


Methods

Fourteen neurologically normal volunteers (12 male, 2 female;
mean age 28.5 yr, ranging from 23 to 37) gave informed consent
to participate in the study. All subjects reported being strongly
right handed. Procedures were carried out in accordance with
the guidelines set out by the Internal Review Board at Florida
Atlantic University and the human subject guidelines of the
National Institutes of Health. During pacing, subjects coordi-
nated finger-thumb opposition movements with a series of tones
presented at a constant rate of 1.25 Hz (pacing conditions). The
tones were then discontinued, and subjects were required to
continue moving at the same rate in the absence of pacing
(continuation conditions). During pacing, finger movements
were either synchronized with the stimulus such that the point of
peak flexion coincided with each tone, or syncopated with the
stimulus such that each movement occurred directly in between
consecutive tones. Regardless of the coordination pattern during
pacing, subjects were instructed to maintain the movement rate
as accurately as possible during continuation. A single 1-s tone
was presented at the end of the continuation stage signaling the
subject to rest until the start of the next pacing interval. Auditory
stimuli (1,000 Hz sine tones; 60-ms duration) were presented
binaurally to the subject through headphones. Behavioral re-
sponses were recorded as a change in pressure in a small air-filled
pillow placed between the index finger and thumb of the right
hand.

MRI. Changes in neural activity were characterized as changes in
local blood oxygenation [blood oxygen level-dependent (BOLD)
effect] by using echo planar imaging on a 1.5-Tesla GE Signa
Scanner (General Electric). Echo-planar images were acquired
by using a single shot, gradient-echo, echo planar pulse sequence
[echo time (TE)/repetition time (TR)/flip angle (FA)/field of
view (FOV) = 60 ms/3 s/90°/24 cm, 64 X 64 matrix). Twenty
axial 5-mm-thick slices spaced 2.5 mm provide coverage of the
entire brain. High-resolution anatomical spoiled gradient recall
(SPGR) images (TE/TR/FA/FOV = in-phase/325 ms/90°/24
cm; 5-mm thickness, 2.5-mm spacing, number of excitations
(NEX) = 2) were collected at the same slice locations as the
functional images. These images were used to coregister the
functional scans onto anatomical 3D SPGR axial images (TE/
TR/FA/FOV = 5 ms/34 ms/45°/24 or 26 cm; resolution =
256 X 256; thickness = 2 mm).

A modified block design was used in which a single block
comprised a rest period (9 images; 27 s) followed by pacing (7
images; 21 s) and continuation (7 images; 21 s) conditions,
respectively. A total of four blocks were completed for both
syncopation and synchronization. Blocks were grouped such that
all syncopation trials were presented together and all synchro-
nization trials were presented together. The order of grouped
blocks was randomized such that half the subjects started with
syncopation and the other half with synchronization.

Behavioral Analysis. The time of each behavioral response was
defined as the point of maximum compression of the air pillow
(i.e., peak flexion of the index finger and thumb). The time of
each response was corrected by 30 ms to account for the
temporal delay of the pneumatic device as determined by
multiplying the length of the tube by the speed of sound in air.
Two relative measures of performance were calculated. Inter-
response interval (IRI) was defined as the time between con-
secutive behavioral responses, and relative timing (phase) was
defined as the time between each behavioral response and the
preceding stimulus onset, divided by the stimulus period (20). In
addition to motor timing, simple kinematic analysis was per-
formed by averaging individual response profiles for syncopation
and synchronization conditions, respectively. Finally, according
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to the two-process model of Wing and Kristofferson (3), variance
and lag-one autocovariance measures were computed on the
response intervals observed during continuation to detect rela-
tive changes in variability within putative central clock and motor
mechanisms.

Neuroimaging Analysis. Unless otherwise stated, all analyses were
performed by using AENI (21, 22). Preprocessing included mo-
tion detection and correction followed by spatial smoothing by
convolution with a Gaussian kernel [full-width half-maximum
(FWHM) 4 mm] and temporal filtering below 0.1 Hz. Multiple
regression was used to determine the relative contribution of
pacing and continuation model functions to the observed time
series of each voxel. Model time series consisted of vectors
comprised of ones when a stimulus was present (pacing or
continuation), and zeros otherwise, convolved with a hemody-
namic response function. The resulting fit coefficient for each
regressor of interest was divided by the average offset of each
voxel to give a measure of percent signal change. SPM99 was used
to coregister functional images to 3D anatomical images that
were later transformed into the coordinate space of Talairach
and Tournoux (23) before being subjecting to further statistical
evaluation.

To characterize the BOLD activity elicited by each experi-
mental condition, group t tests were performed comparing the
mean of activity for all subjects to rest (no activation). Voxels
were considered task related if they, exceeding a statistical
threshold of P = 0.0005, were members of a spatially continuous
cluster across an area of at least 500 mm? (corrected to P < 0.01).
Significant differences between experimental conditions were
assessed by a 2-way ANOVA with factors of mode (synchronize,
syncopate) and task (pace, continue). The resulting statistical
maps were thresholded at P = 0.005 and clustered with a
minimum volume of 632 mm? (corrected P < 0.05). A more
stringent threshold was selected for the more robust comparisons
(activation vs. rest) to provide a focused view of the distinct
cortical and subcortical regions involved in the performance of
the individual conditions.

Results

Performance. During pacing, subjects successfully produced both
the synchronized and syncopated patterns. The average relative
phase across subject was 17.7 = 27.9° (mean = SD) for synchro-
nized pacing and 187.9 = 50.7° for syncopated pacing. Both
patterns are performed with similar stability as indexed by the
SD of the relative phase. No significant difference (P > 0.05) was
found in the variability of the relative phase between paced
synchronization (29.8 = 4.9°) and syncopation (39.6 * 17.9°).

During all conditions, subjects were able to produce an
average interval close to the required 800 ms (Fig. 14). Syn-
chronization (filled bars) was performed slightly faster than the
metronome with a mean IRI of 791 = 8.6 ms and 799 * 50.3 ms
for the pacing and continuation phases, respectively. During
syncopation (open bars), the average response rate was slightly
slower with mean IRIs of 812 = 40.5 ms for pacing and 844 =
65.3 ms for continuation. A two-way ANOVA performed using
factors of mode (synchronize and syncopate) and task (pacing
and continuation) showed a main effect for mode (F 56 = 6.25,
P =0.016), but no effect of task. All conditions were performed
with similar stability, as reflected in the mean SD (Fig. 1B). SDs
across conditions ranged from 54 = 16.97 ms to 63.5 = 17.18 ms.
A two-way ANOVA showed no significant difference between
conditions.

A paired, two-tailed ¢ test comparing the mean clock variance
(=SD, Fig. 1C) during continuation after synchronization (2,782
ms?, left side) and continuation after syncopation (2,333 ms?, left
side) conditions revealed no statistical differences (P = 0.12).
Similarly, no differences were observed when comparing the
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motor variance during continuation (synchronization, 70 ms?
syncopation, 68 ms% P = 0.99). These data indicate that,
according to the hierarchical timing model proposed by Wing
and Kristofferson (3), the use of alternative coordination pat-
terns during pacing does not affect variability in the underlying
timing process, or in the independent motor delay.

Fig. 1D shows the normalized movement profiles averaged
within an 800-ms window centered on the point of peak flexion.
Movement trajectories and amplitude are virtually identical for
synchronized (solid lines) and syncopated (dotted lines) re-
sponses. Only a slight nonsignificant increase in amplitude is
observed for syncopation, indicating that subjects performed
very similar movement trajectories for both coordination con-
ditions. Taken together, these behavioral results support two
conclusions. First, subjects were able to perform equally well in
both pacing conditions, whether synchronizing or syncopating.
Second, regardless of the coordination pattern used during
pacing, reproduction of the required interval during continua-
tion was performed basically similar on all behavioral measures.

Neuroimaging. Fig. 2 shows the average parametric maps from
each of the four conditions overlaid on selected slices of an
average anatomical scan. As expected, syncopated pacing (col-
umn 3) activates a broader network of areas than synchronized
pacing (column 1). These differences carry over into continua-
tion (columns 2 and 4) such that the two continuation conditions
activate substantially different neural networks.

Synchronized Pacing. Regions of significant activation for synchro-
nized pacing (Fig. 2, column 1) were identified in contralateral
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precentral gyrus (PcG), corresponding to primary sensori-motor
cortex (M1/S1) and extending anteriorly into the ventrolateral
premotor region of the middle frontal gyrus (MFG). In addition,
a single activation within the medial wall of the MFG was
identified (corresponding to SMA). Bilateral activity occurred in
more inferior temporal regions, with clusters centered in the
precentral gyrus (PcG) extending from the inferior aspects of the
PcG [corresponding to secondary somatosensory cortex (SII)] to
the superior temporal gyrus (STG). Subcortical activity was
observed in the contralateral putamen and in the lateral declive
of the ipsilateral cerebellum.

Synchronized Continuation. Synchronized continuation showed a
very similar activity pattern to synchronized pacing, with clusters
located within contralateral M1, SMA, and ventrolateral pre-
motor region (column 2). In addition, a small cluster was present
in the inferior lateral portion of the post central gyrus (PoG), a
region in the vicinity of SII. A final cluster of activity was
observed within the ipsilateral declive. Neither the putamen nor
the STG was active, the latter likely related to the absence of the
auditory stimulus.

Syncopated Pacing. Syncopated pacing resulted in a broader
network of activity than synchronized pacing. In addition to
those regions active during synchronization, syncopated pacing
(Fig. 2, column 3) resulted in activity bilaterally in dorsolateral
premotor cortex (DLPMC). In addition, MFG activation ex-
tended bilaterally into both the left and right SMA and inferiorly
into the cingulate. Activations centered in bilateral PoG ex-
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Fig. 2. Average parametric maps from the four experimental conditions
overlaid on selected slices of an average anatomical scan. Data from each
condition are organized into columns. M1/S1, primary sensorimotor cortex;
thal, thalamus; put, putamen.

tended into STG, the planum temporale, and the insula, encom-
passing large portions of both primary auditory cortex (Al) and
SII. In addition to subcortical activity in the left putamen,
thalamus, and right declive, significant BOLD activity was also
observed more inferiorly in bilateral caudate.

Syncopated Continuation. The activations observed during synco-
pated continuation (Fig. 2, column 4) paralleled those described
for syncopated pacing. Moreover, the number and extent of
active regions was much greater for syncopated than synchro-
nized continuation. Activation was found in bilateral DLPMC,
SMA, cingulate, and also in the inferior parietal lobe [Brod-
mann’s area (BA) 40]. A single large contralateral cluster
centered on the left post central gyrus BA3 encompassed M1, S1,
and also extended inferolaterally to include the SII region of the
PoG but did not extend beyond the lateral fissure into auditory
regions. A similar smaller cluster extended laterally and inferi-
orly into the SII region on the ipsilateral side. Bilateral middle
temporal gyrus (MTG, BA22), superior frontal gyrus, and insula
were also significantly activated during syncopated continuation.
Subcortical activity occurred in bilateral caudate and putamen,
left thalamus, and bilaterally in the cerebellum.

Statistical Comparisons. Main effects from the two-way ANOVA
are displayed in Fig. 3. Areas demonstrating a significant main
effect for task (Fig. 34, pacing > continuation) were identified
exclusively in bilateral superior temporal gyrus (for details, see
table 1). These effects resulted from greater activity during
pacing than during continuation and reflect a decrease in activity
in primary auditory cortex in the absence of the metronome.
Areas demonstrating a main effect of mode (syncopation >
synchronization) are shown in Fig. 3B. Significant cortical ac-
tivity (Table 1) was found in the medial (SMA) and right lateral
(DLPMC and left prefrontal cortex, BA10) portions of the

6818 | www.pnas.org/cgi/doi/10.1073/pnas.0401300101

R

Fig. 3.
continuation) was observed in bilateral STG. (B) A main effect for mode
(syncopate vs. synchronize) occurred in several regions, including SMA, left
superior parietal lobe (SPL), left DLPMC, left MFG, right MTG, bilateral thal-
amus, right caudate, and bilateral culmen.

Results from a two-way ANOVA. (A) A main effect for task (pacing vs.

MFG, left superior parietal lobe, and the right MTG. Subcortical
clusters were identified in the right caudate extending into the
thalamus, the left ventral posterior lateral nucleus of the thal-
amus, as well as bilaterally in the culmen of the cerebellum.
There were no voxels showing a significant mode X task
interaction, indicating that the observed differences between
synchronization and syncopation occurred during both pacing
and continuation.

A possible explanation of greater BOLD activity during
continuation after syncopation is that of “carry-over” of the
hemodynamic response generated during the preceding pacing
phase. To evaluate this methodological issue, we investigated the
hemodynamic response to the different task conditions within

Table 1. Brain regions showing significant effects

Side X y z Vol, cm3 BA Region
Pacing > continuation

L —47 =21 11 6.99 41 STG

R 52 —20 15 5.05 40 STG
Synchronization > syncopation

B 0 3 46 5.67 32 SMA

L —24 -3 53 3.28 6 MFG

L -12 —55 61 7.74 7 SPL

L -28 40 23 5.85 10 MFG

R 62 —22 -6 2.19 21 MTG

R 16 -3 20 2.26 - Caudate

L -19 -19 7 2.16 - VPL

L -14 -37 -17 2.24 - Culmen

R 28 —43 -28 1.88 - Culmen

L -30 -50 -33 2.08 - Tonsil

L, left; R, right; B, bilateral; SPL, superior parietal lobe; VPL, ventro posterior
lateral thalamus.
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Fig. 4. BOLD time series from a representative subject are averaged across
presentation blocks and voxels within three regions of interest (ROI). Func-
tionally defined ROl were identified in contralateral precentral gyrus (M1),
STG (A1), and in the medial aspect of the MFG (SMA). Dashed lines show
theoretical bold responses to the pacing phase alone (filled bar) or pacing and
continuation together (shaded bar). Mean signals are shown for both synco-
pation (open circles) and synchronization (X). BOLD amplitude is shown on the
vertical axis and time in terms of scan repetitions [repetition time (TR) = 3 s]
relative to the onset of the rest period is shown on the horizontal axis.

key brain regions. Representative mean functional time series
averaged across voxels and presentation blocks within three
functionally defined regions of interest (ROI) are illustrated in
Fig. 4. Also plotted are two model functions (dashed lines)
derived by convolving a hemodynamic response function with
boxcars representing the pacing phase alone (early return to
baseline) and the pacing and continuation phases together (later
return to baseline). As expected, BOLD signal increases in
contralateral primary motor area (M1) remain elevated across
pacing (filled bars) and continuation (shaded bars) blocks for
both the syncopation (open circles) and synchronization (Xs)
conditions. This sustained activity reflects the continuous nature
of the movement. Within primary auditory cortex (Al), a
decrease in BOLD amplitude is associated with the end of the
pacing phase for both syncopation and synchronization. The
mean time series corresponds well to the function that explicitly
models BOLD increases only during pacing and is consistent
with the ANOVA result showing significant difference in BOLD
signal amplitude between continuation and pacing within STG.
The final time series is from the SMA where, according to the
statistical analysis, BOLD signal amplitude was unaffected by
the transition from pacing to continuation but was sensitive to
the coordination pattern (differences between syncopation and
synchronization). It is clear from this trace that activity during
continuation is not a result of a slow return to baseline after
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pacing (see Al) but signifies persistent activation that does not
begin to decline until the end of the continuation phase.

Discussion

This research provides insight into the neural basis of coordi-
nation and timing by exploiting two well established paradigms,
the syncopation-synchronization paradigm of coordination dy-
namics and the continuation paradigm of classical motor pro-
gram theory. Results demonstrate how neural areas recruited in
the performance of a simple timing behavior not only reflect the
temporal and motor demands of the task at hand, but also seem
to be strongly influenced by the way in which the required
temporal interval is established. During continuation, the pat-
tern of hemodynamic activity generated in the production of
paced finger flexion was considerably different when the pacing
was established by using the syncopated pattern compared with
the synchronized one. On the other hand, when comparing the
two continuation conditions with their respective pacing coun-
terparts, the only common difference was a relative decrease in
activity within auditory processing areas. This finding leads to
the interesting consequence that two related but different timing
networks were invoked to support a simple self-paced motor
task.

The general pattern of activity supporting continuation after
synchronization reported here bears similarity to the results of
Jancke et al. (8), who also observed no statistical difference
between auditory synchronization and continuation. Several
differences are noted, however, when comparing the current
results with those of Rao et al. (7). During synchronized pacing,
in addition to those areas of activation reported by Rao et al. (7),
we observed additional activity in SMA, putamen, and insula
whereas the STG activity reported by Rao ez al. (7) was modest
in comparison with that reported here. Furthermore, whereas we
show no significant difference between synchronization and
continuation, Rao et al. (7) indicate that continuation results in
additional activity in SMA, thalamus, putamen, and inferior
frontal gyrus. However, care must be taken in interpreting the
Rao et al. (7) results because a statistical comparison between
pacing and continuation conditions was not performed. Al-
though the source of differences between the current results and
those of Rao et al. (7) is not immediately clear, differences in
analysis and experimental parameters (such as movement rate)
may certainly contribute.

The location of regions showing significantly greater activity
during syncopated pacing compared with synchronized pacing
are in agreement with those reported recently by Mayville et al.
(14). Increased activity within subsystems associated with timing
(basal ganglia and cerebellum) (4-6, 18) motor planning and
preparation (SMA and dorsal-premotor) (24), and working
memory and attention (prefrontal cortex, superior parietal lobe,
and MTG) (19) have been postulated to reflect increases in
cognitive demand for performance of the off-the-beat coordi-
nation pattern. What is most interesting, however, is that these
differences in neural activity are still observed during continu-
ation when no metronome is present and the specific cognitive
constraints expressed during pacing no longer exist.

Differentiation in BOLD activity between syncopation and
synchronization and the subsequent differences between con-
tinuation conditions cannot be explained by the presence of
differences in behavioral parameters. Although there is evidence
that the BOLD signal may be modulated by movement param-
eters such as rate (25) and force (26), the similarity of the
movement profiles for the two coordination modes indicates that
movement parameters did not significantly influence the present
results. Similarly, differences in BOLD amplitude were not
related to overall performance of the task, as indicated by the
mean and standard deviation of the IRI. These performance
data further suggest that both syncopation and synchronization
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were adequate in generating a representation of the required
movement interval.

Increases in clock variance (and in some cases motor variance)
have been demonstrated to occur in patient populations suffering
from cerebellar lesions (6), frontal lobe lesions (27), and Parkin-
son’s disease (4, 5), and in normal participants when simultaneously
performing a secondary task (28). However, although BOLD
increases within basal ganglia, cerebellum, and frontal areas, as
seen during syncopated continuation, may be considered as repre-
senting greater demand within similar subsystems as those affected
in patient populations, no concomitant increase in clock variance
was observed. Such a result suggests that recruitment of a broader
cortical-subcortical network during syncopated continuation com-
pensates for increased temporal demand, allowing for stable per-
formance of interval production.

Differential expression of neural activity during synchroniza-
tion and syncopation may reflect the functioning of distinct
processing networks such as those postulated recently by Lewis
and Miall (29) for automatic and cognitively controlled timing.
All experimental conditions in the present study activated a
network compatible with the automatic, motor-related timing
network (M1, SMA, basal ganglia, and cerebellum). However,
the additional activity during syncopation tasks in prefrontal,
dorsolateral premotor, and parietal areas is compatible with
increased participation of memory and attention processes,
presumably reflecting increased cognitive control (29). More-
over, this interpretation is consistent with behavioral findings
showing that anti-phase relationships impose greater cognitive
and attentional demands than in-phase patterns (17, 30). Within
the current context, this finding not only suggests that different
timing networks are required for the performance of the differ-
ent pacing patterns, but that once established, the same timing
networks continue to operate during continuation.

Our results show that a more restricted timing network than
the one used after syncopation can clearly meet the motor and
temporal demands of continuation. This finding leads to the
question of why the more extended network recruited for
syncopation persists during continuation. Although other me-
diating factors may contribute, one distinct possibility is that
these BOLD patterns reflect differential representation of tem-
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poral information during the two pacing phases. Most popular
process models of interval timing propose the existence of
specific mechanisms for representing and storing temporal in-
tervals (31-33). However, there has been little consideration of
the specific neural form this memory might take. Based on the
present results, we propose that the pattern of activity within and
across the various subsystems involved in pacing may comprise
specific sensory-motor and timing information required for
accurate performance during continuation. The global pattern
of neural activity that underlies temporal information and
processing may thus be defined not only by activity within
functionally specific timing regions, but also by the connectivity
or communication between regions. Thus, the same timing
network recruited to meet the constraints of the syncopated
coordination pattern must also be used during subsequent
continuation, or as long as the temporal information continues
to be referenced. The overriding consequence of this proposed
mechanism is that substantially different networks become
recruited for processing of the same temporal task.

A primary goal of studies employing the continuation para-
digm is to add to our understanding of the neural structures and
processes underlying timing (1). Imperative to this understand-
ing is an appreciation for the degree to which the networks
revealed by using this paradigm are dependent on the experi-
mental context. Although it is recognized that pacing and
continuation involve partially overlapping task demands and
engage similar neural systems (7, 8), the specific role that the
pacing plays in determining brain mechanisms mediating con-
tinuation has not previously been considered. Results presented
here strongly suggest that neural activity underlying continuation
does not generalize across all timing contexts but is strongly
influenced by the prior pacing context. It seems that, with respect
to the distributed neural networks engaged, both time (in the
form of time interval information) and timing (in the form of a
sensorimotor relationship) play an integral role in the venerable
continuation paradigm.
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