hz. Two different timing
relations were examined: syncopation (press between
successive beats) and synchronization (press on each
beat). In addition, there were two control conditions;
an auditory-only condition in which subjects only lis-
tened to the metronome without moving, and a mo-
tor-only condition in which they attempted to self-
pace rhythmic movements at a rate of ~1.25 Hz. These
controls provided a measure of activity associated
with each component task event (motor response at
1.25 Hz, auditory stimulus at 1.25 Hz). Each control
was then contrasted with the coordination conditions
to investigate whether activity in primary auditory
(auditory-only) or motor cortices (motor-only)
changed as a result of integration of the two task
components.

A standard block design was used for the collection
of functional MR images with each condition consist-
ing of four interleaved rest (OFF; 30 sec) and task (ON;
30 sec) blocks. In the coordination and auditory-only
conditions, the onset of the metronome cued the start
of the ON-period. Likewise, the OFF-period was sig-
naled by the absence of the metronome. For the motor-
only condition, the experimenter cued subjects from
the control room with the words “move” and “rest”
for the ON and OFF periods, respectively.

All subjects carried out the auditory-only condition
first to familiarize themselves with the required pac-
ing rate. They then carried out the motor-only fol-
lowed by the two coordination conditions. The order
of the coordination conditions was balanced across
subjects such that half carried out the syncopation task
first and the other half did synchronization first. Sub-
jects were given breaks between each condition as
needed.

Task instructions

For the coordination conditions, subjects were in-
structed to perform the timing relation prescribed
by the task condition as best they could when the
metronome was on, with explicit instruction to
avoid strategies such as those mentioned in the
introduction. They were further told to try and
maintain the target timing relation at all times. If
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they felt themselves losing the correct pattern they
should try to regain it rather than adopt a different
mode of timing.

Experimental procedure

Subjects carried out each task condition with their
eyes closed. All subjects were given earplugs to min-
imize interference from the scanner noise. The metro-
nome was delivered via plastic headphones designed
for use with MRI (Avotec, Stuart, FL). The volume and
tone frequency of the metronome was adjusted so as
to be clearly distinguishable from the magnet. Re-
sponse signals were measured by air pressure changes
in a small pillow that were subsequently transduced
into a voltage and recorded by computer located out-
side the scanner room. The metronome signal was
simultaneously recorded so that subjects” success at
performing the different timing relations could be
quantified.

Image acquisition

Structural and functional MR images were ac-
quired using a 1.5 T MR scanner (General Electric,
Milwaukee, Wisconsin) equipped with real-time im-
age processing capability. Full-head 3D anatomical
scans were collected at the beginning of each ses-
sion. These were 256 X 256 T1l-weighted axial im-
ages collected with a 3D gradient echo SPGR pulse
sequence (TE = 5.0 msec, TR = 34 msec, flip angle
= 45 degrees, bandwidth = 15.63 Hz). The field of
view and total number of slices (2.0-mm thick) were
adjusted for each subject. These full-head volumes
were used to identify structures necessary for stan-
dardization into Talaraich space [Talairach and
Tournoux, 1988]. High-resolution (256 X 256) back-
ground images were then collected for 20 axial slices
(5.0-mm thick, 2.5-mm gap) placed so as to cover the
entire brain volume, including the cerebellum.
These were collected using a 2D gradient echo SPGR
pulse sequence (TE = in phase, TR = 325 msec, flip
angle = 90 degrees, bandwidth = 15.63 Hz). Back-
ground images were used for real-time display of
fMRI data during collection and to coregister func-
tional images to each subject’s full-head structural
scan. During the experiment, functional images (64
X 64) were acquired at the same 20 slice locations
(gradient echo EPI sequence: TE = 60 msec, TR = 3
sec, flip angle = 90 degrees, bandwidth = 62.5 Hz).
The field of view for both background and func-
tional images was 240 mm. Each functional series
began with four baseline images (12 sec) to obtain

signal equilibrium and an initial baseline state, fol-
lowed by 80 images per slice location corresponding
to 10 images for each OFF- and ON-period.

Image analysis

High-resolution background images were coregis-
tered to the 3D full-head scan using SPM99 [Friston et
al., 1995] and the resulting transformation matrix was
applied when functional data were imported into the
Analysis of Functional Neurolmages (AFNI) [Cox,
1996; Cox and Hyde, 1997] analysis package through
which all subsequent analyses were carried out.

Before analysis of functional time series, the full-
head scan was transformed into Talairach space and
interpolated to 1-mm® voxels. The analysis of each
functional data set proceeded as follows. Head motion
detection and correction was carried out on each data
set. In all data sets head motion never exceeded 2 mm.
The task-related activity of each voxel was assessed by
correlating the time series with a boxcar function rep-
resenting the timing of the ON/OFF blocks. To mini-
mize effects due to the rise and fall time of the hemo-
dynamic response, only the final eight images within
each OFF- or ON-period were included. All voxels for
which the correlation coefficient was >0.5 were de-
fined as task-dependent. Finally, the correlated data
sets were transformed into Talairach space (again
yielding 1-mm cubic voxels) before being blurred
(FWHM = 4 mm) and clustered (minimum cluster
volume = 1,000 pl).

A one-way (factor = task condition), within-subjects
ANOVA was carried out on each voxel in the full 3D
volume to determine significant differences between
conditions. The dependent variable for each voxel was
an intensity measure that was proportional to the
amplitude difference between OFF- and ON-periods
[Cox, 1996, Cox and Hyde, 1997]. For all voxels not
defined as task-dependent this value was set to zero.
Differences between pairs of conditions (normalized
by the pooled error variance from the overall
ANOVA) were then examined post-hoc. Such differ-
ences fall off with the Student’s t-distribution. The
threshold significance level was set to 0.01 for all
difference maps. Post hoc condition differences could
be the result of either 1) more intense activity in Con-
dition X, less intense activity in Condition Y; or 2)
presence of activity in Condition X, absence of activity
in Condition Y. To help distinguish these two cases,
we also examined task activation maps on an individ-
ual basis and recorded how many subjects showed
activity in a given brain area for each condition.
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Figure 1.

Individual subject performance on the coordination (A) and mo-
tor-only (B) conditions. A: Mean relative phase between the peak
of the response (maximal pressure) and onset of each metronome
beat for the both the syncopate (black) and synchronize (gray)
coordination conditions. B: Mean inter-response interval (IRI),
expressed in Hz, carried out by each subject during the motor-
only condition. Dashed line indicates required rate of 1.25 Hz.
Error bars = | SD.

RESULTS
Task performance

Subjects” performance in the coordination condi-
tions was assessed by calculating the relative phase
between each response peak (defined as the point of
maximal pressure on the pillow) and the onset of the
preceding metronome beat. All subjects were suc-
cessfully able to both syncopate (180-degree phase)
and synchronize (0-degree phase) with the auditory
metronome (Fig. 1, top). Grand average relative
phase values were 176.3 degrees * 35.2 degrees and
10.3 degrees = 32.8 degrees for the Syncopate and
Synchronize conditions, respectively. It is also ap-
parent that subjects were able to self-pace move-

ment at the required rate during the motor-only
condition (Fig. 1, bottom). Most subjects’ movement
rates (the inverse of the average inter-response-in-
terval) were very close to 1.25 Hz and also showed
very little variability over time (vertical bars).

Contrast |: Syncopated vs. synchronized condition
Areas of primary interest

The main goal of the research was to investigate
whether a different array of brain areas is involved
when subjects perform off-the-beat syncopated, as op-
posed to on-the-beat synchronized coordinative tim-
ing patterns. Our initial focus was on cortical and
subcortical areas that are known to be crucial for mo-
tor planning and control, especially for timing. In the
neocortex these include sensorimotor cortex as well as
premotor areas (dorsolateral premotor cortex and the
SMA). Subcortically, previous evidence suggests the
involvement of the basal ganglia, cerebellum, and tha-
lamic nuclei to which they are interconnected. With
the exception of sensorimotor cortex, all of these areas
were found to have stronger activation (P < 0.01)
during syncopated relative to synchronized coordina-
tion (Fig. 2, Table I) . No areas showed differences in
the opposite direction (i.e., more activation during
synchronization).

Starting at the superior surface, both left and right
dorsolateral premotor cortices (middle frontal gy-
rus, Brodmann area 6) showed regions of signifi-
cantly increased activation during syncopated coor-
dination (Fig. 2A). A single region in the left SMA
(superior frontal gyrus, Brodmann area 6) was also
identified. Examination of individual maps of acti-
vation for both coordination conditions showed that
only four of nine subjects showed task-related ac-
tivity in dorsolateral premotor areas when synchro-
nizing (Table II) as compared to eight of nine sub-
jects during syncopation. Furthermore, though
some SMA activity was observed for both coordina-
tion conditions, the spatial extent of this activity
varied with timing mode. Synchronization resulted
in posterior SMA activity whereas syncopation in-
volved these regions as well as an additional ante-
rior SMA region in the left hemisphere (difference in
anterior—posterior direction = 21 mm). Within the
basal ganglia, bilateral differences were observed in
the striatum. Voxel clusters in both the caudate
nucleus and putamen (Fig. 2B) showed increased
activation during syncopation. In addition, we iden-
tified a region in the right ventral anterior nucleus
of the thalamus (Fig. 2B), an area known to receive
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Figure 2.

Significant differences between the Syncopate and Synchronize
conditions in the areas of primary interest; that is, those con-
cerned with motor-control and or timing (see also Tables | and II).
Colored voxels represent those for which the two conditions
differed at a significance level of P < 0.01. All differences were
positive (red/orange) corresponding to stronger task-related sig-
nals during the Syncopate condition. A: Premotor areas, including

Mid Frontal
Gyrus
(Bd 46)
Figure 3.
Additional areas showing signifi-
cant differences between the Syn-
copate and Synchronize conditions
(see also Table lll). A,B: Prefrontal
areas. C,D: Other frontal and
temporal areas, including the in-
sula, inferior frontal gyrus (Brod-
mann area 47), superior temporal
gyrus (Brodmann area 22), and the
middle temporal gyrus. All areas
showed increased activation dur-
ing syncopation. Conventions for
displaying the slices are the same
as in the previous figure.

Inf Frontal
Gyrus (Bd 47)

48

dorsolateral premotor cortex (Brodmann area 6) and SMA. Note
the lack of differences in the primary sensorimotor areas. B: Basal
ganglia (striatum) and thalamus (ventral anterior nucleus). C,D:
Cerebellum. Bd, Brodmann area. Slices are shown using the ra-
diological convention with the right hemisphere on the left side.
Slice location along the superior—inferior axis is indicated below.

Sup Frontal B

Gyrus
(Bd 10)
Mid Frontal
Gyrus
{Bd 10)
L
Insula
Mid Temporal
Gyrus (Bd 22)
Sup Temporal

Giyrus (Bd 22)
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TABLE I. Areas of primary interest that show greater activation during syncopation
as compared to synchronization

Area Left Right
Sensorimotor cortex (Bd 1-4) None None
Premotor cortex (Bd6)
Middle frontal gyrus —25L —1P 52S 26R —13P 525
—29L —7P 52S 30R —4P 52S
23R 0 52S
Superior frontal gyrus (SMA) —4L 6A 525 None
Basal ganglia
Caudate nucleus —13L 18A 11S 16R 15A 10S
Putamen —27L —14P 9S 21R 6A 5S
Thalamus
Ventral anterior nucleus None 11R —4P 8S
Cerebellum
Anterior lobe-culmen —22L —57P —201I None
Posterior lobe-tonsil —30L —62P —341 39R —45P —341
20R —59P —341
Deep None 35R —43P —471
5R —68P —471
35R —43P —511
18R —49P —511
18R —60P —511

major projections from the basal ganglia and project
to motor and premotor areas of the neocortex [Al-
exander et al., 1986]. Individual maps confirmed
that differences in these nuclei were the result of a
relative lack of activation during the Synchronize
condition (3 of 9 subjects) as compared to the Syn-
copate condition (8 of 9 subjects, see Table III).

The final area of primary interest was the cerebel-
lum (Fig. 2C,D). Syncopation was associated with
clusters of increased activation distributed through-
out the entire inferior-superior extent of the cere-
bellum. These clusters were primarily localized to
the right (ipsilateral) hemisphere (Fig. 2D) with ad-
ditional contralateral clusters in more superior
slices (Fig. 2C). Although cerebellar activity was
generally present for both Syncopate and Synchro-
nize conditions (Table II), during synchronization it
was restricted to only a few clusters in the ipsilateral
hemisphere.

Other areas of interest

In addition to the areas of primary interest dis-
cussed above, we observed rather large clusters of
voxels in several other frontal and temporal areas that
also displayed significantly stronger activation during
the Syncopate as compared to the Synchronize condi-
tion (Fig. 3, Table III). Prefrontally, syncopation was

associated with activity in Brodmann area 10, both in
the left superior and right middle gyri (Fig. 3A). In
addition, an active cluster was found in Brodmann
area 46 in the left middle frontal gyrus. Other frontal
areas (Fig. 3C,D) that were involved in syncopated
coordination include the left insula and the right infe-
rior frontal cortex (Brodmann area 47). Within the
temporal lobes several clusters were localized to the
anterior part of Brodmann area 22 in the left superior
temporal gyrus (Fig. 3C). A second region in the right
posterior middle temporal gyrus was also identified as
Brodmann area 22 (Fig. 3D). None of these frontal or
temporal areas showed task-related activation in the
Synchronize condition when individual maps were
examined, again suggesting their recruitment only for
the more difficult syncopated timing relationship. Ta-
lairach coordinates corresponding to the approximate
center of each cluster are listed in Table III.

Contrast 2: Coordination vs. control conditions

A further question of interest was whether the
coupling of auditory and motor events during the
coordination tasks entailed a greater amount of ac-
tivation in cortical areas engaged by auditory or
motor component events alone. Results from the
Auditory-only condition and its comparison to the
coordination conditions are shown in Figure 4 (see
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TABLE Il. Individual subject data displaying significantly activated regions for both
syncopate and synchronize conditions

SM1 Premotor

Left Right Left Right

Basal Ganglia Cerebellum

SMA Left Right Left Right

Syncopate
S1
S2
S3
S4
S5
S6
S7
S8
S9

* % % %
* % % %

¥ % % % ¥ ¥ ¥ % %

*
* % % %
*

Synchronize
S1
S2
S3
S4
S5
S6
S7
S8
S9

* % % %

¥ % % % % ¥ ¥ ¥ %

S
¥ ¥ % % % %
¥ ¥ % % % %
% % % x x

E O T T

EE

*
*
*
T T T

also Table IV). Simply listening to the metronome
resulted in the activation of a small cluster within
primary auditory cortex (Brodmann area 41; Fig.
4B), as well as a small number of clusters in the right
middle temporal gyrus (Brodmann area 21; Fig. 4A).

Neither of these temporal areas showed signifi-
cant differences in activity when the Auditory-only
condition was compared to either coordination con-
dition. A subtraction of the Auditory-only from the
Syncopate condition yielded several significant bi-
lateral clusters in auditory association areas (Brod-
mann area 22; Fig. 4C). In contrast, there were no
differences in auditory-related cortical areas when
the Auditory-only and Synchronize conditions were
compared (Fig. 4D). These results suggest that syn-
copating places a higher demand on brain resources
involved in auditory processing than do synchro-
nizing or listening to an auditory signal in the ab-
sence of any movement. Not surprisingly, self-
paced movement resulted in large regions of
activity in contralateral sensorimotor cortex, the
SMA, and cerebellum (Fig. 5, top row; Table IV).
There were no differences in sensorimotor cortex
activity when the Motor-only condition was sub-
tracted from either coordination condition. Like-

wise, SMA activity during self-paced and synchro-
nized movement was statistically equivalent.
Consistent with results discussed above, however,
post-hoc comparisons between the Motor-only and
Syncopate conditions showed that syncopation en-
gaged an additional anterior SMA region not acti-
vated during self-paced movement. With respect to
the cerebellum, both contralateral and ipsilateral
regions showed stronger activation during syncopa-
tion as compared to self-paced movement (Fig. 5
middle row, right two panels; Table IV). In contrast,
negative bilateral differences were found when the
Motor-only condition was subtracted from the Syn-
chronize condition, suggesting more cerebellar re-
sources are used for self-paced than for synchronized
movement (Fig. 5 bottom row, 3rd panel; Table IV).

As one might expect, no activation within motor-
related cortical areas was observed during the Au-
ditory-only condition. Similarly, there were no re-
gions of activation within auditory-related regions
during the Motor-only condition. For this reason,
differences in activation between the control and
coordination conditions in these areas, although
present, add no additional information and as such
are not reported.
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TABLE Ill. Other areas of interest that show greater activation during syncopation
as compared to synchronization

Area Left Right
Frontal cortex
Superior frontal gyrus (Bd 10) —25L 45A 24S None
Middle frontal gyrus None
(Bd 10) 40R 43A 34S
(Bd 46) 46R 28A 24S
Insula —40L 12A 1S None
Inferior frontal cortex (Bd 47) None 38R 25A 1S
Temporal cortex
Superior temporal gyrus (Bd 22) —50L 3A'1S None
—49L —11P 1S
—45L —19P 1S
Middle temporal gyrus (Bd 22) None 51IR —49P 55

DISCUSSION

The present research provides, for the first time,
evidence that syncopated and synchronized timing
patterns of auditory—motor integration involve dis-
tinct networks of cortical and subcortical brain areas.
Specifically, syncopation appears to require the re-
cruitment of additional neuronal populations above

TABLE IV. Coordination vs. control comparisons

and beyond those engaged in synchronization, partic-
ularly within premotor cortex, the basal ganglia and

cerebellum.

Premotor areas

Within premotor cortex, both lateral and mesial re-
gions showed significantly stronger activation during

Left Right
Auditory only
Primary auditory cortex (Bd 41) —47L —26P 8S None
Association cortex (Bd 21) None 67R —13P —11
64R —25P —11
Syncopate — Auditory only
(Bd 22) —47L —12P 55 53R —24P 55
—43L —21P 55 5IR —49P 55
Synchronize — Auditory only None None
Motor only
Sensorimotor cortex (Bd 1-4) —39L —28P 56S None
Medial frontal gyrus (Bd 6-SMA) 0 —-12P 56S 0 —12P 56S
Cerebellum —15L —50P —44I 22R —52P —191
28R —63P —441
Syncopate — Motor only
Sensorimotor cortex (Bd 1-4) None None
Medial frontal gyrus (Bd 6-SMA) —4L  6A 52S None
Cerebellum —22L —59P —18I 35R —43P —48I
—5L —74P —181
Synchronize — Motor only
Sensorimotor cortex (Bd 1-4) None None
Medial frontal gyrus (Bd6-SMA) None None
Cerebellum® —30L —51P —46l 29R —68P —461
30R —74P —46l

# Stronger activation during Motor-only condition.
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Figure 4.
A comparison of the Auditory
only control (A,B) with the two
coordination conditions (C,D;
see also Table IV). Listening to
the metronome was associated
with activation of the left primary
auditory cortex (Brodmann area
41) in the superior temporal gy-
rus and right temporal associa-
tion cortex (Brodmann area 21)
in the middle temporal gyrus.
Within the temporal lobes, syn-
copation resulted in additional
bilateral activation of Brodmann
area 22 (C). No differences be-
tween the Synchronize and Au-
ditory control conditions were
found in either temporal lobe

(D).

Auditory only

Syncopate —
Auditory

syncopated as compared to synchronized timing. The
relationship between activity in premotor areas and
motor planning/preparation processes has been well
established [e.g., Barrett et al., 1986; Deecke et al., 1969;
Deecke and Kornhuber, 1978; Erdler et al., 2000; Korn-
huber and Deecke, 1965]. Additionally, it has been

Figure 5.

A comparison of the Motor-only
control (top row) with the two
coordination conditions (bottom
two rows; see also Table [V).
Large task-related clusters in the
contralateral sensorimotor cor-
tex, SMA and ipsilateral cerebel-
lum were found for self-paced
movement. Neither cortical re-
gion showed significant changes
in activation levels during coordi-
nation (rows 2 and 3, left panel),
however, during syncopation an
activation in the anterior SMA is
present. Relative to self-paced
movement, cerebellar activation
increased for syncopation (2nd
row, right two panels) but de-
creased for synchronization (3rd
row, right panel). Slice conven-
tions are the same as in the pre-
vious figures.

Motor only

568

Syncopate -
Motor

Synchronize -
Motor

538

A

£

Synchronize —
Auditory

demonstrated that activation of premotor areas in-
creases with increasing movement complexity [Lang
et al., 1989, 1990; Orgogozo and Larsen, 1979; Rao et
al., 1993; Shibasaki et al., 1993; Simonetta et al., 1991],
and that transcranial magnetic stimulation of the SMA
disrupts performance of complex sequential move-

191

-181

-181

* 223 ¢



¢ Mayville et al. ¢

ments [Gerloff et al., 1997]. In previous studies related
to motor complexity, increased activity resulted from
manipulation of movement length and sequential pat-
tern. We extend this to include complexity as defined
by manipulation of a timing pattern.

Although both modes of coordination engaged pos-
terior SMA regions, only syncopation resulted in acti-
vation of more anterior SMA areas. Previous neuro-
imaging [Boecker et al., 1998; Deiber, 1998, 1999;
Jenkins et al., 2000] and single cell recording studies
[Halsband et al., 1994; Mushiake et al.,, 1991] also
indicate a functional distinction between anterior (ros-
tral or pre-SMA) and posterior (caudal or SMA
proper) portions of the SMA. In general, although
SMA proper plays a role in executive motor processes,
pre-SMA appears to be more involved in motor plan-
ning mechanisms, especially those concerning the ini-
tiation of movement [Larsson et al., 1996]. Using PET,
Larsson et al. [1996] observed stronger activity in both
lateral premotor cortex and SMA for internally gener-
ated vs. externally triggered movements, with the rel-
ative increases being stronger for SMA. In addition,
the ability of patients to reproduce rhythms without
external pacing is impaired with lesions of the dorso-
lateral premotor cortex and supplementary motor area
[Halsband et al., 1993].

In light of this previous work, our results suggest
that the performance of more difficult syncopated tim-
ing patterns, because of increased planning demands,
necessitates the engagement of premotor resources not
required for synchronization. The increased prepara-
tion needed to syncopate with a metronome is consis-
tent with the notion that whereas synchronization can
be carried out relatively automatically once the pat-
tern has been established, syncopation involves the
planning and execution of responses on a cycle-by-
cycle basis. Such premotor planning structures may
well be related to behavioral evidence showing that
anti-phase coordination places greater demands on
central processing [Temprado et al., 1999].

Basal ganglia

A role for the basal ganglia in timing has been
largely motivated by studies of patients with Parkin-
son’s disease in whom dopaminergic levels within
these nuclei are known to be severely depleted. Par-
kinson’s patients show deficits in the performance of a
wide variety of rhythmic movements. Though Parkin-
son’s patients are generally able to accurately repro-
duce a given temporal interval on average, their vari-
ability is significantly enhanced. This phenomenon
has been observed for finger tapping [Harrington et

al.,, 1998; O’Boyle et al., 1996; Wing et al., 1984], wrist
movements [Pastor et al., 1992a] and gait patterns
constrained by an external metronome [Ebersbach et
al., 1999]. Results of much of this work have been
interpreted within the framework of a timing model
that assumes that the basal ganglia acts as an internal
clock whose variance is independent of that associated
with motor implementation processes [Wing and
Kristofferson, 1973; see Gura, 2001 for alternatives].

The role of the basal ganglia as an internal clock
independent of motor activity is further supported by
research showing that Parkinson’s patients exhibit di-
minished time perception abilities [Artieda et al., 1992;
Harrington et al., 1998; Pastor et al., 1992b; see Ivry
and Keele, 1989 for exception]. Recent findings even
demonstrate that the processing of intervals in the
millisecond range is dependent upon the level of do-
paminergic activity in the basal ganglia [Rammsayer,
1999]. Finally, evidence provided by several functional
neuroimaging studies show increases in both PET and
fMRI signals in response to perceptual or motor tasks
that involve temporal processing [Harrington and
Haaland, 1999].

Single cell recordings in animals during reactive
movements have shown that the majority of basal
ganglia neurons actually fire after movement onset in
contrast to cells within the motor cortex that fire be-
fore [see Rothwell, 1994 for discussion], suggesting
that the basal ganglia do not play a major role in the
initiation of movements. In more complex tasks, how-
ever, changes in basal ganglia activity have been ob-
served to occur during periods of motor preparation
[e.g., Alexander and Crutcher, 1990; Jaeger et al.,
1993]. Moreover, in tasks in which movement se-
quences are involved, firing bursts have been found to
precede the onset of subsequent movements by ~100—
200 msec when the subsequent movements are pre-
dictable in time [Brotchie et al., 1991]. A special role of
the basal ganglia in sequential movement is also sug-
gested by a PET study by Boecker et al. [1998] who
observed regional cerebral blood flow increases in the
SMA and associated pallido-thalamic loop as subjects
carried out increasingly complex (and overlearned)
sequences of finger movements. Together, these re-
sults support the hypothesis that the basal ganglia are
involved in movements that have sufficient complex-
ity or temporal structure so as to require detailed
timing information.

The fact that the basal ganglia were predominantly
active during syncopation relative to synchronization
supports the hypothesis investigated here, namely
that the former task involves a series of internally
generated movements whereas the latter can be car-
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ried out with little or no monitoring. Some recent
findings are particularly relevant for this conclusion.
Johnson et al. [1998] examined in-phase and anti-
phase patterns of bimanual coordination, two motor
tasks that have many parallels with the synchronized
and syncopated modes of unimanual coordination in-
vestigated here [Kelso, 1984; Kelso et al., 1990]. They
found that Parkinson patients were unable to perform
anti-phase patterns of bimanual movement regardless
of whether the movements were self or externally-
paced, a finding consistent with the idea that the basal
ganglia are preferentially involved in more compli-
cated forms of sequential movement. A second finding
in the Johnson et al. [1998] study was that patients’
performance of in-phase bimanual movements was
significantly worse in the absence of external cues. The
latter finding highlights the likely role of the basal
ganglia in movements that are internally determined
[see also Georgiou, 1993, 1994; Jackson et al., 1995].
It is interesting to note that we observe basal ganglia
activity during self-paced movement in only a few
subjects. Although it is generally accepted that basal
ganglia is involved in motor activity, the degree to
which it has been reported in studies of motor control
varies. Studies in which movements have been carried
out at relatively high rates (~2.5-3.5 Hz) report basal
ganglia activity [Jancke et al., 2000]. Rao et al. [1997],
however, reported basal ganglia activity at both 1.66
and 3.33 Hz only during the continuation phase of a
paced finger tapping task (i.e., not during synchroni-
zation). Basal ganglia activity has also been reported
in studies where movements were carried out very
slowly (0.1-0.3 Hz), at rates considered to be non-
rhythmic [Jenkins et al., 2000; Larsson et al., 1996].
Although basal ganglia activity has been reported
during complex finger sequences carried out at 1 Hz
[Boecker et al., 1998], no such activity was observed in
similar studies carried out using a slightly lower
movement rate (0.5 Hz) [Catalan et al., 1998]. These
data indicate a possible sensitivity of basal ganglia to
specific task parameters. The current results appear to
be consistent with those of Rao et al. [1997] who
reported a lack of basal ganglia activity during syn-
chronization at rates similar to the one used here.

Cerebellum

Our results demonstrate that the cerebellum is re-
quired for the performance of both syncopated and
synchronized coordination tasks. Although almost all
subjects showed activity in ipsilateral cerebellum dur-
ing both modes of coordination, several medially and
laterally located ipsilateral regions had significantly

higher signal intensities for the off-the-beat timing
pattern, suggesting that the cerebellum’s functional
role may be different in the two cases. Further support
for this hypothesis comes from the observation that
eight of the nine subjects showed contralateral cere-
bellar activation during syncopation compared to four
of nine for synchronization.

Several converging lines of evidence implicate a
cerebellar role in timing processes. For instance, pa-
tients with lesions of the cerebellar lobes show impair-
ment in rhythmic tapping tasks [Ivry and Keele, 1989;
Ivry et al., 1988]. Lesions to either the lateral or medial
cerebellum affect performance on a continuation task
that requires patients to first synchronize with an au-
ditory metronome and then continue to move at the
same rate once the metronome is stopped [Ivry et al.,
1988]. Increased variability during this task was ob-
served when responding with a finger or the foot
ipsilateral to the side of the lesion. Ivry et al. [1988]
concluded that the poor performance of patients with
lateral cerebellar lesions was due to deficits in a central
timing process whereas patients with medially located
cerebellar lesions knew when to respond but were
unable to implement the motor act itself. Cerebellar
activation during the performance of rhythmic move-
ments has also been found using PET [Catalan et al.,
1998] and fMRI [Rao et al., 1997]. In the case of fMRI
ipsilateral activity increased both when the subjects
synchronized with an external metronome and when
they continued to move in its absence [Rao et al,
1997]. It has also been shown that activation of the
cerebellum continues to increase with increases in task
complexity [Catalan et al., 1998; Penhune et al., 1998].

Despite a long standing association between cere-
bellar involvement and motor behavior, it has become
increasingly clear in the past few decades that the
cerebellum is also involved in perceptual and cogni-
tive tasks. For example, the ability to accurately and
consistently judge temporal durations is impaired in
patients with cerebellar damage [Ivry and Keele, 1989;
Malapani et al., 1998]. In addition, Schubotz et al.
[2000] identified bilateral regions of cerebellar activa-
tion when subjects monitored both visual and audi-
tory rhythms for temporal deviations. Cerebellar acti-
vation during selective attention to visual shapes was
also reported by Allen et al. [1997]. In a recent MEG
study, Tesche and Karhu [2000] reported bursts of
activation within the cerebellum that occur just before
anticipated stimuli as well as when such stimuli are
omitted. These results suggest that the cerebellum
plays a role in the perception of timing patterns as
well as in the generation of timed motor behaviors.
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The finding of cerebellar activation in such a wide
range of motor and non-motor tasks has led to the
hypothesis that the primary function of the cerebellum
may be the acquisition and processing of sensory in-
formation that then allows it to provide highly accu-
rate temporal information [Ivry, 2000]. From this per-
spective, the deficits observed in many motor
behaviors may be the result of a disruption of an
internal temporal representation rather than a prob-
lem with the motor control systems per se [Bower,
1997; Gao et al., 1996; Ivry, 2000]. With respect to our
current hypothesis, if syncopated movements are
planned independently, the amount of timing infor-
mation required is much greater than for synchroni-
zation. In the case of synchronization it is possible to
set up a movement at a particular rate and then mon-
itor it by determining whether the movements coin-
cide with the metronome beat or not. In the case of
syncopation, however, this is not possible. The inter-
val between the metronome beat and the movement is
sufficiently great so as to provide little information
concerning accuracy or to allow for corrections. There-
fore, each movement must be planned with respect to
the previous metronome beat. The increased cerebel-
lar activity observed here for syncopation likely re-
flects the additional timing requirements of estimating
the point half-way between successive metronome
beats.

Other frontal and temporal areas

Syncopation also resulted in significantly more ac-
tivation of several regions distributed throughout the
frontal and temporal lobes. A role of prefrontal cortex
in the organization of motor behavior is generally
thought to relate to attention or working memory
rather than the direct temporal control of movement
[see Harrington and Haaland, 1999 for discussion].
Activation of prefrontal areas is especially prominent
during learning of new motor tasks, e.g., finger se-
quences, but is reduced or absent if such sequences are
overlearned [Boecker, 1998; Jueptner et al., 1997]. Sig-
nificant increases in rCBF to the middle frontal gyrus
have also been observed during learning of a difficult
inverted visuomotor coordination task [Lang et al.,
1988], somewhat akin to syncopated, antiphase move-
ments. Such increases were correlated with rCBF
changes in the basal ganglia, supporting the idea that
these cortical regions comprise part of a broad motor
control network. With regard to working memory,
experimental data obtained from monkeys implicate
prefrontal neurons in sensory-motor coupling, espe-
cially when there are temporal delays [Fuster, 1989;

Goldman-Rakic, 1987; Quintana et al., 1988]. Increased
prefrontal activation during syncopation as compared
to synchronization may therefore reflect not only the
fact that syncopated patterns appear to be associated
with a higher attentional load [Carson et al., 1999; see
also Temprado et al., 1999] but also that they require a
delay between response and metronome, a task re-
quiring the use of working memory. This hypothesis
requires further study.

In temporal cortex, syncopation resulted in activa-
tion of several regions within Brodmann area 22 that
were not associated with synchronization. A similar
pattern of activation has been previously associated
with music perception [Platel et al., 1997]. Specifically,
Platel et al. [1997] identified brain regions (e.g., infe-
rior frontal gyrus and superior temporal gyrus) in-
volved when subjects were asked whether or not they
recognized a given piece of music. Our results suggest
that such areas may also be involved in the integration
of rhythmic sensory information. The predominance
of temporal activity in the left hemisphere may corre-
spond to a specialization for the processing and pro-
duction of sensory and motor events occurring in
rapid procession as has been proposed in speech re-
search [Tallal et al., 1993]. Because only right hand
movements were investigated here, the possibility that
such activation is localized to the temporal region
contralateral to the side of movement cannot be ruled
out.

Sensorimotor cortex

Sensorimotor cortex was the only area of primary
interest whose activation showed no significant de-
pendence on the timing pattern carried out. The ab-
sence of effects in sensorimotor cortex is in contrast to
previous work demonstrating significant differences
in the amplitude of neuroelectric [Mayville et al., 1999]
and neuromagnetic [Jantzen et al., 2001; Mayville et
al., 2001] signals recorded from sites overlying the
contralateral sensorimotor area. It is likely that this
discrepancy results from the fact that the BOLD effect
is insensitive to fine timing differences in the activa-
tion of neuronal populations. Although differences in
the temporal sequence of depolarization/hyperpolar-
ization within a given cell population could signifi-
cantly affect the summation of electrical currents
thereby directly affecting the amplitude and fre-
quency of electrical potentials or magnetic fields de-
tectable at the scalp, it may not lead to a change in
local deoxyhemoglobin and therefore would produce
no change in blood oxygenation levels. Alternately,
the sensorimotor amplitude differences detected in
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these earlier studies may simply reflect differences in
the sheer number of neurons that are simultaneously
involved in performing the task (larger population for
syncopation versus synchronization) but the popula-
tion activity is not different enough to affect the local
hemodynamic response.

CONCLUSIONS

The distribution of cortical and subcortical areas
involved in intentionally coordinating movement with
an external metronome depends on the timing pattern
employed. Compared to rest, both synchronized and
syncopated patterns require activation of contralateral
sensorimotor and caudal supplementary motor corti-
ces as well as the (primarily ipsilateral) cerebellum.
Moving off the beat, however, requires not only addi-
tional activation of the cerebellar lobes, but also the
recruitment of another network comprised of the basal
ganglia, dorsolateral premotor, anterior supplemen-
tary motor, prefrontal, and temporal association cor-
tices. These distributed neural activations support our
hypothesis that different strategies are employed to
perform synchronized and syncopated coordination
patterns. Whereas synchronization can be carried out
relatively automatically with little planning or moni-
toring, syncopation may involve the planning and
execution of each movement individually. Moreover,
syncopation may also be more attention demanding
and involve learning-related mechanisms because the
subject not only must predict the separation point of
an empty interval but also is confronted with a delay
in performance feedback. Direct tests of these hypoth-
eses are currently underway.
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