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HIGHLIGHTS

+ Biological movements obey both basic and biology-
specific laws of nature;

+ Control of movements operates with spatial referent
coordinates for the effectors;

+ A control hierarchy includes synergies stabilizing salient
performance variables;

+ This scheme covers actions from individual motor unit
to the whole body.

ABBREVIATIONS

a Acceleration

C Coactivation

CNS Central nervous system
EMG Electromyographic

F Force

m Mass

M-modes  Muscle modes

MU Motor units
MU-modes Robust MU groups

R Reciprocal

RC Referent coordinate
Ucm Uncontrolled manifold
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BACKGROUND: Two approaches to biological movement have dominated the field, the
computational approach (internal models) and the approach based on laws of nature
pioneered by several researchers including Michael Turvey.

AIM AND METHOD: We review a body of literature exploring and expanding the approach
based on laws of nature. We show, in particular, how this approach fits the philosophical
traditions of Merleau-Ponty, the theory of control with spatial referent coordinates, the principle
of abundance, and the concept of performance-stabilizing synergies using the uncontrolled
manifold hypothesis.

RESULTS: Currently, this scheme of motor control has been applied successfully in studies of
a variety of effectors, from single motor units to the whole body, a variety of tasks, and various
populations. It led to the discovery of new phenomena and new interpretations of known
phenomena. It has been productive in studies of neurological patients offering new
understanding of some of the common pathologies (e.g., spasticity) and new tools for early
diagnosis of various subcortical disorders and monitoring treatment effects.

CONCLUSION: Currently, this field faces a number of challenges including the following:
Mapping steps in the hierarchical control scheme on neurophysiological structures and
circuits, understanding the relative role of intra-muscle (spinal) and multi-effector (supraspinal)
synergies, expanding studies of movements in intact animals and animal preparation, and
moving beyond the current scheme to fields traditionally associated with psychology. Just like
the current scheme represents moving “outside the box™ of classical mechanics, a step
outside the current thinking is needed.
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INTRODUCTION

Two approaches have dominated the field of movement studies over the past half-a-century. One of them assumes

computations performed by certain structures within the central nervous system (CNS) to solve problems associated with complex
interactions among body structures, effects of reflex feedback loops on muscle activation, muscle force-length and force-velocity
properties, interactions with the environment, and time delays during information transmission along neural fibers. These computations
have been assumed to be performed by hypothetical neural structures commonly addressed as internal models (reviewed by Shadmehr
and Wise 1). This approach can be traced back to the control theory and ideas of programming peripheral movement patterns by the
CNS, mechanical or electromyographic, in particular the generalized motor program, the dual-strategy hypothesis, the pulse-step
hypothesis, and a number of related ideas 23,

The alternative approach views the CNS not as a computational device, but as a natural object that behaves according to laws
of nature, some of which are known to researchers — basic laws of classical physics that apply equally to biological and inanimate objects
- and others that may be specific for living systems. This approach has been summarized in a classical book by Peter Kugler and
Michael Turvey 4 showing how complex behavioral patterns can emerge from interactions within a limited set of elements acting
according to relatively simple local rules. This approach follows the traditions of classical physics. Physicists have never assumed
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computational processes taking place in their objects of study. Instead, researchers use computational tools to account for the
observations and summarize them in a compact way, commonly in the form of equations reflecting laws of nature. Laws of nature link
variables salient for the objects of study with the help of parameters. For example, the well-known Second Newton’s Law, F = ma, links
two variables, force (F) and acceleration (a) with the help of a parameter, mass (m). Note that variables are constrained by the laws of
nature while parameters are not. In particular, a change in force (F) leads to a change in a but not m, although, mathematically, a and m
are equivalent in the equation: F = ma is equivalent to F = am.

While biological objects obey classical laws of physics, these laws only constrain them but do not prescribe their behavior. In
particular, animals commonly walk uphill and swim against the current, which is not commonly seen in the inanimate nature. Unlike
stones, animals can jump against the field of gravity. But then, just like stones, they fall back to the ground. The unusual behaviors of
living objects suggest that these behaviors are reflections of biology-specific laws of nature in addition to the laws of classical physics.
One can even define a biological object as an object that can create new relations among salient variables and involving new
parameters, i.e., new laws of nature, based on complex chains and clusters of classical laws of physics (reviewed in Latash ).

Philosophically, this approach can be traced back to the famous argument between Albert Einstein and Henri Bergson
(reviewed in Canales ¢) and views of a French philosopher, Maurice Merleau-Ponty 7, who suggested the existence of separate sets of
laws of nature related to the inanimate nature (classical physics), living systems, and systems with consciousness, such as humans. This
view has been developed recently & based on two actively developed ideas within the field of motor control. The first is the idea of neural
control of movements with time changes in spatial referent coordinates (RC) for the effectors organized into a hierarchy (reviewed in 9.10).
The second is the idea of synergies based on the principle of motor abundance '': Following traditions set by Bernstein 1213, synergies
are viewed as neural organizations that ensure stability of salient, task-specific variables (reviewed in 51415), A crucial step in the
experimental analysis of synergies has been the introduction of the uncontrolled manifold (UCM) hypothesis ' and associated
computational tools such as analysis of inter-trial variance in subspaces of variables produced by elements and analysis of motor
equivalence.

The two ideas have been united into a general scheme on the control of movements illustrated in Fig. 1. The left panel presents
the general scheme of a control hierarchy with a sequence of few-to-many mappings operating with referent coordinates for the effectors.
The back-coupling from peripheral sensory endings and within the CNS are shown with arrows 7181, The right panels illustrate RCs at
various levels, from individual motor units (MU) to robust MU groups (MU-modes), to muscles, to muscle modes (M-modes), to joint-level
control variables (reciprocal and coactivation commands, R and C commands), and to whole body pairs of {R; C} commands for each
kinematic degree of freedom.

Over the recent years, the ideas and concepts illustrated in Fig. 1 have been used to quantify motor synergies in various
spaces, kinetic, kinematic, electromyographic (EMG), and control variables over a variety of tasks, effector sets, and populations
(reviewed in 915), They have led to the discovery of a number of novel phenomena such as impairment in the voluntary control of RC
within the healthy spatial range after stroke, anticipatory synergy adjustments, and trade-offs between synergies at different levels of a
hierarchy, as well as to new interpretations of know phenomena such as the tri-phasic EMG patterns, violations of equifinality, and
unintentional drifts in motor performance. In addition, changes in the synergic control with aging, neurological disorder, fatigue, exercise,
etc. have been quantified.

In particular, recent studies have demonstrated that individual MUs within a muscle form robust groups — MU-modes - with
positive covariation of firing frequencies within a mode, while the gains at MU-mode involvement co-vary across trials negatively to
stabilize the force magnitude produced by the muscle in isometric conditions 20. A number of findings pointed at spinal circuitry as the
neural substrate for this organization. In particular, during multi-finger tasks, MU-mode synergies stabilized reflex changes in muscle
force, while analysis in the space of finger forces did not show such synergies 21. On the other hand, effects of dominance have been
described for multi-finger synergies but not for multi-MU-mode synergies 22. At the other end of the spectrum, analysis of performance-
stabilizing synergies at the task level using mechanical variables reflecting the R and C commands has documented such synergies over
a range of tasks, from single-finger pressing to whole-body standing 2324,

Currently, three major issues seem to dominate thinking within the theoretical scheme illustrated in Fig. 1. The first one is
related to practical applications of this scheme to such fields as movement disorders, rehabilitation, and training. On the one hand, the
idea of impaired control of RC shifts in spasticity following stroke has been developed to suggest both an objective biomarker of spasticity
and new methods of rehabilitation 2526, On the other hand, studies of impaired indices of stability and ASAs in patients with subcortical
motor disorders such as Parkinson’s disease, multiple sclerosis, and multi-system brain atrophy have suggested that these indices can
be used as sensitive biomarkers for both early diagnosis of these and related disorders and effects of treatment 27. The fact that changes
in these indices can be seen in clinically unaffected parts of the body, in clinically uncompromised tasks, and even in neurologically
healthy persons at high risk for subcortical disorders 28 suggests their very high sensitivity to such conditions. The number of studies
using these tools and concepts remains small, and there is ample space for new explorations and discoveries.
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Figure 1. The left panel illustrates schematically a hierarchical scheme involved in the control of voluntary movements. At each level, from the task level (which can involve
the whole body) to the levels of involved effectors, muscles and motor units (MU), the control involves specification of spatial referent coordinates (RC; equivalent to the
stretch reflex threshold, A, for muscles and MUs). The back-coupling loops (shown with curved arrows) insure stability of performance. The right panel A shows force-
coordinate (F-X) characteristics of the opposing muscle groups (dashed curves) and of the effector (thick line). RC for the agonist and antagonist muscles (RCas and
RCanr) are set by the controller. Their shifts can be described with two basic commands: reciprocal (R, which defines the RC for the effector) and coactivation (C, which
defines the spatial coactivation range). Panel B illustrates how muscle action in isometric conditions (muscle length — Lo) controlled with A is produced by As to two robust
groups of MUs (MU-modes). Muscle-level A is stabilized by negative covariation of MU-mode As. Panel C shows A for a MU-mode and As to the contributing MUs, which
show positive covariation.

The second group of issues is related to possible neural substrates involved in the hierarchy shown in Fig. 1 and associated
performance-stabilizing synergies. The most comprehensive scheme has been developed by the group of Gregor Schéner '8, but the
relations of the most important conceptual steps in that scheme to neurophysiological structures and processes remain tentative. The
mentioned clinical observations suggest the importance of loops through the basal ganglia and cerebellum for multi-muscle, multi-effector
synergies stabilizing task-specific variables. On the other hand, studies of intra-muscle, multi-MU-mode synergies point at spinal circuitry
as a major important contributor to synergies. A recent study of force-stabilizing synergies in multi-finger accurate force production tasks
before and after turning the visual feedback on the force magnitude off has shown that synergies in both multi-finger space and MU-mode
space stabilize force when visual feedback is available. Without visual feedback, however, force shows an unintentional drift to lower
magnitudes (cf. 2) accompanied by disappearance of multi-finger synergies with no effects on MU-mode synergies 30. These
observations support the hypothesis that multi-effector (multi-muscle) synergies are supraspinal in origin while the multi-MU-mode (intra-
muscle) synergies are based on spinal circuitry (as summarized in Fig. 2).
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Performance-stabilizing Synergies

Intra-Muscle Multi-Effector
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Dominance No Yes
Unintent. Drift Persist Disappear
Circuitry Spinal BG, Cerebellum

Figure 2. The contrast between intra-muscle and multi-effector (multi-muscle) synergies. The former, but not the latter, stabilize reflex-induced muscle action and persist
during unintentional force drifts. The latter, but not the former, show effects of hand dominance. Intra-muscle synergies are likely reflecting action by spinal circuitry. In
contrast, multi-effector synergies are likely to depend strongly on action of subcortical loops through the basal ganglia (BG) and cerebellum

So far, only a handful of studies explored performance-stabilizing synergies in animals 3'32, These studies in intact animals
documented such synergies in spaces of individual joint rotations during such functional movements as locomotion and object
manipulation. The possibility to perform invasive studies and studies of animal preparations with injuries to specific parts of the central
nervous system could be highly valuable for understanding neurophysiological mechanisms involved in the control hierarchy.

The third group of issues is related to inherent limits of the scheme illustrated in Fig. 1. On the one hand, this scheme has been
developed to account for phenomena outside the field of neural control of movement, such as aspects of kinesthetic perception 33, On the
other hand, its limitations are also obvious. In particular, where do RCrask(t) time functions come from? This question remains outside the
scope of this scheme and has to be delegated to unidentified “higher levels” dealing with issues commonly covered in the field of
psychology. Some aspects of these issues have been addressed in ingenious studies of the group of Michael Turvey, in particular those
related to regularities in the relative phase seen during multi-effectors tasks performed both by a single person and by two persons 34,
Other issues, for example those related to target selection, have been addressed within the dynamical field theory developed by Gregor
Schoner and colleagues 35,

The expression “thinking outside the box” is used frequently with respect to any original idea, even if it is formulated within the
circle of ideas and concepts defined by “the box”. Michael Turvey and his colleagues thought truly outside the box of classical psychology
and motor control by introducing elements of the dynamical theory into these fields 3.3, In the field of motor control, the original “box” was
defined by the Newtonian mechanics reshaped into biomechanics. Its power, well-developed computational apparatus, and numerous
successful applications in engineering created an impression that it was equally salient and omnipotent with respect to biological
movement. Even in our days, many approaches to motor control start with an assumption that seems unassailable: “To perform a desired
movement, the CNS has to send commands generating requisite force patterns.” Models of motor control manipulating muscle activation
patterns may seem to be “outside the box” of the Newtonian mechanics, but in fact they have not moved far away from it: They still
assume that the brain somehow precomputes and prescribes time patterns of peripheral variables to ensure requisite mechanics at
individual muscle level.

The equilibrium-point hypothesis 3040 and its later developments as the control with spatial RCs (reviewed in ®) was another
example of true thinking “outside the box”. The idea that accurate movements can be produced by prescribing patterns of parameters
within relevant laws of nature, i.e., using parametric control, and that forces emerge just like any other variables, mechanical or EMG,
was truly revolutionary. In spite of many attempts to disprove the RC hypothesis coming from the “box” of Newtonian mechanics, the
hypothesis has survived, developed, and turned into a respected theory, the only viable theory of motor control (as the author of this
paper thinks). One can even say that it has developed into another “box”, which has incorporated the Newtonian mechanics but
introduced a broader understanding of the specific features of the neural control of biological movement.

Now, the time may be ripe to start moving outside the “RC box” and complement it with a more general understanding of
psychological processes leading to the generation of RC(t) at the task level. These will have to unite concepts and ideas from the fields of
memory, perception, optimality, and maybe a few others. This is a challenge for the next generation of researchers.
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