Chapter 11   
The control of posture

Movement begins and ends in posture: for most of the time, the motor system is not concerned with moving the body at all, but rather with keeping it still.  This is especially true in Man, his precarious twin supports needing constant motor commands to keep him upright against the force of gravity.

One might perhaps think that this was merely a matter of keeping sufficiently rigid, once a stable balancing position had been found.  But our centre of gravity is so high off the ground that this kind of passive stability is not enough: one need only compare the ease with which one can push over a tailor's dummy with the near impossi​bility of doing the same thing to a living person to realise that stability must involve active processes as well, that use proprioceptive feedback information.

The importance of support

In physical terms, whether someone falls over or not is entirely a matter of the vertical projection of his centre of gravity relative to his supports (Fig. 11.1).  If this line of projection lies within the area defined by the points of contact with the ground (the support area), then all is well - small disturbances will result in a turning couple tending to restore the status quo.  If it lies outside this critical area, then the system is unstable, and any further tilting will cause an ever-increasing rotational force that will make them fall over.  The support area is much smaller in Man than in four-footed animals, and maintaining an upright posture is correspondingly more difficult: a tilt of only a few degrees is suffi​cient to cause instability.  Thus proper standing is not, as is often implied, just a matter of keeping upright: the man in Fig. 11.2 clearly has an excellent upright posture, but is equally clearly about to experience a postural disaster, because the vertical projection of his centre of gravity lies outside his region of contact with his support.   Support is in every sense fundamental to posture, which must be controlled either by moving the centre of gravity relative to the feet, or moving the feet relative to the centre of gravity.
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Two sources of information enable us to do this.  The first is the existence of pressure receptors in the feet themselves, that provide information about the distribution of support.  Knowledge of differences of pressure at different points of support tells us precisely what we need to know to determine our postural state, namely the position of the vertical projection of the centre of gravity relative to the body's supports (Fig.  11.1).  The second source of information is in the head: those special senses that can tell us about the position and motion of the head relative to the outside world, the vestibular and visual systems.  It is convenient to consider the use of information from the feet first, since this is a more direct process than the contribution of the special senses.

Responses to pressure distribution

Imagine that we had to design an automatic system for keeping a lunar module standing upright on uneven ground.  If the craft leans in the direction of one particular leg, then that leg will experience more force.  So a good approach would be to arrange things so that any leg that experienced more pressure than the others was auto​matically extended, while any that experienced less was shortened.  The result would be a system that would always bring the vertical projection of the centre of gravity to the middle of the critical area defined by the points of support.  It is not difficult to demonstrate a precisely analogous mechanism in four-footed animals: if we suspend a decerebrate animal in the air with its legs hanging down, and push up on the sole of one of its feet, the animal responds by extending the corresponding limb.  This tonic response is called the positive supporting reaction; there is also a transient component of the response called extensor thrust, and it is often accompanied by stiffening of the limb and arching of the back (Fig. 11.3).
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It is easy to see how this mechanism would act to increase postural stability, as for example when the animal is standing on sloping ground (Fig. 11.4). On the level, there is a roughly even distribution of pressure amongst the four feet, and hence no tendency for one leg to lengthen more than another.  But if the animal is facing up a slope (Fig. 11.4b) the pressure on the back feet is greater than on the front, and consequently the positive supporting reaction will result in rear-limb extension and front-limb flexion: the final result will be that the body adopts a more horizontal posture, and the projection of the centre of gravity is brought more nearly to the middle of the points of support.SYMBOL 58 \f "Wingdings"  The same mechanism may be seen at work in the postural sway reaction: if an animal's body is pushed from the side, the shift in pressure on the feet results in marked extension of the limbs on the opposite side, and retraction of the others, so that the animal in effect leans against the experimenter (compare Fig. 11.3).  It seems likely that analogous mechanisms may be used when sitting, kneeling, lying down and so forth, involving information about differences of pressure on different parts of the body other than the feet.  A blindfolded animal, whose vestibular system has been destroyed (leaving cutaneous receptors as the only remaining source of postural information) will nevertheless right itself when laid on its side on the ground.  But if a plank is laid on top of it that reduces the ratio of the pressures experienced by the two sides of the body, this body righting reaction is inhibited, a phenomenon sometimes used by veterinary surgeons to help restrain an animal for operation.

Figure 11.4 slope

The mechanisms described so far assume that some sort of support is already present: there are other types of response that may be used to find postural support.  If for some reason the projection of the centre of gravity has moved outside the critical area, then automatic stepping reactions are elicited that in effect move the feet in such a way as to track the centre of gravity: if one happens to be standing on one leg, the result is a hopping reaction.  One can demonstrate these responses quite easily to oneself by first standing upright and then trying to fall over deliberately by leaning over: at some point, however hard one tries not to, reflex stepping or hopping comes into play and actual falling is prevented.  Incidentally, if you try to fall over backwards in this way, you will also observe an involuntary upward flexion of the feet, as expected from the positive supporting reaction - though in these circum​stances it is of no use whatever!.  It is also interesting to note that whereas in walking one is for most of the time in postural equilibrium - in the sense that one may 'freeze' at nearly any point of the walking cycle without falling over - this is not the case in running, when the centre of gravity is normally ahead of the support area.  One can think of running as being a series of regular and almost unconscious stepping reactions in response to the bent-forward posture that the runner maintains.

Other responses, called placing reactions, are used for acquiring postural support when none is present.  If a blindfolded animal is suspended in the air and brought up to a table until the edge touches the backs of its paws, it will bring them smartly up to rest on the top of the table, in turn evoking a positive supporting reaction: a similar response may be triggered if the animal's whiskers are brought to touch the table.  These responses are however rather more complex then those described above, and probably involve the cerebral cortex: unlike the stepping and supporting reactions, they cannot be shown in decerebrate animals.

Vestibular contribution to posture

The vestibular apparatus was described in Chapter 5.  We saw that it provided two separate types of information about the head: angular velocity from the semicircular canals, and attitude relative to the effective direction of gravity, from the otolith organs.  From the point of view of the control of posture it is of course the effective direction of gravity rather than its 'real' direction that matters.  What determines, for instance, whether one falls over when standing in a bus that starts to accelerate is not the projection of the centre of gravity vertically relative to the critical area, but rather its projection in the direction of the vector formed by gravity and the horizontal linear acceleration acting together (Fig. 11.5), and this is what the utricle and saccule tell us.

Each of these two divisions of the vestibular system gives rise to its own kinds of postural reactions, and so it is useful to distinguish between the static or tonic vestibular responses due to the otolith organs and the dynamic or phasic ones driven by the canals.
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The otolith organs produce on the whole rather less powerful postural responses than do the canals, particularly in higher animals.  But in the long run they are the only source of information about the absolute position of the head in space, since the canals essentially signal only changes of position.  One of their main functions is in fact to keep the head upright despite changes in the position of the body, through appropriate changes in the tone of the neck muscles; these are the head righting reflexes.  If the head is forcibly tilted in different directions, so that the head righting reflexes cannot operate, one can also observe compensatory static vestibulo-ocular reflexes that similarly help to maintain the normal attitude of the eyes with respect to the outside world.  In Man these eye reflexes cannot easily be demonstrated, and if the head is tilted to one side the resultant counter-rolling of the eyes is seldom of more than a few degrees and so cannot maintain the correct orientation of the retinal image.  But in animals like the rabbit whose eyes essentially point sideways, tilting the head results in almost exact compensation over a wide range of angles of tilt (Fig. 11.6). While both these types of response obviously aid the sensory organs of the head by providing a stable 'platform' from which to operate, they are not of course strictly postural in the sense of contributing to the maintenance of equilibrium of the body as a whole.

Figure 11.6 static VOR

Reactions which are truly postural in this sense may be quite easily demonstrated in conscious animals, and are called tonic postural vestibular reflexes.  If an animal is suspended in the air, and its head and body tilted nose downwards (Fig.  11. 7a), one observes extension of the front legs and retraction of the rear.  Cor​responding limb movements are found if the animal is tilted in other direc​tions, for example to the side: in each case, there is extension of the limbs in the direction of downward tilt and retraction of the others.  The function of this response is clear: if the animal is facing down a slope, this tonic vestibular response will assist the positive supporting reaction in shifting the centre of gravity backwards in relation to the feet, as many be seen in Fig. 11.7.SYMBOL 58 \f "Wingdings"
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Dynamic vestibular reactions

Because the canals are velocity sensitive, they effectively give advance warning that one is about to fall over, possibly before the otolith organs have sensed that there is yet an actual error in head position.  Perhaps for this reason, their responses are particularly fast, and generally bigger and more dramatic than the static vestibular reactions.  The types of response they generate fall essentially into the same categories as the tonic ones: thus there is a dynamic component to the head righting reflex, that may be elicited by selective stimulation of the canals alone, and one may also demonstrate clear effects of canal stimulation on the eyes and limbs.  If we seat someone on a rotating chair and record their eye movements (in the dark, so that there is no visual input to the oculomotor system), we find that the eyes move in the opposite direction to that of the head with a velocity that compensates almost exactly for the rotation, keeping the eye stationary with respect to the outside world.  Clearly this dynamic vestibulo-ocular reflex cannot go on for ever, since sooner or later the eyes are going to reach the limit of their rotation in the orbit: what in fact is observed is that the smooth counter-rotation in one direc​tion is interrupted at more or less regular intervals by a quick flick in the other direction, giving rise to a sawtooth-like eye movement called vestibular nystagmus (Fig. 11.8). SYMBOL 58 \f "Wingdings" The smooth, compensatory, movement is called the slow phase of the nystagmus, and the quick flick - which is essentially the same as an ordinary voluntary saccade - is called the quick phase; rather confusingly, it is the latter which is used in clinical practice to describe the direction of nystagmus, so that a subject turning to the right produces what would be called a nystagmus to the right, even though the more important, functional, component of the response is to the left.  During rotation of this kind at constant angular velocity the response declines over a period of some 20 seconds or more on account of the natural adaptation of the canals (see Chapter 5), and so does the velocity of the slow phase.  If the chair is suddenly stopped, so that the cupula is deflected in the opposite direction, a corresponding reversed nystagmus is seen which in turn declines with a time-course of some 20 seconds; these two types of nystagmus are respectively known as per-rotatory and post-rotatory nystagmus.  Vestibular nystagmus provides a convenient means for clinical investigation of the functioning of the semicircular canals, since the eye movements produced by caloric stimulation (Chapter 5) of each of the two labyrinths may be examined separately to reveal imbalance of function on the two sides.
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Finally, dynamic postural vestibular reflexes exist, functionally equivalent to the static ones (head moving down gives front-leg extension, and so on), but much more powerful.  In Man, unnatural stimula​tion of the canals may produce inappropriate postural responses that are vigorous enough to throw the subject to the floor - despite the action of all the other postural mechanisms in trying to keep him upright - as for example if one attempts to stand up after having been rotated in a revolving chair with one's head on one side for more than 20 seconds or so.  The canals, because of their adaptation, then falsely signal that one is falling over: the consequent and extremely violent reflexes actually make one fall over, in the opposite direction.

Visual contributions to posture

The other receptors in the head that help maintain posture by providing information about head position are those of the retina.  It turns out that there is a close parallel between the ways in which visual and vestibular information about head position are used in postural control, very probably because to a large extent they appear to share common pathways.    One may again distinguish tonic effects from dynamic effects, and one also observes both effects on head and eye movements and also truly postural responses involving the limbs.

Static visual responses

In so-called civilised surroundings, such as an urban street, our visual world is largely made up of horizontal and vertical elements, and our expectations about their orientation mean that we can in principle use our eyes to estimate head position.  Many experiments have demonstrated that this tonic visual information is indeed used in making postural judgements and responses, and if subjects are seated on a tilting chair inside a dummy room which can itself be titled to various angles (Fig. 11.9), it is found that their sense of the upright direction generally lies somewhere between the true upright and the apparent upright of the room.  However, it is not entirely obvious that information of this sort was very readily available in the more natural surroundings - jungles and so forth - in which this ability presumably evolved: perhaps it is entirely learnt.
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Dynamic visual responses

We have already seen in Chapter 7 that one division of the visual system, the visual proprioceptive system, has neurons that are specialised in responding to movement of the retinal image across the retina.  If a sufficient number of these cells fire off simultaneously - in other words, if most of the visual field is in motion - the brain assumes, logically enough, that the world is in fact stationary and that it is the eye that is moving.  This sense of self-movement is a very powerful one, as anyone who has had the experience of sitting in a train at a station while a neighbouring train moves off will agree.  However, misleading circumstances like these are most infrequent in nature, and by and large when most of the visual field moves it is indeed because the head has moved relative to the visual surroundings, providing information that supplements what is provided by the semicircular canals, and is used in the same way to generate postural and oculomotor responses.SYMBOL 38 \f "Wingdings"   Experiments in which victims are required to stand in seemingly normal rooms whose walls are then suddenly moved can be made to stumble and fall, even though the ground had remained still.   A visit to a 'surround' cinema can be instructive: look at your neighbours during the sickening turns of the switchback ride and you will see them swaying about in helpless unison.

Movement of the visual field also generates eye movements that are extremely similar to the dynamic vestibulo-ocular reflexes.  If we seat someone in front of a rotating striped drum, close enough for it to fill a substantial part of his visual field, the result is a sawtooth-like movement of the eyes called optokinetic nystagmus, in which the eyes follow the moving stripes during the slow phase, and flick back again during the quick phase.  One might think that this was merely the result of a conscious decision by the subject to track the stripes with his eyes: but this is not so, as in fact if the subject tries very hard to keep his eyes still and ignore the movement, the nystagmus is nevertheless still observed, and indeed is in some ways more pronounced and more regular.SYMBOL 58 \f "Wingdings"
How does the eye tell us about head movement?

Now movement of the retinal image does not really tell us about head movement.  All  it can tell us is that an image of an object in the outside world has moved relative to the retina: we cannot say whether this was because the object itself moved, because the eye moved relative to the head, or because head and eye moved together.   We have already seen that movements of large areas of the visual field are generally interpreted by the brain as being due to movement of oneself rather than of the world around us.  But from the point of view of controlling posture, it is obviously very important to be able to disentangle the effects of movement of the head from those of movements of the eye, since it is the former that we really want to know about.  How is this done?

For a long time there were two rival theories.  One, due to Sherrington, was that spindles in the eye muscles sent signals to the visual system telling it where the eye was in the orbit; this estimate of eye position relative to the head - call it EH - could then in effect be subtracted from the estimate of eye position relative to visual space (ES) provided by the visual system, to generate an estimate of head position in space, HS (Fig.  11.10).  Helmholtz, however, argued that it was unnecessary to have receptors in the eye muscles to tell one the position of one's eyes.  Since the eyes are never subject to external forces in the way that our limbs are, we can always deduce their position from the motor commands that we send to them; so Helmholtz suggested that a copy of the oculomotor commands - efference copy - was sent to the visual system to provide the required estimate of EH.  This theory, called the outflow theory in contradistinction to Sherrington's inflow theory, is supported by a number of pieces of experimental evidence.  One of them is something you can do yourself: if you press on the side of your right eye with the left one shut, you will perceive an illusory movement of the outside world.  This is exactly what would be expected from Helmholtz's model, but is not easy to explain with the inflow theory, since the muscle spindles ought still to be providing the necessary information to cancel the signal produced by the movement of the retinal image.  More convincingly, if the oculomotor commands are prevented from carrying out their usual effects on the eye muscles - for example, by some pathological condition affecting the ocu​lomotor nerves or the eye muscles, or by artificial paralysis induced by local application of drugs like curare - then we would expect that every time the subject tried to make an eye movement, the EH signal resulting from the efference copy would no longer be matched by the usual ES signals from the retina, and the subject should therefore to perceive an illusory movement of the visual world in the opposite direction; and this is precisely what is found.  It seems therefore that efference copy is indeed the means by which the postural system can work out EH, the position of the head in visual space, from the purely visual signal EH.
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Vestibular and visual interactions

We now have two quite different estimates of the position of the head in space, a one provided by the vestibular apparatus, and one by the visual system.  These two signals complement one another almost uncannily.  The vestibular signal is extremely fast, but not very accurate because the hair cells tend to suffer from low-frequency noise; the visual signals, on the other, are much slower (reaction times of the order of 150-200msec) but potentially hugely accurate, limited only by the size of the retinal receptors.   How are these two signals combined? And what happens if they conflict with one another?

Recordings from the vestibular nuclei have demonstrated neurons that respond appropriately to optokinetic as well as vestibular stimulation, their response being roughly the sum of the two.   In addition, the under steady stimulation the optokinetic stimulus increases with a time-course that exactly complements the decline in the vestibular signal, due to adaptation of the canals.  We saw earlier, in the tilting room experiment, that in fact the brain seems to take something like the weighted mean of these two estimates of head position in arriving at a final answer.  This in turn raises the interesting question of how one type of informa​tion is calibrated in terms of the other.  How does the brain know that one particular rate of firing of certain fibres in the vestibular nerve is equivalent to such-and-such a rate of firing of a movement-sensitive neuron in the visual system?

The answer seems to be that this correlation of the two inputs is one that is learnt by the brain as the result of experience, and that in fact the signals from the vestibular system are continually being checked against, and calibrated by, the signals from the eye: a good example of parametric feedback of the kind described in Chapter 9.   If the vestibulo-ocular reflex is not working properly, this will show up as slippage of the image across the retina when the head moves; this error signal is then used to make corrective adjustments in the vestibular response.  Wearing spectacles, for instance, causes a change in the magnification of the retinal image which means that vestibulo-ocular reflexes that were previously just the right size to keep the image stationary despite head movement are now incorrectly matched.  But within a very short period of time the reflexes are modified by parametric feedback so that they operate correctly.  Even more dramatically, if you wear prisms in front of your eyes that effectively reverse your visual field, so that an object moving from left to right appears to be moving from right to left, after a sur​prisingly short space of time - a matter of days - your vestibulo-ocular reflexes follow suit by reversing as well, even when measured in the dark.SYMBOL 58 \f "Wingdings"
A similar kind of long-term adaptation can be seen when there is unilateral impairment of the vestibular apparatus.  You may recall that vestibular fibres are tonically active, but that central neurons in the vestibular nuclei are excited by afferents from one side and inhibited by those from the other, so that at rest in the normal subject the tonic activity cancels itself out.  So unilateral damage leads to an imbalance in the vestibular signals coming from each side, for the tonic discharge from one side is now unopposed by that from the other.  The result – as with unilateral infection (labyrinthitis) - is a false sense of rotation (giddiness) combined with postural reactions, and spontaneous vestibular nystagmus.  However, these effects gradually decline, and in a matter of weeks may have disappeared altogether.  This seems to be because the visual system has informed the central vestibular pathways that the signals are false, resulting in some kind of tonic shift of activity that once again cancels out the continual signals from the unaffected side.  That this is so may be demonstrated by subsequently cutting the vesti​bular nerve on the good side.  Despite the fact that there is now no vestibular system at all the result is a nystagmus (Bechterew nystagmus) in the opposite direction to the first, presumably resulting from the central tonic activity that had been set up to correct the original imbalance; and this in turn gradually declines.  This plasticity appears to be controlled by the cerebellum, the vestibular division of which (the flocculo-nodular lobe) is supplied with fibres both from the vestibular apparatus and from the visual system.  This cerebellar mechanism is discussed more fully in Chapter 12, where it will be seen that it is a specific example of a general function of the cerebellum in learning motor responses to stimuli.

Conflicts between visual and vestibular information about head position and movement also tend to give rise to motion sickness.  It is a matter of common experience that motion sickness is most likely to occur when our vestibular system tells us we're moving, but the visual field appears stationary.  In a car one may feel perfectly well as long as one is looking out of the window, when visual and vestibular estimates of head movement match, but feel sick when trying to read, when the visual field moves with the head and the two sources of information conflict with one another.  One may also feel motion sickness under precisely the opposite condi​tions. Sitting near the cinema screen, watching something like Moby Dick with its storm-tossed seas and heaving decks, our eyes tell us we are moving up and down, but our canals insist that we are stationary; the result is nausea  Removal of the vestibulo-cerebellum in dogs is said to elimi​nate motion sickness entirely, presumably because it is in this region that the correlation of the two kinds of input is made.SYMBOL 38 \f "Wingdings"
Incidentally, it seems also that the sickness sometimes associated with alcohol intoxication is also, in effect, a kind of motion sickness.  One of the effects of alcohol is to alter the relative density of the cupula and endolymph in the canals, so that they are no longer exactly equal.  This means that the cupula is influenced by gravity - becomes, in effect, an otolith - and is deflected by static head position as well as by angular velocity.  Under these conditions one may see what is called a positional nystagmus, a nystagmus that occurs spon​taneously when the head is held in different positions.  It is a matter of common experience that one of the effects of over-indulgence can be a sense of giddiness, particularly on changing head position, and if one goes to lie down there may often be a sensation of the bed turning head over heels.SYMBOL 38 \f "Wingdings"
Neck reflexes

All the kinds of information we have been looking at so far tell us about the position and movement of the head.  But what use is this?  It is not the head whose orientation we are trying to control, but that of the body.  Postural control is all about keeping the centre of gravity of the body in the right relationship to its supports, and whether the head is upright matters very little.  So just as we need to know how the eye is placed in the head before we can use vision to tell us about head position,  in exactly the same way we need to know the position of the head relative to the body (HB) before we can use information about the position of the head in space (HS) to tell us how our body is situated (BS).

This signal, HB,, that tells us the relationship between the head and the body, comes from proprioceptors in the neck, mostly joint receptors around the vertebrae.  Their effects can be isolated either by destroying the vestibular apparatus, or by moving an animal's body while keeping the head still.  Since HB must be subtracted from HS in order to produce BS, we would then expect the effects of these neck signals on their own to be as powerful as, and in the opposite sense to, the postural effects of changing the position of the head in space described earlier.  This is found to be approxi​mately true: if an animal's vestibular system is destroyed, and its head moved about while the body is suspended horizontally, we find that tilting the head up - resulting in dorsiflexion of the neck - gives front-leg extension and back ​leg retraction. (Fig. 11.11)  This, you will recall, was the vestibular effect of tilting the head down. These responses are the tonic neck reflexes. Thus corresponding to the vestibular mnemonic 'head down, front legs extend' we have the neck reflex mnemonic 'dorsiflexion, front legs extend'.  As in the case of the vestibular reflexes, moving the head in other directions produces exactly analogous limb responses.

Figure 11.11 neck reflexes

The use of these reflexes in maintaining posture is clear.  An animal standing facing down a slope might have its head in the normal horizontal position so that there is no vestibular stimulation but the neck is dorsiflexed, or it might hold its head parallel to the slope, so that there is vestibular stimulation but no activation of neck reflexes.  Either way, the overall result will be the same.  In fact, the animal will produce the same correct postural response whatever the position of the head. SYMBOL 58 \f "Wingdings" This consequence of the opposition of vestibular and neck reflexes is a very important one: if it were not so, then every time a cow tried to bend down to eat some grass, its front legs would extend, neatly frustrating its endeavours.   This is why, although the head is the single most important source of information about body position, nevertheless it can still move around freely without producing inappropriate postural responses.  It is exactly analogous to the mechanism described earlier that permits us to move our eyes around without at the same time perceiving apparent shifts of the visual world.

Posture as a whole

Figure 11.12 is intended to summarise this chapter by bringing together the various sources of postural information and the way they interact, in a hierarchical scheme that helps illustrate the parallels between the modes of operation of many of its parts.  It is obvious that the scheme is highly redundant, in the sense that there are three distinct streams of information that maintain posture: from the eyes, from the vestibular system and from the support area. In fact it is clear that one can manage without any one of them, or even two, without completely losing one's ability to make postural adjustments.  When swimming underwater, for example, only our vestibular system can provide us with information about body position; and in fact although patients with bilateral destruction of their vestibular apparatus can get about perfectly well in normal life by using the senses in their eyes and feet, it is precisely in circumstances like swimming underwater or running over a ploughed field that they may no longer be able to respond satisfactorily.  But performance is always impaired by loss of one of the inputs.  A simple sign of vestibular malfunction is simply to ask the subject to stand, and then to close their eyes.   Most people sway around a little more as a result, especially if standing on something soft; with vestibular impairment, the additional instability is very marked.

One can get along without any one of these sources of information: but a sufficiently strong stimulation of one of the inputs can cause disequilibrium despite the correct functioning of the other two.  As already mentioned, we may be thrown to the ground by our own vestibular reflexes after a spin in a revolving chair, and misleading visual information may similarly make us fall over if we stands looking up at the clouds.

Finally, there is another source of information that is not sensory at all but the result of another kind of efference copy: feed-forward rather than feedback.  Many of our voluntary actions are themselves threats to equilibrium, as for example if we pick up a heavy object and then throw it, or even for that matter as we simply walk along.  In these cases the threat can of course be anticipated, and postural compensations initiated even before the disequilibrium has been sensed by the afferent pathways shown in Fig. 11.12.  A striking example of this kind of learnt postural response is the transient jolt one feels on stepping on to an escalator that has been turned off and is therefore stationary, representing a temporary  failure to suppress the normal, learnt, postural reaction to the sudden movement of the feet that would occur if the escalator were actually working.
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Figure captions

Fig. 11.1  A sufficient condition for postural stability is that the vertical projection of the centre of gravity on the floor (X) should lie within the area defined by the supports. The distribution of pressure between the supports (small arrows) provides sufficient information to determine the position of X.

Fig. 11.2  A splendidly upright but nevertheless unsatisfactory posture.

Fig. 11.3  Left, positive supporting demonstrated in decerebrate dog suspended in the air, on making contact with the back paws (after Walsh, 1964). Right, typical 'buttress reaction' on trying to pull a dog forward and thus increasing the differential pressure on the front foot; note obvious front-leg extension (from Rademaker, 1935)

Fig. 11.4  How the positive supporting reaction results in good posture. (a) Animal standing on level ground, with projection of centre of gravity centrally placed between the supports. (b) Facing up a slope: the weight is now unevenly distributed between front and back legs, resulting (c) in front-leg flexion and back-leg extension, and a better position of the projection of the centre of gravity.

Fig. 11.5  Effective direction of gravity, and true vertical, defines a good upright posture. Left, man standing on a stationary platform, with vertical acceleration g due to gravity. Middle, if the platform accelerates horizontally, the effective direction of gravity, as sensed by his otolith organs, is the vector sum of g and a, the acceleration of the platform.  Right, it is the projection of the centre of gravity along this direction that must now be brought between his feet if he is not to fall over.

Fig. 11.6  Static vestibulo-ocular reflexes. Head tilt in Man (a) produces only a few degrees of ocular counter-rolling; in the rabbit (b), with its sideways-pointing eyes, vestibulo-ocular compensation is substantial over a wide range of angles (c). (Data from de Kleijn, 1921)

Fig. 11.7  Static vestibular righting reflexes. Tilting an animal's head and body nose-down (left) results in front-leg extension and rear-leg retraction; this response helps to produce a good posture when standing on a slope (right). Below, a human subject under similar conditions (Martin, 1967)   Publisher – please add the photo from previous edition
Fig. 11.8  A record of human vestibular nystagmus, showing slow and quick phases.

Fig. 11.9  Experiment with tilting room and tilting chair, to investigate relative visual and vestibular contribution to the sense of upright (after Witkin, 1949).

Fig. 11.10  The sense of eye position. Left, Sherrington's scheme: proprioceptors in eye muscles provide information about the position of the eye in the head (EH), and this is then compared with visual information concerning the position of the eye relative to the visual world (ES) to give HS, the position of the head in space. Right, in Helmholtz's scheme, a copy of the oculomotor commands is used to calculate, from knowledge of the behaviour of the eye on past occasions, the expected value of EH: this is then combined with ES as before, to give HS.

Fig. 11.11  Tonic neck reflex: if an animal is suspended with its head horizontal, dorsiflexion of the head (by tilting the back up) results in front-leg extension and rear-leg retraction (compare Fig. 11.7).  Below, this means that if an animal has its body tilted downwards, then whatever the position of the head, there will still be a postural drive to right itself: if the head is horizontal, this is because the head is dorsiflexed; if there is no neck flexion, because the head is tilted downwards.

Fig. 11.12  Summary scheme of the sources of information used in the control of posture, and their interrelations.
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Notes

A very intelligent account of posture, with many interesting examples (but long out of print) is Roberts, T. D. M. (1967) The Neurophysiology of Postural Mechanisms. Butterworths, London.  Rothwell, J. C. (1993) Control of human voluntary movement. Chapman and Hall, London has a more up-to-date, but less full account.   Sherrington, C. S. (1906) The Integrative Action of the Nervous System. Yale University Press, New Haven, Conn. is a classic description of some basic responses, of some historical interest.

p.    Dynamic visual posture   It is probably the main explanation for the postural instability associated with heights: if one is standing at ground level in a typical urban environment, most of one's visual field is filled with highly detailed visual texture, and the slightest head movement is likely to cause a brisk response from movement-detecting visual neurons.  But on top of a mountain, things are very different.  Most of the field is now occupied by clouds and sky, of low contrast and low spatial frequency, so that movements of the head are no longer so likely to be noticed by the visual system; the consequence is an increased instability, a tendency to sway about.  Worse still, if one looks up, one's visual field is likely to contain nothing but the clouds moving past, which therefore give the visual system the illusion that one is falling over: the resulting postural compensation may well result in one actually falling over in the opposite direction.

p.  Motion sickness    The most comprehensive account is Reason, J. T. and  Brand, J. J. (1975) Motion Sickness. Academic, London.   Nausea can occur even with quite mild visual/vestibular mismatch, for instance on putting on an unfamiliar pair of spectacles, when the slight degree of magnification or minification they produce temporarily upsets the natural relation between head movement and retinal slip.

p.   Alcohol and the cupula   It has been reported that the ingestion of heavy water may provide an instant antidote, by restoring cupular density - but it is obviously important to titrate accurately.  See Money, K. E. and  Myles, W. S. (1974) Heavy water nystagmus and effects of alcohol. Nature 247, 404-405.
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  p.   Postural stability   A stick-creature with endearingly well-developed postural responses, on a terrain whose tilt can be modified by the control called Slope.  You can use the check boxes to turn any one of the three sources mentioned on or off, and you can move the head.   Look at positive supporting on its own, and the improvement that comes from having vestibular information as well.  See for yourself the severe disadvantage of having no neck reflexes when you move your head, especially in the absence of the positive supporting reaction.
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  p.  Eye movements   This exhibit shows examples of various kinds of eye movements: its general operation has already been described, in Chapter 9 (p. [whatever it is].  Here, you may like to look at optokinetic and vestibular nystagmus.   The duration of the stimulus for both of these is indicated by the red trace, with the eye movement in green.  The vestibular stimulus is a period of rotation at constant velocity, followed by a sudden cessation.  Per- and post-rotatory nystagmus are seen, the slow-phase velocity and the frequency of the nystagmus gradually declining as the canals adapt.   With optokinetic stimulation at constant velocity, the slow phase accelerates quite rapidly (in Man) to a steady value, and stops almost instantly when the stimulus stops.  You may also like to look at the demonstration of fixation movements, instructions for which are provided on-screen.  The wandering is due to a large extent to low-frequency noise in the vestibulo-ocular reflex, interrupted by microsaccades when the eye moves too far from the target.  Go back to the main screen and select fixation, then start a sweep: the relationship between the slow noise (drift) and the microsaccades should be obvious.

[image: image3.png]


  p.  Parametric feedback   This exhibit shows the functioning of parametric feedback in the vestibulo-ocular reflex.  Start by selecting the 'Dark' button.  The head is moving sinusoidally from side to side: its window shows the time-course, and the one on the right shows the resultant eye movement.  As it is dark, there is no visual stimulation, and we are looking at the VOR on its own.  At top right, head movement is shown together with gaze, the direction of the eye in space.   In the dark, the gain (the ratio of output to input, in this case eye movement amplitude divided by head movement amplitude) is a little less than one, so that the gaze is not in fact stationary.  Now select 'Visual assistance'.  Additional windows appear with the target movement (none) and the degree of retinal slip: because of the extra visual information, gaze is now held steady.  Now select 'Visual suppression': this is equivalent to making the visual world move with the head, so that the VOR actually generates retinal slip instead of being useful.  Very quickly, this retinal slip changes the VOR gain to zero, so that gaze moves with the head as it should.  A more extreme perturbation is 'Reversing prisms', which invert the visual world from left to right.   This introduces very large visual slip at first, which acts to drive the VOR gain so far down that it actually reverses: now when the head moves to the right, the eyes do too (as they now need to do).  Finally, 'Magnifying lens' and 'Minifying lenses' are milder stimuli, in which only a small degree of gain adjustment is needed to match the visual and vestibular signals: adaptation is complete relatively quickly.  The learning mechanism can be turned on and off with the check-box.

People

Hermann von Helmholtz (1821 - 1894) was arguably the greatest scientist of all time.  He made profound contributions to physics as well as to many aspects of physiology, and his grasp of technical detail resulted in his inventing or improving many important instruments, for example the ophthalmoscope.  He was also an influential teacher, with many distinguished pupils who went on to make outstanding contributions of their own.

