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The ability to coordinate rhythmic finger movement with a metronome is
constrained by both the target timing relation and the rate of coordination. For slow
metronome rates (< 2 Hz), subjects are able to both syncopate (in between successive
beats) and synchronize (on each beat) with the metronome. At faster rates, however,
syncopation becomes unstable and subjects spontaneously switch to synchronization in
order to maintain a 1:1 stimulus/response relationship. No switches are observed if
subjects start in synchronization, indicating it is an inherently more stable mode of
coordination. Patterns of brain activity associated with transitions from syncopation to
synchronization as well as synchronization only were examined as the metronome rate
was increased from 1.0 to 2.75 or 3.0 Hz. Significant differences in the power of the
coordination frequency component of event-related potentials (EEG) as well as the MEG
beta (15-30 Hz) rhythm were observed when brain activity associated with syncopation
was compared to that accompanying synchronization. These differences were focused
over left central and centro-parietal areas and the direction of difference in both cases

suggests that syncopation is associated with stronger activation of contralateral
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sensorimotor cortex. Similar results were found when subjects only imagined performing
each mode of coordination at an increasing rate, indicating that differences in signal
power at least partially reflect neural processes associated with motor planning and
preparation independent of overt execution. Consistent with these findings, functional
MRI revealed syncopation to be accompanied by significantly more activity in a wide
array of cortical (e.g., premotor, prefrontal) and subcortical (basal ganglia, cerebellum)
areas known to play a role in motor planning and/or timing of behavior. Whereas the
neuromagnetic auditory response decreased as function of coordination rate, the motor
evoked response remained approximately constant. This was true both when subjects
syncopated and synchronized but may reflect changes in auditory-motor integration near
movement rates that induce transitions in the former case. A control experiment
examined only self-paced movement and showed a second neuromagnetic motor
‘readiness’ response that was strongly attenuated for rates above 1.0 Hz. This may

signify a decreased need for the planning of motor behavior at faster rhythmic rates.
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Projected top view of electrode positions. The subjects nose
would be in front of Fpz.

from single runs for both coordination conditions. A: Syncopate, B:
Synchronize. Note the loss of syncopated coordination beginning around
plateau 5 in the Syncopate condition, followed by a synchronized mode
of coordination. There is no transition in the Synchronize condition.

Bars are shaded according to coordination mode: syncopation - white,
transition - gray, synchronization - black. Note the onset of transitions as
early as plateau 2 and as late as plateau 7.
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Averaged brain activity and corresponding power spectra for one
subject from electrode CP3 (which lies approximately over primary
sensorimotor cortex in the left hemisphere) in both coordination
conditions. Power is plotted for the first 10 frequency components in the
spectrum. (Higher frequencies showed negligible power). Due to the
fact that each averaged waveshape is exactly one cycle period in
duration, the fundamental frequency in each spectrum corresponds to the
labeled coordination frequency. For both conditions, almost all channels
showed a concentration of power at this frequency across plateaus.
Averages are scaled to + 3.25uV and + 2.16uV for the Syncopate and
Synchronize conditions, respectively. Power spectra are individually
scaled to illustrate the prominence of the coordination rhythm; values in
the upper right hand comer indicate amplitudes of the largest frequency
component in uV2. Note the difference in power during syncopation
versus synchronization at the same plateau frequencies (compare
plateaus 1-3 across conditions).

Topographic patterns of grand-averaged EEG power at the
coordination frequency for the Syncopate condition (top half),
Synchronize condition (bottom half), and flexion frequency for the
Motor-only condition (upper right comer). Each plateau is
independently scaled from zero to maximal power (unit = pV?) at that
frequency. Coordination frequencies associated with each plateau are
shown in the bottom half of the figure. Syncopate condition: The three
patterns in the top row (Plateaus 1-3) are associated with syncopated
coordination. Note the similar topography across the three different
plateau frequencies (1.0 - 1.5 Hz) with maximal power at left centro-
parietal, central and antero-frontal sites. Post-transition patterns for this
condition (Plateaus 5-9) show maximal power at more frontal sites.
These patterns are also consistent across plateau frequencies, indicating a
reorganization of cortical activity associated with the switch in
coordination mode from syncopation to synchronization. Synchronize
condition: Maximal power tends to be focused at left and midline frontal
sites. Motor-only condition: power at the flexion frequency (average =
1.0 Hz) is focused at left central sites, consistent with activation of the
underlying sensorimotor area during flexion of the right finger.
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condition (recorded over FCz) is shown on the left. Since the
metronome rate used for this condition was 1 Hz the entire time series is
1 second (one cycle) in length. The dashed line marks the end of the N1-
P2 complex evoked by an auditory event and is 330 msec after stimulus
onset. To the right is the corresponding DFT power spectrum. Note the
maximum power value at the third frequency component in the spectrum
which is centered at 3 Hz (corresponding to the second harmonic of the
fundamental cycle frequency, 1 Hz).
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on the left is a sample field pattern over the left hemisphere with the
sensor positions indicated by orange dots. Projecting the sensor
coordinates into two dimensions yields a topographic distribution like
those shown on the right. The view is from above the head with the nose
at the top. White dots again indicate sensor positions and the white
circle over the left hemisphere shows the extent of coverage in previous
MEG studies that examined syncopated/synchronized coordination
[Fuchs et al., 1992; Kelso et al., 1991, 1992]. Blue and yellow signify
field lines entering and leaving the head, respectively. The two-
dimensional topographic plots on the right are of field patterns associated
with flexion (top) and auditory (bottom) events.

from one subject for the Syncopate and Synchronize conditions. The left
side shows data from plateau 2 for which the coordination rate was 1.25
Hz and the right side from plateau 7 (2.5 Hz). Peaks in the response data
indicate points of maximal flexion. Note that at the lower movement
rate, these peaks occur in between the metronome beats in the Syncopate
condition and on the beat in the Synchronize condition whereas at the
higher movement rate, they are synchronized with the beats in both
cases. The distributions shown contain all relative phase values for these
plateaus for this subject (double plotted for ease of viewing). The switch
in the distribution mean in the Syncopate condition is clearly observable.
Grey indicates cycles that were kept for MEG analysis while black
indicates cycles that did not meet behavioral editing criteria.
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A sample grand-averaged ERP from the Auditory-only control

 Distribution of 143 MEG sensors across the scalp surface. Shown

~ Samples of the metronome (top) and response (bottom) channels
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distributions of cycles that were kept for MEG analysis. The solid and
dashed lines are for the Syncopate and Synchronize conditions,
respectively.

accounted for most of the signal variance in the ERFs computed from the
Auditory (left) and Motor (right) control conditions. All three subjects
show dipolar structures that are bilateral in the auditory case and
lateralized to the left side in the Motor case (reflecting movement of the
right index finger). The scale here is in arbitrary units (since the patterns
were obtained with a Karhunen-Loéve decomposition); see figure 3.1 for
approximate values in terms of femtoTesla.

associated with syncopation (top) and synchronization (bottom) on
plateau 2 (1.25 Hz). The head is viewed from above with the nose on
top. Topos are scaled to + 227.53 fT for the Syncopate condition and +
290.17 fT for the Synchronize condition. The green and blue lines
beneath each map show the corresponding averaged metronome and
response time series, respectively, with the red line indicating the time
point at which each map is sampled. Yellow boxes highlight the
appearance of the two main patterns in each ERF, the auditory and
motor-related field patterns. As expected, the motor pattern is shifted in
time depending on whether the subject’s response was syncopated or
synchronized with the metronome.

subject was in a synchronized state of coordination in both the Syncopate
(top) and Synchronize (bottom) conditions. The amplitudes are scaled to
1 133.04 and + 107.47 fT for the Syncopate and Synchronize conditions,
respectively.

Average relative phase values (* std. dev.) versus plateau # for the

" Spatial pattens from a Karhunen-Lodve decomposition that

 Topographic maps sampled every 19.2 msec from the ERFs

 Same as figure 3.5 but for plateau 7 (2.5 Hz) during which the
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3.7......

38......

39......

3.10.....

frequency (double plotted). Sensor #s are indicated in the upper left-
hand corner. The two lines indicate phase relationships of +180°. Data
shown are from the Syncopate condition for subject 1 who switched to a
synchronized mode of coordination at plateau 5. There is a clear 180°
transition in sensors overlying left central areas (gray circles). The
direction of the transition (180° to 0° or vice versa) differs depending on
which side of the motor dipole the sensor sits (i.e., it depends on the
polarity of the ERF). No transitions are visible over other areas
suggesting that the phase of the coordination frequency in the ERF tracks
the shift of the motor response in time.

showed phase shifts in the Syncopate condition have a constant phase
value across all plateaus reflecting the fact that the subject was able to
maintain a synchronized mode of coordination across the entire range of
plateau frequencies.

subject. = Each row is scaled independently. Grand averaged
(normalized) data are shown on the bottom for both conditions. There is
very little difference in MEG power between conditions. Initially power
is concentrated bilaterally reflecting the brain’s auditory response but
then decreases as the plateau frequency is increased. At high plateaus
power is focused over the left side, associated with movement of the
right finger.

auditory and motor-related field patterns calculated from a dual-basis
projection procedure. Each TDA is independently scaled for ease of
viewing. Bottom half. Maximum TDA amplitude (in arbitrary units)
versus plateau frequency. All three subjects (solid, dashed, dashed-
dotted lines) show a frequency-dependent decrease in the contribution of
the auditory pattern to the ERF whereas the contribution of the motor
pattern remains approximately constant throughout the entire run.

 Phase of the brain signal with respect to tone onset versus plateau

 Same as figure 3.7 but for the Synchronize condition. Sensors that

 Total power of the ERFs from the Syncopate condition for each

" Top half: Examples of time-dependent amplitudes (TDA) of the
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Examples of averaged power spectra from plateau 2 of both
conditions. Spectra shown are from the sensors indicated in black (lower
right comer), which overlie the left sensori-motor area (the sensor # is
indicated in the upper right hand comer of each graph; see figures 3.7
and 3.8 for exact locaiion). Clear differences in the two curves are found
throughout the beta frequency range (15-30 Hz).

Topographic maps showing areas of significant differences in
MEG signal power in the high beta (20-30 Hz) frequency range. Maps
of the 15-20 Hz range were similar and are not shown. The transition
point is indicated for each subject; pre-transition the timing mode
differed between the two conditions whereas post-transition subjects
were synchronized in both cases. Difference values were converted to z-
scores before plotting; any z-score that did not exceed a confidence level
of a=0.001 is shown as black. All differences are positive indicating
that higher power levels were always found for the Synchronize
condition.

Chapter 4

Sample of behavioral data from subject 1 for a low, middle and
high frequency plateau. Plotted on top is the metronome signal. Below
this are the response time series averaged across 16 runs from each of the
4 conditions: N (Synchronize)) MN (Mental Synchronize), P
(Syncopate), MP (Mental Syncopate). All response data is on the same
scale. The lack of finger movement in the mental cases is evident. The
transition in the Syncopate condition is reflected by the lack of a
consistent response pattern (on average) in the beginning of plateau 5.

xxii



Topographic maps showing areas of significant differences in
MEG signal power in the high beta (20-30 Hz) frequency range. Maps
of the 15-20 Hz range were similar and are not shown. Difference values
for each sensor were converted to z-scores before plotting; any score that
did not exceed a confidence level of a=0.05 is shown as black. The first
four rows show individual and grand-averaged maps that resulted when
overt syncopation was subtracted from overt synchronization. The
transition point in the Syncopate condition is indicated for each subject.
The bottom row shows the grand-averaged maps from the comparison
between mental conditions. Almost all differences are positive
indicating higher power for a synchronized timing relation. The
orientation of each map is from above with the nose on top.

Individual and grand-averaged maps of significant differences
between overt and mental syncopation. Differences were concentrated in
bilateral and midline precentral areas and were almost all negative
indicating a stronger beta rhythm during imagined syncopation. See also
caption for figure 4.2.

Individual and grand-averaged maps of significant differences
between overt and mental synchronization. In contrast to figure 4.3, both
the topography and direction of difference depend on the subject,
resulting in non-significant differences on average (row 4). See also
caption for figure 4.2.

Chapter §

A) A typical response profile (top) and its derivative (bottom).
Flexion and extension of the fingertip correspond to an upward and
downward deflection, respectively. Points of maximal velocity in both
directions are indicated by the red (flexion) and blue (extension) dashed
lines. Peak flexion is at the black dashed line. The entire response (from
onset of flexion to end of extension phase) is approximately 200 msec.
B) Mean response frequency for continuation phase vs. condition (i.e.
pacing) frequency. All four subjects (denoted by separate lines) were
able to internally pace their movement at the 21 distinct rates. C)
Variance of each subject’s response rate expressed as a percentage of the
required response rate. Subjects typically varied by about % to Y of the
required period at all frequency conditions.
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Event-related fields from subject 1 for the 1.0 Hz condition. The
top half shows the ERFs topographically sampled every 25.6 msec.
Topographic maps are viewed from above the head with the nose on top.
Red/yellow indicate positive magnetic field and correspond to magnetic
field lines exiting the head. Blue indicates negative magnetic field, i.e.
field lines entering the head. The red line beneath each map indicates
where the ERFs were sampled with respect to the averaged response.
The strongest field pattern is clearly dipolar in nature with maximal
amplitudes over left central sensors. Corresponding time series from
these sensors are plotted in the bottom half Three movement-evoked
peaks are clearly visible in both the topographic maps (highlighted in
yellow) and time series.

Spatial patterns accounting for most of the total ERF signal
variance (i.e. all 21 ERFs appended together) as calculated with a
Karhunen-Loéve decomposition. The proportion of variance is indicated
by the eigenvalue beneath each map. For all four subjects, a left central
dipolar pattern was dominant though it was much stronger for subjects 1
and 2. The second strongest pattern was also similar across subjects and
was characterized by a more centrally focused dipolar field.

Temporal dynamics of the dominant field pattern for subjects 1-4.
Vertical lines separate each frequency condition. The top time series is
the time-dependent amplitude for the pattern shown on top. Below is the
averaged behavioral response time series. Peaks in the time dependent
amplitudes are marked separately for each frequency condition with red,
green and blue lines. For subjects 1 and 2 (5.4a and 5.4b), three peaks in
the time-dependent amplitudes of the motor field were identifiable. In
contrast, only two were distinctly visible at all 21 frequencies for
subjects 3 and 4 (5.4¢c and 5.4d). On the bottom left of each figure is a
plot of latency (with respect to response peak) vs. frequency condition
for each marked peak. Also plotted are the corresponding latencies for
points of maximal velocity in the flexion (red dashed line) and extension
(blue dashed line) directions. All four subjects show a tight coupling
between finger movement and the dynamics of this field pattern that did
not depend on the movement frequency. On the bottom right are the
corresponding peak amplitudes (in arbitrary units) vs. frequency
condition. There was no significant dependence of peak amplitudes on
the movement frequency.
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the top for each of the four subjects. Rows 14 show the time-dependent
amplitudes of this pattern for subjects 1-4, respectively. Vertical lines
separate each frequency condition. Maximal absolute amplitude
(normalized for each subject between 0 and 1) of the time-dependent
amplitude is plotted as a function of required movement frequency on
the bottom. The amplitude of this pattern was strongest for movement
frequencies below 1.0 Hz.

pattern extended from 1.5 sec prior to 0.5 sec after the response peak.
Below are the averaged response time series. Data shown are from
subject 4 for whom this pattern was strongest. The red dashed line is
provided as a visual guide to the approximate onset of movement.
Amplitude is in arbitrary units although all six time series are plotted on
the same amplitude scale.

Chapter 6

6.1......

illustrate the design of a typical block fMRI experiment which is
composed of alternating periods of rest (OFF) and task performance
(ON), each period lasting 30 seconds (total time per condition = 4
minutes). Shown in the second row is a typical sample of behavioral
performance in the Syncopate task at 1.25 Hz: the black line shows the
auditory metronome and the blue line the subject’s response. In the third
row is an example of a time series from a single voxel that showed task-
related amplitude modulation. The degree of task-related activity was
assessed by correlating each voxel time series with a square wave (row
4) that corresponds to the sequence of OFF and ON periods. Green dots
indicate which of the sampled images were included in the correlation;
the first two in each period were excluded to account for the
hemodynamic rise/fall time. On the bottom is a typical activation pattern
for right-hand finger movement. Plotted in red/yellow are voxels for
which the correlation coefficient exceeded 0.5 (thus indicating task-
related activation). The strength of activation was defined as the amount
of total signal variance accounted for by the task-related square wave
(regression coefficient) and corresponds to the exact color plotted with
yellow indicating a higher degree of task-related amplitude modulation.

 Temporal dynamics of the second strongest field pattern shown on

 Time-dependent amplitudes of the second motor-related field

 Measuring task-related activity with fMRL The top two rows
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motor-only tasks (bottom). For the coordination conditions, bars
indicate the mean relative phase between the peak of the response
(maximal pressure) and onset of each metronome beat; lines indicate one
standard deviation. For the motor-only task, the mean inter-response
interval (IRI), expressed in Hz, is shown across subjects; again vertical
lines represent one standard deviation.

conditions in the principal brain areas concerned with motor-control and
or timing (see also tables 6.1 and 6.3). Colored voxels represent those
for which the two conditions differed with a confidence level of a=.01.
All differences were positive (red/orange) corresponding to stronger
task-related signals during the Syncopate condition. 6.3a: Premotor
areas, including dorsolateral premotor cortex (Brodmann’s area 6) and
SMA. Note the lack of differences in the primary sensorimotor areas.
6.3b: Basal ganglia (striatum) and thalamus (ventral anterior nucleus).
6.3c: Cerebellum. Bd: Brodmann’s area. Orientation for axial or
coronal slices: left side — right hemisphere, right side — left hemisphere;
slice location along the superior-inferior or anterior-posterior axis is
indicated below. For sagittal slices: left side — anterior, right side —
posterior; slice location along the right-left axis is indicated below.

affected by the mode of coordination (see also table 6.2). 6.4a:
Prefrontal areas. 6.4b: Other frontal and temporal areas, including the
insula, inferior frontal gyrus (Brodmann’s area 47), superior temporal
gyrus (Brodmann’s area 22), and the middle temporal gyrus. Again, all
areas showed increased activation during syncopation. Bd: Brodmann’s
area. Orientation for axial or coronal slices: left side — right hemisphere,
right side — left hemisphere; slice location along the superior-inferior or
anterior-posterior axis is indicated below. For sagittal slices: left side —
anterior, right side — posterior; slice location along the right-left axis is
indicated below.

Significant differences between the Syncopate and Synchronize

Individual subject performance on the coordination (top) and
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table 6.4). Auditory (top half): Listening to the metronome was
associated with activation of the left primary auditory cortex
(Brodmann’s area 41) in the superior temporal gyrus and right temporal
association cortex (Brodmann’s area 21) in the middle temporal gyrus
(1¥ row). Within the temporal lobes, syncopation resulted in additional
bilateral activation of Brodmann’s area 22 (2™ row, left panel). No
differences between the Synchronize and Auditory control conditions
were found in either temporal lobe (2™ row, right panel). Motor
(bottom  half): Large task-related clusters in the contralateral
sensorimotor cortex, SMA and ipsilateral cerebellum were found for
self-paced movement (1* row). Neither cortical region showed
significant changes in activation levels during coordination (2™ and 3™
rows, 1% panel). Relative to self-paced movement, cerebellar activation
increased for syncopation (2™ row, right 2 panels) but decreased for
synchronization (3™ row, 3 panel). All slices are axial: left side — right
hemisphere, right side — left hemisphere; slice location along the
superior-inferior axis is indicated below.

A comparison of the coordination and control conditions (see also
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1.0 General Introduction

One of the fundamental problems faced by any nervous system is the coupling of
perception and action. Despite the fact that these processes are often treated as distinct,
they are intimately related and, in practice, can be considered to comprise a single
system. An integral function of this system is the timing of movement with respect to the
external world. The temporal organization of behavior is inherently a problem of
coordination, not only of processes within an organism (e.g. between different effector
groups) but also between the organism and its environment (e.g. anticipating time to
contact) [Arbib, 1985; Kelso & Kay, 1987; Warren, 1998; Lee et al., 1999]. Though the
neural mechanisms which integrate these different processes are poorly understood, a
guiding principle according to the theory of coordination dynamics [Kelso, 1995] is that
coordinative patterns self-organize according to the goal of the organism and constraints
of the task situation.

1.1 Transitions in Coordination

A large body of behavioral work demonstrates that one constraint on the ability to
perform certain rhythmic timing patterns is the rate of movement. Bimanual coordination
experiments have shown that subjects can perform both in-phase (activation of
homologous muscle groups) and anti-phase (e.g. flexion of one hand and extension of the
other) relations at low movement frequencies [Kelso, 1984; Tuller & Kelso, 1989].

However, increasing the rate of movement causes subjects to spontaneously switch from



anti-phase to in-phase [Kelso, 1984] though transitions in the opposite direction do not
occur [Kelso & Scholz, 1985]. Similar effects are observed for unimanual coordination
with an external metronome. Under instructions to react to each metronome beat,
subjects respond reactively for metronome rates below 1.0 Hz but begin to show
anticipatory behavior at higher frequencies [Engstrom et al., 1996]. Transitions between
syncopated (off-the-beat) and synchronized (on-the-beat) response patterns have also
been observed. Whereas both timing relations can be successfully performed at rhythmic
rates lower than ~2 Hz, beyond this threshold only synchronization is possible [Fraisse,
1982]. Kelso et al., (1990) systematically investigated this phenomenon by asking
subjects to perform both timing relations with an auditory metronome whose rate was
increased from 1.0 to 3.5 Hz in 0.25 Hz after every 10 beats. When subjects began the
trial in a syncopated mode, they spontaneously switched to synchronization once the
metronome reached a critical rate. In contrast, for trials that began in a synchronized
mode, no transitions were observed. There were also no transitions observed if subjects
synchronized with a metronome of decreasing rate (3.5 to 1.0 Hz).
1.2 Coordination Dynamics

Switches between different coordinative timing patterns have been theoretically
modeled as phase transitions in a nonlinear dynamical system within the framework of
synergetics [Kelso, 1985; Haken et al., 1985]. Synergetics deals with the spontaneous
formation of spatial and temporal patterns in nonlinear systems that are far from thermal
equilibium [Haken 1977, 1983]. From this perspective, a given mode of coordination

corresponds to a state in a dynamical system that is defined by collective vanables or



order parameters that both govern and arise from nonlinear interactions of the system’s
parts. Such order parameters are identified by systematically varying an external control
parameter such that qualitative changes in the system’s behavior (i.e. switches between
different states) occur, a phenomenon that does not exist for linear systems. As stated
above, an important concept is that these states are not prescribed explicitly by the
control parameter but rather arise in a self-organized fashion. A given state of the system
is associated with a certain level of stability that can be probed by measuring the system’s
response to external perturbation. If the system is near a transition point, the amount of
time it takes to relax back into its original state after perturbation increases (known as
critical slowing down). In addition, transitions are preceded by an enhancement of
fluctuations (i.e. variability in the order parameter) that reflect the system’s increasing
instability.

In the coordination experiments described in section 1.1, the rate of
movement/metronome served as a control parameter whereas the relative phase (between
the two hands, or finger and metronome) was identified as an order parameter [Haken et
al., 1985, Kelso et al., 1990]. These experiments demonstrate transitions from bistability
at low movement frequencies (e.g. both syncopation and synchronization are possible) to
monostability at higher rates (only synchronization is stable). An advantage of these
transition paradigms is that they can be used to identify features of the spatiotemporal

dynamics of brain activity that are uniquely related to a given pattern of behavior.



1.3 Previous Work

During the last decade, transitions from syncovated to synchronized sensorimotor
coordination have been shown to be accompanied by temporal and spatial changes in the
dynamics of neuroelectric and neuromagnetic brain activity. The first studies [Kelso et
al., 1991, 1992; Fuchs et al., 1992] used a 37-channel magnetometer system centered
over contralateral sensorimotor areas and revealed a transition in the phase of the MEG
signal at the coordination frequency that occurred simultaneously with the transition on
the behavioral level. The strongest frequency component of the MEG signal was also
observed to undergo a doubling from the coordination frequency to its first harmonic at
the transition point. Finally, there was a topographic reorganization of activity such that
the dominant spatial pattern pre-transition had a single maximum at the center and post-
transition became dipolar. These findings were later theoretically modeled on a
phenomenological level using a set of two coupled nonlinear oscillators [Jirsa et al.,
1994].

In a later study, whole-head EEG recordings confirmed the existence of a parallel
transition in the phase of the coordination frequency component of brain activity
[Wallenstein et al., 1995]. Moreover, it was revealed that these phase shifts only
occurred in left central recording sites over the contralateral sensorimotor area.
Wallenstein et al. (1995) additionally showed an enhancement of fluctuations in this
phase measure just prior to the behavioral transition demonstrating a neural correlate of
increasing coordinative instability. Evidence of critical slowing down had been found in

the earlier MEG studies and was also confirmed.



Recently, another MEG study (this time with whole-head sensor coverage)
revealed that patterns of brain activity associated with syncopated and synchronized
modes of coordination were independent of the target effector group (flexor versus
extensor muscles) [Kelso et al.,, 1998]. A second finding was the existence of a tight
coupling between the neuromagnetic motor response and the velocity profile of finger
movement. The latter result was theoretically modeled by Fuchs et al. (2000b).

1.4 Measuring Activity in the Human Brain

This thesis contains five separate experiments designed to extend our current
understanding of the spatiotemporal dynamics of brain activity associated with
syncopated and synchronized modes of sensorimotor coordination. Three imaging
techniques that measure different aspects of the spatiotemporal dynamics of neural
activity at a macroscopic level were used: Electroencephalography (EEG),
Magnetoencephalography (MEG) and functional Magnetic Resonance Imaging (fMRI).
All are non-invasive and thus well suited to experiments involving human subjects.

1.41 Electroencephalography (EEG)

Human EEG activity is a measure of the collective electrical behavior of neurons.
The EEG signal primarily reflects cortical dendritic currents flowing in the extracellular
space. These currents are carried by ions that flow across the neuronal membrane during
states of depolarization/hyperpolarization. Scalp measurements require that a largé
population of neurons is simultaneously depolarized/hyperpolarized such that these
currents sum to produce a measurable signal. In general, action potentials propagating

down the axon are not thought to contribute to the EEG signal because they are too brief



(1-2 msec) for appreciable summation to occur. The primary contributing cells to EEG
are the pyramidal neurons located in the superficial layers of the neocortex. While it is
possible to measure electrical signals at the scalp that were generated in much deeper
areas (e.g. the auditory brainstem response), such responses typically have poor signal-
noise ratios and require several hundred, even thousands, of trials to extract the signal
from an average.

The actual quantity measured in EEG is the difference of the electric potential
between two electrodes, one that is located on the scalp surface and a reference located
on the head but typically away from the scalp. Common reference choices include the
carlobes, nose or mastoid bones located just behind the ears. A conductive bridge is
created between each electrode and the skin so that currents can be detected with
recording equipment. These currents are extremely weak resulting in small potentials, on
the order of 10 uV. Therefore, EEG signals have to be amplified by a factor of about 10°
to transform them into the volt range for processing with standard electric equipment.
Typically the signals are also filtered and then sampled so that they can be digitally
analyzed. The temporal resolution afforded by EEG well exceeds typical time scales for
neural processes (~10-100 msec) and depends only on one’s ability to sample the signal
adequately.

In contrast to this excellent ability to measure dynamical changes in patterns of
neuroelectric activity on the scalp surface, localizing the sources that generate such EEG
patterns is difficult for several reasons. The electric potential itself is not an absolute

quantity and therefore can only be measured as a difference between two locations, the




recording electrode and a reference site. Choosing the reference for EEG recording is
generally guided by the desire for an ‘electrically silent’ or ‘indifferent’ scalp location
such that any observed amplitude changes can be attributed to the site of the recording
electrode. However, the choice of reference can significantly affect the pattern of activity
observed at the scalp [Nunez, 1981] because the EEG signal is subject to volume
conduction effects. Moreover, the resistance and dielectric properties of the cerebral
spinal fluid, scalp and skull influence the propagation of electric currents. The thickness
of these layers is not homogeneous across the entire head surface which means that a
signal measured at a given scalp location does not necessarily imply a source in the
immediate cortical region [Nunez, 1981]. This happens if, for example, the tissue/fluid
layers are relatively thicker above a source causing the current to ‘escape’ through a
thinner, less resistant, portion of the head.

1.42 Magnetoencephalography (MEG)

Relatively recent technological advancements have made it possible to detect
magnetic fields associated with electric currents within the brain over the head surface.
As with EEG, the MEG signal reflects changes in dendritic, not axonal, currents in
pyramidal neurons. However, in contrast to EEG signals, the signal detected with MEG
is primarily generated by intracellular dendritic currents because the majority of
magnetic fields caused by diffuse volume current flows or transmembrane currents cancel
due to symmetry. Magnetic fields are also differentiated from electric potentials in two
other important ways. First, field strength is an absolute quantity and thus is not defined

with respect to a separate reference. Second, whereas the electric potential is a scalar



field, the magnetic field is a vector field and thus has a directional component in addition
to strength.

Magnetic field lines are closed and related to the currents which generate them
according to the ‘right-hand’ rule such that if the thumb of one’s right hand points in the
direction of current flow, the fingers wrapped around the thumb correspond to the
direction of the surrounding magnetic field. This relation implies that currents directed
radially to the head surface produce magnetic fields that are externally undetectable
because the field lines never exit the head surface. Fortunately all primary sensory and
motor areas are located within cortical fissures such that the main current flows are
approximately tangential to the scalp. However, the external silence of many other
cortical sources is perhaps the main limitation of MEG. Also implied by the relation
between currents and magnetic fields is the fact that MEG signals associated with more
optimally-oriented current sources have a dipolar structure characterized by field lines
exiting in one region of the head surface and entering in another.

A primary advantage of MEG over EEG is the relative insensitivity of magnetic
flux to the differing material properties of the cranial tissues. Thus the cerebral spinal
fluid, scalp and skull are virtually transparent to magnetic field lines which pass through
undistorted. This affords major advantages conceming source localization, which is
typically done by finding the one or few ‘equivalent current dipoles’ that best
approximate the MEG signal.

The measurement of magnetic fields associated with neuroelectric activity is

difficult for a number of reasons. First, their amplitude is extremely small (102 or 10



Tesla). The only detectors with sufficient sensitivity for the measurement of these fields
are so-called SQuIDs (superconducting quantum interference device) [Josephson, 1962;
see Hamaladinen et al., 1993 for review], which have to be placed in close proximity to the
head surface in order to account for the fact that magnetic field amplitude falls off with
the square of the distance from the current source (a major difficulty because the SQuIDs
must be cooled to 4 K, the temperature of liquid helium). Second, the relative weakness
of these fields with respect to the earth’s magnetic field (~10*T) means that they may be
easily swamped by ambient magnetic field variations. These arise from a number of
sources including electrical equipment, moving vehicles, elevators, etc. Rejection of
such sources of interference is critical. One way to do this is by using gradiometers,
which define the MEG signal by comparing field strength at two coil locations (and a set
of reference coils in the surrounding). Gradiometer coils are separated by a short
distance but wound in opposition. Therefore, background fields that do not change
appreciably across such a distance will cancel while the amplitude of magnetic fields
generated by the brain (which fall off with the cube of the distance when measuring a
gradient) will not.

1.43 Functional Magnetic Resonance Imaging (fMRI)

Magnetic resonance is based on the interaction between an external magnetic field
and a particle (in the case of MRI, the nucleus of the hydrogen atom or proton) that
possesses a magnetic moment or spin. These spins become aligned with the external
field in either a parallel or anti-parallel fashion, with the former corresponding to a lower

state of energy. More protons occupy this state, which leads to a macroscopic



magnetization of tissue parallel to the external field. The MR signal is produced by
applying electromagnetic energy to the tissue at a specific frequency, which is within the
range of radio waves and thus called an RF pulse. By applying magnetic field gradients
in three orthogonal directions, it is possible to restrict excitation caused by the RF pulse
(and thus also the resulting MR signal) to a small volume of tissue, thus allowing 3-D
spatial resolution with high accuracy (~1 mm?®). The RF pulse has two effects on the net
magnetization vector. First, it is turned out of alignment with the external field. The
relaxation of the net magnetization back into its resting aligned state is determined by the
T, relaxation time. Second, the net magnetization vector precesses around the direction
of the external field thus emitting electromagnetic waves at the same radio frequency. A
second relaxation time is related to this precession. Over time, local inhomogeneities in
the surrounding magnetic field differentially affect the precession speed of individual
nuclei thus decreasing their net magnetization in directions orthogonal to the external
field. The time constant for this decay process is known as T".

Functional MRI takes advantage of the fact that local field inhomogeneities are
introduced by hemodynamic changes that accompany task-related neuronal activation.
Though the exact coupling mechanism is not known, excitation of neural tissue is
associated with vasodilatation and rapid blood flow increases within the local area,
presumably to meet increasing demands for metabolic energy. The increase in blood
flow floods the area with oxygenated hemoglobin faster than the rate at which oxygen is
extracted by the tissue. This phenomenon (Fick’s principle) causes the ratio of

oxygenated to deoxygenated hemoglobin to increase [see Cohen et al., 1993; DeYoe et
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al., 1994 for discussion]. While oxygenated hemoglobin is a diamagnetic molecule,
deoxygenated hemoglobin molecules are paramagnetic and thus introduce stronger
variations in a surrounding magnetic field. The change in their ratio therefore decreases
magnetic inhomogeneities in the local tissue which lengthens the T2" relaxation time,
thus increasing the MR signal. In other words, by releasing oxygen hemoglobin acts as a
natural contrast agent. This effect is referred to as the BOLD (blood oxygen level
dependent) contrast effect.

The main advantage of fMRI over other neuroimaging techniques is its
tremendous spatial resolution, which is on the order of cubic millimeters. Furthermore, it
is capable of identifying activity in deep cortical and subcortical areas not generally
accessible with EEG or MEG. On the other hand, since it is dependent upon the
hemodynamic response, fMRI has poor temporal resolution (seconds) which severely
limits its ability to track changes in brain activity within the time scale that perceptual,
motor and cognitive processes are known to occur (10-100 msec). A second potential
drawback is that the fMRI approach is commonly based on subtraction methods in which
task-related activity is assessed by computing the difference in MR signal associated with
task versus rest (or different task) conditions. This subtraction logic assumes that brain
areas involved in a given task or task attribute are not involved in the comparison
condition, which may not necessarily be true. Finally, since the coupling between neural
activity and hemodynamic changes is not known, results must be interpreted with

caution. For example, there could be task-related neural activity in other brain areas that
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does not result in a hemodynamic response (e.g. lower metabolic demands, different
properties of the local vascular structure).

In summary, both EEG and MEG provide excellent temporal resolution that is
limited only by one’s ability to adequately sample changes in the electric potential or
neuromagnetic field. However, volume conduction effects in EEG and the insensitivity
of MEG to fields generated by unoptimally oriented current dipoles make it problematic
to accurately determine the sources of EEG and MEG activity. Moreover, detecting deep
(e.g. subcortical) sources with either technique is extremely difficult, if not impossible in
most cases. In contrast, fMRI has far superior spatial resolution and is capable of
identifying sources of cortical and subcortical activity that contribute to the performance
of certain tasks. Measures of the BOLD effect, on the other hand, are insensitive to rapid
dynamical changes in brain activity. Figure 1.1 shows the relation of the spatial and
temporal resolutions of EEG, MEG and MRI/fMRI. From their advantages and
limitations, it is clear that combining information obtained with each of the techniques
can significantly improve one’s understanding of the spatiotemporal dynamics of brain
activity associated with a given task.

1.5 Outline of this Thesis

In the following chapters, five separate experiments on sensorimotor coordination
are presented. Experiments 1-3 employed the transition paradigm outlined in section 1.1
to 1) further investigate the reorganization of brain activity that accompanies behavioral
transitions from syncopation and synchronization and 2) distinguish changes due to the

performed timing pattern from those due to increasing coordination frequency. One of
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our primary goals in these experiments was to take advantage of technological
developments to provide a physiological interpretation of observed effects. In
Experiment 1, whole-head EEG recordings were used to measure and describe changes in
event-related potential amplitude. In Experiments 2 and 3, we measured whole-head
MEG signals and analyzed both event-related field activity as well as amplitude changes
in higher frequency bands that are not preserved when ensemble averaging is done in the
time domain. In Experiment 3, we examined perceptual transitions from syncopation to
synchronization that occur when subjects only imagine coordinating with a metronome
and identified neural correlates of mental switching in the brain that parallel the overt
case.

Experiment 4 also employed whole-head MEG recordings and was designed to
systematically investigate the effects of response rate on motor-related processes in the
brain. In this experiment, subjects performed a continuation task that allowed them to
successfully self-pace movements at 21 separate rhythmic rates. This made it possible to
examine neuromagnetic activity associated with movement in the absence of auditory-
related field activity. Such dissociation is desirable since these fields overlap
topographically at the head surface with motor fields. Finally, in Experiment 5 we used
fMRI to elucidate the contributions of different brain areas to syncopation and
synchronization. We primarily focused on cortical and subcortical areas known to be

involved in the temporal organization of behavior.
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Figure 1.1 (page 15): Temporal and spatial resolution of EEG, MEG and fMRI/MRI
imaging technologies. Both EEG and MEG are sensitive to changes in brain activity
that occur on a millisecond timeframe. Since fMRI is dependent on the
hemodynamic response, the changes it monitors occur over a few seconds.
Structural MRI takes much longer, on the order of several minutes. Spatially,
structural MRI scans have the best resolution and are capable of imaging tissue
volumes near 1 cubic mm in size. Voxel sizes in fMRI are slightly larger (~4mm x
4mm x 7mm) but this resolution still well exceeds that associated with EEG and
MEG technologies, which is on the order of one to several centimeters. MEG also
has slightly better spatial resolution than EEG because magnetic fields are not
subject to volume conduction effects or smearing as a result of passage through the
cerebral spinal fluid, scalp and skull.
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2.0 Experiment 1: Neuroelectric activity associated with transitions in
sensorimotor coordination

2.1 Introduction

Rhythmic coordination is common to many activities we encounter in everyday
life. For example, dancing, playing a musical instrument, typing, riding a bicycle, all
require that the brain integrate incoming sensory information and outgoing motor
commands in a regular, patterned fashion. Here we focus on a simplified form of
rhythmic coordination, periodic finger flexion paced by an auditory metronome. It is
well known from previous studies that the stability of certain coordinative states under
these task conditions depends on the frequency of coordination [Kelso, 1984; Kelso et al.,
1990; Wimmers et al., 1992]. When subjects are directed to maintain a 1:1 relationship
between repeated finger flexion and a periodic external metronome in a synchronized
fashion, they are able to do so across a wide range of continuously increasing metronome
frequencies (approximately 0.7-4.0 Hz for an auditory metronome). However, under
instructions to flex in between successive metronome beats (i.e. in an anti-phase or
syncopated manner) subjects spontaneously shift to a synchronized mode of coordination
when the metronome frequency increases beyond a critical point. If the metronome
frequency is subsequently decreased back to its initial rate, subjects do not spontaneously
switch back to an anti-phase relation [Kelso et al., 1990], suggesting that synchronization

is an inherently more stable timing relation at all frequencies. This conclusion is
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supported by the work of Scholz and Kelso (1990) [see also Kelso et al., 1988] which
investigated the ability of subjects to intentionally switch between syncopated and
synchronized modes of coordination at a single frequency. Their results showed
significantly longer switching times when subjects had to go from in-phase to anti-phase
coordination when compared to the reverse. Also consistent are recent results
demonstrating that a greater degree of attention is required to maintain an anti-phase
versus in-phase mode of rhythmic bimanual coordination [Temprado et al., 1999].
Previous studies by our group have used the syncopation-synchronization
transition to investigate neural processes (as reflected, e.g., in large-scale electrode or
SQuID (Superconducting Quantum Interference Device) recordings) that underlie
stability and change in rhythmic coordination. We have consistently observed a periodic
component in human brain electrical and magnetic activity at the frequency of behavioral
coordination (whether unimanual or bimanual), and have found that qualitative changes
in the temporal evolution of that activity accompany the transition from syncopation to
synchronization. These changes include a parallel transition in the phase of
magnetoencephalographic (MEG) [Kelso et al., 1991, 1992; Fuchs et al., 1992] and
electroencephalographic (EEG) [Wallenstein et al., 1995] signals with respect to the
metronome. In addition, just prior to the switch in timing, phase measures at brain and
behavioral levels show enhanced fluctuations and increased relaxation times [Kelso et al.,
1991, 1992; Fuchs et al., 1992; Wallenstein et al., 1995]. These are both key features of
instability predicted by theories of self-organization, particularly synergetics [Haken,

1977, 1983).
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Here we examine the question of whether the switch to a synchronized timing
relation also entails a spatial reorganization of brain activity. Related studies have
reported changes in the involvement of active brain areas during performance of rhythmic
movement tasks as a function of several task parameters. For example faster movement
rates are associated with increased activation in primary sensorimotor cortex (SM1) [Rao
et al., 1996; Sadato et al., 1996, 1997; Jenkins et al., 1997], higher-order motor areas,
including premotor cortex (on the dorsolateral hemispheric surface) and the
supplementary motor area (SMA, in the medial wall of the interhemispheric fissure), as
well as the cerebellum [Jenkins et al., 1997]. The way in which the movement is paced is
also of importance with self-paced movements resulting in stronger SMA activation than
externally-paced movements [Halsband et al., 1993; Larsson et al., 1996; Rao et al.,
1997]. A third movement attribute of particular relevance is the complexity of the
movement. Several areas are thought to play a greater role in producing more difficult
movement patterns including SMA, premotor cortex, posterior parietal cortex, the basal
ganglia and ipsilateral SM1 [Lang et al., 1990; Kitamura et al., 1993; Shibasaki et al.,
1993; Sadato et al., 1996; Chen et al., 1997, Gerloff et al., 1997; Boecker et al., 1998;
Catalan et al., 1998].

We now report evidence that the transition from one stable mode of rhythmic
coordination to another involves qualitative changes in the spatial pattern of cortical
activity. Employing a full-head EEG electrode array, we found that different rhythmic
timing relationships in behavior (syncopation and synchronization) are associated with

unique spatial distributions of neural activity. We further show the spatial differences to
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be localized to left central and centro-parietal recording sites, which most likely reflect
changes in activity of the underlying SM1. Finally, we demonstrate that the timing
relationship between stimulus and response (anti-phase or in-phase), rather than the rate
of coordination, is the key contributing factor that determines the spatiotemporal pattern
of electrical activity in this type of rhythmic coordination task.
2.2 Methods
2.21 Subjects

Six male subjects, aged 24 to 47 years, participated in all experimental conditions.
All subjects were right-handed according to self-reported responses to the Edinburgh
handedness inventory [Oldfield, 1971]. Informed consent was obtained from all subjects
prior to the experiment and the study was approved by the institutional review board.
2.22 Task Conditions

Four conditions were included in this experiment: two sensorimotor coordination
conditions and two control conditions. In the coordination conditions, a series of
auditory tones (1.1 kHz, 80 ms duration) were presented at a periodic rate, which
increased from 1.0 to 3.0 Hz in increments of 0.25 Hz after every 10 tones. Each series
of 10 cycles at a single rate is referred to as a plateau; nine plateaus constituted a run.
Each subject performed 60 runs of each condition in two 30-run sessions. Instructions
for the Syncopate condition were to produce peak flexion halfway between consecutive
tones, i.e. with a 180°, or anti-phase relationship. For the Synchronize condition, subjects
were told to coincide peak flexion with the tones (0° or in-phase). This condition

provided a control for the effect of plateau frequency. In both coordination conditions,
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subjects were instructed to maintain a 1:1 stimulus-flexion ratio at all times, regardless of
whether or not they could do so with the correct phase relation; that is, if they felt their
motor pattern begin to change, they should not resist the change at the cost of abandoning
the required flexion rate. In the Motor-only control condition subjects were instructed to
flex their right index finger at a comfortable pace, with no stimuli being delivered.
Finally, in the Auditory-only control condition, subjects were instructed not to respond as
they listened to a series of tones presented at a rate of 1.0 Hz.
2.23 Experimental procedure

All subjects were informed of the possible risks and benefits associated with their
participation, as well as the nature of the experimental tasks. Subjects were seated in an
armchair inside a sound-attenuating chamber (Industrial Acoustics Company). The
auditory metronome was presented to subjects binaurally through plastic headphones.
Each subject's right arm was abducted approximately 30° at the shoulder with the forearm
supported in a pronated position by an armrest. Movement of the right index finger was
monitored via an air cushion pressure sensor located beneath the fingertip. The air
cushion was inflated such that subjects could not depress it all the way in order to ensure
definition of peak flexion (i.e. maximal displacement). Since the tasks required timing of
peak flexion with an external stimulus, it was not necessary to monitor EMG activity
associated with contraction of the flexor muscles. Pilot work, however, revealed a
consistent temporal delay (120 + 15 msec) between the onset of EMG activity in the
flexor carpi radialis muscle of the subject's right arm and peak flexion measured with the

same pressure device used in this experiment.
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The onset of each run was cued with three rapid auditory tones. Subjects were
instructed to maintain fixation on a marked point approximately one meter in front of the
eyes, and to refrain from all body and facial movements. Short breaks were provided
between runs and longer breaks after each block of five runs. To familiarize subjects
with the experiment, the coordination tasks were demonstrated before recording began.
2.24 Data Collection

Electroencephalographic (EEG) activity was recorded during task performance
from 61 electrodes placed on the scalp according to an expanded 10/20 International
System of Electrode Placement (figure 2.1). Electrode impedance was reduced to less
than 10 KQ. During recording, each electrode was referenced to a left mastoid electrode
and then later, off-line, rereferenced to the average of the left mastoid and electrode T8
(on the right side of the head) in order to minimize lateral bias. Signals were amplified
(gain = 10°) using Grass 12AS amplifiers (-6 dB at 0.1 and 30 Hz, 4.5 dB per octave
falloff), and sampled at 128 Hz (12-bit A/D conversion using two VAXlab ADQ32s).
Eye movements were monitored by referencing the upper medial to lower lateral portions
of the orbital rim. Auditory stimuli and finger pressure data were also digitized at a rate
of 128 Hz as described above.

2.25 Behavioral Analysis

The relative phase between peak flexion and stimulus onset was calculated for
each cycle per run in the coordination conditions and then used as the basis for
segregating cycles according to the type of coordination performed. Two modes of

coordination were studied: syncopation and synchronization. Syncopation cycles were
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Figure 2.1: Projected top view of electrode positions. The subject's nose would be in

front of Fpz.

Figure 2.1




classified as those whose relative phase fell within a + 50° window centered on the mean
relative phase value averaged across the subject's first three plateaus in the Syncopate
condition. Syncopation phase values ranged from 120° to 220° across subjects. For all
subjects, synchronization cycles were defined as those within a + 50° window around 0°
(with 0° representing exact coincidence of peak flexion with the stimulus). At least five
consecutive cycles with consistent coordination were required to classify them as
syncopated or synchronized. Where indicated, transition cycles refer to any cycle
occurring in the transient region between stable episodes of syncopation and
synchronization.
2.26 EEG Analysis
2.261 Averaging and Topographic Mapping

First, cycles for which the EEG was free from artifacts due to eye or other
movements were selected and grouped into sets according to condition, coordination
mode (syncopation or synchronization), plateau and subject. Second, brain neuroelectric
activity was averaged relative to stimulus onset for each set which contained at least 50
artifact-free cycles. Third, the Discrete Fourier Transform was applied to the averaged
waveshape to obtain power spectra. Because the duration of each averaged waveform
equaled the metronome cycle period, the fundamental frequency in each spectrum was
the required coordination frequency. Finally, power spectra were averaged across
subjects (weighted according to the number of cycles) for combinations of condition,
coordination mode and plateau having averages from at least five of the six subjects.

Grand-averaged power spectral values at the coordination frequency were mapped at
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standardized electrode locations on a three-dimensional model head. Map values for
locations between electrodes were spline-interpolated.

Grand-averaged power spectra from the Auditory-only and Motor-only control
conditions were computed relative to stimulus onset and peak flexion, respectively, in
similar fashion. Due to the self-paced nature of the Motor-only condition, each subject
produced cycles having a characteristic inter-peak interval. The fundamental frequency
component in the resulting power spectra thus corresponded to each subject’s preferred
flexion frequency.

2.262 Statistics

Topographic similarity between power maps was assessed with a Pearson
correlation using power values at each channel as observations. Power values were also
subjected to two-way analysis of variance (ANOVA) to investigate statistical differences
in the spatial distribution of power. These values were pooled across subjects and
plateaus and weighted the same way as when calculating grand-averaged power. Post-
hoc pairwise channel comparisons for significant interactions were computed using the
conservative Tukey's HSD procedure [Kirk, 1968].

2.3 Results
2.31 Behavior

All subjects were able to maintain syncopated coordination in the early plateaus
of the Syncopate condition, and synchronized coordination throughout the entire run in
the Synchronize condition. Figure 2.2 illustrates the stimulus and finger pressure time

series (top and bottom rows, respectively) from representative runs in the Syncopate and
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Behavior: Stimulus & Response
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Figure 2.2: Stimulus (top trace) and finger-pressure (bottom trace) channels from single
runs for both coordination conditions. A: Syncopate, B: Synchronize. Note the loss
of syncopated coordination beginning around plateau 5 in the Syncopate condition,
followed by a synchronized mode of coordination. There is no transition in the
Synchronize condition.
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Figure 2.3: Group relative phase distributions for the Syncopate condition. Bars are
shaded according to coordination mode: syncopation - white, transition - gray,
synchronization - black. Note the onset of transitions as early as plateau 2 and as late
as plateau 7.
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Synchronize coordination conditions. In the run shown for the Syncopate condition, a
transition from syncopated to synchronized coordination occurred during plateaus S and 6
(figure 2.2A). Approximately 65% of all runs from this condition showed a transition to
synchronization, although the plateaus in which the transitions occurred varied somewhat
across runs and subjects. For example, one subject switched to synchronized
coordination as early as plateau 2 (1.25 Hz), while another subject maintained syncopated
coordination as late as plateau 7 (2.5 Hz) before switching. The majority (72%) of
transition regions, though, included plateaus 4 or 5 (1.75 - 2.0 Hz). In the runs that did
not exhibit a clear-cut transition, subjects either failed to syncopate from the beginning or
were unable to settle into any stable pattern after losing syncopated coordination.

The distribution of relative phase values from the Syncopate condition is broken
down by plateau in figure 2.3. Mean values were 174° (+ 37°) for syncopated
coordination (shown in white), -75° (+ 74°) during the transition régime (shown in gray),
and -4° (% 32°) for the synchronized mode (shown in black). The greater variability in
the transition mode reflects the presence of phase wrapping during the transition, that is
when the 1:1 stimulus/flexion relationship was lost.

For the Synchronize condition, no transitions in coordination mode were observed
(figure 2.2B). Approximately 4% of the runs in this condition were excluded due to
unstable coordination, which typically occurred at higher plateau frequencies. The
average phase between peak flexion and tone onset for this condition was -8° (+ 32°). No
noticeable differences were observed in the ability of subjects to maintain

synchronization across plateaus. These results confirm the established result [e.g. Kelso
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et al., 1990] that, in this type of task, coordination for low stimulus rates is bistable (both
syncopation and synchronization are possible), whereas only synchronized behavior is
stable at higher movement frequencies.
2.32 EEG
2.321 Syncopate Condition

Grand-averaged power spectra were computed in the Syncopate condition for
syncopated coordination on plateaus 1 to 3 (1.0-1.5 Hz) and for synchronized
coordination on plateaus 5 through 9 (2.0-3.0 Hz). Figure 2.4 shows one subject's
averaged EEG and corresponding power spectra for these plateaus from a left centro-
parietal electrode (CP3). The predominance of power at the coordination frequency,
reflecting the prominent rhythmic component at this frequency in the brain activity, was
observed in 86% and 91% of the channels averaged across pre-transition and post-
transition plateaus, respectively. The dominance of the coordination frequency in the
brain activity is further illustrated by comparing the overlap of this single component
with the averaged waveshape (figure 2.4). Note that the time series of the coordination
frequency component shifts in phase by approximately 180° when the behavior switches
from syncopation to synchronization (compare left and right side of figure 2.4 top). The
prominence of the coordination frequency in the brain activity as well as the parallel
phase shifts on both neural and behavioral levels are consistent with previous results
[Kelso et al., 1991, 1992; Fuchs et al., 1992; Wallenstein et al., 1995].

Topographic mapping of power at the coordination frequency was used to

examine differences in involvement of brain areas associated with syncopated versus
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Subject 2, Channel: CP3
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Figure 2.4: Averaged brain activity and corresponding power spectra for one subject
from electrode CP3 (which lies approximately over primary sensorimotor cortex in
the left hemisphere) in both coordination conditions. Power is plotted for the first 10
frequency components in the spectrum. (Higher frequencies showed negligible
power). Due to the fact that each averaged waveshape is exactly one cycle period in
duration, the fundamental frequency in each spectrum corresponds to the labeled
coordination frequency. For both conditions, almost all channels showed a
concentration of power at this frequency across plateaus. Averages are scaled to +
3.25uV and + 2.16uV for the Syncopate and Synchronize conditions, respectively.
Power spectra are individually scaled to illustrate the prominence of the coordination
rhythm; values in the upper right hand comer indicate amplitudes of the largest
frequency component in uV2. Note the difference in power during syncopation
versus synchronization at the same plateau frequencies (compare plateaus 1-3 across
conditions).
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Figure 2.5 (page 31): Topographic patterns of grand-averaged EEG power at the
coordination frequency for the Syncopate condition (top half), Synchronize condition
(bottom half), and flexion frequency for the Motor-only condition (upper right
corner). Each plateau is independently scaled from zero to maximal power (unit =
uV?) at that frequency. Coordination frequencies associated with each plateau are
shown in the bottom half of the figure. Syncopate condition: The three patterns in
the top row (Plateaus 1-3) are associated with syncopated coordination. Note the
similar topography across the three different plateau frequencies (1.0 - 1.5 Hz) with
maximal power at left centro-parietal, central and antero-frontal sites. Post-transition
patterns for this condition (Plateaus 5-9) show maximal power at more frontal sites.
These patterns are also consistent across plateau frequencies, indicating a
reorganization of cortical activity associated with the switch in coordination mode
from syncopation to synchronization. Synchronize condition: Maximal power tends
to be focused at left and midline frontal sites. Motor-only condition: power at the
flexion frequency (average = 1.0 Hz) is focused at left central sites, consistent with
activation of the underlying sensorimotor area during flexion of the right finger.
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synchronized coordination. During syncopated coordination, power was focused at left
centro-parietal, central and frontal sites (figure 2.5, top row, and table 2.1, top left). High
power in the left central region suggests activation of the underlying sensorimotor cortex
(contralateral to the finger flexion). This suggestion is supported by significant
correlation between patterns from plateaus 1-3 and the Motor-only pattern (figure 2.5, top
right) (r(59) = 0.57, 0.60, and 0.59 respectively - all p< 0.001). After the transition to
synchronized coordination, maximal power at the coordination frequency dropped in
intensity and covered a broader left and midline frontal region (figure 2.5, second row,
and table 2.1, top right). This shift in spatial distribution resulted in much weaker
correlations with the Motor-only control pattern (average r value = 0.35).

Statistical evaluation of this difference in the spatial distribution of power by a
two-way ANOVA, with coordination mode (syncopated or synchronized) and electrode
location as factors, showed main effects of both coordination mode [F = 120.11] and
electrode site [F = 10.01] as well as a significant interaction [F = 1.91] (all p < 0.0001).
Post-hoc tests revealed that power at the coordination frequency decreased in the
transition from syncopated to synchronized behavior at left centro-parietal, central and
prefrontal sites (table 2.2, left). No electrodes showed an increase in power after the
transition. These results suggest a spatiotemporal reorganization of cortical activity
coincident with the behavioral transition in timing from syncopated to synchronized

coordination, but do not rule out the rate of coordination as a contributing factor.
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Syncopate Condition

S Coordination nchronized Coordination

1.0 Hz 128 E‘— 1.5 Hg 2.0 He 2.25 Hg 2.5 He 275 & 1.0 Jllz

C3 (0.43) C3(0.41) C3 (0.64) F1 (0.34) F1 (0.36) F3 (0.30) FC1(0.23) FP1(0.39)
CP3(0.37) CP3(0.37) CP3(0.60) FC1(029) FCzx(036) FC1(028) F3(0.23) F3(0.34)
FC1(0.34) aF7(0.36) aF7(0.49) FCz(0.26) FC1(034) FC3(0.27) Fx (022 aF7 (0.33)
aF7(0.33) CP1(0.33) F3 (0.26) F3(0.32) F1 (0.27) aFx(0.22) Fz(031)

F1(031) aFx(025) FPx(02l) F1(0.30)
aFz(027) C3(023) FC3(020) FC1(0.30)
aF7(023) FC2(020) aF3(0.30)
FC1(0.23) FP2(0.19) aFr(0.30)
aF3(022) FP1(0.19) FPz(0.28)
FCz (0.27)
FS (0.27)

e E————————————— ]

Synchronize Condition

1.0 He L2SHs __ ISHe 1.78 Hg 2.0 He 225H: ___ 2.5H: 2.75 He 3.0 Hy

F1(056)  F1(057) FP2(035) C3(036) C3(033) FC1(036) FCI@©32) FC1(©31) F3(0.24)
F2(050) aF4(052) aFx(033) FC3(032) FC1(032) F3(036) F3(029 FCxz(028) FCl1(0.24)
FCz(045) FP1(0.50) C3(0.32) FC1(032) aFz(0.24) FC3(035 FCz(029 F3(028)  aFr(0.23)
aF4(042) aF3(046) FPz(032) aFz(030) F3(030) FCz(034) F1(026) FC3(026 aF3(022)
FC1(042) F2(045  FC1(030) F3(029) FC3(029) oFz(0.33) aF3(0.25 Fz(025  FPr(022)
FPx(044) aF4(027) FPx(0.29) FPr(028) F1(032) FC3(0.24) aFx(025 FP2(0.20)

CP3(026) FP2(027) FP2(028) C3(0.30) aFr(024) aF3(023) FP1(0.20)

F2(0.26) FC2(027) Fz(0.29) F2(0.20)

Fr(025  F2(029) FCz2(0.19)

aF3 (0.29) aF7 (0.19)

FC3 (0.19)

S

Motor-only Condition

C3 (0.42)
C10.37)
FC3 (0.32)

Table 2.1: Electrode sites whose power at the required coordination frequency exceeded
75% of the maximum value for that plateau and coordination mode. Actual power
values (unit = uV?) are indicated in parentheses next to each electrode name.
Electrodes are listed in order of decreasing amplitude.
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2.322 Synchronize Condition

The lack of a behavioral transition in the Synchronize condition allowed us to
disambiguate effects due to the timing relationship from those due to increasing
coordination frequency. Grand-averaged power spectra were calculated for all nine
plateaus in the Synchronize condition. As in the Syncopate condition, the dominant
power spectral component was at the frequency of coordination (at an average of 92% of
the channels across all 9 plateaus; see figure 2.4, bottom row). The corresponding
topographic patterns are illustrated in the middle and bottom rows of figure 2.5. To
determine whether significant differences in power occurred with increasing rate of
coordination, data were divided into two frequency classes: low (plateaus 1-3) and high
(plateaus 5-9) and subjected to a two-way ANOVA (frequency class vs. electrode
location). Both main effects were again strongly significant [frequency: F = 157.35;
electrode site: F = 19.26, p < 0.0001] but the interaction between factors barely reached
significance {F = 1.33] at p < 0.04. Furthermore, although post-hoc statistical tests
revealed a decline in power from low to high frequency plateaus at frontal and prefrontal
sites (particularly in the right hemisphere), there were no significant differences at left
centro-parietal or central sites (table 2.2, middle). Together, these results indicate that the
decrease in power at left central and centro-parietal sites observed in the Syncopate
condition was due to the change in coordination timing rather than in coordination

frequency.
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Pre- vs. Poss- Low vs. High Bistable
Transition Plateau Freg. Plateau Freq.

m.. AF [ 3] al.
Cs.. m.. Cm..
a.. Fl..
C’Ps-. Fz..
CP3** F4*
CP1** F6*

*2 p <001, *p<0.05

Table 2.2: Listed are electrode sites having significant differences in power at the
coordination frequency for the following cases: ANOVA I - Syncopated (pre-
transition, 1.0 - 1.5 Hz) vs. Synchronized (post-transition, 2.0 - 3.0 Hz) coordination
in the Syncopate condition; all sites shown had higher power values during
syncopation (i.e., none of the 61 electrodes showed significant increases in power at
the coordination frequency following the behavioral transition). ANOVA II - Low
frequency (1.0 - 1.5 Hz) vs. High frequency (2.0 - 3.0 Hz) synchronized coordination
in the Synchronize condition; power at the coordination frequency was significantly
higher in the Low than in the High frequency plateaus at all sites listed. With one
exception, the sites with significant differences in this comparison were in the right
hemisphere suggesting a stronger bilateral activation of frontal areas for
synchronized coordination at low frequencies. ANOVA I - syncopated vs.
synchronized coordination at low frequencies (1.0 - 1.5 Hz from both coordination
conditions); only two sites showed significant differences between coordination
modes, both having larger power at the coordination frequency during syncopation.
This implies that the drop in power at left central and centro-parietal sites observed
for post-transition plateaus in the Syncopate condition was due to the change in
timing relation from anti-phase to in-phase rather than an increase in coordination
frequency.

35



To further quantify the existence of frequency-independent topographic
differences between states of syncopated and synchronized coordination, a final ANOVA
was performed to compare the low frequency plateaus (1-3) of each condition, at which
coordinative bistability was observed. This test confirmed that the topographic power
patterns during syncopated coordination were significantly different (p < 0.0001) from
those in synchronized coordination [F = 2.31]. Post-hoc tests showed that the difference
was due to two electrode sites, left central and centro-parietal (see table 2.2, right), both
of which exhibited higher power during syncopated coordination. The topographic
power spectral density patterns for plateaus 5 and higher in the Synchronize condition
were highly correlated with the corresponding post-transition Syncopate patterns (mean
1(59) = 0.84) as expected since both coordination mode and frequency were the same
(compare figure 2.5, 2nd and bottom rows).

2.323 Control Conditions

Unlike the coordination conditions, the strongest grand-averaged power spectral
values in the Auditory-only and Motor-only control conditions were not, for most
electrode sites, at the fundamental (rhythmic) frequency (i.e. the stimulus and flexion
frequencies, respectively). Figure 2.6 illustrates why this was the case for the Auditory-
only condition. Shown on the left is the grand-averaged event-related potential from a
fronto-central electrode (FCz). The characteristic N1-P2 evoked response to an auditory
event can be clearly identified. The dashed line marks the return of the P2 component to
zero at approximately a 330 msec latency. The N1-P2 complex was reflected in the

spectral decomposition as can be seen by the largest concentration of power being at the
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Figure 2.6: A sample grand-averaged ERP from the Auditory-only control condition
(recorded over FCz) is shown on the left. Since the metronome rate used for this
condition was 1 Hz the entire time series is 1 second (one cycle) in length. The
dashed line marks the end of the N1-P2 complex evoked by an auditory event and is
330 msec after stimulus onset. To the right is the corresponding DFT power
spectrum. Note the maximum power value at the third frequency component in the
spectrum which is centered at 3 Hz (corresponding to the second harmonic of the
fundamental cycle frequency, 1 Hz).
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second harmonic, 3 Hz (i.e. 3 Hz corresponds to one cycle (N1-P2) in 330 msec; see
figure 2.6, right). Across all channels, the amplitudes of this component, although the
largest in the spectrum, were still small relative to the maximal power values observed in
the other three conditions, despite similar signal amplitudes for all conditions. This
reflects a wider distribution of power across higher harmonics in the Auditory-only
control condition that was less prevalent during the coordination tasks.

For the Motor-only control, however, signals recorded from left central electrodes
did have a relatively large amount of power at the flexion frequency (see figure 2.5, top
right, and table 2.1, bottom). As discussed above, these locations are consistent with
activation of contralateral SM1, as expected for right finger movements.
2.4 Discussion

This study demonstrates a spontaneous large-scale reorganization of neuroelectric
activity associated with the transition between two modes of coordinative timing. The
rhythmic nature of the coordination tasks was evident in the concentration of EEG power
at the coordination (fundamental) frequency over large portions of the head.
Concentration of power at the fundamental, or rhythmic, frequency was less prevalent for
self-paced finger flexion and absent during passive listening to a auditory 1 Hz
metronome. This suggests that the rhythmic EEG component during the coordination
tasks is a dynamically emergent property of the integration of sensory and motor
information and emphasizes the need for examining the timing of behavior with respect
to the action-perception cycle rather than each component individually [Arbib, 1985;

Warren & Kelso, 1985; Kelso et al., 1990; Pribram, 1991].
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Our main finding is a strong reduction in power at the coordination frequency at
left central and centro-parietal recording sites when behavior undergoes a transition from
syncopation to a more-stable synchronized mode of coordination. Since there were no
observable shifts in power to other frequencies, this finding suggests a decrease in
activity of SM1 contralateral to the performing hand. This conclusion may appear to
contradict previous reports showing increased activity of primary motor areas with faster
rates of repetitive movement [Rao et al., 1996; Jenkins et al., 1997; Sadato et al_, 1997].
However, the coordination task used in this experiment additionally involves a change in
the inherent stability of the timing relation as well as the rate of flexion. Subjects report
experiencing increasing difficulty in maintaining syncopated coordination as the plateau
frequency increases, and continue to satisfy task requirements (i.e. preserving the 1:1
stimulus/flexion ratio) by switching to flexion on the beat. The instability presumably
arises because of centrally based constraints, e.g. an inability to prevent the auditory
stimuli from entraining the central motor signals at higher coordination frequencies.
Were it due to inherent biomechanical limitations, one would not expect subjects to be
able to synchronize at higher rates either.

Empirical support for the hypothesis that syncopation involves a higher degree of
central "effort” has been provided by several behavioral studies. For example, Scholz
and Kelso (1990) demonstrated that, although subjects could intentionally switch from an
in-phase to an anti-phase timing relation if expressly asked to do so, it took them longer
than doing the reverse at the same metronome rate. Furthermore, in a recent dual-task

study by Temprado et al. (1999), subjects showed significantly slower reaction times
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during maintenance of an anti-phase pattern of bimanual coordination when compared to
an in-phase timing relation. This suggests that a greater degree of attention is required to
maintain an anti-phase mode of rhythmic coordination, consistent with the hypothesis
[Kelso, 1994, 1995] that syncopation is less-automatic, requiring more conscious control.

One possible explanation, then, for the decline in power of post-transition activity
of the left SM1 is that the power reflects the degree of conscious control exerted in
producing the motor output. The greater effort required to move at higher rates
(previously associated with increases in SM1 activation; see above) may thus be masked
by an even greater reduction in effort resulting from the switch in timing This
explanation is in agreement with the observation that, even at the same low plateau rates,
two left central electrode sites showed significantly lower power when subjects
performed a synchronized mode of coordination. The decline in amplitude may reflect a
transfer of movement control from cortical to subcortical structures. Both the cerebellum
and basal ganglia have been shown to be important for timing behavior [Ivry & Keele,
1989; Rao et al., 1997].

An alternative explanation for the spatiotemporal reorganization is a
"superposition” of auditory and motor event-related activity during synchronization that
is not present during anti-phase behavior. Given that the EEG reflects extracellular
current flows, which are subject to volume conduction in the cerebral spinal fluid, it is
possible that currents generated in distinct sources cancel each other before reaching
electrodes at the scalp. While we cannot eliminate the possibility of such an interference

effect, we do know from previous work [Fuchs et al., 1992] that, for the case of MEG,
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superimposing an auditory-evoked field with a motor-evoked field (with either an anti-
phase or in-phase relation) fails to account for the spatiotemporal patterns that
accompany auditory-motor coordination. This finding has limited usefulness, however,
when one accounts for the effects of rate on brain activity known to exist for both
auditory stimulation [Hari et al., 1982; Binder et al,, 1994] and movement tasks (see
section 2.1). The latter consideration raises concerns about using evoked field patterns
(associated with very transient events) to interpret rhythmic (steady-state) activity.
Clearly, an experiment with ramped frequency controls is warranted. In addition, the
auditory-evoked field described by Fuchs et al. (1992) was incomplete since sensor
coverage was limited to the centro-lateral region of the left hemisphere.

A second finding in this report is the widespread left and mesial fronto-central
and anterior frontal distribution of EEG power during both modes of coordination. This
topography likely reflects activity in several cortical areas, possibly including left
premotor cortex, SMA and prefrontal areas, that contribute to the temporal organization
of behavior. Preserving any rhythmic coordinative timing relationship in a stable fashion
entails the ability to internalize the external rhythm so that one can anticipate the arrival
of each metronome beat and plan one’s movement to coincide with a particular phase of
the rhythmic cycle. Lesion studies suggest that the timing and motor-control mechanisms
which support rhythmic movements involve the cerebellum [Ivry & Keele, 1989] and
basal ganglia [Harrington & Haaland, 1998] subcortically as well as frontal cortical areas
to which they connect, including premotor cortex, SMA, and prefrontal cortex [Halsband

et al., 1993; Truelle et al., 1995]. Additional support for premotor cortex, SMA, and
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prefrontal cortex involvement in rhythmic motor tasks comes from electrophysiological
scalp recordings [Lang et al., 1990; Bressler et al., 1996; Gerloff et al., 1998] and fMRI
imaging [Rao et al.,, 1997]. In most of these studies, effects were significantly more
pronounced during intemally paced movement (e.g. reproduction of rhythms from
memory) or when the rhythm was complex rather than simply repetitive (as in the Lang
et al., 1990 study), thus indicating that the magnitude of premotor cortex and SMA
activity relates directly to the degree to which a movement pattern must be preplanned.
The present results do not differentiate between syncopated and synchronized movement
patterns with respect to lateral frontal and frontocentral electrode sites suggesting that the
instability in syncopated timing is due to changes in activation on a different level of the
motor control system (perhaps in subcortical timing mechanisms). Further investigations
with better spatial resolution (e.g. fMRI) will help to address this issue.

In conclusion, stable performance of anti-phase and in-phase rhythmic
coordinative patterns appears to require cortical involvement of a number of central and
frontal brain areas. The areas involved and the degree to which they participate depend
on the specific timing relationship required between motor and perceptual processes, and
may relate to the amount of central control necessary for maintenance of the coordinative
pattern. An important feature of the task employed in this study was the spontaneity with
which the coordination behavior and the EEG activity reorganized. This reorganization
was a necessary consequence of the task requirement that the subject continue to
successfully maintain an externally imposed rhythm under the cognitive load imposed by

increasing frequency. To our knowledge, few studies have shown such spontaneous
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large-scale reorganization induced in real time by parametric task control. We suggest
that the exploitation of such instabilities in behavior is a powerful way to more deeply
understand the underlying neurodynamical mechanisms that contribute to flexibility in

coordination behavior.
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3.0 Experiment 2: Neuromagnetic activity associated with transitions
in sensorimotor coordination

3.1 Introduction

When people are directed to coordinate unimanual finger flexion with an external
metronome in a 1:1 fashion, their ability to do this depends on when they time their
movement within the metronome cycle. A synchronized (on-the-beat) mode of
coordination is typically established very rapidly (one to two cycles) if the range of
metronome frequencies is within what one would normally call rhythmic, ~ 0.6-4.0 Hz
[Fraisse, 1982]. Below this range, anticipation of the metronome is difficult whereas for
faster rates, there exist both perceptual and biomechanical limitations. Off-the-beat
timing relations, however, are much more difficult and can typically only be performed
successfully for lower rhythmic rates (< 2.0 Hz). An interesting consequence of this fact
is that if people are asked to syncopate with a metronome (i.e., move between-the-beats),
and the rate of the metronome is then systematically increased, a spontaneous transition
to synchronization occurs at a critical metronome frequency [Kelso et al., 1990). Two
key dynamical features precede this transition. First is an increase in the variability of the
phase relationship between the subject’s response and metronome onset (180° would be
perfect syncopation). The second is an increase in the amount of time it takes for
subjects to recover a syncopated pattern in response to external perturbations (e.g. viaa

torque motor), also known as critical slowing down. Both of these signatures of
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instability are hallmark features of self-organization in nonlinear dynamical systems.
[see Kelso 1995; Haken 1996 for reviews].

The reason why syncopation becomes unstable is not known. It may be due to the
fact that synchronized patterns are learned from childhood whereas ‘between the beats’
timing pattemns are less common. However, it is clearly not a biomechanical problem
resulting from faster movement rates since synchronization is still possible. Likewise,
subjects are perfectly able to perceive distinct metronome events in this frequency range.
Therefore, the answer must somehow lie in the way the perception of the metronome is
coupled to the motor response. Given that this coupling occurs centrally an obvious
question is whether differences between syncopated and synchronized coordination
translate into differences in the spatiotemporal dynamics of brain activity.

Research conducted over the last ten years using both EEG and MEG
demonstrates that there are several observable changes in patterns of neural activity that
accompany a transition from flexion off-the-beat to flexion on-the-beat induced by
increases in the rate of a pacing auditory metronome. The earliest studies to address this
issue employed a 37-SQuID (Superconducting Quantum Interference Device) system
centered over the contralateral hemisphere [Kelso et al., 1991, 1992; Fuchs et al., 1992].
Results showed a topographic reorganization of the dominant pattern of magnetic field
activity coincident with the shift in timing on the behavioral level. In addition, there was
a parallel 180° shift in the phase of the event-related field relative to the rate of
coordination. Unfortunately, the limited sensor coverage made physiological

interpretation difficult by precluding knowledge as to whether these effects were
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observable over other regions of the scalp. Furthermore, the lack of a transition-free
condition made it impossible to determine whether these topographic effects were due to
the change in coordinative timing or simply the increase in coordination rate.

Later work addressed these limitations by using a whole-scalp 61-channel EEG
recording system that provided homogeneous coverage over the entire scalp surface.
Differences in event-related potential signal power and phase at the coordination
frequency were found to uniquely relate to the mode (syncopate vs. synchronize) rather
than the rate of coordination [Wallenstein et al., 1995; Mayville et al., 1999]. These
differences were confined to electrodes located over contralateral central and centro-
parietal recording sites suggesting a change in the dynamics of activity in the underlying
sensorimotor cortex (SM1) though effects of volume conduction inherent to EEG
technology made it problematic to segregate auditory from motor-related brain activity.

Our aim here is to develop a physiological interpretation of spatiotemporal
changes in brain activity that occur when subjects transition from syncopated to
synchronized coordination. Through the use of a 143-SQuID whole head system we gain
not only the advantage that MEG signals are not subject to smearing or volume
conduction but also a tremendous increase in sensor coverage. Together these
advantages afford the spatial resolution necessary to separate auditory and motor-related
neural events. We examine differences in neuromagnetic activity associated with a
condition in which subjects transitioned from syncopation to synchronization as well as a

second transition-free condition in which subjects synchronize through the same range of



frequencies. The second condition serves as a control for the effects of frequency versus
mode of coordination.

We further extend our analyses to include an investigation of high frequency
oscillations, which though event-related, are typically not phase-locked and thus tend to
average out in event-related magnetic fields (or electric potentials). Several brain
rhythms are known to exhibit movement-related changes in amplitude. For example,
both the mu (8-12 Hz) and beta (15-30 Hz) rhythms show a decrease in power prior to
movement over contralateral sensorimotor and midline premotor areas as well as during
movement bilaterally. This phenomenon is referred to as event-related desynchronization
(ERD) [Pfurtscheller & Aranibar, 1977; Pfurtscheller, 1981]. ERD is thought to reflect a
shift from ‘idling’ to task-related activity in underlying thalamocortical and
corticocortical networks [Pfurtscheller & Lopes da Silva, 1999), an interpretation
supported by the fact that both rhythms ‘resynchronize’ after termination of movement.
[Salmelin & Hari, 1994; Pfurtscheller et al., 1996].

The majority of studies on motor-related changes in non-phase locked rhythms
have examined self-paced, discrete finger movements. The dependence of these
amplitude changes on movement parameters such as rate or task complexity is not well
understood. Recent work by Manganotti and colleagues indicates that suppression of
high frequency brain rhythms is stronger for more complex movement tasks [Manganotti
et al., 1998], especially for rhythms in the mu frequency range. In contrast, Nashmi et al.
(1994) found that drawing tasks resulted in significant increases in gamma (30-50 Hz)

activity if subjects were instructed to focus on accuracy of the movement trajectory.
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Both effects were stronger over contralateral sensorimotor areas and presumably reflect
the degree of motor planning and/or attention necessary to perform more difficult task
conditions. A correlation between high frequency oscillations and attention has also been
observed in animals recordings [Lopes da Silva et al, 1970; Lopes da Silva, 1991;
Murthy & Fetz, 1992; MacKay, 1997].

Here we ask whether the strength of rhythms in the mu (8-12 Hz), beta (15-30 Hz)
and gamma (30-50 Hz) ranges has any dependence on whether subjects are coordinating
in a syncopated versus a synchronized manner. Given the inability of subjects to
syncopate at higher rates, it is reasonable to conclude that off-the-beat relations are more
difficult in general, requiring greater attentional focus. This conclusion is supported by
recent behavioral work showing that anti-phase coordination in a bimanual task
(analogous to syncopation in a unimanual situation) is associated with slower responses
in a simultaneous probe reaction time task as compared to in-phase (synchronized)
movements [Temprado et al., 1999; see also Carson et al., 1999]. Of particular interest is
whether differences in the amplitude of these rhythms are observable over contralateral
sensorimotor areas since the prior EEG and MEG studies conducted by our group
indicate large-scale reorganization of neuronal activity in this region when subjects
switch from syncopation to synchronization.

3.2 Methods
3.21 Subjects
This experiment was in compliance with all standards of human research outlined

in the Declaration of Helsinki as well as by the Institutional Review Board. Four subjects
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(3 male, 1 female) whose ages ranged from 27-41 participated. All subjects reported
being right-handed. Informed consent was obtained from all subjects prior to any MEG
recording. Data from three subjects is reported here; the MEG signals from one of the
male subjects were corrupted because of dental fillings.
3.22 Task Conditions

The experiment consisted of two auditory-motor coordination conditions and two
control conditions. In the coordination conditions, subjects listened to an auditory
metronome (1 kHz, 60 msec tones) and were instructed to time peak flexion of their right
index finger exactly between-the-beat (Syncopate condition) or on-the-beat (Synchronize
condition). The rate of the metronome was systematically increased on each trial from
1.0 Hz to 2.75 Hz in 0.25 Hz increments every ten cycles. Each set of 10 cycles at a
constant rate is referred to as a plateau. Subjects were further told to maintain a 1:1
stimulus/response ratio throughout the entire trial and not to intervene even if they felt the
primary timing pattern begin to change. These rates (1.0-2.75 Hz) were chosen because
it is known that subjects are unable to maintain a syncopated mode of unimanual sensori-
motor coordination across this range [Kelso et al., 1990, 1992]. Each subject performed
16 trials of both coordination conditions.

In the first control condition (Auditory condition), subjects listened to tones
(approximately 80) presented with randomized intervals of 2-4 seconds. In the second
control condition (Motor condition), subjects were asked to self-pace flexion movements

with inter-response intervals of 24 seconds; around 60-80 responses were collected for
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each subject. These controls were included so that evoked responses to the component
events in the coordination task could be measured.
3.23 Experimental Procedure

Experiments were carried out at the Department of Clinical Neurology at the
University of Vienna. Subjects participated in all conditions while seated inside a
magnetically shielded room (Vacuum Schmelze, Hanau) and with their heads held firm
within the helmet of the magnetometer. The metronome was delivered binaurally
through plastic headphones at a volume that the subjects reported to be comfortable.
Subjects responded with almost-isometric right index finger flexions against a sensitive
air pressure cushion that was connected to a pressure-voltage transducer located just
outside the room. Due to the length of tubing which connected the cushion to the
transducer (10 meters) response signals were corrected off-line for a delay of 33 msec
which is the time it took for pressure changes to arrive at the transducer (given by the
length of tubing divided by the speed of sound in air). Subjects were asked to fixate at a
point located approximately two meters in front of them and to confine all eye or
extraneous body movements to breaks between trials.
3.24 Data Acquisition

MEG activity during all four conditions was recorded using a whole-head
magnetoencephalograph (CTF Inc., Port Coquitlam, Canada) comprised of 143 SQuID
(superconducting quantum interference device) sensors distributed homogeneously across
the scalp (figure 3.1). Conversion to third-order gradiometers was performed in firmware

using a set of reference coils. MEG, metronome and response signals were bandpass
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Figure 3.1: Distribution of 143 MEG sensors across the scalp surface. Shown on the left
is a sample field pattern over the left hemisphere with the sensor positions indicated
by orange dots. Projecting the sensor coordinates into two dimensions yields a
topographic distribution like those shown on the right. The view is from above the
head with the nose at the top. White dots again indicate sensor positions and the
white circle over the left hemisphere shows the extent of coverage in previous MEG
studies that examined syncopated/synchronized coordiration [Fuchs et al., 1992;
Kelso et al., 1991, 1992]. Blue and yellow signify field lines entering and leaving
the head, respectively. The two-dimensional topographic plots on the right are of
field patterns associated with flexion (top) and auditory (bottom) events.
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(0.3-80 Hz) and notch filtered (50 and 100 Hz — the European line frequency and its
harmonic). Digitization was done at a rate of 312.5 Hz. A coordinate system for each
subject’s head was defined with respect to three fiduciary points: the nasion, left, and
right preauricular points (whose three-dimensional coordinates were measured prior to
each experiment using a set of reference coils). Finally, sensor coordinates were
projected into two dimensions for topographical mapping (figure 3.1).
3.25 Behavioral Analysis

Metronome and response signals from the coordination conditions were used to
determine the timing relationship employed by subjects on a cycle-by-cycle basis. One
cycle was defined as one period of the metronome, i.e. tone onset to following tone onset.
First, two points in each cycle were marked: the onset of the metronome tone and the
peak of the response (corresponding to point of maximal flexion). Second, the relative
phase between these two points was calculated. Finally, these phase values were
subjected to criteria which segregated each cycle into one of three categories: 1)
syncopated coordination (180° + 60°), 2) synchronized coordination (0° + 60°), or 3)
other. Cycles classified as ‘other’ were excluded from further analysis.
3.26 MEG Analysis: Control Conditions

The purpose of these conditions was to obtain the primary field pattern evoked by
either an auditory tone or flexion event. All MEG data were manually inspected for eye
blinks or other artifacts. Contaminated segments were marked and discarded from
averaging procedures. Ensemble averaging (i.e. across trials) was done separately for

each subject using a one-second window centered at tone onset for the Auditory
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condition and at peak flexion for the Motor condition. The principal field patterns were
obtained by applying the Karhunen-Loéve decomposition technique (also known as
Principal Components analysis) to the ensemble average and taking the top eigenvector,
i.e. the spatial pattern that accounted for most of the signal variance. Topographic
mapping of field patterns was done by projecting three-dimensional sensor coordinates
into two-dimensional space and then interpolating between sensor positions with a spline
of 3™ order (see figure 3.1 for example).
3.27 MEG Analysis: Coordination Conditions

MEG signals were again manually inspected for artifacts. If any portion of a
cycle was contaminated, the entire cycle was discarded from further analysis. Remaining
cycles were then separated into groups according to subject, coordination condition,
plateau frequency (i.e. metronome rate) and timing mode within plateau (syncopation or
synchronization). Ensemble averages were computed separately for each group of cycles
resulting in event-related fields (ERFs). Timing differences in ERF components were
investigated by applying a discrete Fourier transform (DFT) and plotting the phase of the
fundamental frequency in the resulting spectra. Since each ERF was one cycle
(metronome period) in length, the fundamental frequency in Fourier space always
corresponded to the coordination or plateau frequency in the experiment. Amplitude
changes were examined by plotting total spectral power. In order to assess the
contribution of auditory and motor-related patterns to the ERFs, patterns obtained from

the control conditions performed by each subject were projected onto ERFs from the
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coordination conditions using a dual-basis projection technique [Friedrich & Uhl, 1996;
Fuchs et al., 2000c].

MEG data from the coordination conditions were also analyzed without ensemble
averaging in the time domain in order to investigate whether task-related effects are
observable for higher frequency bands (e.g. alpha, beta) that are not necessarily phase
locked cycle to cycle. The raw cycles in each data group were first preprocessed by
subtracting the corresponding ERF in order to meet stationarity requirements for spectral
estimation [see Bendat & Piersol, 1986 for discussion]. They were then multiplied by a
Y2 sine tapering window and transformed into the frequency domain with a DFT. Finally,
power spectra were averaged across cycles in each data group and banded by calculating
the average of components in each of the following frequency bands: mu (8-12 Hz), low
beta (15-20 Hz), high beta (20-30 Hz) and gamma (3545 Hz). Resulting values for the
Syncopate condition were subtracted from those of the Synchronize condition (same
plateau only) and then converted to z-scores to test for significant differences between the
conditions. Significance levels were adjusted for multiple comparisons (143 channels)
using a Bonferroni correction.

3.3 Results
3.31 Task Performance

Figure 3.2 shows a sample of the metronome and response time series from a
single run for both the Syncopate (top row) and Synchronize (bottom row) conditions.
For low metronome frequencies (figure 3.2, left side), subjects were able to successfully

time peak flexion in between the beats in the Syncopate condition and on the beat in the
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Figure 3.2: Samples of the metronome (top) and response (bottom) channels from one

subject for the Syncopate and Synchronize conditions. The left side shows data from
plateau 2 for which the coordination rate was 1.25 Hz and the right side from plateau
7 (2.5 Hz). Peaks in the response data indicate points of maximal flexion. Note that
at the lower movement rate, these peaks occur in between the metronome beats in the
Syncopate condition and on the beat in the Synchronize condition whereas at the
higher movement rate, they are synchronized with the beats in both cases. The
distributions shown contain all relative phase values for these plateaus for this
subject (double plotted for ease of viewing). The switch in the distribution mean in
the Syncopate condition is clearly observable. Grey indicates cycles that were kept
for MEG analysis while black indicates cycles that did not meet behavioral editing
criteria.
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Figure 3.3: Average relative phase values (+ std. dev.) versus plateau # for the
distributions of cycles that were kept for MEG analysis. The solid and dashed lines
are for the Syncopate and Synchronize conditions, respectively.
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Synchronize condition. However, at high metronome rates, all subjects showed a
synchronized mode of timing regardless of the task condition (figure 3.2, right)
replicating previous behavioral findings [Kelso et al., 1990]. In other words, once the
rate of coordination became too high in the Syncopate condition subjects switched to
synchronization in order to keecp a 1:1 stimulus/response ratio as required by the task
instructions. In general, subject 1 switched at a rate of 2.0 Hz (plateau 5) while subjects 2
and 3 were able to maintain syncopation up to 2.25 Hz. Figure 3.3 shows the average
relative phase values versus plateau # for the cycles that were kept for MEG analysis.
Grand average relative phase values before and after the transitions in the Syncopate
condition were 172.9° (+ 23.7) and 12.7° (£ 24.3), respectively. For the Synchronize
condition, the average relative phase value throughout the trial was 6.7° (+ 21.2).
3.32 Control Conditions: Dominant Patterns of Activity

Spatiotemporal decomposition of the ERFs from the control conditions yielded
the spatial patterns shown in figure 3.4. All subjects showed clear dipolar patterns for
both the auditory (figure 3.4, left) and motor (figure 3.4, right) conditions. The auditory-
related field consisted of bilateral dipolar patterns, presumably reflecting activation of the
primary auditory cortex in each hemisphere. The motor-related patterns, on the other
hand, consisted of a single dipolar structure in the left central region, corresponding to
activation of the sensorimotor area (SM1) associated with movement of the right index

finger.
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Figure 3.4: Spatial patterns from a Karhunen-Loé¢ve decomposition that accounted for
most of the signal variance in the ERFs computed from the Auditory (left) and Motor
(right) control conditions. All three subjects show dipolar structures that are bilateral
in the auditory case and lateralized to the left side in the Motor case (reflecting
movement of the right index finger). The scale here is in arbitrary units (since the
patterns were obtained with a Karhunen-Loéve decomposition); see figure 3.1 for
approximate values in terms of femtoTesla.
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Figure 3.5 (page 60): Topographic maps sampled every 19.2 msec from the ERFs
associated with syncopation (top) and synchronization (bottom) on plateau 2 (1.25
Hz). The head is viewed from above with the nose on top. Topos are scaled to +
227.53 fT for the Syncopate condition and *+ 290.17 fT for the Synchronize
condition. The green and blue lines beneath each map show the corresponding
averaged metronome and response time series, respectively, with the red line
indicating the time point at which each map is sampled. Yellow boxes highlight the
appearance of the two main patterns in each ERF, the auditory and motor-related
field patterns. As expected, the motor pattern is shifted in time depending on
whether the subject’s response was syncopated or synchronized with the metronome.

Figure 3.6 (page 61): Same as figure 3.5 but for plateau 7 (2.5 Hz) during which the
subject was in a synchronized state of coordination in both the Syncopate (top) and
Synchronize (bottom) conditions. The amplitudes are scaled to + 133.04 and +
107.47 fT for the Syncopate and Synchronize conditions, respectively.
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3.33 Coordination Conditions: ERFs

We investigated both timing and amplitude characteristics of event-related field
activity associated with each plateau from the two coordination conditions. Figure 3.5
shows ERF data from subject 1 for a low frequency plateau (1.25 Hz). In both
conditions, maximal activity occurs over bilateral temporal areas around 80 msec after
tone onset, consistent with the Nim, the primary magnetic auditory response [Naitinen
& Picton, 1987]. Also observable is the P2m, the polarity reversal of this auditory
component that occurs approximately 70-120 msec later. The next strongest component
in the ERFs is a motor-related pattern that occurs during the flexion phase of the
response. The strongest amplitude for this pattern actually occurs at the point of maximal
velocity in the flexion direction and thus precedes peak flexion [Kelso et al., 1998]. Due
to the different timing of the response, this pattern emerges approximately one “:-cycle
length after tone onset during syncopation (figure 3.5, top) and just prior to tone onset
during synchronization (figure 3.5, bottom). The direct relation between the onset of this
pattern and the motor response is further evident in figure 3.6, which shows the same plot
for a high frequency plateau (2.5 Hz). There is no difference in the onset of motor-
related cortical activity (compare figure 3.6, top and bottom) since subjects were now
synchronizing in both conditions, i.e. the transition in the Syncopate condition had
already occurred.

The timing of the motor-related pattern within each cycle can be tracked by
plotting the phase of the coordination frequency component of the ERF. This is shown in

figure 3.7, which plots this phase value for each of the eight plateaus from the Syncopate
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Figure 3.7 (page 64): Phase of the brain signal with respect to tone onset versus plateau
frequency (double plotted). Sensor #s are indicated in the upper left-hand comer.
The two lines indicate phase relationships of +180°. Data shown are from the
Syncopate condition for subject 1 who switched to a synchronized mode of
coordination at plateau 5. There is a clear 180° transition in sensors overlying left
central areas (gray circles). The direction of the transition (180° to 0° or vice versa)
differs depending on which side of the motor dipole the sensor sits (i.e., it depends
on the polarity of the ERF). No transitions are visible over other areas suggesting
that the phase of the coordination frequency in the ERF tracks the shift of the motor
response in time.

Figure 3.8 (page 65): Same as figure 3.7 but for the Synchronize condition. Sensors that
showed phase shifts in the Syncopate condition have a constant phase value across
all plateaus reflecting the fact that the subject was able to maintain a synchronized
mode of coordination across the entire range of plateau frequencies.
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condition. The data shown are from subject 1 who switched to synchronization at plateau
5 (2.0 Hz). Coincident with the transition on the behavioral level is a 180° switch in
phase measures in left central sensors, thus replicating earlier work using a 37-SQuID
array [Kelso et al. 1991, 1992; see also Daffertshofer et al., 2000; Fuchs et al., 2000ac].
A comparison of the gray highlighted areas with the motor-related pattern in figure 3.4
shows that these are the sensors that pick up activation during a motor response. None of
the other sensors show a clear-cut transition in phase that paraliels the transition on the
behavioral level (i.e. occurs at plateau 5). Figure 3.8 shows the same plot for data from
the Synchronize condition. Since there were no changes in the timing of the motor
response with increasing plateau frequency, the phase values over these same ‘motor’
sensors remain approximately constant. This phenomenon has also been previously
observed in full-head EEG recordings [Wallenstein et al., 1995].

Amplitude differences in the ERFs were first examined by plotting total power of
the MEG signal (figure 3.9). There was practically no difference in ERF amplitude
between conditions as can be seen by comparing the bottom two rows in figure 3.9.
Signal power was initially concentrated bilaterally in sensors that detected the brain’s
response to an auditory event (compare first columns of figures 3.4 and 3.9). As the
plateau frequency was increased, the power decreased in these areas, especially in the
right hemisphere. The focus of power in the left hemisphere at high plateaus reflects
activation of the left SM1. Together these results indicate an interaction in frequency
dependence of the auditory and motor-related contributions to the ERF. However, it is

difficult to discern whether motor areas have higher power at fast coordination



frequencies because they show more activation with increasing rate or because their
activation at low rates is swamped by the auditory response.

To obtain further insight into the relative contributions of auditory and motor-
related processes to the ERFs, we employed a dual-basis projection technique [Friedrich
& Uhl, 1996, Fuchs et al., 2000c] in which the principal field patterns from the two
control conditions were projected onto each ERF. This projection resulted in time-
dependent amplitudes (TDA) for each pattern that reveal their temporal evolution in the
ERF. Together, the two control field patterns accounted for an average of 65% of the
ERF variance (across plateaus) in both conditions. Figure 3.10 shows the auditory and
motor TDAs from the data of subject 1 (top half figure 3.10). Waveforms for the
auditory pattern show a qualitative transition on plateau 4 at which point the N1m-P2m
complex reverses in polarity. The motor pattern also shows a qualitative change that
results in a strong oscillation at about twice the cyclic frequency at high plateaus. This
results in a frequency doubling of the ERF signal, which has been previously reported
[Fuchs et al., 1992, 2000ac; Kelso et al., 1992; see also Daffertshofer et al., 2000].

The maximum (absolute) amplitudes of these time series are shown in the bottom
half of figure 3.10 for all three subjects. It is clear from these graphs that while the
amplitude of the auditory pattern decreases throughout each trial, the contribution of the
motor pattern remains approximately constant. Where the auditory pattern amplitude
flattens out corresponds approximately to the plateau at which subjects switch to
synchronization in the Syncopate condition. This explains previous results which show

that the dominant field pattern in the ERF undergoes a topographic change at the
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Figure 3.9 (page 69): Total power of the ERFs from the Syncopate condition for each
subject. Each row is scaled independently. Grand averaged (normalized) data are
shown on the bottom for both conditions. There is very little difference in MEG
power between conditions. Initially power is concentrated bilaterally reflecting the
brain’s auditory response but then decreases as the plateau frequency is increased.
At high plateaus power is focused over the left side, associated with movement of the
right finger.

Figure 3.10 (page 70): Top half: Examples of time-dependent amplitudes (TDA) of the
auditory and motor-related field patterns calculated from a dual-basis projection
procedure. Each TDA is independently scaled for ease of viewing. Bottom half:
Maximum TDA amplitude (in arbitrary units) versus plateau frequency. All three
subjects (solid, dashed, dashed-dotted lines) show a frequency-dependent decrease in
the contribution of the auditory pattern to the ERF whereas the contribution of the
motor pattern remains approximately constant throughout the entire run.
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transition point [Kelso et al., 1991, 1992; Fuchs et al., 1992]. For low plateaus, the ERF
is dominated by an auditory pattern whereas for higher plateaus the contribution of the
motor-related pattern becomes stronger, even surpassing the auditory pattern amplitude
for one of the subjects. Here we show this pattern shift is largely a function of
coordination rate rather than mode of coordination since the Synchronize condition
exhibits the same relation.
3.34 Coordination Conditions: Task-related activity in higher frequency bands

A growing body of research associates changes in higher frequency bands with
the performance of a variety of perceptual and motor tasks [Gray et al., 1989; MacKay,
1997; Classen et al., 1998; Pfurtscheller & Lopes da Silva, 1999; Vanni et al., 1999].
These high frequencies are not necessarily phase-locked to any task event and thus often
average out if ensemble averaging is done in the time domain. We investigated whether
MEG signal power in higher frequency bands differed depending on whether subjects
were performing syncopated or synchronized coordination. Figure 3.11 shows averaged
power spectra associated with both modes of timing. The sensors shown are those that
have maximal amplitude in the motor-related field pattern. Though there is a peak in the
mu rhythm range (~10 Hz) and its first harmonic for both conditions, there is no
difference in the power levels at these peaks. This was true not only for contralateral
sensorimotor sensors, but all over the head. Gamma band (35-45 Hz) frequencies also
showed no consistent significant differences in any area of the head. This indicates that

the neurons that generate mu and gamma rhythms are either not involved in performing
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syncopated or synchronized coordination or respond to parameters that are similar across
the two conditions (e.g. movement duration, muscles activated, etc.).

In contrast, very consistent significant differences between conditions were found
in the beta range. These differences were broadband in nature ranging from 15-30 Hz.
Figure 3.12 shows the topography of significant differences in the 20-30 Hz range for all
plateaus. Results from the 15-20 Hz range were nearly identical and are not included.
Two observations are particularly relevant. First, prior to the transition in the Syncopate
condition (on average, plateau S and below), there are highly significant differences in
sensors over central and pre-central areas. These differences are concentrated over the
left hemisphere though they do extend across the midline and even into the right
hemisphere. This suggests that activity in the contralateral sensorimotor cortex and
perhaps also premotor (e.g. supplementary motor area) and ipsilateral sensorimotor areas
changes in association with the mode of coordination. Secondly, where there are
differences, they are always in the same direction, with more power in the Synchronize
condition, indicating a greater suppression of beta activity during syncopation, the more
difficult coordinative pattern.

A third interesting observation is what happens after the transition in the
Syncopate condition for subjects 1 and 2’s data. Despite the fact that these subjects were
synchronizing in both conditions, similar regions still show strongly significant
differences in beta power, suggesting a “carryover” or history effect of syncopation. The
strength of beta rhythms thus depends not only on the mode of coordination currently

being performed but also on previously performed coordinative patterns. Together these
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Figure 3.11 (page 74): Examples of averaged power spectra from plateau 2 of both
conditions. Spectra shown are from the sensors indicated in black (lower right
comner), which overlie the left sensori-motor area (the sensor # is indicated in the
upper right hand comer of each graph; see figures 3.7 and 3.8 for exact location).
Clear differences in the two curves are found throughout the beta frequency range
(15-30 Hz).

Figure 3.12 (page 75): Topographic maps showing areas of significant differences in
MEG signal power in the high beta (20-30 Hz) frequency range. Maps of the 15-20
Hz range were similar and are not shown. The transition point is indicated for each
subject; pre-transition the timing mode differed between the two conditions whereas
post-transition subjects were synchronized in both cases. Difference values were
converted to z-scores before plotting; any z-score that did not exceed a confidence
level of a=0.001 is shown as black. All differences are positive indicating that
higher power levels were always found for the Synchronize condition.

73



*H 9Tl
g nvoywg

g fang

baag A (10m0g)B0r)

R

8
~

8
]

Figure 3.11

74




noawyd
2HGLZ  THOS?  ZHSZZ  2HO0Z  ZHSLT  ZHOST  ZHGZT  ZHOO

) ...’9’099
]
[
B
(=1
>
wn QM
&
(]
1]
(<]
o4
N
[ 21}
7]
) ]
. [y
21!

10000 =0 ZH 0€ - 02 DAOoULS - IZIUCIYIULS

Figure 3.12

75




results suggest that neural populations responsible for generating beta rhythms in
sensorimotor and premotor areas react to the way in which movement is organized in a
given environmental context.
3.4 Discussion

The strongest components in the ERFs reflect auditory and motor-related field
activity. The characterization of these two patterns presented here explains previous
results [Fuchs et al. 1992, 2000c; Kelso et al., 1992] that demonstrate spatiotemporal
shifts in neuromagnetic activity when subjects switch from syncopation to
synchronization with an auditory metronome in a ramped frequency task. Regarding
temporal ERF features, we have confirmed previous results [Kelso et al., 1991, 1992;
Fuchs et al., 1992; Wallenstein et al., 1995] showing that 180° transitions occur in
parallel on brain and behavioral levels in the Syncopate condition. We further show
these transitions to be restricted to sensors that overlie contralateral sensorimotor areas.
This topography plus the lack of transitions in the brain signals from the Synchronize
condition suggest that the coordination frequency component of ERP/ERFs tracks the
timing of the brain’s motor response (here signified by the motor field) within each cycle.

Spatial reorganizations of activity previously observed with MEG recordings
[Fuchs et al.,, 1992, 2000c; Kelso et al., 1992] can also be explained. Increasing the
metronome rate leads to a decrease in amplitude of the brain’s auditory response. On the
other hand, the amplitude of the motor field is relatively unaffected by increasing
coordination frequency. This interaction in frequency dependence causes low plateau

neuromagnetic activity to be dominated by an auditory-related pattern whereas for high
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plateaus, the strongest pattern is a motor-related dipolar field. There are at least two
possible explanations for the decrease in amplitude of the auditory pattern. One is that
after the transition to synchronization, a superposition of auditory and motor-related
activity causes field cancellation. We reject this explanation because the same
frequency-amplitude relationship is observed in the Synchronize condition during which
the two responses are superimposed at all plateaus. A more likely explanation is a
change in the way the brain processes auditory information.

The dependence of the brain’s auditory response on inter-stimulus interval (ISI) is
well known for both EEG [see Naatinen & Picton, 1987 for review] and MEG [Hari et
al., 1982; Liu et al.,, 1998]. However, this phenomenon has not been systematically
investigated in the ISI range used here. Rather much of the work on auditory event-
related activity has focused on either slower, transient evoked responses (ISI > 2 sec) or
much faster steady-state responses (40 Hz) [see Lins & Picton, 1995 for review). The
range that affords syncopated or synchronized coordination is in the middle; it must be
fast enough to allow anticipation of the next stimulus but still remain within the limits of
biomechanical operation [see, €.g. Engstrom et al., 1996]. We speculate that the changes
in auditory-related activity observed here reflect a transition to an increasingly steady-
state response that results not only in the habituation of auditory cortical neurons, but also
in a reorganization of sensorimotor integration networks leading to an inability to
separate the motor response from each tone event. In other words, the motor response
becomes entrained to the increasingly predictable series of tones, leading to synchronized

coordination at faster metronome rates.
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Though the results described above may relate to why syncopation becomes
unstable, the only ERF features that uniquely distinguish between a syncopated and
synchronized mode of coordination (i.e. between ccnditions) appear to be related solely
to the timing of the motor response itself within each cycle. This is in contrast to
previous analyses of EEG data, which demonstrate that significant differences in event-
related potential (ERP) signal power at the coordination frequency exist in electrodes
over contralateral central and antero-parietal areas [Mayville et al., 1999]. Specifically,
in Mayville et al. (1999) syncopation was associated with stronger ERP power at these
sites when compared to synchronization either post-transition within the same condition
or at the same plateau rates in a synchronize control condition. This previous work
suggests that activation of contralateral sensorimotor cortex varies with the coordinative
pattern. Our finding here of significant differences in the power of beta oscillations (15-
30 Hz) in sensors located over contralateral sensorimotor areas is consistent with this
hypothesis. Differences exist between plateaus 1-5 of each condition, the range of
frequencies across which subjects syncopated in one condition and synchronized in the
other. Howcuver, in contrast to the ERP study, synchronized coordination is associated
with higher power than syncopation. This discrepancy in the direction of difference
probably reflects the fact that in the former situation we examined power at the
coordination frequency whereas in this experiment we examined non phase-locked

activity in much higher frequency ranges.
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Desynchronization of oscillations in the beta range during motor activity is a well-
documented phenomenon in both EEG [Pfurtscheller & Berghold, 1989; Pfurtscheller &
Neuper, 1992; Pfurtscheller et al., 1996, 1998; Leocani et al., 1997] and MEG [Kristeva-
Feige et al., 1993; Salmelin and Hari, 1994; Hari et al., 1997). Current theories posit that
decreases in beta rhythm amplitude at the scalp signify a shift from an ‘idling’ state to
task-related activation [Pfurtscheller et al., 1996; Pfurtscheller & Lopes da Silva, 1999].
Such amplitude changes, however, are typically defined with respect to baseline levels of
activity associated with rest or some non-movement control condition. In our case, the
ramped nature of the task precluded a comparison between each frequency plateau and
some baseline period. Therefore we do not have a direct measure of how rhythmic
activity changed in response to either type of auditory-motor coordination, i.e. whether it
increased or decreased as compared to rest. Nevertheless, it is reasonable to conclude
that the differences in rhythmic activity that we observe between the Syncopate and
Synchronize conditions reflect similar differences in the functional organization of
underlying neural networks. From this perspective, then, syncopated coordination is
associated with a stronger event-related desynchronization (i.e. more task-related
activity) than synchronization.

Changes in beta activity may, in some cases, reflect changes in mu rhythm
oscillations to which frequencies in the beta range are harmonically related. Indeed,
figure 11 shows clear peaks around both 10 Hz and its first harmonic. However, neither
peak differentiates between conditions. Rather, the second peak splits the beta range into

a low (15-20 Hz) and high (20-30 Hz) range, both of which show significant differences
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between syncopated and synchronized coordination. This suggests that there are at least
two distinct neuronal mechanisms associated with auditory-motor coordination, one that
relates to the spectrally-focused mu rhythm and one which generates broad-band beta
oscillations. Previous work in both EEG [Pfurtscheller et al., 1996] and MEG [Salmelin
and Hari, 1994] indicates that mu rhythms are generated in somatosensory cortex
whereas beta rhythms reflect activity in pre-central areas, including not only primary
motor areas but also possibly premotor cortical areas. Our results are consistent with
these studies. Since we are subtracting power between two conditions which both
involve movement, it is not surprising that a rhythm generated in somatosensory areas
(mu rhythm) shows no significant differences.

On the other hand, the fact that differences exist for the 15-30 Hz range suggests
that beta oscillations are generated by neural populations that respond to how motor
behavior is organized within a given environmental context. This hypothesis is also
supported by the fact that two of the three subjects in this experiment show a history
effect; even after the transition to synchronization, these subjects still show a difference
in beta power between conditions. Neural processes relating to movement generation or
somatosensory stimulation cannot explain this result. Rather, the task context is the
differentiating factor. In one case subjects have been synchronizing the whole time
whereas in the other they have recently switched from a more difficult pattern. The
former situation is certainly more automatic. Subjects establish a rhythm very quickly
and thereafter must only attend to the modification of movement rate in response to

perturbations introduced by increases in plateau frequency. In the Syncopate condition,
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however, subjects must also attend to the change in the timing pattern that accompanies
the transition. In other words, they have to concentrate on reestablishing a 1:1
stimulus/response relation as required by the task in addition to modifying their
coordination rate in response to perturbation.

One factor that is likely to differ with task context is the amount of attention/effort
required to maintain a given pattern of sensorimotor coordination. Lower levels of beta
power during syncopation (or post-transition synchronization) as compared to (transition-
free) synchronization may thus reflect the fact that subjects must concentrate harder to
maintain a syncopated mode of coordination. While there is behavioral support for the
hypothesis that syncopated (anti-phase) modes of coordination require more attention
[Carson et al., 1999; Temprado et al., 1999], there is little evidence that scalp-recorded
oscillations in the 15-30 Hz range show stronger decreases in amplitude when the task
condition requires more attention. A recent study by Manganotti et al. (1998) reports that
beta (13-20 Hz) decreases tended to be stronger with motor sequences of increasing
complexity but these differences were not found to be significant. The authors do state,
however, that focal decreases in 16-19 Hz power were observed over contralateral centro-
parietal regions. On the other hand, Murthy and Fetz (1992) showed that bursts of beta
(25-35 Hz) oscillations in sensorimotor cortex were more frequent when monkeys
performed a task that apparently required more attention and sensorimotor integration
(reaching for a raisin versus repetitive wrist flexion/extension). Such increases in beta
activity are in contrast to the decreases we observe but could reflect differences between

scalp and intracortical recording techniques. Whereas EEG and MEG activity measure
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the summed activation of many neuronal populations, microelectrodes pick up only local
field activity. Increased arousal and/or action may act to split large synchronized neural
populations into smaller functional groups which could simultaneously cause a decrease
in amplitude of the aggregate signal measured at the scalp and an increase in oscillatory

bursts within local populations.
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4.0 Experiment 3: Neuromagnetic beta (15-30 Hz) rhythm distinguishes
syncopated and synchronized timing patterns in overt and imagined
sensorimotor coordination

4.1 Introduction

One of the fundamental problems faced by the nervous system is the timing of
movement with respect to the environment. The temporal organization of behavior is
thought to involve a wide array of cortical and subcortical areas [e.g. Halsband et al.,
1993; Ivry, 1996, 2000; Rao et al., 1997; Harrington et al., 1998; Harrington & Haaland,
1999] but little is known about the dynamical mechanisms through which they operate.
Studies on rhythmic sensorimotor coordination indicate, for example, that the ability to
match one’s movement with a metronome is constrained by both the timing relation and
the rate of coordination. Engstrom et al. (1996) demonstrated that there is a transition
from reactive to anticipatory behavior at a movement rate of about 1.0 Hz. Transitions in
coordinative timing have also been observed for higher movement rates. Whereas both
syncopated (off-the-beat) and synchronized (on-the-beat) response patterns are possible
for rhythmic rates below about 2 Hz, beyond this threshold only synchronization is stable
[Fraisse, 1982; Kelso et al., 1990]. Therefore, when subjects are instructed to respond
between successive beats and the rate of the metronome is systematically increased they

spontaneously switch to a synchronized timing relation in order to stay 1:1 with the
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metronome. No such switching, of course, occurs if subjects start in a synchronized
mode.

Transitions from syncopation to synchronization are accompanied by two key
dynamical phenomena. Just prior to the timing switch, measures of the phase
relationship between stimulus and response at brain and behavioral levels show enhanced
fluctuations and increased relaxation times [Kelso et al., 1991, 1992; Fuchs et al., 1992;
Wallentstein et al., 1995]. These features indicate that transitions to synchronization
occur because of emerging coordinative instability {see Kelso, 1995; Haken, 1996 for
discussion] and suggest the hypothesis that off-the-beat patterns are controlled by a
distinct network of neural areas which then reorganizes as its dynamical interactions
become increasingly unstable. One area whose activity has been shown to be uniquely
related to the performed timing relation is contralateral sensorimotor cortex. The
amplitude of both neuroelectric [Mayville et al., 1999] and neuromagnetic [Fuchs et al.,
1992, 2000c] signals recorded at scalp locations over this area was found to significantly
differ depending on whether subjects were syncopating or synchronizing, independent of
the rate of coordination.

These results demonstrate that there are constraints on the brain’s ability to time
behavior with respect to external events and moreover that these lead to changes in the
spatiotemporal dynamics of brain activity. An interesting question is whether or not such
constraints on the temporal organization of behavior are dependent upon the presence of
movement. It is possible that switches from syncopated to synchronized coordinative

patterns result from central changes in the representation of temporal information that
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occur even in the absence of movement execution. Previous work on motor imagery
indeed supports the hypothesis that behaviorally relevant temporal information is
centrally stored and can be accessed and modified without motor execution. Similar time
courses for mental and actual movements have been shown in several studies using a
variety of tasks including drawing, writing and walking [see Decety, 1996 for review]
and a growing number of studies are showing that mental practice can improve
performance of skilled motor tasks significantly more than no practice at all and, in some
cases, even to the extent that actual physical practice does [see Decety & Ingvar, 1990 for
discussion]. There is even evidence that mental movements are also governed by a
) -accuracy tradeoff in accordance with Fitts’ law [Decety, 1996; Georgopoulos &
Massey, 1987].

Further support for the hypothesis that motor planning mechanisms operate
independent of actual execution comes from several neuroimaging studies that have
shown activation of brain areas thought to be involved in the temporal organization of
behavior during motor imagery. These include both cortical (e.g. prefrontal cortex,
premotor cortex, supplementary motor area (SMA)) [Ingvar & Philipsson, 1977; Roland
et al., 1980; Decety et al., 1994] and subcortical (cerebellum) [Decety et al., 1990;
Ryding et al., 1993] structures. Recently, evidence that primary motor cortex is involved
in motor imagery tasks has also emerged [Hallett et al., 1994; Beisteiner et al., 1995;
Lang et al., 1996; Pfurtscheller & Neuper, 1997], raising questions as to whether it has a

purely executive function.
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Together these results suggest that the same timing mechanisms are in place for
internally simulated and overt movement. However, correlates of mental ‘switching’ are
unknown. Here we investigated 1) whether mental transitions from syncopated to
synchronized timing occur when subjects imagine performing each pattern under
increasing coordination rate, and 2) whether correlates of the timing pattern (either
overtly performed or mentally simulated) can be found in the spatiotemporal dynamics of
magnetoencephalographic (MEG) brain activity. Previous attempts to identify such
correlates have shown that event-related fields associated with imagined sensorimotor
coordination do not differ depending on the timing pattern [Fuchs, personal
communication]. Here we show evidence that the neuromagnetic beta (15-30 Hz) rhythm
is such a correlate.

4.2 Methods
4.21 Subjects

Four right-handed subjects (3 male, 1 female) participated. However, only data
from three are reported here; MEG signals from one of the male subjects were corrupted
due to heavy dental work. The experiment was approved by the Institutional Review
Board and conformed to standards of ethics in human research outlined in the Declaration
of Helsinki. Informed consent was obtained from all subjects prior to any MEG
recording.

4.22 Task Conditions
The task in this experiment was to overtly or mentally coordinate peak flexion of

the right index finger with an auditory metronome. Two timing relationships were



examined: synchronization (flex on the beat) and syncopation (flex in between
consecutive beats). The four task conditions were collected in blocks. A block consisted
of one run of each condition in the following order: 1) Synchronize, 2) Mecntal
Synchronize, 3) Syncopate, and 4) Mental Syncopate. This order was chosen so that
subjects performed each mental condition directly after its overt counterpart. 16 blocks
were collected per subject.

The metronome rate was systematically increased from 1.0 to 2.75 Hz in 0.25 Hz
steps after every 10 cycles (one plateau). This range of frequencies was chosen because
syncopation is typically stable only for rates less than about 2 Hz, after which subjects
spontaneously transition to synchronization in order to keep a 1:1 relation with the
metronome. In contrast, most subjects are able to maintain a synchronized pattern
throughout this entire frequency range. Subjects were instructed to coordinate in the
manner prescribed by the task condition and further told not to consciously attempt to
intervene if they felt themselves losing the correct timing relation. The main objective in
each trial was to maintain a 1:1 stimulus/response ratio.

4.23 Experimental Procedure

Subjects participated in all conditions while seated inside a magnetically shielded
room (Vacuum Schmelze, Hanau) with their heads firmly held within the helmet of the
magnetometer. The metronome (1 kHz, 60 msec tones) was delivered binaurally through
plastic headphones at a volume that the subjects reported to be comfortable. In the overt
conditions, subjects responded by applying pressure against a sensitive air cushion placed

just beneath the tip of their right index finger. Subjects were instructed not to move
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during the mental conditions, and were asked to keep their finger on the air cushion so
that the lack of movement could be established. Finally, subjects were asked to fixate at
a point located approximately two meters in front of them and to confine all eye or
extraneous body movements to rest breaks between blocks.
4.24 Data Acquisition

MEG activity during all four conditions was recorded using a full-head
magnetoencephalograph (CTF Inc., Port Coquitlam, Canada) comprised of 143 SQuID
(Superconducting Quantum Interference Device) sensors distributed homogeneously
across the scalp. Conversion to third-order gradiometers was performed in firmware
using a set of reference coils. MEG, metronome and response signals were bandpass
(0.3-80 Hz) and notch filtered (50 and 100 Hz), and then digitized at a rate of 312.5 Hz.
A coordinate system for each subject’s head was defined with respect to three fiduciary
points: the nasion, left, and right preauricular points (whose three-dimensional
coordinates were measured prior to each experiment using a set of reference coils).
Finally, sensor coordinates were projected into two dimensions for topographical
mapping.
4.25 Behavioral Analysis

Metronome and response signals from the overt coordination conditions were
compared on a cycle-by-cycle basis in order to determine the timing relationship. One
cycle was defined as one period of the metronome, i.e. tone onset to following tone onset.
There were 160 total cycles per plateau and condition. Relative phase values (calculated

between tone onset and response peak) were used to classify each cycle as syncopation



(180° £ 60°), synchronization (0° + 60°), or other. Cycles classified as ‘other’ (e.g.,
phase wrapping) were excluded from further analysis. Remaining cycles were then
segregated by plateau frequency. For the Syncopate condition, a transition plateau was
established by comparing the relative numbers of syncopate versus synchronize cycles.
For pre-transition plateaus only syncopation cycles were kept whereas only
synchronization cycles were kept for the post-transition plateaus. For the Synchronize
condition, only cycles that met criteria for synchronization were kept for MEG analysis.
Response signals from the mental conditions were examined only to confirm that subjects
did not move overtly.
4.26 MEG Analysis

MEG signals were manually inspected for artifacts. If any portion of a cycle was
contaminated, the entire cycle was discarded from further analysis. Before computing
signal power, all raw cycles were preprocessed by first subtracting the event-related field
for the corresponding condition/plateau (computed by ensemble averaging in the time
domain all cycles within that group with respect to tone onset) in order to meet
stationarity requirements for spectral estimation [see Bendat & Piersol, 1986 for
discussion]. Each cycle was then multiplied by a ' sine tapering window and
transformed into the frequency domain by discrete Fourier transform (DFT). Finally,
power spectra were averaged across cycles in each data group and banded by calculating
the average of components in each of the following frequency bands: mu (8-12 Hz), low

beta (15-20 Hz), high beta (20-30 Hz) and gamma (3545 Hz).

89



Plateau 3 (1.35 Hs) Plateau 5 (3.00 Hs) Plateau 8 (3.75 Hs)

wr | VLU E PR DLULRELDEY B
NN A NANANNANNT ANSASSNIY AN

FANNANANNNN mra s SN AWV

Figure 4.1: Sample of behavioral data from subject 1 for a low, middle and high
frequency plateau. Plotted on top is the metronome signal. Below this are the
response time series averaged across 16 runs from each of the 4 conditions: N
(Synchronize), MN (Mental Synchronize), P (Syncopate), MP (Mental Syncopate).
All response data is on the same scale. The lack of finger movement in the mental
cases is evident. The transition in the Syncopate condition is reflected by the lack of
a consistent response pattern (on average) in the beginning of plateau 5.
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The following comparisons of resulting values were made by subtracting power in
the second condition from that in the first (same plateau only):

Synchronize - Syncopate

Mental Synchronize — Mental Syncopate
Syncopate — Mental Syncopate
Synchronize — Mental Synchronize

Differences were then converted to z-scores to test for significant differences between the
conditions.  Significance levels were set to p < 0.05 after adjustment for multiple
comparisons (143 channels) using a Bonferroni correction. Finally, the significant
differences were topographically mapped. Values between sensor locations and at
locations where the corresponding sensor was bad or noisy were interpolated using a
spline of 3™ order. The color scale was set such that all sensors for which the z-score
difference between conditions was not significant were black.
4.3 Results
4.31 Task Performance

As expected subjects were able to synchronize on all plateaus in the Synchronize
condition. The average relative phase value for this condition (all plateaus across all
subjects) was 6.7° (x 21.2°). Approximately 15% of cycles were excluded because they
did not meet criteria for synchronized coordination. In contrast, none of the subjects
were able to maintain syncopation throughout the entire run in the Syncopate condition.
Subject 1 switched most often at plateau S (2.25 Hz) while the other two subjects
switched one plateau later (2.5 Hz). After the transition points, all subjects showed
synchronized behavior for the rest of each run. Grand average relative phase values

before and after the transition were 172.9° (+ 23.7°) and 12.7° (+ 24.3°), respectively.
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30% of the total number of cycles were discarded because they did not meet criteria for
syncopation (pre-transition plateaus) or synchronization (post-transition plateaus).

Figure 4.1 shows sample behavioral data taken from subject 1 for all of the
conditions. Averaged response time series from a low (1.25 Hz), middle (2.0 Hz) and
high (2.75 Hz) frequency plateau are displayed in the last four rows (N: Synchronize
condition, MN: Mental Synchronize condition, P: Syncopate condition, MP: Mental
Syncopate condition). The timing transition in the Syncopate condition generally
occurred on plateau 5 for this subject as is evident by the lack of a consistent response
pattern (on average) (fig 4.1, row 4). After the transition, responses are synchronized
with each metronome beat (compare rows 1 (MET) and 4).

Also evident in figure 4.1 is the lack of overt movement in either mental condition
(conditions MN and MP). Subjects experienced no major problems in performing the
Mental Synchronize task. However, on post-experiment interview all reported the
perception of switching to synchronization in the Mental Syncopate condition, suggesting
that off-the-beat timing relations become unstable at faster rates even when there is no
overt movement.

4.31 MEG

Approximately 7% of cycles in each of the four conditions were excluded from

subsequent power analyses because of movement artifacts.
4.321 Power Differences: Overt Conditions
We first compared the two overt movement conditions in order to find frequency

bands that exhibited amplitude modulation as a function of timing relationship. Since all
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Figure 4.2: Topographic maps showing areas of significant differences in MEG signal
power in the high beta (20-30 Hz) frequency range. Maps of the 15-20 Hz range
were similar and are not shown. Difference values for each sensor were converted to
z-scores before plotting; any score that did not exceed a confidence level of a=0.05
is shown as black. The first four rows show individual and grand-averaged maps
that resulted when overt syncopation was subtracted from overt synchronization.
The transition point in the Syncopate condition is indicated for each subject. The
bottom row shows the grand-averaged maps from the comparison between mental
conditions. Almost all differences are positive mdlcatmg higher power for a
synchronized timing relation. The orientation of each map is from above with the
nose on top.
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subjects switched to synchronization at higher plateaus, only differences found for pre-
transition plateaus can be attributed to off versus on-the-beat timing. Neither the mu (8-
12 Hz) nor gamma (3545 Hz) rhythms were consistently affected by the mode of
coordination. More specifically, while there were a few significant differences between
conditions in these frequency bands, their topographical location varied both across
subjects and plateau rate. In contrast, both the low (15-20 Hz) and high (20-30 Hz) beta
rhythms showed spatially consistent significant effects in all three subjects.

Figure 4.2 shows topographic maps of significant differences in the high beta
range for each subject individually (rows 1-3) as well as their average (row 4). Results
from the low beta range were almost identical and are not shown. Colored sensors are
those for which the difference in beta power levels between the two conditions exceeded
a significance level of p < 0.05. The color itself indicates the direction of difference with
red/yellow corresponding to more power in the Synchronize condition and blue the
reverse. The transition point for each subject in the Syncopate condition is indicated.
Prior to this point, the maps reveal two main effects. First, the difference between the
Synchronize and Syncopate conditions was always positive, indicating a lower amplitude
of beta activity during syncopated coordination. Second, these differences were strongest
over left central areas, consistent with the location of the contralateral sensorimotor
cortex, though midline and bilateral central sensors also showed significant differences
(e.g., see plateaus 4 (1.7S Hz) and 5 (2.00 Hz)). These maps imply that the
neuromagnetic beta rhythm in motor-related cortical areas is affected by the temporal

context of sensorimotor integration.



After the transition to synchronization there was a marked attenuation of the
differences between conditions on average (figure 4.2, row 4). However, for subjects 2
and 3 there are still significant differences in bilateral central and precentral areas (rows 1
and 2). In other words, despite the fact that subjects were now synchronizing in both
conditions, the beta rhythm was still significantly weaker in the Syncopate condition.
Therefore, brain activity associated with synchronization at high rates depended on
whether subjects were previously in a syncopated or synchronized coordinative pattern.
4.322 Power Differences: Overt versus Mental Conditions

To investigate the relation between the beta rhythm and the presence or absence
of overt movement, we subtracted each mental condition from its overt counterpart.
Shown in figure 4.3 are the results from the Syncopate — Mental Syncopate comparison.
The transition points in the Syncopate condition are again indicated. The differences
were topographically similar across subjects as well as movement rate. Significant
differences were found in central and precentral areas of both hemispheres and across the
midline, possibly reflecting differences in activation of premotor areas. In almost all
cases, beta activity was stronger when subjects imagined doing the task suggesting that
the neuromagnetic beta rhythm in these areas is suppressed by the presence of overt
movement. Since we do not know exactly where subjects perceptually switched to
synchronization in the Mental Syncopate condition, it is difficult to interpret changes in
the intensity of these differences as a function of plateau rate. Nevertheless, it is clear
from the maps that just prior to where the transition occurred in the Syncopate condition,

these differences are much stronger (row 4, plateau 4 (1.75 Hz)). A lack of equally
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Figure 4.3: Individual and grand-averaged maps of significant differences between overt
and mental syncopation. Differences were concentrated in bilateral and midline
precentral areas and were almost all negative indicating a stronger beta rhythm

during imagined syncopation. See also caption for figure 4.2.
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Figure 4.4: Individual and grand-averaged maps of significant differences between overt
and mental synchronization. In contrast to figure 4.3, both the topography and
direction of difference depend on the subject, resulting in non-significant differences
on average (row 4). See also caption for figure 4.2.
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strong differences at the lower plateaus suggests that the amount of beta power is not
solely dependent upon the presence or absence of movement. The enhancement of
differences in beta power near the transition point may, however, reflect the higher
difficulty of the movement task as syncopated timing becomes increasingly unstable.

We further examined the relationship between beta rhythm amplitude and the
presence or absence of movement by comparing the Synchronize and Mental
Synchronize conditions. If the reduction of beta rhythm amplitude in bilateral central and
precentral areas during overt as compared to imagined syncopation is the result of
subjects actively moving in the former case then the same relation should exist when
comparing the two synchronization conditions. As seen in figure 4.4, the results were
quite different for two subjects (rows 2 and 3), resulting in little to no significant
differences on average (row 4). In fact, these two subjects even showed greater
suppression of beta activity during the overt situation on some plateaus (e.g. plateaus 1-3
for subject 3). These results support the conclusion that the neuromagnetic beta rhythm
is sensitive to the temporal context in which a movement pattern is organized rather than
to the presence or absence of movement itself.

Results for the low beta (15-20 Hz) frequency range were again very similar to
figures 4.3 and 4.4. Differences associated with the mu (8-12) and gamma (35-45) bands
were almost always negative suggesting that, in general, overt movement is associated
with lower signal power in these frequency ranges. However, the topography was much

more variable across subjects resulting in few significant differences on average.
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4.323 Power Differences: Mental Conditions

The above comparisons suggest that the neuromagnetic beta rhythm distinguishes
between syncopated and synchronized timing strategies independent of whether the task
was overtly performed. If this hypothesis is true then one would expect to see differences
in beta rhythm amplitude when imagined syncopation and synchronization are compared.
The bottom row in figure 4.2 shows the grand-averaged maps that resulted when Mental
Syncopation was subtracted from Mental Synchronization. Though the effects were not
as strong as in the overt comparison it is clear that, on average, there are significant
differences for plateaus 2 and 3 in the same direction and over the same cortical areas.
This demonstrates that the beta rhythm in contralateral sensorimotor cortex is sensitive to
the timing between sensory and motor events even when the movement is not actually
executed. However, these differences are clearly weaker than in the previous
comparison, which suggests that overt movement enhances this sensitivity. Furthermore,
the lack of significant differences at higher plateaus indicates that historical context is
less influential on current sensorimotor integration processes when the movement is only
imagined.
4.4 Discussion

Our main finding is that the strength of the neuromagnetic beta (15-30 Hz)
rhythm in sensorimotor and premotor areas during coordination depends on the timing
between auditory and motor ‘events’. Significantly weaker beta activity accompanied a
syncopated (off-the-beat) as compared to synchronized (on-the-beat) relation. This was

true for both overtly performed and imagined coordination though the difference was



enhanced by the presence of movement. Due to the ramping of the metronome rate, we
were unable to isolate MEG activity at each plateau for comparison with a pre-movement
baseline or rest period. Nevertheless, the relative suppression of beta power with
syncopated patterns likely reflects the same mechanisms that underlie the phenomenon of
event-related desynchronization (ERD) [see Pfurtscheller & Lopes da Silva, 1999 for
discussion]. In other words, syncopated timing relations are associated with stronger beta
ERD than synchronized ones.

ERD is thought to reflect focal activation of the underlying neural tissue
[Pfurtscheller, 1992; Toro et al., 1994] and its occurrence in response to transient
movement is well documented in the beta frequency range for both EEG [Pfurtscheller,
1981; Leocani et al., 1997, Stan&4k et al., 2000] and MEG [Salmelin & Hari, 1994; Feige
etal, 1996]. A decrease of beta (15-20 Hz) power relative to rest has also been observed
for rhythmic sequential movements paced by an external metronome at a rate of 2 Hz
[Manganotti et al., 1998]. Other studies have implicated the beta rhythm in motor
planning processes. There is some evidence, for example, that the neuromagnetic beta
rhythm is associated with motor preparation for sensorimotor integration tasks [Kristeva-
Feige et al,, 1993]. Furthermore, beta ERD has been shown to accompany imagination of
movement although this occurs for the mu rhythm as well [Pfurtscheller & Neuper,
1997]. Our results extend this earlier work and imply that neurons which contribute to
oscillations in the beta range are more responsive (i.e. exhibit stronger

desynchronization) to more difficult timing patterns.
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Comparisons between overt and mental performance of the same timing relation
revealed that, in general, there was a greater suppression of all rhythms when subjects
actually moved. However, the beta band differences observed in bilateral pre-central
areas between syncopation and mental syncopation were clearly nor solely the result of
having movement in the former condition. If this were the case, the same differences
would be expected in the synchronize — mental synchronize comparison. This conclusion
is further supported by the distribution of these differences over areas considered to be
involved in motor planning rather than motor execution.

The fact that subjects report perceptual switches from syncopation to
synchronization during the imagined coordination task supports the hypothesis that there
is a central representation of behaviorally-relevant temporal information in the absence of
performance. Moreover, the occurrence of mental transitions demonstrates that
constraints on the brain’s ability to temporally coordinate internally generated responses
with the environment exist independent of whether the responses involve overt
movement. We found a relative suppression of beta power in contralateral sensorimotor
areas for mental syncopation versus mental synchronization that parallels the overt
comparison. This suggests not only that primary sensorimotor areas play a functional
role in the temporal organization of behavior but also that such temporal organization is
reflected by the suppression/desynchronization of the neuromagnetic beta rhythm.

One alternative explanation is that the strength of beta oscillations depends not on
the timing strategy, per se, but rather how difficult it is, i.e. how much effort it requires.

Synchronization is relatively automatic as long as the metronome rate is within a
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rhythmic range (such that accurate anticipation of upcoming beats is possible) without
exceeding biomechanical limitations [Fraisse, 1982]). In contrast, syncopated timing
patterns are clearly more difficult to perform and require more attention [Kelso, 1994;
Carson et al.,, 1999; see also Temprado et al,, 1999 for similar results with bimanual
coordination]. This interpretation is supported by the finding of differences in beta power
even when subjects were performing the same timing relation, e.g. post-transition
plateaus (2.25-2.75 Hz) in figure 4.1. Specifically, synchronization at high rates was
associated with a significantly stronger beta rhythm if subjects had been synchronizing
throughout the entire run as compared to runs in which they transitioned from a
syncopated mode of coordination. However, the effect of historical context on the
temporal organization of behavior is not well understood and it is possible that the neural
mechanisms that control synchronized timing are different in the two cases.

In addition we found an enhancement of power differences between overt and
mental syncopation just prior to the overt transition plateau. Though the target timing
relation was the same in both conditions, we have no direct measure of when subjects
perceptually switched to synchronization in the mental case. It is possible that these
enhanced differences correspond to plateaus for which subjects had already switched in
the mental situation. This might be the case if, for example, actual performance of the
coordinative movement stabilizes the timing relation by providing additional reafferent
information not present during mental imagery alone. A stabilizing effect of additional
information on coordination has been previously shown [Fink et al., in press]. On the

other hand, the transitions could have occurred at the same plateau on average in both
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conditions. In this case the stronger differences just prior to the transition could reflect
higher attentional demands associated with maintaining overt syncopation as it becomes
increasingly unstable.

It is worth mentioning, however, that in one of the few studies to look at the
relation between required attentional focus and brain rhythms, Manganotti and colleagues
(1998) observed an increase in the amount of mu ERD with movement sequences of
increasing length but no such effects were observed for beta activity. Furthermore,
though Nashmi et al. (1994) demonstrated a facilitating effect of attention and motor
preparation on ‘beta’ activity, these oscillations were in a much higher frequency range
(30-50 Hz).

The differences observed in the beta range were in contrast to MEG activity in the
mu (8-12 Hz) or gamma (35-45 Hz) ranges, which did not differentiate between the two
patterns in either the overt or imagined comparisons. These results support the
conclusion that a distinct neuronal population generates the motor-related beta rhythm
and are consistent with previous work which shows that the topography as well as timing
of ERD/ERS events with respect to movement onset depend on the frequency range
examined [Pfurtscheller & Neuper, 1992; Salmelin & Hari, 1994; Leocani et al., 1997].

Spatially, beta oscillations have been localized to anterior regions of sensorimotor
cortex whereas mu rhythm changes are thought to arise in post-central cortex [Salmelin
& Hari, 1994; Pfurtscheller et al., 1996; Hari et al, 1997; Pfurtscheller & Lopes da Silva,
1999]. Temporally, whereas both mu and beta rhythms desynchronize about 1.75-2 sec

prior to movement onset, resynchronization of the beta rhythm is quicker [Pfurtscheller et
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al., 1996; 1998; Leocani et al., 1997] and usually stronger, well exceeding pre-movement
levels [Pfurtscheller et al., 1996; Hari et al., 1997]. Rebound of the beta rhythm has also
been shown to depend on the muscle group activated [Hari et al., 1997; Pfurtscheller et
al., 1998].

In summary, the occurrence of timing transitions in both overt and imagined
coordination indicate that there are constraints on the brain’s ability to organize
movement with respect to an external periodic stimulus which are independent of
whether the movement is actually carried out. We show evidence that the neuromagnetic
beta (15-30 Hz) rhythm is a signature of processes in the brain that underlie the ’temporal
integration of rhythmic sensory and motor-related events and furthermore transitions
from one timing relation to another. The relative suppression of beta oscillations in
sensorimotor and premotor areas during syncopation as compared to synchronization is
observable not only for overtly executed but also for mentally simulated coordination.
Moreover, the beta rhythm is sensitive to previously performed timing patterns. Finally,
whereas overt syncopation results in a reduction of beta rhythm amplitude in bilateral
central and precentral areas relative to mental syncopation, the same relation does not
consistently exist for overt versus mental synchronization. Together these results suggest
that the strength of the beta rhythm at least partially reflects activity in cortical
populations that subserve the planning of movement in a given environmental context

rather than motor execution.
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5.0 Experiment 4: Neuromagnetic motor fields accompanying self-
paced rhythmic finger movement of different rates

5.1 Introduction

This experiment investigates rate-dependent effects on movement-related patterns
of neuromagnetic activity. Movement-related magnetic fields associated with non-
rhythmic, transient voluntary movement have been well described over the last two
decades. In general two types of fields have been distinguished: pre-movement and
movement-evoked. Several studies have revealed slow magnetic field changes prior to
movement [Deecke et al., 1982; Hari et al., 1983; Cheyne & Weinberg, 1989; Kristeva et
al., 1991]. This readiness field begins approximately one second prior to movement and
gradually builds to maximal amplitude near the point of movement onset. It is
consistently recordable over sensorimotor areas in both hemispheres, though it tends to
be stronger on the contralateral side [Deecke et al., 1982]. Moreover, this field is
topographically dipolar on both sides of the head and has been approximated with
bilateral current sources in the sensorimotor cortex directed anteriorly [Cheyne et al.,
1995]. Unlike the readiness or Bereitschaftspotential measured with
electroencephalography (EEG) [Kornhuber & Deecke, 1965], which is strongest over the
midline, the readiness field is not thought to reflect activation of the supplementary motor
area (SMA) along the mesial wall of the interhemispheric fissure. One hypothesis is that

SMA activation, which EEG recordings indicate is bilateral prior to movement, may not
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be measurable with MEG because of field cancellation [Cheyne & Weinberg, 1989;
Kristeva et al., 1991; Cheyne et al., 1995]. This idea is supported by the finding of SMA
activity in patients who have damage to one side of the interhemispheric wall [Lang et
al., 1991]. However, recent work suggests that more complicated forms of movement are
preceded by field activity that is localized to the SMA region [Erdler, 2000].

During movement three field components have been identified. These have been
termed the movement-evoked fields [-III (MEFI-MEFIII) [Kristeva et al., 1991]. The
MEFI typically occurs approximately 100 msec after EMG onset with the next two
components occurring about 100 and 200 msec later, respectively. Of these three, the
MEFI is the strongest and most stable. It is characterized by a large reversal of the
readiness field observable over the contralateral sensorimotor area. MEFI has been
localized to the posterior medial wall of the central sulcus using both dipole modeling
[Cheyne & Weinberg, 1989] and registration of field activity with structural scans
obtained via magnetic resonance imaging [Kristeva-Feige et al., 1994]. The latency of
the MEFI is also known to be longer for foot versus finger movements, suggesting a
dependence of this component on peripheral input [Kristeva-Feige et al., 1994]. This
dependence was verified by Cheyne et al. (1997) who showed that slowing conduction
times of the nerves of the hand by cooling the forearm also resulted in a delay of the
MEFI. Finally, the blocking of cutaneous input with anesthetic does not eliminate the
MEFI component [Kristeva-Feige et al., 1996]. Together, these results strongly suggest
that the MEFI reflects reafferent information from muscle receptors in the periphery

[Cheyne et al., 1997].
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Though not observable in all subjects, the MEFII and MEFIII have also been
localized to sensorimotor cortex. However, dipole analysis indicates a more anterior
source for the MEFII whereas the MEFIII and MEF] appear to be generated by the same
cortical population [Kristeva-Feige et al.,, 1994]. The timing and topographical focus of
the MEFII raises the question of whether the MEFII corresponds to the motor command
for extension (the return phase of the movement in the Kristeva-Feige et al. (1994)
experiment).

Here we examine patterns of neuromagnetic activity associated with movement at
21 different rates systematically spanning the range typically considered rhythmic, ~0.6
to 3.0 Hz. None of the previous studies have examined the MEF complex over a broad
parametric range. Of primary interest is how pre-movement and movement-evoked fields
are affected by the length of time between successive movements. The choice of this
range of rates is motivated by transition phenomena observed in the timing of rhythmic
sensory-motor coordination [Kelso et al., 1990]. It is well established that the ability of
subjects to coordinate finger movement with an external metronome in a 1:1 fashion
critically depends on the rate of the metronome, and hence movement. For example,
even when instructed to react to each metronome beat, subjects begin to show
anticipatory timing at a rate of 1.0 Hz [Engstrom et al., 1996]. Transitions from
syncopated (between successive beats) to synchronized (on each beat) patterns of
coordination have also been observed for higher rates of movement [Kelso et al., 1990].
Whereas both modes of coordination are possible for rates below 2 Hz, beyond this

frequency syncopation is generally unstable [Fraisse, 1982; Kelso et al., 1990]). If
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subjects are asked to syncopate and the rate of coordination is systematically increased,
they spontaneously switch to synchronization in order to keep a 1:1 stimulus/response
relationship [Kelso et al., 1990]. No such transitions occur if subjects begin in a
synchronized pattern, indicating that it is an inherently more stable timing relation.
Transitions from syncopation to synchronization are associated with changes at
both behavioral [Kelso et al., 1991] and neural [Kelso et al., 1991, 1992; Fuchs et al.,
1992, 2000c; Mayville et al., 1999] levels but the neural mechanisms responsible for such
transitions are still unclear. However, recent work [Fuchs et al., 2000; Mayville et al.,
submitted] suggests that timing switches may result from rate-dependent effects on the
brain’s response to sensory and/or motor events that introduce dynamical changes in
sensorimotor integration networks. By decomposing event-related fields associated with
both modes of auditory-motor coordination, these studies showed that there was a
significant decrease in the amplitude of auditory-related brain processes as the rate of the
metronome was increased from 1.0 to 2.75 Hz. Motor-evoked activation patterns, on the
other hand, showed little or no changes in amplitude as a function of coordination rate.
In related work, timing of the MEF components were shown to be significantly correlated
to movement velocity [Kelso et al., 1998). This result revealed a tight coupling between
behavior of the motor-evoked field and the response profile that is independent of the
inter-response interval. However, it is not certain if these results hold for situations in
which a metronome is not present, i.e. for self-paced movement. The presence of an
external pacing stimulus, especially auditory, could affect the aggregate field signals
detectable at the head surface. Such additional fields may, therefore, affect MEF
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amplitudes. Moreover, they may swamp the presence of other, weaker motor-related
fields.

Here we systematically investigate field activity associated with self-paced
movement across a wide range of rates. We seek to confirm not only the tight coupling
between the MEF and motor response but also a lack of dependence of MEF dynamics on
movement rate. We further attempt to identify and describe other motor-related fields
that accompany rhythmic movement. Our expectation is that there may be additional
motor-related processes that do change as a function of movement rate and thus could
contribute to instabilities that underlie transitions between different modes of
coordination.

5.2 Methods
5.21 Subjects

Four right-handed subjects (3 males, 1 female) participated in this experiment.
Prior to recording, the experimental protocols were approved by the Institutional Review
Board and informed consent was obtained from all subjects.

5.22 Continuation Task

In order to systematically vary rhythmic movement rate we employed a
continuation task that consisted of two phases. Each run began with a pacing phase
during which subjects were instructed to synchronize movement of their right index
finger with an auditory metronome. After 20 cycles (tones), the metronome was turned
off and the subjects’ task was to continue moving at the same rate until an “end of run”

cue (1-sec tone) occurred. This cue was delivered after the amount of time corresponding
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to an additional 20 metronome cycles had elapsed. This post-metronome portion is
referred to as the continuation phase.

Twenty-one different metronome rates were used spanning the range 0.5 to 2.5 Hz
in 0.1 Hz steps. One run contained a single rate and the presentation order of the rates
was randomized across runs. 5-6 runs were collected per rate, per subject.

5.23 Experimental Procedure

Subjects participated in the experiment while seated inside a magnetically
shielded room (Vacuum Schmelze, Hanau) with their heads firmly held within the helmet
housing the dewar of the MEG apparatus. The metronome [1 kHz, 60 msec duration
tones] was delivered binaurally through plastic headphones at a volume that the subjects
reported to be comfortable. Subjects responded by pressing against a sensitive air
pressure cushion connected to a pressure-voltage transducer located just outside the
shielded room. Increases in pressure corresponded to finger flexion while a return of air
pressure to baseline signified the extension (return) phase of each movement (figure
5.1A). Subjects were asked to fixate at a point located approximately two meters in front
of them and to confine all eye or extraneous body movements to rest breaks between
runs.

5.24 Data Acquisition

MEG activity was recorded using a full-head magnetoencephalograph (CTF Inc.,
Port Coquitlam, Canada) compiised of 143 SQulD (superconducting quantum
interference device) sensors distributed homogeneously across the head surface.

Conversion to third-order gradiometers was performed in firmware using a set of
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Figure 5.1: A) A typical response profile (top) and its derivative (bottom). Flexion and
extension of the fingertip correspond to an upward and downward deflection,
respectively. Points of maximal velocity in both directions are indicated by the red
(flexion) and blue (extension) dashed lines. Peak flexion is at the black dashed line.
The entire response (from onset of flexion to end of extension phase) is
approximately 200 msec. B) Mean response frequency for continuation phase vs.
condition (i.e. pacing) frequency. All four subjects (denoted by separate lines) were
able to internally pace their movement at the 21 distinct rates. C) Variance of each
subject’s response rate expressed as a percentage of the required response rate.
Subjects typically varied by about ‘4 to " of the required period at all frequency
conditions.
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reference coils. MEG, metronome and response signals were bandpass (0.3-80 Hz) and
notch (50 and 100 Hz) filtered. Digitization was done at a rate of 312.5 Hz A
coordinate system for each subject’s head was defined with respect to three fiduciary
points: the nasion, left, and right preauricular points (whose three-dimensional
coordinates were measured prior to each experiment using a set of reference coils).
Finally, sensor coordinates were projected into two dimensions for topographical
mapping.

5.25 Data Analysis

Only data from the continuation phase of each run were analyzed such that all
included movements were self-paced. Prior to MEG signal processing, we examined the
subjects’ behavioral performance. First, the peak of each response (peak flexion) was
marked. Distributions of inter-response intervals (IRIs) were then calculated separately
for each pacing frequency condition in order to see whether subjects were successfully
able to internally reproduce the metronome frequency. Response cycles for which the
succeeding IRI was within + 2 standard deviations of each distribution mean were kept
for MEG signal analysis. This was done to exclude outlying (extremely slow or fast)
responses.

After artifact rejection (performed via manual inspection)) MEG signals
associated with the retained responses were averaged to obtain event-related fields
(ERFs) for each frequency condition. Averaging was performed on a 1-sec window
centered at the peak of each response. All 21 ERFs were appended together (in order of

increasing rate) and then subjected to a Karhunen-Loéve decomposition or Principal
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Components Analysis. Through this procedure we extracted the dominant spatial modes
or field patterns and then examined the corresponding time-dependent amplitudes of each
pattern. Similarity between patterns was assessed with a Pearson correlation.

For the movement-evoked field, the three strongest peaks in the time-dependent
amplitudes were marked when possible. Latencies of these peaks were also calculated
with respect to the point of maximal response velocity in both the flexion and extension
directions (figure 5.1A) in order to examine further the relation between MEF dynamics
and response profile. We then plotted both the amplitude and latency (with respect to the
response peak) of these points as a function of frequency condition and performed a
linear regression on each line to determine its slope. Finally, the dependence of peak
latency and/or amplitude on rate was assessed by performing a one-sample t test to
determine if each slope was significantly different from zero.

Peak-to-peak amplitudes of the second strongest field pattern were also examined
as a function of rate. We then investigated the relation of this second field to the
previously described readiness field by re-averaged MEG signals using a 2-sec window
that extended from 1.5 sec prior to 0.5 sec after each response peak. These new averages
were also decomposed using the Karhunen-Loéve procedure to 1) ensure that the spatial
pattern did not significantly change between the two average sets and 2) obtain the
extended time-dependent amplitudes so that the behavior of this field pattern over the

entire course of each response cycle could be described.
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5.3 Results
5.31 Task Performance

Figure 5.1A shows a typical response measured with the pressure device. The
responses were biphasic with flexion of the finger associated with an increase in pressure
(i.e. upward deflection) and subsequent extension causing a decrease in pressure (i.e.
downward deflection). The derivative of the response is plotted below to illustrate how
the peak of the response (zero crossing) as well as the points of maximal velocity in the
flexion (maximum) and extension (minimum) directions were marked. The right half of
figure 5.1 shows the mean (5.1B) and variance (5.1C) of the IRI distributions (expressed
in Hz) as a function of pacing frequency. On average, all subjects were successfully able
to internally pace finger movement at the required frequency (figure 5.1B). The response
rate for each subject never varied more than % of a cycle period (figure S.1C) for subjects
1-3 (red, green, blue lines) at any of the 21 frequencies. For subject 4 (pink line), the
response variance only slightly exceeded 25% of the required response rate for movement
frequencies 2.2-2.4 Hz. These results not only show that the rate manipulation was
successful but also ensure that there was no significant temporal overlap between
responses at a given rate.
5.32 MEG Signals

For the averaged signals, the strongest field components occurred during the
behavioral response for all 21 rates, demonstrating the predominance of movement-
evoked activity for rhythmic movement. Typically, two or three large peaks in the ERFs

were evident in sensors over the central portion of the contralateral hemisphere (see
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figure 5.2, highlighted boxes (top haif) and time series (bottom half)). The field pattern
sampled at each peak was strongly dipolar as indicated by a polarity reversal in the time
series between lateral and medial sensor locations (compare left and right time series on
the bottom of figure 5.2). Specifically, field lines either entered laterally and exited
medially consistent with a postero-laterally directed current source (figure 5.2 top, -25.6
and 153.6 msec) or the reverse (figure 5.2 top, 76.8 msec). The dipolar structure,
orientation, and location over the rolandic area of the contralateral hemisphere is
consistent with the movement-evoked fields I-III (MEFI-IIT) observed for slow transient
movements [Cheyne & Weinberg, 1989; Kristeva et al., 1991].

Given the similarity of the field patterns at each peak (irrespective of polarity) we
collectively refer to this topographic pattern as the MEF. The MEF occurred in every
frequency condition, thus emerging as the strongest spatial mode when a Karhunen-
Loéve decomposition was performed on all 21 ERFs appended together (figure 5.3, left
column). For subjects 1 and 2, the amount of total signal variance accounted for by this
pattern was 70.8% and 62.5%, respectively. In the remaining two subjects, the MEF was
weaker and accounted for less than half of the ERF signal variance. The topography of
the MEF was very similar across subjects as indicated by the high correlation values in

table 5.1 (top).
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Figure 5.2 (page 117): Event-related fields from subject 1 for the 1.0 Hz condition. The
top half shows the ERFs topographically sampled every 25.6 msec. Topographic
maps are viewed from above the head with the nose on top. Red/yellow indicate
positive magnetic field and correspond to magnetic field lines exiting the head. Blue
indicates negative magnetic field, i.e. field lines entering the head. The red line
beneath each map indicates where the ERFs were sampled with respect to the
averaged response. The strongest field pattern is clearly dipolar in nature with
maximal amplitudes over left central sensors. Corresponding time series from these
sensors are plotted in the bottom half. Three movement-evoked peaks are clearly
visible in both the topographic maps (highlighted in yellow) and time series.
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Event-Related Fields: Continuation at 1.0 Hz
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Dominant Spatial Patterns

- .

A=708
Subj 2 ’

A=825
Subj 3

A=.4586 A=.130 A=.108
Subj 4

A=325 A=27T7 A=.087

Figure 5.3: Spatial patterns accounting for most of the total ERF signal variance (i.e. all
21 ERFs appended together) as calculated with a Karhunen-Loéve decomposition.
The proportion of variance is indicated by the eigenvalue beneath each map. For all
four subjects, a left central dipolar pattern was dominant though it was much
stronger for subjects 1 and 2. The second strongest pattern was also similar across
subjects and was characterized by a more centrally focused dipolar field.
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Table S.1: Correlation (r) values between decomposed patterns of individual subjects

s1 S2 S3 S4

_ 3 1.00 . . .

£ S2 0.97 1.00 . .

g s3 074 0.74 1.00 .
B S4 0.91 0.91 0.86 1.00
S1 S2 S3 S4

- s1 1.00 . . .

£ S2 0.85 1.00 . .

g s3 0.55 0.70 1.00 .
A S4 0.90 0.89 0.60 1.00
S1 S2 S3 S4

- Ss1 1.00 . . .

E S2 0.38 1.00 . ’

g s3 0.23 0.30 1.00 .
e S4 0.34 0.66 0.33 1.00

Our first question was whether or not the dynamics of the MEF changed as a
function of movement rate. We investigated both the latency and amplitude of peaks in
the MEF by examining its time-dependent amplitude from the Karhunen-Loéve
decomposition. The results are displayed in figure 5.4a-d for each of the subjects.
Results from the first two subjects, for whom the MEF was very strong, are cssentially
identical. Three MEF peaks (marked with red, green and blue solid lines) were clearly
visible for all 21 rates (figure 5.4a and 5.4b, top time series). The first peak occurred
approximately 40 msec after maximal velocity in the flexion direction (compare red solid

and dashed lines, bottom left of each figure) and approximately 15-20 msec prior to peak
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flexion (corresponding to a latency of 0 msec). The second peak was opposite in polarity
and reached maximal amplitude approximately 100 msec after the first, at the point of
maximal velocity in the extension direction (compare green solid and blue dashed lines).
Finally, a second field reversal resulted in a weaker third MEF component that occurred
about 80 msec later. These temporal relations were the same across the entire range of
movement rates as indicated by the slopes in the bottom left graphs of figures 5.4a-d,
none of which were significantly different from zero (all #(20)<0.1, p>0.05). This
indicates that the dynamics of both the MEF and response profile remained constant
despite changes in rate.

For the remaining two subjects, who had a weaker MEF, only two peaks were
identifiable at all frequencies (figure 5.4c and 5.4d). The timing and polarity of these
peaks were similar to the first two peaks observed for subjects 1 and 2 with the exception
that both occurred slightly later with respect to the behavioral response (approximately
20-30 msec delay). The first MEF component for these subjects coincided with the point
of peak flexion rather than just after maximal velocity in the flexion direction. As with
subjecis 1 and 2, there was no change in peak latencies as a function of movement rate
(no slopes significantly different from zero; t(20)<0.1, p>0.05).

Peak amplitudes also exhibited no significant dependence on movement rate for
any of the four subjects (min t value = 0.01, max t value = -1.9, all p>0.0S), again
indicated by the relatively flat lines in the bottom right graphs of figures 5.4a-5.4d (note
that the units of amplitude are arbitrary due to the Karhunen-Loéve procedure and are not

in femtoTesla). In general the strongest peak was the first evoked field (denoted by the
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Figure 5.4 (pages 122-125): Temporal dynamics of the dominant field pattem for
subjects 1-4. Vertical lines separate each frequency condition. The top time series is
the time-dependent amplitude for the pattern shown on top. Below is the averaged
behavioral response time series. Peaks in the time dependent amplitudes are marked
separately for each frequency condition with red, green and blue lines. For subjects
1 and 2 (5.4a and 5.4b), three peaks in the time-dependent amplitudes of the motor
field were identifiable. In contrast, only two were distinctly visible at all 21
frequencies for subjects 3 and 4 (5.4c and 5.4d). On the bottom left of each figure is
a plot of latency (with respect to response peak) vs. frequency condition for each
marked peak. Also plotted are the corresponding latencies for points of maximal
velocity in the flexion (red dashed line) and extension (blue dashed line) directions.
All four subjects show a tight coupling between finger movement and the dynamics
of this field pattern that did not depend on the movement frequency. On the bottom
right are the corresponding peak amplitudes (in arbitrary units) vs. frequency
condition. There was no significant dependence of peak amplitudes on the
movement frequency.
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red solid line). For three of the subjects, this first MEF component was 2-3 times larger
than the other two.

The latency of the first MEF peak is entirely consistent with the MEFI if
extrapolated to the onset, rather than peak of the movement response. Likewise, the
second and third peaks occur approximately 100 and 180 msec after this first peak which
is consistent with the MEFII and the MEFIII. Also consistent are the polarity reversals
characteristic of the latter two components. Together these results confirm the tight
coupling between the emergence of the MEF pattern and the motor response during
rhythmic movement [Kelso et al., 1998]. Furthermore, the timing of the MEF appears to
depend on the biphasic response profile rather than response rate. In other words, its
dynamics were unaffected by the length of time between successive responses for the
entire range performed here (0.5-2.5 Hz). MEF amplitude also showed no dependence on
response rate.

Figure 5.3 reveals that the second strongest field pattern was not only very
coherent spatially but also topographically similar across subjects (see correlations in
table 5.1, middle). This pattern was also central and dipolar but with the center of the
dipole located approximately over the midline (figure 5.3, 2™ column). Though the
proportion of ERF signal variance accounted for by this pattern was low for all subjects
(ranging from 9.5 — 27.7%) we investigated its temporal dynamics to see whether it was
affected by movement rate. Figure 5.5 shows the time-dependent amplitudes of this 2™
mode for all subjects (rows 1-4). Despite the noisier time series, two features are

apparent. First, this pattern is strongest for slow movement rates. At approximately 1.0
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Hz, the maximal peak-to-peak amplitude drops by more than half for all subjects and then
plateaus for successive rate increases (figure S.5, bottom). Second, at low movement
rates there is a slow drift in the amplitude that is generally characterized by a strong
polarity reversal near mid cycle (corresponding to the peak of the behavioral response).

In order to obtain a better description of the timing of this field pattern prior to
each response, we reaveraged the data using a 2-sec window that extended from 1.5 sec
before to 0.5 sec after the response peak. We then appended the ERFs from 0.5-1.0 Hz
(where the amplitudes of this pattern were strongest) and did another KL-decomposition
in order to extract the extended time-dependent amplitudes. Shown in figure 5.6 are the
results from subject 4, for whom this field pattern accounted for the strongest proportion
of total ERF signal variance (in fact this time it accounted for more than the MEF in this
subject, again demonstrating its relative strength for slow movement frequencies). The
time series in figure 5.6 were smoothed with a 60-msec moving window average in order
to highlight the general amplitude trend. Red dashed lines demarcate the approximate
point of movement onset. From the time series it is clear that this field pattern exhibited
a gradual accumulation of amplitude until movement onset at which point there was a
sharp and strong polarity reversal. As the interval between successive movements
became smaller, the wave shapes became more oscillatory due to the alternating polarity
reversals before/at and after each movement (figure 5.6). Beyond rates of 1.0 Hz no such

slow oscillations were visible, reflecting the pattern’s decreased amplitude.
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Figure 5.5 (page 129): Temporal dynamics of the second strongest field pattern shown
on the top for each of the four subjects. Rows 1-4 show the time-dependent
amplitudes of this pattern for subjects 1-4, respectively. Vertical lines separate each
frequency condition. Maximal absolute amplitude (normalized for each subject
between 0 and 1) of the time-dependent amplitude is plotted as a function of required
movement frequency on the bottom. The amplitude of this pattern was strongest for
movement frequencies below 1.0 Hz.

Figure 5.6 (page 130): Time-dependent amplitudes of the second motor-related field
pattern extended from 1.5 sec prior to 0.5 sec after the response peak. Below are the
averaged response time series. Data shown are from subject 4 for whom this pattern
was strongest. The red dashed line is provided as a visual guide to the approximate
onset of movement. Amplitude is in arbitrary units although all six time series are
plotted on the same amplitude scale.

128



(SH) Kousnbasy paspnbay
002 091 001 050

Figure 5.5

n
I AR IA va

AL

W
Mo A A

VR
AR L

92 Y2 ¢T e ¢l "

[ B4 |
O »fqng ' ¢ fqns o g fqns

IPOH 'TH PUg - 821UDUL(] uLDd

ALY

O I fqng

129




Figure 5.6




5.4 Discussion

This experiment demonstrates that the dominant neuromagnetic field pattern
associated with rhythmic self-paced movement is a dipolar motor-evoked field restricted
to the contralateral hemisphere and characterized by a reversal of field line direction in
sensors located approximately over sensorimotor cortex. This field first emerges during
the flexion phase of the movement and subsequently exhibits one or two changes in
polarity depending on the subject. The initial field orientation is consistent with current
flow pointing postero-laterally with a reversal in polarity originating from a net current in
the opposite direction. The topography and temporal sequence of field reversals suggest
they correspond to the movement-evoked fields, MEFI-MEFIII described previously for
non-rhythmic, transient voluntary movements [Cheyne & Weinberg, 1989; Kristeva et
al.,, 1991]. Also consistent with previous observations, the strongest component of the
MEF observed here is the first peak to occur after movement onset. The later two
components were weaker with two of the four subjects failing to show a second field
reversal (the MEFIII).

Our main question concerned whether the dynamics of the MEF exhibited
changes as a function of movement rate. The results clearly indicate that there is no rate-
dependence for the MEF in terms of either peak latencies or amplitudes, at least for the
broad range of frequencies tested here (0.5-2.5 Hz). Furthermore, our findings confirm a
tight coupling between dynamics of the MEF and behavioral response as has been
previously reported [Kelso et al., 1998] and theoretically modeled [Fuchs et al., 2000b].

Attempts to localize the MEF components using dipole estimates [Cheyne & Weinberg,
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1989; Kristeva et al. 1991] and coregistration of field activity with MRI [Kristeva-Feige
et al., 1994] suggest that the MEFI and III are generated in the post-central gyrus. A
contribution of peripheral reafferent input to the generation of the MEFI has aiso been
demonstrated [Kristeva-Feige et al., 1996; Cheyne et al., 1997]. In our study the MEFI
and HI occur shortly after maximal velocity in the flexion and extension directions,
respectively. Together, these results suggest that it is reafferent information from these
two muscle groups that generates the MEFI and III. A recent study by Holroyd et al.
(1999) supports this conclusion. The latter work highlights the importance of a biphasic
response for the generation of a second MEF field reversal (MEFII) by showing its
absence in situations where subjects flex and extend on alternating beats of a metronome.

In contrast to the MEFI and MEF1!I], the first field reversal of the MEF (MEFII)
has not been as successfully localized. Though MEFII appears to be confined to sources
within the contralateral sensorimotor area, the primary input to such sources is not yet
known. The timing relation between the MEFII and the response profile in this
experiment suggests that it is does not reflect a motor command to the extensor muscles
since in all four subjects the MEFII occurs simultaneously with or after maximal velocity
in the extension direction and thus clearly after the onset of the extension phase of
movement.

Interestingly, the temporal relation between the MEF complex and the response,
though constant across movement rate, differed depending on subject. For the first two
subjects, the MEFI occurred just after maximal velocity in the flexion direction whereas

for the last two it occurred approximately S0 msec later coinciding with the point of peak
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flexion (ie. peak of the response). Similarly, whereas the MEFII emerged
simultaneously with maximal velocity in the extension direction for subjects 1 and 2, it
was delayed by approximately 20-30 msec in subjects 3 and 4. The two subject pairs also
differed in the strength of the MEF, which was weaker in the latter two subjects
(accounting for 45.6 and 32.0% of the total signal variance as compared to 70.8 and
62.2% for subjects 1 and 2). Moreover, whereas all three MEF components were
identifiable for subjects 1 and 2, subjects 3 and 4 only showed two. Individual
differences in cortical morphology (e.g. dipole orientation) could account for the relative
attenuation of the MEF complex in subjects 3 and 4 but it is unclear how such differences
could lead to temporal delays in observable MEF components. Another possibility that
cannot be ruled out is that the control of rthythmic movement is handled differently by the
nervous system in the two pairs of subjects, e.g. coordinating motor trajectories with
respect to movement speed versus movement amplitude. Even under the assumption that
the MEFT reflects reafferent information from the periphery [Kristeva-Feige et al., 1994;
Cheyne et al., 1997], such information may be used differently in the ongoing modulation
of motor behavior for different subjects.

A second question addressed by this experiment was whether other motor-related
fields associated with rhythmic movement can be detected when no external pacing
stimulus is present. Here we found a second weaker field not previously observed in
studies on rhythmic sensori-motor coordination [e.g. Kelso et al., 1998; Fuchs et al.,
2000c; Mayville et al.,, submitted] that was very coherent spatially and similar in

topography across subjects. The time dependent amplitudes of this field were also
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similar across subjects for movement rates below 1.1 Hz and can be described as a slow
modulation of amplitude that becomes increasingly oscillatory as the interval between
successive responses gets smaller. Both the topography and temporal dynamics of the
second field suggest that it corresponds to the readiness field which occurs in the
foreperiod of non-rhythmic voluntary movements separated by long intervals (>3 sec)
[Deecke et al., 1982, 1983; Hari et al., 1983, Cheyne & Weinberg, 1989].

Spatially this second field was characterized by maximal field lines entering in the
central portion of one hemisphere and exiting in the other. Specifically, prior to
movement, field lines entered on the right side and exited on the left (indicated by the
negative time dependent amplitudes in figure 5.5). After movement onset, the directions
reversed. If the opposing ficld line directions in the two hemispheres are assumed to be
the center of a single dipole then these time-dependent polarity changes are consistent
with an anteriorly directed current source prior to movement and a posteriorly directed
current source after. Moreover, the lateral separation of the opposing field lines on the
head surface suggests that such a source would be relatively deep. In a recent MEG
study, Erdler et al. (2000) report that there is an early readiness or Bereitschafisfeld (BF
1) preceding the onset of a complex movement sequence which is approximated by a
single anteriorly directed dipole located in the SMA. They hypothesize that this may
actually reflect two slightly antiparallel, bilateral SMA sources whose fields are partially
cancelled because the sources are in close proximity to one another (e.g. on immediately
opposing surfaces of the interhemispheric fissure). The authors also suggest that the

detection of pre-movement SMA activity in MEG may require a motor task that is
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sufficiently complex. The paradigm used in the present experiment is arguably more
complex than simple finger flexion separated by long intervals (>3 sec) which is not
typically associated with pre-movement magnetic fields generated within the SMA.
First, subjects moved rhythmically and second, they were attempting to maintain a given
rate of movement as required by the task condition.

Alternatively, the second field observed in this experiment could relate to the
readiness field originally reported for simple, transient finger flexion [Deecke et al.,
1982, 1983; Cheyne & Weinberg, 1989; Kristeva et al., 1991]. This readiness field
(termed the BF 2 by Erdler et al., 2000) is distinguished from the BF 1 in both its onset
(which is approximately 1 sec prior to movement onset as opposed to about 2 sec for the
BF 1) and estimated source locations which are the bilateral sensorimotor cortices and
not the SMA. Indeed, the topographic patterns for subjects 2 and 3 does suggest that
there may actually be two more laterally located dipoles, one in each hemisphere,
although a comparison of columns 1 and 2 in figure 5.3 reveals that these are not in the
same location as the MEF which presumably originates in contralateral sensorimotor
cortex.

It was difficult to quantitatively characterize the temporal dynamics of the second
field because of its relatively low signal-to-noise ratio, possibly due to the hi-pass filter
setting used (0.3 Hz) which is higher than typically used for recording siow changes in
brain/cortical activity. Furthermore, given the rhythmic nature of the movement in this
task, it is not possible to separate pre- from post-movement periods since post-response

periods are obviously also pre-response periods for the succeeding movement.

135



Nevertheless the gradual accumulation of field amplitude prior to movements separated
by 2.0 sec (see figure 5.6, 0.5 Hz movement rate) is consistent with the readiness field
that occurs prior to simple, voluntary movements separated by long intervals (>3 sec).
The latter has been shown to start building up approximately one second prior to the
onset of movement [Deecke et al., 1982, 1983; Cheyne & Weinberg, 1989; Kristeva et
al., 1991].

In our experiment the amplitude of this second field pattern drops sharply once
the movement rate exceeds about 1.0 Hz thus constraining the duration between
successive movements below one second. If the second motor field we observe does
reflect planning/preparatory processes associated with rhythmic movement, an interesting
question is whether or not its rate-dependent amplitude decrease has any functional
consequences for the organization of motor behavior. This might be expected if the
sources which generate it are part of motor planning and/or initiation mechanisms as has
been proposed for the readiness potential preceding voluntary movement in EEG
[Kornhuber & Deecke, 1965; Barrett et al., 1986; Komhuber et al., 1989]. While there
were no observable consequences in this experiment (i.e. subjects were able to internally
pace their movements equally well across all 21 rates), it is well known that the ability to
coordinate finger movement with an external metronome depends crucially on rate. For
example, Engstrém et al. (1996) observed that, for metronome rates exceeding 1.0 Hz,
subjects switched from a reactive coordinative pattern to an anticipatory one in which
their responses preceded each metronome beat. This occurred despite the fact that

subjects were specifically instructed only to react to each metronome beat. Likewise

136



between-beat timing patterns are also typically only stable if the rate of coordination is
below about 2 Hz, beyond which subjects switch to synchronization [Kelso et al., 1990].
It is possible, therefore, that changes in the strength of this field reflect underlying rate-
dependent changes in motor planning mechanisms that play a role in known transitions in
sensory-motor coordination.

In conclusion, we found that rhythmic self-paced finger movement is associated
with a pair of neuromagnetic field patterns. The first and strongest of the two is
consistent with the MEF previously observed for voluntary movement. The temporal
dynamics of the MEF components depend solely on the response profile and not the
interval between successive movements (for movement rates between 0.5 and 2.5 Hz). In
contrast, the amplitude of the second field pattern drops by more than half when the
movement rate exceeds 1.0 Hz (inter-response intervals < 1 sec). At lower rates the
amplitude of this pattern exhibits a slow gradual accumulation suggestive fields
previously associated with motor preparation. This decrease may signify changes in the
degree of planning necessary to move rhythmically at faster and faster rates. The striking
similarity of the two principal field patterns and their corresponding time-dependent
amplitudes across subjects illustrates the robustness of the spatiotemporal dynamics of

MEG activity associated with rhythmic self-paced movement.
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6.0 Experiment §: Differences in cortical and subcortical networks
associated with syncopated versus synchronized coordinative
timing patterns as revealed with fMRI

6.1 Introduction

A key aspect of any motor control task is timing. This experiment examined
human brain activation associated with two distinct timing relations in sensorimotor
coordination. Specifically we used functional magnetic resonance imaging (fMRI) to
investigate the BOLD (blood oxygen level dependent contrast) effect associated with
both syncopated (off-the-beat) and synchronized (on-the-beat) modes of sensorimotor
coordination. Whereas a synchronized mode of coordination is typically established very
rapidly if the metronome frequency is within a range that one would normally call
rhythmic (~0.6-4.0 Hz), syncopated patterns are much more difficult and can typically
only be performed successfully for lower rhythmic rates (<2.0 Hz) [Fraisse, 1982; Kelso
et al., 1990].

Recent investigations with both electroencephalography (EEG) and
magnetoencephalography (MEG) have addressed the issue of whether differences
between the two timing strategies translate into distinct patterns of neural activity.
Mayville et al. (1999) showed that event-related potentials recorded from sites
approximately overlying contralateral sensorimotor cortex were significantly stronger

during performance of syncopated versus synchronized auditory-motor coordination.
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Differences in sensorimotor cortex are also suggested by investigations of neuromagnetic
brain rhythms. MEG signal power in the beta (15-30 Hz) frequency range was shown to
be significantly weaker in contralateral central sensors, indicating a relative suppression
of the sensorimotor beta rhythm for syncopated movement [Mayville et al., submitted].
Interestingly, the same effect was observed when subjects only imagined syncopating and
synchronizing with an auditory metronome [Mayville et al., in preparation] suggesting
that the underlying neural mechanism is dependent upon the timing strategy itself and not
the execution of movement. Furthermore, comparison between overt and imagined
syncopation revealed consistently significant differences in the neuromagnetic beta
rhythm in lateral and medial precentral sensors of both hemispheres. In contrast, the
same comparison for synchronization revealed similar effects in only one of the subjects,
raising the question of whether premotor areas are also differentially involved in on
versus off-the-beat coordination [Mayville et al., in preparation].

A long line of research associates premotor function with preparatory as opposed
to executive motor processes [e.g. Komhuber & Deecke, 1965; Roland et al., 1980;
Deecke et al., 1985; Barrett et al., 1986; Lang et al., 1989]. One hypothesis is that the
relative difficulty of off-the-beat timing patterns places additional demands on motor
planning mechanisms. If this is true one might expect to see enhanced activation of
premotor areas during the performance of syncopated relative to synchronized sensory-
motor coordination.

The dependence of activity in subcortical brain areas on the timing relation

between stimulus and response in rhythmic coordination is not known. Previous studies
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employing visual and auditory metronomes indicate that the ipsilateral cerebellum is
required to synchronize one’s movement to external pacing stimuli [Larsson et al., 1996;
Lejeune et al., 1997; Rao et al., 1997; Penhune et al., 1998]. The latter study also found
activation in the basal ganglia. This is not surprising given the large body of literature
which implicates both of these structures in timing processes on motor and perceptual
levels [e.g. Ivry et al., 1988; Ivry & Keele, 1989; Harrington et al., 1998; Malapani et al.,
1998; Penhune et al., 1998; Harrington & Haaland, 1999; Schubotz et al., 2000]. An
interesting question is whether or not placing one’s movement in between successive
stimuli involves these areas to a different degree. Preliminary work in our lab using
fMRI to investigate cerebellar function in syncopation and synchronization timing tasks
indeed suggests that the cerebellum is more active when subjects move off the beat
{Fuchs et al., 1999]. However, this study only examined four to eight coronal slices
primarily covering the cerebellum and not extending far enough in the anterior direction
to encompass the basal ganglia or frontal cortical areas (including premotor cortex). In
the present experiment we sampled the entire brain volume using 20 axial slices that
covered the entire superior-inferior and anterior-pos*:qior range of cortical and
subcortical tissue.
6.2 Methods
6.21 Subjects

9 subjects (5 male, 4 female) participated in this experiment. Subjects’ ages

ranged from 20-41. All subjects were right-handed according to self-report. Informed
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consent was obtained from each subject prior to any data collection. This experiment
conformed to all ethical standards regarding research with human subjects.
6.22 Task Conditions

Subjects performed a rhythmic coordination task that involved squeezing a pillow
between their right index finger and thumb in time with an auditory metronome at 1.25
Hz. Two different timing relations were examined: syncopation (between successive
beats) and synchronization (on each beat). In addition, there were two control conditions,
an auditory control in which subjects only listened to the metronome and a self-paced
motor control in which they attempted to squeeze the pillow at a rate of 1.25 Hz in the
absence of the metronome.

Each condition was collected as a block of 4 contiguous trials where one trial
consisted of 30 seconds of rest (OFF period) followed by 30 seconds of task performance
(ON period) (figure 6.1). In the coordination and auditory-only conditions, subjects were
cued to begin the ON period simply by the onset of the metronome. Likewise, the start
of each OFF period was signaled by the stop of the metronome. For the motor-only
control, the experimenter cued subjects from the control room with the words “move”
and “rest” for the ON and OFF periods, respectively.

All subjects performed the control conditions first. The auditory preceded the
motor control so that subjects would know from the auditory condition how fast to pace
their movement. The order of the coordination conditions was balanced across subjects
such that half performed the syncopation task first and the other half did synchronization

first. Subjects were given breaks between each condition as needed.
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6.23 Task Instructions

For the coordination conditions, subjects were instructed to perform the timing
relation prescribed by the task condition as best they could when the metronome was on.
They were further told to try and maintain the target timing relation ar al/ times; if they
felt themselves losing the correct pattern they should try to regain it rather than adopt a
different mode of timing. Finally they were instructed not to think about the task at all
during each OFF period (e.g. worry about how well they did) and to avoid preparing for
the next ON period (e.g. by readjusting their grip on the pillow). The latter instruction
was given prior to each motor control as well. In the auditory control, subjects were told
to think of it as an exercise in selective attention and to do their best to attend to the
sound of the metronome over the background magnet noise.
6.24 Experimental Procedure

Subjects performed each task condition with their eyes closed. All subjects were
given earplugs in order to minimize interference from the scanner noise. The metronome
was delivered via plastic headphones designed for use with MRI (Avotec Inc., Stuart,
FL). The volume of the metronome was maximal for all subjects in order to be clearly
distinguishable from the magnet — none of the subjects reported this to be uncomfortable.
Response signals were measured as changes in air pressure in the pillow that were
subsequently transduced into a voltage signal and then recorded with a computer located
outside the scanner room. The metronome signal was simultaneously recorded so that
subjects’ success at performing the different timing relations could be assessed. Both

metronome and response signals were sampled at a rate of 500 Hz.
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6.25 Image Acquisition

Structural and functional MR images were acquired using a 1.5 Tesla MR scanner
(General Electric, Milwaukee, WT) equipped with real-time image processing capability.
Full-head 3D anatomical scans were collected at the beginning of each session. These
were 256x256 T1-weighted axial images collected with a gradient echo SPGR pulse
sequence. Sequence parameters were TE=5.0 msec, TR=34 msec, flip angle=45°,
bandwidth=15.63 Hz. The field of view and total number of slices (2.0 mm thick) was
adjusted for each subject. High-resolution 256x256 background images were then
collected for 20 axial slices (5.0 mm thick, 2.5 mm apart) placed so as to cover the entire
brain volume, including the cerebellum. These were collected using a 2D gradient echo
SPGR pulse sequence with the parameters TE=in phase, TR=325 msec, flip angle=90°,
bandwidth=15.63 Hz. These background images were used for real-time display of fMRI
data during collection and then later in order to coregister fMRI images to each subjects’
full-head structural scan. During the experiment, fMRI images were acquired at the same
20 slice locations with the following gradient echo EPI sequence: TE= 60 msec, TR=3
sec, flip angle=90°, bandwidth=62.5 Hz. The field of view for both background and
fMRI images was 240 mm. The resolution of each fMRI image was 64x64 yielding a
voxel dimension of 3.75mm x 3.7Smm x 7.5mm. Each fMRI series began with 4
baseline images (12 sec) to obtain signal equilibrium and an initial baseline state,
followed by 80 images per slice location corresponding to 10 images for each OFF and

ON period.
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6.26 Image Analysis

The first stage of image analysis was to coregister the high-resolution background
images to the 3D full head scan using SPM99 [Friston et al., 1995]. The resulting
transformation matrix was applied when fMRI data was imported into the AFNI
(Analysis of Functional Neuroimages; Cox, 1996; Cox & Hyde, 1997) analysis package
through which all subsequent analyses were carried out.

Prior to analyzing fMRI time series, the full-head scan was transformed into
Talairach space [Talairach & Toumnoux, 1988] and interpolated to 1 mm cubic voxels.
The analysis of each fMRI data set proceeded as follows. First, each set was corrected
for head motion. Graphs of head motion were inspected by eye prior to correction to
ensure that it never exceeded 2 mm. Second, we assessed task-related activity on a voxel
by voxel basis by correlating each voxel time series with a square wave representing the
sequence of task periods (figure 6.1, bottom time series). To minimize effects of the
hemodynamic response rise/fall time only the final 8 images within each OFF or ON
period were included. All voxels for which the correlation coefficient was greater than
0.5 were defined as task-dependent (see also caption, figure 6.1). Third, the correlated
data sets were transformed into Talairach space (again yielding 1 mm cubic voxels).
Finally each of the functional volumes was blurred (FWHM=4 mm) and clustered
(minimum 2 mm radius, 1000 ul volume).

A within-subjects ANOVA was performed on each voxel in the full three-
dimensional volume to determine significant differences between conditions. The

dependent variable for each voxel was an intensity measure that was proportional to the
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Figure 6.1 (page 146). Measuring task-related activity with fMRI. The top two rows
illustrate the design of a typical block fMRI experiment which is composed of
alternating periods of rest (OFF) and task performance (ON), each period lasting 30
seconds (total time per condition = 4 minutes). Shown in the second row is a typical
sample of behavioral performance in the Syncopate task at 1.25 Hz: the black line
shows the auditory metronome and the blue line the subject’s response. In the third
row is an example of a time series from a single voxel that showed task-related
amplitude modulation. The degree of task-related activity was assessed by
correlating each voxel time series with a square wave (row 4) that corresponds to the
sequence of OFF and ON periods. Green dots indicate which of the sampled images
were included in the correlation; the first two in each period were excluded to
account for the hemodynamic rise/fall time. On the bottom is a typical activation
pattern for right-hand finger movement. Plotted in red/yellow are voxels for which
the correlation coefficient exceeded 0.5 (thus indicating task-related activation). The
strength of activation was defined as the amount of total signal variance accounted
for by the task-related square wave (regression coefficient) and corresponds to the
exact color plotted with yellow indicating a higher degree of task-related amplitude
modulation.
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amplitude difference between OFF and ON periods (see AFNI manual for details). For
all voxels that were 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 differences fall off with the Student’s t-
distribution (see AFNI manual for details). Therefore, where shown, difference maps
contain t-values that indicate how significantly a given voxel’s activation differed
between the two conditions. The threshold significance level was set to 0.01 for all
parametric maps (i.e. all colored voxels exceeded this level).
6.3 Results
6.31 Task Performance

Subjects’ performance in the coordination conditions was assessed on a cycle-by-
cycle basis by calculating the relative phase between each response peak (defined as the
point of maximal pressure) and the onset of the preceding metronome beat. All subjects
were successfully able to both syncopate (180° phase) and synchronize (0° phase) with
the auditory metronome (figure 6.2, top). Grand average relative phase values were
176.3° £ 352° and 10.3° + 32.8° for the Syncopate and Synchronize conditions,
respectively.
6.32 Syncopated vs. Synchronized Coordination
6.321 Areas of Primary Interest

The main goal of this experiment was to investigate whether a different array of
brain areas are involved when subjects perform off-the-beat as opposed to synchronized

coordinative timing patterns. Our initial focus was on cortical and subcortical areas that
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Figure 6.2: Individual subject performance on the coordination (top) and motor-only
tasks (bottom). For the coordination conditions, bars indicate the mean relative
phase between the peak of the response (maximal pressure) and onset of each
metronome beat; lines indicate one standard deviation. For the motor-only task, the
mean inter-response interval (IRI), expressed in Hz, is shown across subjects; again
vertical lines represent one standard deviation.
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are known to be crucial for motor control and/or timing. In the neocortex these include
sensorimotor cortex as well as premotor areas (dorsolateral premotor cortex and the
SMA). Subcortically there are the basal ganglia, cerebellum, and thalamic nuclei to
which they are interconnected. With the exception of sensorimotor cortex, all of these
areas were found to have stronger activation during syncopated as compared to
synchronized coordination (figures 6.3a-c and table 6.1). No areas showed differences in
the opposite direction (i.e. more active during synchronization). Talairach coordinates
for all regions discussed below are contained in table 6.1.

Starting at the superior surface, both left and right dorsolateral premotor cortices
(middle frontal gyrus — Brodmann’s area 6) showed regions of significantly increased
activation during syncopated coordination (figure 6.3a, yellow arrows). A single region
in the left SMA (superior frontal gyrus, Brodmann’s area 6) was also identified (figure
6.3a, blue arrows). It was unclear if these premotor areas were recruited only for
syncopation or whether they were involved in both timing patterns but more strongly
during syncopation. In order to answer this question we examined maps of activation for
both coordination conditions independently for each subject. Only four of the nine
subjects showed task-related signal modulation in either dorsolateral premotor cortex
when performing the synchronization task (table 6.3) in contrast to eight subjects for
syncopation. Furthermore, though synchronization was associated with activation of the
SMA, this activity was localized to more posterior areas (difference in y direction=21

mm) whereas syncopated movement involved these same regions and an additional
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Figure 6.3 (pages 151-153): Significant differences between the Syncopate and
Synchronize conditions in the principal brain areas concerned with motor-control
and or timing (see also tables 6.1 and 6.3). Colored voxels represent those for which
the two conditions differed with a confidence level of a=.01. All differences were
positive (red/orange) corresponding to stronger task-related signals during the
Syncopate condition. 6.3a: Premotor areas, including dorsolateral premotor cortex
(Brodmann’s area 6) and SMA. Note the lack of differences in the primary
sensorimotor areas. 6.3b: Basal ganglia (striatum) and thalamus (ventral anterior
nucleus). 6.3c: Cerebellum. Bd: Brodmann’s area. Orientation for axial or coronal
slices: left side — right hemisphere, right side — left hemisphere; slice location along
the superior-inferior or anterior-posterior axis is indicated below. For sagittal slices:
left side — anterior, right side — posterior; slice location along the right-left axis is
indicated below.

150



Premotor / SMA

Dorsolateral D;:‘::::?l
remotor
P (Bd 6) (Bd 6)

528

151 Figure 6.3a




Basal Ganglia / Thalamus

Caudate N

Caudate N

Putamen

Caudate N

152 Fig“re 6.3b




Cerebellum

201
Ant Lobe
Culmen

471

153 Figlll'e 6.3¢




region in the left anterior SMA. Together these results indicate that, on average,

syncopation requires additional premotor areas.

Table 6.1: Areas of Primary Interest

Left Righ
Sensorimotor Cortex (Bd 14) None None
remotor Cortex (Bd 6)
Middle Frontal Gyrus -25L -1P 528 26R -13P 528
-29L -7P 528 30R 4P 528
23R 0 528
Superior Frontal Gyrus (SMA) 4L 6A 528 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
erebellum
Anterior Lobe — Culmen -22L -57P -200 None
Posterior Lobe — Tonsil -30L -62P -341 J9R -45P -34
20R -59P -34|
Deep None 35R 43P 4T
SR -68P 4N
35R 43P -51
18R 49P -51i
18R -60P -51i

Within the basal ganglia, bilateral differences were observed in the striatum.
Voxel clusters in both the caudate nucleus and putamen (figure 6.3b, blue and yellow
arrows, respectively) showed increases in activation during syncopation. In addition, we

identified a region in the right ventral anterior nucleus of the thalamus (figure 6.3b, green
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arrows). This area receives major projections from the basal ganglia and projects to
motor and premotor areas of the neocortex [Alexander et al., 1986]. As with the areas
identified within the dorsolateral premotor cortex, these nuclei showed task-related
activation during the Synchronize condition for three subjects only as compared to 8 for
the Syncopate condition, indicating that they are more strongly involved during
performance of a syncopated timing pattern.

The last area of primary interest was the cerebellum. Shown in figure 6.3c are the
corresponding difference maps for four separate axial slices encompassing the cerebellar
lobes. Syncopation was associated with clusters of increased activation distributed
throughout the entire inferior-superior extent of the cerebellum. These clusters were
primarily localized to the right (ipsilateral) hemisphere (figure 6.3c, top right and bottom
two panels) although a few contralateral clusters were also observed in the more superior
slices (top two panels). The corresponding anatomical location of the most inferior
cerebellar clusters (bottom two panels) could not be identified due to limitations of the
Talairach atlas. Superiorly, significant clusters were located within the posterior lobe
(tonsil) and anterior lobe (culmen). The latter were restricted to the contralateral
hemisphere. Further examination revealed that cerebellar activity was present for both
the Syncopate and Synchronize conditions (table 6.3). However, during synchronization
it was generally restricted to only a few clusters in the contralateral hemisphere whereas
syncopated coordination resulted in relatively larger and more numerous areas of

cerebellar activation in both hemispheres.
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6.322 Other Areas of Interest

In addition to the areas of primary interest discussed above, we observed rather
large clusters of voxels in several other frontal and temporal areas that also showed
significantly stronger activation during syncopation (table 6.2). Prefrontally, syncopation
was associated with activity in Brodmann’s area 10, both in the left superior (figure 6.4a,
yellow arrows) and right middle (figure 6.4a, green arrows) gyri. In addition, a cluster in
Brodmann’s area 46 in the left middle frontal gyrus (figure 6.4a, blue arrow) was found.
Other frontal areas that were involved in syncopated coordination include the left insula
(figure 6.4b, yellow arrows) and the right inferior frontal cortex (Brodmann’s area 47,
figure 6.4b, pink arrow). Within the temporal lobes several clusters were localized to the
anterior part of Brodmann’s area 22 in the left superior temporal gyrus (figure 6.4b, blue
arrow). A second region in the right posterior middle temporal gyrus was also identified
as Brodmann’s area 22 (figure 6.4b, green arrow). None of these frontal or temporal
areas showed task-related activation in the synchronize condition. Talairach coordinates

corresponding to the approximate center of each cluster are listed in table 6.2.
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Figure 6.4 (pages 158-159): Same as figure 6.3 but for other areas which were
significantly affected by the mode of coordination (see also table 6.2). 6.4a:
Prefrontal areas. 6.4b: Other frontal and temporal areas, including the insula,
inferior frontal gyrus (Brodmann’s area 47), superior temporal gyrus (Brodmann’s
area 22), and the middle temporal gyrus. Again, all areas showed increased
activation during syncopation. Bd: Brodmann’s area. Orientation for axial or
coronal slices: left side — right hemisphere, right side — left hemisphere; slice
location along the superior-inferior or anterior-posterior axis is indicated below. For
sagittal slices: left side — anterior, right side — posterior; slice location along the
right-left axis is indicated below.
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Table 6.2: Orher Areas of Interest

Left Right
Frontal Cortex
Superior Frontal Gyrus (Bd 10) -25L 45A 4s None
Middle Frontal Gyrus None
(Bd 10) 40R 43A S
(Bd 46) 46R 28A 245
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 1§
-45L -19P 1S
Middle Temporal Gyrus (Bd 22) None 51R -49P 5S

6.33 Coordination vs. Control Conditions

Another question of interest was whether the coupling of auditory and motor
events in coordination involved a greater amount of activation in cortical areas that
respond to auditory or motor events alone. Figure 6.5 (top half, 1¥ row) shows active
clusters during the Auditory only control (grand-averaged maps).
within primary auditory cortex was found. It was located in Brodmann’s area 41 in the
left superior temporal gyrus (right panel; table 6.4a).
auditory cortex activity is likely due to the loud volume of the background scanner noise.

In addition, listening to the metronome resulted in a couple of active voxel clusters in the

Only one cluster

The small degree of primary

right middle temporal gyrus (Brodmann’s area 21, left panel; table 6.4a).

160




Table 6.3: Individual Subject Data

SM1___| Premotor | SMA | BasalGang. |  Cereb.

j Left Right L Left Right Left nght Left Right
| S1 * * * % * * *
' S2 * * * % * * * *
® S3 " * * * * * * *
= S4 * * * * * * * "
§' Ss * * % * *
% S6 * * * * * * * *
S7 " * *
S8 % * * " * * * " *
| S9 * * * * * * * * *
| S1 * * ® * *
§ S2 % * * * *
) " * * *
8 33
= S4 * * * * *
f E SS * * * ® *
i g S6 * * * *
i
| & S7 * * *
! S8 * * * * * %
| S9 * * * * L *

Neither of these temporal areas showed significant differences in activity when
the Auditory only control was compared to either coordination condition. However,
subtracting the Auditory only control from the Syncopate condition yielded several
significant clusters in Brodmann’s area 22 of both temporal lobes (figure 6.5, 2™ row, left
panel; table 6.4a). Consistent with the comparison between coordination conditions, all

were more active during syncopated coordination than during listening alone. In contrast,
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there were no differences between the Auditory only control and Synchronize condition

in either temporal lobe (figure 6.5, 2™ row, right panel; table 6.4a).

Table 6.4a: Coordination vs. Auditory Control — Temporal Lobe activity

J Left + Right

Auditory only
Primary Auditory Cortex (Bd 41) -47L -26P 8S None
(Bd 21) None 67R -13P -1I
64R -25P -11
Syncopate - Auditory only
(Bd 22) 471 -12P 58 53R -24P 55
-43L -21P 58 51R 49P 5S
Synchronize - Auditory only None None

The grand average activation patterns for the Motor only control are shown in the
bottom half of figure 6.5 (1* row). Self-paced movement resulted in large regions of
activity in the contralateral sensorimotor area, SMA, and both ipsilateral and contralateral
cerebellar lobes (though the activity was much stronger and more widespread
ipsilaterally). As known from the comparison between the coordination conditions,
Syncopated coordination resulted in an additional active cluster located in the anterior left
SMA. On the other hand, neither coordination condition was associated with differences
in the regions of sensorimotor cortex or the SMA that were activated by self-paced
movement (figure 6.5, bottom half, compare 1™ panels in each row; table 6.4b). As for
the cerebellum, there were small regions in both the contralateral and ipsilateral

cerebellum that showed stronger activation during syncopated coordination than during
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Figure 6.5 (page 164): A comparison of the coordination and control conditions (see also
table 6.4). Auditory (top half): Listening to the metronome was associated with
activation of the left primary auditory cortex (Brodmann’s area 41) in the superior
temporal gyrus and right temporal association cortex (Brodmann’s area 21) in the
middle temporal gyrus (1* row). Within the temporal lobes, syncopation resulted in
additional bilateral activation of Brodmann’s area 22 (2™ row, left panel). No
differences between the Synchronize and Auditory control conditions were found in
either temporal lobe (2™ row, right panel). Motor (bottom half): Large task-related
clusters in the contralateral sensorimotor cortex, SMA and ipsilateral cerebellum
were found for self-paced movement (1™ row). Neither cortical region showed
significant changes in activation levels during coordination (2* and 3™ rows, 1
panel). Relative to self-paced movement, cerebellar activation increased for
syncopation (2™ row, right 2 panels) but decreased for synchronization (3™ row, 3™
panel). All slices are axial: left side — right hemisphere, right side — left hemisphere;
slice location along the superior-inferior axis is indicated below.
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self-paced movement (middle row, 2 and 3™ panels; table 6.4b). In contrast, negative
differences were found for several bilateral cerebellar clusters when the Motor only
control was subtracted from the Synchronize condition, thus indicating that these areas
were more activated by self-paced as opposed to synchronized movement (3™ row, 3™

panel; table 6.4b).

Table 6.4b: Coordination vs. Motor Control

J Left I Right
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 441 22R -52P -194
28R -63P 44|
yncopate - Motor only
Sensorimotor cortex (Bd 1-4) None None
Medial Frontal Gyrus (Bd 6-SMA) None None
Cerebellum 221 -59P -181 35R 43P 481
-5L -74P -181
ynchronize - Motor only
Sensorimotor cortex (Bd 1-4) None None
Medial Frontal Gyrus (Bd 6-SMA) None None
Cerebellum** -30L -51P 461 29R -68P 46l
30R -74P 46l

** stronger activation during Motor only condition
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6.4 Discussion

This experiment provides, for the first time, evidence that syncopated and
synchronized timing patterns of auditory-motor integration involve distinct networks of
cortical and subcortical brain areas. Specifically, syncopation appears to require the
recruitment of additional neuronal populations within premotor cortex, the basal ganglia
and cerebellum.
6.41 Premotor Areas

Within premotor cortex, both lateral and mesial regions showed significantly
stronger activation during syncopated as compared to synchronized timed movements.
Given the higher degree of difficulty associated with syncopated patterns, this result may
reflect an increase in the amount of motor planning required to move off-the-beat. A
relation between premotor activity and motor planning/preparation processes is well
established. Several experiments have shown changes in neurophysiological activity in
premotor areas, especially the SMA, prior to movement [e.g., Kornhuber & Deecke,
1965; Deecke et al., 1969; Deecke & Komhuber, 1978; Barrett et al., 1986; Erdler et al.,
2000]. Moreover, activation of premotor areas correlates with movement complexity
[Orgogozo & Larsen, 1979; Lang et al., 1989, 1990; Simonetta et al., 1991; Rao et al.,
1993; Shibasaki et al., 1993]. In fact, Gerloff et al. (1997) showed that transcranial
magnetic stimulation of the SMA disrupts performance of complex sequential
movements.

In this study, differences between syncopated and synchronized timing strategies

were found in the anterior part of the SMA, whereas both modes of coordination involved
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the more caudal SMA regions. Previous neuroimaging [Deiber et al., 1996; Boecker et
al., 1998; Jenkins et al, 2000] and single cell recordings [Mushiake et al, 1991;
Halsband et al., 1994) also indicate a functional distinction between anterior and posterior
portions of the SMA. These studies implicate caudal SMA regions in processes related to
motor execution whereas the anterior SMA appears to be more involved in motor
planning mechanisms, especially regarding the initiation of movement onset.
Comparisons of self versus externally paced movements support the hypothesis that
premotor areas, especially the SMA, are necessary for the internal initiation of
movement. Using PET, Larsson et al. (1996) observed stronger activity in both lateral
premotor cortex and the SMA when externally triggered movements were subtracted
from self-paced ones, though the relative increases were stronger for the SMA. Similar
results have also been found by others [Kermadi et al., 1997; Wessel et al., 1997; Gerloff
etal,, 1998; Jenkins et al., 2000]. Finally, though patients with lesions of the dorsolateral
premotor cortex and supplementary motor area can reproduce rhythms with external
pacing, their ability to do so without such pacing is impaired [Halsband et al., 1993].

In light of this previous work, our results suggest that the performance of more
difficult syncopated timing patterns necessitates the activation of premotor areas not
involved duning synchronization because of increased motor planning demands. The
increased preparation needed to syncopate with a metronome may result from the fact
that syncopation entails a sufficient separation of response from nearby metronome beats.
Therefore, though the rate of movement is constrained by the metronome, responses are

not triggered by it.
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6.42 Basal Ganglia

A role of the basal ganglia in timing has been largely motivated by studies of
patients with Parkinson’s disease, in whom dopaminergic levels within these nuclei are
known to be severely depleted. Parkinson’s patients show deficits on their performance
of a wide variety of rhythmic movements. Though Parkinson’s patients are generally
able to accurately reproduce a given temporal interval on average, their variability is
significantly enhanced. This phenomenon has been observed for finger tapping [Wing et
al., 1984; O’Boyle et al., 1996; Harrington et al., 1998], wrist movements [Pastor et al.,
1992a] and gait patterns constrained by an external metronome [Ebersbach et al., 1999].

In much of this work, results have been interpreted with respect to Wing and
Krnistofferson’s (1973) timing model, which is based on the assumption that there is an
internal clock whose variance is independent of that associated with motor
implementation processes. Within the framework of this model, many of these studies
show that the increased response variability exhibited by Parkinson’s patients is
attributable to increased variance of an internal clock and not production of the motor
response itself [see Ivry & Keele, 1989 for conflicting results]. This has led to the
conclusion that the basal ganglia act a clock for these types of movements [see
Harrington & Haaland, 1999 for review). However, there are often violations of the two-
timing model. The independence of clock and motor variance was partially based on the
observation that the temporal sequence of inter-response intervals exhibited a —1 lag
correlation [Wing & Kristofferson, 1973). Since their study, however, both self-paced

[Gilden et al, 1995] and synchronized/syncopated [Chen et al., 1997, submitted]
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movements have been shown to exhibit correlations over multiple time scales, suggesting
that the —1 lag correlation measured by Wing and Kristofferson may have been due to the
relatively short amount of data examined (~20 as compared to ~1000 responses). While
such findings do not necessarily negate the existence of an internal clock they suggest
that conclusions based on Wing and Kristofferson’s model should be interpreted with
caution, especially since there is no way to measure the ‘clock’ component of the
variance independently (i.e. it is based only on the measured response variance).

On the other hand, other converging lines of evidence also implicate the basal
ganglia in internal timing processes. For example, Parkinson’s patients exhibit
diminished time perception abilities [Artieda et al., 1992; Harrington et al., 1998; Pastor
et al., 1992b; see Ivry & Keele, 1989 for exception] which supports the conclusion that
their motor-related deficits may be the result of timing rather than response
implementation problems. Consistent with these results are recent findings that the
processing of intervals in the millisecond range is dependent upon the level of
dopaminergic activity in the basal ganglia [Rammsayer, 1999]. Further evidence is
provided by several functional neuroimaging studies that show increases in both PET and
fMRI signals in response to perceptual and/or motor tasks that involve temporal
processing [see Harrington & Haaland, 1999 for review].

If the basal ganglia do serve as a clock for movement then there should be a
relation between the firing patterns of its movement-related cells and the timing of motor
output. Single cell recordings in animals during reactive movements have shown that the

majority of basal ganglia neurons actually fire affer movement onset in contrast to cells
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within the motor cortex that fire before [see Rothwell, 1994 for discussion). This
suggests that the basal ganglia do not have a major role in the initiation of reactive
movements. In more complex tasks, however, changes in basal ganglia activity have
been observed to occur during periods of motor preparation [e.g. Alexander & Crutcher,
1990; Jaeger et al., 1993]. Moreover, in tasks where a sequence of movements are
involved, firing bursts have been found to precede the onset of subsequent movements by
~100-200 msec when the subsequent movements are predictable in time [Brotchie et al.,
1991]. A special role of the basal ganglia in sequential movement is also suggested by a
PET study by Boecker et al. (1998). They observed regional cerebral blood flow
increases in the SMA and associated pallido-thalamic loop as subjects performed
increasingly complex (and overlearned) sequences of finger movements. Together, these
results suggest the hypothesis that the basal ganglia provide timing information when
upcoming movements are expected and predictable in time. Our results are consistent
with this hypothesis and suggest that more a complicated syncopated pattern of
coordination involves additional basal ganglia resources.

One possibility is that separation of the response from surrounding metronome
beats places additional demands on movement initiation mechanisms that involve the
basal ganglia. A couple of recent findings are particularly relevant for this conclusion.
Johnson et al. (1998) examined in-phase and anti-phase patterns of bimanual
coordination, which have many parallels with synchronized and syncopated modes of
unimanual coordination, respectively. For example under conditions of increasing

movement rate, anti-phase patterns become unstable and subjects switch to an in-phase
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pattern [Kelso, 1984] similar to the rate-dependent transitions from syncopation to
synchronization [Kelso et al., 1990]. In the Johnson et al. study (1998) it was found that
Parkinson’s patients were unable to perform anti-phase patterns of bimanual movement
both when the movements were self and externally-paced, consistent with the idea that
the basal ganglia are preferentially involved in more complicated forms of sequential
movement. A second finding was that their performance of in-phase movements was
significantly worse in the absence of external cues. This latter finding highlights the
likely role of the basal ganglia in movements which are internally determined [see also
Georgiou et al., 1993, 1994; Jackson et al., 1995). Given these results, one interpretation
of our findings is that syncopation is associated with significantly more basal ganglia
activity because it is a more complicated form of sequential movement that, although
externally paced, entails initiating movement at appropriate delays with respect to
surrounding pacing cues.
6.43 Cerebellum

Our results demonstrate that the cerebellum is required for the performance of
both syncopated and synchronized coordination tasks. For both modes of coordination,
almost all subjects showed activity in the right cerebellar hemisphere as expected since
this was the side ipsilateral to movement. However, several ipsilateral regions (both
medially and laterally located) had significantly higher signal intensities for an off-the-
beat timing pattern, suggesting that the cerebellum’s functional role may be different in

the two cases. Support for this hypothesis also comes from the observation that 8 out of 9
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subjects showed contralateral cerebellar activation during syncopation whereas only 4 out
of 9 did when synchronizing.

Several converging lines of evidence support a role for the cerebellum in timing
processes. First, patients with lesions of the cerebellar lobes are deficient in rhythmic
tapping tasks. Ivry et al. (1988) asked patients with lesions to either the lateral or medial
cerebellum to perform a continuation task in which they first synchronized with an
auditory metronome (2 Hz rate) and then continued to move at the same rate after the
metronome was removed. All of the patients (n=7) showed an increase in response
variability associated with self-paced tapping when responding with either a finger or the
foot ipsilateral to the side of the lesion. Using Wing & Kristofferson’s (1973) timing
model, Ivry et al. concluded that the poor performance of patients with lateral cerebellar
lesions was due to deficits in a central timing process. On the other hand, whereas
patients with medially located cerebellar lesions knew when to respond, they were unable
to implement the motor act itself. Increased variability on a rhythmic tapping task in
cerebellar patients was also shown in a separate study [Ivry & Keele, 1989].

Consistent with these results, Rao et al. (1997) showed cerebellar changes in
fMRI signal intensity when subjects performed rhythmic movements. They found
ipsilateral increases in activity both when subjects synchronized finger movement with an
auditory metronome and when they continued to move at the same rate in the absence of
the metronome. Using PET, Catalan et al. (1998) also demonstrated ipsilateral cerebellar
activity during externally paced sequential finger movements. Moreover, they showed

that sequential movements of greater complexity were associated with further increases
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in cerebellar rCBF. Increased cerebellar activation with rhythmic movements of
increasing complexity was also found by Penhune et al. (1998).

Despite a long association of cerebellar function with motor behavior, it has
become increasingly clear in the past few decades that the cerebellum is also involved in
other perceptual and cognitive activities. For example, the ability to accurately and
consistently judge temporal durations is impaired in patients with cerebellar damage [Ivry
& Keele, 1989; Malapani et al., 1998]. In addition, Schubotz et al. (2000) identified
bilateral regions of cerebellar activation when subjects monitored both visual and
auditory rhythms for timing deviations. Allen et al. (1997) also reported Cerebellar
activation with selective attention to visual shapes.

Perhaps the most intriguing results, however, come from a recent study by Tesche
and Karhu (2000) in which they measured the effect of different temporal patterns of
somatosensory stimulation on the amplitude of neuromagnetic rhythms generated by
neuronal populations within the cerebellum. Their results showed prominent cerebellar
activation not only immediately prior to the delivery of an anticipated stimulus but also
when the stimulus was omitted. This anticipatory response was also shown to be much
stronger for the first stimulus following an omitted stimulus than for an included one.
Moreover, the cerebellar activity associated with deviation from the established temporal
pattern was enhanced by attention to the stimuli (as opposed to reading a book during the
stimulation).

The finding of cerebellar activation in such a wide range of motor and non-motor

tasks has led to the hypothesis that its primary function is actually the acquisition and
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processing of sensory information which then allows it to provide highly accurate
temporal information for situations that require it [Ivry, 1996, 1997, 2000]. From this
perspective, the deficits observed in many motor behaviors could be the result of a
disruption of this internal temporal representation as opposed to problems with motor
control systems {Bower, 1997; Gao et al., 1996; Ivry, 2000]. Our finding of increased
cerebellar activity during syncopation may thus reflect the fact that off-the-beat timing
relationships require a higher degree of temporal acuity than do synchronized ones, since
in the former case one must predict not only the onset of the next metronome beat but
also the point in time between successive beats.
6.44 Other Frontal and Temporal Areas

Syncopation was also associated with significantly more activation of several
regions distnbuted throughout the frontal and temporal lobes. Frontally, we found
clusters in anterior regions of the superior and middle frontal gyri (Brodmann’s areas 10
and 46). A role of prefrontal cortex in the organization of motor behavior is generally
thought to relate to attention and/or working memory rather than the direct temporal
control of movement [see Harrington & Haaland, 1999 for discussion]. Activation of
prefrontal areas is especially prominent during learning of new motor tasks, e.g. finger
sequences, but is reduced or absent if such sequences are overlearned [Jueptner et al.,
1997, Boecker, 1998]. Significant 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]. These increases were correlated with rCBF changes in the basal

ganglia, supporting the idea that these cortical regions comprise part of a broad motor
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timing network. With regard to working memory, experimental data obtained from
monkeys implicate prefrontal neurons in sensory-motor coupling, especially when there
are temporal delays [Quintana et al., 1988; Fuster, 1989; see also Goldman-Rakic, 1987).
Increased prefrontal activation during syncopation as compared to synchronization may
therefore reflect not only the fact that syncopated patterns are associated with a higher
attentional load [Kelso, 1994; Carson et al., 1999; see also Temprado et al., 1999] but
also that they require a delay between response and metronome.

In temporal cortex, syncopation resulted in activation of several regions within
Brodmann’s area 22 that were not associated with synchronization. In the left
hemisphere, there were several rather large clusters in the most anterior portion of the
temporal lobe. A single cluster within the right hemisphere was also identified but this
was located more posterior. A similar pattern of activation in Brodmann’s area 22 was
observed by Platel et al. (1997) in a study that examined music perception. Specifically,
these areas were shown to be involved in a familiarity task in which subjects were asked
whether or not they recognized a given piece of music. The authors point out that this
task required subjects to attend to both the pitch and rhythm of the tone sequence. Our
results suggest that, rather than familiarity, such areas may be involved in the integration
of rhythmic sensory information. The predominance of temporal activity in the left
hemisphere could correspond to a specialization of this hemisphere for the processing and
production of sensory and motor events occurring in rapid procession as has been

proposed in speech research [Tallal et al., 1993].
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6.45 Sensorimotor Cortex

Sensorimotor cortex was the only area of primary interest whose activation
showed no significant dependence on the timing pattern performed. The absence of
effects in sensorimotor cortex is in contrast to previous work which demonstrated
significant differences in the amplitude of neuroelectric [Mayville et al., 1999] and
neuromagnetic [Mayville et al., submitted, in preparation] signals recorded from sites
overlying the contralateral sensorimotor area. One possible reason for this discrepancy
concerns the temporal dynamics of neural activity. Since the BOLD effect is dependent
on the hemodynamic response, it is insensitive to fine timing differences in the activation
of neuronal populations. Such differences in the temporal sequence of
depolarization/hyperpolarization in a given cell population could, on the other hand,
significantly affect the summation of electrical currents which would directly affect the
amplitude of electric potentials and/or magnetic fields detectable at the scalp.
Alternately, the sensorimotor amplitude differences detected by these earlier studies may
simply reflect differences in the number of neurons that are simultaneously involved in
performing the task (larger population for syncopation versus synchronization) but the
numbers are not different enough to affect the local hemodynamic response.
6.46 Conclusions

In conclusion, the distribution of cortical and subcortical areas involved in
coordinating one’s movement with an external metronome depends on the timing pattern

employed. Both synchronized and syncopated patterns require activation of contralateral
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sensonmotor 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. This finding indicates that separation of one’s response
from surrounding metronome beats places additional demands on motor planning,
attentional and sensorimotor integration processes. One interpretation is that syncopated
movements, though externally paced by definition, are not externally triggered and thus
necessitate a separate mechanism for the initiation of movement not required for
synchronized timing patterns. The basal ganglia and premotor cortices are both likely to
participate in such a mechanism. In addition, the temporal delay between the motor
response and stimulus could tap working memory and integration resources located in
prefrontal and temporal association areas. It would therefore be of some interest to
investigate how learning to syncopate may alter, even disengage, some of these neural

structures as the task becomes more automated.
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7.0 General Discussion

The experiments presented in this thesis demonstrate that spatiotemporal patterns
of brain activity, as measured by three separate macroscopic neuroimaging techniques,
significantly depend on the timing relation between rhythmic sensory and motor events as
well as their rate. By having subjects perform both syncopated and synchronized
movements at the same rate, we were able to identify features of brain activity that reflect
the temporal pattern of sensorimotor coordination. In addition, by systematically varying
an external control parameter, the metronome frequency, we show not only that the
ability to integrate rhythmic sensory and motor events with a given timing relation is
constrained by the rate at which they occur but also that these constraints exist even when
responses are not overtly executed. Moreover, we show evidence that both sensory and
motor-related neural processes exhibit a dependence on rhythmic rate that may relate to
these timing constraints.

7.1 Differences in Brain Activity Related to Timing

First we treat features of brain activity that were found to uniquely relate to the
mode of coordination, independent of coordination frequency. Results from Experiments
1-3 and 5 show that the amplitude of brain activity differs in its topography when
subjects syncopate versus synchronize with an external auditory metronome. Experiment

I indicates that the strength of event-related potentials, as indexed by power of the EEG
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signal at the dominant coordination frequency component, is significantly higher during
syncopated movements. The confinement of these differences to left central recording
sites suggests that neural activity in contralateral sensorimotor areas varies depending on
the mode of coordination. In contrast, there were no significant amplitude differences in
event-related field activity across the entire head surface (Experiment 2) that
distinguished between syncopation and synchronization when performed at the same rate.
One explanation for this discrepancy between EEG and MEG is that at low movement
rates where syncopation is possible, the event-related fields are dominated by an
auditory-related pattern that overlaps topographically at the head surface with
contralateral sensorimotor areas (It is worth noting that additional investigation, not
presented herein, revealed that this dominance was not an artifact of averaging MEG
activity with respect to auditory and not motor events).

On the other hand, by averaging MEG signals across trials in the frequency
domain, we confirmed the existence of significant differences between the two timing
patterns in the amplitude of brain activity recorded over left central regions of the head.
Specifically, in Experiments 2 and 3 the strength of the neuromagnetic beta rhythm (15-
30 Hz) was suppressed in these areas during syncopation relative to synchronization. In
light of previous work [Pfurtscheller et al., 1989, 1992, 1996, 1998; Kristeva-Feige et al.,
1993; Salmelin & Hari, 1994; Hari et al., 1997; Leocani et al., 1997] this result may be
interpreted as a stronger desynchronization of ongoing oscillations in the beta range

during syncopated movement. This phenomenon, known as event-related
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desynchronization (ERD) is thought to signify a shift from an ‘idling’ state to task-related
activation [Pfurtscheller et al., 1996; Pfurtscheller & Lopes da Silva, 1999].

An important result found in Experiment 3 was that the neuromagnetic beta
rhythm in contralateral sensorimotor areas distinguishes between syncopated and
synchronized patterns of coordination even when they are mentally simulated. This
finding has two implications. First, it indicates that the function of neuronal populations
within sensorimotor cortex is not restricted to the processing of efferent or reafferent
information related to movement execution. This is consistent with a growing body of
work in which activation of the primary sensorimotor area has been observed during
motor imagery [e.g. Hallett et al., 1994; Beisteiner et al., 1995; Lang et al., 1996;
Pfurtscheller & Neuper, 1997). Second, it suggests that neurons that contribute to
oscillations in the beta range are involved in motor planning processes associated with
the temporal organization of behavior.

As discussed in Chapter 4, it is unclear whether the beta rhythm is a correlate of
the timing relation, per se. Support for the hypothesis that strength of the neuromagnetic
beta rhythm is not directly determined by the temporal delay between sensory and motor
‘events’ comes from the observation of significant differences in signal power in this
frequency range even when the mode of coordination was the same across the conditions
compared. For example, in Experiments 2 and 3 overtly synchronizing at high rates was
associated with a stronger beta rhythm if subjects had been synchronizing throughout the
entire run as compared to runs in which they switched from a syncopated mode of

coordination. In addition, in Experiment 3 differences in the amount of beta power were
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found when mental syncopation or synchronization was subtracted from its overt
counterpart. However, the topographic distribution and direction of these differences
across subjects were only consistent for the syncopate comparison, thus indicating that
the differences are not attributable simply to the presence or absence of overt movement
either. An alternative explanation is that the neuromagnetic beta rhythm reflects the
amount of effort associated with maintaining a given mode of coordination. Syncopated
timing patterns are clearly more difficult and have been shown to require more attention
when overtly performed [Kelso, 1994; Carson et al.,, 1999; see also Temprado et al.,
1999].

The EEG and MEG results discussed so far are consistent in the sense that they
both indicate that interactions among neuronal populations within contralateral
sensorimotor cortex are affected by the temporal organization of behavior with respect to
the environment. At the same time they conflict with respect to whether syncopated
patterns are associated with an increase or decrease of the amplitude of brain activity.
This contradiction cannot be resolved completely because it is unknown whether the
same neuronal populations which generate spontaneous fast oscillations in the brain (that
are not phase-locked to the given task event across trials) contribute to the EEG or MEG
signal that defines the event-related potential or field (i.e. signal components that are
phase-locked to the given task event across trials). One hypothesis is that event-related
potentials and/or fields reflect the response of cortical neurons to afferent activity
whereas ERD/ERS correspond to changes in the local interactions between neurons and

interneurons that determine the frequency of faster oscillations [Pfurtscheller & Lopes da
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Silva, 1999]. Nevertheless, both the EEG and MEG results from Experiments 1 and 2
indicate that syncopated coordination is associated with a greater degree of task-related
activation in contralateral sensorimotor areas.

Interestingly, sensorimotor cortex was the lone area of primary interest in
Experiment 5 whose fMRI activation showed no significant dependence on the timing
pattern performed. Since it is dependent on the hemodynamic response, the BOLD effect
is Insensitive to fine timing differences in the activation of neuronal populations that may
affect the summation of currents which underlie electric potentials and/or magnetic fields.
Alternately, amplitude differences in the EEG and MEG signals may simply be the result
of the sheer size of the neuronal population in sensorimotor cortex that is involved in
syncopated versus synchronized coordination. Given that the mechanism which couples
neuronal activity to the BOLD effect is not completely understood, it is possible that
changes in BOLD contrast are nonlinearly related to changes in neuronal activation such
that increasing/decreasing the degree of local synchrony among neurons does not
necessarily translate into differences in the hemodynamic response or oxygen extraction
rate.

On the other hand, Experiment 5 revealed syncopation to be accompanied by
significantly increased activity in several other brain areas. Cortically, these included a
cluster in the anterior portion of the supplementary motor area (SMA) as well as several
clusters in both left and right dorsolateral premotor cortices. These regions comprise
Brodmann’s cytoarchitectonic area 6 and participate in motor planning. No significant

differences were found in electrode sites over these areas in the EEG experiment though
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the beta rhythm differences reported in Experiments 2 and 3 do appear to extend
bilaterally over precentral areas and across the midline. It is perhaps surprising that
neither dorsolateral region emerged in the EEG or MEG studies but the lack of SMA
activity in EEG and MEG is not hard to explain. The SMA is located on the mesial
surface of the interhemispheric wall just anterior to the vertex. Unfortunately, the
auditory response in EEG is maximal at the vertex and thus may mask SMA activity
associated with auditory-motor coordination. In the case of MEG, it is generally thought
that since the SMA is bilaterally active prior to movement the fields from each
hemisphere cancel due to their close proximity to one another [e.g. Cheyne & Weinberg,
1989; Kristeva et al., 1991; Cheyne et al., 1995). This idea is supported by the finding of
SMA activity in patients who have damage to one side of the interhemispheric wall [Lang
et al,, 1991]. However, recent MEG work suggests that more complicated forms of
movement are preceded by field activity that is localized to the SMA region [Erdler,
2000]. Experiment 4 in this thesis also presents evidence that neuromagnetic activity
consistent with a SMA source is ongoing during a sequence of rhythmic movements, but
this field was much weaker compared to the evoked fields that occur during each
response profile.

Other cortical areas that were associated with significantly stronger fMRI
activation during syncopated as compared to synchronized coordination were bilateral
prefrontal cortex (Brodmann’s areas 10 and 46), the right inferior frontal gyrus
(Brodmann’s area 47), the left insula and anterior regions of the left superior temporal

gyrus (Brodmann’s area 22), and finally, a posterior region of the right superior temporal
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gyrus (also Brodmann’s area 22). Subcortically, both the basal ganglia and cerebellum
showed differences as a function of coordination mode. The cerebellum was involved in
both syncopation and synchronization, but in the former case activity was stronger and
covered a broader portion of the cerebellar lobes, including the contralateral hemisphere.
In contrast, activation of the striatum (caudate nucleus and putamen) was generally
observed for syncopation only.

The results from Experiment S provide convincing evidence that a more extensive
cortical and subcortical network is required to integrate rhythmic sensory and motor
events in a syncopated compared to synchronized fashion. Whereas synchronization was
primarily associated with activity in the contralateral sensorimotor cortex, caudal SMA
and ipsilateral cerebellum, syncopation appears to involve these areas in addition to
several others that have been implicated in many functions involved in motor planning
and the organization of behavior within a given environmental context. Among these are
timing, movement initiation, anticipation, working memory and/or attention, and the
processing of sensory and motor events that occur in rapid succession [see Harrington &
Haaland, 1999 for review; see also Fuster, 1989; Platel et al., 1997]

7.2 Rate-Dependent Changes in Brain Activity

In Experiment 2 we investigated the dependence of neuromagnetic activity
associated with the brain’s response to auditory and motor events on the rate at which
they occur. This was done by decomposing the event-related fields associated with both
modes of coordination into auditory and motor components and then examining the

contribution of each component to the whole signal across increasing plateau frequencies.
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We found that the amplitude of the auditory component decreased as the movement rate
became faster whereas the motor component remained approximately constant. The
brain’s response to auditory stimulation at different rates has been well studied in both
EEG [see Naatinen & Picton, 1987 for review] and MEG [Hari et al., 1982; Liu et al.,
1998]. However, much of this has focused on slower, transient evoked responses (ISI > 2
sec) or much faster steady-state responses (40 Hz) [see Lins & Picton, 1995 for review].
The range that affords syncopated or synchronized coordination is in the middle; it must
be fast enough to allow anticipation of the next stimulus but still remain within the limits
of biomechanical operation [see, e.g. Engstrom et al., 1996].

Preliminary work [Carver et al., 1999] that has systematically investigated the
rhythmic ISI range used here suggests that there is a significant drop in the amplitude of
the brain’s neuromagnetic response to auditory stimulation that is due primarily to an
attenuation of the N1lm component. This component typically occurs about 100 msec
after the occurrence of an auditory stimulus and is thought to be generated by sources
within primary auditory cortex in the superior temporal gyrus [see Nastinen & Picton,
1987 for review]. A drop in N1m amplitude across the rhythmic range associated with
syncopation/synchronization is consistent with the earlier MEG work that investigated
much slower rates of stimulation [Hari et al., 1982; Liu et al., 1998]. It is also consistent
with the results from Experiment 2 since the field pattern which defined the auditory
component in the decomposition was taken from a transient control condition in which
subjects passively listened to auditory tones delivered at random intervals every 2-3 sec.

The preliminary work by Carver et al. (1999) also indicates that, in addition to an
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attenuation of the N1m component, increasing the rate of auditory stimulation leads to the
emergence of a variety of additional field components which have yet to be localized.
Moreover, the dynamical behavior of these components becomes increasingly oscillatory,
which suggests that the range of rates that afford rhythmic sensorimotor coordination
may be associated with a transition from transient to steady-state auditory brain
responses. One hypothesis is that these features of the neuromagnetic signal signify
reorganization in the processing of auditory information that may directly or indirectly
affect sensorimotor integration networks. [t is possible, even likely that responses
become synchronized at higher frequencies because the motor response becomes
entrained to the increasingly predictable series of tones.

The decomposition analysis in Experiment 2 revealed no dependence of motor
response amplitude on rate. As with the auditory component, this response reflected the
contribution of the dominant spatial pattern obtained from a transient motor control
condition (inter-response intervals from 2-3 sec), which corresponded to a classic motor-
evoked field [Cheyne & Weinberg, 1989; Kristeva et al,, 1991]. In Experiment 4 we
verified that the MEF amplitude does not depend on the length of the interval between
successive responses across a wide range of rhythmic rates. We further showed that the
latencies of the MEFI-MEFIII components, though tightly coupled to the biphasic
response profile [see also Kelso et al., 1998; Holroyd et al., 1999], were not affected by
movement rate either. However, a second weaker field pattern did exhibit a drop in
amplitude at higher rates. It can be inferred from both the topography and dynamics of

this second pattern that it corresponds to the Bereitschafismagnetfeld or readiness field
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that prior research has shown to precede the onset of movement [Deecke et al., 1982;
Hari et al., 1983; Cheyne & Weinberg, 1989; Kristeva et al., 1991; Erdler et al., 2000].
Our results imply not only that this readiness field can be observed during a sequence of
rhythmic movements (in the Erdler et al., 2000 study it was only observed prior to the
beginning of a rhythmic sequence) but also that there is a qualitative change in the
underlying neural processes it reflects once the inter-response intervals get shorter than
about one second.

The readiness field, as with the readiness potential [Kornhuber & Deecke, 1965;
Deecke et al., 1976] is so named because it is presumed to represent a priming or
preparation of the motor system for action. Both have been associated with a generator in
the SMA [Deecke & Kornhuber, 1978; Deecke, 1987; Lang et al., 1990; Praamstra et al.,
1996, Erdler et al., 2000]. This is consistent with a large number of studies which
implicate this area in the temporal organization of movement [e.g. Orgogozo & Larsen,
1979; Roland et al., 1980; Dick et al., 1986; Tanji & Shima, 1994; Larsson et al., 1996;
Gerloff et al., 1997; Rao et al., 1997; Penhune et al., 1998]. Given these results, the
amplitude decrease in the second field pattern observed in Experiment 4 may indicate a
reduced need for motor planning mechanisms involving the SMA at higher rhythmic
movement rates.

7.3 A Possible Physiological Interpretation for Why Transitions from Syncopation
to Synchronization Occur

In principle, the performance of both syncopated and synchronized patterns of
movement requires that one generate a rhythmic sequence of responses at the correct rate

and then shift the onset times appropriately so that the peak of each response has the
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correct phase relation/temporal delay within each cycle. In practice, shifting a sequence
of movements by 'z cycle is difficult to do even at low frequencies. Constraints on the
ability to do this may arise from the fact that one has to predict not only when the next
metronome beat will occur but also the point in time that separates successive metronome
beats. Subjects who are successful at syncopating often report the use of a cognitive
strategy to predict the latter, i.e. perceptuaily doubling the metronome. In the absence of
such a strategy, however, subjects may produce a series of syncopated movements on a
cycle-by-cycle basis rather than by organizing them as a continuous sequence.

One hypothesis is that treating each perception-action cycle individually requires
the planning of each movement separately whereas organizing a continuous sequence of
movements only requires planning in the beginning and then minimal modification or
monitoring of movement once the sequence has begun. In this case the former situation
can be expected to require additional neural resources in areas that participate in the
preparation of movement. This may explain why we found significantly increased
activation in, for example, the basal ganglia and premotor areas during syncopated
movement. It may also explain why the neuromagnetic beta rhythm in central and
precentral areas distinguishes between syncopated and synchronized pattemns of
coordination even when they are only imagined.

So why transitions? We still do not know the exact cause but one possibility is
that motor planning mechanisms require a certain amount of time to operate. This idea is
supported by the fact that neural activity in sensorimotor and premotor areas in the

foreperiod of voluntary movement is characterized by a slow, gradual accumulation of
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amplitude that can begin as early as 3 seconds prior to movement onset [e.g. Konhuber
& Deecke, 1965; Deecke et al.,, 1976]. The contingent negative variation [Walter et al.,
1964] is another, possibly related, slow cortical wave occurring over seconds that is
associated with the expectancy of stimuli that require a response. Increasing the rate of
coordination may therefore leave too little time for the neural networks that these gradual
amplitude changes reflect to function properly. Indeed our results from Experiment 4
show that the ‘readiness’ field accompanying rhythmic self-paced movement is strongly
attenuated once the inter-response interval drops below one second. The consequence is
that the nervous system switches from planning each movement separately to a more
automatic form of motor control in which responses are organized as a rhythmic
sequence and the external metronome is adopted as a pacing cue for movement
execution. This scenario implies that the major task constraint that causes transitions
from syncopation to synchronization is the 1:1 stimulus/response requirement. In other
words, subjects cannot syncopate at faster rates because there is not enough time to
prepare a movement for each cycle and they switch to synchronization because this is the
only way to maintain the correct movement rate.

In conclusion, future work is needed to clarify the neural mechanisms that
underlie transitions from syncopation to synchronization. The work contained in this
thesis provides evidence that there is a reorganization of the interaction between neuronal
populations distributed across several cortical and subcortical areas. Moreover, there are
rate dependent changes in neural activity associated with both the processing of auditory

stimuli and motor preparation that are likely to play a role in such transitions.
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