
Posture 14
Studies of posture are very common. A quick search on PubMed yields over 3000 pa-
pers on the topic of vertical posture alone. While the notion of posture is intuitively
appealing, there is no clear definition for this notion in the movement science literature.
Postural control may refer to keeping a configuration of a hand (e.g., sign language is
commonly viewed as a sequence of hand postures), a limb, or the whole body (e.g.,
consider the aerial phase of a ski jump). It may also imply keeping a position of a
part of the body with respect to either an external reference frame (the environment
or an external object moving in the environment) or to the body itself in the process
of action or natural, spontaneous changes in the external forces. Consider the following
examples of postural control: (1) A figure skater maintaining a beautiful arm configu-
ration while sliding over the skating rink (arm orientation may be maintained with
respect to the body but not with respect to the environment); (2) A musician playing
the violin while moving the body and the violin (hand posture may be maintained with
respect to the violin, not necessarily to the body or the external space); and (3) Holding
the handles while riding a bicycle (posture is maintained with respect to a part of the
bicycle, not the whole bicycle, e.g., during sharp turns, not the body, and not the
environment).

Many postural studies address the problem of keeping vertical orientation of the
body in the field of gravity. In those studies, keeping vertical posture means not falling
down while the standing person may be performing body movements, for example,
swaying, turning, or catching or throwing an object. Imagine a person standing on a
tilting platform or slipping while walking on ice. The person may show complex
movements of all parts of the body, including the trunk, which help this person not
to fall down. In this case, it is hard to identify a salient geometric characteristic corre-
sponding to maintenance of vertical posture. Indeed, during whole-body actions, ver-
tical projection of the center of mass does not have to fall always within the support
area (as it happens, for example, during certain phases of walking). Nevertheless,
keeping vertical posture is commonly viewed as a component of whole-body actions.

The problem of postural control may also be formulated with respect to a system of
coordinates moving at varying speed with respect to the Earth; consider, for example,
standing on a ship in stormy weather. This example emphasizes an important feature of
posture—its stability under changes in the internal body states (including muscle ac-
tivations) and in external forces. Two aspects of postural control typical of all the
mentioned examples will be used in Section 14.2 to create a definition for posture
(we do not know how to study a phenomenon without defining it first). These aspects
are reflected in the mentioned keywords, body configuration (which is commonly
equated with posture in biomechanics) and stability.
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14.1 Elements of history

Informal studies of vertical posture (standing posture) probably date back as long as
studies of movements in general. Ancient Greek drawings of standing human figures
typically depict postures that are stable in the field of gravity. Loss of vertical posture
(loss of equilibrium) has always signified a major problem with the central nervous
system; e.g., an inability to stand is a typical consequence of an epileptic seizure,
and when a person loses consciousness, he/she invariably falls down.

Classical studies of Giovanni Alfonso Borelli (1608e1679), one of the founders of
biomechanics, may be viewed as the first attempt to describe maintenance of vertical
posture as a mechanical problem. Until the end of the nineteenth century, analysis of
vertical posture did not move much beyond the relatively trivial mechanical statement
that the projection of the center of mass of the body has to fall within the area of
support.

Nikolai Bernstein (1896e1967) viewed posture as a necessary background compo-
nent for any voluntary motor action. In his multilevel scheme for the construction of
movements, postural muscle activity is regulated at the lowest level (Level A or the
level of muscle tone, see Chapter 5). Note that Bernstein did not associate postural
muscle activity with a geometric body characteristic, such as, joint configuration or
body orientation in space. Bernstein also emphasized that the problem of stability in
the field of gravity was a cornerstone problem not only with respect to movements
but possibly also for the evolution of the central nervous system. In his classicOn Dex-
terity and Its Development written in 1947 and published in English in 1996, Bernstein
suggested that evolution had discovered two approaches to the problem of postural sta-
bility. One of them was realized in insects, animals with an external skeleton that al-
lows maintaining stability in the field of gravity with minimal neural control; e.g., a
dead bug is rather stable while standing on its six legs. The other approach used an
internal skeleton that required continuous muscle activity to keep the body stable in
the field of gravity. This approach placed significant burden on the central nervous sys-
tem and encouraged its development in the process of evolution. According to Bern-
stein’s guess, this challenging approach to the problem of postural stability was a
major factor leading to the emergence of the complex central nervous system typical
of vertebrates.

A major, qualitative step in addressing the problem of postural control was made in
the middle of the twentieth century by von Holst and Mittelstaedt (1950) who intro-
duced the famous posture-movement paradox applicable across postural tasks. By
that time, a number of posture-stabilizing mechanisms had been known—in particular,
those leading to the generation of forces against external perturbations applied during
steady-state motor tasks at very short time delays (under 100 ms), shorter than the
shortest simple reaction time (see Section 14.6.2). Von Holst and Mittelstaedt paid
attention to the fact that posture-stabilizing mechanisms acted in response to external
perturbations (resulting in quick postural corrections) but not to voluntary movements,
even if the latter led to very similar deviations of the body or an effector from the pre-
existing posture. They asked a seemingly naïve question: How can voluntary
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movements be performed without triggering resistive action of the posture-stabilizing
mechanisms? For instance, why don’t muscle stretch reflexes prevent muscle length-
ening during voluntary movements? Von Holst and Mittelstaedt offered a solution for
the posture-movement paradox based on the idea of efferent copy (or efference copy),
as described in Chapter 8; this solution is unfortunately intrinsically contradictory and
cannot solve the paradox. The posture-movement paradox remains a litmus test for
motor control hypotheses; it has been reviewed in more detail in Chapter 12.

In the middle of the 1960s, the equilibrium-point hypothesis was introduced
(Feldman, 1966; see Chapter 12). This was and still is the only hypothesis that con-
siders posture and movement as different peripheral consequences of a single neuro-
physiological process. The hypothesis assumes that equilibrium states of the body in
the environment are controlled using neurophysiological signals that define parameters
of muscle reflexes. Changing these parameters readdresses posture-stabilizing mecha-
nisms to different body positions and configurations. This method of control turns
posture-stabilizing mechanisms into movement-producing ones and avoids the
posture-movement paradox: The neural process associated with a voluntary action
does not turn off or fight posture-stabilizing mechanisms but uses them to produce
the movement and stabilize the new posture.

By the end of the twentieth century, two major approaches started to dominate
studies of posture. One of them was inspired by the success of classical mechanics
and control theory. It led to the analysis of vertical posture as the problem of stabilizing
a single-axis or a multiaxis inverted pendulum with the help of feedback loops origi-
nating from sensory receptors of different modalities (Winter et al., 1996; Maurer et al.,
2006). These schemes considered the force and velocity dependence of muscle forces
as a major posture-stabilizing factor helped by adjustable gains in the feedback loops.
The other approach was inspired by the equilibrium-point hypothesis and considered
postural tasks, including those of standing in the field of gravity, as a particular sub-
group of motor tasks controlled by specifying referent body configurations.

14.2 Creating a definition for posture

In different areas of movement science, the word posture is used with different mean-
ings, sometimes explicitly specified and sometimes implied. An explicit definition
of posture is offered in biomechanics: posture is equated with joint configuration
(Zatsiorsky, 1998). According to this definition, posture is a component of body posi-
tion (in addition to body location and orientation). This definition is very much
appealing, in particular with respect to such sport activities as diving, when a particular
posture (joint configuration) can be maintained during the large-amplitude whole-body
motion in space.

In other fields of human movement studies, however, the word posture is
commonly used in a much broader meaning, going beyond joint configuration. It
may include also body orientation (e.g., as in vertical posture), maintenance over a
certain period of time, and resistance to external perturbations (local stability).
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For example, the frequently used expression body posture means orientation of the
trunk (and, sometimes, head) with respect to a specific direction in the external space,
e.g., the direction of gravity. Expressions such as vertical posture and standing posture
are used frequently to describe a component of an action performed by a person in the
field of gravity and typically related to an ability of that person not to fall down. In the
area of movement disorders, patients with Parkinson’s disease and some other neuro-
logical disorders are commonly described as having postural problems (or problems
with postural stability). These terms imply an impaired ability to keep vertical posture
(balance, body equilibrium) during actions such as standing, stepping, turning, etc.
They can also imply, however, an inability to keep a steady position (steady orienta-
tion) in the space of an effector or an object held by the hand. Such problems can lead
to spilling tea from a cup, losing orientation of handheld tools and utensils, etc.
Clearly, these examples suggest a much broader understanding of posture as compared
to the aforementioned biomechanical definition.

In the field of motor control, any action has been frequently viewed as a combina-
tion of postural and movement components. The former refers to keeping a particular
geometric body characteristic (e.g., a joint angle or trunk orientation in space) or even a
characteristic of an external object steady over the time of action, while the latter refers
to time-varying body position changes. For example, the task of hammering a nail into
a board is described as having a postural component (keeping the nail position and
orientation in space constant) and a movement component (moving the hammer).
Typically, humans prefer to use the nondominant arm to perform postural components
of such actions and the dominant arm to perform the movement components (cf. the
dynamic dominance hypothesis, Sainburg, 2002).

Within the aforementioned classical posture-movement paradox (von Holst and
Mittelstaedt, 1950), the word posture implies a spatial (geometric) body characteristic
(e.g., muscle length, joint angle, coordinates of the endpoint of a multijoint limb, etc.)
stabilized by certain physiological mechanisms. This word has been applied to a range
of objects, from a single muscle to the whole-body configuration. The word posture
has been used in a similar meaning within the equilibrium-point hypothesis (Feldman,
1966, 1986): A postural state has been equated with an equilibrium state.

All these examples suggest that there is no single consistent meaning of posture in
the movement science literature. We will start with a very general definition of posture
as a state characterized by a certain position (configuration) of body parts—from a sin-
gle muscle to multimuscle, multijoint systems, and to the whole body—with respect to
a reference frame. Within this broad definition, movement is a time sequence of pos-
tures, while posture is an inherent component of any movement.

Typically, a body state is addressed as posture if it is maintained within a certain
error margin over a certain observation time. Note that small perturbations are
happening all the time due to the spontaneous variability of internal states of the
body, including muscle activations and forces, and variations in external forces. There-
fore, we will supplement the definition in the previous paragraph with the requirement
of local stability. Two concepts discussed earlier in the book (Chapters 11 and 12) are
directly related to this definition. These are the concept of referent body configuration
and the concept of synergy as a neural organization providing for stability of particular
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characteristics of motor actions. Further, in this chapter we will explore relations be-
tween these concepts and issues relevant to postural control.

14.3 Posture as a steady-state process: postural sway

Keeping steady vertical posture in the field of gravity is not a trivial task from the point
of view of mechanics. It can be compared to balancing an inverted pendulum—a natu-
rally unstable system—with a few joints along its axis on a relatively small supporting
surface (on the order of 0.3 � 0.3 m; Figure 14.1). One has to avoid moving the center
of mass (COM) projection outside the support area and, at the same time, prevent in-
dividual joints from collapsing. This is achieved using a variety of posture-stabilizing
mechanisms, from those inherent to the peripheral muscle properties (such as the
length-, and velocity-dependence of muscle force, see Chapters 2 and 3) to those medi-
ated by feedback loops originating from sensory receptors of different modalities
(Chapters 6 and 7).

The importance of vision, vestibular system, and somatosensation for the control of
posture is well established, in particular, based on observations of patients with a va-
riety of sensory and motor disorders. Several disorders lead to disruption of feedback
loops from somatosensory receptors in the lower body. Earlier in the twentieth century,
untreated syphilis could lead to a state called tabes dorsalis, a disruption of

Figure 14.1 (A) The body of a standing person may be viewed in a sagittal plane as a chain of
body segments connected by joints. (B) The body is sometimes modeled as a series of rigid links
connecting the center of mass (COM) to the feet. To keep equilibrium during standing, the COM
projection has to fall within the support area. Such a model neglects that the COM can be
displaced by movements of the body parts that are located above the COM. (C) The single-joint
inverted pendulum model reduces the system to the center of mass moving about a single joint
served by spring-like muscles.
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transmission of sensory signals via the dorsal columns of the spinal cord. Those pa-
tients could only keep vertical posture with their eyes open. Similar observations
have been made in patients with advanced stages of diabetes and large-fiber peripheral
neuropathy (Sanes et al., 1985; van Deursen and Simoneau, 1999; Bonnet et al., 2009).

The importance of vision is exemplified by the fact that, even in a healthy person,
closing the eyes makes prolonged standing challenging, particularly if the person is
standing on a compliant surface (Riemann et al., 2003; Patel et al., 2008). Vertical
posture can also show major deviations from the vertical under controlled motion of
the visual field. On the other hand, people who were born blind can stand and perform
the whole variety of actions while standing without showing major differences from
people who can see (Schieppati et al., 2014). These observations suggest that the
role of vision may be compensated for by signals of other sensory modalities.

The role of the vestibular system in postural control is less obvious. On the one
hand, signals from the vestibular system inform the central nervous system on the
position and motion of the head in space, which may or may not be relevant for the
task of quiet standing. A healthy person can easily perform rather fast head move-
ments without losing balance. On the other hand, vestibular disorders commonly
lead to postural problems and, sometimes, to an inability to maintain vertical posture.
One of the hypotheses is that the vestibular system participates in the creation of a
reference frame within which sensory signals of other modalities, such as vision
and somatosensation, are evaluated with respect to the task of keeping vertical posture
(Mergner, 2007).

When a healthy person stands quietly, the body posture shows spontaneous devia-
tions addressed as postural sway. Typically, postural sway is studied using deviations
of the COM of the body in a horizontal plane or of the coordinate of the application of
the resultant vertical force acting on the body from the supporting surface addressed as
center of pressure (COP). Figure 14.2 shows typical time profiles of the COM and
COP deviations in the anterior-posterior direction for a healthy, young person standing
with eyes open. Both time series show seemingly irregular deviations of relatively
small amplitude, on the order of a few millimeters.

There are two main views on the nature and importance of postural sway. The first
considers postural sway as a consequence of noise within the neuromotor system, a
sign of imperfection in the design of the human body, which requires sophisticated
neural control to keep the sway low and avoid losing balance (e.g., Peterka et al.,
2011). The second views sway as a reflection of a purposeful design of the neurophys-
iological system for postural control (Riccio, 1993; Riley et al., 1997).

There seem to be several problems with the “noise hypothesis” of postural sway.
The first is philosophical. Given our current measly understanding of the central ner-
vous system, it takes some nerve to claim that evolution led to a faulty design of the
system for postural control, and contemporary engineers are able to identify the flaw.
The second is the observation that low sway does not necessarily mean better postural
stability. Arguably, the best-known example is the markedly reduced sway in patients
with advanced Parkinson’s disease, a disorder characterized by dramatic problems
with postural stability. These patients may lose balance in response to even a very
small external force perturbation. The third is the counterintuitive increase in postural
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sway when a healthy person is required to stand on a board with a narrow supporting
surface (Mochizuki et al., 2006). This is observed even when the narrow dimension
of the support is much larger than the typical sway magnitude. These (and some
other) observations suggest that postural sway is a purposeful process, possibly related
to exploration of the stability conditions (Mochizuki et al., 2006; Murnaghan
et al., 2014).

There is no one-to-one correspondence between postural sway and postural stabil-
ity. On the one hand, sway is increased in some populations with postural problems,
from healthy older adults to persons with atypical development, and to patients with
different movement disorders (e.g., Hadders-Algra and Carlberg, 2008; Stylianou
et al., 2011; Sarabon et al., 2013). On the other hand, the mentioned reduced sway
in advanced Parkinson’s disease presents an impressive counterexample. Note that
stability is a property of a system to return to an equilibrium state after a transient
perturbation, while sway is a spontaneous phenomenon, a behavioral characteristic
of the system, observed in the absence of any external perturbation.

Analysis of postural sway uses a large number of metrics quantified in the time
series of the COM or COP displacements. Commonly, sway is analyzed separately
in the anterior-posterior (AP) and mediolateral (ML) directions. Among the most

Figure 14.2 During quiet standing on a horizontal surface, the point of the vertical ground
reaction force application (center of pressure, COP) shows spontaneous migration in the
horizontal plane (thin trace). This process is accompanied by migration of the center of mass
(COM) projection on the horizontal plane.
Modified by permission from Latash (2008).
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commonly used parameters of sway in the AP and ML directions are its amplitude,
average velocity, and frequency characteristics. The overall sway area is also
commonly used with the sway trajectory in a horizontal plane reduced to an ellipse
containing a certain, reasonably defined, percentage of the data points (Oliveira
et al., 1996). There are also more sophisticated methods of sway analysis that use
methods from the field of nonlinear time series analysis and explore such features
of sway as its regularity and predictability (Collins and De Luca, 1993; Riley et al.,
1997; Stergiou, 2004). The large number of outcome characteristics of sway do not
necessarily contribute to better understanding of its mechanisms and changes in these
mechanisms with age, pathology, training, etc. The problem is in associating changes
in sway parameters with possible changes in the involved anatomical structures and
physiological processes.

14.3.1 Inverted pendulum model

Postural sway has been viewed as oscillation of an inverted pendulum about the ankle
joints produced by spontaneous variations in the muscle activation levels (Winter
et al., 1996) leading to time variations of parameters describing the length and velocity
dependence of the muscle forces (Chapter 3; see Figure 14.1(C)). According to this
view, the resulting time changes of the ankle joint apparent stiffness (and apparent
damping) modify the natural frequency of the inverted pendulum and produce the
typical irregular sway patterns.

This very simple model has several problems. First, the notion of joint stiffness is
not well defined (see Chapter 2). Second, experimental estimations of the apparent
ankle joint stiffness have produced conflicting results, typically much lower than those
necessary to stabilize the inverted pendulum representing the body (Morasso and
Sanguineti, 2002; Casadio et al., 2005). Third, it has been shown that the length of
muscle fibers may change in the opposite direction to what could be concluded by
observation of joint motion (Loram et al., 2005). In particular, body sway forward
(stretching the plantarflexors) is, at certain phases, associated with shortening of the
muscle fibers in the triceps surae group. This means that muscle fiber length changes
may be in the opposite direction to the changes in the muscle-tendon length. These
observations question whether reflexes originating from sensory signals in the muscle
spindles (which produce signals reflecting muscle fiber length and its changes, not
changes in the muscle-tendon complex) can help modulate muscle activation to
provide body stability.

The idea of a single-joint inverted pendulum has been supplemented by an assump-
tion of a neurally controlled torque generator at the ankle joint acting in parallel to the
“ankle joint spring,” with torque magnitudes implemented with the help of feedback
loops typical of control theory approaches. Such control schemes are sometimes rather
complex involving several loops acting in parallel driven by sensory signals of
different modalities, with different characteristic time delays and adjustable gains
(Maurer et al., 2006; Goodworth and Peterka, 2012). These models have been used
to analyze changes in the effects of signals of different sensory modalities on posture
in different populations and with modifications of the postural task. Relative changes
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in the gains of particular feedback loops within such a model are commonly addressed
as sensory reweighting (Oie et al., 2002; Maurer et al., 2006; Assl€ander and Peterka,
2014). Note, however, that these changes are computed within an assumed model and
may be reflective of the structure of the model, not only of actual processes within the
human body.

14.3.2 Rambling and trembling

A major assumption within the aforementioned computational approaches is that
posture is stabilized with respect to a fixed coordinate corresponding to the unstable
equilibrium of the inverted pendulum. A number of studies have provided strong
evidence that the body sways not about a fixed point but about a migrating point
(Duarte and Zatsiorsky, 1999). One such approach to postural sway has been devel-
oped as rambling-trembling (Rm-Tr) decomposition of the COP trajectory (Zatsiorsky
and Duarte, 1999, 2000). This method analyzes the time series of the COP trajectory in
the AP and ML directions separately. For each direction, points in time are identified
when the horizontal force acting on the body in the selected direction is zero. By
definition, the body is in an instantaneous equilibrium state in each of those points.
An interpolation of those points is Rm, while the difference between the original
COP trajectory and Rm is defined as Tr (Figure 14.3).

Figure 14.3 Top panel: A typical trajectory of the point of the vertical ground reaction force
application (center of pressure, COP) in the anterior-posterior direction during quiet standing
(thin trace). The points when the resultant force acting on the body in the anterior-posterior
direction is zero were identified on the COP curve and interpolated to produce the rambling
trajectory (Rm, thick trace). Bottom panel: The difference between the COP and Rm trajectories
is trembling (Tr).
Reproduced by permission from Latash (2008).
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The Rm-Tr decomposition assumes that COP trajectory represents a superposition
of two processes, one of which (Rm) reflects migration of the equilibrium set point
while the other (Tr) reflects body oscillations about that moving set point. The migra-
tion of the equilibrium set point does not induce restoring forces (as can be judged
from the horizontal component of the ground reaction force) while the body oscillation
about the moving set point does this (Figure 14.4).

The above oscillations may be functions of many variables including the mechan-
ical body properties (e.g., inertia and activation-dependent muscle apparent stiffness)

Figure 14.4 Relations between the horizontal component of the ground reaction force, FHOR,
and (A) the center of pressure (COP) migration, (B) rambling (Rm), and (C) trembling (Tr).
A representative example is shown. For the COP and Rm, the coefficients of correlation are low
(r < �0.24). In contrast, a large negative correlation (r ¼ �0.89) was observed for the Tr.
The negative correlation signifies existence of the restoring force that acts against the
displacement. The large deviations of the COP and Rm do not give rise to restoring forces while
the small deviations in Tr do. This fact confirms the idea that Rm represents migration of the
equilibrium reference, which does not require correction, while Tr represents the deviations from
the moving equilibrium trajectory that induce corrections.
Reproduced by permission from Zatsiorsky and Duarte (2000), © Human Kinetics.
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and reflex feedback effects. This view is readily compatible with the referent config-
uration hypothesis (Chapter 12): Migration of the equilibrium set point reflects
changes in the referent body configuration, while body mechanics in combination
with reflex loops lead to deviations of the actually observed COP trajectory from
the equilibrium trajectory.

Several studies have shown contrasting changes in characteristics of rambling and
trembling with age, manipulations of visual information, and other manipulations of
the task of quiet standing (Danna-Dos-Santos et al., 2008b; Sarabon et al., 2013). Re-
lations of Rm and Tr to physiological processes remain speculative, however.

14.4 Posture and movement: two outcomes of control
with referent configurations

Human muscles are length (and velocity) dependent force generators. These properties
are inherent to both peripheral tissues (muscles and tendons, Chapters 2 and 3) and the
action of reflex loops (Chapter 6). As a result, equilibrium in one spatial reference
frame may be violated in another spatial reference frame. Indeed, if muscle force bal-
ances the external force, and the system is in equilibrium, a shift in the referent value of
muscle length is expected to lead to a change in the muscle force (since it depends on
the difference between actual muscle length and its referent length), violation of the
equilibrium conditions, and movement of the system. In other words, a shift of the
reference frame can by itself produce movement of an object that was in equilibrium
in another reference frame. This basic fact allows considering posture (equilibrium)
and movement as two peripheral consequences of control with spatial referent
coordinates.

As far as we know, only one theory in the field of motor control handles this basic
property of the neuromuscular system in a noncontradictory way that is compatible
with the laws of physics and the known physiology. This is the equilibrium-point hy-
pothesis (Feldman, 1966, 1986) that has recently been developed in the form of the
referent configuration hypothesis (Feldman and Levin, 1995; Chapter 12). Within
this hypothesis, neurophysiological signals produce shifts in the referent body config-
uration. These shifts produce changes in the equilibrium states of the body and/or
its segments given the external force field. As a result, earlier equilibrium states are
discarded and new ones are established leading to movements from the former to
the latter.

Consider, for simplicity, the problem of keeping posture in a joint with one degree
of freedom controlled by two muscles. Figure 14.5 illustrates dependences of the
active muscle force on muscle length transferred into the torque-angle units for two
muscles, agonist and antagonist, crossing the joint. Note that one of the muscles,
the antagonist, generates negative torque values. Referent configuration for this system
may be viewed as a combination of two variables, one per muscle, corresponding to
the thresholds (l) of the tonic stretch reflex (Liddell and Sherrington, 1924; Feldman,
1986). Another, equivalent, pair of variables can be used corresponding to the
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midpoint between the two ls and to the distance between their values (the reciprocal
command and the co-activation command, {r, c} (Feldman, 1980). This system will be
in a state of stable equilibrium against an external torque (TEXT), if the algebraic sum of
the active torques produced by the two muscles (TNET) is equal in magnitude and
opposite in sign to TEXT. A change in TEXT is expected to move the system to a
new equilibrium position where its net muscle torque balances the new value of
TEXT (Figure 14.5); the system is expected to move back to the initial state as soon
as TEXT returns to its preperturbation value assuming that the subject is not reacting
to this perturbation (in other words, that the {r, c} values remain unchanged). We
will refer to all the involuntary mechanisms that contribute to stability of the equilib-
rium state as posture-stabilizing ones.

Performing a movement within this framework is associated with changing one of
the variables {r, c} or both. Figure 14.6 illustrates consequences of changing r. Note
that a change in r leads to the emergence of a new equilibrium state (B), and the old
state (A) becomes a deviation from the new one. The same posture-stabilizing mech-
anisms that returned the system back to state A in the earlier example (Figure 14.6)
now move the system to its new equilibrium at point B. These examples show that
posture and movement may be viewed as consequences of the same neural control
process—specification of RC, such as values of {r, c} for a joint or respective values
for multijoint systems (for more detail, see Chapter 12). Studies over the past
50 years have shown that this description is applicable to a variety of motor tasks,
including whole-body tasks such as standing and walking (reviewed in Latash,
1993; Feldman, 2009).

Figure 14.5 Muscle forceelength characteristics for two muscle crossing a joint, agonist
(positive torque values) and antagonist. Referent configuration for this system is a combination
of two variables, lag and lant, corresponding to the thresholds of the tonic stretch reflex.
An equivalent pair may be used, {r; c}—the reciprocal and coactivation commands. Given
external torque (TEXT), the system will be in equilibrium in point A where the net torque
TNET ¼ eTEXT. A change in TEXT (DTEXT) leads to a shift in the equilibrium to point B.
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14.5 Postural synergies

As described in Chapter 11, the word synergy has at least three different meanings in
motor control. One of them is directly related to stability of salient performance vari-
ables during motor actions. This makes this meaning most relevant to the problem of
postural stability. Therefore, in this chapter, we are going to use the word synergy to
imply a neural organization of a redundant set of elemental variables with the purpose
of stabilizing a particular characteristic of an action.

The framework of the uncontrolled manifold (UCM) hypothesis (Scholz and
Sch€oner, 1999; Chapter 11) has been used to identify and quantify synergies in a va-
riety of tasks including those performed by standing persons (Krishnamoorthy et al.,
2003b) or persons involved in another postural task (Krishnamoorthy et al., 2007).
Within this framework, analysis is performed in a multidimensional space of
elemental variables chosen based on the selected level of analysis. For example,
elemental variables may represent activation levels of muscle groups (M-modes,
Krishnamoorthy et al., 2003a), joint rotations, or other kinematic or kinetics vari-
ables. Variance across repetitive trials in the space of elemental variables is used
as a reflection of stability of the action in different directions within that space.
Assuming natural variability in the initial conditions, directions of low stability
are expected to show large intertrial variance magnitudes while directions of high
stability are expected to show low intertrial variance. Within the UCM-based
method, variance is estimated in two subspaces. One of them (the UCM) corresponds
to no changes in a potentially important performance variable, while the other,
orthogonal to the UCM, subspace (ORT) corresponds to changes in that variable.

Figure 14.6 Voluntary movement in a two-muscle, single-joint system is associated with a
change in r-command and/or in c-command (see Figure 18.5). A shift in r leads to disappearance
of the old equilibrium state (point A) and emergence of a new equilibrium state (point B). Both
stabilization of a postural state and transition to a new state are due to the same posture-
stabilizing mechanisms. The solid lines show the torque-angle characteristics of the joint.
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If variance within the UCM (VUCM) is larger than variance orthogonal to the UCM
(VORT), both quantified per degree of freedom, a conclusion can be drawn that a
multielement synergy stabilizes the variable with respect to which the analysis
was performed.

Postural tasks, as all natural motor tasks, are based on redundant sets of elements.
For example, if one considers the kinematics of keeping the projection of the COM of
the body within the support area, there are several joints that link the COM with the
support area. As a result, an infinite number of joint configurations can lead to the
same COM horizontal coordinates. Figure 14.7 illustrates three joint configurations
in a sagittal plane that all correspond to the same horizontal coordinate of COM.
The same is true if muscle forces or activation levels are used as elemental variables.
A number of studies have documented multijoint kinematic synergies stabilizing COM
coordinates and trunk orientation with respect to the vertical (Freitas et al., 2006), and
multi-M-mode synergies stabilizing forces and moments of force acting on the body
from the supporting surface as well as COP coordinates (Krishnamoorthy et al.,
2003b; Klous et al., 2010).

As discussed in more detail in Chapter 11, the notion of elemental variables is
nontrivial. In particular, these variables may be viewed as reflections of basic,
elemental, shifts of body referent configurations. This view is linked to the notion
of primitives that has been developed in the field of motor control. This notion as-
sumes that the motor repertoire is based on a limited set of elementary actions
(primitives) that can be scaled and combined to match specific tasks. Primitives
have been associated with force fields, combinations of muscle activation patterns,
and combinations of kinematic trajectories (Tresch et al., 1999; Hart and Giszter,
2010; Hogan and Sternad, 2012). Let us emphasize one more time (see Chapter 12)
that neural signals within the central nervous system (CNS) cannot encode periph-
eral mechanical variables because the latter are functions of the external force field,

Figure 14.7 Three joint configurations in a sagittal plane corresponding to the same horizontal
coordinate of the center of mass (COM). Note that this schematic does not show effects of the
body segments above COM on the COM coordinate. These configurations belong to the
uncontrolled manifold in the three-dimensional joint space, {J1; J2; J3}, corresponding to no
COM shifts. This manifold is shown schematically as a curve in the right drawing.
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which typically changes in an unpredictable fashion. Hence, primitives can be
viewed as small sets of elementary changes in body RCs used to produce desired
actions. This definition makes primitives a specific example of modes as defined
in analysis of movement synergies (see Chapter 11). Note that this set may still
be redundant, and synergies in the space of elemental RC shifts may be organized
reflected in synergic relations among kinetic, kinematic, and/or muscle activation
variables.

A specific example of possible elemental RCs has been described based on the idea
of decomposing the equation of motion in the three main leg joints (ankle, knee, and
hip) into independent equations along new coordinates referred to as eigenmovements
(Alexandrov et al., 2001). Each eigenmovement produces motion involving a linear
combination of rotations in all three joints. In the equations of motion written for
eigenmovements, motion along each eigenmovement depends only on torques
directed along the same eigenmovement. The resulting whole-body elementary mo-
tions (kinematic primitives) correspond roughly to the ankle strategy, hip strategy
(Horak and Nashner, 1986), and a third motion involving flexion (or extension) in
all three joints. Note that the ankle strategy is not limited to ankle movement while
the hip strategy in not limited to hip movement; the names refer to joints showing
the largest excursion.

Recent studies of activation patters in multimuscle systems can be interpreted as
resulting from superposition of several basic elemental RC shifts. A number of those
studies used various matrix factorization techniques to demonstrate that changes in the
activation patterns within a large set of muscles during whole-body tasks (including
postural and locomotor tasks) can be described using a smaller number of factors, syn-
ergies, or modes (Krihsnamoorthy et al., 2003b; Ivanenko et al., 2004; Ting and
Macpherson, 2005). We will use the wordM-mode to avoid confusion with the earlier
introduced notion of synergy. Each M-mode may reflect a primitive at the level of con-
trol, i.e., an elemental shift in the body RC (including RC changes leading to muscle
co-contraction). Since the number of modes may still be larger than the number of task
constraints, synergies in the mode space may be created to stabilize important perfor-
mance variables produced by all the muscles together.

The composition of M-modes shows consistency across a variety of tasks
(Ivanenko et al., 2005; Torres-Oviedo and Ting, 2010). In certain conditions,
M-mode composition can change, however. In particular, during postural tasks per-
formed while standing, M-modes commonly show reciprocal patterns. This means
that a mode is likely to involve muscles on the frontal or dorsal surface of the body
but not agonist-antagonist muscle pairs acting at a joint. In challenging conditions
and in older persons, so-called co-contraction M-modes become more and more com-
mon; these involve parallel changes in the activation levels of opposing (agonist and
antagonist) muscles (Danna-Dos-Santos et al., 2008a). Such patterns of unusual
M-modes observed in challenging tasks have been linked directly to different sets
of elemental body RC shifts (Robert et al., 2008).

RCs are not easy to record in an experiment. Even for a simple single-joint action,
reconstruction of RC time profiles requires assuming a mechanical model of the
moving effector and performing multiple trials under changing external conditions

Posture 319



(Latash and Gottlieb, 1991). To the best of our knowledge, only two studies so far
reconstructed RCs for an action with an explicit postural component (Latash et al.,
1999; Domen et al., 1999). In the former experiment, the subjects performed a quick
action in one of the joints of the elbow-wrist system without a special instruction about
the behavior of the other joint (Figure 14.8(A)). In such conditions, humans naturally
keep the noninstructed joint nearly motionless. This is not a trivial observation. Indeed,
the mechanical joint coupling leads to the generation of time-varying interaction joint
torque changes in the apparently postural joint during motion of the instructed joint
(see Section 1.3.3 in Chapter 1).

Several studies reported triphasic muscle activation patterns in the agonisteantagonist
pair acting at the postural joint resembling the muscle activation patterns at the instructed
joint (Koshland et al., 1991; Latash et al., 1995; Figure 14.8(B)). The purpose of the
muscle action at the postural joint is not to move that joint but to avoid its motion
expected from the action of motion-dependent torques. RCs were reconstructed in this
simple two-joint system (Figure 14.9). They showed similar time patterns at both
instructed and noninstructed (postural) joints. These observations suggest that there
was indeed a synergy between the {r; c} pair changes at the two joints stabilizing the
equilibrium of the postural joint at its initial position, which required keeping the net tor-
que at that joint at a value close to zero at all times.

Figure 14.8 (A) A two-joint wrist-elbow system. Motion in one joint of this system generates
torques in the other joint due to the mechanical joint coupling. (B) A quick action in one joint is
characterized by a triphasic pattern of muscle activation seen in muscles crossing both the focal
joint (wrist, bottom traces) and the apparently postural joint (elbow, top traces). Note the similar
triphasic patterns in both joints. The triceps and wrist extensor signals are inverted for better
visualization.
Modified by permission from Latash et al. (1995), © Elsevier.
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14.6 Postural preparation to action

Animals commonly behave in a predictive fashion. The fox does not run toward the
spot where the rabbit is but rather to a spot where the fox plans to intercept the rabbit.
Such predictive control is common in a variety of motor tasks performed by humans,
including postural tasks. Any action by a person involved in a postural task is the
source of a potential perturbation for the postural task. This is due, in particular, to
the mechanical coupling of body segments. Besides, an action by a standing person
commonly leads to a shift in the location of the COM, for example, when the person
accepts or releases a heavy load, or moves one of the effectors. This could also require
a corrective action to avoid losing equilibrium.
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Figure 14.9 Equilibrium trajectories for the two-joint system illustrated in Figure 18.7 asso-
ciated with motion of the elbow joint (top) and of the wrist joint (bottom). Note the similarly
timed equilibrium trajectories (Wrist-ET, equilibrium trajectory for the wrist joint; Elbow-ET,
equilibrium trajectory for the wrist joint) in both focal and postural joints.
Reproduced by permission from Latash et al. (1999), © Elsevier.

Posture 321



The first line of defense of the relatively fragile postural equilibrium involves pre-
dictive changes at the level of neural control in anticipation of a predictable pertur-
bation. When the timing of a perturbation is predictable (for example, when the
perturbation is triggered by an action performed by the same person), there are
feed-forward adjustments in action of elements (muscles, joints, digits, etc.) involved
in the postural task observed before the perturbation actually happens. One of the
components of anticipatory postural control—anticipatory postural adjustments
(APAs)—has been known for about 50 years (Belenkiy et al., 1967) while the other
one—anticipatory synergy adjustments (ASAs)—has been described only recently
(Olafsdottir et al., 2005; Klous et al., 2011; Krishnan et al., 2011).

14.6.1 Anticipatory postural adjustments

Anticipatory postural adjustments were originally described as changes in the activa-
tion of postural muscles in preparation to a self-generated action that produced a
postural perturbation (reviewed in Massion, 1992). These changes are seen about
100 � 50 ms prior to the perturbation if the perturbation time is perfectly predictable
(e.g., if it is triggered by the action of the standing person). Many later studies explored
APAs under such actions as quick arm movements and load manipulations. From the
very first studies, the primary function of APAs has been assumed to produce forces
and moments of force that would counteract the expected perturbations. This hypoth-
esis received support in both experimental and modeling studies (Cordo and Nashner,
1982; Ramos and Stark, 1990). There were, however, exceptions to this general rule.
For example, when the expected perturbation moved the body from a precarious
posture to a more stable posture, the APAs could reverse and act in the direction of
the perturbation (Forssberg and Hirschfeld, 1988; Krishnamoorthy and Latash, 2005).

APAs have been shown to scale with factors other than the site, magnitude, and di-
rection of the postural perturbation. In particular, they scale with the magnitude of the
action that triggered a standard perturbation, with changes in postural stability, and
with time pressure (when the person had little time to prepare for a perturbation).
APAs are shifted toward the action initiation time when a person is required to perform
a quick action as quickly as possible after a signal (Lee et al., 1987); they are also
reduced when the same action is performed in unstable conditions as well as in very
stable conditions (Nardonne and Schieppati, 1988; Nouillot et al., 1992; Aruin
et al., 1998). These observations show that APAs are a luxury, and that similar actions
can be produced with dramatically attenuated APAs or even without APAs. This
conclusion is supported by the very small changes in mechanical variables associated
with APAs; for example, COP shifts by about 1 mm during a typical APA seen prior to
a very quick bilateral shoulder movement, which is smaller than its spontaneous
changes during postural sway (see Section 14.4).

As any other action, APA may be viewed as produced by a shift in the referent body
configuration. Such a shift may be based on a set of basic (elemental) changes in RC
and associated with multimuscle (multi-M-mode) synergies stabilizing the time pro-
files of important performance variables, such as COP shifts and changes in the shear
forces acting on the body (Krishnamoorthy et al., 2003a). Typical patterns of changes
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in muscle activations during APAs include reciprocal patterns, i.e., an increase in the
activation level of a muscle is accompanied by a drop in the activation level of its
antagonist (Aruin and Latash, 1995). Such patterns are compatible with changes in
the r-command to a postural joint (Chapter 12). However, adjustments in those basic
patterns to changes in conditions of postural stability are more consistent with adjust-
ments in the other, c-command (Slijper and Latash, 2000). APAs in challenging con-
ditions and in populations with impaired postural stability commonly show
co-contraction patterns in agonist-antagonist muscle groups acting at postural joints
(e.g., Woollacott et al., 1988).

Sometimes, APAs become the source of postural perturbations. This may happen if
COP shifts produced by anAPAmove beyond the reduced support area or produce shear
forces that are too large for the friction coefficient, for example, when standing on a slip-
pery surface. Another example is APAs that are preparing the posture for a perturbation
that does not come. A typical example is the so-called “broken escalator” phenomenon
(Bronstein et al., 2009). A typical person with experience of entering a moving escalator
can do this task without visible changes in the vertical body posture. Note that stepping
on the moving escalator produces a major postural perturbation, which may lead to
balance problems (seen in persons who enter the moving escalator for the first time).
The lack of such balance problems is due to appropriate APAs. If the escalator is broken,
however, an experienced person is suddenly at a disadvantage—it is hard to step on a
broken escalator without major postural problems induced by the APAs.

By their nature, APAs are based on predictions of upcoming perturbations. As a
result, they are always suboptimal and compensate only for a fraction of the actual
perturbation (or overcompensate it). The residual perturbation is handled by reactive
posture-stabilizing mechanisms described in Section 14.7.

14.6.2 Early postural adjustments

There are postural adjustments prior to an action that have also sometimes been
addressed as APAs. For example, when a person prepares to make a step from a stand-
ing posture, changes in the muscle activation patterns (and in mechanical variables)
can be seen 500e1000 ms prior to the toe-off of the leading foot (Brenier and Do,
1986; Crenna and Frigo, 1991). These adjustments lead to a nonmonotonic shift of
the COP toward the stepping foot followed by its shift toward the supporting foot
with a simultaneous COP shift backward. The described COP shift is necessary to
initiate stepping—it allows unloading the stepping leg and generating a moment of
the ground reaction force, rotating the body forward. Postural adjustments with a
similar timing are seen prior to a voluntary body sway (Klous et al., 2012). To avoid
confusion, it is better to address these postural adjustments using a different term, for
example, early postural adjustments (EPAs; Krishnan et al., 2011; Klous et al., 2012).

APAs and EPAs differ in several important aspects. The most striking one is their
timing—EPAs start much earlier than APAs. The second is the function—APAs coun-
teract an expected perturbation, while EPAs adjust posture to make the planned action
possible in the absence of any identifiable perturbation. As mentioned earlier, APAs
may be viewed as a luxury; in most situations, balance can be kept in the absence
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of APAs (or when APAs are significantly delayed and/or reduced in magnitude). EPAs
are mechanically necessary to make the planned action possible. As a result, EPAs
show relatively minor timing changes under the reaction time conditions (Klous
et al., 2012), in contrast to the mentioned major changes in APAs.

Figure 14.10 illustrates muscle activation patterns seen in a person standing in a
semi-squatted posture and watching a passive object approaching the person and
hitting him at the shoulders (Krishnan et al., 2011). In these conditions, both APAs
and EPAs can be observed as a sequence of events. In Figure 14.10, EPAs are seen
as an early drop in the background activation levels of the dorsal muscles starting about
500 ms prior to the impact (top panels), while APAs are seen in both dorsal (an abrupt
drop in the activation level) and ventral muscles (a burst of activation, bottom panels)
seen about 100 ms prior to the impact.

14.6.3 Anticipatory synergy adjustments

Anticipatory synergy adjustments are defined as changes in the index of synergy sta-
bilizing a performance variable in preparation to a quick change of that variable
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Figure 14.10 Muscle activation patterns in a person standing in a semi-squatted posture and
watching a passive object approaching the person and hitting him at the shoulders. EPAs are
seen as an early drop in the background activation levels of the dorsal muscles (SOL, soleus; GL,
lateral gastrocnemius) starting about 500 ms prior to the impact (top panels), while APAs are
seen in both dorsal (an abrupt drop in the activation level) and ventral muscles (a burst of
activation, bottom panels, TA, tibialis anterior; RF, rectus femoris) seen about 100 ms prior to
the impact.
Modified by permission from Krishnan et al. (2011), © Springer.
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(Olafsdottir et al., 2005). Their purpose is related to the fact that high stability of a var-
iable naturally resists its quick change. For example, if a person plans to shift the COP
quickly, having a strong synergy stabilizing the current COP coordinate becomes
counterproductive. ASAs start before APAs, 200e300 ms prior to the planned change
in the performance variable; they have been demonstrated in postural tasks prior to
both APAs and EPAs (Klous et al., 2011; Krishnan et al., 2011). Figure 14.11 illus-
trates typical APAs (seen as changes in muscle activations), and ASAs observed prior
to the ASAs. In that experiment, the subjects stood leaning backward and then per-
formed a quick bilateral arm movement forward; the initiation of this action is shown
as time zero. The left panel shows typical APAs in biceps femoris under self-paced
(solid lines) and reaction-time (dashed lines) movements. The right panel shows
changes in the synergy index stabilizing the center of pressure coordinate in the
anterior-posterior direction (DV); the three lines show the changes in DV computed
with three different methods. Note that the drop in DV (ASA) starts about 200 ms prior
to time zero, while the APA starts much later, about 100 ms prior to time zero.

There are several similarities between characteristics of ASAs and APAs. Both
APAs and ASAs are delayed when a person has to perform an action as quickly as
possible to a signal with unpredictable timing, as in typical simple reaction time exper-
iments (Lee et al., 1987; Olafsdottir et al., 2005). Observations of such actions show
that APAs and ASAs are both not absolutely necessary to initiate an action; they repre-
sent elements of luxury, possibly optimizing aspects of actions such as their smooth-
ness and possibly energy expenditure.

Both APAs and ASAs are delayed and reduced in magnitude in a variety of subpop-
ulations characterized by impaired postural stability. In particular, smaller and delayed
APAs and ASAs have been reported in the healthy elderly (Woollacott et al., 1988;
Olafsdottir et al., 2007) and in patients with neurological disorders such as Parkinson’s

Figure 14.11 The left panel shows typical APAs in biceps femoris (BF) under self-paced (solid
lines) and reaction time (dashed lines) movements. The standing subject performed a quick
bilateral arm movement forward. The right panel shows changes in the synergy index stabilizing
the center of pressure coordinate in the anterior-posterior direction (DV) computed with three
different methods. Note the early drop in DV (ASA) followed by the APA.
Modified by permission from Klous et al. (2011), © American Physiological Society.
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disease and olivo-ponto-cerebellar atrophy (Park et al., 2012, 2013). These changes
may contribute to postural impairment during everyday actions characterized by
frequent self-triggered postural perturbations, such as those during quick arm move-
ments, picking up loads, releasing loads, etc.

On the other hand, there is an important qualitative difference between APAs and
ASAs. ASAs facilitate a quick change in a performance variable independently of the
direction of its change. As a result, ASAs are a universal mechanism of preparing for a
quick action, even in conditions when the direction of the action is unknown in
advance (Zhou et al., 2013). This may be seen in some sports as an increased body
sway (destabilization of the vertical posture) in preparation to a quick action, e.g., get-
ting ready for a fast tennis serve or for a penalty kick in football (soccer). In contrast,
APAs make sense only if they generate forces and moments in a direction counteract-
ing an expected perturbation. An APA in a wrong direction may exacerbate destabiliz-
ing effects of a perturbation on posture.

The existence of both ASAs and APAs fits well the recent scheme of the control of
redundant systems (reviewed in Latash, 2010). Within that scheme, neural control of a
multielement action may be associated with setting two groups of variables
(Figure 14.12). One group (NV1) is related to characteristics of the planned action.
Variables within this group define a common input into the redundant set of elements.
The other group (NV2) defines stability properties of that action. These variables
define gains in back-coupling projections in a hypothetical network that produces syn-
ergic adjustments in the elemental variables (for example, magnitudes of muscle
modes). With respect to postural control, preparation to action (PTA) may involve
two components: anticipatory changes in NV1 lead to APAs with nonzero changes
in the produced forces and moments of force while changes in NV2 lead to ASAs
without direct effects on the magnitude of mechanical variables.

Figure 14.12 Two components in the preparation to action (PTA). In this hypothetical scheme,
two kinds of neural variables, NV1 and NV2, result in average (across trials) patterns of
performance variables and in their intertrial covariation, respectively. Preparation to action
(PTA) involves changes in both NVs. A change in NV1 leads to changes in muscle activations
and net mechanical effects resulting in APAs and EPAs. Changes in NV2 result in indices of
covariation (synergy indices) without affecting average net performance.
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14.7 Posture-stabilizing mechanisms

Anticipatory mechanisms of postural stabilization described in the previous section
are almost always suboptimal because they are based on predictions of expected
perturbations. These predictions are almost never 100% correct because of the vari-
ability in the state of the neural and muscle elements of the body and in external
forces. As a result, a residual perturbation always takes place, and its effects on
posture have to be compensated by reactive actions. There is a sequence of such ac-
tions that differ in their characteristic time delays and efficacy. Typically, the short-
delay responses are relatively crude, while the longer-latency responses are more
task specific and context specific. It is possible to state that the shorter-latency re-
sponses produce approximate corrections of the effects of perturbations, which
gives the central nervous system time to generate more accurate and appropriate
longer-latency corrections. Ultimately, voluntary corrections at relatively long
time delays, on the order of 150e200 ms, have to deal with residual effects of
the perturbation.

14.7.1 Zero-delay mechanisms of postural stability: the
preflexes

It is well known that muscle forces are length and velocity dependent (Chapters 2
and 3). These dependences produce changes in muscle force that act against the
imposed position changes at zero time delay. As a result, these properties of muscle
force are posture-stabilizing factors. The coefficients in the length and velocity depen-
dences are functions of the muscle activation level—higher activation levels lead to
higher slopes of these dependences (larger “apparent stiffness” and damping, see
Chapters 2 and 3). This property gives the CNS the ability to modulate resistance of
muscles to mechanical perturbations by changing their activation levels. For example,
this can be done by keeping the same posture and changing the level of co-contraction
in the agonisteantagonist groups crossing individual joints. This method of feedfor-
ward modulation of muscle reactions to perturbations has been addressed as “pre-
flexes” (Loeb, 1999).

Preflexes have the advantage of always acting against external perturbations at
zero time delay, thus avoiding potential problems with instability when loops with
substantial time delays are involved in reactions to perturbations. Another advantage
of preflexes is that they stabilize posture against any perturbation independently of
its direction. For example, if a person prepares for a perturbation in a certain direc-
tion, but the actual perturbation acts in the opposite direction, APAs would exacer-
bate the effects of the perturbation, while preflexes would reduce its effects on
posture.

On the other hand, changing preflexes involves increased opposing muscle contrac-
tions and, therefore, is associated with higher energy expenditure and, potentially, with
higher fatigue. As a result, modulation of the co-contraction levels in postural muscles
is seen in young healthy subjects only in challenging conditions; such subjects more
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commonly show the mentioned reciprocal changes in the muscle activation patterns
in preparation to a perturbation. Co-contraction patterns are more commonly seen in
populations with impaired postural control such as the healthy elderly, persons with
Down syndrome, and patients with various neurological and peripheral disorders
(Woollacott et al., 1988; Aruin and Almeida, 1996).

14.7.2 Reflexes and preprogrammed reactions

The next line of defense of posture from effects of perturbations is associated with
transmission of sensory signals to the CNS and the generation of responses at various
time delays. Some of these responses come at a relatively short time delay (under
50 ms) and show relatively stereotypical patterns; they are commonly addressed as
reflexes (for a discussion on the dichotomy “reflexes vs voluntary actions” see
Prochazka et al., 2000; also see Chapter 6). Other responses come at delays between
50 and 100 ms; these have been addressed using different names including long-loop
reflexes, M2-3, triggered reactions, and preprogrammed reactions (Chapter 7).
Reflexes typically produce increased muscle contractions in stretched muscles and,
as a result, oppose external perturbations experienced by muscles. This makes reflex
action relatively local. In contrast, preprogrammed reactions can be seen in muscles
whose length is not affected, or even shortened, by the perturbation. They can also be
seen in remote muscles as long as these muscles contribute to stabilization of an
important posture-related variable, for example, they can be seen in arm muscles
of a person standing in a bus and holding on to a railing when the bus starts to
move unexpectedly. Preprogrammed reactions are suboptimal due to their nature:
They are prepared by the central nervous system prior to a perturbation. As a result,
there are typically residual effects of a perturbation on posture that have to be
compensated by voluntary corrections.

Preprogrammed reactions are instruction and context dependent. For example, if a
person stands in a bus, and the bus suddenly begins to move, preprogrammed reactions
will be seen in postural muscles of the legs and trunk. If the same person holds onto a
railing, preprogrammed reactions will be seen in arm muscles at a comparable time
delay. Note that in the last example, the length of the arm muscles may be increased,
decreased, or left unaffected by the perturbation.

The two components of preprogrammed reactions, M2 and M3, come at delays of
about 50e60 and 70e90 ms, respectively. They are likely to be of different neuro-
physiological origins, reflected, in particular, by their contrasting changes under fa-
tigue (Balestra et al., 1992). M2 is likely subcortical, while M3 has been assumed to
involve transcortical loops (Dietz et al., 1984).

Within the scheme of control with referent body configurations, preprogrammed re-
actions are similar in nature to voluntary postural corrections. They both may be
viewed as corrective actions resulting from RC shifts for appropriate effectors or for
the whole body. The difference is that preprogrammed reactions are prepared in
advance, in anticipation of a likely perturbation, and triggered by a salient sensory
stimulus, while voluntary actions have to be generated in response to actual perturba-
tions without the benefit of preprogramming.
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14.8 The bottom line

Posture can be characterized by two key words, configuration and stability. The ideas
of control with referent body configurations and synergic control are perfectly suited to
address these two key issues. The RC-hypothesis remains the only hypothesis in the
field of motor control that solves the posture-movement paradox in a way compatible
with physics and physiology of the human body. The ideas of synergic control and the
computational approach to analysis of tasks performed by redundant systems devel-
oped within the uncontrolled manifold hypothesis offer a way to quantify stability
of postural states with respect to task-specific variables.

Studies of postural control have been focused on three issues: (1) How do
people stand without falling down? (2) How do people prepare to actions or predict-
able perturbations? and (3) How do people deal with actual perturbations to postural
tasks? Within the first issue, studies of postural sway have been recently supple-
mented with the rambling-trembling decomposition of the sway that allows to
link aspects of sway to shifts of the equilibrium state of the body and to oscillations
about that state. Recent studies of the second issue have focused on anticipatory ad-
justments of posture to expected perturbations (APAs and EPAs) and also on antic-
ipatory adjustments of synergies (ASAs) stabilizing posture-related variables in
preparation to an action or reaction by effectors involved in a steady-state, postural
task. A number of mechanisms relevant to the third issue have been studied
involving zero-delay preflexes, reflex, and preprogrammed responses to perturba-
tions, and voluntary postural corrections. While there has been substantial progress
in conceptual understanding on postural control and its relations to the control of
movements, large gaps remain in the knowledge of physiological mechanisms
involved in postural tasks.
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