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1. INTRODUCTION 

Skilful motor performance means producing the 
optimal response in a context involving external and 
internal constraints. The external constraints are 
those imposed by the environmental conditions under 
which the action is performed such as the gravita- 
tional forces, the reaction forces from the supporting 
surfaces, imposed accelerations and obstacles. 

The internal constraints are those which originate 
from the body itself: the geometrical configuration 
of the body segments, the inertial characteristics of 
the segments and the internal forces associated with 
muscle contraction. The central organization of a 
motor skill takes into account all the external and 
internal constraints. It requires long term learning as 
the result of which these constraints are predicted in 
the central control of the motor act. 

In an intentional complex multijoint action, such 
as grasping an object while standing, many com- 
ponents can be identified which contribute to the 
performance as a whole: reaching the goal with 
the hand, gazing at the target, stabilizing posture, 
maintaining equilibrium. Central control involves 
multiple parallel commands, each fulfilling a given 
goal, and these controls are coordinated in order to 
be integrated into the same act (Arbib, 1981). 

When attempting to identify the various com- 
ponents of the action, one approach consists of 
determining which goals are controlled at the same 
time during the motor act. Actually, two main types 
of control with respect to a goal can be identified 
which subserve different and opposite functions. 

The first type of control consists of maintaining a 
reference value against external or internal disturb- 
ances. The reference value can be the position of a 
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given segment or several segments such as the arm, 
the leg, the trunk or that of the whole body in the case 
of postural maintenance. The reference value can 
also be a more abstract parameter, as in the case of 
equilibrium control. Here the value regulated in man 
under static conditions is the projection of the body 
centre of gravity (CG) inside the supporting surface, 
the area delineated by the feet. Another parameter 
regulated is the gaze, which results from the co- 
ordination between head and eye positions. 

A second category of control is the displacement 
along a trajectory of one or several segments or the 
whole body towards a given goal. It breaks down the 
initial posture before building up a new one, which 
will in turn be stabilized. Reaching and grasping both 
belong to this category. 

In most of our motor acts, both of these categories 
of control are combined, since they involve main- 
taining the reference values of the parameters to be 
regulated such as equilibrium, the position of given 
segments, gaze fixation, and at the same time per- 
forming a movement, such as reaching an object. 
In fact, the motor act might be compared to an 
iceberg, the apparent being the movement and the 
hidden part, which is often the most important, being 
the maintenance of reference values. The hypothesis 
that two main components can be identified in any 
motor act has already been proposed by Hess (1943) 
and Jung and Hassler (1960)• They made a distinction 
in most motor acts between a teleokinetic aspect, 
which is the goal oriented movement and an ereis- 
matic aspect, or postural related component, which 
provides the postural support for the movement while 
maintaining equilibrium• 

One of the main difficulties arising when one 
attempts to investigate the organization of a given 
motor act is that the internal forces which give rise to 
the movement, and which result from muscle contrac- 
tions, at the same time disturb the reference values to 
be regulated, such as the posture of body segments or 
the equilibrium. It was first observed by Belenkiy 
et  al. (1967) that during a movement such as raising 
the arm while standing, the first muscles to be 
activated are the leg muscles involved in postural 
control, shortly (some 50-100ms) prior to the 
prime mover activation. These anticipatory postural 
adjustments were interpreted as feedforward parallel 
commands aimed at minimizing the equilibrium dis- 
turbance associated with movement performance. 
Since this pioneer study, a large amount of data have 
been collected which throw new light on the function 
of  these feedforward adjustments, their central organ- 
ization, their acquisition and their pathology. 

2. WHY ARE ANTICIPATORY 
ADJUSTMENTS OF POSTURE 

ASSOCIATED WITH MOVEMENTS? 

2.1. DEFINITION OF ANTICIPATORY 
POSTURAL ADJUSTMENTS 

The postural adjustments associated with move- 
ment are called anticipatory because their onset 
occurs prior to the onset of the disturbance of posture 
and equilibrium resulting from the movement (Fig. 1). 
There is some confusion in the literature concerning 
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FIG. 1. Feedforward and feedback adjustment of posture. 
Diagram representing the two mechanisms involved in the 
compensation for a postural perturbation. In this diagram, 
the central control of posture is indicated by a striped line. 
Two phasic mechanisms are minimizing the postural dis- 
turbance: they operate through a feedback loop and a 
feedforward control. The feedforward control is acting 
through internal collaterals from the movement control 
pathways on an adaptive network involved in postural 
control. Both mechanisms are under adaptive gate and gain 

control (from Duress6 et al., 1988). 

the meaning of "anticipatory". Because the acti- 
vation or inhibition of muscles involved in postural 
control shortly precede the prime mover onset, as for 
example during the performance of an arm move- 
ment while standing (Belenkiy et  al., 1967; Lee, 1980; 
Bouisset and Zattara, 1981, 1986, 1987b, 1988; Cordo 
and Nashner, 1982; Friedli et al., 1984, 1988; Horak 
et  al., 1984; Brown and Franck, 1987; Lee et  al., 1987; 
Benvenuti et al., 1990), it is often claimed that the 
postural adjustments are called anticipatory because 
their onset in terms of acceleration or EMG changes 
takes place before those occurring at the level of the 
moving arm. In fact, postural adjustments and the 
onset of movement can be time locked, as for example 
in the standing cat moving a leg under the action of 
cortical stimulation (Gah6ry and Nieoullon, 1987; 
Gah6ry and Massion, 1981) or performing a pointing 
task (Alstermark and Wessberg, 1985) and in hu- 
mans, when raising the arm in response to a visual 
moving cue (Lee et  al., 1987) or during a bimanual 
load lifting task (Hugon et  al., 1982; Dufoss6 et  al., 
1985a; Paulignan et al., 1989). 

Anticipatory postural adjustments mean that 
the onset of the postural changes occurs prior to the 
onset of the postural disturbance due to the move- 
ment and that a feedforward postural control is 
associated with the movement control which prevents 
the posture and equilibrium disturbances associated 
with movement performance from taking place. The 
term "anticipatory" has even been used to denote 
automatic postural reactions to a local disturbance 
(Traub et  al., 1980). Even if these reactions are 
triggered patterned responses acting in a feedforward 
manner, the "anticipatory" should be applied only 
to the postural adjustments associated with voluntary 
movements, because they result from an internal 
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command and not from an external input. The fact 
that the postural adjustments occur before the 
disturbance due to the voluntary movement does 
not rule out the possibility that reactional postural 
adjustments organized in a feedback mode may take 
place in a later phase of the motor act. As mentioned 
by Friedli et al. (1984), the anticipatory adjustments 
are followed by a braking phase involving the antag- 
onistic muscles, also noted by Crenna et al. (1987) 
and Oddsson (1990). Bouisset and Zattara (1987b) 
mention that after the early anticipatory adjust- 
ments, later "reactional" adjustments are observed 
showing different biomechanical properties from the 
anticipatory ones. 

2.2. "INTERNAL" DISTURBANCE OF POSTURE 
AND EQUILIBRIUM 

The performance of a movement is likely to entail 
a disturbance of  posture and equilibrium for two 
main reasons. 

First, the body is not a rigid block but a flexible 
system formed by multiple segments tied together by 
the muscles surrounding the joints. When a move- 
ment is performed by a standing subject, the geome- 
try of  the body is changed and as a result, the CG 
projection onto the ground is displaced. This was first 
observed by Babinski (1899) who noted that upper 
trunk movements were accompanied by hip and 
knee movements in the opposite direction in order 
to maintain equilibrium. The "asynergie', observed in 
cerebellar patients was characterized by the loss of  
these associated movements when bending the upper 
trunk, which resulted in falling. Also Martin (1967) 
showed that when the arm was raised to the hori- 
zontal, there was a slight backward bending of the 
upper trunk which compensated for the forward CG 
displacement associated with the forward displace- 
ment of the arm. 

Secondly, the movement is initiated by internal 
forces resulting from muscle contraction. When 
raising the arm, these forces are directed forward and 
upward. Reaction forces in the opposite direction are 
exerted on the supporting segments and on the rest of 
the body, and these lead to postural disturbance and 
inbalance. These dynamic reaction forces are more 
conspicuous with fast movements (Lee et aL, 1987) 
because they need greater acceleration in order to 
overcome the inertia of the moving segment. Slow 
movements therefore do not usually involve antici- 
patory postural adjustments (Horak et al., 1984, 
1989b; Crenna et al., 1987; Oddsson, 1990). 

A careful analysis on the basis of accelerometric 
recordings performed at the level of the various joints 
was carried out by Bouisset and Zattara (1987a, b, 
1988) during uni- and bilateral arm raising. These 
authors measured the acceleration forces associated 
with arm movements, calculated the reaction forces 
at the shoulder level and measured the acceleration 
forces and torques generated by the anticipatory 
postural adjustments prior to the movement onset. 
They showed that these "anticipatory" forces were 
directed in the opposite direction to the reaction 
forces associated with movement performance and 
thus served to minimize the postural disturbance 
caused by the movement. 

2.3. MODULAR APPROACH TO POSTtrRE VERSUS 
GLOBAL APPROACH TO EQUILIBRIUM 

From the classical point of view, a reference 
posture, i.e. stance, is determined genetically for each 
species. Its maintenance and its adaptation to the 
environment is based on a chain of reflexes starting 
from sensors located in the various body seg- 
ments. The head and neck reflexes described by 
Magnus (1924) and the righting reflexes identified by 
Rademaker (1931) are examples of these reflexes 
(see Roberts, 1978). 

The body posture is built up mainly against the 
forces of gravity. Human stance is particularly 
difficult to study in this respect because it involves 
only a narrow support basis and an extensive multi- 
joint configuration. It does not consist of a rigid 
block oscillating around the ankle joint like an 
inverted pendulum, although it can sometimes 
behave in this way (Gurfinkel, 1973; Nashner and 
McCollum, 1985). It consists rather of superimposed 
modules from the feet to the head, each linked to the 
next by a set of muscles which have their own specific 
central and peripheral regulation serving to maintain 
the module reference position. The reference position 
of each of the modules can be regulated indepen- 
dently from that of the others, and module-specific 
deficits in the postural maintenance of the head or the 
trunk have been described in the literature (Martin, 
1967). For example, the postural reactions observed 
in the leg muscles of a subject standing on a platform 
oscillating around the ankle joint are aimed at stabi- 
lizing the hip position with respect to the ground, 
whatever the head or ankle joint position (Gurfinkel 
et al., 1981; Dietz, et al., 1989a, b; Gollhofer et al., 
1989). As the CG is located at the level of the hip, this 
finding suggests that special sensors located at that 
level may provide information about the CG position 
with respect to the ground. It has recently been shown 
by Mouchnino et al. (1990) in dancers raising a leg 
that the vertical axis of the trunk is regulated inde- 
pendently of the leg position. The head itself supports 
three types of sensors: the vestibular system, which is 
sensitive to gravity forces (see Vidal et al., 1986; de 
Waele et al., 1988 for detailed analysis), vision, which 
is able to stabilize the head and the body with respect 
to the external space, and the neck muscle proprio- 
ceptive input which conveys the position of the head 
with respect to the trunk. The head can therefore be 
stabilized as a function of either the gaze direction 
(Berthoz and Pozzo, 1988; Pozzo et al., 1989), the 
geocentric reference or the trunk axis (Nashner et al., 
1989; Amblard et al., 1990; Assaiante and Amblard, 
1990a, b). 

In addition to this modular organization of postu- 
lar control, a more global control of the whole 
posture has been found to exist. The decerebrate 
rigidity described by Sherrington (1906) is an example 
showing that a global central control is exerted on 
the extensor antigravity muscles. Mori (1987, 1989) 
has recently analyzed the central organization of  this 
control. 

An additional constraint to the organization of pos- 
ture is provided by the rules for equilibrium control. 
Many positions can be adopted by the body segments 
provided that the CG projection remains inside the 
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supporting surface, i.e. the feet area. A series of sen- 
sors, visual, labyrinthine, proprioceptive and cuta- 
neous, provide input signals regulating this reference 
value against external or internal disturbances. 

This short survey of the organization of posture 
and equilibrium raises the question as to the specific 
goal of the anticipatory postural adjustments associ- 
ated with voluntary movements. Are they related to 
equilibrium maintenance or to the stabilization of 
given postural modules? The data from the literature 
provide evidence that they are involved in both types 
of goals. 

2.4. ANTICIPATORY POSTURAL ADJUSTMENTS 
ASSOCIATED WITH EQUILIBRIUM MAINTENANCE 

One of the main goals of these anticipatory 
postular adjustments is to maintain equilibrium, 
as suggested by Babinski (1899), Hess (1943) and 
Martin (1967). Here we will analyze these adjust- 
ments when associated with axial movements, arm 
movements and leg movements. 

2.4.1. A x i a l  m o v e m e n t s  

The axial "synergies" associated with upper trunk 
movements described by Babinski (1899) belong to 
this category. Their analysis was recently undertaken 
on the basis of kinematic, force platform and EMG 
data by Oddsson (1988, 1990), Oddsson and Thort- 
ensson (1986, 1987a, b) and by Crenna et  al. (1987, 
1988) and Pedotti et  al. (1989). 

The kinematic changes associated with upper 
trunk movements are preceded by EMG activation 
of the prime mover, namely the erector spinae or the 
rectus abdominis, and of leg muscles such as the 
hamstring-triceps suralis in the case of backward and 

the quadriceps-tibialis anterior in that of forward 
upper trunk movements. The leg muscle activation is 
simultaneous with the prime mover activation or even 
precedes it. This indicates that a feedforward postural 
adjustment takes place (Fig. 2). 

Kinematic analysis shows that the upper trunk 
movements in one direction are associated with 
simultaneous hip and knee movements in the oppo- 
site direction. As a result of this complex multijoint 
coordination, the displacement of the CG projection 
onto the ground remains quite low (less than 2 cm), 
whereas a displacement as large as 9 cm might have 
been expected without this coordination (Crenna et 
al., 1987). This indicates that the anticipatory pos- 
tural adjustments associated with axial movements 
quite efficiently maintain the CG projection onto the 
ground at the same place during the movement 
performance. In their stimulation of the role of the 
anticipatory postural adjustments in stabilizing the 
center of gravity position during upper trunk forward 
movements, Ramos and Stark (1990) concluded that 
in absence of anticipatory adjustment, the CG would 
displace itself by approximately 9 cm; the passive 
backwards movement resulting from the physical 
coupling of the body links is not quick enough to 
compensate for the fast forward voluntary move- 
ment. 

Another example of axial synergies aimed at main- 
taining the stability of the CG projection onto the 
ground is provided by respiratory movements: the 
rhythmic trunk displacements are compensated for 
by hip displacements in the opposite direction and as 
a result no change in the center of pressure is to be 
observed in phase with respiration when the subject 
is standing on a force platform (Gelfand et  al., 1971; 
Gurfinkel and Elner, 1973). Only under pathological 
conditions are these synergies lost (Gurfinkel and 
Elner, 1988). 
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FIG. 2. Backward upper trunk movement. Stick diagram shovAng that the backward movement of the 
trunk is accompanied by a forward hip and knee displacement. Continuous line, initial position; striped 
line, final position. A set of muscles in the back of the trunk and leg are activated fairly synchronously 
at an early stage after the "go" signal. Er.S. (erector spinae), Ham (Hamstring), GM (gnstrocnemius 
medius). The antagonist muscles are activated during the braking phase. (R. Abd., rectus abdominis; VM, 

vastus medialis; TA, tibialis anterior). 
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2.4.2. Arm movements 

Do the anticipatory postural adjustments associ- 
ated with arm movement also serve to maintain 
equilibrium during movement or are they involved in 
postural stabilization of the head and trunk? There 
exists evidence that one of the functions of these 
adjustments is to stabilize the CG position. Accord- 
ing to Bouisset and Zattara (1981, 1987b, 1988, 1990) 
who closely examined the acceleration forces at the 
level of various segments, the anticipatory postural 
adjustments associated with unilateral or bilateral 
arm elevation create a movement with a force of 
inertia which will balance the inertial forces due to the 
movement of  the moving limb. These anticipatory 
adjustments, which are specific to each type of move- 
ment, should counterbalance the acceleration of the 
CG of  the body caused by the movement (Fig. 3). 
Friedli et al. (1988) reached the same conclusion with 
a biomechanical analysis of the ground reaction 
forces and joint angles when standing subjects were 
performing bilateral forearm flexion movements. 
It can be concluded from these analyses that the CG 
position with respect to the ground is probably 

BF UF 

Z 

FIG. 3. Interpretation of the purpose of the anticipatory 
postural adjustments (APA) associated with unilateral (UF) 
and bilateral (BF) arm raising. The filled arrows correspond 
to the actual recorded biomechanical data, and the dashed 
arrows correspond to theoretical parameters. 0, angular 
displacement of the upper limb(s). Aw, ~, r, and ~,, tangential, 
radial and total upper limb acceleration. Rx and ARz, 
antero-posterior and vertical acceleration of the body center 
of gravity, G.Mz, resulting momentum about the vertical 
axis crossing G. From this analysis, it can be assumed that 
APA tends to create inertial forces which, when the time 
comes, will counterbalance the disturbance to postural 
equilibrium due to the forthcoming intentional movement 

(Boulsset and Zattara, 1987b). 

regulated by means of these adjustments, even if its 
displacement caused by the reaction forces should be 
rather insignificant (Ramos and Stark, 1990), and 
that at least one of their goals is to maintain equi- 
librium (see however Section 2.5). One interesting 
point is the fact that in a reaction time paradigm 
where arm raising was performed without and with a 
load, the onset of postural adjustment (so-called 
"motor latency") was fixed with respect to the go 
signal whereas the arm movement onset (deltoid 
activation) was delayed when a load was added 
(Bouisset and Zattara, 1986, 1988, 1990; Zattara and 
Bouisset, 1986a, b). This increased reaction time is 
due to a longer duration of the anticipatory postural 
adjustment. As a consequence, the velocity of  the CG 
displacement produced by the anticipatory postural 
adjustment is increased at the time of movement 
onset and the larger disturbance due to the load will 
be compensated for. The increased duration of the 
anticipatory postural adjustment when a load is 
added during arm movement was not observed by 
Benvenuti et al. (1990). However, these authors used 
an elbow flexion movement, which disturbs posture 
and equilibrium. 

Another interpretation for the function of the 
anticipatory adjustments associated with arm move- 
ments has been put forward by Brown and Franck 
(1987) and by Lee et al. (1990). In Lee and coworkers' 
paradigm (Lee et al., 1990), the subject was asked to 
pull a lever with both hands and to exert various 
forces. A preparatory postural adjustment involving 
a hip flexion was observed, the duration of which 
increased before movement onset with the force to be 
exerted by the movement. Although the increasing 
force of the pull was associated with an increased 
agonist pulse level, the increased intensity of the 
postural adjustment measured from the ankle torque 
resulted from an increase in the duration of EMG 
burst from the postural muscles (up to 800 msec 
before the movement). These findings are in line with 
those of Zattara and Bouisset (1986a, b) and Bouisset 
and Zattara (1988) indicating that the duration of the 
anticipatory postural adjustment increases with the 
load to be raised by the arm. Lee et al. (1990) have 
suggested however that these preparatory adjust- 
ments are not specifically related to equilibrium con- 
trol but that they also directly provide additional 
force for performing the movement. The frontier 
between posture and movement is thus not quite 
clear, and these adjustments can be said to be part 
of the movement control. Another remark by these 
authors (Lee et al., 1990) is that these postural 
adjustments occurring long before the movement 
onset should be differentiated from those which occur 
during the same motor act only shortly before the 
prime mover onset. The first might be qualified as 
preparatory postural adjustments (see Gah6ry, 1987), 
whereas the second are more directly associated with 
movement onset and might be termed anticipatory 
postural adjustments. The frontier between these two 
categories is not always very clearcut, however. 

2.4.3. Leg movements and equilibrium control 

The control of equilibrium during leg movements 
is interesting to analyze because the moving limb is 
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involved in supporting the body. Any leg movement 
therefore, changes the support conditions and entails 
a shift of the CG position prior to movement onset. 
A general characteristic of leg movements is that they 
consist of a sequence where the CG first has to be 
displaced toward the remaining supporting limbs, 
and the movement onset is delayed until the CG 
displacement has reached a given value. 

The first report on the anticipatory postural 
adjustments associated with leg movements was pub- 
lished on humans by Alexeiev and Naidel (1972). 
These authors noted that prior to ankle dorsiflexion or 
ventroflexion on one side, a tibialis anterior (TA) or 
triceps suralis activation occurred in the other leg. 

Several studies on the anticipatory postural adjust- 
ments accompanying leg movements have been 
carried out on quadrupeds. During conditioned 
single leg lifting in the cat, the movement is preceded 
by a displacement of the CG toward the center of a 
triangle formed by the three remaining supporting 
limbs. A detailed analysis of the back displacement 
during the leg lifting (Dufoss6 et  al., 1982) as well 
as a model for the postural changes (Frolov et  al., 
1988) have been published. This CG displacement is 
initiated by an extensor thrust exerted by the triceps 
of the moving leg, which gives rise to a force increase 
under that leg prior to unloading (Alstermark and 
Sasaki, 1983; Birjukova et  al., 1989). This initial 
thrust is interpreted as providing an acceleration of 
the CG toward the opposite side. 

Interestingly, the same sequence is observed in man 
when flexing a leg (Rogers and Pai, 1990). With fast 
movements, an initial displacement of the center of 
pressure (CP) toward the flexing leg is observed which 
is initiated by an early activation of the gluteus 
medius of that leg. This initial thrust seems to be also 
correlated with the center of mass acceleration 
toward the opposite leg. With slow movements, the 
initial thrust of the moving leg is absent and the knee 
extensor activity in the supporting leg first increases. 
Similar results with fast leg movements were obtained 
by Mouchnino et  al. (1990) in experiments where the 
subjects were asked to move a leg laterally to a height 
of 45 ° as fast as possible. The first step in this motor 
act consists of displacing the body weight onto the sup- 
porting leg, by externally rotating the supporting leg 
around the ankle joint (anteroposterior axis). There 
again, an initial thrust exerted by the moving leg 
occurs prior to the CG displacement toward the sup- 
porting leg: a burst from the gastrocnemius medius 
(GM) occurs in the moving leg before the CP thrust. 

Another type of leg movement occurs when 
standing on tip-toe (Lipshits et al., 1981; C16ment et  
al., 1984; Nardone and Schieppati, 1988; Diener et 
al., 1990). The toe extension is preceded by a forward 
CG displacement initiated by a triceps inhibition, 
which is sometimes accompanied by a TA activation. 
The reverse takes place with rocking on the heels. As 
suggested by Nardone and Schiepatti (1988), the 
forward CG displacement may be necessary to coun- 
teract the backward ground reaction force associated 
with extension on tip-toe. In addition, this CG dis- 
placement is needed to hold the position when stand- 
ing on tip-toe is maintained. 

In most cases, the postural adjustment associated 
with leg movements serves to displace the CG projec- 

tion toward a place which is compatible with equi- 
librium maintenance during the displacement of the 
moving limb. Here we have a motor act which is 
characterized by a sequential control where two 
different goals are achieved successively, the first 
consisting of displacing the CG projection toward the 
feet surface of the supporting leg or toward the tip- 
toes or toward the heels and a second of raising the 
moving leg. The movement onset is delayed until the 
CG displacement is achieved or about to be achieved. 

2.5. STABILIZATION OF THE POSITION OF GIVEN 
SEGMENTS 

The second purpose served by anticipatory 
postural adjustments is that of stabilizing the position 
of segments such as the head, trunk or limbs during 
movement performance. 

One example is provided by the postural changes 
which ensure that the body weight is supported 
against increased vertical forces. These postural 
changes were first described in Ioff6 and Andreyev 
(1969) in quadrupeds when one leg becomes un- 
supported. A diagonal stance takes place, whereby 
the body support is provided by two diagonally 
opposite limbs. During this stance, an increase in the 
extensor activation can be observed under the two 
supporting limbs, whereas a decrease in the extensor 
activity occurs under the unloaded limbs (Gahrry and 
Massion, 1981). In order to understand the goals of 
these postural adjustments, one should remember 
that the standing quadruped is comparable to a four 
legged table equipped with joints linked by springs 
which simulate the muscles (Gray, 1944). When one 
limb becomes unsupported, a bipedal stance devel- 
ops, on two diagonally opposite legs, for mechanical 
reasons. However, due to the spring properties of the 
leg muscles, the increased weight supported by the 
two diagonally opposite supporting legs will probably 
lower the back and lower the CG position (Gahrry 
et al., 1982; Gahrry, 1987). This, per  se, has no effect 
on equilibrium control because the CG position 
remains at the same place but might change the 
position of the back segments. The feedforward 
postural adjustment associated with movement per- 
formance prevents this back lowering by increasing 
the stiffness of the leg muscles. According to 
Lacquaniti et al. (1990) the geometrical axis of the 
limbs and of the back rather than the center of gravity 
projection is a highly regulated value in quadrupeds. 

The diagonal stance has been described both in 
connection with movements induced by cortical 
stimulation in cats (Gahrry and Niroullon, 1978; 
Gahrry et  al., 1980), and during conditioned move- 
ments in dogs (Ioff6 and Andreyev, 1969; Ioff6 et al., 
1988). It is also to be seen after imposed stance 
disturbances (Dufoss6 et  al., 1982, 1985b). Another 
example of feedforward postural control aimed at 
compensating for an increase in the leg support has 
been described by Alstermark and Wessberg (1985) in 
standing cats: a triceps activation of the supporting 
leg time locked with biceps activation of the reaching 
leg was observed in a target reaching task. 

Feedforward stabilization of given segments such 
as the head, trunk or forearm against the disturb- 
ances associated with voluntary movements can also 
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be observed in man. The reason for this feedforward 
stabilization requires to be discussed in relation to the 
notion of  the reference frames which are utilized in 
the organization of  movement (Paillard, 1971, 1990). 
The first of these is the geocentric reference frame, 
based on the gravity vector and the reaction forces of 
the supporting surface. It is preponderant in the 
building up of  posture and equilibrium. The second 
is the egocentric reference frame based on the pos- 
ition of the various body segments at a given time. 
Among these segments, the position of  the head and 
trunk is prevalent in the organization of movements 
in peripersonal space. The third one is the exocentric 
reference frame, in which the external space is used as 
a reference value. The link between the external space 
and the egocentric reference frame is achieved by 
representing a given point in space first in terms of 
retinal coordinates, then in terms of head and trunk 
coordinates due to the proprioceptive chain which 
links the various body segments from the eye to the 
feet (Roll and Roll, 1988; Roll et al., 1989; Soechting 
and Flanders, 1989a, b; Caminiti et al., 1990). In this 
connection, the representation of a target position 
and the calculation of the movement trajectory to be 
made to reach it would be erroneous if the proprio- 
ceptive chain linking eye and head to trunk were 
interrupted or biased. This occurs after neck de- 
afferentation in the monkey (Cohen, 1961) or cat 

(Manzoni et aL, 1973) or after neck muscle vibration 
in man (Biguer et al., 1988). In the latter experiment, 
vibration gave rise to an illusory position of luminous 
target fixated in the dark. This illusory shift was 
interpreted as resulting from the artificial Ia afferent 
input elicited by vibration, which may have provided 
wrong information about the head position with 
respect to the trunk. In addition, the movement 
trajectory toward the target led under these con- 
ditions to misreaching, because the movement was 
directed toward the illusory target. As the position 
of segments such as the head serves as a reference 
position for the movements to be made in periper- 
sonal space, a priority task for the central nervous 
system is that of stabilizing the position of these 
segments during movement performance. 

An example where the position of a segment is 
taken as a reference frame and stabilized during a 
voluntary movement is provided by the anticipatory 
adjustment of forearm flexors during a bimanual load 
lifting task (Hugon et al., 1982; Dufoss6 et al., 1985a; 
Paulignan et al., 1989) (Fig. 4). The unloading, the 
"postural" forearm by a voluntary movement of the 
subject's other arm is accompanied by an anticipat- 
ory inhibition of the postural forearm flexors, which 
is time locked with the onset of biceps contraction in 
the voluntary forearm. The anticipatory adjustment 
was observed in a deafferented patient (Forget and 
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Lamarre, 1990). It thus constituted a feedforward 
control aimed at minimizing the disturbance of the 
forearm position due to the unloading. Manipulation 
of heavy objects is, in fact, an old habit learned 
during childhood and the stabilization of the forearm 
position is a prerequisite for a careful exploration or 
manipulation of objects. 

Feedforward head stabilization has been reported 
during arm raising (Gurfinkel et aL, 1988b) and leg 
raising (Mouchnino et al., 1990). The head is also 
stabilized during locomotion (Berthoz and Pozzo, 
1988; Assaiante and Amblard, 1990a, b) and during 
the "hip strategy" which follows stance disturbance 
(Nashner et al., 1988, 1989). Lastly, the anticipatory 
postural adjustments associated with arm raising 
might also result mainly in maintaining the relation- 
ships between the various body segments during the 
movement, while at the same time contributing to 
equilibrium maintenance (Bouisset and Zattara, 
1987b). According to Friedli et al. (1988) during the 
anticipatory postural adjustment the muscular forces 
working on the various joints were correlated with 
the activity predictably required to compensate for 
the net joint reaction momentum due to the focal 
movement at these joints. Generally speaking, atten- 
tion has recently been focused on the possibility of 
segmental stabilization during voluntary movements 
and new data should be available in the near future. 

2.6. COORDINATION BETWEEN POSTURE AND 
EQUILIBRIUM 

During a given motor act, not only posture and 
movement need to be coordinated but also posture 
and equilibrium. In fact, when a movement is per- 
formed, equilibrium control is provided by the dis- 
placement of segments which compensates for the 
displacement of the CG caused by the moving seg- 
ments. For  example, the upper trunk is displaced 
backward when the arm is moved forward (Martin, 
1967). The segments displaced for the purpose of 
equilibrium maintenance may serve as reference val- 
ues for the movement to be performed. A contradic- 
tion may exist between the need to maintain the 
equilibrium during movement and the need to stabil- 
ize segments which serve as reference value for the 
movement trajectory; consequently, coordination be- 
tween equilibrium control and postural maintenance 
of given segments may be necessary. One example of 
this coordination occurs when a leg is raised sideways 
while standing. In this task, the movement occurs 
after the body weight has been shifted onto the 
supporting leg in order to maintain the equilibrium. 
The external rotation of the body around the antero- 
posterior axis of the ankle joint of the supporting leg 
should incline the head and body toward the support- 
ing leg. But this could result in the loss of the vertical 
head and trunk axis, which serves as a reference value 
for the organization of many movements. A counter- 
rotation of the head with respect to the trunk has 
been found to occur in naive subjects and a counter- 
rotation of the trunk axis with respect to the leg 
occurs in trained dancers in a feedforward manner. 
As a result, the vertical head, or head and trunk axis 
is preserved notwithstanding the external rotation of 
the leg around the ankle joint (Mouchnino et al., 

1990). The feedforward control of the trunk axis in 
dancers is acquired during long term training, and is 
lacking in untrained subjects. 

In the organization of a given motor act, the 
central nervous system therefore has to not only 
coordinate the movement with posture and with 
equilibrium but also coordinate equilibrium control 
with the postural stabilization of specific segments. 

3. HOW ARE THE ANTICIPATORY 
POSTURAL ADJUSTMENTS ORGANIZED? 

The general characteristics of anticipatory adjust- 
ments can be compared with those of postural reac- 
tions because they fulfill the same goal, which is 
to stabilize references values such as posture and 
equilibrium against internal and external disturb- 
ances, respectively. 

Figure 5 shows the components which contribute 
to the stabilization of a given reference value such as 
the CG position. Four components should be con- 
sidered: the reference value to be stabilized, the error 
detecting sensors, the internal representation of the 
body in terms of its geometry and dynamics, and 
the postural adjustments. 

3.1. REFERENCE VALUES 

The reference values to be stabilized are a very 
important aspect because they are the cues on which 
the organization of the postural adjustments is based. 
They are centrally determined, some on an inborn 
basis, and others in response to instructions. The 
reference value which is stabilized for equilibrium 
control is still a matter of controversy. Under static 
conditions, equilibrium is maintained when the center 
of gravity projection onto the ground remains inside 
the supporting surface, i.e. the feet area. The question 
has been recently raised by Lacquaniti et al. (1990) in 
the cat, as to whether the CG projection onto the 
ground was actually the regulated reference value for 
equilibrium control, or whether the body geometry 
was primarily regulated, the position of the CG being 
secondarily determined by the body geometry. They 
provided evidence that under static conditions, when 
changing the inclination of the supporting surface, 
the verticality of the limb axis was actually the 
regulated value, and not the CG projection per se. In 
man, where the supporting surface is much narrower 
than in the cat, it cannot be excluded that during 
quiet stance, the body geometry is primarily stabil- 
ized. However, under dynamic conditions, such as 
during imposed stance disturbance or during volun- 
tary trunk or limb movements, the CG projection 
onto the ground seems primarily regulated. The 
observations of Gurfinkel et al. (1981), Gollhofer et 
al. (1989) and Dietz et al. (1989b) indicate that the leg 
muscle activations during stance disturbance are 
aimed at stabilizing the pelvis, where the CG is 
located. However, the reference value which is stabil- 
ized is not the pelvis per se. During the hip strategy 
after stance disturbance (Horak and Nashner, 1986), 
the pelvis is displaced in order to maintain the CG 
projection inside the supporting surface; the same 
occurs during voluntary upper trunk movements 
(Crenna et al., 1987). Evidence that the CG projec- 
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as a function of the body scheme, learning, and the support conditions. 

tion is a regulated value is also provided by the 
observations that during limb movement in man and 
in cat, a displacement of the CG projection precedes 
the onset of movement in order to preserve equi- 
librium or to increase stability (Rogers and Pai, 1990; 
Mouchnino et  al., 1990; Dufoss6 et al., 1982; Frolov 
et  al., 1988). Other reference values may become 
stabilized as the result of instructions. For  example, 
Marsden et  al. (1981) have mentioned that when 
bearing a cup of tea, the stabilized value was the 
position of the "cup of tea" in space (see also Droulez 
and Berthoz, 1986). It was recently shown (Quoniam 
et  al., 1990) that when subjects were instructed to 
stabilize the finger tip in space using vision, a tactile 
cue or even mental representation, postural reactions 
were organized in such a way as to stabilize the 
position of the finger in space, as instructed. 

The reference values can also be a segment or part 
of the body. Droulez (1988) and Droulez and Berthoz 
(1986) have suggested in addition that a topological 
organization of  the reference values to be stabilized 
may result from instruction. One example is that of 
a man walking and reading a paper where one of the 
stabilized references is the distance between the paper 
and the man's head. 

3.2. ERROR DETECTING SENSORS 

Under normal gravity conditions, the vertical 
geocentric reference value is provided by three main 
types of inputs, labyrinthine, visual and propriocep- 
tive, which also serve as error detecting signals with 
respect to that reference value. When artificially 
elicited, these inputs give rise to a slow postural 
change which mimicks the postural corrections that 
would have occurred if these receptors had been 
stimulated in a natural way. For  example, bilateral 
vibration of the Achilles tendon which artifi- 
cially stimulates the Ia afferents from the gastro- 
cnemius muscle gives rise to a whole body backward 

sway as if these inputs were due to the stretching 
of the muscle by a forward sway that needs to be 
corrected (Eklund, 1972; Roll, 1981). Compar- 
able postural changes were observed in response to 
anodic stimulation of the labyrinth (Lund and 
Broberg, 1983; Gurfinkel et  al., 1988a) and moving 
visual scenes (see Dichgans et  al., 1972; Lestienne 
et  al., 1977). 

Other types of sensors are also involved in the 
detection of errors in postural and equilibrium 
stability. Cutaneous plantar inputs play an important 
role both in dogs (Brookhart et  al., 1965) and in 
man (Magnusson et  al., 1990; Asai et  al., 1990). The 
idea has been put forward that graviceptors may be 
involved at the level of the lower part of the trunk 
(Gurfinkel et  al., 1981) or the joints involved in stance 
(Dietz et  al., 1989b). Slow continuous and fast phasic 
modes of postural adjustments, have been described 
(see Section 3.4), which suggests that specific sensors 
may be involved in each mode of postural adjustment 
(Amblard et  al., 1985) but this question still remains 
largely unresolved. 

3.3. POSTURAL Bony SCHEME 

The concept of the body scheme is not specific to 
posture. Body representation has been previously 
investigated by Head (1920) and Mittelstaedt (1964, 
1983, 1990). A specific internal representation for 
posture has been proposed by C16ment et  al. (1984) 
and Lestienne and Gurfinkel (1988) on the basis of  
experiments carried out during space flights under 
microgravity, where the general characteristics of 
stance were recovered after a few days in flight 
when the subject was asked to adopt an erect posture 
with his feet fixed onto the floor of the space cabin. 
These authors suggested that the very stable body 
representation may be partly genetically determined 
and partly acquired through learning. It includes 
a representation of the verticality based on laby- 
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rinthine, proprioceptive and visual inputs and on the 
perception of the longitudinal trunk axis (Mittel- 
staedt and Fricke, 1988); in addition, this represen- 
tation includes the geometry of the body and its 
dynamics. The representation of the geometry is 
based on muscle proprioceptive Ia inputs which 
convey the position of a given segment with respect 
to the others. According to Roll and Roll (1988) and 
Roll et al. 0989), the spindle input forms a continu- 
ous kinematic chain from the feet to the eyes. Artifi- 
cially stimulating the proprioceptors at any level in 
the chain by tendon vibration changes the internal 
representation of the body geometry and gives rise 
to illusions of movement or to postural adjust- 
ments, depending on the context (Roll and Roll, 
1988; Lackner, 1988). A nice illustration of the 
organization of the postural adjustment as a function 
of the proprioceptive input was recently provided 
by Gurfinkel et al. (1988a). The postural reaction to 
anodic stimulation of the vestibular system varies 
as a function of the position of the head with respect 
to the trunk (Lund and Broberg, 1983). Gurfinkel 
et al. (1988a) have shown that information about 
the head position was provided by the neck muscle 
Ia inputs, because during unilateral vibration of neck 
muscles, which mimicks head rotation toward the 
opposite side, the postural reaction to vestibular 
stimulation is that which would be observed if the 
head was actually rotated. Dynamic information 
also contributes to the postural body  scheme; the 
sensors involved here have no~ yet been clearly 
identified, however. They provide information about 
the support conditions as well as the mass and inertia 
of the various segments. The p6stural adjustments 
induced by a disturbance of posture are organized as 
a function of the support conditions as shown by 
Belenkiy et al. (1967), Cordo and Nashner (1982) and 
Marsden et al. (1981). 

Interestingly, the postural body scheme is very 
stable even under microgravity conditions although 
the vestibular gravitational sensors and the proprio- 
ceptive input normally subjected to gravity forces no 
longer convey information relating to the vertical 
gravity forces (C16ment et al., 1984). After a few days 
under microgravity, the vertical axis of the body with 
respect to the floor is again rebuilt, when the feet are 
attached to the floor, and in addition, the position of 
the center of mass seems to be regulated under both 
static (Lestienne and Gurfinkel, 1988) and dynamic 
(Massion et al., 1991) conditions. This finding is quite 
surprising, because the need for the center of mass 
position to be regulated depends on equilibrium 
control under gravity conditions, where the CG 
projection onto the ground must remain within the 
supporting surface, i.e. the feet. This suggests that the 
position of the center of mass with respect to the feet 
is or has become a stable reference value which is 
regulated independently from the gravity constraints. 

3.4. POSTURAL ADJUSTMENTS 

It was suggested that two modes of postural adjust- 
ment may operate, depending on whether the input 
messages indicate that a continuous or a transient 
postural disturbance is occurring (Amblard et al., 
1985; Diener and Dichgans, 1986, 1988). The distinc- 

tion between orientation and stabilization made by 
Amblard et al. (1985) on the basis of the visual input 
also suggests that two modes of postural control do 
exist. The first mode consists of a slow continuous 
postural correction through a closed loop feedback 
system. Examples of these corrections are provided 
by the postural sways induced by artificial stimu- 
lation of the error detecting sensors, using muscle 
tendon vibration, anodic labyrinthine stimulation or 
a moving visual scene. 

The second mode of postural adjustments is 
observed with fast disturbances of posture. The sen- 
sory inputs relating to the disturbance induce phasic 
open loop postural reactions. The phasic anticipatory 
postural adjustments and the phasic postural reac- 
tions both belong to this second mode, but the former 
are elicited by an internal command signal and the 
latter by an external one. It should however be 
mentioned that only the initial part of the postural 
reactions are organized in an open loop mode. Diener 
and Dichgans (1988) varied both the velocity and the 
amplitude of the platform disturbance in standing 
human subjects and noted that the velocity input 
triggered an open loop reaction, whereas the ampli- 
tude input operated in a closed loop mode. The same 
sequential open loop and closed loop components as 
those present in a postural reaction were previously 
described in a visual placing reaction by Hein and 
Held (1967). 

3.4.1. F ixed  versus f lexible synergies 

One of the hypotheses proposed by Nashner (1977) 
and Cordo and Nashner (1982) in man and by 
Gah6ry and Massion (1981) in the cat was that there 
exists a repertoire of synergies providing a stable 
muscle pattern and that this repertoire may be uti- 
lized by sensory inputs associated with an external 
disturbance and by internal inputs associated with 
voluntary movement as well. This organization 
would reduce the number of degrees of freedom and 
simplify the problem of motor control in the domain 
of postural adjustment in line with the concepts of 
Bernstein (1967) and Gelfand et al. (1971). This 
hypothesis was based on the fact that a restricted 
number of muscle patterns could be observed during 
both postural reactions and anticipatory postural 
adjustments and that some of  them were common to 
both types of postural adjustments. According to 
Cordo and Nashner (1982), comparable patterns 
were observed when pulling a lever by the arm and 
when inducing a backward sway of the supporting 
platform. The "diagonal pattern" of support ob- 
served in quadrupeds both under single limb disturb- 
ante. (Dufoss6 et al., 1982, 1985b) and during 
movements elicited by cortical stimulation (Gah~ry 
and Nieoullon, 1978; Gah6ry et al., 1980) might be 
taken as another example of the fixed patterns occur- 
ring under imposed or centrally induced disturbances. 

The possibility that fixed synergies may be the 
basis of postural reactions or anticipatory postural 
adjustments was further discussed by ~ (1984) 
who proposed that for each muscle pattern, a fixed 
synergy should be identified on the basis of the 
reproducibility of the spatial distribution of  the 
pattern. In fact, as far as the anticipatory adjust- 
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ments are concerned, the patterns described by most 
authors were found to be fairly reproducible. This 
was the case with arm raising (Bouisset and Zattara, 
1981; Horak et aI., 1984), although the timing of the 
postural muscle activation with respect to the prime 
mover activation could depend on the mode of 
movement initiation: activation of the postural 
muscles usually occurred longer before the prime 
mover under self paced conditons than reaction time 
conditions (Lee et aL, 1987; Brown and Frank, 1987). 
Also, two different and fairly reproducible spatiotem- 
poral patterns of muscle activation were observed 
with forward and backward upper trunk movements 
and their associated postural adjustments performed 
in a reaction time task (Crenna et aI., 1987, 1988; 
Pedotti et al., 1989). 

In interpreting the function of these fixed patterns, 
the authors referred however to the constraints of the 
body and the external world. As regards the postural 
reactions, Nashner and McCollum (1985) insisted on 
the fact that the reduced number of patterns was in 
fact determined by biomcchanical constraints arising 
from the characteristics of the human multijoint 
system and the support conditions. 

The idea that the posturai synergies were not fixed 
but flexible and were primarily determined by the 
biomcchanical constraints in the domain of postural 
reaction was stressed by Macpherson (1988, 1990). 
Her claim was based on the analysis of cats' reactions 
to stance disturbance in various directions. 

Several other sets of data have also suggested that 
the synergics are not fixed but flexible both in the case 
of anticipatory and reactional postural adjustments. 
For example, the distal muscles involved in the lower 
limb muscle activation associated with upper trunk 
movement can vary among subjects and even in the 
same subject (Pedotti et aI., 1989; Oddsson, 1990). 
However, this is observed mainly during the first 
few trials, and the subject then tends to reproduce the 
same pattern and to create a "habit". Also changes 
in the synergies were observed under microgravity 
conditions when the subject was raising the arm 
(Cl~mcnt et aI., 1984) or performing an upper trunk 
movement with the feet fixed to the floor (Massion et 
aL, 1991). 

Changes in the synergies were reported as a result 
of a change in the support conditions. For example, 
when a platform disturbance is delivered while a 
subject is standing on a short support base, a new 
pattern, the hip synergy, replaces the previous ankle 
synergy observed with normal support. This hip 
synergy corresponds to a new type of kinematic 
change centred in thc hip displacement which main- 
tains the CG projection onto the ground (Horak and 
Nashner, 1986). This new synergy results from short 
term learning. Changes in synergy were also reported 
when upper trunk movements were performed by 
subjects standing on a narrow support basis (Pedotti 
et al., 1989). There, the change was found to occur 
only in trained subjects (gymnasts) and persisted for 
some time after the return to normal standing con- 
ditions. This suggests that the change in synergy 
resulted from short term learning. However, Oddsson 
(1990) has reported that during backward upper 
trunk movements, the distal EMG pattern can be 
changed by instruction. Other examples of changes in 

the synergies depending on the initial position or the 
support conditions have been reported. For example, 
when taking support on a wall while raising the arms 
(Belenkiy et al., 1967; Benvenutti et al., 1990) or 
taking support on the hand while raising on tip toe 
(Nardone and Schieppati, 1988) the anticipatory pos- 
turai adjustments tend to disappear. Furthermore, 
when taking support on the hand, the postural reac- 
tions due to disturbance of the stance move from the 
leg muscles toward the arm muscles (Cordo and 
Nashner, 1982; Marsden et al., 1981). Lastly, when 
pulling a lever during locomotion, the postural syn- 
ergy observed during normal stance is present in the 
supporting leg, whereas it is differently organized in 
the moving leg (Nashner and Forssberg, 1986). 

One question which arises here concerns the mech- 
anism whereby the changes of synergy occur depend- 
ing on the support conditions. The first comment 
which comes to mind is that part of the "flexibility" 
of the synergies may result from a short term learning 
process which changes the previous habit and creates 
a new one. A second mechanism which may interact 
with the pattern of muscle synergy is the sensory 
information involved in the body representation, 
such as the signals conveying the position of the 
various segments or their involvement in the body 
support. The interactions between the central com- 
mand of a given muscle pattern and the represen- 
tation of the body geometry and dynamics might take 
place at the level of the final common pathway and 
gate or scale the synergies at that level in just the same 
way as posture and locomotion (Mori, 1987) or 
respiratory drive and posture (Massion et al., 1960; 
Meulders et al., 1960; Massion, 1976) interact. 

To conclude, the two initial components of antici- 
patory and reactional postural adjustments are both 
open loop feedforward commands which serve to 
maintain equilibrium and/or posture under central 
or peripheral control respectively. The question of 
their neuronal support is still open. The muscle 
pattern needs to be adapted to the goal to be reached 
depending on the current postural body scheme and 
the environmental conditions. Although inborn net- 
works are utilized when increased postural support 
against vertical forces is required (for example, 
the diagonal pattern in the cat), adaptation to the 
support conditions can only result from learning. The 
muscle patterns or synergies are probably acquired 
through learning: they are fixed under stable con- 
ditions and need short term learning when the sup- 
port conditions change. In addition, interactions 
between the central synergy and the peripheral input 
associated with the current body configurations may 
occur at a fairly peripheral level. 

3.4.2. Strategies 

"Strategy refers to a high hierarchical level in 
the process of planning a goal directed movement. 
Strategy should imply the existence of choice. That 
is, the goal should be attainable via different 
ways" (Windhorst et al., 1990). The term strategy 
was introduced to the field of postural reaction by 
Nashner and McCollum (1985) and Horak and 
Nashner (1986) on the basis of the finding that 
various postural reactions could occur depending on 
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the initial support conditions. The "ankle" and "hip" 
strategies constituted different ways of reaching the 
same goals, i.e. maintaining the CG position with 
respect to the feet. The former strategy is associated 
with the whole body movement around the ankle 
joint (inverted pendulum model), and the second one 
with hip flexion or extension in response to forward 
or backward imposed body sway. Macpherson (1990) 
has defined the strategies in terms of mechanics. It 
can be defined in terms of kinematics (Lacquanti et 
al., 1990). A strategy is implemented by a pattern of 
muscle activation or synergy which depends mainly 
on the body support at the time of the disturbance. 

Do the concepts of strategy and synergy also apply 
to the anticipatory postural adjustments? The answer 
seems to be yes, at least in the case of the anticipatory 
postural adjustments involved in equilibrium control. 
Under normal gravity conditions, the displacement 
of upper trunk and lower segments in opposite 
directions could be qualified as a "strategy" aimed at 
controlling equilibrium (Massion et  al., 1991). Under 
microgravity conditions, the same general kinematics 
were observed during upper trunk movements as 
on earth. This is surprising, because the need to 
regulate the center of mass position with respect to 
the feet disappears under microgravity. This means 
that the "strategy" whereby the CM position is 
regulated remains quite stable even under micro- 
gravity (see Lestienne and Gurfinkel, 1988). The way 
in which this strategy is implemented by a muscle 
synergy changes, however. During backward upper 
trunk movements, the early Sol activation which 
occurs on earth is replaced by an early TA activation 
which is responsible for the knee flexion. After return 
to Earth conditions, the early TA activation persists 
for a few days and then the previous Sol activation 
reappears. A short term adaptation process therefore 
occurs after the return to Earth. In this example, the 
same kinematic "strategy" is utilized during upper 
trunk movements aimed at stabilizing the CM with 
respect to the feet and this strategy is implemented 
by different muscles synergies depending on the par- 
ticular biomechanical constraints encountered under 
normal gravity and microgravity conditions. 

4. ACQUISITION AND ADAPTATION 

Anticipatory postural adjustments are mostly 
acquired by learning because their organization 
depends on the previous experience of the postural 
disturbance associated with the movement perform- 
ance. Previous experience and training also have 
important effects on postural reactions (see Horak 
and Nashner, 1986; Horak et  al., 1989a). However, 
anticipatory postural adjustments differ from the 
postural reactions in that their organization is based 
on experience in performing intentional actions. 
Anticipatory leg muscle postural adjustments are 
acquired during early childhood (Woollacott et  al., 
1987; Haas et  al., 1989). It was observed by von 
Hofsten and Woollacott (personal communication) 
that early activation in trunk muscles while reaching 
could be observed as early as 9 months of age. Once 
learned, the anticipatory adjustments remain stable 
throughout life and their impairment in the elderly 

seems to be due to multifactoriai defects (Horak et 
aL, 1989b; Woollacott et  al., 1988; Woollacott, 1990; 
Stelmach et  al., 1989). 

The general process underlying the acquisition 
of an anticipatory postural adjustment implies the 
transformation of feedback postural corrections in 
feedforward control associated with the voluntary 
movement which is causing the postural disturbance. 
The general model for this transformation involves 
an adaptive network which builds up an internal 
image of the disturbance to be minimized or the 
control needed to cancel it. The models by Ito (1990) 
and Hollerbach (1982) for the regulation of a move- 
ment trajectory are based for example on the inverse 
dynamics or the dynamics may account for the 
building up of anticipatory adjustments. 

4.1. ACQUISITION 

Very few studies have dealt with the acquisition 
of anticipatory postural adjustments. Ioff6 et al. 
(1988) have shown however that a new postural 
pattern in association with forelimb flexion elicited by 
skin electrical stimulation could be learned by the 
quadruped after long term training. The acquisition 
of these new patterns requires an intact motor cortex 
and/or pyramidal tract (Ioffr, 1973). 

In bimanual load lifting tasks where the mainten- 
ance of the forearm posture during unloading is 
achieved by an anticipatory deactivation of the fore- 
arm flexors, associated with the voluntary movement 
of the other arm, the acquisition of the anticipatory 
adjustments has been explored (Dufoss6 et  al., 1985a; 
Paulignan et  al., 1989). For this purpose, the load 
release was triggered by switching off an electro- 
magnet, which could be triggered by external signals 
related or otherwise to voluntary movement per- 
formed by the other arm. As a result of this investi- 
gation, it was found that no anticipatory adjustment 
was acquired in the absence of voluntary movement 
(for example, when a sound indicated the precise time 
of unloading). Moreover, distal movements, such 
as pressing a key triggering the load release, induced 
no anticipatory forearm adjustments. Only proximal 
elbow movements, whatever the parameter con- 
trolled (force, displacement or both), induced the 
acquisition of the anticipatory adjustment of forearm 
posture. The anticipatory postural adjustment was 
elaborated during 40-60 trials and thereafter stabil- 
ized (Paulignan et al., 1989); but the efficiency of the 
reflex correction of the forearm position disturbance 
increased as soon as the occurrence of the disturbance 
could be predicted. This held true both when disturb- 
ances were imposed by the experimenter and when 
they were induced by a distal movement of the 
subject's other hand (Paulignan et  al., 1989). The 
gating of the reflexes observed in a situation involving 
prediction is in agreement with previous data (see 
Horak et  al., 1989a; Prochazka, 1989). 

In bimanual tasks, where loading rather than un- 
loading is performed, an anticipatory forearm adjust- 
ment is also observed. In the bimanual paradigm 
described by Benis (1990) one hand releases the load 
from various heights and the other receives the load; 
and in that by Johansson and Westling (1988) one 
hand releases a load and the other hand exerts a grip 
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force on a cylinder which receives the load. In these 
situations, the parameters of the voluntary movement 
are not directly responsible for the disturbance of the 
forearm posture. The disturbance depends in fact on 
the load and on the height from which the load 
is released. The results showed the occurrence of an 
anticipatory adjustment of forearm position depend- 
ing on the kinetic energy of the load, involving a very 
accurate prediction of the time of  "landing". 

Surprisingly, the contact of a load dropped onto 
the forearm maintaining a position is preceded by an 
anticipatory adjustment of the forearm position even 
when the load release is triggered by the exper- 
imenter. This is in disagreement with previous find- 
ings on the acquisition of the anticipatory postural 
adjustments in the load lifting task (Paulignan et al., 
1989). For example, Lacquaniti and Ma'ioli (1989a, b) 
have observed that an anticipatory adjustment of 
the forearm position when a load is released from 
various heights by a switch controlled by the exper- 
imenter can cause a disturbance of  the hand position. 
The anticipatory adjustment was correlated with 
the kinetic energy of the load. In the example, the 
anticipatory adjustment results from a complex com- 
putation concerning the kinetic energy of the load as 
a function of  the height of the release. This situation 
can be compared to some extent to the postural 
adjustments which occur before landing (Melvill- 
Jones and Watt, 1971; Greenwood and Hopkins, 
1976; McKinley and Smith, 1983; Dyhre-Poulsen and 
Laursen, 1984). 

To conclude, the anticipatory postural adjust- 
ments are usually built up under conditions where 
a voluntary movement causes postural disturbance 
and not when the disturbance is imposed by an 
external source. However, under specific conditions 
where the kinetic energy of  the impact can be esti- 
mated on the basis of information provided by 
proprioceptive or visual cues, anticipatory postural 
adjustments can be observed in the absence of volun- 
tary movements. 

4.2. SHORT TERM ADAPTATION 

Both anticipatory and reactional changes in the 
pattern of postural adjustments can be observed as 
soon as the environmental constraints are changed. 
For example, a change in the support conditions is 
accompanied by a change in the EMG pattern which 
characterizes the postural adjustment. This was ob- 
served in the case of the anticipatory adjustments 
associated with arm movements when bending on a 
wall (Belenkiy et al., 1967; Benvenuti et al., 1990), 
where the anticipatory leg muscle adjustments were 
markedly reduced. When a support is taken with the 
hand, the postural adjustment previously detected in 
the leg muscles was observed to occur in the arm 
muscles (Cordo and Nashner, 1982; Marsden et al., 
1981). When standing on a narrow support, the early 
activation of the distal leg muscles associated with 
backward upper trunk movement disappears. The 
phasic activation of these muscles gives rise to hori- 
zontal shear forces liable to cause imbalance (Pedotti 
et al., 1989). This short term adaptation is the result 
of long term training. Encountering microgravity is 
another example where a change in the environ- 

mental constraints modifies the anticipatory postural 
adjustment, since changes in the pattern of the antici- 
patory postural adjustments occur during space flight 
when the feet are attached to the floor (C16ment et al., 
1984; Massion et al., 1991) as already mentioned. 

During floating episodes in parabolic flight, the 
anticipatory activation of the biceps femoris which 
occurs while raising the arm disappears. However, an 
early Erector spinae activation remains (Layne and 
Spooner, 1990). Do the changes in postural pattern 
observed under new environmental constraints result 
from short term learning? When the changes in the 
postural pattern are observed as soon as the new 
environmental condition is encountered, short term 
learning can be ruled out and the process of adap- 
tation is based on sensory cues informing the subject 
about the dynamic and kinematic conditions under 
which the postural adjustments can be made. By 
contrast, when the postural pattern is modified only 
after several trials or even several days after experi- 
encing new environmental conditions, short term 
learning is taking place. This has been observed 
during long term space flights and after return to 
gravity conditions (Cl6ment et al., 1984; Massion et 
al., 1991). It has also been found to occur after long 
term bed rest: the anticipatory postural adjustments 
are absent when standing again for the first time, and 
raising the arm, but reappear after a few trials 
(Gurfinkel and Elner, 1973). 

4.3. LONG TERM TRAINING 

There are two possible means of exploring 
the learning associated with long term training in 
athletes. One consists of placing trained subjects 
under the conditions which are specific to the particu- 
lar learned skill This approach has been used by 
Clrment and Rrzette (1985) and C16ment et al. (1988) 
on subjects standing on their hands. The second 
approach consists of exploring the effects of training 
by comparing trained and untrained subjects per- 
forming the same rather simple movement which 
has been involved in the training process. Trained 
gymnasts and untrained subjects were asked to per- 
form backward uppertrunk movements in a reaction 
time task. The temporal pattern of muscle activition 
consisting in untrained subjects of a synchronous 
activation of a set of muscles in the back (gastrocne- 
mius, hamstring, erector spinae), changed in gym- 
nasts into a distoproximal sequence (Pedotti et al., 
1989). The sequential pattern was accompanied by 
a better performance in terms of velocity and 
equilibrium control. As the sequential pattern was 
produced by most of the untrained subjects when 
performing forward upper trunk movements which 
are part of every day experience, the result was 
interpreted as resulting from a better experience by 
the gymnasts of the space in the back of the body, 
leading to the acquisition of a more efficient pattern. 
This takes place in the case of forward movements 
in early childhood in the untrained subjects as the 
result of daily practice. Another example of the effects 
of long term training can be observed by comparing 
untrained subjects and dancers lifting a leg: in 
dancers, the trunk axis remains vertical since they 
perform a feedforward counter-rotation of the trunk 
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around the hip joint which compensates for the 
external rotation of the body around the ankle joint 
of the supporting leg (Mouchnino et  aL, 1990). 

Long term training can also make short term 
adaptation to changes in the support conditions 
easier. For example, when standing on a short sup- 
port and bending the upper trunk backward, the 
trained gymnast falls less often than the utrained 
subject: his muscle pattern has changed and there is 
no distal Sol activation. This reduces the horizontal 
ground reaction forces which cause imbalance. 
It should be noted that the untrained subject is not 
able to suppress the distal Sol activation under the 
same support conditions (Pedotti et al., 1989), at least 
in reaction time tasks (Oddsson, 1990). 

4.4. SETTING 

The central control of movements is accompanied 
by parallel feedforward controls. The anticipatory 
postural adjustments are one example of these 
parallel controls. The feedforward control can occur 
after a setting of the gain of the postural reaction or 
after preparation for an anticipatory postural adjust- 
ment. As already mentioned, the setting of the 
postural reactions is a well known phenomenon (see 
Prochazka, 1989). It increases the efficiency of the 
postural reactions both when the disturbance is 
caused by an external force (Horak et al., 1989a; 
Lacquaniti et  al., 1989a, b) and when it is due to a 
voluntary movement (Paulignan et  al., 1989; Benis, 
1990). Preparation of the anticipatory postural ad- 
justment was shown to occur in the experiments 
carried out by Woollacott et  al. (1984) and Brown 
and Frank (1987). In the experiments by Woollacott 
et  al. (1984), the subject was provided with infor- 
mation about the direction of the voluntary arm 
movement to be performed (push or pull). A platform 
disturbance was imposed during the preparatory 
period for the movement. The latency of the GS and 
Sol responses differed depending on the direction 
of the prepared movement. These authors suggested 
that both the focal movement and the postural 
adjustment were prepared before the go signal. In the 
experiments by Brown and Frank (1987), a choice 
reaction time paradigm was used in which a prepara- 
tory signal indicated that the probability of perform- 
ing one of two movements (push or pull a lever) was 
much higher than the other. When the movement to 
be performed was different from that announced by 
the preparatory signal, the anticipatory postural 
adjustment related to the expected movement started 
at the usual latency and the onset of the prime mover 
for the movement requested was delayed. This result 
indicates that the anticipatory postural adjustment 
was prepared for before the onset of the go signal. 
The setting of postural reflexes and of the anticipat- 
ory postural adjustments results from a learning 
process which optimizes the performance level. 

5. CENTRAL ORGANIZATION 

An interesting aspect worth analyzing is the central 
organization of the coordination between posture 
and movement. It is important for the neurologist 
to know whether a pathology specifically affecting 

posturokinetic coordination does exist. In other 
words, besides the movement disorders on one hand 
and the postural disorders on the other, should a new 
ensemble of symptoms reflecting impaired coordi- 
nation between posture and movement be introduced 
to the neurological semeiology and do there exist 
specific brain areas which might be responsible for 
these defects? 

One preliminary remark should be made before we 
come to the analysis of the experimental data and case 
reports from the literature. The anticipatory postural 
adjustments belong to different categories depending 
on their function. Some are related to equilibrium 
maintenance, others to the stabilization of body 
segments serving as reference positions for the move- 
ment performance. The central structures involved may 
differ completely between these two categories of 
controls and this might explain some of the dis- 
crepancies between the cases reported in the literature. 

Another remark concerns the role of the sensory 
afferents in the anticipatory postural adjustments. 
Nashner et al. (1983) made the distinction between 
two types of deficits affecting postural adjustments in 
children with cerebral palsy: those reflecting sensory 
defects (ataxic group) and those due to motor defects. 
The deficit affecting the anticipatory postural adjust- 
ments is mainly of the motor type. The anticipatory 
postural adjustments related to the stabilization of 
the position of a given body segment can be per- 
formed accurately in deafferented patients. This was 
reported by Forget and Lamarre (1990) in the case of 
anticipatory adjustments of the forearm posture in a 
bimanual load lifting task. This does not mean that 
sensory inputs are useless in the acquisition of the 
anticipatory adjustments or in the accurate perform- 
ance of those subserving the stabilization of the 
general posture or equilibrium. 

Two main aspects of the organization of anticipat- 
ory postural adjustments should be considered: first 
the localization of the focal networks responsible for 
feedforward postural adjustments and secondly the 
coordination per  se, whereby central control of the 
voluntary movement and the feedforward control of 
posture are linked together. 

5.1. POSTURAL NETWORKS AND THEIR CONTROL 

The first question to be addressed here concerns 
the localization of the networks responsible for the 
anticipatory postural adjustments. The answer is still 
unclear. Two series of data argue however in favor of 
the networks being located at a rather low level (brain 
stem, spinal cord). 

The first series of data pertains to the field of 
pathology. Defects in the coordination between pos- 
ture and movement occur in spastic patients. Nashner 
et  al. (1983) reported that in children with cerebral 
palsy, the spastic leg did not show the anticipatory 
postural adjustments associated with voluntary 
arm movements which occurs in normal subjects. 
Horak et  al. (1984) noted a delay in the onset of the 
anticipatory postural adjustment in the spastic leg. 
Also, in a bimanual load lifting task, it was observed 
that the anticipatory postural adjustment of the 
"posturar '  forearm was lost when the forearm main- 
taining a horizontal posture was the spastic forearm 
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(Massion et al., 1989). The deficit observed in spastic 
patients does not seem to be specifically related to 
the coordination between posture and movement 
per se, but rather to the state of the segmental or 
local postural networks on the paralyzed side. The 
deficit is not restricted to anticipatory postural 
adjustments but also affects reactional adjustments. 
Traub et ai. (1980) mentioned that two out of  four 
spastic patients showed depressed trunk postural 
reactions in response to a disturbance applied to 
the hand. Spastic patients show a loss of appropriate 
timing of the muscle synergy responsible for 
the postural reactions produced in response to 
brisk displacement of the supporting platform (see 
Nashner et al., 1983; Horak et al., 1989b). 

These defects in spastics might be due to the fact 
that the local networks involved in the organization 
of the postural adjustments and which are put into 
action either by a descending command in the case of 
a voluntary movement or by the sensory signals in the 
case of an external disturbance, cannot function in an 
appropriate way in the absence of a central setting 
provided by the supraspinal structures. 

A second series of data was based on animal 
experiments. It was previously reported (Gah&y and 
Nieoullon, 1978; Gah~ry and Massion, 1981) that 
motor cortical stimulation in the standing cat induces 
both a contralateral movement and the appropriate 
postural support after a short latency which means 
that no feedback loop was involved. It was suggested 
that the command pathways for movement have 
access via collaterals at the brain stem or spinal 
cord level to networks responsible for the postural 
adjustments. 

Two additional sets of data are compatible with 
this interpretation. First, Alstermark and Wessberg 
(1985) have reported that during target reaching in 
cats, the onset of the biceps activation in the moving 
forelimb was time locked with the onset of triceps 
activation of the supporting forelimb. In addition, 
Alstermark et al. (1987a, b, c) have described long 

propriospinal neurons involved in postural control 
which might be activated via mono- or disynaptic 
pathways along the main descending tracts including 
the pyramidal tract. 

Secondly, Luccarini et al. (1990) analyzing the 
short latency postural adjustments associated with 
stimulation of  the cortical forelimb area showed 
that the anticipatory postural adjustment depended 
largely on cholinoceptive pontine reticular struc- 
tures involved in postural control (Mori, 1987); after 
bilateral local microinjection of bethanecol, a mus- 
carinic agonist, into these structures, the movement 
induced by cortical stimulation was unaffected, but 
the associated postural adjustment was severely 
depressed, whereas the postural reactions observed 
thereafter increased. This result suggests that the 
pontine and medullary reticulospinal pathways are 
specifically involved in the control of anticipatory 
postural adjustments elicited by cortical stimulation; 
further research is required however, to elucidate how 
this feedforward pathway is organized. 

In conclusion, it seems plausible that the local 
networks involved in postural adjustments may be 
located at the level of  the brain stem and spinal 
cord, although this has not yet been clearly demon- 
strated. It has been hypothesized however that 
the motor cortical structures may contribute more 
specifically to these adjustments (Traub et al., 1980). 
The possibility exists that inborn patterns also uti- 
lized in postural reactions may be located at the 
spinal cord-brain stem level whereas the acquisition 
of new patterns may require an intact motor cortex 
and pyramidal tract (Iofft, 1973; Ioff~ et al., 1988). 

5.2. MODES OF COORDINATION BETWEEN POSTURE 
AND MOVEMENT 

Two modes of coordination between posture and 
movement seem to exist (Fig. 6). In the first, "hier- 
archical" mode (Fig. 6B), the pathways controlling 
movement performance give off collaterals acting on 
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FIG. 6. Two modes of organization of the coordination between posture and movement. In A: parallel 
mode; in B: hierarchical mode. For further explanations see text. 
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the postural networks responsible for the anticipatory 
postural adjustments. This mode of control of the 
anticipatory postural adjustments has been observed 
in association with movements induced by electrical 
stimulation of the motor cortex in the cat (Gahrry 
and Nieoullon, 1978; Gahrry and Massion, 1981). 
The postural adjustment consists of a change in the 
ability of the leg muscles to support the body weight. 
The same mode of control is thought to apply to 
the coordination between posture and movement in 
a bimanual load lifting task (Paulignan et al., 1989). 
In this mode of coordination, the onset of the move- 
ment and that of the associated postural adjustment 
are time locked. 

The other mode is a "parallel" mode (Fig. 6A) 
where the postural adjustment and the movement are 
controlled by parallel pathways. In this mode, the 
postural changes often occur shortly before the move- 
ment onset. This type of coordination is observed 
with arm movement in the standing man (Belenkiy et 
al., 1967; Bouisset and Zattara, 1987b; see Cordo and 
Nashner, 1982). Several data indicate that the pos- 
tural control and the movement control are organized 
quite independently. First, the interval between the 
onset of the postural adjustment and the onset of 
movement vary as a function of the mode of control: 
the postural adjustment precedes the movement onset 
when the movement is self-paced, whereas it occurs 
mostly simultaneously with the movement onset in a 
reaction time paradigm (Horak et al., 1984; Lee et al., 
1987; Benvenuti et al., 1990). Secondly, the interval 
between the onset of the anticipatory postural adjust- 
ment and prime mover onset increases as a function 
of the load to be lifted (Zattara and Bouisset, 
1986a, b). Thirdly, when the movement is performed 
during locomotion, the anticipatory postural adjust- 
ment onset may be time locked with given events in 
the locomotor cycle rather than with the prime mover 
onset (Nashner and Forssberg, 1986). Lastly, during 
experiments involving the use of a choice reaction 
time paradigm it so happened that, by mistake, the 
subjects performed an anticipatory postural adjust- 
ment inappropriate for the movement to be executed. 
The central control of the anticipatory postural ad- 
justments and that of the movement are therefore 
separate processes (Brown and Frank, 1987). 

When the onset of movement is delayed with 
respect to the onset of the postural adjustment, as for 
example when a load is added to the lifting arm, one 
can postulate, as previously suggested by Cordo and 
Nashner (1982), that the circuits for voluntary move- 
ment are inhibited until the postural adjustment 
has reached a given value. The motor act is thus 
sequential: first the anticipatory postural adjustment 
occurs and delays the movement onset until the 
postural change has reached a suitable given level, for 
minimizing the postural or equilibrium disturbance 
due to the movement or for directly providing 
additional force for the movement (Lee et al., 1990). 
The inhibitory mechanisms whereby the onset of 
movement is delayed depending on the amount of 
disturbance associated with the movement perform- 
ance is not known. It is unlikely that a sensory input 
indicating that the postural adjustment has reached 
an appropriate level for the movement to begin may 
be involved, due to the shortness of the time elapsing 
between the postural changes and the movement 

onset under most conditions. Internal loops are more 
likely to be involved and these may be preset before 
the movement onset by an automatic evaluation 
of the biomechanical constraints associated with the 
load to be lifted (see Cordo and Nashner, 1982). 

To summarize this part, the postural networks 
responsible for the anticipatory postural adjustments 
may be located at quite a low level such as the brain 
stem and spinal cord, where the networks involved in 
the postural reactions are also located. Two modes of 
control of these anticipatory adjustments seem to 
exist: in one mode, the phasic postural adjustment 
depends on collaterals from the movement control 
pathways acting on the postural networks. The feed- 
forward postural control is fairly close time locked to 
the movement control. Examples of this mode of 
control are given by the movements and associated 
postural adjustments elicited by cortical stimulation 
in the cat or during a load lifting task in man. In 
the second mode, the organization of the anticipatory 
postural adjustment and that of the movement are 
controlled by parallel descending pathways; the 
movement onset is delayed however until the postural 
adjustment has reached a level compatible with the 
control of equilibrium during movement perform- 
ance. This second mode is observed during arm or leg 
movements in standing subjects. 

5.3. CENTRAL ORGANIZATION OF THE COORDINATION 
BETWEEN POSTURE AND MOVEMENT 

The hierarchical model of movement organization 
proposed by Allen and Tsukahara (1974) implies that 
two levels should be considered (see Brooks, 1986), 
one involved in movement planning and program- 
ming which includes the association areas, the basal 
ganglia and the neocerebellum; the other in move- 
ment execution, working from the motor cortex to 
the periphery. The question which remains to be 
answered is at what level the coordination between 
posture and movement is organized. 

The pathology of the coordination between posture 
and movement is still largely an open question. 
Since Babinski claimed (1899) that the cerebellum 
was the source of the "asynergie" observed during 
upper trunk movements, many, often contradictory, 
results have emerged showing the existence of im- 
paired coordination in spastic patients (mostly due 
to a disturbance of the functioning of the postural 
networks), as well as in parkinsonians, cerebellar 
patients and those with lesions of premotor areas. 
Some authors have qualified this defect as postural 
apraxia (Gurfinkel and Elner, 1973) or apraxia of 
trunk movements (Petrovici, 1968). 

5.3.1. Role o f  basal ganglia and premotor  areas 

The possibility that the basal ganglia might 
contribute to postural control was first proposed by 
Martin (1967) on the basis of his data on parkin- 
sonian patients. He found that both the postural 
reactions and the coordination between posture and 
movement are impaired in these patients. 

In fact, Bazalgette et al. (1986) have reported that 
parkinsonian patients asked to raise the arm while 
standing showed defective anticipatory posturai 
adjustments. Results of the same type were also 
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obtained during a bimanual load lifting task (Viallet 
et al., 1987) in parkinsonian patients. Postural reac- 
tions to external disturbances were also reported to 
be impaired. For  example, the EMG medium latency 
response of  the trunk muscles observed when a 
disturbance was delivered to the hand of a standing 
subject was impaired in half of the parkinsonian 
patients tested (Traub et al., 1980). Controversial 
results were obtained however by other authors. Dick 
et al. (1986) noted the maintenance of anticipatory 
postural adjustments in parkinsonian patients who 
were asked to pull for a short distance with the arm 
on a strap tied to a motor. Rogers et al. (1987) also 
noticed that the anticipatory ajdustments were pre- 
served in subjects asked to flex the shoulder as fast 
as possible. They noticed however an increased 
"postural" reaction time, which was paired with a 
delayed onset of the prime mover agonist burst, a 
reduced occurrence of  postural anticipation among 
the trials and a reduced amplitude of the bursts in the 
postural muscles. Diener et al. (1989) observed only 
minor changes in the anticipatory postural adjust- 
ments occurring during arm raising and Diener et al. 
(1989, 1990) reported the maintenance of the adjust- 
ment of posture which precedes standing on tip 
toe, whereby the subject first displaces the center of 
gravity forward and then stands on tip toe. 

How are these controversial results to be ex- 
plained? No clear explanations are available so far. 
However, it is questionable whether the anticipatory 
postural adjustments analyzed by the various authors 
were performed for the same goal. In the example 
given by Dick et al. (1986) the postural adjustments 
associated with the arm movement are not only 
subserved to equilibrium or postural maintenance 
but they also contributed directly to the ongoing 
movement by providing additional force. Standing on 
tip toe is a sequential act with two components, 
as mentioned above (Diener and Dichgans, 1988; 
Diener et al., 1989, 1990). It thus differs from the 
anticipatory adjustments which prevent a displace- 
ment of the CG or some of the body segments. 

Various data in the literature suggest that premotor 
and medial frontal areas including the SMA may be 
involved in the anticipatory postural adjustments 
associated with movements. Brinkman (1984) has 
reported that in monkey, the maintenance of the 
hand position in a bimanual task was impaired 
after a unilateral supplementary area (SMA) lesion 
contralateral to the postural forearm. Wiesendanger 
et al. (1987) have hypothesized that the anticipatory 
postural adjustments may be impaired after SMA 
lesions. Gurfinkel and Elner (1988) examined the 
extent of the lesion in patients suffering from defec- 
tive anticipatory postural adjustments when standing 
and raising the arm, and showed that the lesions 
mainly affected the premotor and supplementary 
areas. Massion et al. (1989) also observed impaired 
anticipatory postural adjustments in bimanual load 
lifting performed by patients with a medial lesion 
including the SMA. In their experiments, the deficit 
was observed mainly when the lesion was contra- 
lateral to the postural forearm. This result suggests 
that the medial region controlateral to the postural 
forearm may play a leading role in the organization 
of the task. In fact, the movement may be organized 
on the basis of a postural reference value (forearm 
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FiG. 7. Scheme proposed to account for the central organ- 
ization of coordination between posture and movement 
in this bimanual task. MI: primary motor cortex. SMA: 
supplementary motor area region. In this scheme, the motor 
cortex on one side (MI) controls the load lifting movement 
(continuous line) whereas the motor cortex on the other side 
controls the postural maintenance of the postural arm 
(dashed line). The coordination between the 2 controls is not 
performed through the corpus callosum (CC). The control 
pathway for movement sends collaterals at a subcortical 
level towards the postural arm, which are responsible for the 
anticipatory postural adjustment. The possibility of using 
this collateral pathway (gate) and its gain depend on a 
supraspinal control from the SMA area contralateral to 
the postural arm and also from the contralateral basal 

ganglia (BG). 

position), which needs to  be stabilized during move- 
ment performance in order to ensure the accuracy of 
the movement. The medial forebrain areas contra- 
lateral to the postural forearm may gate the learned 
phasic postural circuits, which are utilized during the 
movement execution, to stabilize the forearm position 
(Fig. 7). 

The role played by the premotor and SMA areas 
in anticipatory postural adjustments may depend on 
the functional role of these adjustments as regards to 
postural maintenance and equilibrium control. These 
areas might be involved mainly in the stabilization of 
an egocentric postural reference during movement 
and not (or less) in the maintenance of equilibrium 
during movement. For  example, the axial synergies 
occuring during respiratory movements (Gurfinkel 
and Elner, 1973), which serve to maintain the center 
of gravity projection, were impaired after cortical 
lesions outside the premotor areas (Gurfinkel and 
Elner, 1988). Further data need to be collected before 
this problem can be properly solved. 

Finally, it should be mentioned that the SMA area 
is one of the main cortical targets of the basal ganglia 
(Wise and Strick, 1984). It might thus share with the 
basal ganglia a common function, which might be the 
stabilization of the egocentric reference frame during 
movement performance. 

5.3.2. Role o f  cerebellum 

The possibility that the cerebellum might be in- 
volved in the coordination between posture and move- 
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ment was first proposed by Babinski (1899). He used 
the term "asynergie" to describe the loss of associated 
of hip and knee movements when the upper trunk is 
bent backward, which is symptomatic of cerebellar 
deficits. As these associated movements are aimed at 
maintaining the center of gravity projection inside the 
foot area, the subjects tend to fall. "Synergies" such 
as those occurring when changing from a lying to a 
sitting position were also impaired in cerebellar 
patients (see Rondot et al., 1979). However, the 
specific role of cerebellum in the organization of 
muscle synergies was questioned by Thomas (1940) 
and by Holmes (1939). It has now been demonstrated 
that microstimulation of the dentate nucleus gives 
rise to large proximodistal and rostrocaudal synergies 
(Rispal-Padel et al., 1982), but the hypothesis (Mas- 
sion, 1984) that this structure may contribute to the 
postural adjustment remains to be demonstrated. 

The general pattern of the coordination of postural 
adjustment and movement seems to be well preserved 
in cerebellar patients; they can have difficulty how- 
ever, in timing the phases of the motor act and scaling 
the anticipatory activities (Diener and Dichgans, 
1988; Diener et al., 1989, 1990). The data available in 
the literature are rather limited on this score. Atten- 
tion needs to be paid in the future to three aspects: 
the type of cerebellar lesion, the type of postural 
adjustment and its goal and the role of the cerebellum 
during and after the acquisition of the task. 

5.4. CONCLUSION 

Present day knowledge about the central organiz- 
ation of the coordination between posture and move- 
ment is still fragmentary. 

Two main causes of deficits are worth considering. 
First, a dysfunction of the postural networks process- 
ing the anticipatory adjustments occurs mainly in 
spastic patients, also disturbing the postural reac- 
tions. Secondly, of the premotor areas, possibly 
including the SMA, which may be responsible for 
gating the learned circuits, providing the appropriate 
postural adjustment for a given motor act. 

The role of the basal ganglia and cerebellum in the 
coordination between posture and movement is still 
largely a matter of controversy. Further analyses 
should bear on aspects liable to throw some light on 
the reasons for the discrepancies in the existing data. 
Firstly the functional purpose of the anticipatory 
postural adjustment in a given motor task (postural 
stabilization, equilibrium control, force production 
for the movement etc . . . .  ) should be carefully ana- 
lyzed. Secondly, the possible role of each structure in 
the task should be analyzed both during, and after, 
the acquisition phase. 

Acknowledgements--The author wishes to thank Bernard 
Amblard for his critical reading of the manuscript, Sylva 
Zakarian for her help in the bibliography and Jessica Blanc 
for having corrected the English version. This work was sup- 
ported by a grant of the Centre National d'Etudes Spatiales. 

REFERENCES 

ALEX~mF, M. A. and NAIDEL, A. V. (1972) The mechanisms 
of interrelationship between human muscle activity 
in complex motor tasks. Zh. Physiol. U.S.S.R. 58, 
1721-1730 (in Russian). 

ALLEN, G. I. and T s u ~ ,  N. (1974) Cerebro-cerebellar 
communication systems. Physiol. Rev. 54, 957-1006. 

ALSaXRMAgK, B., LtmDnERG, A., PINTER, M. and SmAKI, S. 
(1987a) Long C3--C5 propriospinal neurons in the cat. 
Brain Res. 4114, 382-388. 

ALSTERraARK, B., LtmOBERG, A., PINTER, M. and SASAKI, S. 
(1987b) Vestibular effects in long C3-C5 propriospinal 
neurones. Brain Res. 404, 389-394. 

ALSTERMARK, B., LUNDBERG, A., PINTER M., and SASAKI, S. 
(1987c) Subpopulations and function of long C3--C5 
propriospinal neurones. Brain Res. 404, 395-400. 

ALSTERMARK, B. and SASAKI, S. (1983) Electromyographic 
activity in fast and slow elbow extensors during a visually 
guided forelimb movement in cats. Brain Res. 259, 
155-158. 

ALSTERMARK, B. and WESSBmtG, J. (1985) Timing of postural 
adjustment in relation to forelimb target-reaching in cats. 
Acta physiol, scand. 125, 337-340. 

AMBLARD, B., ASSAIANTE, C., CREMIEUX, J. and MARCHAND, 
A. R. (1990) From posture to gait: which sensory input 
for which function? In: Disorders of Posture and Gait, 
pp. 168-176. Eds. T. BRANDT, W. PAULUS, W. BLES, M. 
DIE'IERICH, S. KRAFCZYK and A. STRAUBE. Georg Thieme: 
Stuttgart. 

AMBLARD, B., CREMIEUX, J., MARCHAND, A. R. and 
CARBLANC, A. (1985) Lateral orientation and stabilization 
of human stance: static versus dynamic visual cues. 
Expl Brain Res. 61, 21-37. 

ARMS, M. A. (1981) Perceptual structures and dis- 
tributed motor control. In: Handbook of Physiology, 
Section 1, The Nervous System, Vol. II, Part 2, 
pp. 1449-1480. Ed. V. B. BROOKS. American Physiological 
Society: Bethesda. 

ASAI, H., FUJIWARA, K., TOYAMA, H., YAMASHINA, T., 
NARA, I. and TACmNO, K. (1990) The influence of foot 
soles coding on standing postural control. In: Disorders 
of Posture and Gait. pp. 198-201. Eds. T. BRANDT, 
W. PAULUS, W. BLES, M. DIETERICH, S. KRAFCZYK, 
A. STRAUBE. George Thieme: Stuttgart. 

ASSAIANTE, C. and AMBLARD, B. (1990a) Head stabilization 
in space while walking: effect of visual deprivation in 
children and adults. In: Disorders of Posture and Gait, 
pp. 229-232. Eds. T. BRANDT, W. PAULUS, W. BLES, 
M. D1ETRER1CH, S. KRAFCZYK and A. STRAUBE. Georg 
Thieme: Stuttgart. 

ASSAIANTE, C. and AMBLARD, B. (1990b) Head-trunk co- 
ordination and locomotor equilibrium in 3 to 8 year old 
children. In: The Head-Neck Sensory-Motor System, 
Vol. L Evolution Biomeehanics and Basic Aspects. Eds. 
A. BERTHOZ, W. GRAF and P. P. V1DAL. Oxford University 
Press: Oxford, in press. 

BABINSKI, J. (1899) De l'asynergie crrrbelleuse. Rev. Neurol. 
7, 806-816. 

BAZALGETTE, F., ZATTARA, M., BATH1EN, N., BOUISSET, S. 
and RONDOT, P. (1986) Postural adjustments associated 
with rapid voluntary arm movements in patients with 
Parkinson's disease. In: Advances in Neurology, Vol. 45, 
pp. 371-374. Eds. M. D. YAHR and K. J. BERGMAN. 
Raven Press: New York. 

BELENKIY, V. E., GURFINKEL, V. S., PALTSEV, E. I. (1967) 
On elements of control of voluntary movements. Biofizica 
12, 135-141 (in Russian). 

BENIS, N. (1990) Etude d'un mouvement d'ajustement 
postural chez l'homme normal et hrmiplrgique. Thrse de 
Docteur en Sciences. Orsay. 127 pp. 

BENVENUTI, F., PANZER, V., THOMAS, S. and HALLET, M. 
(1990) Kinematic and EMG analysis of postural adjust- 
ments associated with fast elbow flexion movements. In: 
Disorders of Posture and Gait. pp. 72-75, Eds. T. BRANDT, 
W. PAULUS, W. BLES, i .  DmTRFaUCH, S. KRAFCZYK and 
A. STRAUBE. Georg Thieme: Stuttgart. 

BERNSTEIN, N. (1967) The Coordination and Regulation of 
Movement. Pergamon Press: London. 



MOVEMENT, POSTURE AND EQUILIBRIUM 53 

BERTHOZ A. and Pozzo, T. (1988) Intermittent head stabil- 
ization during postural and locomotory tasks in humans. 
In: Posture and Gait: Development, Adaptation and Modu- 
lation, pp. 189-198. Eds. B. A ~ L ~ D ,  A. Bva~OZ and 
F. C ~ C .  Elsevier: Amsterdam. 

Bmb~R, B., DONALDSON, I. M. L., I-I~N A. and JEANNEROD, 
M. (1988) Neck muscle vibration modifies the represen- 
tation of visual motion and direction in man. Brain 111: 
1405-1424. 

B1RJUKOVA, E. V., DUFOSSE, M., FROLOV, A. A., IOFFE, 
M. E. and MASSION, J. (1989) Role of the sensorimotor 
cortex in postural adjustments accompanying a con- 
ditioned paw lift in the standing cat. Expl Brain Res. 78, 
588-596. 

BOUISSET, S. and ZATTARA, M. (1981) A sequence of postural 
movements precedes voluntary movement. Neurosci. Lett. 
22, 263-270. 

BOUISS~, S. and ZATTARA, M. (1986) Etude chronom6trique 
de programme posturocin6tique 1i6 au mouvement volon- 
taire. J. Physiol. (Paris) 81, 14-16. 

Bouiss~r, S. and ZAYrARA, M. (1987a) Postural muscular 
activities and intentional movements. Med. Sport Sci. 26, 
163-173. 

Boulss~r, S. and ZArrARA, M. (1987b) Biomechanical study 
of the programming of anticipatory postural adjustments 
associated with voluntary movement. J. Biomech. 20, 
735-742. 

BOUISSL~r, S. and ZAYrARA, M. (1988) Anticipatory postural 
adjustments and dynamic asymmetry. In: Stance and 
Motion: Facts and Concepts, pp. 177-183. Eds. V. S. 
GURFINKEL, M. E. IOFFL J. MASSION and J. P. ROLL. 
Plenum Press: New York. 

BOUISSET, S. and Z~rARA, M. (1990) Segmental movement 
as a perturbation to balance? Facts and concepts. In: 
Multiple Muscle Systems: Biomechanics and Movement 
Organization, pp. 498-506. Eds. J. M. WINTERS and S. L. 
Y. Woo. Springer: New York. 

BmNKMAN, C. (1984) Supplementary motor area of the 
monkey's cerebral cortex: short- and long-term deficits 
after unilateral ablation and the effects of subsequent 
callosal section. J. Neurosci. 4, 918-929. 

BROOKHART, J. M., PARMEGGIANI, P. L., PETERSEN, W. A. and 
STot, r~, S. A. (1965) Postural stability in the dog. Am. J. 
Physiol. 208, 1047-1057. 

BROOKS, V. B. (1986) The Neural Basis of Motor Control, 
Oxford University Press: Oxford, 330 pp. 

BROWN, J. E. and FRANK, J. S. (1987) Influence of event 
anticipation of postural actions accompanying voluntary 
movement. Expl Brain Res. 67, 645-650. 

CAM~Nm, R., JohnsoN, P. B., BURNOD, Y., GALLI, C. and 
I~,AINA, S. (1990) Shift of preferred directions of pre- 
motor cortical cells with arm movements performed 
across the workspace. Expl Brain Res. 83, 228-232. 

CLEMENT, G. and REZE'rr~, D. (1985) Motor behavior under- 
lying the control of an upside-down vertical posture. 
Expl Brain Res. 59, 478-484. 

CLEMENT, G., GURFINKEL, V. S., LEST1ENNE, F., LIPSmTS, 
M. I. and Popov, K. E. (1984) Adaptation of postural 
control to weightlessness. Expl Brain Res. 57, 61-72. 

CLEMENT, G., Pozzo, T. and B~RTHOZ, A. (1988) Contri. 
bution of eye positioning to control of the upside-down 
standing posture. Expl Brain Res. 73, 569-576. 

COMEN, L. A. (1961) Role of the eye and neck proprioceptive 
mechanisms in body orientation and motor coordination. 
J. Neurophysiol. 24, l-11. 

COgDO, P. J. and NASH~,  L. M. (1982) Properties of 
postural adjustments associated with rapid arm move- 
ments. J. Neurophysiol. 47, 287-302. 

CR~,r~A, P., F~aoo, C., MASSION, J. and PeDo~rl, A. 
(1987) Forward and backward axial synergies in man. 
Expl Brain Res. 65, 538-548. 

C 3 ~ A ,  P., F~OO, C., MASSION, J., Pr.t~Tn, A. and DF.AT, A. 
( 1988) Forward and backward axial movements: two modes 

of central control. In: Stance and Motion, Facts and 
Concepts, pp. 195-201. Eds. V. S. GURVlNK~, M. IOFI~, J. 
MASSXON and J. P. ROLL. Plenum Press: New York. 

DE WA~LE, C., GRAF, W., BERTHOZ, A. and VLDAL, P. P. 
(1988) Vestibular control of skeletal geometry. In: 
Posture and Gait: Development, Adaptation and Modu- 
lation, pp. 423-431. Eds. B. ASmLARD, A. BEZTHOZ and 
F. CLARAC. Elsevier: Amsterdam. 

DIC'HG^NS, J., HELD, R., YOUNG, L. and BRAI, naT, T. (1972) 
Moving visual scenes influence the apparent direction 
of gravity. Science 178, 1217-1219. 

DICK, J. P. R., ROTHWELL, J. C., BERARDELLI, A., THOMPSON, 
P. D., GlOUX, M., B ~ c r ~ ,  R., DAY, B. L. and M ~ E N ,  
C. D. (1986) Associated postural adjustments in Parkin- 
son's disease. J. neurol, neurosurg. Psychiat. 49, 1378-1385. 

Dmm~R, H. C. and DICHG~S, J. (1986) Long loop reflexes 
and posture. In: Disorders of Posture and Gait, pp. 41-51. 
Eds. W. BL~ and T. BPoa, a3T. Elsevier: Amsterdam. 

DraftER, H. C. and DICHO~S, J. (1988) Pathophysiology 
of posture. In: Posture and Gait: Development, Adaptation 
and Modulation, pp. 229-235. Eds. B. ASmLARD, A. 
BERrdOZ and F. CLARAC. Excerpta Medica: Amsterdam. 

Dm~a,  H. C., DicnoA~cs, J., GuscnLnAU~, B., BACI~a, 
M. and L ~ . I ,  IBACH, P. (1989) Disturbances of motor 
preparation in basal ganglia and cerebellar disorders. 
In: Progress in Brain Research, Vol. 80, pp. 481-488. 
Eds. J. H. J. AJ~LUM and M. HULUOER. Elsevier: 
Amsterdam. 

D~qER, H. C., DICHOANS, J., GUSCHLBAUER, B., BACHER, M., 
RApp, H. and LANOI~I~mAt~, P. (1990) Associated postural 
adjustments with body movement in normal subjects 
and patients with Parkinsonism and cerebellar disease. 
Rev. Neurol. 146, 555-563. 

D~TZ, V., HORTSMA~n~, BF.ROEZ, W. (1989a) Interlimb co- 
ordination of leg-muscle activation during perturbation 
of stance in humans. J. Neurophysiol. 62, 680-693. 

DXETZ, V., HORSTm~, G. A., "I3uPPEL, M. and GOLt~OVV.R, 
A. (1989b) Human postural reflexes and gravity--an 
under water simulation. Neursci. Lett. 106, 350-355. 

DROULEZ, J. (1988) Topological aspects of seusori-motor 
control. In: Stance and Motion: Facts and Concepts, 
pp. 251-259. Eds. V. S. GUIZWNr~L, M. E. I o n ,  
J. MASSION and J. P. ROLL. Plenum Press: New York. 

DgouLEz, J. and B~THoz, A. (1986) Serve-controlled 
(conservative) versus topological (projective) mode of 
sensory motor control. In: Disorders of Posture and 
Gait, pp. 83-97. Eds. W. BL~ and T. Bn.~NDT. Elsevier: 
Amsterdam. 

DUFOSSE, M., MACPm~RSON, J. and MASSION, J. (1982) 
Biomechanical and electromyographical comparison of 
two postural supporting mechanisms in the cat. Expl 
Brain Res. 45, 38--44. 

DuvosSE, M., HUOON, M., MASSION, J. (1985a) Postural 
forearm changes induced by predictable in time or volun- 
tary triggered unloading in man. Expl Brain Res. 60, 
330-334. 

Duws~,  M., MACPt~ZSON, J., MASSION J. and SYmaSKA, E. 
(1985b) The postural reaction to the drop of a hindlimb 
support in the standing cat remains following sensori- 
motor cortical ablation. Neurosci. Lett. 55, 297-303. 

DuFos~, M,, HUOON, M., MASSION, J. and PAULIGNAN, Y. 
(1988) Two modes of adaptative change to perturbations 
of forearm posture. In: Posture and Gait: develop- 
ment, adaptation and modulation, pp. 217-225. Eds. 
B. A~Bt~,RD, A. B ~ a O Z  and F. C L ~ C .  Excerpta 
Medica: Amsterdam. 

D ~ - P o u ~ ,  P. and L A u d ,  A. M. (1984) Pro- 
grammed electromyographic activity and negative incre- 
mental muscle stiffness in monkeys jumping downward. 
J. Physiol. Lend. 350, 121-136. 

EKLU~D, G. (1972) Position sense and state of contraction: 
the effect of vibration. J. neurol, neurosurg. Psychiat. 41, 
433 ~ .  



54 J. MASSION 

FORGET, R. and LAMARRE, Y. (1990) Anticipatory postural 
adjustment in the absence of normal peripheral feedback. 
Brain Res. .r)08, 176-179. 

FRIEDLI, W. G., HALLETr, M. and SIMON, S. R. (1984) 
Postural adjustments associated with rapid voluntary arm 
movements. I. Electromyographic data. J. neurol, neuro- 
surg. Psychiat. 47, 611~22. 

FRIEDLI, W. G., COHEN, L., HALLETT, M., STANHOPE, S. 
and SIMON, S. R. (1988) Postural adjustments associated 
with rapid voluntary ann movements. II. Biomeehanical 
analysis. J. neurol neurosurg. Psychiat. 51, 232-243. 

FROLOV, A. A., BIPOUKOVA, E. V. and IOFF~, M. E. (1988) On 
the influence of movement kinematics on the support 
pressure pattern during postural adjustment of 
quadrupeds. In: Stance and Motion: Facts and Concepts, 
pp. 227-238. Eds, V. S. GURFINKEL, M. E., IOFFf~, 
J. MASSION and J. P. ROLL. Plenum Press: New York. 

GAHERY, Y. (1987) Associate movements, postural adjust- 
ments and synergie: some comments about the history 
and significance of three motor concepts. Archs Ital Biol. 
125, 345-360. 

GAHERY, Y., MASSION, J. (1981) Coordination between 
posture and movement. TINS 4, 199-202. 

GAHERY, Y. and NIEOULLON, A. (1978) Postural and kinetic co- 
ordination following cortical stimuli which induce flexion 
movements in the cat's limbs. Brain Res. 155, 25-37. 

GAHERY, Y., IOFFI~, M., FROLOV, A. and COULMANCE, M. 
(1982) Drplacements verticaux du centre de gravit6 chez 
le chat lors de mouvements de flexion des membres 
provoqurs par des stimulations du cortex moteur. C.R. 
Acad Sci, Paris 29~, 393-396. 

GAllERY, Y., IOFI~, M., MASSION, J. and POLIT, A. (1980) 
The postural support of movement in cats and dogs. 
Acta neurobiol, exp. 40, 741-756. 

GELFAND, I. M., GURFINKEL, V. S., TSETLIN, M. L. and SHIK, 
M. L. (1971) Some problems in movement analysis. In: 
Models of  Structure--Functional Organization o f  Certain 
Biological Systems, pp. 329-345. Eds. I. M. GELFAND, 
V. S., GURFINKEL, S. V. FOMIN and M. L. TSETLIN. MIT 
Press: Cambridge. 

GOLLHOFER, A., HORSTMANN, G. A., BERGER, W. and 
DIETZ, V. (1989) Compensation of translational and 
rotational perturbations in human posture: stabilization 
of the centre of gravity. Neurosci. Lett. 105, 73-78. 

GRAY, J. (1944) Studies in the mechanics of the tetrapod 
skeleton. J. exp. Biol. 20, 88-I 16. 

GREENWOOD, R. G. and HOPKINS, A. (1976) Muscle 
responses during sudden falls in man. J. Physiol., Lond. 
254, 507-518. 

GtmFINKEL, E. V. (1973) Physical foundations of stabilo- 
graphy. Agressologie 14 (Suppl. C.), 9-13. 

GtmPINKEL, V. S. and ELNER, A. M. (1973) On two types of 
static disturbances in patients with local lesions of the 
brain. Agressologie 14D, 65-72. 

GURFINKEL, V. S. and ELf,rag, A. M. (1988) Participation of 
secondary motor area of the frontal lobe in organization 
of postural components of voluntary movements in man. 
Neurophysiology 20, 7-14. 

GURFINKEL, V. S., LIPSHITS, M. I. and PoPov, K. E. 
(1981) Stabilization of body position as the main task of 
postural regulation. Fiziologya Cheloveka 7, 400-410 
(translation). 

GURFINKEL, V. S. and LEVIK, YuS., PoPov, K. E. and 
SMETANIN, B. N. (1988a) Body scheme in the control 
of postural activity. In: Stance and Motion: Facts and 
Concepts, pp. 185-193. Eds. V. S. GURFINKEL, i .  E. IOFFI~, 
J. MASSION and J. P. ROLL. Plenum Press: New York. 

GURHNKEL, V. S., LIPSHITS, M. I. and LESTIENNE, F. G. 
(1988b) Anticipatory neck muscle activity associated with 
rapid arm movements. Neurosci. Lett. 94, 104-108. 

HAAS, G., DIENER, H. C., RAPP, H. and DICHGANS, J. (1989) 
Development of feedback and feedforward control of 
upright stance. Dev. Med. 1 Child Neurol. 31, 481-488. 

HEAD, H. (1920) Studies in Neurology. Hodder and 
Stoughton: London, t. 2. 

HESS, W. R. (1943) Teleokinetisches und ereismatisches 
Kriiftesystem in der Biomotorik. Help. Physiol. Pharmac. 
Acta 1, C62~63. 

HEIN, A. and HELD, R. (1967) Dissociation of the visual 
placing response into elicited and guided components. 
Science 158, 390-392. 

HOLLERBACH, J. M. (1982) Computers, brain and the control 
of movement. TINS 5, 189-192. 

HOLMES, G. (1939) The cerebellum of man. Brain 62, 1-30. 
HORAK, F. B. and NASl-rNER, L. M. (1986) Central pro- 

gramming of postural movements: adaptation to altered 
support surface configurations. J. Neurophysiol. 55, 
1369-1381. 

HORAK, F. B., ESSELMAN, P. E., ANDERSON, M. E. and 
LYNCrL M. K. (1984) The effects of movement velocity, 
mass displaced and task certainty on associated postural 
adjustments made by normal and hemiplegic individuals. 
J. neuroL neurosurg. Psychiat. 47, 1020-1028. 

HORAK, F. B., DIENER, H. C. and NASHNER, L. M. (1989a) 
Influence of central set on human postural responses. 
J. Neurophysiol. 62, 841-853. 

HORAK, F. B., SmrPERT, C. L. and MmKA, A. (1989b) 
Components of postural dyscontrol in the elderly: a 
review. Neurobiol. Aging 10, 727-738. 

HUC, ON, M., MASSION, J. and WmSENDANGER, M. (1982) 
Anticipatory postural changes induced by active un- 
loading and comparison with passive unloading in man. 
Pfliigers Arch. 393, 292-296. 

IOEFL M. (1973) Pyramidal influences in establishment of new 
motor coordinations in dogs. Physiol. Behav. 11, 145-153. 

Iov~, M. E. and ANDREYEV, A. E. (1969) Inter-extremities 
coordination in local motor conditioned reactions of 
dogs. Zh. Vyssh. Nervn. Deyat. Pavlova 19, 557-565 
(in Russian). 

IOEFL M. E., IVANOVA, N. G., FROLOV, A. A., BIRJUKOVA, 
E. V. and KISELJOVA, N. V. (1988) On the role of 
motor cortex in the learned rearrangement of postural 
coordinations. In: Stance and Motion: Facts and Concepts, 
pp. 213-226. Eds. V. S. GtmHNKEL, M. E. IOFFL 
J. MASSlON and J. P. ROLL. Plenum Press: New York. 

ITO, M. (1990) A new physiological concept of cerebellum. 
Rev. Neurol. 146, 564--569. 

JEANNEROD, M. (1988) The Neural and Behavioral Organiz- 
ation of  Goal-Directed Movements. Clarendon Press: 
Oxford. 

JOHANSSON, R. S. and WF~TLING, G. (1988) Programmed and 
triggered actions to rapid load changes during precision 
grip. Expl Brain Res. 71, 72-86. 

JUNG, R. and HASSLER, R. (1960) The extrapyramidal motor 
system. In: Handbook o f  Physiology, Sect. 1, Neuro- 
physiology, Vol. 2, Chap. 35. Eds. J. FIELD, H. W. 
MAGOUN and V. E. HALL. American Physiological 
Society. Bethesda. 

LACKNER, J. R. (1988) Some proprioceptive influences on the 
perceptual representation of body shape and orientation. 
Brain 111, 281-297. 

LACQUANITI, F. and MAIOLI, C. (1989a) The role of prep- 
aration in tuning anticipatory and reflex responses during 
catching. J. Neurosci. 9, 134-148. 

LACQUANITI, F. and MAIOLi, C. (1989b) Adaptation to sup- 
pression of visual information during catching. J. Neuro- 
sci. 9, 149-159. 

LACQUANITI, F., LE TAILLANTER, M., LOPIANO, L. and 
MAIOLI, C. (1990) The control of limb geometry in cat 
posture. J. PhysioL, Lend. 426, 177-192. 

LAYNE, C. D. and SPOONER, B. S. (1990) EMG analysis of 
human postural responses during parabolic flight micro- 
gravity episodes. Aviat. Space envir. Med. 61, 994-998. 

LEE, W. A. (1980) Anticipatory control of postural and task 
muscles during rapid arm flexion. J. Motor Behav. 12, 
185-196. 



MOVEMENT, POSTURE AND EQUILIBRIUM 55 

LEE, W. A. (1984) Neuromotor synergies as a basis for co- 
ordinated intentional action. J. Motor Behav. 16, 135-170. 

LEE, W. A., BUCHANAN, T. S. and RoGEgs, M. W. (1987) 
Effects of arm acceleration and behavioural conditions 
on the organization of pastural adjustments during arm 
flexion. Expl Brain Res. 66, 257-270. 

LEE, W. A. MICI-IAELS, C. F. and PAl, Y. C. (1990) The 
organization of torque and EMG activity during bilateral 
handle pulls by standing humans. Expl Brain Res. 82, 
304-314. 

LESTmNNE, F. and GUgFINKEL, V. S. (1988) Pastural control 
in weightlessness: a dual process underlying adaptation to 
an unusual environment. TINS 11, 359-363. 

LESTIENNE, F., SOECHTING, J. and BERTHOZ, A. (1977) 
Postural readjustment induced by linear motion of visual 
scenes. Expl Brain Res. 28, 363-384. 

LIPSHITS, M. I., MAURITZ, K. and PoPov, K. E. (1981) 
Quantitative analysis of anticipatory postural com- 
ponents of a complex voluntary movement. Fiziologiya 
Cheloveka 7, 411-419. 

LUCCARINI, P., GAllERY, Y. and POMPEIANO, O. (1990) 
Cholinoceptive pontine reticular structures modify the 
postural adjustments during the limb movements induced 
by cortical stimulation. Archs Ital. Biol. 128, 19-45. 

LUND, S. and BROBERG, C. (1983) Effects of different head 
positions on postural sway in man induced by a repro- 
ducible vestibular error signal. Aeta physiol, scand. 117, 
307-309. 

MACPHERSON, J. M. (1988) The neural organization of 
postural control. Do muscle synergies exist? In: Posture 
and Gait: Development, Adaptation and Modulation, 
pp. 381-390. Eds. B. AMBLARD, A. BERTHOZ and 
F. CLARAC. Elsevier: Amsterdam. 

MACPHERSON, J. M. (1991) How flexible are muscle syner- 
gies? In: Motor Control: Concepts and Issues. pp. 33-47. 
Dahlem Konferenzen. Eds. D. R. HUMPHREY and H. J. 
FREUND. John Wiley: Chichestcr. 

MAGNUS, R. (1924) Der Korperstellang. Springer: Berlin. 
MAGNUSSON, M., ENBOM, H., JOFIANSSON, R. and PYYKKO, I. 

(1990) The importance of somatosensory information 
from the feet of postural control in man. In: Disorders 
of Posture and Gait, pp. 190-193. Eds. T. BRANDT, 
W. PAULUS, W. BLES, M. DIETERICH, S. KRAFCYYK and 
A. STRAUBE. George Thieme: Stuttgart. 

MANZONI, n., POMPEIANO, O. and STAMPACCHIA, G.. (1979) 
Tonic cervical influences on posture and reflex move- 
ments. Arch. Ital. Biol. 117, 81-110. 

MARSDEN, C. D., MERTON, P. A. and MORTON, H. P.. (1981) 
Human postural responses. Brain 104, 513-534. 

MARTIN, J. P. (1967) The Basal Ganglia and Posture. Pitman: 
London. 

MASSlON, J. (1976) Postural function of respiratory muscles. 
In: Respiratory Centres and Afferent Systems, 
pp. 175-181. Ed. B. DURON. Colloques de I'INSERM 59. 

MASSION, J. (1984) Postural changes accompanying volun- 
tary movements. Normal and pathological aspects. 
Hum. Neurobiol. 2, 261-267. 

MASSION, J., MEULDERS, M. and COLLE, J. (1960) Fonction 
posturale des muscles respiratoires. Archs Int. Physiol. 
Bioch. 68, 314-326. 

MASSION, J., VIALLET, F., MASSARINO, R. and KHALIL, R. 
(1989) La r6gion de l'aire motrice suppl6mentaire est 
impliqu6e dans la coordination entre posture et mouve- 
ment chez l'homme. C. R. Acad. Sci. Paris 308, 417-423. 

MASSION, J., DEAT, A., GURFINKEL, V., LIPSHITS, M. and 
Popov, K. (1991) Axial synergies under microgravity 
conditions. Expl Brain Res., in press. 

MCKINLEY, P. A. and SMITH, J. L. (1983) Visual and vestibu- 
lar contributions to prelanding EMG during jump-down 
in cats. Expl Brain Res. 52, 439-448. 

MELVILL JONES, G. and WATT, D. G. D. (1971) Observations 
on the control of stepping and hopping movements in 
man. J. Physiol., Land. 219, 709-727. 

MEULDERS, M., MARION, J. and COLLE, J. (1960) Influence 
du lobe anttrieur du cervelet stir l'activit6 tonique et 
respiratoire des muscle intercostaux. Arcks ltal Biol. 98, 
430-440. 

MITT~TXFX~T, H. (1964) Basic control patterns of orienta- 
tional homeostasis. Syrup. Sac. exp. Biol. 18, 365-385. 

MrrrELSTAEVT, H. (1983) A new solution to the problem of 
the subjective vertical. Naturwissenschaften 70, 272-281. 

MITTELSTAEDT, H. (1990) The role of saccule-type receptors 
in gravity orientation. In: Disorders of Posture and Gait, 
pp. 148-151. Eds. T. BRANDT, W. PAULUS, W. BLES, 
M. DmT~mCH, S.Kx~czYK, A. STaAtmE. Georg Thieme: 
Stuttgart. 

MIT~LSTAEDT, H. and FroCKS, E. (1988) The relative effect 
of saccular and somatosensory information on spatial per- 
ception and control. Adv. Oto-Rhino-Laring 42, 24-30. 

Magi, S. (1987) Integration of posture and locomotion in 
acute decerebrate cats and in awake, freely moving cats. 
Progr. Neurobiol. 28, 161-195. 

Moxl, S. (1989) Contribution of pastural muscle tone to 
full expression of posture and locomotor movements: 
multi-faceted analyses of its setting brainstem-spinal cord 
mechanisms in the cat. Jap. J. Physiol. 39, 785-809. 

MOUCHN~O, L., AUREWrY, R., MASSXON, J. and PEDOT'n, A. 
(1990) Coordinated control of posture and equilibrium 
during leg movement. In: Disorders of Posture and Gait, 
pp. 68-71. Eds. T. BRANDT, W. PAULUS, W. BLES, 
M. DIETERICH, S. KRAFCZYK, A. STRAUBE. Georg Thieme: 
Stuttgart. 

NAgDONE, A. and SCHIEPPATI, M. (1988) Pastural adjust- 
ments associated with voluntary contraction of leg 
muscles in standing man. Expl Brain Res. 69, 469-480. 

NASHNER, L. M. 0977) Fixed patterns of rapid pastural 
responses among leg muscles during stance. Expl Brain 
Res. 30, 13-24. 

NmHNER, L. M. and CORDO, P. J. (1981) Relation of auto- 
matic pastural responses and reaction-time voluntary 
movements of human leg muscles. Expl Brain Res. 43, 
395-405. 

NASHNER, L. M. and FOgSSnERG, H. (1986) Phase-dependent 
organization of pastural adjustments associated with arm 
movements while walking. J. Neurophysiol. 55, 1382-1394. 

NASHNER, L. M. and MCCOLLUM, G. (1985) The organiz- 
ation of human pastural movements: a formal basis and 
experimental synthesis. Behav. Brain. ScL 8, 135-172. 

NASm~'ER, L. M., WOOLLXCOTT, M. and TUMA, G. (1979) 
Organization of rapid responses to pastural and loco- 
motor-like perturbations of standing man. Expl Brain 
Res. 36, 463-476. 

NASHNF.g, L. M., SI-rOW~VAY-COOK, A. and MARts, O. (1983) 
Stance posture control in select groups of children with 
cerebral palsy: deficits in sensory organization and muscu- 
lar coordination. Expl Brain Res. 49, 393-409. 

NASaNER, L. M., Sn-~Pr~tT, C. L. and Hog.~, F. B. (1988) 
Head-trunk movement coordination in the standing pos- 
ture. In: Progress in Brain Research, Vol. 76, pp. 243-251. 
Eds. O. POMPEIANO and J. H. J. ALLUM. Elsevier: 
Amsterdam. 

NASHNER, L. M., SHUPERT, C. L., HORAK, F. B. and BLACK, 
F. O. (1989) Organization of posture controls: an analysis 
of sensory and mechanical constraints. In: Progress 
in Brain Research, Vol. 80, pp. 411-423. Eds. J. H. J. 
ALLUM and M. HULLIGER. Elsevier: Amsterdam. 

ODDS.SON, L. (1988) Coordination of a simple voluntary 
multijoint movement with pastural demands: trunk exten- 
sion in standing man. Acta physiol, scand. 134, 109-118. 

ODDSSON, L. (1990) Control of voluntary trunk movements 
in man. Mechanisms for pastural equilibrium during 
standing. Acta physiol, scand. 140 (Suppl 595) (Thesis). 

ODDSSON, L. and THOSSTENSSON, A. (1986) Fast voluntary 
trunk flexion movements in standing: primary movements 
and associated pastural adjustments. Acts physiol, scand. 
128, 341-349. 



56 J. MASSlON 

ODDSSON, L. and TVlORS~NSSON, A. (1987a) Fast voluntary 
trunk flexion movements in standing: motor patterns. 
Acta physiol, scand. 129, 93-106. 

ODDSSON, L. and THORSTENSSON, A. (1987b) Co-ordinative 
movements of the pelvis and trunk are controlled by task 
specific motor programmes in man. J. Physiol. Lond. 390, 
136P. 

PAmLARD, J. (1971) Les d6terminants moteurs de 
l'organisation de l'espace. Cahiers Psychol. 14, 261-316. 

PAILLARO, J. (1990) Motor neglect: issues and prospects. 
Rev. Neurol. 146, 600-611. 

PAULIGNAN, Y., DUFO~E, M., HUGON, M. and MASSION, J. 
(1989) Acquisition of co-ordination between posture and 
movement in a bimanual task. ExplBrain Res. 77, 337-348. 

PEDOTTI A., C~NNA, P., DEAT, A., FmGO, C. and MASSlON, 
J. (1989) Postural synergies in axial movements: short and 
long-term adaptation. Expl Brain Res. 74, 3-10. 

PETROWCl, I. (1968) Apraxia of gait and of trunk move- 
ments. J. neurol. Sci. 7, 229-243. 

Pozzo, T., BERTHOZ, A. and LEFORT, L. (1989) Head 
kinematic during various motor tasks in humans. In: 
Progress in Brain Research, Vol. 80, pp. 377-383. Eds. 
J. H. H. ALLUM and M. HULLIGm~. Elsevier: Amsterdam. 

PROCrU, ZKA, A. (1989) Sensorimotor gain control: a basic 
strategy of motor systems? Prog. Neurobiol. 33, 281-307. 

QUONI~, C., ROLL, J. P., DEAr, A. and MASSION, J. (1990) 
Proprioceptive induced interactions between segmental 
and whole body posture. In: Disorders of Posture and 
Gait, pp. 194-197. Eds. T. BRANDT, W. PAULUS, W. BLES, 
M. DmTERICn, S. KRAFCZYK and A. STRAUBE. Georg 
Thieme: Stuttgart. 

RADEMAKER, G. G. J. (1931) Das stehen: Statische Reac- 
tionen, Gleichwichtsreaktionen und Muskeltonus unter 
besondere Berucksichtung ihres Verhaltens bei kleinhirn- 
losen Tieren. Springer: Berlin. 

RAMOS, C. F. and STARK, L. W. (1990) Simulation exper- 
iments can shed light on the functional aspects of postural 
adjustments related to voluntary movements. In: Multiple 
Muscle Systems: Biomechanics and Movement Organiz- 
ation, pp. 507-517. Eds. J. M. WINTERS and L.-Y. Woo. 
Springer-Verlag, New York. 

RISPAL-PADEL, L., CICIRATA, F. and PUNS, C. (1982) Cerebel- 
lar nuclear topography of simple and synergistic move- 
ments in the alert baboon (Papio papio). Expl Brain Res. 
47, 365-380. 

ROBERTS, T. D. (1978) Neurophysiology ofPostural Mechan- 
/sins, 2nd Edn. Buttersworths: London. 

ROGERS, M. W. and PAl, Y. C. (1990) Dynamic transitions 
in stance support accompanying leg flexion movements in 
man. Expl Brain Res. 81, 398-402. 

ROGERS, M. W., KUKULKA, C. G. and SODERBERG, G. L. (1987) 
Postural adjustments preceding rapid arm movements in 
parkinsonian subjects. Neurosci. Lett. 75, 246-251. 

ROLL, J. P. (1981) Contribution de la proprioception muscu- 
laire fi la perception et au contr61e du mouvement chez 
rhomme. Th6se de Doetorat 6s-Sciences, Marseille, 194 pp. 

ROLL, J. P. and ROLL, R. (1988) Extraocular proprioception 
and body postural references. In: Stance and Motion: 
Facts and Concepts, pp. 23-26. Eds. V. S. GURFINKEL, 
M. E. IOFFI~, J. MASSlON and J. P. ROLL. Plenum Press: 
New York. 

ROLL, J. P., VEDEL, J. P. and ROLL, R. (1989) Eye, head and 
skeletal muscle spindle feedback in the elaboration of 
body references. In: Progress in Brain Research, Vol. 80, 
pp. 113-123. Eds. J. H. J. ALLUM and M. HULLIOER. 
Elsevier: Amsterdam. 

RONDOT, P., BArmEN, N. and Tolea~, S. (1979) Physio- 
pathology of cerebellar movement. In: Cerebro-cerebellar 
Interactions, pp. 203-230. Eds. J. MASSION and K. SASAKI. 
Elsevier: Amsterdam. 

SEml~n~GTON, C. S. (1906) The Integrative Action of the 
Nervous System. Constable: London. 

SOECHTING, J. F. and FLANDERS, M. (1989a) Sensori- 
motor representations for pointing to targets in three-dia- 
mensional space. J. Neurophysiol. 62, 582-594. 

SOECHTING, J. F. and FLANDERS, M. (1989b) Errors in point- 
ing are due to approximations in sensorimotor transform- 
ations. J. Neurophysiol. 62, 595-608. 

STELMACH, G. E., PHILIPS, J., DIFAaIO, R. P. and TEASDALE, 
N. (1989) Age, functional postural reflexes, and voluntary 
sway. J. Gerontol. 44, BI00-BI06. 

THOMAS, A. (1940) Equilibre et dquilibration. Massion: Paris. 
TRAUB, M. M., ROTHWELL, J. C. and MARSDEN, C. D. (1980) 

Anticipatory postural reflexes in Parkinson's disease and 
other akinetic-rigid syndromes and in cerebellar ataxia. 
Brain 103, 393-412. 

VIALLET, F., MASSION, J., MASSARINO, R. and KHALIL, R. 
(1987) Performance of a bimanual load-lifting task by 
Parkinsonian patients. J. neurol, neurosurg. Psychiat. 50, 
1274-1283. 

VIALLET, F., MASStON, J., MASSARINO, R. and KHALIL, R. 
(1991) Coordination between posture and movement in a 
bimanual load lifting task: putative role of a mesial region 
including the supplementary motor area. Expl Brain Res., 
in press. 

VIDAL, P. P., GRAF, W. and BERTHOZ, A. (1986) The orien- 
tation of the cervical vertebral column in unrestrained 
awake animals. I. Resting position. Expl Brain Res. 61, 
549-559. 

WIESENDANGER, M., HUMMELSHEIM, H., BIANCRETTI, M., 
CITES, D. F., HYLANO, B., MAIER, V. and WII~2NDANGER, 
R. (1987) Input and output organization of the supple- 
mentary motor area. In: Motor Area of the Cerebral 
Cortex, CIBA Foundation Symposium 132, pp. 40-62. 
Wiley: Chichester. 

WINDHORST, U. R., BURKE, R. E., DIERINGER, N., 
EVINGER, C., FELOMAN, A. G., HASAN, Z., HULTBORN, 
H. R, A., ILLERT, M., LUNDBERG, A. P., MACPHERSON, 
J. i . ,  MASSION, J., NICHOLS, T. R., SCHWARZ, H. R. M. 
and VmIs, T. (1991) What are the output units of motor 
behavior and how are they controlled? In: Dahlem Kon- 
ferenzen: Motor Control: Concepts and Issues. pp. 
101-119. John Wiley: Chichester. 

WISE, S. P. and STRICK, P. L. (1984) Anatomical and physio- 
logical organization of the non-primary motor cortex. 
TINS 7, 442-447. 

WOOLLACOTT, M. H. (1990) Changes in postural control 
and the integration of postural responses into voluntary 
movements with aging: is border line pathology a con- 
tributor? In: Disorders of Posture and Gait, pp. 221-228. 
Eds. T. BRANDT, W. PAULUS, W. BEES, M. DIETRICH, 
S. KRAFCZYKN and A. STRAUBE. Georg Thieme: Stuttgart. 

WOOLLACOTT, M. H., BONNET, M. and YABE, K. (1984) 
Preparatory process for anticipatory postural adjust- 
ments: modulation of leg muscles reflex pathways during 
preparation for arm movements in standing man. Expl 
Brain Res. 55, 263-271. 

WOOLLACOTT, M. H., DEaU, B. and SHUMWAY-COOK, A. 
(1987) Children's development of posture and balance 
control: changes in motor coordination and sensory 
integration. In: Advances in Pediatric Sport Science. Vol. 
H: Behavioral Issues, pp. 211-233. Eds. D. GOULD and 
M. WEISS. 

WOOLLACOTT, M., INGLIN, B. and MANCHESTER, D. (1988) 
Response preparation and posture control. Neuro- 
muscular changes in the older adult. In: Central Determi- 
nants of Age-Related Declines in Motor Function. Annals 
of the New York Academy of Science, Vol. 15, pp. 42-53. 

Z A r T ~ ,  M. and B o ~ r ,  S. (1986a) Etude 
chronom6trique du programme postttro-cin6tique li6 au 
mouvement volontaire. J. Physiol., Paris 81, 14-16. 

ZATTARA, M. and BOUISSET, S. (1986b) Chronometric 
analysis of the posturo-kinetic programming of voluntary 
movement. J. Motor Behav. 18, 215-223. 


