Neural Indices of Behavioral Instability
in Coordination Dynamics
Olivier Oullier1 and Kelly J. Jantzen2
1

2

Laboratoire de Neurobiologie Humaine (UMR 6149), Aix-Marseille Université,
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So, the whole reason the French people can’t really dance, is because
they haven’t got the beat in their blood. And why don’t they live and feel
the beat? It’s because their language has no tonic accent [. . .] This is
something about the energy you can ﬁnd in music. I mean speciﬁcally
African music. As I understand, it’s dynamic and bouncy because it’s
driven by the beat. And it’s syncopated of course. The down-beat is
actually the upbeat
Martin Solveig (Sur la Terre, 2002)

1 Introduction
In studies of coordination dynamics, behavioral coordination has proven a
rich entry point for uncovering principles and mechanisms of human action
[46, 104]. Within this conceptual and theoretical framework, coordination is
deﬁned in terms of collective (or coordination) variables that specify the
spatiotemporal ordering between component parts. In the vicinity of critical points, emergent behavior is governed by the low-dimensional dynamics
of these collective variables [33]. Seminal studies of motor coordination conducted in the late 1970s used nonlinear dynamics as a framework to understand bimanual coordination [44, 45, 52, 56]. The inﬂuential results of this
work demonstrated the self-organized nature of coordinated rhythmic behavior by showing that the global pattern generated by the combined movement
of individual ﬁngers is captured at the collective level by the value of an
order parameter that, in this and many cases, turns out to be the relative
phase between the coordinated elements. The low-dimensional dynamics of
this self-organized system is revealed via manipulating a nonspeciﬁc parameter referred to as control parameter that guides the system through its various
states without directly specifying those states. A quantitative change of the
control parameter gives rise to a qualitative change of the order parameter
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via a nonequilibrium phase transition [55]. Such transitions, together with
other key features, including critical slowing down and multi-stability, are classic hallmarks of self-organizing systems [46]. Intuitively, transitions may be
thought of as a means for the system to adopt a more comfortable regime when
constraints become too high, just like when walking becomes uncomfortable
and one naturally transitions into running without adopting an intermediate
pattern [20].
In the present chapter, we illustrate the key ideas and features of coordination dynamics of brain and behavior using a simple experimental setting:
coordinating one’s movement with external information. We avoid a lengthy
review of the sensorimotor coordination literature (recent detailed treatments
being available elsewhere [36, 43, 78, 99]). Instead, we will highlight three
studies that bring into focus the speciﬁc neural basis of coordination. The
point is not simply to image the brain and oﬀer a neural metaphor of sensorimotor coordination but to propose (elements of) mechanisms of sensorimotor
coordination that have been addressed in a mostly speculative way within the
behavioral literature (cf. several chapters in [43]). The experiments we report
here represent an approach to describe and understand the neural foundations of fundamental coordination laws described elsewhere in this volume
(cf. [27, 80]). In section two, we outline the empirical and theoretical foundations on which coordination dynamics is formed. In section three, we brieﬂy
review the imaging literature relevant to coordination dynamics and our discussion. Subsequent sections introduce recent experimental studies that we
feel are important for understanding cerebral contributions to coordination
dynamics.

2 Behavioral Stability
Coordination dynamics treats the problem of sensorimotor coordination
between oneself and their environment as a pattern-forming process [48]. In
the paradigmatic case, a temporal coupling is required between a ﬁnger ﬂexion/extension movement and a periodic stimulus. Although any number of
spatiotemporal relationships may be possible, two dominant patterns emerge
under the instructional constraint to maintain a one-to-one relationship between movements and metronome.
Synchronization is deﬁned by the temporal coincidence between peak ﬁnger
ﬂexion and an environmental stimulus such as a beep or a light ﬂash. In the
ideal case, the relative phase diﬀerence between ﬂexion of the ﬁnger and each
metronome pulse is 0◦ . Intentional synchronization requires only a small number of cycles to establish and can be maintained in a relatively easy way when
performed between 1 and 3 Hz [24]. This is also the case for nonintentional
synchronization, a feature that humans often exhibit spontaneously toward
external events such as a song played on the radio, a conversation, a moving
object, or movements of other persons [6, 65, 70, 71, 73, 98].
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Syncopation requires each movement to be performed directly between
consecutive beats, i.e., with a 180◦ relative phase between ﬁnger ﬂexions and
metronome pulses. Within a bi-stable regime deﬁned for movement rates below approximately 2 Hz, both syncopation and synchronization are accessible.
However, whereas synchronization can be carried on quite accurately up to
4 Hz, syncopation cannot be maintained over 2 Hz [25, 26]. Increasing movement rate beyond an individually deﬁned critical frequency moves the system
into a monostable regime where spontaneous switches from syncopation to
synchronization are observed [48]. It is noteworthy that, for movement frequencies under 0.75 Hz, both synchronization and syncopation are no longer
rhythmic but more a series of discrete, reactive movements [23].
The key dynamic features of the behavioral coordination paradigm are
depicted in the top panels of Fig. 1A–C. Participants start out coordinating
in a syncopated fashion with a metronome presented at approximately 1.0 Hz
(Fig. 1A). The temporal pattern is maintained with relatively little variability across movement cycles (Fig. 1B and C). As the rate of the metronome
progressively increases (in this case using a step size of 0.25 Hz), syncopation
becomes progressively less stable (more variable). At the critical frequency (in
this case 2 Hz), the syncopated pattern becomes unstable and spontaneous
transitions to synchronization ensue [23, 24, 25, 26, 48].
Initial theoretical considerations addressing syncopation to synchronization transitions transposed the HKB model for bimanual coordination
dynamics [33] to nonsymmetrical oscillators [48], symmetry being a key feature in coordination dynamics [1, 16, 90]. This model revealed the tendency of
the coupled system to functionally explore the patterns that can be adopted
in the vicinity of the phase transition. In this region, the system can adopt
potentially either coordination pattern. This feature is called bi-stability and
is accompanied at the coordination level by critical ﬂuctuations (Fig. 1, yellow
overlay). These ﬂuctuations (of the order parameter) are expressed through
a temporary increase of variability of the relative phase between the pulse
and the ﬂexion. Critical ﬂuctuations happen because of the temporary loss of
stability of the pattern induced by the increase (or decrease) of a control parameter [54]. They constitute a key feature of dynamical systems and reveal
the proximity of the phase transition from one pattern to another [31, 32].
However, if rate is decreased, there is no “back-transition” from syncopation
to synchronization the way it would happen from running to walking for example [20]. Overall, syncopation is intrinsically less stable than synchronization –
the variability of the metronome-ﬂexion relative phase being higher – even in
a frequency range where both patterns can be maintained accurately (between
0.75 and 2 Hz).
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Fig. 1. Shared behavioral and neural dynamics of nonlinear phase transitions (adapted from [78]). In the paradigmatic sensorimotor
coordination experiment, participants start out syncopating (top green bar) by timing ﬁnger ﬂexion/extension movements (A, top
trace) with a periodic auditory metronome (A, bottom trace). Metronome frequency is increased every ten cycles from 1 to 2.75 Hz in
0.25 Hz increments. (B) The relative phase between the peak ﬁnger ﬂexion and metronome onset provides a measure of the coordination
pattern which tends toward 180◦ (syncopation, green circles) and 0◦ (synchronization, red circles). (C) The distribution of relative phase
across a frequency plateau. The perfect synchronization and syncopation are indicated by the red and green vertical lines, respectively.
Panels A–C illustrate a phase transition from syncopation to synchronization between 1.75 and 2.0 Hz. (D) Magnetoencephalography
(MEG) maps of β-power (20–30 Hz) for a single participant at each frequency plateau. (E) Electroencephalography (EEG) maps
resulting from the averaging of all participants at each frequency plateau. Large-scale changes in the spatiotemporal pattern of neural
activity observed in both MEG and EEG are coincident with the spontaneous reorganization of the behavioral pattern (A, B, & C are
adapted from [30]; D is adapted from [63], and E is adapted from [62])
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3 Neural Indices of Behavioral (In)stability
Studies in the dynamical systems framework employed sensorimotor coordination tasks to uncover the link between the dynamics of behavior
and the dynamics of the brain, connecting these levels by virtue of their
shared dynamics [29, 47, 91]. The high temporal resolution of electroencephalography (EEG) and magnetoencephalography (MEG) was exploited
to quantify the relationship between behavioral and spatiotemporal patterns
of neural activity. These data oﬀer a conceptual link between the largescale neural dynamics emerging from billions of neurons (and their countless
interconnections) and the behavioral dynamics revealed in coordination experiments. Common features of the dynamics expressed at both levels of description, including phase transitions, were taken as evidence that similar
principles of (self) organization govern pattern formation in brain and behavior. Of particular initial interest was the identiﬁcation of qualitative changes
in the pattern of neural activity that occurred simultaneously with transitions between coordination patterns (see Fig. 1D and E). The goal of such
experiments was not to present uniquivocal relationships between coordination processes occurring at those two distinct levels of analysis, nor to propose
a causal chain, but to highlight the existence of shared coordination dynamics
expressed at the kinematic and neural levels [49].
The foregoing brain imaging studies provided initial evidence that sensorimotor coordination and the underlying fast time scale cortical processes
share a similar dynamics. However, the poor spatial resolution of the EEG and
MEG precludes detailed information concerning the speciﬁc neural structures
involved in coordination. Subsequent work has employed functional magnetic
resonance imaging (fMRI) in an attempt to identify the broad cortical and subcortical networks underlying sensorimotor coordination and the relationship
between activity across such networks and the associated behavioral dynamics.
The majority of such studies investigate diﬀerences in cortical and subcortical
activation associated with synchronized and syncopated patterns of coordination when performed at a single low movement rate, typically 1.25 Hz. The
selected rate of coordination reveals intrinsic diﬀerences in the stability of
coordination [23, 26, 48] while avoiding transitions between patterns.
A general coordination network common to both synchronization and syncopation (Fig. 2A and B) includes controlateral sensorimotor cortex (M1/S1),
bilateral superior temporal gyrus (STG), supplementary motor area (SMA),
thalamus, putamen, as well as medial and ipsilateral cerebellum [38, 64]. The
intrinsically less stable syncopated pattern consistently demonstrates signiﬁcantly greater activity in dorsolateral premotor cortex, supplementary motor
area, anterior prefrontal and temporal cortices, and controlateral cerebellum
[38, 39, 64, 75]. The diﬀerences in cerebral activity underlying synchronization and syncopation (Fig. 2) ﬁrst revealed by Mayville and colleagues [64] has
since then been replicated – most often as a control – in several studies involving more than a hundred participants [37, 38, 39, 40, 41, 64, 74, 75, 76, 77].
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Fig. 2. Hemodynamic correlates of synchronization, syncopation and their comparison. Statistical parametric T-maps (N = 14, corrected p < 0.05) for synchronizing
(A) and syncopating (B) the right hand with an auditory metronome presented
at 1.25 Hz. (C) Areas demonstrating signiﬁcantly greater activity for syncopation
compared to synchronization. The Z-axis locations shown give the inferior–superior
distance from the AC–PC line in Talairach space

The critical question that emerges from these initial studies of sensorimotor
coordination is, what is the individual and combined role of distributed brain
regions in forming, maintaining, and switching between coordination patterns?
The relationship between network activity and pattern dynamics as revealed
by fMRI has been reviewed recently by Jantzen and Kelso [36]. In this review,
it is argued that multiple cortical and subcortical regions function in concert
with the stability of patterns of coordination. The complimentary goal of the
following experiments is to unpack, as it were, the cortical and subcortical
network in an attempt to understand what speciﬁc (if any) role diﬀerent
components of the network play in mediating coordination and ultimately
how brain areas function together in the service of goal-directed coordinated
action. The speciﬁc three issues on which we focus are as follows:
1. Do neural diﬀerences between patterns of coordination reﬂect the dynamics of a single pattern-forming process? Or do they indicate that diﬀerent
coordination patterns are supported by fundamentally diﬀerent cognitive
strategies?
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2. Is there a generalized distributed neural system that supports behavioral
pattern formation and change across a range of diﬀerent coordination
contexts?
3. What is the role played by cognitive, motor, and perceptual processes in
mediating behavioral stability?

4 On the Potentially Discrete Nature of Syncopation
Although the foregoing experiments and the associated neural results have
been considered within the dynamical systems framework [36], several alternative information-processing hypotheses have been oﬀered to account for the
same results. We recognize that information processing and dynamical systems approaches to understanding coordination are not necessarily mutually
exclusive. However, diﬀerent functional roles may be attributed to brain regions identiﬁed in imaging studies depending on the conceptual framework
adopted [106]. As such, it is important to explore the behavioral and neural predictions associated with diﬀerent conceptual approaches as a means of
testing the underlying framework.
With respect to basic forms of behavioral coordination, it has been
suggested that synchronization is carried out relatively automatically with
little planning or monitoring as if it were organized as a continuous rhythmic
sequence that is only adjusted by sensory feedback [64]. In contrast, syncopation may involve the planning and execution of each movement as an
individual perception-action cycle. For instance, syncopation may require one
to react to a stimulus, anticipate the following one, and precisely time halfway
between based on a representation of the interstimulus interval. The resulting
increase in cognitive demand may account for the greater attentional load for
the oﬀ-the-beat pattern [103] (see also [101] for a review), and the additional
cognitive processes may account for neural diﬀerences between patterns [35].
In support of the above hypothesis, the speciﬁc neural areas repeatedly
identiﬁed during syncopation compared to synchronization are functionally
linked to task demands on motor planning, preparation, selection, and timing
[38, 39, 64, 75]. Moreover, there are parallels to work investigating diﬀerences
between continuous and discrete movements, at the behavioral [19, 23, 34] and
cerebral levels [22, 93, 95, 96]. Work at both levels has led to the conclusion
that rhythmic movements are not a sequence of discrete ones [87, 107]; however, the question remains as to whether syncopation is discrete or rhythmic
in nature.
In order to address the question of the potential discreteness of syncopation
compared to synchronization, the neural underpinning of three speciﬁc but
nevertheless potentially generalizable situations has been investigated [76, 77].
We wondered whether, at the neural level, syncopation is supported by cortical
networks of similar to those of a single rhythmic sequence (synchronization)
or of a set of individual discrete movements [76]. Blood oxygen-dependent
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signals (BOLD) were acquired during performance of three experimental conditions: synchronization (time your peak ﬂexion on each metronome event),
syncopation (time your peak ﬂexion between two metronome events), and reaction (perform a ﬂexion movement in response to each metronome event).
Responses were recorded as changes in pressure in air pillows that participants compressed between their right thumb and index ﬁnger while listening
to an auditory stimulus presented at a constant pace of 1.25 Hz. As previously
mentioned, coordinating at 1.25 Hz avoids transitions from syncopation to synchronization [48] and, importantly, from anticipatory to reactive patterns [23].
Of primary interest was the comparison between patterns of activation associated with syncopation and those associated with both the synchronization
and reaction conditions.
The basic pattern of neural activity associated with synchronization and
syncopation (when compared to resting) was similar to that reported earlier
in this chapter (see Fig. 2) [64]. The reaction condition recruited a broad
set of neural areas that overlap with both synchronization and syncopation
partially reﬂecting the common need to perform ﬁnger ﬂexion independent of
coordination constraints. If reaction and syncopation conditions have similar
processing requirements, they may also share similar patterns of neural activity and demonstrate similar diﬀerences when compared to synchronization.
When statistically compared to synchronization, both reaction and syncopation demonstrated increased BOLD activity across a number of spatially restricted brain areas including cingulate gyrus, thalamus, middle frontal gyrus,
and SMA (Fig. 3). A subset of these brain regions are associated with motor
preparation and planning and, as such, may argue in favor of the cycle-bycycle strategy underlying syncopation hypothesized in previous studies.
Interestingly, the reaction condition also exhibits an additional network
compared not only to synchronization but also to syncopation. When the discrete (reactive) condition was compared to synchronization and syncopation,
signiﬁcant increases in activity were found in bilateral middle frontal gyrus and
inferior parietal cortex as well as the bilateral basal ganglia, thalamus, and ipsilateral cerebellum (Fig. 4). Brain imaging studies have reported co-activation
of the prefrontal and parietal cortices in task involving working memory and
response selection [8]. Moreover, the parietal-premotor/prefrontal network
identiﬁed is reminiscent of the pattern of activity associated with visually
guided movements via the dorsal visual stream [83]. Given the multi-sensory
nature of the parietal cortex [68], it is not surprising that a similar network
mediates movements guided based on auditory stimulation. Therefore, it appears that the activity in these areas reﬂects the stimulus-driven nature of the
reaction movement rather than the more cyclic movement underlying synchronization. The fact that activity across this reaction network is not observed
during syncopation indicates that the oﬀ-the-beat movements may be performed based on an internal representation of the coordination pattern and
not directed solely by external stimulus input [76].
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Fig. 3. Reaction and syncopation compared to synchronization. Areas showing
signiﬁcantly greater activity (N = 11) for a unimanual reaction and a syncopation
task compared to synchronization. Those areas represent the overlap between the
“reaction versus synchronization” and “syncopation versus synchronization” comparisons (p < 0.005 corrected to 0.01). The X- and Z-axes locations shown give
the right–left and the inferior–superior distance from the AC–PC line in Talairach
space, respectively

This simple study contrasting synchronization, syncopation, and reaction
found a speciﬁc network of activity that underlies discrete tasks (reaction).
This network of reaction-speciﬁc activity in the brain closely resembles the one
previously found by Schaal and colleagues [87] (Figs. 2c and d p. 1139) distinguishing discrete from rhythmic tasks. Importantly, reaction-speciﬁc neural
activations do not overlap with those observed during syncopation. Together
such imaging ﬁndings indicate that in spite of sharing common cortical signatures syncopation diﬀers from a purely discrete/reactive task. In support of
this conclusion, recent imaging work suggests that diﬀerences in the pattern
of neural activity between coordination patterns can be explained in terms of
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Fig. 4. Reaction compared to synchronization and syncopation. Areas showing
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1.25 Hz rate (p <0.005 corrected to 0.01). The Z-axis locations shown give the
inferior–superior distance from the AC–PC line in Talairach space

the stability of the collective pattern formed as opposed to reﬂecting demand
on discrete information processing components [36, 67].

5 Generalized Neural Circuits Underlying Behavioral
Pattern Formation
Phenomenological evidence for the claim that behavioral coordination is a
pattern-forming process governed by self-organizing principles has been provided across a broad range of experimental settings and contexts [43, 46, 104].
These settings include, among others, bimanual coordination [44, 45, 56, 57,
85, 91], hand–foot coordination [42, 53, 86], postural coordination [2, 4, 5,
79], interpersonal coordination [18, 58, 72, 73, 81, 89, 88], human [20, 21]
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and animal locomotion [90], man–animal coordination [60], or sensorimotor
coordination between a person and her unimodal [3, 5, 23, 48] or multimodal
environment [59].
Although overwhelming, such behavioral evidence does not necessarily
imply that coordination is mediated at the neural level by a single underlying circuitry. However, a growing number of imaging studies suggest that a
common brain network may be recruited across coordination contexts. Brain
imaging studies have consistently demonstrated greater and more extended
neural activity in association with performance of less compared to more stable patterns of coordination. This is true for the unimanual sensorimotor case
[64] as well as multilimb coordination when the two hands must coordinate
with each other [94, 108, 109] or with other limbs [13]. In the latter, greater
activity is generally found for the less stable antiphase pattern compared to
the more stable in-phase one.
The hypothesis of a generalized stability-dependent cortical network is supported by recent studies investigating how brain dynamics evolve when confronted with changes in coordination stability. Two groups [15, 67] reported
results of parametric investigations into the neural dynamics governing bimanual coordination during manipulations of coordination pattern and movement
rate. This combination of conditions provides experimental control over coordination stability since stability decreases with increasing rate during the
antiphase and not the in-phase pattern. A third complementary study investigated stability-dependent cortical activity in a unimanual sensorimotor
coordination experiment [41]. The key ﬁnding for the present discussion is that
a similar set of brain regions systematically increased their level of activity
as stability of the pattern decreased regardless of whether coordination was
uni- or bimanual. Amodal responsiveness to pattern stability was particularly
evident in supplementary motor area and lateral premotor cortex [41, 67],
suggestive of a generalized role for premotor regions in maintaining pattern
stability across coordinative contexts.
The relationship between increased BOLD amplitude and decreasing pattern stability demonstrated by previous studies [14, 41, 64, 67] suggests
that activity in premotor cortex may reﬂect growing demand for sensorimotor integration and organization related directly to stability of the relative
phase between components. Therefore, Jantzen and colleagues conclude that
correspondence between neural activity and coordinative stability may be
interpreted as a neural signature of the relative phase dynamics and taken as
evidence that complex coordinated action may be organized at the collective
level through integration across a broadly distributed but highly interconnected network [36].
Although the foregoing results are provocative, direct evidence supporting
the existence of common neural signatures requires the within study comparison of similar coordination patterns performed using diﬀerent sensory and
motor components. Here we discuss preliminary data [74] from such a study
comparing BOLD activity patterns observed during the production of both
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uni- and bimanual coordination paradigms. Subjects coordinated with an auditory metronome delivered at a constant pacing frequency (1.25 Hz). Four
pairs of unstable stable patterns were compared: unimanual syncopation versus unimanual synchronization (right hand and left hand separately), bimanual syncopation versus bimanual synchronization (i.e., both hands in-phase
with each other but 180◦ out of phase with the metronome versus both hands
in-phase with each other and the metronome), and bimanual antiphase versus
bimanual in-phase.
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Fig. 5. SMA activity in each condition. From left to right, beta weights in the SMA
(11 subjects) for bimanual antiphase, bimanual in-phase (=bimanual synchronization), bimanual syncopation, left synchronization, left syncopation, right synchronization, right syncopation. The less stable coordination patterns (antiphase and
syncopation) are in black and their stable counterparts (in-phase and synchronization) are in gray
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The critical ﬁnding from this study was the direct identiﬁcation of cortical
regions demonstrating increased BOLD amplitude during performance of less
stable patterns of coordination regardless of the components being coordinated. Signiﬁcantly greater activity was observed in SMA, premotor cortex,
insula, and basal ganglia for less stable patterns of coordination regardless of
whether the pattern was unimanual, bimanual, or interlimb. A case in point
is the activity within the supplementary motor area, a region of particular
interest because of its proposed specialized role for bimanual coordination
(Fig. 5). In this study, we see that the syncopated conditions (unimanual
right, left and bimanual) demonstrate much greater activity than the accompanying synchronized ones within the SMA. Moreover, the level of activity in
the SMA is similar across complimentary unimanual and bimanual conditions.
These data argue against the hypothesis that the SMA plays a specialized role
in bimanual coordination by mediating the coupling between the hands (see
[99, 100] for discussions). Instead, our results indicate that SMA activity is
modulated in a predictable way across all conditions and reﬂects intrinsic
pattern stability.
Such results are in agreement with recent studies demonstrating a direct link between pattern stability and neural activity across a frontal motor
network that includes SMA and bilateral premotor cortex [15, 37, 41, 67].
Moreover, temporary disruption of the same regions during coordination perturbs unstable movement to a greater degree than stable movements, indicating the putative importance of premotor regions in maintaining unstable
patterns [67, 97]. Importantly, the magnitude of the disruption increases with
decreasing stability eventually culminating in provoked phase transitions from
antiphase to in-phase [67]. The present ﬁnding predicts that premotor perturbations would result in similar disruptions in pattern stability across a range
of coordination contexts.

6 Neural Indices of Behavioral Instability Persist
in the Absence of Movement
In this section, we describe work designed to address the ongoing debate in
the behavioral literature concerning the relative contribution of neuromuscular
versus perceptual processes in determining the stability of uni- and bimanual
coordination [43, 50, 61, 66, 72, 99]. Advocates of the former view have argued that coordination phenomena are governed by physical (neuromuscularskeletal) limitations such as hand posture constraints [9], the type of muscles
recruited [10, 11], and the tendency toward activation of homologous muscles [82]. At the other extreme is the belief that the stability of coordination
is completely arbitrary with respect to the physical properties of the individual components, depending instead only on the perceptual relationship
between them [66]. To a certain extent, such debate has proceeded largely
independent of evidence concerning the underlying neural processes. Given
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the functional specialization of neural areas distinguishing between coordination modes [39, 64] in conjunction with recent behavioral studies favoring
a context-dependent role of constraints on coordination stability [50, 72], it
seems likely that such dichotomies may be enlightened by direct neurophysiological investigation.
We have already discussed imaging work using fMRI [38, 39, 64], magnetoencephalography (MEG) [29, 47, 51] and transcranial magnetic stimulation
(TMS) [67, 97] showing that coordination patterns of diﬀering behavioral stability are supported by diﬀerent patterns of neural activity [36, 46, 48, 64, 75].
If stability diﬀerences and underlying diﬀerences in neural activity are due
only to neuromuscular factors [110] that are ultimately linked to cerebral processes through the production of motor output and the resulting feedback,
these neural diﬀerences should be extinguished (or at least greatly diminished) when coordination patterns are imagined but not performed. However,
if both perceptual and motor processes play a role in determining the stability
of coordination [50, 72, 85], some aspects of the coordination-dependent differences observed between the two neural activation patterns should persist,
even in the absence of overt movement.
We employed a motor imagery paradigm in order to investigate the role
of the generation of eﬀerent motor signal and the associated sensory feedback
in governing rhythmic coordination [75]. Neural correlates of physically executed and imagined rhythmic coordination were compared to better assess
the relative contribution of hypothesized neuromuscular-skeletal mechanisms
in modulating behavioral stability. The executed tasks were to coordinate
index ﬁnger-to-thumb opposition movements of the right hand with an auditory metronome (pacing at the constant frequency of 1.25 Hz) in either a
synchronized or syncopated fashion. Imagined tasks – without actual physical
movement – required participants to imagine they were either synchronizing
or syncopating to the metronome beats. Thus, the sensory stimulus and coordination constraints remained the same in both physical and imagination
tasks, whereas the sensorimotor requirements did not.
This paradigm revealed two new ﬁndings. First, similar brain networks
support the performance and imagination of rhythmic coordination tasks.
Like actual performance, imagination of the synchronized and syncopated coordination modes resulted in activity within SMA, premotor cortex, inferior
parietal lobe, superior temporal gyrus, inferior frontal gyrus, and basal ganglia. This ﬁnding is in concert with a wealth of previous neuroimaging studies
demonstrating that imagination requires activation of similar brain regions
involved during execution of the same motor act [17, 69, 84].
Second, well-established neural diﬀerences between synchronization and
syncopation (Fig. 2, see also [27, 38, 64]) were also observed when one simply imagined the two coordination patterns (Fig. 6). As expected, executed
syncopation resulted in signiﬁcantly greater activity in SMA, lateral premotor cortex, cingulate, thalamus, inferior parietal lobe, and bilateral cerebellum
when compared to executed synchronization (Fig. 6, red overlay). Importantly,
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Pyramis
left
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executed syncopation - executed synchronization
imagined syncopation - imagined synchronization
Overlap between the two comparisons

Fig. 6. Neural indices of stability for the performance and imagination of patterns
of coordination (adapted from [75]). Signiﬁcant areas for 14 participants are overlaid on top of selected axial slices of an average anatomical scan. Red overlays:
brain areas that are signiﬁcantly diﬀerent between the execution of syncopation
and synchronization (executed syncopation compared to executed synchronization).
Multiple comparisons were corrected by adopting a per voxel criterion threshold of
p < 0.005 and a volume threshold for an overall corrected error rate of p < 0.05.
Green overlays: brain areas that are signiﬁcantly diﬀerent between the imagination
of syncopation and synchronization (imagined syncopation compared to imagined
synchronization). Yellow overlays: areas that are common to both comparisons. The
Z-axis location shown gives the inferior–superior distance from the AC–PC line in
Talairach space

imagined syncopation resulted in similar increases when compared to imagined
synchronization (Fig. 6, green overlay). Remarkable overlap between executed
and imagined comparisons (Fig. 6, yellow overlay) was observed in SMA and
cingulate, dorsal premotor cortex, superior temporal gyrus, thalamus, and
lateral portions of the cerebellum.
The present ﬁndings demonstrate that neural activity related to coordination constraints is observed across a premotor (SMA, cingulate, lateral
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premotor cortex) and ipsilateral cerebellar network regardless of whether the
pattern is executed or only imagined. The identiﬁed network may thus be related to the organization of the spatiotemporal pattern as opposed to its execution per se. Moreover, this suggests that motor system constraints such as
hand posture or muscle recruitment are not singularly and exclusively responsible for determining coordinative (in)stability. The imagination study corroborates those of interpersonal interactions where coordination between individuals exhibits typical hallmarks of self-organizing systems including diﬀerential
stability between modes of coordination, even in the absence of reciprocal motor constraints [72, 88, 89, 102].
At the same time, there is no denying the body of literature showing that
neuromuscular-skeletal constraints such as the nature of coupling between oscillators [5, 7] and/or the diﬀerence between their eigenfrequencies [28, 105]
can serve to shape the dynamics of the system. In addition, Carson and colleagues [12] showed that the positions of external axes of rotations of the limbs,
and the muscles involved, inﬂuence the stability of interlimb coordination. Under speciﬁc skeletal conﬁgurations, the in-phase pattern of coordination was
found to be less stable than the antiphase one. This body of work suggests
that biomechanical and neuromuscular constraints work together with central
neural cognitive and perceptual processes to modulate intrinsic patterns of
coordinative stability. When considered as a whole, the literature argues for
an embedded (or embodied) view of coordination dynamics that cannot be
considered fully in isolation of environmental and physical constraints.

7 Conclusions
In this chapter, we have considered three complimentary experiments whose
goal was to reﬁne our understanding of the relationship between central neural activity and coordination dynamics. The strategy was to isolate speciﬁc
features of coordination in an attempt to identify the underlying neural processes. Our eﬀorts focus primarily on premotor cortical areas and understanding what role they play during coordination. In the ﬁrst experiment, we compared coordination with reaction and found that sensorimotor coordination
between stimulus and metronome was neurally distinct from the stimulus response chain putatively underlying reaction. This comparison conﬁrmed that
syncopation is not simply a timed reaction to a series of individual stimuli.
Instead, when considered in the light of mounting evidence, it appears that
syncopation and synchronization are organized at the neural level based on
pattern and its stability. In the second experiment, we showed that premotor
cortical regions are sensitive to pattern stability across a variety of coordination contexts. In particular, supplementary motor area appears to be critical
for organizing and maintaining pattern stability in general as opposed to the
more speciﬁc role of mediating coupling between homologous limbs. Finally,
we demonstrate that central neural activity related to behavioral dynamics
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persists in the absence of actual movement. This last ﬁnding demonstrates
that coordination dynamics are partially rooted in neural process and not
determined solely by neuromuscular-skeletal constraints.
Together the results of the foregoing experiments lay a strong foundation for understanding the neural mechanisms of complex coordinated action
within a coordination dynamics framework. This and previous considerations
[36] have begun to uncover the link between large-scale neural function and behavioral dynamics, thereby providing greater insight into how such behaviors
are organized and maintained at the level of the brain. We end this chapter with the provocative claim that coordination dynamics and the tools it
provides, oﬀers the ideal entry point for investigating and understanding the
neural mechanisms of complex rhythmic behavior. The evidence we have described represents initial steps toward supporting this claim, and we hope this
chapter encourages additional work along similar lines.
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