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Preface to the second edition

The reasons for writing a second edition of this book are
rooted in the first one. First, disorders of balance and gait
are on the increase, as might be expected with our longer
lifespan. Second, the first edition was so well received by
colleagues and reviewers that we felt it our duty to keep
this multidisciplinary effort alive. Problems with bal-
ance, gait and posture are produced by such a diversity of
disorders, in so many disparate systems, that a book
attempting to bring various disciplines together is a
rewarding and necessary task.

The seven-year gap between the first and second edi-
tions means that the book has been almost completely
rewritten. John Nutt, who has specific expertise in move-
ment disorders and related problems of gait, has joined
the editorial team. New chapters dealing with critical
issues such as classification of balance and gait disorders,
objective assessment of posture and gait, cerebrovascular
disease and hydrocephalus have been incorporated. The
important topic of syncope related falls is now covered in
two chapters, including one specifically devoted to this

problem in the elderly. Fifteen new authors have brought
new expertise and complementary view points to the dif-
ferent chapters. Examples are the chapters on psychiatric
aspects of imbalance, where neurologists and psychia-
trists present complementary views, and the chapter on
drop attacks, syncope-related falls and their mimics,
where neurologists and autonomic nervous system
specialists address these problems together.

As before, we did not intend to produce a mammoth
book exhausting the field (and the reader). Our inten-
tion was to bring together basic scientists and various
clinical specialists in order to present the range of prob-
lems and to help busy clinicians to manage their
patients. We hope we have succeeded.

Adolfo M. Bronstein
Thomas Brandt
Marjorie H. Woollacott
John G. Nutt
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Preface to the first edition

A crucial issue facing clinicians is the management of the
patient who has critically impaired walking abilities.
Patients face the reality of being unable to look after
themselves and the resultant pressure is transmitted to
relatives and social services. The magnitude of this prob-
lem has already begun to increase as the mean age of the
population in industrialized societies has risen.
Unfortunately, the mechanisms underlying the produc-
tion of human locomotion are complex and the nature
of the disorders affecting locomotion are varied. Thus a
simple solution to the problem of managing gait dis-
orders is not available to us.

The diagnosis and management of the patient with
abnormal balance, posture and gait presents the clinician
with a formidable challenge. In no other set of disorders
is it more genuine to think that what is wrong with the
patient can be due to impairments ranging from the top
of the head to the tip of the toes!For example, disorders
may include various components of the motor system,
the vestibular system, and the musculoskeletal appara-
tus, giving rise to gait disorders or a sensation of
unsteadiness. In addition, psychological dysfunction can
result from, or present to the clinician, as a balance and
gait problem. In older adults the involvement of multiple
systems in balance and gait disorders is most typical.

This book has been conceived with this multidiscipli-
nary concept in mind. Although biased towards a clini-
cal audience, we have attempted to provide a strong

physiological basis for a better understanding of mecha-
nisms underlying balance and gait disorders. We have
divided the text into four sections dealing with normal
and developmental aspects, assessment, disorders and
rehabilitation of balance and gait plus a separate section
devoted to the problems of the elderly. The contributors
comprise neurologists, orthopedic surgeons, neuro-otol-
ogists, geriatricians, psychologists, physiotherapists and
physiologists who have been encouraged to tread across
frontiers as is appropriate for such an interdisciplinary
task. It is therefore unavoidable that some overlap may
occur, but we believe that the reader will be enriched by
witnessing the way similar topics are dealt with from a
variety of viewpoints.

The aim of this book is not to exhaust any specific dis-
ease resulting in impairment of gait, balance or posture.
Such diseases will remain in the domain of the appropri-
ate specialist but general guidelines and references are
provided for those interested. It is not our intention to
create a new balance and gait specialist. Rather, we hope
to emphasize that whoever is dealing with patients with
balance and gait disorders can benefit from broadening
the horizon of his or her own speciality.

Adolfo M. Bronstein
Thomas Brandt
Marjorie H. Woollacott
1996
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Posture and equilibrium

JEAN MASSION AND MARJORIE H. WOOLLACOTT

Introduction

Postural control during quiet stance

Genetic model of posture control

Hierarchical model of postural organization
Multisensory convergence and balance control

N AW

INTRODUCTION

There are two different types of motor ability critical for
motor coordination: the first involves voluntary motor
control and includes activities such as eye—hand coordi-
nation function, and the second involves postural or
equilibrium control. The latter is really the foundation
for all voluntary motor skills, with almost every move-
ment that an individual makes being made up of both
(1) postural components, which stabilize the body, and
(2) the prime mover components which relate to a par-
ticular movement goal.

Although clinicians understand the importance of
postural control for activities such as standing, walking
and manipulation skills, there is no universal definition
of postural control, or a clear consensus on the mecha-
nisms that underlie postural and balance functions. In
this chapter we will first offer a broad definition of pos-
tural control and then discuss research on the contribu-
tions of different body systems to the control of balance
or posture.

In order to understand postural control as a behavior,
we first need to understand its task. Initially, this involves
the maintenance of the alignment of body posture and
the adoption of an appropriate vertical relationship
between body segments to counteract the forces of grav-
ity and thus allow the maintenance of upright stance.
Postural muscle tone is a primary contributor to the
maintenance of vertical stance.

Once this alignment is achieved, the position of the
body’s center of mass must be maintained within specific
boundaries in space, or stability limits, related to the indi-
vidual’s base of support. Thus, a second part of the task of
postural control is the maintenance of equilibrium.

Posture is also a key component of all perception—
action systems and serves to maintain bodily orientation

Postural control in response to balance disturbances 8
Posture control and movement 12
Conclusions 15
References 16

to the environment. For example, an individual’s posture
can be considered a primary support for the exploration
of the surrounding space in terms of perceptual analysis
and motor action. For this exploration, the nervous sys-
tem must have an accurate picture of the position of the
body segments with respect to each other and with
respect to space. The internal postural image or postural
body schema provides this information and it is moni-
tored by multisensory inputs. On the basis of this repre-
sentation and according to the perception—action task,
the orientation of one or several body segments (head,
trunk, arm, etc.) will be selected as a reference frame for
the organization of the corresponding action.

Finally, posture also serves as a mechanical support
for action. It organizes the coupling between the differ-
ent segments as a function of the task and adjusts the
joint stiffness dynamically during the movement.

We begin this chapter with a discussion of postural
control in relation to body alignment and the mainte-
nance of bodily orientation to the environment. We will
then discuss the control of stability or balance control.
Finally, we will consider posture as a mechanical support
for action.

POSTURAL CONTROL DURING QUIET STANCE

Erect posture in humans is achieved by the superposi-
tion of body segments (head, trunk and legs) along the
longitudinal axis. This superposition is such that it
should fulfil the two functions of posture. The first is the
antigravity function. The superposition of segments is
performed against the force of gravity and the associated
ground reaction forces. The postural tone, which is pre-
dominantly distributed among the extensor muscles,
plays an important role in this antigravity function.
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There is an additional constraint, which is equilibrium
maintenance. This means that the positioning of body
segments (which is only restricted by the mechanical
limits of joint movement) should be such that the pro-
jection of the center of gravity (CG) remains inside the
support base under static conditions.

A second function of posture is to serve as an inter-
face with the external world for perception and action. It
means that the orientation with respect to space of given
body segments such as the head, the trunk or the arm are
used as a reference frame. The reference frame may be
used either to perceive the position of the body’s move-
ment with respect to the external world or to organize
movements toward a target in external space.

Taking into account the functions of posture accord-
ing to the context and the task, two modes of postural
organization have been proposed.

First, a global organization of posture is mainly
related to equilibrium control. It is represented by the
inverted pendulum model described by Nashner and
McCollum.' The reference value to be regulated for equi-
librium control is still a matter of discussion. Balance,
stricto sensu, is preserved when the center of pressure
(CP) remains inside the support base (i.e. the surface
under the feet). Under static conditions this corresponds
to the projection of the CG.

However, under dynamic conditions, as, for example,
initiation of gait, the CG is accelerated by a torque at the
level of the ankle joint created by activating muscles con-
trolling that joint; this causes a shift of the CP,which moves
away from the CG projection. Thus, both CP position and
CG projection onto the support base should be taken into
account for equilibrium control in dynamic conditions.
According to the modeling of Pai and Patton,’ the border
of the stability limits can be predicted in dynamic condi-
tions by a combination of three parameters: the CP posi-
tion, the CG horizontal position and the CG velocity.

In order to regulate the CG position, which is located
at the level of the pelvis, the whole body can be moved as
an inverted pendulum around the ankle joint. However,
as will be commented on later, these oscillations are very
slow (frequency around 0.2 Hz) because of the high
inertia of the body. In case of fast perturbations, fast cor-
rections are required. Other body segments with lower
inertia (trunk around the hip, thigh around the knee) are
then moved for fast corrections.’

Interestingly, the constraints related to body inertia
are not only important for equilibrium control. They are
also a key characteristic for the organization of move-
ments. For example, it is possible to couple a set of joints
by increasing the corresponding joint stiffness. This
results in creating a new ensemble with an increased
inertia corresponding to that of the whole set of seg-
ments coupled together. Droulez and Berthoz' intro-
duced the concept of topological organization of posture
in order to describe this reorganization of body inertia.
They provided two examples. When reading a paper

while walking, stiffness of the arm, trunk and head is
increased in order to create a new high inertial ensemble
that will reduce the movements of the arms with respect
to the head. Conversely, unlocking the arm from the
trunk occurs in tasks where the stability of the hand
position in space should be preserved independently
from the trunk oscillations, as when the subject is walk-
ing holding a full glass in the hand.

A second mode of organization is modular organiza-
tion, which is used for orienting segments such as the head
and trunk (which serve as a reference frame for perception
and action) with respect to space. The various segments of
the kinematic chain from the feet to the head are not con-
trolled as a single functional unit, but as a superposition of
individual ‘modules’ Each module is tied to the next one
by a set of muscles which has its own central and periph-
eral control, aimed at maintaining the reference position
of the module. Martin® has reported that postencephalitic
patients that had lost the ability to maintain the head axis
vertical during normal life held the head permanently
inclined on the trunk. When asked to raise the head by a
voluntary movement, they were able to do so for some
time. There was thus dissociation between an automatic
regulation of the head position, which was lost, and its
voluntary control, which was preserved.

The head is the site of different categories of sensors,
such as the retina, the labyrinthine afferents and the neck
muscle proprioceptors. Each category of receptors has
been shown to be able to stabilize the head. The head can
be stabilized with respect to gaze,’ verticality’ and to the
trunk.’ Orientation and stabilization of the trunk axis,
which is the largest axis of any body segment, is critical.’
Stabilization of the trunk has also been observed with
respect to vertical in the frontal plane during leg move-
ment"” and during locomotion" or during oscillatory
movements of the supporting platform.” Interestingly,
maintaining equilibrium through the global organiza-
tion of posture and preserving the orientation of body
segments with respect to space may be conflicting in
given motor acts through the modular control of pos-
ture. For example, there will be a conflict between equi-
librium maintenance and holding a full glass of wine by
the hand (local posture) when a postural disturbance
occurs that endangers balance. In this case, the subject
will lose balance, take a support with the other hand and
keep the glass full. The modular organization of posture
can serve to regulate posture itself. The stabilization of
the head in space during locomotion is used as a naviga-
tional inertial platform for the evaluation of the visual or
labyrinthine inputs. These inputs signal changes of body
position with respect to the external world."”

Another important role of this modular organization
of posture is to serve as an egocentric reference frame for
the organization of movement. For example, during a
reaching task, head and trunk axes are reference values
for the calculation of the target position with respect to
the body (as shown by neck vibration experiments)" and
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for the calculation of the hand trajectory.” Also, during
manipulation of heavy objects, the forearm position is
stabilized and serves as a reference frame for this task.’

How the various modes of postural organization are
centrally controlled has been a matter of discussions and
two main models have been proposed, the ‘genetic
model’ and the ‘hierarchical model.

GENETIC MODEL OF POSTURE CONTROL

In a classical view of postural control, based on the work
of Magnus' and Rademaker,” each animal species is
considered to have a reference posture or stance, which is
genetically determined. According to this view, postural
control and its adaptation to the environment is based
on background postural tone and on the postural
reflexes or reactions. These reactions are considered to
originate from inputs from the visual and vestibular sys-
tems (localized at the level of the head) and from the
somatosensory system, with inputs at the level of the dif-
ferent body segments.

According to this classical view, the main constraint
for building up the reference posture, which is stance, is
considered to be the effect of gravity on the body seg-
ments. The gravity vector is considered to serve as a ref-
erence frame, the so-called geocentric reference frame,"
for the positioning of the different body segments with
respect to each other and to the external world.

Three main functions are identified in the genetic
model of posture: (1) an antigravity function; (2) body
segment orientation with respect to gravity; (3) the
adaptation of posture to the body orientation in space.

Antigravity function

The antigravity function provides a support for the body
segments against the contact forces exerted by the
ground due to gravity and contributes to equilibrium
maintenance.

Postural tone is the main tool for building the anti-
gravity posture. It is predominantly observed at the level
of the limbs, back and neck extensor muscles and the mas-
seter muscle of the jaw. The main force vector of these
muscles counteracts the effect of gravity when the subject
is standing on a support surface. Decerebrate rigidity,
which is observed after midcollicular decerebration in
animals, is a caricature of this background postural tone.”

Interestingly, postural tone depends on the integrity
of the myotatic reflex loop and is suppressed by section
of the dorsal roots. Therefore, decerebrate rigidity has
been called ‘gamma’ rigidity, in contrast to the ‘alpha’
rigidity observed in the quadruped after cerebellar ante-
rior lobe lesions, which is preserved after dorsal root sec-
tion. Since postural tone is under the control of the
myotatic reflex loop, one possible mechanism for con-

trolling erect posture is the stretch reflex, which would
be able to oppose any deviation from the initial posture,
as pointed out by Lloyd.” However, recent research indi-
cates that normal young adults typically do not show
monosynaptic stretch reflex responses when responding
to threats to balance during quiet stance’™ and that
higher levels of control are involved.

A series of postural reflexes contribute to the anti-
gravity function: they adapt muscle force to body weight.
Examples include the myotatic reflexes and the positive
supporting reactions which adjust the leg and trunk
muscle tone to the body weight.

The postural reactions are aimed at restoring balance in
face of an internal disturbance. According to Forssberg,”
they are based on a set of inborn reactions that are selected
and shaped during ontogenesis.

Orientation of the body segments with
respect to the gravity vector

The gravity sensors of the lateral line organ, together with
light-sensitive afferents, serve to orient the longitudinal
body axis of fish with respect to gravity. In mammals,
where the body is segmented into head, trunk and legs,
the otoliths and vision serve for orienting the head with
respect to the gravity axis. The orientation is horizontal in
the cat and vertical in humans; the orientation of the
other segments is a function of that of the head. The
righting reflexes described by Rademaker" are an illustra-
tion of this concept. As first shown by Etienne-Jules
Marey, when a cat falls from an inverted position, the
head is first reoriented along the horizontal plane, then
the trunk orientation with respect to the head is restored
and finally the leg axis becomes vertical. The head orien-
tation in space is stabilized by the vestibulocollic reflexes,
which play an important role during locomotion.

Other reflexes serve to orient the foot with respect to
the support. These include the placing reactions. There
are three placing reactions: the tactile placing reaction,
which causes flexion followed by extension of the leg in
response to cutaneous stimulation; and the visual and
labyrinthine placing reactions, both eliciting extension
of the forelimbs when the animal is dropped toward the
ground. Other reflexes such as the hopping reaction, are
aimed at reorienting the leg with respect to the gravity
axis.”

Adaptation of the antigravity posture to the
body segment posture or movement

A third function of the genetic organization is to adjust
antigravity posture to ongoing activity. Examples of this
are the labyrinthine reflexes, which adjust the postural
tone as a function of the head position in the frontal or
sagittal plane. For example, when the whole body is
inclined toward one side, the otolith inputs from that side
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induce an increased postural tone on the same side. The
neck and labyrinthine reflexes illustrate another example
of adaptation of posture to ongoing activity. They orient
the leg and trunk posture as a function either of the neck
orientation in space or of the pelvis orientation in space.
For example, turning the head toward the right induces

Tonic neck reflex

(d)

(a) Stance
(b) Dorsiflexion
(c) Ventroflexion

(d) Rotation right
(e) Deviation right

Figure 1.1 Comparison between neck and lumbar reflexes.
Reproduced from Tokizane T, Murao M, Ogata T, Kondo T.
Electromyographic studies on tonic neck, lumbar and
labyrinthine reflexes in normal persons. Jpn J Physiol
1951,2:130-46, with permission from the Center for Academic
Publications, Japan.

an extension of the fore and hind limbs toward the same
side and a flexion of the limbs of the opposite side. In con-
trast, turning the trunk toward the same side provokes a
flexion of the ipsilateral forelimb and an extension of the
ipsilateral hindlimb (Fig. 1.1).*

Summary

To conclude, the three main functions of the genetic
organization of erect posture (i.e. the support of the
body against gravity, the orientation of the body with
respect to the gravity vector and the adaptation of the
body posture to the ongoing head and trunk movement)
are critical for adapting erect posture to the environment
and to ongoing activity. These functions are controlled
by spinal cord (propriospinal circuits) and brainstem
pathways. Some reflexes, such as the tactile placing reac-
tion include motor cortex pathways.

HIERARCHICAL MODEL OF POSTURAL
ORGANIZATION

The genetic model of posture has been challenged for sev-
eral reasons. First, the postural reactions to stance distur-
bance have been shown to be flexible."” For example,
when a balance disturbance occurs while standing, the
main muscles involved in the correction are the leg mus-
cles. If the subject holds on to an additional support with
the hands, the postural reactions will involve mainly the
arm muscles. These, and other observations are not com-
patible with a reflex organization and suggest a spatio-
temporal flexibility of the response according to task
constraints.

Second, postural control has been analysed in a
behavioral context during the performance of voluntary
movements. Anticipatory postural adjustments have
been described during the performance of goal-directed
movements. They are aimed at both preserving balance
and the orientation of body segments during the perfor-
mance of the movement and at assisting the movement
in terms of force and velocity.” Interestingly, anticipa-
tion means prediction of the postural disturbance
because of the movement. This prediction would depend
on internal models built by the brain, which would map
the surrounding space, the body characteristics and their
interaction. This idea was proposed by Bernstein® on the
basis of his observations on motor learning and were
extended to posture by Gurfinkel and co-workers.”

The hierarchical model of posture proposes that two
levels of control exist. The first is a level of representation
or postural body schema; the second is a level of imple-
mentation for postural control.

The concept of body schema was first proposed by
Head.” In its adaptation to posture, the internal repre-
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sentation of body posture, or body schema has been
hypothesized to be partly genetically determined and
partly acquired by learning. It includes three main
aspects: (1) a representation of the body geometry, (2) a
representation of body kinetics, mainly related to the
conditions of support, and (3) a representation of the
body orientation with respect to gravity (vertical).

Geometric representation of the body

Research suggests that the individual’s geometric repre-
sentation of the body depends mainly on the informa-
tion provided by the proprioceptive Ia afferent inputs.
Studies using minivibrators to excite eye, neck and ankle
muscles afferents™* have explored the contributions of
proprioceptive inputs from these muscles both to per-
ception of body sway and to actual posture control dur-
ing quiet stance. It was found that vibration to the eye
muscles, the neck muscles or the ankle muscles of a
standing subject with eyes closed produced body sway,
with the sway direction depending on the muscle
vibrated. When these muscles were vibrated simultane-
ously, the effects were additive, with no clear domination
of one proprioceptive influence over another. When the
body was prevented from moving during the tendon
vibration, it created an illusion of movement.

This suggests that proprioception from all parts of the
body plays an important role in the maintenance of
quiet stance body posture. The experiments also suggest
that, when an individual is standing, there is a kinematic
chain formed by the Ia inputs from muscles around each
joint, informing the nervous system about the position
of each joint with respect to the remaining parts of the
body. It is interesting that vibration of the ocular muscles
also induced postural reactions. This indicates that they
monitor the position of the eyes with respect to the head
and thus are able to estimate the position of a visual tar-
get in terms of head coordinates.

The output of the spindle primary afferent inputs is
interpreted differently by the central nervous system
depending on such factors as the selected reference
frame of the subject (for example, is the body the refer-
ence frame, or are three-dimensional environmental
coordinates the reference frame) and the presence of
gravity. As mentioned above, when an individual is
standing and when body weight is exerted on a support-
ing surface, the proprioceptive Ia afferent inputs monitor
both body displacement and velocity of displacement.
The effect of Achilles tendon vibration when the eyes are
closed is to cause postural sway in response to the erro-
neous la input that mimics the displacement of the limb.
However, under microgravity conditions® or when an
individual is sitting, tendon vibration produces no pos-
tural reactions. This means that the monitoring of body
posture by proprioceptive inputs depends a great deal on
graviceptors.

It is also interesting that the postural response
induced by galvanic stimulation of vestibular receptors
depends on the body geometry and the postural body
schema.”” For example, it has been demonstrated that
when a subject is standing normally, cathodic stimula-
tion of one labyrinth elicits a shift of the center of grav-
ity in the frontal plane toward the same side. However,
when the head is turned to the right, the same stimula-
tion elicits a displacement of the center of gravity back-
wards. The result shows that the postural response
depends on the head position with respect to the trunk.
The same change in the direction of the postural
response is observed when head and trunk together are
rotated to the right.

How is the head and trunk position monitored with
respect to the legs? Vibration of the right gluteus max-
imus with the trunk fixed induces an illusory rotation of
the head—trunk segment to the right. When galvanic
vestibular stimulation is performed during right gluteus
maximus vibration, it provokes a backward sway as if the
head (and trunk) was actually rotated to the right. This
observation elucidates the role of the Ia proprioceptive
inputs stimulated by vibration in reorienting the pos-
tural reaction and thus monitoring the head—trunk posi-
tion with respect to the legs (Fig. 1.2).
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Figure 1.2 Galvanic stimulation of the right labyrinth. The
arrow indicates the stimulated side. Center of pressure recorded
from a force platform (according to ref. 32). When the head is
straight, the postural reaction to anodic stimulation is oriented
to the right. When the head (or head and trunk) is turned to the
right, the postural reaction to the same stimulus is oriented
backward. The same backward-oriented postural reaction is
obtained by galvanic stimulation during a vibration of the
gluteus maximus, which provokes an illusion of head-trunk
rotation to the right.
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Representation of body kinetics

Two issues concerning body kinetics should be men-
tioned: (1) the nervous system’s evaluation of the sup-
port conditions (this concerns the orientation of body
segments with respect to the gravity axis; see next sec-
tion), and (2) the calculation under dynamic conditions
of the inertia of different body segments, providing an
accurate estimation of the center of gravity position.

During stance, reaction forces are exerted by the sup-
porting platform on the body. They are the main basis
for the maintenance of the erect posture. It is generally
concluded that stance results from a ‘bottom up’ (that is,
support surface oriented) maintenance of balance, on
the basis of these reaction forces. Whether these reaction
forces are perceived and how they might be perceived is
still partly unanswered. The foot sole receptors together
with proprioceptive inputs monitoring the ankle joint
angle play an important role in this respect.”

Several studies have shown that the organization of
postural reactions depends on the conditions of support.
For example, when the standing subject is holding a lever
with the hands, the postural reactions previously seen in
the leg muscles now move to the arm extensors.” Thus,
when part of the body support is taken by the hand, the
postural reactions to a stance disturbance involve mainly
the arm extensor muscles in place of the leg muscles.
When the body weight is absent, as under water, the pos-
tural reactions tend to disappear.” There is thus an inter-
nal representation of the support conditions, which
selects the appropriate actuators for optimizing the equi-
librium maintenance.

A second aspect of body kinetics involves the inertial
properties of the segments. These properties are auto-
matically taken into account for the regulation of bal-
ance. For example, after adding a 10kg load on the
shoulder, the regulation of the center of gravity during
an upper-trunk bending is just as efficient as without a
load." There is also evidence indicating that perception
of body inertia does exist.” This would explain why a
regulation of the body center of mass still exists in
microgravity during multisegmental movements such as
trunk bending.”

Orientation with respect to vertical

The orientation of the body with respect to vertical in
the frontal plane and in the sagittal plane is a primary
constraint for erect posture in a world in which the
effects of gravity must be taken into account. Which sen-
sors indicate that the body posture is appropriately ori-
ented with respect to vertical and which ones are used
for stabilizing the selected orientation? There are no sta-
tic sensors that directly monitor the center of gravity
projection to the ground. The body orientation with
respect to vertical in the frontal and sagittal plane is reg-

ulated by sensors located in the head and in other body
segments.

As mentioned earlier, body posture results from the
superposition of multiple segments from the feet to the
head. How is the orientation of the segments with
respect to the vertical calculated and how is the orienta-
tion of the individual segments controlled in order to
maintain equilibrium? In this respect, according to
Mergner and Rosemeier,” there are two main modes of
representation of the body segments with respect to the
external world, depending on the reference value
selected for this calculation.

In a top-down mode, the labyrinthine information
from the otoliths is used as a reference value for calculat-
ing the head orientation with respect to the vertical. The
calculation of the position of the trunk, pelvis, leg and
feet segments in space is performed with respect to the
head position in space. This mode is the first to emerge
during ontogenesis, with the early stabilization of the
head in space.” A second mode, a bottom-up mode, uses
the support surface (under the feet) as a reference value
for the calculation of the pelvic position in space. This
mode is mainly related to equilibrium control. It emerges
later during ontogenesis, with stance and locomotion.

Four sources of information regarding orientation
with respect to verticality are the labyrinthine and visual
sensors located in the head, the haptic sensors and the
body graviceptors.

LABYRINTHINE SENSORS

Information about the gravity vector is provided by the
otoliths. The vertical orientation of the head in the dark
is generally attributed to their activity.'*” The distribu-
tion of the otoliths in the vertical and horizontal plane
provides information on the inclination of the head with
respect to vertical both in the sagittal and in the frontal
plane. Since the otolith receptors also monitor the linear
acceleration along the horizontal and the vertical axes,
the information about the gravity vector is biased when
the subject (or the head) is moving. It is still unclear to
what extent these sensors contribute to the determina-
tion of vertical.

The labyrinthine receptors also play an important
role in stabilizing the head and in body orientation.
Linear acceleration is monitored by the otoliths and
angular acceleration (pitch, roll and yaw) by the three
pairs of semicircular canals.

VISUAL SENSORS

Visual static input, involving the vertical or horizontal
structure of the visual frame (the objects within the
visual field), is used for orienting the body axis.”
Research has shown that providing a biased visual frame
modifies both the perception of vertical and postural
orientation.
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The stabilization of orientation on the basis of visual
input depends mainly on visual inputs detecting move-
ment. Through this information the visual system mon-
itors head and body displacement with respect to the
external world. This type of information is called vec-
tion. The linear displacement of the visual frame within
the peripheral visual field provokes body sway in the
direction of the displacement of the visual frame, with
the intensity of the sway depending on the velocity and
on the spatial frequency of the visual frame.*

Sinusoidal displacements of the visual frame are asso-
ciated with sinusoidal postural sway, with no phase shift
between the two, indicating a coupling between both
oscillations.” Circular vection in the frontal plane causes
body inclination toward the direction of the vection.*
The direction of postural reactions can be interpreted in
the following ways. The displacement of the visual scene
backwards when the subject is standing mimics the situ-
ation of the body falling forward, in a direction opposite
to the moving scene. The backward postural sway in the
direction of the moving scene thus mimics the normal
compensatory reactions that would occur when the sub-
ject was actually falling forward.

The visual and labyrinthine inputs are located in the
head and they help to orient the head position. However,
as the position of the head with respect to the trunk is
not fixed, their influence on body posture and, more
specifically, on balance control depends on the evalua-
tion of head position with respect to the trunk. As men-
tioned earlier, this evaluation is made by the neck muscle
proprioceptors.

HAPTIC SENSORS

A simple contact of the hand or of the fingers with an
external surface can be used as a reference frame for cal-
culating the body oscillations with respect to that surface
and to correct the oscillations with a latency of around
50 ms. Haptic cues are very efficient in stabilizing pos-
ture, especially by handicapped patients when using a
cane. Interestingly, when the support on which the hand
is in contact is rhythmically moving, some subjects show
body sway at the same frequency without phase shift,
indicating a feed-forward control.”

BODY GRAVICEPTORS

A fourth category of sensors that serve for the orienta-
tion with respect to verticality is represented by the ‘so-
called’ body graviceptors. The existence of body
graviceptors was first proposed by Gurfinkel et al.” in
order to explain the ability of subjects to stabilize the
trunk when the support surface was moving sinusoidally
and by Mittelstaedt” who provides evidence for gravi-
ceptors in the area around the kidney. Riccio et al.,”
using a specific set-up to dissociate the axis for balance
control from the vertical axis, indicated that the per-
ceived orientation of the body depends both on the

gravity vector and on the orientation of the ground
reaction force exerted by the subject to control balance.

Indirect evidence concerning the role of body gravi-
ceptors on body orientation was provided by experi-
ments on the postural orientation of divers when under
water. It was shown that, when under water, the body
orientation was always tilted forward with respect to ver-
tical, suggesting incorrect information from body gravi-
ceptors contributing to the body’s orientation under this
abnormal weight condition.”

Experiments by Dietz and colleagues™* have also pro-
vided evidence in favor of body graviceptors. When a
subject standing on a platform under water in a pool is
given support surface perturbations to balance, postural
reactions are absent. Since the water pressure cancels
normal body weight, the researchers compensated for
the lack of body weight in the subjects by adding loads at
the level of the different joints. Under these conditions,
the postural corrective reactions in response to a distur-
bance of the support platform returned as a function of
the weight added at each joint.

Further experiments were performed in which hori-
zontal loads were placed on subjects lying supine, thus
creating forces on joints equivalent to standing vertically.
Under these conditions, the subjects showed postural
reactions similar to those observed during quiet stand-
ing, when the support surface to which the feet were
attached was disturbed. Dietz et al.” suggested that grav-
iceptors were monitoring the force exerted by the subject
to oppose the external forces. In normal stance, these
graviceptors would monitor the force vector exerted at
each joint to oppose gravity and this information would
contribute to an internal representation of the vertical
axis. A putative candidate for the monitoring of this sen-
sory information is the Golgi tendon organ, which mea-
sures the number of active motor units at a given time in
each muscle used in postural control.*

In addition to specific graviceptors, the stabilization
of balance by body sensors depends mainly on cutaneous
foot sole sensors which monitor the amplitude and the
direction of the contact forces exerted by the body onto
the ground. Experiments that support these conclusions
have shown that replacing a firm support surface by a
foam surface or cooling the foot sole results in postural
instability,””* whereas vibration of the foot sole
restricted to front or back parts induces postural sway”
in a direction that would oppose the swaying of the per-
son toward the front or the back part of the feet.

MULTISENSORY CONVERGENCE AND
BALANCE CONTROL

The use of sensory information from multiple sources,
including the visual, vestibular and somatosensory sys-
tems, is a key feature of the neural control of both body
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orientation with respect to vertical and stabilization
against external disturbances.

There are two opposite interpretations concerning
the role of the multisensory afferents. According to one
view, the multiple sensory afferents are used to build up
the vertical reference value on which the body will be
aligned. This hypothesis has been put forward by
Hlavacka et al.” to explain the postural reorientation
that is observed after combined proprioceptive and
vestibular stimulation. The misperception of the body
midline when unilateral neck muscles are vibrated or
when unilateral vestibular galvanic stimulation is per-
formed supports this interpretation.®

Another interpretation is that the multiple sensory
inputs serve for monitoring the error of the actual pos-
ture with respect to a reference value defined by other
sensors. The forward sway of the body during tibialis
anterior vibration in the standing subject has been inter-
preted in the following way. The vertical reference value
is provided by a set of graviceptors. The artificial Ia input
induced by the tibialis muscle tendon vibration is inter-
preted by the central nervous system as indicating a
stretching of that muscle and a backward body sway with
respect to the vertical. The forward body sway is viewed
as a correction of posture in response to the artificial Ia
afferent inputs indicating backward sway.

One possible use of redundant sensory information
in the regulation of posture is that different set of sensors
are put into action according to the source or the veloc-
ity of the postural disturbance. The sensitivity range of
each category of sensors is different. For example, visual
input gives sensitive information related to low-velocity
displacements of the body, whereas labyrinthine inputs
are sensitive to high rates of acceleration.

Two modes of interaction between these inputs have
been identified by manipulating one category of inputs,
the other being unchanged, or by depriving the subject
of one or several sources of sensory information.

Additive effect

Usually, each input adds its effect to the effect of the
other inputs. Thus, visual vection, by itself, will produce
postural changes when the other inputs are unchanged.
In addition, the body orientation will be biased with
respect to vertical when the visual reference frame is
inclined, even though the labyrinthine and propriocep-
tive inputs are unchanged. In this case, there is a sensory
conflict between the two types of information about ver-
ticality and the resulting postural orientation is interme-
diate with respect to the orientation prescribed by each
category of sensors.

The additive effect of the various inputs in posture
control may partly explain the compensatory mecha-
nisms involved when one of the inputs is suppressed. As
shown by Horak et al.,” in patients with labyrinthine

lesions, postural control is relatively well preserved,
though only visual and somatosensory inputs are avail-
able. However, disturbance of one of the remaining
inputs (vision or somatosensory) markedly decreases the
patient’s ability to balance.

Selection

When conflicts between the information from one type
of input and the others arise, one way of resolving the
conflict is to select one input which becomes dominant.
For example, Achilles tendon vibration produces back-
ward body sway with eyes closed because the somatosen-
sory system is signaling stretch to the gastrocnemius/
soleus muscles and thus forward sway. However, when
vision is available, the vibration has no postural effect.
One could regard this as indicating that the retinal input
is dominant and the erroneous input is disregarded. An
alternative explanation is that, with eyes open, both
vision and vestibular inputs are signaling that no move-
ment is taking place, and somatosensory inputs are thus
the only inputs signaling movement. In this case the sin-
gle conflicting input is disregarded.™

It should be stressed that there are individual differ-
ences in the dominance patterns of the three sensory
inputs. Some subjects rely more on vision, while others
rely more on somatosensory inputs.

POSTURAL CONTROL IN RESPONSE TO
BALANCE DISTURBANCES

In the last section we reviewed research pertaining to
balance control during quiet stance. In many ways this is
the simplest form of balance control, since the individual
is simply maintaining quiet stance. We will now move on
to discuss research on balance control in conditions
where there are external threats to balance, such as bal-
ancing while standing on a bus which is starting and
stopping unexpectedly. This is somewhat more difficult
than simply controlling background sway and requires
the ability to respond to perturbations to balance differ-
ing in direction, amplitude and velocity.

Strategies and synergies

A researcher who has influenced research in postural and
movement control considerably is Nicholai Bernstein, a
Russian investigator, who argued on theoretical grounds
that it would be difficult for the brain to regulate inde-
pendently the incredible number of motions of the many
mechanical linkages of the body and the activities of the
associated muscle groups.” He thus hypothesized that
the nervous system organizes movement in a hierarchi-
cal manner, with higher levels of the nervous system
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activating lower level synergies, which are groups of
muscles constrained to act together as a unit. This would
thus free up the higher levels of the nervous system for
other roles, such as adapting responses to changing task
conditions. He hypothesized that such actions as breath-
ing, walking and postural control would use synergies to
coordinate the activation of muscles as a unit.

In order to test this hypothesis, researchers have
explored the characteristics of muscle responses activated
when a subject is exposed to external threats to balance.
Gurfinkel and his colleagues performed the first extensive
experiments on the contributions of the peripheral and
central neural control mechanisms to posture during
quiet stance.”” They showed that the excitability levels of
the monosynaptic stretch reflex decrease during stance
compared with less demanding postural tasks such as
lying down, sitting or standing with support. Why would
this be the case? They suggested that this would allow pos-
tural control to be dominated by longer latency responses
(latencies of 70-125ms, which may be spinally or
supraspinally mediated), which are more adaptable and
thus more useful in dealing with stance balance control
under a wide range of conditions. Gurfinkel and his col-
leagues proposed that this reorganization in neural con-
trol of posture was the result of the functioning of central
programs which coordinate the activity of different
muscle groups during postural control.

Other research by Nashner” and Nashner and
Woollacott™ has further explored Bernstein’s hypothesis
by examining whether the responses activated in muscles
of the leg and trunk in response to perturbations to
balance are part of a pre-programmed neural response or
synergy or are the result of independent stretch and
activation of individual muscles, owing to a simple
mechanical coupling of ankle and hip motion during the
perturbation.

Subjects were asked to stand on a platform which
could be moved unexpectedly in the forward or back-
ward direction or rotated, to cause ankle dorsiflexion or
plantarflexion (Fig. 1.3). The different types of platform
motions destabilized balance in different ways, requiring
the activation of different muscle groups in order to
regain balance. The activity of muscles which contribute
to the control of the movements of the ankle, knee and
hip was monitored.”*

The results showed that, in response to backward plat-
form translations causing anterior sway, gastrocnemius,
the stretched ankle muscle was activated approximately
90 ms after platform movement onset, followed sequen-
tially by the hamstrings muscle and the paraspinal mus-
cles at approximately 20-ms intervals. Note that the
gastrocnemius response is about 50 ms later than mono-
synaptic stretch reflex latencies, suggesting that it involves
more complex neural pathways. Forward translations
caused backward sway and activation of the stretched
tibialis anterior muscle, followed by the quadriceps and
abdominals (Fig. 1.4).

Figure 1.3 Diagram of the hydraulically activated platform
used to perturb the balance of standing subjects. The platform
may be translated in the antero-posterior direction or rotated
about an axis collinear with the ankle joints (reproduced from
ref. 109 with permission from The American Physiological
Society).

Was this response the result of a synergic coupling of
these muscles or, alternatively, the result of independent
stretch of the individual muscles? In order to answer this
question the authors changed the mechanical coupling
of the ankle and hip motions by giving the subjects plat-
form rotations, which directly rotated the ankles without
causing movements at the other joints. These platform
rotations caused activation of the same groups of leg
muscles, thus suggesting that it was movement in a single
joint, the ankle joint, that was activating the responses in
multiple muscles.”*

Experiments were also performed to test whether
ankle joint rotation is required to activate the response.
In these experiments the platform was moved forward,
but during the movement it was rotated in order to keep
the ankle joints at a constant 90°, thus eliminating ankle
rotation. Under this condition, the muscle responses
were delayed. Because the response was delayed it was
concluded that the early response was elicited primarily
by ankle joint inputs, while a later response possibly acti-
vated by vestibular and/or visual inputs, served to stabi-
lize balance. This evidence supported the hypothesis that
balance is controlled by neurally programmed synergies,
and since the coupling of the muscles served the func-
tion of stabilizing ankle sway, the response was termed

>1,21

the ‘sway synergy’.
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Figure 1.4 Examples of the muscle activation patterns observed in response to (a) backward platform movements causing forward
sway; (b) forward platform movements causing backward sway. These activate the ankle synergy, with responses starting in the

stretched ankle muscle, followed by the leg and trunk muscles. (c,d) Muscle response patterns observed when subjects are balanced
on a short support surface (restraining the use of ankle torque) while the platform moved backward (c) or forward (d), and activated

the hip synergy (adapted from ref. 65).

Are strategies versus synergies invariant?

In further research, Horak and Nashner®” found that
under conditions in which it was difficult to use ankle
torque to balance (standing on a surface that was much
shorter than the foot), subjects mainly used motion at
the hip to compensate for threats to balance. Under this
condition, forward and backward platform movements
were compensated for by activating the thigh and trunk
muscles on the unstretched aspect of the leg (see Fig.
1.4¢c,d).® This muscle response pattern or synergy
restored balance primarily through movement at the hip
and was termed the ‘hip strategy’ as opposed to the ‘ankle
strategy’ by which balance is restored primarily through
movement at the ankle.

Although the responses of select muscles and body
movement patterns associated with balance recovery
give some information on motor control strategies
underlying balance, the calculation of joint torques used
in postural recovery gives information on the sum of

forces provided by all the muscles acting at a given joint.
Thus, one can observe the work of additional muscles
beyond those recorded through electromyographs
(EMGs).

Researchers™” have used this technique to explore the
conditions under which subjects use ankle vs. hip strate-
gies when recovering balance on a normal surface. They
tested the hypothesis that ankle strategies are used pri-
marily for low velocity (center of mass stays well within
the stability limits) threats to balance while hip strategies
are used for higher velocity threats (center of mass moves
closer to the limits of stability). It has been shown that, as
platform movement velocities gradually increase from
10 cm/s up to as much as 55-80 cm/s, subjects increase
muscle forces at the ankle, and then begin to add in forces
at the hip at a certain critical threshold point. This point
varies across subjects. Pure hip strategies, previously
observed by monitoring EMG patterns when subjects
responded to postural perturbations while standing on a
narrow support surface® were not found.**"
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How could strategy be defined with respect to synergy
and is this distinction between two concepts justified?
During voluntary movement, the strategy is defined as
the path that is selected for reaching a goal. For example,
during a reaching task designed to pick up an object on
a table, the usual trajectory of the hand is a straight line.
When an obstacle is present on this straight-line trajec-
tory, a curvilinear trajectory is performed (see, for
example, ref. 68). Straight-line and curvilinear trajecto-
ries can be defined as strategies. The execution of the
strategy is realized by muscle patterns or synergies,
which are the implementation of the strategy.

The same distinction between strategy and synergy
was introduced in the postural domain by Horak and
Nashner.® The ankle strategy and the hip strategy are
two different ways of reaching the same goal of restora-
tion of balance. These strategies are defined in terms of
kinematics (i.e. changes in the body geometry). In order
to control the strategy, muscle patterns or synergies are
observed which produce the appropriate muscle force.
Under the usual environmental conditions, both strate-
gies and synergies are invariant (i.e. the same muscle pat-
tern is associated with a given ‘strategy’). This explains
why strategy and synergy are often used as equivalent
terms in many papers. However, when the external con-
straints change, then the muscle synergy should change
in order to achieve the same ‘strategy’

The experiments of Macpherson” provide evidence
that by changing the direction of stance disturbance in
the cat, the strategy remains invariant whereas the mus-
cle synergies change. In contrast to the ankle and hip
strategies reported by Horak and Nashner,” which are
defined in terms of kinematics, Macpherson described a
strategy in terms of ground reaction forces in the cat: the
biomechanical strategy used by the cat involved primar-
ily the hindlimbs and showed invariance in the direction
of the vector of force they generated. For any of 16 per-
turbation directions, the system made a simple two-
choice response for vector direction: either backward/
outward or forward. This behavioral strategy clearly sim-
plifies the control process. However, the muscle synergies
associated with this strategy were more variable. Some of
the muscles were co-modulated, including the hip and
distal muscles such as the gastrocnemius, and thus may
have been activated by a central command. However,
others, such as the gracilis, were controlled indepen-
dently. It was thus concluded that in cat postural control,
invariances exist for (1) the direction of force generation
by the two hindlimbs (i.e. the strategy), and (2) the
grouping of certain hindlimb muscles, which were part
of the synergy. However, the independent control of
other muscles indicates that they may be used to ‘tune’
the synergy in order to produce the biomechanical goal
of the production of specific ground reaction forces.”

Investigations of the flexibility of muscle synergies
were also performed in humans. The evidence from pre-
vious research supports the concept of the existence of

fixed postural synergies when subjects are perturbed in
the anterior/posterior direction. However, it is also
important to determine if using a variety of different
angles of platform motion to perturb balance, including
those in the lateral direction, would result in the activa-
tion of only a small number of fixed synergies, or whether
muscle response patterns would show a continuous vari-
ation, as the angle of perturbation was moved from ante-
rior/posterior to lateral. If synergies vary continuously
with angle of perturbation, it weakens the hypothesis that
balance is controlled by fixed muscle response patterns.
In order to answer this question further experiments were
performed,” in which the balance of subjects was per-
turbed as in the above experiments, but subjects were
asked to pivot at 15° increments between blocks of trials.

It was noted that the pattern of responses in direc-
tions near the sagittal plane (300-15°) showed a rela-
tively constant onset latency relationship between
muscles, with responses in the gastrocnemius, ham-
strings and trunk extensors, as predicted, along with an
early response in the abdominals (probably because of
the high velocity of perturbation: 25 cm/s versus 13 cm/s
used in prior experiments). Muscle patterns were similar
for tibialis anterior, quadriceps and abdominals (with an
early trunk extensor response) for directions of
165-225°. For other perturbation angles, however,
latency relationships varied continuously and sharp
transitions in latency and/or amplitude were not seen.

The authors mention that a limitation of the study
was that EMG recordings were taken primarily from
muscles involved in flexion and extension of the leg and
hip, and not muscles that would be responsive to pertur-
bations in the lateral direction, so they could not
describe a ‘lateral synergy.” Thus, as a whole, the strategy
represents the invariant aspect of the postural reactions
related to equilibrium control, whereas the muscle syn-
ergies are partly fixed, partly flexible.

What makes the muscle synergies flexible? By com-
paring the respective contribution of mono- and bi-
articular muscles in postural control and in other tasks,
van Ingen Schenau et al.”" indicated that the biarticular
muscles are sensitive to a large variety of peripheral
input and might tune the force vector provided by the
monoarticular muscles in order to adapt it to the exter-
nal constraints.

Adaptation of postural synergies

The above evidence suggests that the postural response
synergies may be fine-tuned according to the task. Is
there also evidence for fine-tuning of postural response
synergies in other situations? Research on humans indi-
cates that there are changes in the muscle response para-
meters within a synergy across successive trials,
suggesting that the neuromuscular response synergies
may be fine-tuned."” It has been found, for example, that
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the amplitude of ankle synergy movements activated by
platform rotations (described above) is progressively
reduced over 10 trials because under these conditions the
sway synergy is destabilizing, causing more sway than the
perturbation itself. This change in amplitude has been
termed adaptation, since the response is fine-tuned to fit
a new task context.”

Additional research has indicated that with repeated
exposure to horizontal platform displacements, subjects
show a reduction in the amplitude of antagonist ankle
muscle responses, corresponding to smaller displace-
ments of the body,” as if the subjects were changing their
postural set during the course of the experiment.

Sensory inputs contributing to the control
of perturbed stance

What are the relative contributions of the somatosensory,
visual and vestibular systems to postural responses to
support surface perturbations? Research performed by
Dietz and colleagues suggests that the contribution of the
somatosensory system is much greater than that of the
vestibular system.” In this study, muscle response ampli-
tudes and onset latencies were compared for stance per-
turbations of two types. The first perturbation consisted
of forward and backward support surface movements,
while the second perturbation consisted of a forward or
backward displacement of a load (2 kg) attached to the
head, stimulating the vestibular system (the response was
not present in patients with vestibular deficits), but not
ankle joint somatosensory inputs. For comparable accel-
erations, leg muscle responses elicited by the head pertur-
bations were about 10 times smaller than the responses
induced by the displacement of the feet. Since compara-
ble accelerations were used for the two perturbations,
Dietz et al.”* concluded that vestibular inputs play only a
minor role in recovery of postural control when the sup-
port surface is displaced horizontally.

Although vestibular inputs play a minor role in com-
pensation for horizontal support surface displacements,
they appear to be more important in compensating for
perturbations in which the support surface is rotated
toes-upward. This perturbation stretches and activates
the gastrocnemius muscle, which destabilizes the subject,
and a compensatory response in the tibialis anterior
serves to restore stability. It has been shown that the
compensatory response in the tibialis anterior muscle,
used to restore balance, is activated by the visual and
vestibular systems when the eyes are open. When the
eyes are closed it is primarily (80 per cent) activated by
the vestibular semicircular canals.”

The above studies, examining postural control in
response to transient horizontal perturbations to stance,
suggest that neurologically intact adults tend to rely on
somatosensory inputs for the control of horizontal per-
turbations to balance.

POSTURE CONTROL AND MOVEMENT

One of the main tasks in motor control is to orient the
body with respect to the external world. This orientation
is necessary for the appropriate coding of the informa-
tion collected by the sensory organs on the state of the
environment. In this respect, the orientation of individ-
ual segments and especially of head and trunk (see ref. 9)
is critical.

Anticipatory postural adjustments

Anticipatory postural adjustments were first described
by Belen’kii and colleagues™ in association with arm
movements, and since then many investigations in both
humans and in cats have been devoted to exploring their
function, their central organization and their acquisi-
tion.””” In their initial work, Belen’kii et al.”* showed that
when standing adults make rapid arm-raising move-
ments, shorter latency postural responses are also acti-
vated in the muscles of the legs. For example, responses
in the biceps femoris of the leg were activated 80-100 ms
after the onset of the signal to start the movement com-
pared with those for the prime mover of the arm
(150-200 ms) and thus preceded the onset of the pri-
mary mover muscle response by about 50 ms. These pos-
tural adjustments act to compensate in advance for
changes in posture and equilibrium caused by the move-
ment. This view on the function of the anticipatory pos-
tural adjustments was also proposed by Cordo and
Nashner” and by Bouisset and Zattara.®”

Are the muscle synergies observed in postural reac-
tions also ‘utilized’ for anticipatory postural adjustments?
In one set of experiments by Cordo and Nashner” stand-
ing subjects were asked to make a rapid arm flexion
movement. As in the studies of Gurfinkel and his col-
leagues, it was found that postural responses occurred in
the muscles of the leg in advance of the prime mover
muscles of the arm. It is of interest that the same muscle
response organization which was previously found to sta-
bilize posture after an external threat to balance (gastroc-
nemius, hamstrings and trunk extensors) was used to
stabilize posture before activation of the prime mover
muscle (biceps) in the arm flexion task.”

An important characteristic of postural adjustments
associated with movement is their adaptability to task
conditions.” For example, in the experiments described
above,” when the subjects leaned forward against a hori-
zontal bar at chest height, thus stabilizing the trunk and
eliminating the need for postural adjustments in the legs,
the leg postural adjustments were reduced or disap-
peared. This suggests that there is a preselection of the
postural muscles to be used in anticipatory adjustments,
as a function of their ability to contribute appropriate
support.”
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GOAL OF THE ANTICIPATORY POSTURAL ADJUSTMENTS

Is the goal of the anticipatory postural adjustment to
control balance or posture (i.e. the center of gravity and
the center of pressure position during movement, or,
alternatively, the position or orientation of given body
segments)? One should remember that voluntary move-
ment perturbs posture and/or equilibrium for two rea-
sons. First, the performance of a movement of the arm
or the trunk while standing changes the body geometry
and thus displaces the center of gravity position, result-
ing in equilibrium disturbance. The second reason is that
the internal muscular forces that are at the origin of the
movement are accompanied by reaction forces acting on
the supporting body segments and will tend to displace
them. This will disturb both the position of these seg-
ments and equilibrium.

In many tasks (for example arm raising while stand-
ing) the anticipatory postural adjustments serve to con-
trol balance and to stabilize posture. However, for other
tasks, such as trunk bending or bimanual load-lifting
tasks, two types of anticipatory postural adjustments can
be identified with respect to their goal, those aimed at
stabilizing the center of gravity during movement and
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those aimed at stabilizing the position of body segments.
A third goal of the anticipatory postural adjustments is
to provide the dynamic support of the postural chain
from the ground to the moving segments in order to
improve the performance in terms of force or velocity.

Bouisset and Le Bozec" and Bouisset et al.” intro-
duced the concept of ‘posturokinetic capacity’ as an
assessment of the capacity of the postural chain to assist
the movement. This capacity is related to the control of
this chain for counteracting the reaction forces associ-
ated with movement performance and also for dynami-
cally contributing to the movement force and velocity
using the many degrees of freedom from the ground to
the moving segments.”*

AN EXAMPLE OF ANTICIPATORY POSTURAL
ADJUSTMENT: THE BIMANUAL LOAD-LIFTING TASK

The stabilization of the position or orientation of body
segments®™® is exemplified by the bimanual load-lifting
task. This type of stabilization can be seen independently
from the control of the center of gravity during biman-
ual tasks, when one arm is used to stabilize or hold an
object and the other is used to manipulate or lift the
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Figure 1.5 Comparison between imposed and voluntary unloading in a normal subject (average of 20 trials). (a) Force trace recorded
from a force platform (F) during unloading of 1 kg weight imposed by the experimenter. Elbow angle was measured by a
potentiometer at the elbow joint axis (P). Note the upward rotation. The integrated electromyograph of the brachioradialis showed a
reduction of activity after a latency of 30 ms (unloading reflex). (b) Voluntary unloading. Note the reduced elbow rotation, the
‘anticipatory’ inhibition of the brachioradialis, time locked with the activation of the biceps of the voluntary arm.
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object. For example, during a bimanual load-lifting task,
where one forearm was maintained horizontal and sup-
ported a 1 kgload, and the other hand lifted the load, the
forearm position did not change during unloading (Fig.
1.5). This was because of an inhibition of the elbow
flexors of the postural forearm, which preceded the onset
of unloading by a short period. This anticipatory pos-
tural adjustment was correlated with the onset of the
biceps activation of the lifting arm and minimized the
forearm disturbance which should normally occur, and
is seen when unloading is caused by the experimenter. A
similar type of anticipatory postural adjustment is seen
to stabilize ‘grip force’ in advance of a disturbance” or to
minimize the mechanical impact of a hammer manipu-
lated by the subject to test the tendon reflex of the other
arm’s triceps.”

An insight into the central organization of the antici-
patory postural adjustments during bimanual load-lift-
ing tasks was provided by testing the task in patients.” It
revealed that the anticipatory postural adjustments
remained unchanged after callosal section. This suggests
that the control of these adjustments did not occur
through a direct callosal connection between the cortex
controlling the moving side and the cortex controlling
the postural side, but by a subcortical connection
between the cortex responsible for the movement and
the networks responsible for the anticipatory postural
adjustment.

Moreover, anticipatory postural adjustments were
impaired after a cortical lesion extending to the supple-
mentary area region or to the motor cortex. As the
impairment occurred for lesions contralateral to the pos-
tural forearm (and not to the moving arm), the authors
concluded that the anticipatory postural adjustment net-
works were under the control of these contralateral cor-
tical areas. It is suggested that the role of these networks
is to select the segments utilized as a reference frame for
the movement and to gate on the appropriate network
for stabilizing the corresponding postural segment dur-
ing the movement.

Further investigations on the central organization of
anticipatory postural adjustments are crucial for the
understanding of the neurological deficit specifically
related to their dysfunctioning.

How is the control organized?

A main difficulty for understanding postural control is
the complexity of the biomechanical constraints under-
lying human posture. The body is supported by a narrow
support base, where the action and reaction forces take
place. The body is a multi-joint chain, which includes
segments of different mass and inertia, linked by muscles
with their visco-elastic characteristics. Each single joint
movement is associated with dynamic interaction with
other segments of the chain; these movements change

the impact of external forces such as gravity on the body
segments, thus complicating the regulation of posture.

One main concern for understanding the control is to
find out how a reduction of the number of degrees of
freedom can be achieved in order to simplify the con-
trol.” The multi-joint chain is not specific to posture;
thus, in this respect, the problems of control are com-
mon to that of any multi-joint movement. The specific
aspect of posture in this control is related to the need to
control balance and/or the body segment orientation
during the motor act.

A first concept regarding simplifying control is that of
‘reference posture’. This concept is in line with the equi-
librium point theory of Bizzi et al.” and the lambda
model of Feldman and Levin,” and related to the spring-
mass properties of the musculo-skeletal system.

In the development of the lambda model, it was pro-
posed that the critical threshold length for each muscle
(which is the threshold for the myotatic reflex) is set in
order to define a given reference postural configuration.”
The control of a referent posture would consist in setting
the critical length for the whole set of body muscles at an
appropriate value. This concept is attractive due to its
relative simplicity and meets a number of observations.
For example, forward and backward trunk bendings are
accompanied by opposite displacements of lower body
segments and as a result the center of gravity position
remains inside the support surface.” This kinematic syn-
ergy with a strong coupling between segment angles*”
remains under microgravity conditions™ and seems to be
a behavioral invariant, independent of external con-
straints, as would be expected from the referent posture
hypothesis. If the kinematic pattern is invariant, the
EMG patterns do adapt to the constraint. As proposed by
Babinski,” the coordination between equilibrium and
movement, as revealed by the study of upper trunk
movements, seems to be under the control of the cere-
bellum.” It is not yet clear how far this model is able to
account for the dynamic interaction between segments
which disturbs movement performance and balance.

The inverse dynamic model was proposed by Ito” and
by Gomi and Kawato;™®” it implies that an internal model
of the body segments kinematics and dynamics does
exist. When performing a goal-directed movement,
the dynamical interactions between segments which
disturb the trajectory have to be compensated. A feed-
forward inverse dynamic model is built up which corrects
in advance for these dynamic interactions. The cerebel-
lum would be the site where the inverse model is stored.
As the dynamic interactions between segments are a
major source of balance disturbance during movement,
one might think that the inverse model would accurately
control balance during movement performance.

A third possibility for postural control during move-
ment is derived from the observation on hip and ankle
strategies for restoring balance.” The hip and ankle
strategies are considered as basic multi-joint movement
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units of the biomechanical system which can be scaled
both in terms of kinematics and kinetics."'" In a task
such as trunk bending, one is used for performing the
movement (hip synergy), the other for balance control
(ankle synergy) by accelerating the CG forward, in an
opposite direction to the CG acceleration resulting from
the hip flexion. Thus, two parallel controls would be pre-
sent, one responsible for the movement, the other for the
anticipatory postural adjustment.

LEG MOVEMENTS

Movements of the legs are a source of disturbance of bal-
ance because they take part in body support; thus a dis-
placement of the center of gravity is observed preceding
leg movement onset to compensate for this disturbance.
The center of gravity shift occurs, for example, during
the initiation of gait, standing on tip-toes or on the heels,
or raising one leg.*""""

The neural control by which the center of gravity shifts
toward a new position compatible with equilibrium dur-
ing movement, is clearly different from the neural control
responsible for the anticipatory position adjustment
which prevents center of gravity displacement during
movement such as occurs during upper trunk bending. It
can be compared to a goal-directed movement except that
the goal is expressed not in terms of geometry (object in
space) but in terms of forces (new center of gravity
position). This type of control is related to equilibrium
constraints and disappears under microgravity condi-
tions.'” Its central organization in humans is still an open
question. However, ablation experiments in quadrupeds
performing leg-raising tasks suggests that this type of
control is highly dependent on motor cortical areas.'"

Integrating postural responses into the
step cycle

Studies on the control of balance during unperturbed
gait suggest that this task is very different from the task
of balance control during stance."” During walking, the
center of gravity moves outside the base of support of
the feet and thus creates a continuous state of imbalance.
Falling is prevented by placing the swinging foot ahead
of and lateral to the center of gravity as it moves forward
(see Chapter 4).

A key aspect of balance during locomotion is the con-
trol of the mass of the head, arms and trunk (the HAT
segment) with respect to the hips, since this is a large
load to keep upright. It has been hypothesized by Winter
and colleagues' that the dynamic balance of the head,
arms and trunk is controlled by the hip muscles, with
almost no involvement of the ankle muscles. They sug-
gest that this type of control is more efficient since the
hip has a much smaller inertial load to control (that of
the HAT segment) than the ankles, which would have to
control the entire body.

Although balance control during unperturbed gait
appears to be controlled by hip musculature, compensa-
tions for balance perturbations during gait have been
shown to be controlled primarily by responses in the
ankle and thigh musculature.”"" In experiments in
which the balance of young adults was disturbed at dif-
ferent points within the stance phase of gait, it was
shown that the young adult elegantly modulates postural
response organization primarily in the leg and thigh
muscles to compensate for disturbances.

Thus, when the foot slipped forward at heel-strike,
which slowed forward momentum of the body, a
response was elicited in anterior bilateral leg muscles
(tibialis anterior) as well as anterior and posterior thigh
muscles. These muscles showed early (90-140 ms), high
magnitude (four to nine times the activity in normal
walking) and relatively long-duration bursts."' Although
proximal hip muscle activity was often present during
the first slip trial in young adults, it tended to adapt away
during subsequent trials. As shown previously for recov-
ery of balance during quiet stance, muscle response pat-
terns to balance threats during walking were activated in
a distal to proximal sequence.

CONCLUSIONS

Postural or equilibrium control is considered to be the
foundation for voluntary skills, because almost every
movement that an individual makes is made up of both
(1) postural components, which stabilize the body and
(2) the prime mover components which relate to a par-
ticular movement goal.

The task of postural control involves the maintenance
of the alignment of body posture, of stability, or bodily
orientation to the environment and also serves as a
mechanical support for action.

Postural tone depends on and is modulated through
the myotatic reflex loop, tonic labyrinthine reflexes, the
tonic neck reflexes, lumbar reflexes and positive support-
ing reactions. In addition, the tactile, visual and
labyrinthine placing reactions adapt the activity of the
postural muscles of the limbs to their function of body
support.

In humans, where the supporting surface is narrow,
there is a direct regulation of the center of gravity by dis-
placement of body segments.

The main substrate that has been proposed as the
basis for body orientation is the so-called postural body
schema, an internal representation of body posture,
which includes a representation of body geometry, of
body kinetics and of the body orientation with respect to
gravity (vertical).

Information on orientation with respect to verticality
comes from the labyrinthine and visual sensors located
in the head and possibly from body graviceptors. The use



16 Posture and equilibrium

of sensory information from multiple sources, including
the visual, vestibular and somatosensory systems, is a key
feature of the neural control of both body orientation
with respect to vertical and stabilization against external
disturbances.

Research on postural compensatory responses to sup-
port surface perturbations indicates two levels of con-
trol: strategy and synergy. The strategy is invariant and
corresponds to the way in which the nervous system
restores balance. Examples are the ankle strategy, used to
balance in response to small perturbations on a normal
surface, and the hip strategy, used to control balance on
a short surface or with respect to large, fast perturba-
tions. The neurally programmed synergies provide the
muscular forces for achieving the strategy. They are
partly fixed and partly flexible. These postural response
synergies may be fine-tuned according to the constraints
of the task and the individual.

The contribution of the somatosensory system is
much greater than that of the vestibular system when
compensating for transient horizontal support surface
perturbations.

Postural control is not organized as a single unit.
Independent control of the position or orientation of
segments such as the head, trunk and forearm has been
shown to exist. These segments serve as a reference frame
for perception and action processes.

The execution of potentially destabilizing voluntary
movements is preceded by activation of postural muscles
(anticipatory postural adjustments), which serve to
compensate in advance for changes in equilibrium or
posture caused by the movement. The same muscle
response organization that was previously found to sta-
bilize posture after an external threat to balance was used
to stabilize posture before an arm flexion task.

Balance control during unperturbed gait appears to
be controlled by the hip musculature, while compensa-
tions for balance perturbations during gait appear to be
controlled by responses in the ankle musculature.
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INTRODUCTION

Life-sustaining and enhancing behavior, such as search-
ing for food and avoiding predators, includes locomo-
tion as an integral component. Nature has evolved a
variety of forms of locomotion, such as flying, swim-
ming and walking, suitable for different environments
inhabited by the animal and machinery for implement-
ing this important motor act. A common feature of all
forms of locomotion is repetition of cyclical activity of
appendages to transport the body. Interestingly, except
for organisms such as bacteria, the natural kingdom is
without wheels, which we hold as the cornerstone for
efficient transportation. Lack of physical fusion between
the wheels and the body required by design would also
stop the transmission of nutrients and neural command
signals to the motors driving the wheels." Although
wheels involve minimal accelerations and decelerations
during a cycle, reducing pitching motion, legged loco-
motion offers unique advantages. The ability to step
over or under obstacles and use isolated footholds
allows legged animals to traverse terrains that are virtu-
ally inaccessible to wheeled vehicles.”

In this chapter we focus on the neural hardware and
software and the sensorimotor apparatus that makes
human locomotion possible. The chapter is structured
around how the central nervous system (CNS) generates
and controls various essential requirements for locomo-
tion, and how biological and mechanical factors influ-
ence the control mechanisms.
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References 35

DESIGN AND FUNCTIONAL SPECIFICATIONS
OF THE LOCOMOTOR CONTROL SYSTEM

The requirements that the control system has to satisfy to
be able to produce adaptive locomotion are:

1. Set up the initial body posture and orientation
needed to initiate locomotion.

2. Initiate and terminate locomotion as and when
needed.

3. Produce and coordinate the rhythmic activation pat-
terns for the muscles of the limbs and the trunk to
propel the body in the intended direction.

4. Maintain dynamic stability of the moving body
counteracting the force of gravity and other forces
(expected and unexpected) experienced by the mov-
ing body.

5. Modulate the patterns to alter the speed of locomo-
tion, to avoid obstacles, select appropriate stable foot
placement, accommodate different terrain and
change the direction of locomotion.

6. Guide locomotion towards endpoints that are not
visible from the start.

7. Use minimal fuel to maximize distance covered
before stopping for replenishment of nutrients.

8. Ensure the structural stability of the locomotor
apparatus to minimize downtime or permanent
damage during the lifespan of the animal.

These are not desirable but necessary features,
although, on a short-term basis, the system may be able
to function, for example, if the last two requirements are
not rigidly satisfied. The focus in this chapter is on
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normal locomotion, where normal refers to the state of
the locomotor machinery. Although the cardio-respira-
tory system, which provides the fuel to sustain locomo-
tion, is an integral part of the locomotor system, we
restrict our discussion to the neuromotor apparatus. The
intention is not to provide detailed neurophysiological
description but rather highlight the basic principles of
operation and organization that allow the system to
meet the requirements outlined above.

Initial body posture and orientation needed
to initiate locomotion

Initiation of locomotion in both bipeds and quadrupeds
requires an initial standing posture (although locomo-
tion in humans can be achieved from a variety of pos-
tures, standing posture is the preferred choice). Weight
support is achieved through regulation of postural
tonus, particularly in the extensors (anti-gravity mus-
cles). Establishing the orientation of the body for loco-
motion is also essential for purposeful, goal-directed
locomotion.

NEURAL SUBSTRATES INVOLVED

The work by Mori and his colleagues (see review by
Mori)’ have identified two midpontine neuronal struc-
tures that are responsible for modulating extensor mus-
cle tone. Stimulating the ventral part of the caudal
tegmental field (VTF) in the pons increases the level of
extensor muscle tone, while stimulation of the dorsal
portion of the caudal tegmental field (DTF) reduces the
extensor muscle tone. A cat supporting its weight on the
limbs can be made to change its posture to sitting and
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even lying down when the DTF is stimulated at increas-
ing intensities. In contrast, increasing the level of VTF
stimulation results in the cat going from a lying posture
to squatting to standing. Mori’s work has shown quite
clearly that appropriate postural set is a prerequisite for
eliciting locomotor behavior. For example, stimulation
of the DTF can override stimulation of the mesen-
cephalic locomotor region (cuneiform nucleus) or sub-
thalamic locomotor region (lateral hypothalamic area)
which normally would elicit locomotion.

RELEVANT HUMAN STUDIES

The most pertinent studies related to this functional
specification are those examining sit-to-stand behavior.
Since in western culture, sitting in a chair is a common
posture prior to initiation of locomotion, these studies
describe the motor changes associated with setting of
initial posture. The majority of these studies have
described the changes to the muscle activation patterns,
joint moments and powers and outcome measures as
reflected in center of mass profiles.""" It is clear that the
control of the horizontal momentum is the invariant
characteristics of sit-to-stand task, and is heavily biased
by the final equilibrium posture.” Two distinct strategies
are used to perform this task; the locus of propulsive
power distinguishes between the two strategies and is
either the muscles around the knee joint or the hip joint
compensating for the amount of trunk flexion before
seat-off." The center of mass (COM) and center of pres-
sure (COP) profiles during the execution of such a task
clearly provide a useful way of understanding how the
control signal captured by the COP regulates the con-
trolled parameter, COM (see Fig. 2.1). As expected,
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Figure 2.1 Center of mass (COM) and
center of pressure (COP) profiles during a
sit-to-stand task.
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COM has to move outside the base of support (BOS)
defined by the contact area of the buttocks and the feet
(assuming no use of arms). The COP initially moves
behind the COM to accelerate the COM forward and
quickly moves ahead of COM to bring it to a controlled
stop. The difference between the COP and COM deter-
mines the magnitude of the COM acceleration.” Unlike
the patterns observed during gait initiation (see next sec-
tion), there is no appreciable lateral movement of COP
or COM; the profiles show excursions primarily in the
forward direction. Setting of orientation during gait ini-
tiation has not been investigated.

Initiation and termination of locomotion

Locomotion while involving repetition of cyclical move-
ment patterns is an episodic thythm and not continuous
like the heart or respiratory rhythm. Therefore, we need
to be able to turn on the rhythm for gait initiation and
turn it off for gait termination.

NEURAL SUBSTRATE AND PATHWAYS INVOLVED

The reticulo-spinal system is the mediating link between
the excitatory signals from the higher brain areas and the
spinal pattern generator. Research reviewed by Jordan"
shows the convergence of input to the cells in the medial
pontomedullary reticular formation (MRF) region. The
latency of the excitatory postsynaptic potentials at the
motoneuron level following stimulation of various
brainstem regions to initiate locomotion suggests a
polysynaptic pathway with a relay in the MRF region.
These pathways use glutamate as a transmitter. The input
to the spinal network can be characterized as tonic,
with the amplitude (intensity) controlling the speed of
locomotion.

Identification of these well-defined regions in the
midbrain (midbrain locomotor region or MLR) and the
lateral hypothalamic area (subthalamic locomotor
region, or SLR) was instrumental in the study of loco-
motion. It is interesting to note that these regions are not
hierarchical in the sense that a lesion in the MLR does
not abolish locomotion induced by stimulation of the
SLR region. The stimulation used to elicit locomotion
from these regions is generally electrical. The majority of
the studies documenting the behavior of the animal fol-
lowing stimulation of these regions is carried out in a
decerebrate preparation (structures rostral to the brain-
stem and the cerebellum removed). Mori et al." stimu-
lated these regions in an awake cat. It is clear that the
stimulation of the two regions elicits quite a different
response. The MLR stimulation is accompanied by
changes in posture from sitting to standing (mediated
through VTF) and results in fast walking and then run-
ning movements.” The animal behaves as if it is running
away from a noxious stimulus. In contrast, stimulation
of the SLR results in locomotor movements that appear

very normal and involves ‘orienting and searching
behavior’ before and during locomotion. Although
appropriate cardio-respiratory changes accompany loco-
motion induced in a decerebrate preparation, in an
intact animal as studied by Mori et al.," ‘behavioral
arousal reactions” are also induced (mediated through
the ascending activating system from the reticular for-
mation to the higher cortical centers). Termination of
locomotion is achieved through removal of the excita-
tory inputs to these regions.

RELEVANT HUMAN STUDIES

Gait initiation has been studied extensively.”'** Since the
study by Carls66,' it is realized that the defining feature
of gait initiation is the inhibition of activity in postural
muscles, specifically the ankle plantarflexors resulting in
movement of the COP behind the COM causing
the COM to move forward. As shown recently by
Couillandre et al.,” however, inability to move the COP
backward does not limit the ability of the CNS to initiate
forward progression. The inhibition of ankle plantarflex-
ors is accompanied by increased activation of the ankle
dorsiflexors, which assists in forward displacement of
COM. The latency of inhibition and excitations of mus-
cles show a tight linkage and are not influenced by the
movement velocity.” Gait initiation has been shown to be
unaffected by postural instability of the stance limb,”
cerebellar deficits™ or vestibular input.” This suggests that
gait initiation is run in a feed-forward manner with lim-
ited on-line control. Winter and colleagues have shown
that in addition to backward displacement of COP there
is a concomitant lateral displacement of the COP initially
towards the limb that is going to be used to take a step.”
Lateral displacement of COP serves to move the COM
towards the stance limb and is achieved by the abductor/
adductor muscles about the hip joint. COM and COP
profiles during a forward step are shown in Fig. 2.2.

Gait initiation clearly involves purposeful destabiliza-
tion of a stable upright posture to assist in a forward
step. In contrast, gait termination involves the converse;
the forward body momentum acquired during steady-
state locomotion must be arrested and a stable upright
posture must be achieved. While problems in gait initia-
tion are problematic and not desirable, gait termination
poses greater threat to balance control. As in a car, igni-
tion failure may be a nuisance, but the failure of the
brakes can lead to devastating consequences. Several
researchers have studied gait termination and described
the interplay between COM and COP* changes in
ground reaction force which capture COM acceleration
profiles,” and electromyographic changes.’*” The COM
and COP profiles during gait termination essentially
show mirror images of the gait initiation profiles (Fig.
2.3). The COP has to move ahead of the COM to decel-
erate it and bring it to a stable position. Foot placement
provides coarse control of COP, while fine changes in
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Figure 2.3 Center of mass (COM) and center of pressure (COP)
profiles during gait termination.

COP during the weight-bearing phase are influenced by
ankle musculature in the anterior—posterior plane.*
Hase and Stein® identified two distinct strategies based
on the electromyograph (EMG) profiles, depending on
when the cue to stop is given: extensor synergy when cue
is given late stance or early swing and a flexor synergy
when the cue arrives in the late swing phase. Crenna et
al.” found that the weight support limb synergy is
dependent on the velocity of locomotion, while the
swing limb synergy is relatively robust and immutable.
Perry et al.*® showed that sensory manipulation influ-
enced the interplay between COM and COP during gait
termination, suggesting that, unlike gait initiation, gait
termination is under feedback control.

Figure 2.2 Center of mass (COM) and
center of pressure (COP) profiles during
gait initiation.
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Production and coordination of rhythmic
muscle activation patterns

Locomotion in all animals involves repetition of cyclical
activity of appendages (legs, fins or wings) to transport
the body. Without this feature locomotion would not be
possible. How this rhythmic activation of the muscles in
the appendages is generated has been the subject of
much research for over 100 years.

NEURAL SUBSTRATES INVOLVED

The spinal cord represents a large part of the CNS, and
on the evolutionary scale is the antecedent for other
CNS developments. It is much more than a relay center
for commands received from the supraspinal system: it
plays a critical role in the generation and control of
locomotion. The spinal cord can produce reasonably
complex and ‘near normal’ muscle activation patterns
in response to an unpatterned stimuli. The unpatterned
stimuli generally consist of injection of pharmacologi-
cal agents that increase the background excitability of
the spinal cord. These patterns of muscular activation
are not restricted to muscles within a limb; rather, the
spinal cord can provide appropriate interlimb coordi-
nation in addition to the intralimb coordination. When
the intensity of the unpatterned stimuli is increased, the
frequency of the step cycle is also increased along with
appropriate interlimb coordination.” A spinalized ani-
mal is also able to functionally modulate reflex
responses® and carry out other stereotypic tasks con-
currently.” Modulation of reflex responses will be dis-
cussed later when we focus on the role of the sensory
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system. The ability to carry out other stereotypic tasks
concurrently suggests that the spinal cord is not fully
taxed for locomotion: reserves can be used for other
tasks.

Although the spinal cord is able to release pre-stored
complex motor patterns, these are by no means suffi-
cient for weight support and active propulsion in the
intended direction. The ability to propel oneself in the
intended direction manifests itself in the generation of
appropriate forces exerted on the support surface. For
example, to locomote forward the limbs have to pro-
duce forces that act downwards and backwards; the
reaction forces, as dictated by Newton’s third law, will
produce forces acting forward and upward on the ani-
mal necessary for forward progression. Muscle activity
alone cannot provide the necessary information; the
anterior—posterior forces, which constitute the resultant
action of the activity of many muscles, best reflect this
active propulsion. Only one study has examined these
forces in the spinalized cat,” and their records (see their
Fig. 6) show that the animal is not actively pushing itself
forward. Others have also observed that spinal stepping
lacks the ‘vigor’ of intact animals, being unable to push
the belt of a passive treadmill, and the animal has to be
supported in a sling.” When one examines the muscle
activation patterns along with some kinematic data
observed in a spinalized cat for example,” two points
become clear. First, the burst patterns are primarily
restricted to when the muscles are contracting eccentri-
cally and, second, there is an apparent lack of any co-
contraction among the muscles. Thus, the spinal cord is
necessary but not sufficient for expression of even the
most rudimentary stepping behavior.

The demonstration that a simple unpatterned input
to the spinal cord can produce complex rhythmic activa-
tion patterns led to the principle of central pattern gen-
erator (CPG) for the control of locomotion.”* The
input plays no role in the generation of basic rhythm;
rather, it is necessary to release and sustain the rhythm.
The pre-organized rhythmic activation patterns in the
spinal cord simplify the control of locomotion by har-
nessing the large degrees of freedom. It is not clear what
‘unit (limb, joint)’ of the locomotor apparatus performs
this CPG control. Split belt treadmill experiments and
other research clearly suggest that there is probably a
separate CPG for each limb. Because most animals can
walk backwards or sideways, for example, which involve
different inter-joint coupling, researchers have suggested
that there are CPGs for each joint whose coupling can be
changed for different modes of locomotion.” There are
several aspects mediating against such a proposal.
Pattern recognition analyses do not reveal any feature
pattern grouping according to a joint. Muscle activity
patterns during forward and backward walking show
changes that cannot be accounted for by simply chang-
ing the sign of coupling.” It is more likely that the same
spinal circuitry can be reconfigured based on other

supraspinal inputs for use in different forms of locomo-
tion.”

RELEVANT HUMAN STUDIES

In humans, the evidence for the central pattern generator
for locomotion in the spinal cord has been primarily
indirect, coming from developmental studies. Young
infants produce stepping like behavior (very similar to
stepping produced by a spinalized animal), which include
appropriate inter- and intra-limb coordination patterns
(that are not stable on a cycle to cycle basis, as observed
in spinalized animal) when propulsion and balance
requirements are eliminated through external sup-
port.”™ Work on paraplegic patients has provided some
direct evidence for a spinal stepping generator in
humans.” Their work has shown that the pattern of
reflexes elicited by flexor reflex afferents (FRAs) is similar
to spinal stepping in animals treated with L-DOPA (these
FRAs excite the locomotor related interneurons). They
have also observed rhythmical activity in one patient that
is attributed to the spinal stepping generator.” The rhyth-
mic activity was almost synchronous in all the muscle
groups and was highly influenced by FRAs. Although the
form of locomotor behavior is species specific (e.g. walk-
ing vs. flying), the basic framework of the control system
is remarkably similar throughout the vertebrate phy-
lum.”* Therefore, there is no reason why this general
principle of organizing rhythmic behavior should be dif-
ferent in humans. Recently Duysens and van de
Crommert” provided a thorough review of the evidence
for central pattern generators in humans.

Characterizing output patterns from a central pattern
generator in humans has not been very successful.
Beginning with the work by pioneers such as Muybridge
and Marey in the early 1900s, early researchers used a vari-
ety of tools and measures to describe the basic patterns of
level, straight-path human locomotion. Many researchers
have measured and catalogued the muscle activation pat-
terns, endpoint and joint kinematics, and ground reaction
forces during normal human locomotion (for a review see
Winter).* While muscle activation patterns are useful, it is
not easy to determine the net effect of these patterns at the
joints and consequent changes in limb/body movement.
This lack of unique one-to-one mapping between muscle
activation patterns and movement outcome results from
the complex effects of muscles on joints they do not span®
and difficulties with activation of antagonist muscles and
muscles spanning more than one joint. Calculation of
joint moments and powers using Newton’s laws (inverse
dynamics) has provided a way around this difficulty.
Winter" provided an exhaustive catalogue of calculated
joint kinetics in the sagittal plane during normal human
locomotion.

In Table 2.1 we have described the basic stride cycle
and the role that various types of muscle activity play in
the control of normal human locomotion. It is clear that



Table 2.1 Gait phases and definitions

Overall function

Balance control

Movement control

Double support
IFC
Specific role to CTO

Neck extensors
Spinal extensors
Hip extensors

Stability of head and spinal column
Preventing a forward/backward fall

Preventing a fall to the side
Preventing collapse

Control of foot contact to prevent slip

Energy generation for propulsion Hip extensors

Generation of swing limb trajectory

Single support
CTO
to CFC

Hip abductors
Hip extensors
Knee extensors
Ankle extensors

Double support
CFC
to ITO

Neck extensors
Spinal extensors
Hip flexors

Ankle extensors
Hip flexors

Swing

ITO to IFC

Early Late
Hip extensors
Knee flexors
Ankle flexors

Hip flexors

Hip flexors

Hip abductors/adductors
Knee extensors
Ankle flexors

CFC, contralateral foot contact; CTO, contralateral toe-off; IFC, ipsilateral foot contact; ITO, ipsilateral toe-off
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while muscles are used for propulsion and movement
(limb trajectory) control, more often their roles are to
ensure dynamic stability during different phases of the
gait cycle. Thus, to isolate the patterns that constitute
essentially output from a putative central pattern gener-
ator in humans and the activity that relates to the main-
tenance of stability is by no means easy. The same muscle
activity may serve two functions. One way of determin-
ing electromyographic activity related to rhythmic
movements of the limb is to study locomotion when
individuals are supported in a harness, thereby obviating
the need for stability control. Researchers involved in
rehabilitation of spinal cord injured patients use harness-
supported treadmill walking:* monitoring activity in
normal individuals in a similar setting can be useful in
identifying the rhythmic muscle activation profiles
needed to move the limbs cyclically.

Maintaining dynamic stability of the moving
body

Maintaining balance is essential to locomotion. The
COM of the body is outside the base of support during
the single support phase, which constitutes approxi-
mately 80 per cent of the stride duration. Therefore,
from a static stability perspective, bipedal locomotion is
unstable. Falling is avoided by the ability of the nervous
system to change the base of support and control the
COM that is moving towards the new base of support.
This delicate balance is achieved through a combination
of reactive (responses elicited after the perturbation is
detected by the sensory systems), predictive (responses
based on prediction of perturbation generated by chang-
ing velocity of on-going movement) and proactive
(responses mediated by acquisition of information at a
distance primarily through the visual system) control.

REACTIVE CONTROL OF DYNAMIC STABILITY

Mono- and polysynaptic reflexes provide a good first
line of active defense against unexpected perturbations
(see review by Dietz"”). The most interesting feature is
the functional modulation of these reflexes to provide
appropriate phase- and task-specific responses to per-
turbations in humans (see review by Stein®) and other
animals.” Stein and his colleagues have shown that the
gain of the soleus H-reflex (electrical analogue of the
monosynaptic stretch reflex) is modulated during the
step cycle. It is low in the early stance and swing phases,
and high during the mid to late stance. During early
stance, when the body is rotating over the foot stretch-
ing the soleus muscle, a high reflex gain would impede
forward progression and therefore would be undesir-
able. Similarly, during early swing when the foot is being
actively dorsiflexed for ground clearance, a high reflex
gain could result in tripping. In contrast, during late
stance high reflex gain could assist in the push-off

action and therefore would be desirable. To provide
functionally appropriate responses, the incoming sen-
sory information has to be modulated by the
supraspinal input and spinal pattern generator output.
Presynaptic inhibition has been argued as a mechanism
for modulating the stretch reflex during locomotion.”
While H-reflex studies are useful surrogates for investi-
gating contributions of stretch reflex, there are some
differences between H-reflex and stretch reflex modula-
tions during gait, as shown by Sinkjaer et al.,”” particu-
larly during the swing phase. Polysynaptic reflexes such
as the flexor reflex™™ are also modulated and gated to
provide functionally appropriate responses. The flexor
reflex is mediated by skin mechanoreceptors rather than
nociceptors (pain receptors). These long latency
responses are probably more effective for responding to
larger unexpected perturbations applied during loco-
motion.” It is interesting to note that the spinal cord in
cats is sufficient for functionally modulating these
reflexes.”® The modulation of mono- and polysynaptic
reflexes involves task-, phase- and muscle-specific con-
trol of the reflex gain (even the sign), and has been
argued to be a basic control strategy.”

While the study of specific reflexes using artificial
stimuli to specific classes of receptors have been very
useful, it is realized that direct perturbations to balance
activate many different types of receptors, leading to
more complex functional responses. Early work on
perturbing balance during locomotion in humans sug-
gested that the recovery strategies are similar in organi-
zation to strategies used to maintain upright stance.
Later work by Dietz et al.”>* suggested that group II and
11T afferents were responsible for the triggering and orga-
nization of the recovery response. Flexor response mod-
ulation studies do not adequately predict the complex
response seen during an unexpected trip. Responses to
an unexpected trip occurring at different times in the
swing phase” exhibited the following characteristics:

1. They were phase dependent, with perturbations
early in the swing phase producing an elevating
strategy and perturbation later in the swing phase
producing a lowering strategy

2. Muscle response (in ipsilateral and contralateral
limb) latencies were in the order of 60-140 ms,
suggesting a polysynaptic reflex response

3. Recovery response, particularly for perturbation late
in the swing phase, persisted into the subsequent
step cycle.

These results demonstrate the complex sensorimotor
transformation of essentially similar afferent input, giv-
ing rise to a context-dependent reflex response. Similar
latency responses have been seen when an unexpected
slip is induced during locomotion, both in the perturbed
limb and unperturbed limbs.**' Typical responses dur-
ing an unexpected trip highlighting some of these char-
acteristics are shown in Fig. 2.4.
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In most cases the perturbation magnitude is suffi-
ciently large such that recovery response takes place over
more than one step cycle. Recently, while studying
dynamic stability during locomotion in the frontal
plane, we have shown that COM recovery takes place
over a longer time-frame than typically considered by
researchers studying reflexes.” Figure 2.5 shows medio-
lateral COM changes in response to a push from the
right side during treadmill locomotion, illustrating the
complex recovery response that is needed to return the
system to its normal walking pattern.

Two important attributes about recovery responses
emerge from many studies on gait perturbation. First, a
truly reactive response is most often seen in the first
trial.** Subsequent responses to repeated perturbations
often show proactive adjustments based on prior experi-
ence with the perturbation.” Prior knowledge about a
slippery surface, for example, can also influence the
recovery response.”

PREDICTIVE CONTROL OF DYNAMIC STABILITY

Feed-forward control is also essential for compensating
for movement-generated perturbations. Every move-
ment, even the normal locomotor movements, perturbs
the body by virtue of displacement of the COM and
reactive moments. A pioneering study by Belenkii et al.”
demonstrated that postural muscles were recruited prior
to those required for intended movement. Since then
numerous studies have documented the role of anticipa-
tory or proactive control in responding to perturbations
applied to upright posture (see Chapter 1). Winter* has
documented the joint moments that counteract the per-
turbations produced by the normal locomotor move-
ments. Pitching motion of the trunk with acceleration
and deceleration in each step cycle is controlled primar-
ily by the moments about the hip joint. Tipping of the
upper body towards the unsupported side is primarily

(a)

regulated by the hip abductors: the magnitude of desta-
bilization is controlled by the foot placement with
respect to body COM. Collapse in the vertical direction
is prevented by controlling the moments about the knee
joint, which have been shown by Winter* to co-vary with
the hip joint moments. By using the hamstrings to decel-
erate the limb extension during the swing phase, gentle
foot contact (a horizontal velocity of about 0.4 m/s) is
achieved and chances of slipping are minimized. During
normal level locomotion, as simulations have shown,
tripping is avoided primarily through active dorsiflex-
ion.” Studies examining postural responses to additional
movement generated perturbations applied during loco-
motion are relatively few.”*”* These studies have shown
that proactive responses to perturbations initiated by
arm movements are functional, ensuring stability and
forward progression. This mode of proactive control of
balance suggests the presence of a movement and body
schema within the nervous system.

PROACTIVE CONTROL OF DYNAMIC STABILITY

The most powerful means of ensuring stability is to
actively avoid the perturbation. Identification and avoid-
ance of potential threats to stability are made possible by
the visual system. Whereas sensory modalities such as
the kinesthetic system need physical contact with the
external world to transduce and supply relevant infor-
mation, vision can provide us with information from a
distance. Much of our knowledge about the external
world is derived from vision, which plays an essential
role in guiding movements. Information about the static
and dynamic features about the environment in which
an animal lives and moves about in is critical. Although
receptors sensitive to diffusing chemicals (sense of smell)
and to mechanical energy (kinesthesis and auditory sys-
tem) can provide considerable information about the
environment, nothing surpasses the ability of receptors
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detecting light energy to provide information about
inanimate features or animate beings that are silent or
far away in the environment.” Most animals obtain
information from the intensity, direction, frequency and
polarization of reflected lights. Dusenbery® has provided
estimates of the large rates of information transmitted in
the human visual system (10°-10° bits/s). It is not
surprising that the Bible’s first imperative is ‘Let there be
light’, and vision is accorded primacy and dubbed the
queen of the senses. Vision allows us to interpret and
take appropriate action before reaching the site of poten-
tial perturbation. These actions are classified as avoid-
ance strategies” and include: selection of alternate foot
placement by modulating step length and width;
increased ground clearance to avoid hitting an obstacle;
changing the direction of locomotion (steering) when
the obstacles cannot be cleared; and stopping. Clearly,
avoidance strategies represent locomotor adaptations
that are primarily implemented to ensure dynamic equi-
librium of the moving body.

The work done in my laboratory has provided
insights into the basis for selection of alternate foot
placement,” minimum time (expressed in terms of the
step cycle metric) required for implementing these
avoidance strategies” ™ and the characteristics of loco-
motor pattern changes.””’*”>">”

The major findings from our studies on avoidance
strategies are as follows. (1) Most avoidance strategies
can be successfully implemented within a step cycle; only
steering has to be planned one step cycle ahead. (2)
Selection of alternate foot placement is guided by simple
rules. Minimum foot displacement from its normal
landing spot is a critical determinant of alternate foot
placement position. When two or more choices meet the
above criteria, modifications in the plane of progression
are preferred. Given a choice between shortening or
lengthening step length, subjects choose increased step
length; inside foot placement is preferred over stepping
to the outside provided the foot does not cross the mid-
line of the body. As discussed by Patla et al.,” these rules
for alternate foot placement selection ensure that avoid-
ance strategies are implemented with minimal changes
while maintaining the dynamic equilibrium and allow-
ing the person to travel forwards safely. (3) The modifi-
cations made to the locomotor pattern to implement
avoidance strategies are complex and task specific. They
are not simple amplitude scaling of the normal locomo-
tor patterns: Rather, both ipsilateral and intralimb mus-
cle activation patterns show phase- (of the step cycle)
and muscle-specific modulations.” (4) Both visually
observable and visually inferred properties of the envi-
ronment influence the avoidance strategy selection and
implementation.” We have shown, for example, that per-
ceived fragility of the obstacle modulates limb eleva-
tion.” When obstacle avoidance response has to be
initiated quickly, subjects show a two-stage modulation
of limb trajectory; initial large change in response to an

obstacle is followed by adjustments related to the height
of the obstacle.”

Different terrains have to be accommodated as we
travel from one place to another. These terrains may have
different geometric characteristics, such as sloped sur-
faces or stairs, and/or may have different surface proper-
ties, such as compliance (a soggy field), and frictional
characteristics (e.g. icy surface) that can influence the
body—ground interaction.”” Unlike avoidance strategies
that normally would influence one or two steps, accom-
modation strategies usually involve modifications sus-
tained over several steps. The types of changes made to
the normal locomotor rhythm may include those dis-
cussed under avoidance strategies. For example, while
walking on a icy surface step length is often reduced.
Other changes include a change in locus of propulsive
power, as found in stair climbing (propulsive power
from the muscles around the hip and knee joint) com-
pared with level walking (major propulsive power from
muscles around the ankle joint).*

Although the sense of touch (cutaneous afferents) has
other roles besides control of movement, the resources of
the kinesthetic and vestibular systems are primarily ded-
icated during the control of locomotion. Visual system
resources on the other hand cannot be dedicated com-
pletely to the guidance of locomotor task. Intermittent
sampling of the environment is adequate.*™ This is not
surprising considering evolutionary pressures which
required the predator or the prey to attend to other
things while walking. Our work® has shown that when
the terrain is even and no specific foot placement is
required, subjects visually sample the environment for
less than 10 per cent of the travel time (not including the
initiation and termination phase). When foot placement
is constrained (by requiring the subjects to step on spe-
cific locations) the sampling time increases to slightly
over 30 per cent. Gaze patterns during adaptive locomo-
tion, whether it involves avoiding an obstacle, landing on
specific targets or steering, also show intermittent sam-
pling of environmental features.**

Kinesthetic and visual systems, unlike the vestibular
system, may be subjected to sensory errors. When the
support surface moves (for example while standing on a
compliant surface) the kinesthetic output can be in error
because its output is referenced to the support surface.
Similarly, since the visual system detects relative motion
between the body and environment, environment
motion can be perceived as self-motion. The three sen-
sory modalities, with their different frames of reference,”
help to resolve conflict when one of the sensory system
outputs is in error. The information from the visual sys-
tem, however, can dominate the movement response, as
demonstrated by the elegant studies of Lee and his col-
leagues (see review by Lee and Young®). For example,
rotation of the room in which a person is running, leads
to compensatory rotation of the trunk to stabilize the
visual surround.* Recent work by Lackner and DiZio® in
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a rotating room and by Pailhous et al.” and Prokop et
al” using projected visual flow, also demonstrate the
influence and dominance of visual input on the control
of locomotion.

Modulation of basic patterns of locomotion

The basic patterns of locomotion discussed in the sec-
tion ‘Production and coordination of rhythmic muscle
activation patterns’ (page 23), are adequate for walking
over a straight level path at a constant speed. Clearly,
such constraints on the locomotor control system would
not be very useful for us: we need to be able to modify
these basic patterns to satisfy internal and external envi-
ronmental demands. The modulations of basic stepping
patterns include changes in speed of locomotion, steer-
ing control, selection of foot placement, avoidance of
obstacles on and above ground, and accommodating
surfaces of different geometry (slopes or stairs) and/or
physical properties (icy path or soggy field). The changes
can be sensory driven based on external environmental
information or internally driven by desired objective. For
example, to reach a desired destination sooner we would
like to speed up. Modulations in speed of walking can
also be externally driven: such as when crossing a street
to avoid collision with a moving car. Similarly, steering
control can be internally driven to reach a particular end
goal or externally driven to avoid collision with a large
immovable object, such as a tree. It is the ability of the
locomotor control system to meet this requirement that
makes legged locomotion so versatile.

NEURAL SUBSTRATES, PATHWAYS AND SENSORY
SYSTEMS INVOLVED

While the basic patterns of stepping are generated in the
spinal cord as discussed in the section ‘Production and
coordination of rhythmic muscle activation patterns’
(page 23), most other structures of the nervous system
and the sensory apparatus are involved in adapting these
basic patterns to meet internal and external environ-
mental demands. We begin with discussion of the
various neural substrates and pathways involved and
bring in the contributions of various sensory systems.
Although in other animals sensory modalities such as
olfaction and auditory systems play an important role in
the modulation of basic locomotor patterns, in humans,
as in most mammals, the three sensory systems — kines-
thetic, vestibular and visual — are critical for mobility.
When vision is compromised in humans, olfaction, hap-
tic and auditory systems can help in guiding locomotor
movements.” While we have been able to measure activ-
ity patterns in various descending and ascending tracts,
how sensory input is mapped onto these patterns and
eventually the motor output is not well understood.
The major motor tracts that provide phasic modula-
tion to the spinal circuitry are the vestibulospinal tract

(VeST) originating in the vestibular nuclei, the
rubrospinal tract (RuST) originating in the red nucleus,
the reticulospinal tract (ReST) from the reticular forma-
tion, the tectospinal tract (TeST) originating in the supe-
rior colliculus) and corticospinal tract (CST) originating
in the motor cortex. Phasic modulation implies that the
activity in these tracts is rhythmically active, with their
activity related to specific phase of the step cycle.
Generally, ReST and RuST provide excitatory inputs
during the swing phase of the step cycle while the VeST
primarily provides excitatory input during the stance
phase of the step cycle.” The cerebellum receives infor-
mation about the output of the spinal pattern generator
called efference copy or corollary discharge [via the ven-
tral spino-cerebellar tract (VSCT) and spino-reticulo-
cerebellar tract (SRCT)], afferent inputs generated by the
locomotor movements, both active and passive [via the
dorsal spino-cerebellar tract (DSCT)], and the vestibular
and visual inputs; it modulates the basic locomotor
patterns by regulating the activity in all descending path-
ways. Neurons in the DSCT have been shown to code
global parameters such as limb length and orientation.”
This information would be very useful in planning for
changes in activity patterns in the various descending
tracts. Cerebellar ablation results in tonic rather than
phasic activities in all but the corticospinal tract. The
rhythmic modulation of activity in the corticospinal is
considerably reduced when the cerebellar input to the
sensory motor cortex is eliminated.” When the afferent
inputs generated by the locomotor movements are 