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Interactions Between Rhythmic and
Discrete Components in a
Bimanual Task

Kunlin Wei, Gary Wertman, and Dagmar Sternad

An asymmetric bimanual task wasinvestigated in which participants performed
a rhythmic movement with their dominant arm and initiated a second move-
ment with their nondominant arm at a random phase of the continued oscilla-
tions. The objective was to examine whether different constraints existed
between rhythmic and discrete movements and, more generally, whether rhyth-
mic and discrete movements can be regarded astwo different movement primi-
tives. Participants performed rhythmic forearm rotations at 1 of 4 prescribed
metronome periods. After arandominterval, atrigger signaled to initiate either
adiscrete or rhythmic movement with the left forearm asfast as possible while
continuing the oscillations. Analyses extracted the mutual influences that the
two movements exerted on each other and contrasted discrete-rhythmic and
rhythmic-rhythmic coupling. (8) Theinitiation of the rhythmic movement was
constrained to occur in-phase with the ongoing rhythmic movement, while the
discrete movement could be initiated at any arbitrary phase. (b) Reaction time
of the initiated rhythmic movement scaled with the oscillation period, while
the discrete movement’s reaction time was invariant across periods. (¢) Peak
velocity of the initiated movement scaled with the oscillatory period in both
tasks but more strongly in the discrete movement. (d) Synchronization of EMG
bursts of both arm flexors was evident in both tasks but more strongly in the
rhythmic-rhythmic combination. The results are interpreted as support for the
hypothesisthat discrete and rhythmic actions are two different control regimes,
and coupling occurs at ahigher level in the central nervous system.

Key Words: bimanual coordination, discrete and rhythmic movements, cou-
pling

The coordination between two hands presents one of the most essential compo-
nents of our daily behaviors. Humans pick up and manipulate objects, they open
jars, they use hammers and pliers, they tie shoelaces, and they play piano or the
violin, using either one or both hands. When these actions require two hands, they
can be divided into those tasks that involve symmetrical coordination of the two
hands and others in which the two hands perform different, often complementary
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roles. The class of actions that involves symmetrical movements, specifically in
rhythmic coordination, has received alot of inquiry (for overviews, see Amazeen,
Amazeen, & Turvey, 1998; Heuer, 1996; Katsumata& Sternad, 2002; Kelso, 1995).
Another much smaller body of research has examined bimanual coordination in
tasks where the two hands perform asymmetrical actions, such asin the manipula
tion of an object or playing the violin. While thisis probably the prevalent type of
behavior in prehensile activities, far fewer studies have been dedicated to it. Ex-
ceptionsare studiesby Swinnen and Heuer and colleagues who examined bimanual
movements with different directional and timing constraints (Heuer, Kleinsorge,
Spijkers, & Steglich, 2001; Swinnen, Jardin, Meulenbroek, Dounskaia, & Hofken-
van den Brandt, 1997; Swinnen, Walter, & Shapiro, 1988; Swinnen, Young, Walter,
& Serrien, 1991). The present study will address bimanual coordination wherethe
two arms perform different types of movements. Specifically, one arm will per-
form a continuously rhythmic movement, while the other hand simultaneously
initiates a discrete movement.

The interlacing of rhythmic and discrete elementsisindeed an essential as-
pect of many everyday behaviorsand skills. A football player initiatesakick of the
ball with his leg while he is still running. The actions of a drummer not only in-
volve the polyrhythmic patterns between the hands but also reaching to different
instruments at different places. Similar observations hold for playing the piano:
Whilerhythmically striking the keys, the hands al so translate across the keyboard.
The focus of the present experiments is on such more complex combinations of
rhythmic and discrete movements in a bimanual task. Previous studies have ex-
plored such combinations of rhythmic and discrete actions but focused on single-
joint tasks (Adamovich, Levin, & Feldman, 1994; de Rugy & Sternad, submitted;
Staude, Dengler, & Wolf, 2002; Sternad, de Rugy, Pataky, & Dean, 2002; Sternad,
Dean, & Schaal, 2000). These studies specifically examined the constraints be-
tween voluntary rhythmic and discrete elementsin a single-joint task. The combi-
nation of the two movement components was limited by atight phase locking of
the discrete movement into a window of the rhythmic cycle. The discrete
movement’s maximum vel ocity was limited by the oscillatory period (i.e., oscilla-
tory velocity). The rhythmic movement was perturbed asindicated by phase reset-
ting (the oscillation was shifted in phase due to the secondary movement) and the
periods shortened dlightly after the secondary movement. The phase shift was a
function of the oscillatory period. Two experimentsby Wei et a. (submitted) showed
that inertial loading did not significantly change these interaction effects. But to
what degree are these interaction effects determined by the very fact that both
movement elements shared the same effector?

In previous work, we proposed the hypothesis that rhythmic and discrete
actions are two different classes of behaviors and form units or primitives of more
complex actions (Sternad et a., 2000). On the shoulders of two prominent lines of
research and adopting a dynamical systems interpretation of human behavior, we
have stated that discrete actions are governed by fixed-point attractors, and rhyth-
mic actionsare governed by limit cycle behavior. (For an introduction into nonlin-
ear dynamics and these basic concepts, see for instance Strogatz, 1994.) While
studiesfrom the equilibrium-point hypothesis provided evidence that discrete point-
ing movements display point attractor behavior, studies on rhythmic movements
demonstrated features of limit cycle attractors in rhythmic single-joint and two-
limb movements (Feldman, 1966; Kay, Kelso, Saltzman, & Schoner, 1987; Kay,
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Saltzman, & Kelso, 1991; Latash, 1993). Recent brain imaging studies revealed
that different cortical areasareinvolved in the two types of behavior (Schaal, Ster-
nad, Osu, & Kawato, 2001; submitted). While rhythmic wrist movements were
primarily accompanied by primary motor and somatosensory areas, discrete wrist
movements showed additional cortical activity in parietal and cingulate areas. On
the basis of these theoretical and empirical results, the present question iswhether
the coupling of rhythmic and discrete movementsis constrained to high-level cor-
tical areas. In this case, the simultaneous performance of rhythmic and discrete
movements should show similar constraints, regardless of thelimbsinvolved. The
same effects that were identified in single-joint movements should also be seenin
two-joint bimanual movements.

Alternatively, if the interaction effects were specific to the single-joint na-
ture of the task, then bimanual performance should show different effects.
Adamovich and colleagues (1994) suggested that the discrete and rhythmic move-
ment commands have to be issued sequentially, and kinematic coupling features
were relegated to the peripheral merging of the two movements. This explanation
has little to say about a similar task combination in a two-limb case.

Two studies have considered atwo-handed task involving rhythmic and dis-
crete movements. Michaels and Bongers (1994) examined the time to initiate a
discretefinger movement upon triggering by astimulus, whilearhythmic tracking
movement was performed with the same or the contralateral arm. Reaction time
(RT) was shown to be dependent on the phase of the ongoing oscillation. Interest-
ing in the present context isthat even when the discrete movement was performed
by the other hand, the phase dependence of RT on the oscillation still existed, even
though less consistent. The authors consequently argued that the interaction be-
tween the discrete and rhythmic components happened at some higher level of the
central nervous system. In a similar study, Latash (2000) measured simple reac-
tion time of elbow or ankle movements performed against the background of rhyth-
mic wrist movements. However, he arrived at dightly different results. Only when
both movementswere performed by the same limb was RT modul ated by the phase
of the rhythmic movement. If participants performed a sinusoidal isometric force
to the bottom of acup that they held in the other hand and released the grip forcein
response to a visua stimulus, RT of the releasing hand still showed similar but
very variable modulations by the phase of oscillatory movement. If the sinusoidal
force was exerted onto some unrelated surface, this modulation disappeared. The
author proposed that anatomical or contextual coupling was necessary for RT
modulation in a discrete-rhythmic dual task.

Based on these preceding studies, several issues need to be further addressed
in the present experiments. First, while the studies on reaction time in interlimb
coordination are closein spirit to the present experiments, the only measured vari-
ablewasreaction time. Their focus was on the time constraintsfor initiating a new
movement, leaving aside the interaction effects throughout the concurrent perfor-
mance, which are also of interest in the present experiments. As we identified in
the single arm movement, the interactions between these two movement compo-
nents were genuinely bidirectional. How do these mutual influences fare, if the
two movement components are performed by separate limbs? Second, if the inter-
actions are specific to the combination of the discrete and rhythmic movements,
then the coupling between an ongoing rhythmic movement and a newly initiated
rhythmic movement should lead to different interaction effects. Two experiments
will address these issues. In Experiment 1, participants will oscillate their domi-
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nant arm with a horizontal elbow rotation and initiate a discrete movement with
their nondominant arm while continuing the oscillation. In Experiment 2, the sec-
ond movement will also be arrhythmic movement that is similarly triggered by an
auditory stimulus and should be continued in synchrony with the first rhythmic
movement. Comparative analyseswill reveal the features of initiation and combi-
nation of rhythmic and discrete movements and whether they have different per-
turbing effects.

Method
Participants

For Experiment 1 (DI-R), there were 7 volunteers from The Pennsylvania State
University (5 male, 2 female). Their ages ranged from 19 to 41 years. Seven re-
ported to be right-hand dominant, while 1 reported himself to be left-hand domi-
nant. For Experiment 2 (RI-R), there were 9 volunteers from The Pennsylvania
State University (6 male, 3 female). Their ages ranged from 20 to 41 years. All
subjects reported to be right-hand dominant. None of the participants had suffered
any serious injury to either arm. Prior to data collection, the participants were
informed about the experimental procedure and signed the consent form in agree-
ment with the University’s Regulatory Committee.

Experimental Apparatus and Data Collection

The participant was seated in front of a table with each forearm placed horizon-
tally on afoam-padded metal support arm affixed to avertical axle. The height of
the chair was adjusted so that the upper arms were horizontal and at the same
height asthe forearms. The center of rotation of each elbow joint was aligned with
the axle of the respective apparatus. Asthe chest also rested against the table, trunk
and thereby shoulder movements were minimized. Elbow flexion and extension
occurred in the horizontal plane (see Figure 1). The participants grasped awooden
handle affixed to the end of each arm support. To ensure afixed forearm position,
a Velcro band strapped the forearms moderately tightly to the support arms. Two
vertical wooden rods of 15 cm in height (T1 and T2) served as amplitude targets
(minimum and maximum) for the rhythmic dominant arm and were placed on the
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Figure 1 — Top-down view of the experimental setup. The circles indicate the four
targetsfor thetwo arms (seetext for details).
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table on an arc whose origin was at the elbow joint of the arm and whose radius
extended approximately 5 cm beyond the fingertips. For Experiment 1, target T1
was positioned where the elbow is flexed to 110° (where 180° was defined as full
arm extension); T2 was placed at 90°. Two identical targets (T3 and T4) were
placed symmetrically for the nondominant arm. Experiment 2 increased all peri-
ods by 50 ms, as the shortest period in Experiment 1 proved to be very short.
Consequently, also the target amplitude was increased to a range of 30° between
115° and 85°.

Data Acquisition and Data Processing

Data of joint angular positions were collected by two potentiometers, one affixed
to the axle of each arm apparatus. The rotational resolution of the potentiometer
was 0.04°. Electromyographic data was collected from the biceps brachii and the
lateral head of the triceps of both dominant and nondominant arm. The sampling
frequency for both kinematic and el ectromyographic datawas 500 Hz. The analog
EMG signal swere band-passfiltered withcutoffs at 10 Hz and 1000 Hz and subse-
quently amplified with a gain of 5K. (The low-pass cutoff could not be set lower
dueto ahardware constraint; however, the unfiltered datadid not contain frequen-
cies higher than 250 Hz. Hence, a sampling frequency of 500 Hz proved to be
sufficient.) A computer-generated auditory signal (tone duration: 50 ms, frequency:
770 Hz) set the oscillation periodsfor theinitial 5 s of the movement task. After its
termination, a silent interval of randomized duration between 3 and 5 s followed
before another auditory signal (duration: 400 ms, frequency: 1000 Hz) marked the
onset of the initiation of the movement. The output of the computer speaker was
recorded to provide information about the temporal onset of the rhythmic and the
imperative signal at the same time basis as the other data. The collection of all
signals was controlled by a customized program written in LabView Software
(Nationa Instruments, TX, USA) on a Macintosh Computer (PowerCenter Pro
210, Power Computing). The digitized EMG signals were rectified and filtered
using a4"-order low-pass Butterworth filter with a cutoff frequency of 25 Hz. The
joint angle data were filtered by alow-pass 4"-order Butterworth filter with a 25-
Hz cutoff frequency.

Procedure and Experimental Conditions

In both experiments, the participant began each trial with his’her elbows posi-
tioned so that the forearm of the dominant arm was aligned with T1 and the fore-
arm of the nondominant was aligned with T3. He/she was instructed to begin os-
cillating the dominant rhythmic arm between T1 and T2, completing onefull cycle
per metronome signal. After 5 s, the metronome signal ceased, but the participant
continued to oscillate at the same prescribed period and amplitude until he/she
heard the imperative signal. This signal occurred at a random interval and hence
occurred at a random phase of the oscillation.

In Experiment 1, hereafter referred to as DI-R (Discrete Initiation against
Rhythmic movements), the participant performed a discrete movement with the
nondominant arm while the dominant arm continued to perform rhythmic elbow
rotations. In Experiment 2, hereafter referred to asRI-R (Rhythmic Initiation against
Rhythmic movements), the nondominant arm performed arhythmic movement. In
DI-R, he/she was instructed, upon hearing the imperative signal, to “shift your
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nondominant arm from T3 to T4 asfast as possible, without stopping the ongoing
rhythmic movements between T1 and T2.” After stopping the discrete movement
at T4, the participant continued to oscillate the dominant limb between T1 and T2
until the experimenter signaled the end of the trial. As the instruction contained
two important task elements, Experiment DI-R was performed in two blocks, where
theinstruction explicitly set two different foci of attention: Inthe“rhythmic atten-
tion” condition the participant was instructed to fix his’her gaze on the dominant
rhythmic limb and to primarily “focus on not allowing the rhythmic movement to
bedisturbed”. Inthe“discrete attention” condition, the participant’s gaze wasfixed
on the nondominant discrete limb and he/she wasinstructed to primarily “focuson
reacting and moving asfast aspossible”. The amplitude for the continuously rhyth-
mic and the discrete movements was 20°. This amplitude was chosen to be the
same as in previous single-joint experiments (Sternad et al., 2000) for better com-
parison with previous results.

The two attention conditions were presented in two blocks, with the order
counterbal anced across participants. Within each block, four metronome periods
were used: 250 ms, 350 ms, 450 ms, and 550 ms, each presented 15 timesfor each
attention condition and their order fully randomized. In each trial, the trigger sig-
nal occurred at a random phase of the oscillation, leading to an approximately
uniform distribution of thetrigger signal acrosstrials. To keep the number of trials
manageable, the discrete movement was only performed in the flexion direction,
as previous experiments had not found any differences between flexion and exten-
sion movements for the dependent measures determined in the present study (see
below and Sternad et al., 2000). Each trial lasted 15 s. Each block |asted approxi-
mately 30 min.

For Experiment RI-R, the participant was seated in the same way with the
targets T1 to T4 placed as described above. The auditory signals were aso identi-
cal. The difference in the task was that upon hearing the imperative signal, the
participant was instructed to “initiate a rhythmic movement in the nondominant
arm starting as fast as possible, from T3 and moving to T4, and then continue to
oscillate at the same rhythm as the dominant arm”. During the experiment the
participant was repeatedly reminded to initiate the movement as fast as possible.
No instruction was given whether the bimanual oscillation should be in-phase or
anti-phase. After initiation of the nondominant arm movement from T3 to T4, the
participant continued to oscillate both arms until the experimenter signaled the
end of the trial. The amplitudes for both the continuously rhythmic and initiated
rhythmic movements were 30°.

Four period conditions of 300 ms, 400 ms, 500 ms, and 600 ms were pre-
sented. (The fastest period, 250 ms in Experiment DI-R, had proved to be very
fast. Hence, we increased all four periods by 50 ms.) Each of them was presented
15 times, with their order fully randomized. Because the results from Experiment
DI-R indicated no significant difference between the two attention conditions in
the variables of interest, the experiment was conducted with one instruction only,
where participants were told to focus straight ahead. Each trial lasted approxi-
mately 15 s. The total experiment lasted about 30 min.

Calculation of Dependent Measures

Figure 2 shows a representative trial with the time series of position and EMG
activity of both armsto provide avisual guide to the calculation of the dependent
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Figure2 — Timeseriesof asingletrial showingthe position signalsand thetwo EM G
signals of biceps brachii of both armsin a rhythmic initiation trial. The dependent
measures are described in the methods. The EM G signalsarein arbitrary units.

measures. To begin, the times of the peaks of the rhythmic position signal were
determined and numbered with negativeintegersi before the onset of theinitiated
movement, and with positive integers after the onset. The EMG bursts were num-
bered in analogous fashion. Theindividual cycle periodswere cal cul ated between
the times of successive peaksati—1 andi. Theindividual cycle amplitudes of the
rhythmic signal were calculated as the difference between successive peaks and
valleys. The mean period and the mean amplitude for the trial segment prior to the
movement initiation were cal cul ated as the average over of the cycles between the
last metronome beep and the imperative signal (see dashed lines) and labeled T,
and A, To calculate the means for the trial segment after the discrete movement,
three cyclesfromi = 3toi = 5 were entered into the means T4, A Thefirst two
cycleswere excluded to reduce transient effects, which was captured in the phase
shift.

To determine the timing of the bursts of the EMG activity of the biceps
brachii, the center of mass of each burst CM; was found. The time of this CM
proved to be a more robust estimate of the time of maximum EMG activity than
the maxima of the bursts. To calculate the CM, the EMG signal for the rhythmi-
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cally moving hand wasfirst divided into cycle windows defined between two suc-
cessive minimaof the corresponding displacement signal. The rhythmic burst was
always near the center of the window. The window of thefirst CM-I, of theinitiat-
ing arm spanned from the onset of the imperative signal to the first kinematic
minimum. Although this window was of varying duration as imperative signal
occurred at different time intervals before the movement onset, this windowing
did not introduce any bias, because the EMG signal of the nondominant hand was
at arelatively low level prior to onset. The rectified EMG bursts in each window
were then numerically integrated using the trapezoid method. The CM; was found
asthetime at which theintegral reached half itstotal value for the " window. The
time of these CMs are shown as stars in Figure 2. The cycle periods were calcu-
lated as the difference between two successive CM’s. The CM’s for the initiating
arm were labeled as CM-I and, for the continuous arm, CM-C. The average period
Twas calculated across the five cycles directly preceding the imperative signal.
Thisaverage period was compared to a period estimate that was determined on the
basis of the kinematic landmarks. The difference within atrial between these two
estimates was of the order of afew milliseconds. Comparing the two period esti-
mates across different trials, this discrepancy showed no bias.

Thetime of the onset of the movement of the discrete or rhythmic initiation
arm t,. Was determined on the basis of the biceps brachii signal. We determined
the time of the onset of the first EMG burst in the initiating arm using a graphic
method picking the time of supra-threshold activity. In Figure 2, t,,. is shown by
astar inthe EMG signal of theinitiating arm. Thistime is projected into the other
threetimes seriesand similarly indicated by astar. To confirm thereliability of the
“hand-picking,” two experimenters repeated the procedure. The resultswere com-
pared, and no significant differences were found. Premotor reaction time RT was
calculated as the temporal difference between the beginning of the recorded im-
perative signal t;.,, and the onset of the rhythmic initiation arm’s movement t,.

Calculation of Phase Variables

In order to compare the relative timing of events between trials of different move-
ment periods, the above measures were converted into phases. The phase shift of
the continuing rhythmic arm Df, which captures the perturbation of the rhythmic
movement by the second movement, was calculated as follows:

A¢ _ Zﬂ[tpeak,l - (tpeak,—Z + 2Tpre)]

T, pre

wheret,, ,refersto the time of the peak two cycles beforet,., and t,., ,; to the
first peak after the transition (see Figure 2). By adding two cycle periods T, to t.
_,, the oscillation was projected forward as if unperturbed. The resulting time was
subtracted from the actual t,,, and the time difference was then transformed into
aphase. If there was no perturbation, this metric should be zero. If the cycle of the
oscillation was lengthened, this metric was positive. Conversely, it isnegativeif a
cycle of the rhythmic arm movement was shortened.
The phase of the imperative signal f;,, was calculated as follows:

d)imp =2m [(t|mp - CM'C_l) / T]
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The phase onset of the initiated movement f ., was calculated using the
time difference between CM-C_; and CM-I,, converted into phase:

Pons =27 [(CM-C; —CM-1,) / T].

In order to assess the degree to which activity in the continuous and initiat-
ing EMG bursts synchronize, the phase of alignment between the two EMG sig-
nalsf, wascomputed asfollows:

bp =2 (CM-1,—CM-C)) / T).

Notethat for f, , the initiating burst was compared to different burst than for f .
Hence, f, can be positive and negative.

Statistical Analyses

The dependent measures of each experiment were evaluated with repeated-mea-
suresANOVAs. For DI-R, a2 (attention) 3 4 (period) repeated-measuresANOVA
was applied in most cases, with ap > .05 to define statistical significance. When
thewithin-trial parameterswere compared, an extrafactor trial segment was added
to make a 2 3 4 3 2 repeated-measures ANOVA. For RI-R, a one-way ANOVA
with four period conditionswas applied for most dependent measures. When within-
trial changes were tested, a 4 3 2 ANOVA was conducted. The comparison be-
tween the two experiments, RI-R and DI-R, was only done qualitatively by com-
paring distributionswith x? tests, asthere weretoo many design differences between
the two experiments to warrant a direct comparison.

Results

Perturbation of the Oscillation By the Initiation of the Second
Movement

Mean Periodsand Amplitudes Beforeand After the Discrete M ovement.
Before analyzing the perturbing effect of the discrete movement onto the continu-
ing rhythmic movement of the dominant arm directly, it needs to be established
whether the oscillations in the steady state segments of the continuing oscillations
after the second movement were maintained after thetransient interval asinstructed.
Hence, mean periods and mean amplitudes were submitted to ANOVAS compar-
ing the behavior before and after the imperative signal separately for the four dif-
ferent period conditions.

In Experiment DI-R, the average periods were calculated for each trial and
condition per participant and were submitted to a 2 (attention) 3 4 (period) 3 2
(trial segment) repeated-measures ANOVA. The interaction between period and
trial segment was significant (F; 5 = 57.20, p < .0001), indicating that the longer
periods shortened in the post-transition segment and shorter periods tended to
lengthen in the post-transition segment. A significant main effect for trial segment
signaled that ashortening of the period after the discrete event was dominant (F, ¢
=120.78, p <.0001). While systematic, these changes were only 8 ms on average,
as can be seen from Table 1. A highly significant main effect for period verified
that the subjects followed the metronome pacing (F; 15 > 1000, p < .0001). Atten-
tion also produced amain effect (F, 3 = 6.51, p <.05).
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Table 1 Mean Cycle Periods (ms) and Amplitudes (deg) for Before (Pre) and
After (Post) the Discrete Transition Listed for Experiments DI-R and RI-R

DI-R
Discrete Attention Rhythmic Attention RI-R
Pre Post Pre Post Pre Post
Period
250/300 253 259 257 260 306 318
350/400 340 337 342 340 394 393
450/500 436 422 437 424 485 464
550/600 527 501 527 505 586 545
Amplitude
250/300 17.1 175 16.3 16.6 305 31.7
350/400 20.8 21.1 18.8 18.8 331 334
450/500 23.3 23.3 204 20.5 34.6 349
550/600 22.7 23.0 214 215 34.5 35.0

Asthe instruction did not emphasize accuracy in the amplitudes, there was
room for modulation of amplitudein conjunction with different periods. The same
2 34 3 2 ANOVA detected a significant interaction between the two Attention
modes and Period (F; ;5 = 4.84, p < .05). Thisindicated that when attention was
directed at the discrete arm, there tended to be an increase in amplitude in the
rhythmic arm. Thisincrease was not as pronounced when attention was directed at
therhythmic arm. As Table 1 shows, though, these differenceswere only by maxi-
mally .4°. The analysis also showed a significant main effect in which the ampli-
tude increased as the period increased (F; ;5 = 142.14, p < .0001). A significant
main effect showed that amplitudes were larger in the discrete attention mode (F,
¢ = 77.25, p <.0001). It should be noted that there was no overall change in the
mean amplitude for the time before and after the imperative signal. The means
across participants are also included in Table 1.

In Experiment RI-R, analyses on the same average periods with a 2 (trial
segment) 3 4 (period) ANOVA rendered very similar effects asin Experiment DI-
R. A significant interaction between trial segment and period showed that the longer
periods shortened in the post-transition segment and shorter periods tended to
lengthen in the post-transition segment (F; ,, = 50.88, p < .0001). Also consistent
with Experiment DI-R, there was a significant main effect observed between the
mean period before and after the imperative signal, indicating an overall speeding
up (F, ¢ = 65.85, p <.001). A significant difference between periods verified once
again that the participants followed the metronome pacing (F; ,, > 1000, p <.0001).

The same 2 34 ANOVA was conducted on the mean amplitudesfor thetime
before (A,.) and after (A,.) theimperative signal at different period conditions. A
significant main effect showed that again the amplitudes increased across periods
(F3 2 = 23.90, p < .0001). There was no significant effect found between the am-
plitudes before and after the initiation of the second rhythmic movement.
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Phase Shift of the Continuous Rhythmic Arm. To determine if the con-
tinuously rhythmic arm was perturbed by the initiation of the second movement,
the phase shift Df was calculated for each trial. For both experiments ANOVAS
tested whether Df depended on thetask conditions, specifically the period of oscil-
lation. For each participant the mean values of Dfwere determined across the 15
trials for each Period and Attention condition and entered into the ANOVA. For
Experiment DI-R, a2 (attention) 3 4 (period) ANOVA identified significant differ-
encesin Df for the different periods but not for the instruction conditions (F; 15 =
30.07, p < .001). Similarly for Experiment RI-R, a one-way ANOVA identified
different Df for the four different periods (F; ,, = 12.73, p <.0001). The bar charts
in Figure 3illustrate these results. As can be seen, all Df were negative, indicating
ashortening of the oscillatory cycle due to the secondary movement. In DI-R there
was atrend that the perturbation was greater—that is, larger shifts—when the at-
tention was directed at theinitiating arm. Also, Df had atendency to be smaller in
RI-R compared to DI-R, but adirect statistical comparison was difficult dueto the
differencesin design.
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Figure 3 — Average phase shifts A¢ and their standard error in different period
conditions shown separately for Experiments DI-R and RI-R. In the top pand, the
darker barsdepict thediscreteattention condition, and lighter bar sdepict therhythmic
attention condition.
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Effect of the Rhythmic Movement Onto the Secondary Movement

Reaction Time of theInitiated M ovement. The premotor reaction time RT
was determined for each trial, and the values were averaged for each participant
and condition. For Experiment DI-R, the 2 (attention) 3 4 (period) ANOVA pro-
duced significance for the main effect between the two attention conditions. Asto
be expected, RT was shorter when attention was directed to the initiation of the
discrete movement (F, ¢ = 13.89, p <.0L. It should be noted that RT did not change
significantly between the different periods (Figure 4).

For Experiment RI-R, RT was also compared across the four periods. The
one-way ANOVA revealed a significant main effect in which RT increased with
increasing period as seen in Figure 4 (F; ,, = 4.56, p < .05). The mean RTsfor each
period were as follows: 204 ms for the 300-ms period, 202 ms for the 400-ms
period, 219 msfor the 500-ms period, and 245 msfor the 600-ms period. Post hoc
Tukey tests identified pairwise differences between the 600-ms period and the
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Figure 4 — Mean reaction times with standard errors as a function of the oscillation
periods. In Experiments DI-R, average values are plotted separately for the two
attention conditions.
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300-ms period, and between the 600-ms and 400-ms periods (p < .05; see Figure 4).
In addition, from the perspective of a perturbed oscillation, it can be expected that
RT isafunction of the phase of the perturbation—that is, the phase of the impera-
tivesignal f;,, or the phase of theinitiation f . However, regressions of RT onf,
or f,. did not identify a significant relationship in either of the two experiments.

Phase of the Discrete M ovement Onset. A primary interest of the bimanual
experimentswaswhether theinitiation of the secondary movement was constrained
to asubset of phases of the ongoing oscillatory movement, similar to the results of
the single-joint actions. The phases of onset of the discrete movement f, in Ex-
periment DI-R were pooled for all participants and both attention and all four
period conditions and inspected in a histogram. As Figure 5 shows, thereisarela-
tive uniform distribution, showing no preference for any particular phase of the
oscillation. The bold line indicates the distribution of the phases of the imperative
signal. A x* test comparing the distributions of f,., and f;,,with auniform distribu-
tion found no significant difference. The x? values were 22.35 (p = .50) and 19.75
(p = .50), respectively. Comparing the histograms in the same way for the indi-
vidual attention and period conditions did not detect any differences.
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Figure5— Histograms of phases of theinitiation ¢, Of the secondary movement for
Experiments DI-R and RI-R. All conditions are pooled together.
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In Experiment RI-R the same histogram showed that f ., clustered around 0
or 2prad, or conversely, theinitiation occurred least often at aphase of p rad of the
ongoing oscillation (Figure 5). The bold line shows the distribution of f,,.. A x
test verified that the distribution of f, . was non-uniform, with asignificant value
of 44.15 (df = 19, p < .001). The distribution of f;,,,was not different from a uni-
form distribution (x? = 21.78, p = .50). This non-uniform distribution was ob-
served for all period conditions.

Alignment of the Ongoing Rhythmic and the I nitiation Arm. The degree
of synchronization between the ongoing rhythmic and the secondary movements
was evaluated by measuring how thetwo armsalignedin timefollowing theinitia-
tion. To this end, the timing of the EMG bursts directly following t,. Were com-
pared, and the time difference was converted into phase f, as described in the
M ethods section. Figure 6 shows a histogram from Experiment DI-R, depicting f,,
from all trials and all participants. The histogram reveals that there is an inclina-
tion for the armsto synchronize with asingle mode closeto zero (—.02 rad). The x?
test verified this non-uniform distribution with a significant value of 30.23 (df =
19, p<.001). Experiment RI-R’sresults show thisfeature even more prominently.
In Figure 7 three histograms are shown for three f, , determined at the first, sec-
ond, and third burst following the initiation. Comparison of the first f, in DI-R
and RI-R revealed a similar distribution. However, with the continued oscillation
in both arms in RI-R, it can be seen that this distribution became increasingly
sharper at the second and third bursts.

Peak Velocity of the Continuous Rhythmic and the Discrete Initiation
Arm. Another feature for the influence of the primary rhythmic onto the second-
ary movement is the peak velocity achieved in the secondary movement directly
after theinitiation. Note that the instruction always emphasized to move asfast as
possible. To determine thesetemporal constraints between thetwo armsin Experi-
ment DI-R, a 2 (arm) 3 2 (attention) 3 4 (period) ANOVA was performed. The
results revealed a significant interaction between the two arms and four periods
(Fs3 15 = 20.46, p < .0001). Asillustrated in Figure 8, peak velocity decreased as
period increased. A significant main effect for periods confirmed this period

1004 DI-R

Number of Trials

0
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Figure 6 — Phase of alignment ¢, of the first EMG burst with the closest rhythmic
burst directly following theinitiation of the discrete movement in Experiment DI-R.
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Figure 7 — Alignment of the EM G bursts of both armsfollowing the initiation of the
secondary rhythmic movement. Thethreepanelsshow thealignment in thefir st, second,
and third cycles of the bimanual rhythmic movements of Experiment RI-R.

dependency (F; 45 = 16.02, p < .0001). Another main effect signaled that pesk ve-
locity in the discrete initiation arm was higher than in the continuously rhythmic
am (F, = 6.52, p <.05). Thetwo different attention instructions did not produce
differencesin peak velocity. While the decrease in the continuous rhythmic armis
to be expected, a simple effect analysis tested whether the decrease in peak veloc-
ity seen in the initiating arm was also significant. The simple effect was close to
significance but did not reach it (p < .061).

For Experiment RI-R, a2 (arm) 3 4 (period) ANOVA was performed on the
mean values of peak velocity, and results are presented in Figure 8. A significant
interaction between the different arms and periodsindicated that again peak veloc-
ity scaled with the oscillation period, but the initiating arm was slower and was
modulated |ess than the continuous arm (F; ,, = 27.47, p < .0001). The differences
between values for the four period conditions were scrutinized by post hoc Tukey
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Figure 8 — Peak velocity of both arms directly following the initiation in different
period conditions shown for both Experiments RI-R and DI-R. The graphs show
averages and their standard errorsacrossall trialsand participants. For Experiment
DI-R, the two attention conditions are pooled together.

tests. Only the values for the slowest and fastest showed to be significantly differ-
ent (p <.05). This overall decrease was confirmed in a significant main effect for
period (F; ,, = 46.66, p < .0001). The simple effect for period at the initiating arm
was closeto significance but did not reach it (p = .057). When comparing the peak
velocity between the ongoing rhythmic and rhythmic initiation arms, a significant
main effect was found indicating a greater peak velocity in the ongoing rhythmic
arm (F, s =13.31, p<.01). Notethat in Experiment DI-R, the discrete arm showed
afaster velocity, while the rhythmic initiation arm showed a slower velocity than
the continuous arm. In absolute terms, the velocity averaged across the four peri-
odsin DI-R was 250 deg/s, while it was 210 deg/sin RI-R.

Discussion

Asymmetrical bimanual tasks are ubiquitousin our daily behaviors, with examples
ranging from tying shoelacesto cutting bread. One specific caseis when one hand
is engaged in a rhythmic movement and the other hand begins another action,
either a single reach or another rhythmic movement. Are we unlimited in such
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combinations or are there certain limitations, specifically when discrete move-
ments are coupled to rhythmic movements? In previous work, we pursued the
hypothesis that rhythmic and discrete actions are fundamental units of behavior
such that complex behaviora actions can be broken down into these two primi-
tives. Single- and two-joint tasks were examined that required relatively complex
trajectories but could be broken down into discrete and rhythmic elements. Ex-
perimental and modeling results showed that these trajectories could be simulated
by discrete and rhythmic pattern generatorsthat interacted by amutually inhibitive
coupling (de Rugy & Sternad, in press; Sternad et al., 2000; Sternad et a., 2002;
Sternad & Dean, submitted). The present experiment presents a related line of
pursuit where rhythmic and discrete elements are performed by two arms. The
overarching questionis: Are rhythmic and discrete actionsfundamentally different
control regimes?A subordinate question is: Arethereinvariant constraints between
the two units regardless of the specific joints involved that speak to their locus of
control and their interactions at some higher level?

The first focus of attention was directed at the rhythmic movement and to
what degree a second discrete or rhythmic movement perturbed the oscillation.
Analysis of the oscillation parameters period and amplitude before and after the
initiation gave a consistent picture, regardless of which movement was initiated.
Shortly following the initiation of the secondary movement, the oscillatory period
changed dlightly but systematically in both tasks. When the task component—
reacting as soon as possible—was prominent in the discrete initiation, the oscilla-
tion showed atrend to an intermediate, probably preferred movement rate. In addi-
tion, a trend to speed up for the slower periods was observed, but an overall
acceleration prevailed. This small but systematic speeding up is in accordance
with the previous results, which were interpreted as an increased level of co-con-
traction after a reaction time movement, leading to higher stiffness and, hence,
faster oscillations (Sternad et al., 2000, 2002). These temporal changes were ac-
companied by an overall but very small increase in the amplitudes. Thiswas prob-
ably due to the fact that the amplitude targets were in general small for the given
periods. The focus of attention, whether directed at the discrete or the rhythmic
arm, did not show any influence on these changes. In sum, small systematic changes
occurred in the oscillation parameters due to the time-stressed action of the second
arm that persisted for some cycles. The same pattern was observed when a rhyth-
mic or discrete movement was initiated.

The perturbation of the oscillation was also quantified by its resetting of
phase. Again, the results for both movement combinations rendered similar pat-
terns. Thetime-stressed initiation of the secondary movement caused a shortening
of the cyclein the continuous movement that concurred with the secondary move-
ment. This shortening of the cycle depended on the period of the oscillatory move-
ment. The overall result of period-dependent phase shifts was in accordance with
resultsreported in the previous experiments with single-j oint tasks performed over
arange of different periods (Sternad et a., 2002). Such transient compression of
the rhythmic cycle can be better understood when one considers the duration of
the discrete movement when performed in isolation. For instance, Gottlieb and
colleagues reported for about 50° elbow joint movements durations of less than
220 ms (Gottlieb, 1998; Gottlieb, Corcos, & Agarwal, 1989). Despite the larger
extent compared to our discrete actions, this duration is clearly shorter than even
the fastest oscillatory period performed in the present experiments. It appears that
there is a strong tendency for achieving immediate temporal symmetry between
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the two flexion movements, such that the discrete movement islengthened and the
simultaneousrhythmic cycleis shortened. When attention wasdirected to therhyth-
mic movement in DI-R, there was a slightly smaller phase shift. This shows that
the volition to maintain the oscillation can slightly reduce the perturbing effect
from the discrete movement but only to a small degree.

This strong tendency for synchronization between the two arm movements
is further supported by the temporal aligning of the two flexor bursts of the two
arms that are closest in time. Note that for this measure, the center of mass of the
initiation burst was aligned with the center of mass of the nearest burst of the
continuous arm. This means that for the initiation phases between 0 and p rad, the
EMG burst in the continuous arm prior to initiation was used—that is, the same
burst served as comparison for the calculation of phase of onset. However, for
initiation phases between p and 2p rad, it was the subsequent burst that was used
for the calculation. Further, the alignment al so captures that the EMG burst of the
continuous arm was advanced in order to make the two EMG activities synchro-
nized. Thisadvance wasindicated by the phase resetting above. In both tasks alike,
the phase differences between the maxima of the two flexor bursts of thetwo arms
immediately following theinitiation were predominantly close to zero. While this
strong tendency for the synchronization of the two homol ogous muscle activations
is arobust phenomenon reported in many studies (Heuer, 1993; Swinnen et al.,
1997), it isremarkablein the present case that this became prominent even if there
were still asynchronies at the moment of initiation. In sum, measuresthat captured
the perturbations of the rhythmic movement did not distinguish differences be-
tween the discrete and rhythmic initiation.

Turning to theinitiation of the secondary movement, however, aclear differ-
ence between the two movement tasks emerged. In DI-R, there was no constraint
evident that limited the onset of the discrete movement. The discrete flexion could
beinitiated at any phase of the ongoing rhythmic cycle in the other hand, as evi-
denced by auniform distribution of the onset phases and reaction times under both
attention conditions. This result is clearly different from what has been observed
in the single-hand version of thetask (Sternad et al., 2000). However, it replicates
the findings by Latash (2000), who reported that, for atask involving theinitiation
of an elbow flexion while oscillating the wrist of the same or other arm, the phase
of initiation of the elbow movement was only modulated if the two movements
were performed by the same arm. Latash argued that the two movements had to be
part of an anatomical or functional unit in order to exert coupling constraints onto
each other. Such anatomical or functional coupling was apparently not present in
our task. Commencing arhythmic movement is constrained to be closeto in-phase
with the ongoing rhythmic movement. This confirms the findings of alarge body
of literature, which has documented that in-phase coordination is preferred and is
more stable than anti-phase in bimanual rhythmic movements (e.g., Kelso, 1995;
Sternad, Amazeen, & Turvey, 1996). The present results, however, document that
thiseven holdsfor theinitiation of asecond rhythmic movement. Thetendency for
in-phase synchronization was further traced in the increasing alignment towards
in-phase activity of the two flexor bursts in the three cycles following the initia-
tion.

Premotor reaction time was another marker that revealed the difference be-
tween rhythmic and discrete movements. First, in both RI-R and DI-R experiments,
the average values of reaction time tended to be longer than those reported for
single responses to an auditory trigger. For a unimanual elbow rotation performed
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to an auditory trigger signal, we showed in asmall additional experiment with the
same apparatus that 5 subjects had average premotor reaction times between 114
and 163 ms. These were means of 15 trials each (their overall average was 139 ms,
unpublished study). Thisindicated that some interaction between the control sig-
nals of the two hands must have occurred before the overt movement that delayed
theinitiation. Thisresult also resonates findings by Spijkersand colleagues (1997),
who reported a lengthening of reaction time when the two hands initiated move-
ments with two different amplitudes compared to same amplitudes. The authors
interpreted these results as indicative of interactions at a parametric level prior to
movement initiation.

Second, and of specific interest for the present question, is that while reac-
tion time for a discrete movement was invariant with respect to the simultaneous
oscillation period, reaction time for the oscillatory movement was modulated by
the oscillatory period of the other arm. For slower oscillations, it took longer to
initiate a rhythmic movement. The fact that reaction time was modulated by the
rhythmic period in RI-R and not in DI-R indicates that the preparation of arhyth-
mic movement is different than that of a discrete movement. Sensitivity or syn-
chronization to the activity cycle of the continuous rhythmic movement is already
present prior to initiation, such that the initiating hand’s movement immediately
synchronizes with the ongoing rhythmic movement. As for longer periods, the
time difference between the random signal and the rhythmic burst can be longer;
the reaction times are also longer on average.

In sum, the variables quantifying the initiation clearly highlight that it mat-
ters what kinds of movements are coupled and show that rhythmic and discrete
movements pose different challenges to the motor system. This gives support to
the hypothesis that specific couplings take place for the rhythmic-rhythmic com-
pared to the discrete-rhythmic case. These data are also consistent with the hy-
pothesisthat discrete movements may be governed by adifferent control structure
compared to the rhythmic movement. This difference was recently highlighted in
an imaging study that identified significantly different cortical areas involved in
the production of discrete movements compared to rhythmic movements (Schaal,
Sternad, Osu, & Kawato, 2001; Schaal et al., submitted). Over and above the ex-
pected activation in the contralateral primary motor areas and the ipsilateral cer-
ebellum, discrete movements were associated with significant activity in theipsi-
and contralateral parietal cortex and cingulate areas. These additional areas are
typicaly involved in cognitive and intentional aspects of tasks and hence reflect
that atarget-oriented discrete movement may have other, more “wide-spread” de-
mands on the sensorimotor system.

Onelast comparison highlights such differencesin the coupling between the
two movement tasks. Inspection of the peak velocities shows that in DI-R, the
discrete velocity was higher than the one of the parallel rhythmic movement. While
thisis not surprising, it is noteworthy that the peak velocity was still slower than
when the discrete movement was performed in isolation, as for instance reported
by Gottlieb and colleagues. Typically, peak velocities of isolated fast point-to-
point movements have been reported to bein the order of 500 to 600 deg/s (Gottlieb,
1998; Gottlieb et al., 1989), while the maximum vel ocities of individual trialsonly
reached 400 deg/s in our experiments. Furthermore, peak velocity scaled with the
period of the continuous rhythmic hand such that there were slower movements
coupled to slower oscillations. Thisisin accordancewith earlier findingsin single-
joint movements and corroborates the interpretation that this effect is due to the
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coupling between the two control signals and not merely caused by mechanical
coupling inthe singlejoint (Sternad et al., 2000, 2002). In RI-R, the peak velocity
of the second rhythmic movement was slower than the ongoing rhythmic move-
ment. Further, in RI-R peak velocities were less strongly affected by the different
oscillatory periods. Given that at initiation an in-phase alignment between the two
rhythmic arm movements was aready prepared, apparently the modulation was
not as prominent in the main part of the flexion movement. Note, though, that
when the peak vel ocities are compared between the two experiments, peak veloci-
ties of the continuous rhythmic hand arefaster in RI-R thanin DI-R. Thisisdueto
the fact that the amplitudes were generally larger, and some subjects performed
amplitudes up to 35° compared to 20° in DI-R.

In sum, the comparison between the two bimanual tasks revealed similari-
ties and differences in the bi-directional coupling between the two hands when a
discrete or arhythmic movement was coupled to an ongoing rhythmic movement.
Whilethe perturbation of the ongoing rhythmic movement wasindependent of the
kind of movement that was initiated, differences were revealed for the initiation.
This indicates that at an early stage of control there are specific interactions for
rhythmic-rhythmic and discrete-rhythmic coupling. After movement initiation,
though, the strong tendency for in-phase synchronization between the two hands
shapes discrete and rhythmic movements alike.

With respect to the overall goal to reveal the differences between rhythmic
and discrete movements, the experiments provided partial further support to the
hypothesisthat different control mechanismsareresponsiblefor discrete and rhyth-
mic movements. Discrete movements are not aborted rhythmic movements as has
been suggested (e.g., Schoner, 1990), and rhythmic movements are not the concat-
enation of back and forth flexions and extensions (e.g., Latash, 1992). If thiswere
the case, both the timing of the initiation and the kinematic features of the first
flexion part of the two initiated movements should have displayed the same fea-
tures.
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