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Abstract

The concept of synergy provides a theoretical framework for movement stability resulting from
the neural organization of multiple elements (digits, muscles, etc.) that all contribute to salient
performance variables. Although stability of performance is obviously important for steady-state
tasks leading to high synergy indices, a feed-forward drop in synergy indices is seen in preparation
to a quick action (i.e., anticipatory synergy adjustments, ASAs). We review recent studies of
multi-finger and multi-muscle synergies that show decreased indices of synergies and ASAs in
patients with Parkinson’s disease (PD) or multisystem atrophy. In PD, the impairments in
synergies and ASAs are partially reversed by dopaminergic drugs, and changes in synergy indices
are present even in PD patients at earliest diagnosis. Taken together, these results point at
subcortical structures that are crucial for proper control of movement stability. It is timely to
introduce the concept of impaired control of stability as an objective, quantifiable, and theory-
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based clinical descriptor of movement disorders that can increase our understanding of the neural
control of movement with all of its implications for clinical practice.
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1. Introduction

Perturbation of neural processes that modulate the coordinated movement of healthy people
results in a variety of clinical presentations united under the label of movement disorders.
Clinically, movement disorders have been described generally based on their
phenomenology: excessive movement (hyperkinesia or dyskinesia); movement poverty
(hypokinesia or bradykinesia); presence of involuntary rhythmic movements (tremor vs.
clonus vs. chorea vs. tics); presence of atypical postures (dystonic vs. non-dystonic); etc.
These phenomenological descriptions have been useful for clinical differential diagnosis and
localization of lesions in the central and peripheral nervous system, yet they are limited in
their contribution to understanding the fundamental origins of abnormal movements. This
knowledge gap translates into the overall lack of objective, quantitative measures for many
movement disorders, that in turn limits our ability to detect movement disorders earlier and
track progression sensitively. We review the basic concept of movement stability and
propose its utility as a new dimension to quantify abnormalities common to a variety of
movement disorders. In addition, we discuss the theoretical background of the concept of
movement stability, and the clinical and scientific data that support its usage.

1.1. Impaired control of movement stability — a common feature of movement disorders

Stability refers to an ability of a system (e.g., the human motor system or its parts) to return
to a certain state or trajectory after small, transient perturbations. Since all natural human
movements are performed in a poorly predictable environment and involve varying internal
states, movement stability is crucial for successful everyday motor performance. For
example, holding a cup of water steady requires stability of the integrated contribution of the
many involved joints and muscles, all of which may vary their state.

The concept of stability has been explored during multi-effector actions within the dynamic
systems approach to motor control (reviewed in Kelso, 1995). In those studies, stability of
the relative phase between actions of two (or more) effectors has been typically studied
during both rhythmical and discrete actions. Neurological patients show impaired stability of
relative phase and delayed switching time when the task requires a shift in the relative phase
(Creath et al., 2008; Brown and Almeida, 2011).

Another approach to multi-joint coordination and its impairment in neurological patients
have been based on analysis of joint torques during multi-joint movements. Several studies
documented atypical movement patterns associated with an impaired ability of neurological
patients to predict and compensate for joint torque components due to movement of other
joints of the limb (interaction torques). Such impairments have been reported for patients
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with cerebellar disorders (Bastian et al., 1996) and with large-fiber peripheral neuropathy
(Sainburg et al., 1995).

The mentioned impairments may lead to compensatory changes in muscle activation
strategies. In particular, a number of populations characterized by impaired motor
coordination use increased levels of co-activation within agonist-antagonist muscle pairs.
This may be considered as a method of decreasing joint deviations (increasing stability)
under the action of poorly predictable torques (Woollacott and Shumway-Cook, 1990;
Horak et al., 1992; Horak and Diener, 1994). Within this review, our goal is to introduce a
more general approach to movement stability that is applicable across tasks and effector
systems.

Recently, an important concept of task-specific stability has been introduced (Schoner,
1995). This concept implies that the same set of elements (muscles, joints, digits, etc.) can
be organized by the central nervous system to stabilize different task-specific performance
variables. For example, the joints of an arm can be organized to stabilize orientation of a
hand-held object as, for example, in such tasks as using a pointer, or walking while holding
a cup of coffee. In other tasks, however, the same joints can be organized to stabilize
location of the hand either with respect to the body (e.g., when cutting one’s nails or
applying make-up) or with respect to an external object (e.g., when trying to pet a dog or
pick a morsel of food from the plate).

Loss of stability of motor performance may cause water spills, falls, dropped objects,
illegible writing, stuttering, etc. The above examples are extreme and obvious; but loss of
movement stability may also be subtle, not observable with the naked eye. As we describe in
detail later, loss of movement stability is a common consequence of many states of human
health. These include aging, atypical development (e.g., Down syndrome), and a variety of
neurological disorders. There are well-known examples from the field of movement
disorders, such as ataxia and certain types of tremor typically associated with cerebellar
disorders. The loss of stability, however, is also seen in conditions that are not directly
linked to identifiable disorders of the cerebellum.

Maintenance of stability of movement is crucial, yet it is equally important for movement
agility; paradoxically, this requires controlled loss of stability. Thus, “too much stability”
may lead to such consequences as rigidity and freezing of gait. These features are
traditionally associated with disorders of the basal ganglia, although other brain structures
may also be involved. Taken together, these examples suggest that controlled stability is a
crucial feature of normal functional movements.

One of the most commonly quantified aspects of motor behavior related to movement
stability is co-contraction of agonist-antagonist muscle pairs. Excessive co-contraction has
been reported for many populations and interpreted as adaptive to loss of stability. Indeed,
increased co-contraction is seen in healthy persons in challenging tasks (Slijper and Latash,
2000). It is typical of performance across a variety of postural and movement tasks in the
healthy elderly, in people with Down syndrome, and in neurological patients (Abbruzzese,
2002; Gibo et al., 2013; Gontijo et al., 2008). Increased muscle co-contraction has been
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proposed as the means of increasing the apparent stiffness of joints, thereby reducing joint
deviations in response to unexpected external perturbations of movement (Nielsen et al.,
1994; Fraklin et al., 2003; Heitmann et al., 2012). Increased co-contraction, however, may
be both energetically wasteful and inefficient, in particular if the source of instability is
internal.

Until recently, there were no methods to quantify aspects of motor function related to
movement stability across the repertoire of everyday actions that involve multi-digit object
manipulation, multi-joint reaching, and whole-body actions (although important advances
have been made in the field of non-linear time series analysis, see Stergiou, 2004). As
summarized in the next section, new methods have been developed based on the principle of
abundance (Gelfand and Latash, 1998; Latash, 2012) and the uncontrolled manifold
hypothesis (Scholz and Schoner, 1999). Both of these theoretical constructs have been
crucial for the development of the theory of motor synergies and its application to
disordered movements (reviewed in Latash, 2008; Latash et al., 2010).

2. The application of the concept of motor synergies to quantify stability

2.1. Stability, redundancy, and abundance

All major functions of the human body that involve interaction with the environment are
characterized by redundancy, that is, an excess of elements that allow numerous solutions
for typical problems (Bernstein, 1967). In the motor domain, the term redundancy implies
that, at any level of description of human movements, there are more elements (such as
muscles, digits, joints, etc.) than minimally necessary to perform typical tasks. As examples,
one can place the index fingertip into a point in space with an infinite number of joint
configurations, or one can hold a glass of water with an infinite number of digit forces and
moments of force.

Recently, the problem of redundancy has been re-assessed based on the principle of
abundance (Gelfand and Latash, 1998; Latash, 2012). Although this principle can be applied
to various functions of the human body, we now focus on motor function. The principle of
abundance differs from traditional methods (e.g., optimization; reviewed in Prilutsky and
Zatsiorsky, 2002) of addressing the problems of motor redundancy by conceptualizing the
apparently redundant design of the human body not as a source of computational problems
for the brain, but as a rich apparatus that ensures the proper stability of actions in
combination with the possibility of performing several actions with the same set of
elements. For example, according to the principle of abundance, when the central nervous
system organizes an action (e.g., reaching for an object with an arm), it does not select a
unique optimal pattern of joint rotations, but rather facilitates a family of joint trajectories
that are equally able to solve the task.

Thus, in repetitive attempts at the same task, numerous different trajectories are observed
because of the unpredictable internal and environmental processes that can affect
performance. This feature of natural movements has been demonstrated in many studies
beginning with the classical experiment of Bernstein (1930) who observed families of joint
trajectories during repetitive movements by professional blacksmiths using a hammer to hit
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a chisel. The principle of abundance led to the development of a theory of synergies
reviewed briefly in the next section.

2.2. Synergies, uncontrolled manifold, and action stability

Synergy is a commonly used term both in the fields of movement science and movement
disorders, yet it has had at least three different connotations. In most contemporary clinical
papers, the word “synergy” has a strong negative connotation and is used to describe
stereotypical patterns of muscle activation seen in some neurological patients, in particular
after cortical stroke (Bobath, 1978; DeWald et al., 1995). Such patterns frequently lead to
activation of a combination of predominantly flexor muscles (flexor synergy) or extensor
muscles (extensor synergy) in an affected limb interfering with voluntary movements that
may require different, more flexible, patterns of muscle activation.

A second definition comes from studies that have explored changes in large sets of
kinematic, kinetic, and electromyographic variables during the execution of natural actions
and also across trials where task parameters were varied. Different methods have been
applied to extract groups within the original (elemental) set of variables that tended to show
parallel changes in the magnitudes of those variables, as for example, in sets of muscles with
parallel scaling of their activation levels (d’Avella et al., 2003; Krishnamoorthy et al., 2003;
Ivanenko et al., 2004; Ting and Macpherson, 2005). Such groups also have been addressed
as “synergies” (d’Avella et al., 2003; Ting and Macpherson, 2005) or “modes”
(Krishnamoorthy et al., 2003). The organization of the original variables into groups has
been assumed to alleviate the problem of motor redundancy. The number of such groups is,
however, still larger than the number of constraints associated with typical tasks, and as a
result, the problem of redundancy is not eliminated.

Finally, the definition we prefer links the notion of synergy to stability of performance
(reviewed in Latash et al., 2007). According to this definition, synergies are neural
organizations that ensure stability of task-specific salient performance variables. If a system
stabilizes a performance variable, its inter-trial deviations in directions that lead to changes
in that variable are expected to be low as compared to directions that keep the variable
unchanged. Hence, quantifying inter-trial variance in different directions within the space of
elemental variables can potentially produce indices reflecting task-specific stability. For
example, if a person tries to produce a certain value of total force while pressing with two
fingers (Fig. 1), there is an infinite number of solutions corresponding to a line with a
negative slope on the force-force plane (dashed lines in Figure 1). If the person is asked to
perform this task many times, the cloud of data points on the plane may be expected to form
an ellipse elongated along the dashed line and variance along that line is expected to be
higher than variance in the orthogonal direction. This line is the uncontrolled manifold
(UCM - Scholz and Schéner, 1999) for this task — a sub-space where the central nervous
system theoretically does not have to exercise control over the performance. This is true,
however, only if achieving accurate performance in the explicit task is the only goal and no
other constraints are present. Typically this is not the case and, as a result, only a range of
solutions within the UCM is explored, possibly reflecting additional constraints, for example
associated with optimization of a particular cost function (e.g., Park et al., 2010).
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2.3. Analysis of synergies based on the uncontrolled manifold (UCM) hypothesis

The UCM hypothesis permits the introduction of a quantitative measure for use of flexible
solutions for a task. It does this by comparing the amounts of the total variance of elemental
variables per degree-of-freedom within the UCM (Vycm) with that orthogonal to the UCM
(VorT). This method has been developed for analysis of various actions, both steady-state
and quick, including multi-digit pressing and prehension, multi-joint reaching, and whole-
body standing, swaying, and stepping (reviewed in Latash, 2008). Depending on the task,
analysis is performed in different spaces of elemental variables, digit forces/moments for
prehension, joint rotations for reaching, and muscle modes for whole-body tasks. Note that
the UCM in many tasks is non-linear (unlike the simple example in Figure 1). In such cases,
the UCM is approximated by a linear sub-space and the analysis of variance is performed
within that sub-space.

Frequently, the two variance indices are reduced to a single metric reflecting the relative
amount of Vycpm within the total variance (Latash et al., 2010). This allows computing an
index of synergy, AV = (Vycm — VorT)/VT0T, Where V1ot stands for total variance and all
variance indices are quantified per dimension in the corresponding sub-spaces. Positive AV
values are interpreted as corresponding to a synergy stabilizing the performance variable,
with respect to which the analysis has been performed. Larger positive AV values
correspond to stronger synergies. Non-positive AV values correspond to no synergy
stabilizing the performance variable, whereas large negative values may be interpreted as
pointing at loss of stability of that performance variable. The method of AV computation
places limitations on its values depending on the dimensionality of the involved sub-spaces.
To overcome this problem, a modified Fischer’s z-transformation is commonly used to
normalize the index’s distribution (e.g., Solnik et al., 2013).

2.4. Anticipatory synergy adjustments

Although movement stability is crucial in most tasks, sometimes it actually may be counter-
productive. For example, if a person wants to change a variable quickly, having a strong
synergy ensuring high stability of that variable would be unwise. There is an inherent trade-
off between stability and agility exemplified by the fact that all passenger airplanes have a
vertical rudder whereas no bird has one. Obviously, within the evolutionary context, the
stability ensured by the rudder has been less important for birds than ability to change the
flight direction quickly. Depending on the context, high stability of biological movement
may be beneficial (for example, during steady-state tasks) or detrimental (for example,
during very fast actions). Recently, an ability of the central nervous system to adjust stability
properties of an ongoing action has been discovered: Several studies have shown that
humans have an ability to adjust their synergies in preparation for a quick action (Olafsdottir
et al., 2005; Shim et al., 2005; Zhou et al., 2013). Such anticipatory synergy adjustments
(ASAs) are seen as a drop in the synergy index (relative amount of Vycpm in the total
variance) 200-300 ms prior to the initiation of a quick action.

Figure 2 illustrates typical changes in the shape of data point clouds and the time profile of
the corresponding synergy index for the task of producing a quick force pulse by four
fingers pressing in parallel. In such studies, the subjects place their fingers on top of the
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force sensors, one for each finger. They are asked to follow a task line shown on the monitor
with a signal representing the total pressing force of the four fingers. The task requires
constant force production with a natural sharing of the total force among the fingers, and
then the subjects are required to produce, in a self-paced manner, a very quick force pulse
such that force peak lands within a target window. During steady-state portion of the task,
strong synergies stabilizing total force (Vycm > Vorr) are seen. These synergies become
attenuated prior to the force pulse initiation. ASAs represent an important component of
feed-forward control of fast actions seen across tasks. In particular, ASAs are seen during
postural tasks in preparation to an action (Klous et al., 2011; Krishnan et al., 2011) prior to
the classical anticipatory postural adjustments (reviewed in Massion, 1992).

3. Changes in stability of action in healthy elderly

A series of studies have shown that impaired control of action stability may be a component
of healthy aging (Shinohara et al., 2004; Olafsdottir et al., 2007a,b). Those studies tested
healthy elderly subjects (70-85 years of age) and documented a reduction in the synergy
index in multi-digit pressing and prehensile tasks as well as reduced indices of ASAs. Two
studies have shown that exercise may lead to a significant improvement in the synergy index
in older adults. One of those studies (Olafsdottir et al., 2008) explored effects of a strength
training exercise of the hand, and showed an improvement in the index of multi-digit
synergies stabilizing total force produced by the four fingers; this correlated with the
improvement of performance in a dexterity Pegboard test. The other study (Wu et al., 2013)
used a specially designed exercise with adjustable instability during accurate four-finger
force production tasks. That study showed a significant increase in Vycpm accompanied by a
drop in VorT in both young and older subjects within a 40-min practice session.

4. Movement disorders with impaired stability of action

Impaired stability is a common feature of many neurological disorders. In this section, we
review a few recent applications of the aforementioned approach to a few cases of
movement disorders and its potential for other neurological disorders.

4.1. Parkinson’s disease

Impaired motor stability is not typically mentioned as a clinical problem in early-stage
Parkinson’s disease (PD), yet it is obvious at later stages when it leads to postural instability,
falls, mishandling of everyday objects, etc. Several recent studies have shown, however, that
impaired motor synergies during multi-finger action may be one of the earliest detectable
motor dysfunctions of PD, seen in Hoehn-Yahr stage I and Il patients, even in the apparently
unaffected (subclinical) side of the body of stage | patients (Park et al., 2012, 2013a, 2014).

Figure 3 illustrates the time profiles of the synergy index (AV, reflecting the relative amount
of Vycwm in the total inter-trial variance) in groups of early-stage PD patients and age-
matched controls. The PD patients were tested on their optimal medication as defined by
their neurologist. The subjects pressed on individual force sensors with the fingers of a hand,
and performed a task of accurate total force production followed by a quick force pulse into
the target. Two major group differences are obvious in Figure 3. First, during the steady-
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state phase of the task, the control group showed a significantly higher synergy index as
compared to the PD group. Second, the control group shows a clear ASA starting about 250
ms prior to the time of force pulse initiation. Much smaller and much later ASA is seen in
the PD group.

A follow-up study explored the effects of dopamine-replacement drugs on the synergy
indices (Park et al., 2014). A group of PD patients were tested off their drugs (early in the
morning) and on the drugs (40 min following the first morning dose of the medication). The
patients demonstrated significantly lower synergy indices and significantly shorter and
smaller ASAs off the drugs suggesting that both indices (AV and ASA) reflect functioning
of neural pathway affected by dopaminergic mechanisms. These results are illustrated in
Figure 4.

The data illustrated in Figures 3 and 4 suggest that PD is associated with two problems of
synergic control. First, during steady-state tasks, the PD patients have an impaired ability to
organize the elements in a task-specific way so that their combined action stabilizes an
important performance variable (total pressing force in Figure 3). Second, when the task
requires changing the performance variable, the PD patients show an impaired ability to
attenuate the corresponding synergy; as a result, their intended action is opposed by their
own preexistent synergy. These are the two major components of the Impaired Control of
Sability (ICS), and these components are present across a variety of clinical populations as
we illustrate below.

We would like to emphasize that the decreased ASAs in PD patients may have significant
clinical implications. The impaired ability to start turning-off a synergy stabilizing a
performance variable in anticipation of its planned quick change may lead to problems with
the initiation of next action. This may be particularly pronounced with respect to actions
starting from a state that requires high stability of performance variables, for example
actions initiated from a standing posture. This makes delayed ASAs potential contributors to
episodes of freezing, a major disabling feature in later stages of PD.

Problems with multi-finger synergies in PD are not limited to pressing tasks that might be
considered artificial and static. For example, a prehensile task designed to simulate the
natural movement of taking a sip from a glass demonstrated that there were low synergy
indices among the fingers, as well as between the fingers and the thumb (Jo et al., 2015). In
that study, indices of ASAs correlated significantly with the score in a functional hand task
involving quick movement across a sequence of targets of the glass filled with water. The
score in that task represented the movement time normalized by the amount of spilled water.
Neither the synergy indices nor the functional hand test score, however, correlated with the
UPDRS (Unified PD Rating Scale), possibly because of the very narrow range of the
UPDRS scores in this particular group with early-stage PD subjects.

ICS has several potential consequences for motor behavior. First, the low synergy index
reflects the impaired stability of the action. This means that a change in the external
conditions (a perturbation) is more likely to lead to destruction of the ongoing action as
compared to persons without ICS. Second, a person with ICS may have problems initiating
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an action from a steady state, for example initiating a step from a standing posture, or
initiating a turn from an ongoing rhythmical walking pattern. This makes the feature of ICS
reflected in reduced ASAs potentially related to one of the most disabling features of PD,
namely episodes of freezing.

4.2. Multisystem atrophy

Patients with multisystem atrophy with cerebellar involvement (known also as olivo-ponto-
cerebellar atrophy) show a mixture of cerebellar and parkinsonian signs and symptoms
reflecting the involvement of several subcortical loops. These patients also show signs of
ICS similar to the one described in the previous section for PD. In particular, they also show
reduced indices of multi-finger synergies and reduced ASAs (Park et al., 2013b). As can be
seen in Figure 5A, the synergy index is decreased during the steady-state phase of the task,
and the ASAs delayed and decreased in patients compared to the controls. This same study
(Park et al., 2013b) showed that patients had a wide range of functional involvement and a
correspondingly wide range of UPDRS scores. As a result, there were strong correlations
between the synergy index and UPDRS score illustrated in Figure 5B.

5. Examples of impaired coordination in other populations

5.1. Down syndrome

A study of multi-finger coordination in young adults with Down syndrome documented
significantly reduced indices of multi-finger synergies (Latash et al., 2002; Scholz et al.,
2003). During accurate pressing tasks, these persons used their hand as a fork turned upside
down, pressing more strongly or weakly with all four fingers, causing positive co-variation
of finger forces and poor performance accuracy. Although these people showed clear signs
of ICS, two days of practice allowed them to improve the indices of finger synergies
significantly, suggesting that control of stability can be recovered with an appropriately
designed practice schedule. A number of more recent studies have documented significant
improvements in synergy indices with specialized training in both young and older healthy
adults (reviewed in Wu and Latash 2014). Taken together, these observations carry an
optimistic message that ICS may be reversible with properly designed exercise.

5.2. Cortical stroke

Although the mentioned studies of patients with PD and multisystem atrophy show
significant changes in indices of synergic control even in patients with mild symptoms, in
other patient groups much stronger motor impairments may not be associated with
consistent ICS. Reisman and Scholz (2003) studied reaching movements in eight stroke
survivors, 60.6 + 4.7 years of age, who had had a single cortical or subcortical stroke leading
to a moderate impairment in the arm function. They reported similar indices of multi-joint
synergies in the ipsilesional and contralesional arms despite the major differences in the
overall movement patterns. This result suggests that problems with movement stability are
not linked in an obligatory fashion to problems with overall movement patterns. These
observations justify separation of ICS as a separate clinical denomination reflecting specific
impairments in the neural control of movement stability.
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Consistent with the above notion, our recent studies of multi-finger interaction similar to the
ones described earlier (currently unpublished) have confirmed the cited observations of
Reisman and Scholz. Only twelve stroke patients have been tested so far (aged 64.5 +4
years) with single cortical stroke leading to mild arm/hand impairment. The patients showed
no differences in the synergy indices measured during pressing tasks in the ipsilesional and
contralesional hands; the magnitude of these indices was very close to the magnitudes
observed in age-matched healthy controls. On the other hand, those participants showed
significantly delayed ASAs supporting the notion that ICS may have two components, low
synergy indices and reduced/delayed ASAs. Although the sample sizes for both studies are
small, the potential of different components of ICS informing on abnormalities in different
neurophysiological loops is exciting and shall be explored further.

6. The role of central nervous system in ICS

The association of ICS with disorders having known impairment of subcortical structures,
such as the basal ganglia (e.g., PD) and the cerebellum (e.g., MSA-OCPA), fits well Houk’s
theory (Houk, 2005) of the brain control of movements with distributed processing modules
(DPMs). Within that scheme, two major anatomically defined DPMs (neuronal structures
united into loops) have been proposed to be responsible for the selection and initiation of
action (loops through the basal ganglia), and the amplification and refinement of action
(loops involving the cerebellum). Note that several recent brain-imaging studies have
suggested cerebellar involvement in PD (Lewis et al., 2007, 2011; Yu et al., 2007; Wu et al.,
2011). In particular, weakened striatum-cerebellar connections have been documented (Wu
etal., 2011), possibly related to problems with action initiation. It is feasible that some of
the reviewed changes typical of ICS reflect changes involving both the basal ganglia and the
cerebellum.

A number of earlier studies linked activity of the basal ganglia and cerebellum to synergies.
In particular, the basal ganglia have been implicated in uniting the postural and locomotor
synergies (Mori, 1987) and in the grasp-lift synergy (Forssberg et al., 1999). In those
studies, however, synergies were defined as proportional changes within a set of elemental
variables, not related to movement stability. Studies on monkeys have suggested that signals
from the dentate nuclei are more closely related to control of muscle synergies rather than
being prime movers of the explicitly required action (Thach et al., 1992; also see Rispal-
Padel et al., 1981). One of the studies performed principal component analysis of the activity
patterns of a large set of neurons within the dorsal spinocerebellar tract during hindlimb
motion simulating walking (Bosco and Poppele, 2002). The two principal components that
accounted for most of the variance of the neuronal activity were related not to individual
joint movements, but to the whole limb length and orientation changes during the leg
movement cycle. The limb length and orientation can be considered important performance
variables for locomotion stabilized by co-varied joint rotations.

Figure 6 illustrates a multi-level scheme of hierarchical control of a natural action modified
from an earlier paper. Within this scheme, it is assumed that, at each level, neural control
signals define referent spatial coordinates for elemental variables salient for that level
(Feldman and Levin, 1995; Latash, 2010). Figure 6 suggests tentative associations of
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different levels with structures within the central nervous system. The task is formed at
cortical levels while the few-to-many mappings rely significantly on subcortical structures.
These may involve the spinal cord as suggested by recent observations of multi-joint
synergies stabilizing paw trajectory during locomotion of intact cats and induced locomotion
in spinalized cats (Klishko et al., 2014a,b). Future systematic studies of the neural control of
movement stability in animal models, healthy humans, and different neurological disorders
may help us to understand the neural substrates of ICS, assist the lesion localization, and
development of treatment strategies.

7. Summary — ICS as a new dimension of neurological disorders

The evidence presented in this review has led to several main conclusions. First, ICS is
commonly seen in persons with impaired motor function including those with disorders
involving subcortical brain structures. Significant changes in indices of movement stability
are seen even at subclinical stages of the disease and/or in tasks where traditional clinical
examination fails to show any impairment. This feature of ICS potentially makes it a
powerful tool for early detection of emergence of motor symptoms.

Second, signs of ICS can also be seen in otherwise healthy older adults who show a drop in
the synergy indices and reduced ASAs (Shinohara et al., 2004; Olafsdottir et al., 2007a,b).

Third, ICS includes at least two distinct components. One of them reflects low stability,
even of slow movements. It is reflected in reduced synergy indices. It is possible that this
component is an important contributor to such motor impairments as ataxia. The other
component reflects reduced ability to adjust (reduce) stability of a performance variable in
preparation to an action that requires its quick change. It is reflected in delayed and reduced
ASAs. The inability to modify movement stability in an appropriate and timely fashion may
be central to motor signs such as “freezing of gait” in PD.

Finally, changes in motor synergies are treatable. They change with medication treatment as
illustrated by the effects of dopamine replacement therapy in PD and also with an
appropriately designed practice. A central element of the exercise leading to a quick
improvement in synergy indices is the element of instability artificially introduced into the
task (e.g., using virtual reality as in Wu et al., 2013).

Thus, we conclude that it is timely to introduce ICS as an objective, quantifiable, and
theory-based clinical descriptor of movement disorders. It will allow integrating the recent
progress in understanding the neural control of movement to improve diagnosis, treatment
and clinical research of a range of neurological diseases. ICS has a great deal of potential as
a very useful behavioral biomarker of significant motor changes in patients who otherwise
display no clinically identifiable symptoms in the tested parts of the body and within the
explored range of tasks. While, to date, this feature of ICS has been shown in PD patients
only, these promising early results suggest that in a near future more examples of such high
sensitivity of ICS indices to early stages of neurological movement disorders will be
documented.
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Recent studies of people with neurological disease have contributed significantly to the
progress in understanding the neurophysiological mechanisms of movement stability. In
particular, the contrast between ICS in even early-stage subcortical disorders versus no signs
of ICS in even more involved cortical stroke survivors points to subcortical loops as being
crucial for the proper control of movement stability. In fact, proper control of stability is not
limited to the realm of movements (reviewed in Latash, 2008). It is crucial for any functions
based on proper coordination of multiple elements. Examples include creation of a single
coherent picture of the world based on sensory signals of different modalities, expression of
thoughts and emotions using redundant sets of words during speech, and even organization
of cognitive processes based on multiple (abundant) sources of information.
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Figure 1.
An illustration of possible data distributions in a task of accurate total force production

while pressing with two fingers: Fq + F» = C. For any value of C, there are an infinite
number of solutions corresponding to a line with a negative slope on the force-force plane
(dashed lines, UCM1, UCM,, and UCM3y). If the person is asked to perform this task many
times, the cloud of data points on the plane is expected to form an ellipse elongated along
the dashed line and variance along that line is expected to be higher than in the orthogonal
direction.
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When a person prepares to produce a quick force pulse from a steady-state force production,
the shape of data point clouds changes as illustrated in the graph: The data point cloud
becomes less and less elongated along the corresponding UCM: Three such clouds are
illustrated for steady state — 500 ms prior to force pulse initiation, for 200 ms prior to the
force pulse initiation, and at the moment of force pulse initiation (t = 0). The time profile of
the corresponding synergy index (AV) in shown in the insert. The drop in AV priortot =0 is
the anticipatory synergy adjustment (ASA).
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Averaged across subjects time profiles of the index of synergy (log-transformed, AV, with
standard error shades) are shown for a group of patients with Parkinson’s disease (solid line)
and for a group of healthy controls (dotted line). The control group shows higher AV during
the steady state and an earlier and larger drop in AV (larger ASA) in preparation to the force
pulse, which started at time t = 0. Reproduced by permission from Park et al., 2012.
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Figure 4.

Averaged across subjects time profiles of the index of synergy (log-transformed, AV, with
standard error shades) are shown for a group of patients with Parkinson’s disease on their
dopamine-replacement mediation (“on-drug”, solid line) and off the mediation (dashed line).
Note the higher AV during the steady state and an earlier and larger drop in AV (larger ASA)
in preparation to the force pulse for the “on-drug” test. The initiation of ASA is shown with
the arrows and tasa label. Reproduced by permission from Park et al., 2014.
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Figure 5.
A: Averaged across subjects time profiles of the index of synergy (log-transformed, AVz,

with standard error shades) are shown for a group of patients with multiple brain atrophy
(solid line) and for a group of healthy controls (dotted line). The control group shows higher
AV during the steady state and an earlier and larger drop in AV (larger ASA) in preparation
to the force pulse, which started at time t = 0. B: The UPDRS scores and AV  during steady
state correlated significantly in this group. Modified by permission from Park et al., 2013.
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Figure 6.

A multi-level scheme of hierarchical control of a natural action. The scheme involves a
chain of few-to-many mappings organized in a synergic way. Tentative association of
different levels with structures within the central nervous system is suggested. The task is
formed at cortical levels while the few-to-many mappings rely significantly on subcortical
structures. Modified by permission from Latash, 2010.
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