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Abstract

Experiments were undertaken on prism adaptation in
humans. Two treatment conditions were used. The restric-
ted, where only localising mévements of the arm were
allowed and the free situation, where the subject was free
to walk about. |

" In the first situation:

a) Adéptation takes place in effect at the level
of the position sensors of the used joint. This is a
change in felt limb position.

b) Movement of the joint is a prerequisite condition.

¢) The sensory channel feeding in the error informa-
tion is a passive instrument. |

d) Adaptation does not affect automatic movements:
these take place without using information about Jjoint
position.

In the second situation:

a) Adaptation tékes place in the positioning system
of the eye; i.e., a change in the appreciated eye position.

b) This form of adaptation tékes place when the limbs
are inspected, with or without repeated voluntary position-
ing movements of the eye. Immobility of the limbs favours
this type of adaptation, but it will occur when gross limb

movements are taking place.



¢) Ambulatory experience is unnecessary to the
generation of eye position adaptation.

It is concluded that the dichotomy between restricted
and free situation is not fundamental. The experiments
are consistent with the idea that the fundamental factors
are: how long the subject sees his limbs, and whether the
limbs are moving or not. Joint sense is more labile than
the eye control system and a change in the former is
probably an emergency response of the system.

The restricted situation will normally lead to Jjoint
adaptation if the 1limb is moved. If 1limb movement is not
undertaken, there will be adaptation of internally
registered eye position. In the free situation, used
limbs will adapt rapidly, followed by a gradual taske-over
of adaptation by the system controlling appreciated eye

position.
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Section 1

The General Statement

The ideas presented in the General Statement on the
process of adaption to prisms represent general conclusions
drawn from the work published up to Februesry !967, and
from the experiments carried out for this thesis.

In the course of the General Statement, no references
to published work in the field will be given in order to
assist clarity of presentation. Any major experiment
fhich is part of this thesis is given in brackets at the
end of the relevant paragraph.

The General Statement will be in two parts, each part
corresponding to the distinction drawn about the adaptation
gsituation in the introduction.

Paft a: Adsptation in the restricted situation.

Part b: Adaptation in the free situation.



a) Events associated with adaptation in the restricted
situation

In this situation, the subject remains immobile with
the exception of the limb which is being used in the adapta-
tion procedure. Typically his head is secured by a dental
wax bite, and the prisms are mounted in a holder close to
the face, The subject is asked to point at one or more
visual targets, and only receives knowledge of results atb
the termination of the excursion of the limb.

The evidence strongly supports the idea that the end
result of this sort of training is to change the positional
relationship between the used segment and the one adjacent,
that is, adaptation takes place in effect at the level of
the used joints. For exanmple, a subject who is holding
his adapted arm at 90 degrees to the coronal plane, behaves
as if it were at 80 degrees to this plane. (Experiment 2a)

The course of restricted situation adaptation is
hypothesised to be as follows. The location of the target
is éerceived visually; since the starting position of the
arm is known from the output of the receptors in the joint
capsule, an appropriate time-force pattern of outflow to
the muscles to start and stop limb excursion can be
generated. This is produced on the basis of the visually

known 'desired position' and the kinaesthetically known



starting position. As soon as knowledge of results is
obtained, the subject sees that this movement is not
effective in reaching the ‘'desired position'. The
suggestion is made that a change in transfer function of
Jjoint receptor output is made as if it were necessary to
preserve the normal time-force pattern appropriate to
moving the limb from the kinaesthetically known starting
position to the visually perceived desired position.

Such a change in the 'felt' arm position means that the
system can operate as if the limb were ;eally in an altered
position and produce the mobtor outflow time-force pattern
appropriate to this.

A change in felt arm position occurs with each trial,
and in a direction which minimises the error of localisation
until the imposed distortion is nullified, and the arm can
be accurately moved to the visual target. This hypothesis
might be taken to imply that at no time does the subject
produce a motor outflow time-~force pattern which is different
from that normally required by a limb felt %o be in one
position, and regquired to achieve another position which
is visually indicated. On the idea that adaptation is &
response brought about in a matter of seconds, and that it
is not a necessary result of longer term adaptation experi-

mentes in the free situation, it could be argued that this



form of adaptation is quite a common emergency response
of the system. |

Finally it must be noted that a fundamental premise
about the adaptation process is that it is concerned with
the position senses; thus in the restricted condition the
appropriate position sense is that of the limb, and it is
assumed that this is based on afferenee from the used Joint,
not efference to the muscles.

b) Events associated with adeptation in the free situation

After putting on the prism spectacles, the subject is
asked to walk about. The space perceived by the subject is
agymmetical sabout his median sagittal plane, and since the
goal for which he is meking is often objectively straight
ahead, e.g8., a door at the end of a corridor, he has the
choice, either of turning his eyes to one side, or of turning
his head to one side in order that the object is fixated.
Since this latter is noticed considerably less that the
former, holding the head skew to the body will be the first
occurrence. This can lead to a change in the subject's
perceived orientation of his head on his shoulders.

(A fuller explanation of why the head is held skew on the

shoulders appears in subsidiary experiments 7a and 7b).

In terms of the final adapted state, the ambulatory .

experience is not considered important, the prime factor

- 4 -



éssociated with the free situation is that the subject
has many opportunities to see parts of his own body, more
especially the extremities of his limbs, the position of
which is known kinaesthetically. The position of his
limbs as understood via the visual channel will be consider-
ably different due to the imposed distortion. The end
result of prolonged exposure to this discordant input is
a recalibration of the positioning system of the eyes.

It is argued that this change is on the efferent side and
is such that, for example, symmetrical innervation of the
medial and lateral rectus muscles is interpreted ag the
eye pointing to one side. (Experiments 6, 7 and 8).

Before full adaptation of the eye positioning system
has taken place in the free situation, an intermediary stage
will occur when the 'emergency response' of adaptation at
the level of the joint has occurred within the most seen
limb, (normally the preferred arm), as well as some
adaptation of the eye positioning system. Thus, after a
limited exposure time a greater prism after effect is
expected when reaching with the most seen arm than with

the contralateral arm.

o



Section 2a

Introduction

Adaptation to Prismatic displacement: Preliminary remarks.
Czermak, (1865) was the first to observe that if prisms
are worn in front of the eyes, and a reaching movement is
made to a nearby object, the result of this movement is in
error and the hand grasps to one side of the object. It
must be noted, however, that this is true only if the observer
makes fast or ballistic movements of his limbs. If he took |
care to move more slowly and visually guide his limb it is
clear that no error of reaching would be made. Helmholtz,
(1962), further noted that the mis-reaching becomes less
with practice, and very rapidly nearby objects are reached
for correctly. However when the prisms are removed, misg-
reaching occurs in the opposite direction to the original
error.
This compensation for the lateral displacement imposed
by the prism, such that correct reaching becomes as natural
and automatic as in the normal world, will be called
'adaptation to prisms' or very often merely 'adaptation'.
The concomitant fact of misreaching in the opposite
direction subsequent to training trials and after removing

- 6



the prisms, will be called the 'prism after effect'.

The terms ‘'restricted situation' and 'free situation'
will indicate adapting procedures which seem to be related
to the mechanism responsible for the observed adaptation.
The first is typically one in which the observer is held
immobile and is allowed to move only one limb to point atb
a target; and only when the reaching movement is complete
does he get knowledge of results. The latter situation
is one in which the observer wears the prisms like
spectacles, and is allowed to move about freely. It must
be made clear that there are other distortions of objects
seen Tthrough the prisms which are not the prime considera-
tion of the experiments to be reported here. However the
fact that there is a change in angular magnification of
the image in the base apex meridian with lateral angle,
(Ogle, 1951), has necessitated that whenever possible visual
targets have occupied a relatively small visual angle.

The two other main distortions of the image due to plane
surface ophthalmic prisms are respectively curvature of
vertical lines, and colour fringes to objects. Both these
effects are ignored for the purposes of the investigation
for the following reasons. Concerning the first case each

subject makes localisations in one horizontal plane, and

- 7 -



ideally is using only a small sector on either side of the
centre of the base-apex (right-left) meridian of the prism,
and not using vertical eye movements at all. As for colour
fringes, since the concern is that of localisation of
visually perceived targets, we may dismiss their effect

as negligible compared to errors of measurement, since at
worst they would affect visual acuity, which is not a factdr
in gross localisation procedures.

In experiments where the observer who is wearing prisma-
tic spectacles is allowed to move around freely, one other
effect on the imageAis noted, namely that as he rotates his
head about a vertical axis, rigid objects will undergo
lateral contraction as they come into view from the base
side of the prism, and expand as they move apexward. An
analysis of these effects can be found in Teylor, (1966).
There is no doubt that such shrinkage and expansion of the
world is adapted out with prolonged exposure, and both
Erisman and Kohler have reported considerable after effects
of this sort, (Kohler, 1964). After taking off wedge prisms,
Kohler observed that the walls seemed more curved than before
removing them, but in the opposite direction. Likewise he
reported that as soon as he moved his head, any object was

apt to become smaller or larger. The world behaved in
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exactly the opposite fashion to that which he observed
when he first started wearing the prism spectacles, and
this includes the appearance of illusory colour fringes,
(Kohler, 1964). Since this latter appears to give
differential adaptation in proportion to relative target
luminance, Hay, Pick and Rosser, (1963), have hypothesised
that the colour fringe adaptive response is mediated by
the sort of mechanism which subserves colour contrast.

The above is sufficient to illustrate that there are
many distortions due to wearing prisms which can adapf out
with exposure, and that it is likely that the explanations
of these adaptive effects will involve many of the processes
associated with the wvisual pathway. It must be made clear
fhat these distortions and associated adaptations form no
part of the investigation to be reported. To a great
extent the same is true of adapbtation to the inverted and
reversed vision first reported by Stratton, (1897), and
subsequently investigated by Ewert, (19320, 1936, 1937),
Peterson and Peterson, (19%8), Snyder and Pronko, 1952,
and Kohler, (summary of all reports, 1964). The major
reason for excluding this form of adaptation is that in
these situations success at one skill does not transfer to
other skills. For example, Taylor (1962), found that

training on one visual-motor task was specific‘to that task,
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e.g., walking around an obstacle, and did not transfer to
others, e.g., riding a bicycle. This is contrary to the
situation observed subsequent to adaptation to laterally
displacing prisms in the free situation, in which a fully
adapted subject finds it just as easy to pour tea as to
climb stairs or ride a bicycle. Thus fhe argument is that
in many ways adaptation to inverting and reversing
spectacles is qualitatively different to that of lateral
displacement, and probably involves the efferent pathway
a good deal more, (Sperry, 1947). What points there are
in common with adaptation to lateral displacement are more
likely to become clear as the mechanism for the latter is
more fully understood. This is preferable to attempting
a. synthesis at an early stage which is likely %o lead %o
confusion rather than clarification. It is possible to
say at this stage, however, that the resemblance of
restricted situation adaptation to adaptation to inverted
and reversed vision seems no more than superficial, for
the former is consistent with the idea of adaptation
occuring on the afferent side of the control loop, (see
the General Statement), while the latter would seem to
be associated with the efferent side.

There are two other exceptions to the content of this

thegis; one is that no attempt will be made to include all
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experiments involving infra-humans exposed to distortions
as a matter of course. The criterion for inclusion will
be that the experiment is germane to the issue in hand, and
is productive of ideas. The second exception follows from
the fact tﬁat some adaptive effects may be produced by
visual asymmetry alone, and by the plane of artefacts
objectively normal to the median plane being apparently
rotated, (Bruell and Albee, 1955; Harris, Harris and
Karsch, 1966). These effects do not have as prerequisite
conditions either positional discordance or error reduction,
and have not been investigated here since they appear to
form a sub-category of effects reasonably distinct from

those which are the subject of this thesis.

2b. The nature of the problem

The term adaptation when used in the context of prism
experiments has blanket coverage, but it is clear that any
analysis of humen adaptation in these situations must be
made in the termé of questions of the form, 'Are we looking
for one adaptational mechanism or many? Do different
procedures lead to adaptation of a different part of the
system?' It would clearly be dangerous to assume that
adaptation was a unitary phenomenon, and then seek for its

nature. - Thus the modus operandi of the pre-investigatory
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gsearch has been to put conflicting experimental results
into different categories, and then to see if appropriate
linking explanatory hypotheses could be erected.

Closely related to the question of the mechanisms sub-
serving adaptation, is that of the pre-requisite conditions
for adaptation to take place. It will be necessary to
enguire as to the sort of error input which the observen
is using in order to adapt; the sort of movements he is
using, whether active or passive, ballistic or visually and
kinaesthetically monitored.

An ordering of the type of experimental conditions used
by other investigators relates to type of error input and
type of responses allowed; and it is hypothesised that
these may bring into operation different adeptationsal
mechanisms.

Briefly then the aim of the investigation is to be able

to throw light on the question, 'what part of the system

adepts, and under what circumstances?'

In breaking down the prism wearing situation, it is
immediately apparent that we are concerned with adjustment
of localising ability. Now in order to locate a visually
perceived distal object by pointing, the human system must
have usable information as to the position of the eyes in

the head; of the head on the shoulders; and of the arm

- 12 -



on the trunk. In other words, it is necessary to make
clear the mechanisms responsible for the position sense
of the eyes and the limbs, and since voluntary movement
is also concerned in these localising activities, we are
in effect interested in muscles, Joints, and motor outflow.
.‘It follows that if these are the mechanisms of

localisation, then changes in these may well be the changes
which we call 'adaptation to prisms'.

Before considering human position sense, however, it
would be useful to review some of the findings of the

effects of wearing prisms on human behaviour.

2c. Commonly observed effects of wearing laterally
displacing prisms

The necessity for knowledge of results must be noted.
If an observer is placed such that he can see a visual
target which is prismatically displaced by a certain number
of degrees, and is asked to point at it without being
allowed to see his limb, then he will continue to point
in error by a consbtant amount and no adjustment will take
place. If it is supposed that there is only one target
mounted in the median sagittal plane of the observer, then
it can be seen that no adaptation is taking place despite

the fact that his eyes are turned from their primary
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‘ﬂg;osition by an amount corresponding to the power of the
prism. This has been the experience of the investigator,
and doubtless of others, but probably because it accords
well with common sense, no report of this effect has
appeared in the literature. However, there is one report
where adaptation to the extent of 40.5% took place when
it is claimed there was no knowledge of results, (Wooster,
1923). She tries to explain the result as 'unconscious
adaptation' due to kinaesthetic information from the eye
muscles. Howard and Templeton, (1966), interpret this as
meaning that the subject came to behave as if the eyes were
pointing straight ahead. However there is no evidence

that there is usable kinaesthetic feedback from the eyes;

this will be discussed in Section 4c. Secondly, experiment

8b shows that there is no effect on the voluntary straight
ahead of the eyes after prolonged periods of maximum

asymnetrical convergence. It would seem that the explana-
tion of Wooster's result (it not having been repeated) must

be either that there was some kind of error input, (for

example, the subjects could know what the room really looked

like), or possibly it could be a subsidiary effect such as
that due to visuval field asymmetry as reported by Bruell
and Albee, (1955). It is certainly true that the world

as viewed through prisms is distinctly asymmetric; with
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base right prisms, the field of view to the right of the
median sagittal plane is several times greater than that
to the left.

A finding which is surprising when first encountered,
is that in a restricted experimental situation where one
arm is used to reach for a visually deviated target, the
prism after effect does not transfer to the unused limb.
This is now well substantiated for humans, (Cohen, 1963,
Harris, 1963, Hay and Pick, 1966, McLaughlin and Bower,
1965a, McLaughlin and Rifkin, 1965, Mikaelian, 1963), and
for monkeys, (Hamilton, 1964). It must be noted however
that Iund, (1965), found significantly altered reaching
with the untrained arm of immature rhesus monkeys. It
can be plausibly argued, however, that this reflects the
fact that free head movements were allowed, a factor which
has been found to produce altered reaching in the unused
arm (Hamilton, 1964b; Harris, 196%b). It is interesting
to note that Helmholtz, (1962), who presumably did not
trouble to immobilise his head, reported that while wearing
prisms the unused hand could locate targets, 'with perfect
certainty and precision'.

The explanation as to why 'intermanual transfer' should
occur in situations where the head is not immobilised will

be presented later. It is puzzling to Howard and
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Templeton, (1966), that transfer from trained limb to
untrained limb occurs in this situation, and yet not in
one which is possibly similar, that of mirror drawing.
They argue that 'there is no obvious reason why' this
should occur. However, if one argued that mirror drawing
was a skill based on strategies about tackling the problem
and control of efferent commands, and that prism adapta-
tion in the restricted situation was none of these things,
the problem is nearly resolved. Both Hamilton, (196c4a),
and Harris, (196%a), have put forward evidence that
restricted situation adaptation is explained by a change
in felt position of the used limb. Such a mechanism
constitubes a sufficiently good reason to account for the
difference between mirror drawing and prism adaptation.
The weight of evidence for a 'propriocgptive change' as
Harris calls it is discussed in the introduction to
experiment 2a, and throughout Section 3% of this thesis.
Very little stress has been placed on the need for
the observer to try to reach the target in restrictéd
gituation prism training situations. In fact if he does
not, then adaptation does not take place; or if it does,
it is exceedingly slow. However, it is considered that
it is not a true reflection of the situation to go on to

mainteain that a 'conscious effort' is necessary to adapt,
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which would suggest that we have conscious control over
the feedback system responsible for adaptation - a patent
falsehood insofar as we cannot adapt unless we are placed
in a sitpation which calls for it. A more sensible way
of looking at this fact, it is argued, is to assume that
the observer can ignore error feedback. If he chooses
to take notice of the error, he is then faced with
correcting the resultant misreaching. Here it is being
stressed that even though subjects have to try to be
accurate, the process of adaptation is not under comscious
control.

It might be argued that the whole business of adapta-
tion is no more than modifying voluntary movement. That
is, after the first mis-reach, the subject operates on the
basis of some such rule asg, 'In future I must aim my hand
four inches to the right of the place I would normally
send it'. However, such a rule would predict that as
soon as the subject took off the prisms, he would be able
to point correctly without difficulty, this has been
repeatedly shown not to be the case, for example, by
Hamilton, (1964b), Harris, (196%a), Held and Hein, (1958),
Kohler, (1953).

When a subject's head is not immobilised, or he is

allowed to nove fréely while wearing prisms, then he
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subsequently points incorrectly with both arms, (Bossom
and Held, 1957). Harris, (196%a), indicates that even
in the situation where head immobilisation is partial,
(i.e., in sitvations where a chinrest was used rather
than a dental-wax bite), there was some 40% transfer of
adaptation between limbs. An explanation for this is
suggested in the final conclusion. What must be made
clear at this Juncture, however, is that the two types
of adaptation situation, (restricted and free), very
likely produce adaptation in different parts of the system.
For example, the fact of altered pointing with the unused
arm need not implicate the arm at all. There is evidence
that there is no activity in muscle units in the unused
linb when the contralateral limb is moved, provided the
load is not abnormal, (Gregg, Mastellone and Gersten,
1957). Hence it is difficult to believe that adaptation
has occurred in the limb when there has been no activity
in any part of the system controlling its movements, and
therefore no change in Jjoint angle which is in any way
connected with thg movement produced by the active arm.
Thus on most views of adaptation, implication of the unused
arm as such is unlikely.

Hamilton, (1964b), when considering the reason for

the unused arm showing a change in reaching behaviour

- 18 -



which was less than half that of the used arm, put forward
the idea that this may be ascribed to 'the neck implication',
i.e., the appreciated position of the head on the shoulders.
This is certainly a possibility; if the head was thought

to be pointing straight ahead with respect to the shoulders
while in fact it was to one side, then the unused limb

would reflect the amount of this error, while the used limb
would reflect this plus the amount of adaptation which

was limb specific. This proposal has also been made by
Harris, (196%a), and Mittelstaedt, (1964).

Further weight is lent to this point on considering
Kohler's, (1964), observation that subjects who wore ’
prisms in a 'free' situation @eveloped the habit of holding
the head at some six or so degrees to the median sagittal
plane without being aware of it, |

A discussion of the probable reasons for unnoticed
change in head orientation in the free situation appears
in the introduction to subsidiary experiments 7a and 7b.
Hein, (1965), has taken this one step further and shown
that if subjects are asked to hold their heads to one side
for ten minutes, (no prisms being worn), they subsequently
pointed incorrectly at visual targets.

It seems quite likely that such a factor as misper-
ceived head orientation could account to some extent for

changes in egocentric orientation, (Held and Bossom, 1961),
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and for changes in pointing behaviour. That this is not
the most important factor is made clear by experiments in
Section 6 of part 2.

The last general finding to be considered is that of
'inter-ocular transfer'. Cohen, (1963), using a restricted
gsituation showed that after effects on a pointing task
were identical for each eye separately when only one eye
was exposed to the distorting conditions during training;
Pick, Hay and Pabst, (1963), report a similar observation.
Hajos and Ritter, (1965), have also shown ‘domplete readjust-
ment' of the unexposed eye; however their conclusion that,
'transfer of spatial displacement from prism eye to
covered eye is approximately perfect' shows a failure to
appreciate the limb specificity of adaptation in the:
restricted situation. Thus if 'hand-eye recalibration'
is at all an appropriate way of des;ribing the end result
in such a situation, it is argued that it is not the 'eye'
part of the system which is affected. Hamilton, (1964),
reinforces this view with his work on monkey, in which he
showed that both normal and midline secfion animals,
(cerebral and midbrain comﬁisures and other structures),
showed normal adaptive ability with all eye hand combina-
tions.

That lack of intermanual transfer can be conveniently

thought of as due to something like a change in the felt
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position of the used limb haé already been indicated, and

it is clear that such a view would predict perfect 'inter-~
ocular transfer' in that the eyes are fulfilling the
function of a passive spatial data feed. Hence on this
view and in these situations, the term 'interocular transfer'
is a complete misnomer.

By the same token, in the free situation where inter-
manual transfer takes place, the explanation of interocular
trangfer, which also occurs, could well be quite different.
In fact implication of the eye positioning system as
generating both these findings seems a possible and likely
hypotheses. The work of Lund, (1965), using monkeys
which were allowed head and trunk movements, (which puts
them into the 'free' not 'restricted' category), shows
that under these conditions the degree of interocular
transfer is altered by optic chiasma and midline cerebral
commisure section, which indicates an involvement of the

visual system.



Section 3

Detailed Discussion of Certain Contributions
to the Area of Prism Adaptation

The following section is devoted to a consideration
of the ideas and experiments which now form the core of
the work in the area of sdaptation to prisms.

8. ﬁarris

Harris has presented a number of ideas and experiments
in this area primarily drawn from his doctoral thesis,
(1963%a, 1963b, 1964, 1966). He reviewed and interpreted
the work in the field, (1965), contributed to the litera-
ture on right left reversal, (Harris & Harris, 1965), and
has put forward ideas which help clarify the reasons for
a number of apparently conflicting results, (Harris, Harris
and Karsch, 1966). The following account is drawn from
these sources.

His basic testing situation used subjects who were
not wearing prisms and who sat with immobilised heads in
front of a table with a transparent top. They were tested
for accuracy of pointing at five visual targets on the
table top without knowledge of the results, (the table

was covered with a cloth). Alternatively they were asked
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to point at the source of a click with eyes shut, or were
asked to put their arm straight ahead. His training
situation involved pointing %o visual targets while wearing
prisms, with subsequent visual knowledge of errors of
pointing.

The results of all these experiments were that the
effects of adaptation transferred o the same extent o
pointing to all targets, whether visual, auditory, or thé
Judgment of the straight ahead. A further finding was
that the effect did not transfer to the unused arm. It
was also found that the apparent straight ahead of an
auditory target was not affected. This evidence all
strongly supported the thesis which Harris was putting
forward, namely, that adaptation to prisms was due to a
'proprioceptive change'. More specifically Harris says
that 'the subject comes to feel his mrm is where he saw
it through the prisms'. On the basis of these results,
Harris claims that an alteration in visual perception can-
not be an appropriate explanation of adaptation, and nor
could a conscious correction of pointing. This would
geem a reasonable conclusion.

Harris's subjects adapted on only one target, and yet
showed an équally large adapbtive effect when pointing to
targets four and eight inches on either side of this.

He claims that this response gencralisation shows that
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the adaptive effect is not due to motor learning: i.e.,

is not due to substituting a new motor response in order

to achieve the desired position. That motor learning is
not the explanation has considerable support in experiments
which show errors of pointing when the unadapted arm points
at the adapted, (Efstathiou and Held, 1964, Goldstein, 1965,
and Experiment 2a). However, contrary to Harris's result,
Goldstein, (1965), and Sekuler and Bauer, (1966), indicate
that varying the étarting position of limb excursion can
have a significant effect on amount of adaptive shift;

but this does not mean that a motor learning factor has

to be incorporated. A more satisfying explanation, (that
it is a result of receptive angle of joint receptors), is
put forward in the Discussion.

Another experiment reported by Harris uses the technique
of megnitude estimation. The subject's adapted arm was
passively moved, while the unadapted afm could be moved
actively in order to make the distance between the finger
tips correspond to some figure called out by E. This
technique generated results which showed a change in the
distance apart which the hands felt. The significance
level of the mean results before and after adaptation was
at the level of .01, which indicates that the change in

the felt position of the arm is a powerful effect. The
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argument is put forward however that the technique of
magnitude estimation is a weak one, (Brindley's type B),
and that the experiment was badly designed in terms of the
critepion that an experiment should test primary and not
secondary events associated with the phenomenon under
investigation. On consideration of the training technique
used in this case, a change in felt position of the arm
would be expected to be mediated primarily by receptors
in the shoulder joint, and yet in the test for the after
effect, passiﬁe movement which was predominantly about
the elbow was used. Additionally, the subject was allowed
independent movement of the fingers when making final
adjustments to the Jjudged distance. It is clear that
these factors will tend to minimise differences, not show
them up. |

Held and Bossom, (1961), observed that subsequent
to a treatment condition in the free situation, sgbjects
displayed intermanual transfer of after effects and called
objects straight ahead when they were off to one side.
Harris explains thié by the idea that the measured adapta-
tion in the unadapted limb results wholly from adéptation
of the felt position of the head on the body. But also.
presents the competing idea that the results might equally
well be due to a change in the registered relationship

between eyes and head. Now Harris puts neither explanation
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forward as being more likely, or more important, nor are
the prerequisite conditions for the occurence of either
discussed at any length. One suggestion which was made
was that the change in the appreciated position of the
head on the body was due to moving the head. However

it is difficult to see in what way movement of the head
can generate such an effect. The hypothesis put forward
in the general statement of this thesis is that such a
change in the norm for the appreciated head position is
due entirely to holding the head to one side, and is of
the same class of events as the postural effects noted
by Jackson, (1954), and perhaps of kinaesthetic figural
after effects. It is also suggested that this is a minor
effect.

Concerning the idea of change in the appreciated eye
position, Harris makes the point that such a misperception
is of the same general kind as misperception of limb
position. It is indeed the case that adaptation of this
gort is not in any way like colour adaptation, or dark
adaptation, i.e., change in appréciated eye position is
not a retinal phenomenon, (experiment 8a).

What Harris misses is the important role of change in

appreciated eye position as the primary mode of prism

adaptation in the free situation. This is brought out

very clearly by a view often expressed in his published
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work. For example, 'where vision and position sense
provide conflicting iﬁformation about where the subject's
hand is, the (liwmb) position sense yields immediately and
rather completely'. However experiment 8c shows that in
the free situation, adaptation of the appreciated position
of the gye accounts for the sort of pointing errors observed,
which illustrates that Harris' contention is too general.

The extent to ﬁhich Harris sees 'proprioceptive adapta-
tion' as fundemental is further indicated by his analysis
of the results which Stratton, (1897), obtained after
wearing a device which inverted and reversed the optical
array. He argues that the adaptation is proprioceptive
and not wvisual, for since the subject felt his legs to be
where he saw them, he was acting as if his head and shoulders
were inverted. Again, commenting on experiments where
the visual field is inverted, Harris meintaing that the
subject adapts by coming to feel that legs and body are on
the other gide of his eyes; and in the reversed visual
field situation, the subject comes tc feel that the right
hand and the right side of the body are nearer to the left
eye than the right eye.

The general criticism to this analysis is in the form
of a question. What can such changes in feeling mean?
They cannot be the same kind of change which constitutes

the basis of restricted situation adaptation to prism
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displacement, which can sensibly be thought of as a change
in sensed angle, (see General Statement). No such meaning
can be given to a feeling that the right hand is under
the left eye. Although these observations by Harris may
furnish some ideas about mechanisms subserving these
adaptations, these mechanisms are unlikely to be couched
in the relatively simple terms of a change in the transfer
function of joint receptor output.

It is possible that Harris may well have been confused
by his use: of the verb 'to feel', this may be instanced
by an example from a recgpt publication, (Harris and Harris,
1965). The subject was asked to doodle while viewing
his hand through reversing prisms, Harris reports that
the subject eventually feels his arm to be moving in the
direction it looks to be moving. It is here argued that
this feeling of appropriateness when moving the arm is
not served by the same mechanisms as the feeling that the
arm is in a given place. The former could, for example,
be a reversal of the right-left 'wvalue' given by the
system to the motor volley which is mo#ing the arm; and
the latter by Jjoint receptors. It seems reasonable to
argue that it is an overextension of the hypothesis to
explain newly appropriate movement-feelings as ai. pro-
prioceptive change. The conclusion of this argument

then, is that although it is agreed that 'proprioceptive
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change' may well underlie restricted situation adaptation,

it is a wrong approach to assume it is primary to all oxr

most of prism adaptation. Experiments will be reported

which indicate that in the free situation adaptation of

the appreciated position of the eyes is the result. It

is therefore necessary to qualify the sbtatement, 'after
seeing your hand through prisms, you feel that your hand

is displaced relative to your body', (Harris, 1966).

The necessary qualifications are to add, 'in the restricted
situation' and to substitute arm for hand, (sece experiments

2a and 2b).

3b. Hamilton

In his thesis, (Hamilton, 1964a), experiments are
described on both split brain monkeys and normal humans.
In general, his results and conclusions cohere very well
with the mechanisms of adaptation put forward in the
General Statement.

It was found that normal monkeys could adapt as
readily as humans; and this was equally true for monkeys
with surgically separated hemispheres, irrespective of
whether the practised eye and arm were represented in the

same or opposite hemispheres. It was also shown that
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if the animal was adapted using one eye, there was no
decrement of adaptation exhibited when the visual informa-
tion was derived through the other eye, (see also'Bossom
and Hamilton, 1963). In the case where only one arm was
used in the training situation, adaptation was restricted
to that limb. However in some cases generalisation of
adaptation to the unpractised limb occured, Hamilton
suggested that in this situation the critical factor was
the kind or amount of movement allowed the animal. This
was considered further in a later publication, (Hamilton,
19640). Two groups of human subjects were used, one
groupm of which wore prism goggles which allowed unrestricted
head movements, and another which looked through a fixed
prism. Both groups adapted using the Held and Gottleib,
(1958), technique. The results showed no intermanual
transfer in the restricted situation, and considerable
transfer in the non-restricted situation. The arm used
for adaptation, however, showed a greater prism after
effect than the unused arm. From the General Statement
it can be seen that this would be explained by a combina-
tion of change in the felt position of the limb used for
adaptation, plus change in the appreciated position of
the eyes.

Hamilton, however, thought that a prerequisite condi-
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tion for this 'transfer' was due to the increased stimula-
tion from movement and kinaesthetic feedback. This
adaptive technique, he thought, may generate a change in
the sense of position of the unadapted arm, plus further
. adaptation resulting from changes in the neck implication.
It has been argued in the General Statement thét the
former does occur and that this latter factor exists,
but plays a minor role in the observed change in pointing,
the possible exception to this is when the subject shows
intermanual transfer after looking through fixed prisms.
Hampilton's major confusion lies in his failure to see
the restricted and non-restricted situation as being served
by a different adaptétion mechanism. Thus he continues
by arguing that because there was no intermanual transfer

in the restricted condition, adaptation does not alter

the Judged positibn of the eyes under either condition.
Since it can be shown by a direct method that change in
judgement of eye position is the result of various adapta-
tion\procedures, (experiments 6, 8a, 8c), it is clear

that the remainder of Hamilton's argument, (that this lack
of adaptation of the eye system correlates well with the
evidence for the lack of proprioceptive position-sense

for the eyes), must be fallacious. Since the evidence

for the above lack of position sense is good, (see
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section 4c), this makes it all the more evident that
position sense of the eye is mediated on the outflow
side, and the adaptation shown in the free situstion
is in the‘control mechanism responsible for eye position.
Thus it is not possible to agree with the conbention
that, 'adaptive changes affected only those members of
the body whose position~sense is determined by informa-
tion from joint receptors', since this is only one of
the adaptive mechanisms.

One of Hamilton's interesting findings is that inter-
limb transfer occurs subsequent to prism exposure in the

restricted situation, the limbs involved being the legs.

The subject lay prone and kick-pointing took place to
visually displaced targets. A variety of tests took
Place after adaptation; pointing without knowledge of
results using all four limbs, and a task whereby the
erect subject looked at a dot on the floor nine feet away,
closed his eyes, and walked to it, (these tests with no

prisms). All these estimates of target position were

equally displaced, and yet when Hamilton discusses whether

there has been a change in the visual localisation of the
target, he concludes there has not. His grounds were
that when a prism is worn in front of the eyes, errors

of localisation on the above tasks are not equal. Now

he argues that since a prism induces a constant change in
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visual information, these unequal errors. should also be
expected ih the former situatioﬁ if there had been a change
in the mechanism of visual localisation.

This is an odd argument, the expected result of
changing the signal relevant to eye position by a constant
igs to affect all localisation estimates based on that
signal by a constant, and this was the observed result;
strong evidence surely, for a change in appreciated eye
position.

"The last of Hamilton's contributions to be considered
here is that of decay oandaptation. After adapting his
subjects they were exposed to one of two ¢onditions, under
the first the subjects were allowed to look at one of their
hands, (without prisms), which was moved back and forth.
Under the second, they merely sat in the dark. In both
cases there was a reduction in adaptation as shown by
after effect, and the active condition 4id not show .
significantly more effect than the passive condition,
(Hamilton, 1964a; Hamilton and Bossom, 1964), although
in terms of mean effect, the active condition showed a
decay of 80%, and the passive of 52%. Cohen, (reported
in Hamilton, 1964a), found 'slight loss of adaptation
when subjects sat motionless in the dark, moderate loss
when either movement or vision were permitted, and most

when movement and visual feedback were allowed'.
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That decay of adaptation can take place without overt
movements taking place seems quite clear. But the reports
that decay of adaptation is accelerated by 'movement'.
alone, and the possibility that viewing the limb does
not rapidly generate loss of adaptation are worthy of

further examination.

5¢. Howard and Templeton

This account of their views on prism adaptation is
drawn primarily from chapter 15 of Howard and Templeton,
(1966).

The basic idea adopted is to assume that learning
to adapt to distorted vision involves a high-level habit
substitution mechanism. In terms of their own distinction,
this states in effect that the major implication in adapta-
tion is the efferent side of the control systen. Thus in
criticising the work of Harris who used a stereotyped
movement of the arm in the adaptation procedure, the
following phrase is noted, 'Small wonder therefore that
the recalibration affected the arm and not the eye'.

This line of reasoning is carried further by gquoting an
experiment by Howard, Craske and Templeton, (not reported
in the literature) whereby subjects who were wearing prisms

had to turn their eyes to their finger in the dark, were
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then allowed visual knowledge of results, and so on until
they could do this task correcfly. The after effect
showed intermanual transfer. Although it was not
explicitly stated, it might have been realised that this
was the first experiment which strongly supported change
in the felt position of the eyes as a factor in adaptation
to prisms. However the emphasis was put elsewhere, namely
to support the contention that adaptation was on the
efferent side of the system. This was put as follows,
'recalibration occurs only in that part of the system
which the training procedure demands'. The hidden
assumption here is that voluntary movement is in some

way the activator of change, the crucial experiment to
test this has still to be done, (see discussion). How-
ever, the amount of adaptation producéd by this method

is no more than that produced by the technique of experi-
ment 7 where no voluntary movement of the eyes takes

place at all.

Howard's and Templeton's ahalysis of the nature of
adaptation waé hampered by adherence to the tenet thatb,
'transfer experiments do not provide an adequate criterion
for deciding what is meant by the locus of recalibration'.
However, it is argued that Mittlestaedt, (1964), is right
when he claims that the human localisation system consists

of a number of identifiable subsystems. It is further
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argued that many of these subsystems are within limits
functionally autonomous, and thus there is no reason why
changes in the behaviour of these subsystems should not
be studied, and give answers as to the locus of change.

As an example; intermanual transfer could imply change
in appreciated position of the eyes, this could be followed
by a direct test of eye positioning. Howard and Templeton
on the other hand claim that it is possible to identify
affected linkages, and not affected loci.

The view of the process of adaptation which is adopted
by Howard and Templeton is as follows. When a subject
first stafts to adapt his reaching behaviour, he inhibits
the normal reaching responses, and substitutes new ones.
This eventually becomes automatic, thus all experiments
on adaptation should use situations where response substi-
tution must occur.

Now this is merely a variant of the 'change in motoxr
ogtflow' view of adaptation. That is, it involves the
subject in changing the motor outflow to the limb, and
thereby making a movement which is more appropriate to
the displaced visual input. This is perhaps made more
clear in the statement concerning Harris's experiments,
he 'failed to consider the change in motor outflow which
is probably involved in visual-motor adaptation'. Now

what meaning can be given to thisg proposed change in
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motor outflow? Suppose that in an experimental situation
the subject at first undershoots, and subsequently learns
to 'move his arm further' to be correct. It might seem
then, that from a given felt starting position a larger
motor volley is being used in order to move the 1imb‘to
the target in the prism situation. Now if the kinaesthe-
tically known starting position of the limb does not alter
throughout the experiment, and no change is suggested in
this view of adaptation, the world has expanded as far

as the subject is concerned. Thus & larger motor volley
is required to move through a given appreciated distance.
This would predict that the subject's estimation of angle
of limb excursion be affected by adéptation. Subsidiary
experiment © shows that this is not the case. This is

the only manner in which change is motor outflow could

explain adaptation, because the alternative is to assume

that the kinaesthetically known starting position changes
during the course of adaﬁtation, (see the General State-
ment). If this is so, then the motor outflow cannot
change, it must remain the outflow necessary to move the
limb from its felt starting position to the target.

If it were greater than this the limb would overshoot,
(the adaptive shift of the felt position of the arm, and

the increase in motor outflow being summative). This
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point was not recognised by Howard and Templeton, because .
when discussing the possibility of believing the arm was
pointing straight ahead when it was in fact off to one
side, they comment that, 'it is reasonable to suppose that
both kinaesthesis and motor innervation would have been

relabelled'. As has been indieated, one can change, but

not both, and the evidence suggests that it is kinaesthesis
which does so.

Howard, (1965), seems latterly to have moderated his
view somewhat in that he argues that response substitution
occurs only in the first few corrective hits when the
subject consciously moves his arm differently. However
he continues to argue that the end’products of adaptation
are new habits, which does not fit in with the idea that
the subject moves his arm from a felt location to a seen
one; and that with adaptation the felt location changes
through time. For it is clear that the subject already
knowg what size motor volley should get his arm to the
target from that final felt position, (it is the same
knowledge that he had before adaptation procedures were
begun), and doing something in the same way as he is
accustomed hardly constitutes a new habit.

It is interesting to note that Howard has applied a

varisnt of the animal learning technique of discrimination
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without error to the adaptation procedure; he asks the
subject to point at visual targets with knowledge of
results, and while the subject is doing this, the power
of the prisms is gradually increased. As a result,
'it is possible to train a subject without his knowing
that his vision has been displaced'. Presumably as a
regult of this sort of demonstration, Howard concludes
that he does not think that the (hypothesised) response
substitution phase is important because it is conscious.
An interesting experiment was carried out by Templeton,
Howard and Lowman, (1966), in connection with their ideas
on response substitution, but it was an experiment which
had wider implications. This involved a situation in
which & subject's arm was moved passively until he was
satisfied that his forefinger was undér a visual target,
he was given knowledge of besults, and the procedure
repeated. Sixteen trials showed adaptation of aboutb
1/3 the prism displacement. It is unfortunate that the
post-adaptation test used only the adapted arm. It is
possible that this generated adaptation in terms of felt
limb position, and to show lack of intermanual transfer
would have made the case more watertight. If this was
the case, then this experiment constitutes a reasonably

strong argument against the position adopted by Held and
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his co-workers, (for example see Held, 1961), that voluntary
movement is necessary for adaptation to take place. It
clearly is not a perfect argument against Held's view
insofar as there is no measure of the degree to which the
subject's arm really was passive. An BE.M.G. record show-
ing that muscular activity in the prime movers for horizon-
tal abduction and adduction, (namely the anterior and
posterior powtion of the deltoid, the corecobracialis,
the infraspinatus, and the teres minor), did not rise above
resting level, would have made their cése much stronger.
Another attack on the need for activeAmoveﬁent was an
experiment carriéd out by Howard, Craske and Templeton,
(1965). ‘A rod Wés nounted in the median sagittal plane,
but was seen with a two inch lateral displacement. Thus
as it was moved forward it apbeared as if it was going to
hit the subject Jjust under the eye, in fact it hit him in
the mouth. Thus the training situation involved no move-
ment by the subject; constant fixation was also used.
The result of this training technigque was to change the
error in pointing at visual targets by about 1/3 the dis-
placement. This experiment is difficult to interpret,
it would seem that the onf& likely adaptation is of
appreciated eye position. If this is so, then it means

that there are at lieast two types of information by reason
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 of which adaptation of this sort will occur; the discor-
dant exafferent variety aé above, and the discordant
positional information from two positional indicators,
for example vision and kinaesthesis, (see the General

Statement).

3d. Held and his co-workers

These workers have contributed considerably to the
area of adaptation and sensorimotor co-ordination in recent
years, and with this work has been articulated ideas
concerning spatial co-ordination in the neonate, which
is claimed to have a common underlying explanation, (Held,
1966). The basic rationele of many of the experiments
performed has as its keystone the following viéﬁs on the
role of a specific sort of motor sensory feedback. For
the sake of clarity, the background to Held's thesis will
be presented fully without comment.

Held's model

Held's model of the process of adapbtation assumes that
efferent signals to the appropriate limb muscles are
monitored in a central memory storage, this storage also
receives reafferent feedback from the distance receptors.

Since a reafferent signal is an afferent signal which is
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due to self produced movément, it can be seen that the
storage mechanism has access to information about the
command signals for movement, and the resultant afference
which is directly related to this movement.

Thus the view is adopted that normally any ﬁarticular
signal to the muscles should be accompanied by a unique
reafference. The efference and the reafference are
assumed to be correlated in the memory storage, and it is
an alteration in the correlation of these which is respons-
ible for adaptation to prisms. These notions are.,an
extension of the Von Holst reafference principle, (Von
Holst, 1954), and are described in detail in Held, (1961),
and Hein and Held, (1962).

It will be seen that natural movement plays a very
important role in Held'slideas on adaptation, this can be
appreciated more easilj from the following sort of analysis.
When moving the hand there is a given relationship between
the position of the hand and its image on the retina,
provided a suitable modification is made to take account
of eye and head position. Thus there is a relation between
normal movement and visual feedback. Through time a
correlation will build up between efferent copy to the
limb muscles, and the consequent visual feedback. The

process of adaptation is that wearing the prisms alters
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the visual feedback which is consequent upon a given move-
ment, and new correlations of output signals to feedback
will take place. Eventually, the 'newly correlated
information becomes available to the nervous system.

This invariant order is...... responsible for adaptation
to the prism transform', (Held and Freedman, 1963).

Thus with full adaptation, the input-oubtput relation of
this sensorimotor system becomes identical with that which
existed before adaptation. Put another way, the efferent
and reafferent information are related to each other in
the same way after adaptation as before.

Points about the theory

At this Juncture the following-two points on the
theory must be made. Reafferent feedback from the
distance receptors consequent on self produced movement
is central to the model. Thus a criticism of Held's
model is the fact of passive ada?tation which has been
shown, (Howard, Oraske.and Templeton, 1965; Templeton,
Howard and Lowman, 1966; Wallach, Kravitz and Lindauer,
1963; Weinstein, Sersen, Fisher and Weisinger, 1964),
but this criticism lacks strength, for it will be argued
that some at least of these adaptation situations 4did not
produce adaptation at the level of the joint, which is

the occurrence under discussion. The major criticism
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is that adaptation can occur without reafference from

the distance receptors. (See subsidiary experiments

3 and 4). The first of these shows that adaptation and
after effect occur when the subject never gets visual
knowledge of results subsequent to attempting to point

to a visual target, but merely has his arm moved to the
correct position by H. The second situation has the
subject try to point to the visual target, and after this
localisation has been made, visual knowledge of results
is given following a 30 second time delay. In both
cases a large measure of adaptation takes place within

a few trials. Kinaesthetic reafference is available in
both cases, and is probably fundamental to the adaptation
process, but the point being made is that there is

no reafference from the distance receptors, and further-

more the level of efficiency of the adaptation process
is at least as high as in those situations where such
reafference is available.

The second point to be made about the theory is to
question whether the use of expressions like, 'commands
to the musculature', (Held, 1966), may disguise the facts
ebout the way the limbs are moved. A limb is not moved
by a series of motor volleys which cause the muscle to

contract and the limb to be dragged along. Rather, for
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all speeds in excess of about one third the maximum for

the segment, the limb is started by one volley, and stopped
by gnother after an appropriate time delay, (Hubbard, 1960).
The poinﬁ being made here is that the efference beiﬁg fed
into the hypothesised 'storage' is to both agonist,

(to initiate the movement), and antagonist, (to stop it).
Thus there is no simple way to knowing the pbsition of

the limb from efference, the storage mechanism will have

to interpret a motor outflow time-force pattern,
(M.0.T.F.P.) PFurthermore, it is quite clear that there
are a considerable number of these patterns which will

move the limb from one position to another, as many as
there are discriminably different rates for limb excursion.
The importance of this will be developed in what follows.

Held's experiments in the restricted situation

It is clear that a major prediction from the theory is
that active movement is essential for adaptation, and this
was the first hypothesis to be tested. . This was tackled
by asking subjects to mark the position of visual targets
without receiving knowledge of results, both before and
after an adaptation procedure, (a mirror device was used
to achieve this, see Held and Gottleib, 1958). Now in
that the same mechanism was hypothesised to underlie both

eye-hand co~ordination in the infant, and adaptation to
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prisms, and because infants acquire co-ordination without
error recognition, an adaptation procedure wag employed
which 4id not involve recognition of errors in reaching,
(Held, 1965). Thus the adaptation situation involved

the subject in inspecting his hand through a prism while
moving it back‘and‘forth through a small arc, the pivot
point being the elbow, (Held and Hein, 1958). The findings
were thatltheré was & significant prism after effect
subsequent to movement of this sort when it was self
produced, and none when the same movement had been produced
passively, or the motionless hand was inspected. Iﬁ
similar fashion, the necessity for active movement to

adapt to apparently changed distance (increased light
path), has been shown, (Held and Schlank, 1959).

On the basis of experiments using the active and passive

‘movements as indicated above, (see also Mikaelian and Held,
1964), Held has repeatedly reaffirmed his contention that,
;full and exact adaptation to sensory rearrangement in
édult human subjects requires movement-produced sensory
feedback', (Held and Hein, 1963), or again, 'We have
repeatedly emphasised the production of movement as the
prime causal factor', (Held, 1963). Even more specifi-
cally, from one of his co~workers, 'Held and his associates

have agserted that the information available to the nervous
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system in the form of its internally monitored efferent
output to the musculature together with the concurrent
sensory feedback, (reafferent spimulation) is critical
for the observed adaptation', (Efstathiou, 1963).

It is now necessary to examine the extent to which
these claims may be accepted, and also to look a little
more closely at the method of adaptation used. The latter
point will be discussed first, and will briefly introduce
some of the writer's views on the rationale behind prism
experiments.,

‘Discussion of Held's experiments in
the restricted situation

It would seem that the 'arm wagging' method of prism
adaptation was first used by Held in order to mske the
gituation similar to that which he supposed was used by
infants, i.e., no target-to-hand error feedback.
Presumably this method has been used ever since in order
that this hypothesised link with the development of the
neonate bhe preserved. However observation of a subject
adjusting to prism displacement using an alternative
system whereby the arm is raised under a board, the
finger put under the target, and then visual knowledge
of results given, will convince anyone that the method
employed by Held is decidedly sub-optimal in both speed

of adaptation and magnitude of after effect. For example
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subsidiary experiment 2 shows 66% of full after effect

in 30 seconds, while Held and Hein showed only 33% in
three minutes. |

In attempting to understand the low efficiency of arm

wagging, a point made by Howard and Templeton, (1966),

is relevant; they have pointed out a distinction made
by Kohler between two types of movement. One is like
kicking a football, and another is visual guidance of a

limb; +this latter is pot much disturbed even by Kohler's

invertedland reversed visual input situations. Now
viewing a hand which is being moved back and forth, which
is the essence of the arm wagging technique, is not very
different from visual guidance, so relative inefficiency
of adaptation might'be expected. Further evidence in .
support of this observation about types of movement comes
from subsidiary experiment 1. This shows that when the
subject moves his arm from a seen starting position A,

to a visual target B, both of which are prismatically
deviated, and the experimental set-up is such that his
arm disappears from view one third of the way through the
excursion, then the distance moved by the arm is very
nearly equal to the objective distance A-B. This is
quibte unlike the result found when the limb is moved from

a position not visually indicated, (a 'felt' position),
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to a visual target. Here the error is of the order of
the prism deviation.

Now the former situation has similarities with that
used by Held, while the latter is an integral part of
the perceived error technique, and it seems quite likely
that the former will not yield as much information to the
system about the deviation due to the prism as will the
latter. Also in support of this contention, Hamilton
and Hillyard, (1965), have shown that back and forth
movenents are less effective than pointing movements in
producing an after effect. Freedman, Hall and Rekosh,
(1965), have shown the same.

It is a common experimental observation that any
moderately competent subject can adapt his pointing
behaviour to a single target while wearing 26 dioptre
prisms within a dozen or so attempts. It is argued
that if adaptation per se is being investigated, then
techniques which are most efficient should be used, since
by definition such techniques serve to provide the sort
of information which the nervous system processes most
readily. The 'perceived error' technique outlined above
is much more effective than the arm wagging technigue,
(sample data are presented in subsidiary experiment 2).

Thus a criticism of Held's basic experiments in the
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restricted gituation is that_for reasons of theory‘he
has used an experimental technique which is not the most
powerful in producing the changes being studied. The
question now arises as to how this is so.

The hypothesis is put forward that a fundamental
difference between the two techniques is that when the
finger is seen in the 'perceived error' technique, it is

not moving. It may be argued further that in terms of

knowing the position of a limb, we are most accurate when
it is stationary.

The writer is not aware of any direct evidence that
we do not know limb position, or do not know it well,
while the limb is moving. However, it is argued that
humsns certainly have no need to know position while
movement is under way, and it is likely that they do
not. FPor example, changes of direction of limb can take
place by precisely timed motor volleys, rather than a
volley when the limb signals that it is in the right
place to change direction, i.e., instantaneous knowledge
of limb position is unnecessary. What is more, as
Chernikoff and Taylor, (1952), have pointed out, feedback
of kinsesthetic information has too great attime lag to
be of use in anything approaching ballistic movements

of the limb. That motor volleys can be precisely timed
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is supported by an argument of Lashley, (1951), who has
cogently argued that since movements can be made faster
than one kinaesthetic reaction time, (while playing the
piano, for example), it must be concluded that an effector

mechanism can be pre-get or primed to discharge at a given

intensity and for a given duration.

It is here being argued that eye and arm position
information are important féctors, and that it is reason-
able to suggest that kinaeséhetic information as to limb
position is not easily appreciated during movement.

Thus the relative inefficiency of the ‘'arm wagging'
technique would be predicted, in fact it might be argued
that prism adaptation occurs in Held's situation in spite
of his technique rather than because of it.

In his analysis of adaptation, Held negleted the

kinaesthetic sense entirely, but is it not more likely

that adaptation is intimately concerned with just this;

namely the readjustment of relative appreciated positions.

Thus adapbation is concerned with the matching up of the

visually perceived position ¢f the limb and the kinaesthe-

tically perceived position of the same limb, rather than

reafferent visual stimulation due to limb movement
correlating with the efferent signal to the muscles of

that limb, as in Held's model. This latter is a
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considerably more roundabout method of arriving at
essentially the same information, namely, a visual and
a non~-vigsual record of 1limb poéition.

The question as to the end point of adaptation in
the restricted situation is argued to be a change in
appreciated limb position. This may be redescribed in
terms of a possible mechanism by referring to the hypo-
thetical construct of change in transfer function of
joint receptor output, (Craske, 1966a).

That change in appreciated position takes place in
effect at the level of the used Joint is capable of
direct experimental demonstration, (experiment 2a).

But it is quite plain that such a change is not envisaged
by Held, and nor is the possibility of such a change
predicted by his model. Further, in Efstathiou and
Held, (1965), a claim is made that change of appreciated
arm position doeé not occur. However the experimental
evidence on which their claim was based was inaccurate,
as is shown in experiment 4. A direct result of the
experiments which show that adaptation in the restricted
situation is due to change in appreciated arm position,
is to make implausible an efference-~reafference model

in this situation. This claim is supported by the

illustration that reafference from the distance receptors
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is not necessary for fast, efficient édaptation in the
restricted situation.

However there can be no doubt that Held and his
associaﬁes have shown that when the arm is wagged passively
while Dbeing inspécted through prisms, no adaptation takes
place, (Held and Hein, 1958). This lack of adaptation
is not predictable on the strict view that the only
important factors are the position senses.

S0 thus far, the experimental findings are contrary
to both the efference reafference view, (because of the
fact of change in appreciated limb position), and to the
view which stresses position senses alone, (due to the
adaptation in the passive movement situation). It is
desirable, however, to extend the 'position sense' view
further than has been indicated so far. This extension
is made in terms of its relation with the motor command
in the restricted situation.

Derivation of an hypothesis on the place of motor
commands in change of limb position sense

It is certainly the case that when a linb is moved
rapidly to a visual target, it is moved from a kinaestheti-
cally known position to the visually known position by
means of two motor volleys. That is, one volley to

initiate the movement, a time gap during the momentum
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phase, and one volley to bring the limb to rest, (Hubbard,

1960). This is an efferent pattern, with kinaesthesis

not being involved, except to provide information about

starting position.

Lashley, (1951), noting the épeed with which certain
complex movements could be carried oﬁt argues that !'there
is a control of motor discharge which is independent of
duration of excitation'. Within the present context this
could be rephrased thus: a motor outflow with a specific
time-force pattern (M.O0.T.F.P.) is produced. Further,

the M.Q0.T.F.P. can be calibrated in terms of the desired

limb excursion. To apply this idea to the prism situation,

let us assume that base left prismé are worn, and the
subject is bringing his arm in from ﬁh; right and using
only his shoulder Jjoint, the movement being horizontal
adduction. ‘

The limb is moved to the visual target from its felt
starting position using an M.O.T.F.P. appropriate to thét
intersensorily perceived distance in the normal world.
Since the prisms have, in effect, expanded the WOrld,
an error of localisation occurs, Now the system can
nullify the error either by producing an M.O.T.F.P. which

is larger than that normally used in the situation as it

is perceived, as in response substitution, (Howard and
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Templeton, 1966), or change the felt starting position.
Thét is either the M.O.T.F.P. gives way and the felt
1limb position stays intact, or vice versa., It has already
been argued that the former change would leave the fully
adapted man feeling his arm too far to the wight, while
seeing it as on-target. Also in the light of the diffi-
culty experienced in developing any new M.0.T.F.P.,
(i.e,, learning a new skill), the former possibility is
seen to be both unlikely and unsatisfactory. Likewise
it has already been argued that a change in the appreciated
position of the used arm does occur.

Thus it would seem that in this prism situation, a
plauéible argument could be erected to the effect that the

system alters as if a change in appreciated limb position

occurs in order to preserve the M.O.T.F¥.P. Clearly with

a change in appreciated limb position, the subject can
act as if his arm were where it was felt to be, and

therefore produce the M.0.T.F.P. which is appropriate to

that position and the visually perceived desired position.

. This removes the stumbling block of adaptation in the
passive situation, for the above view of restricted

situation adaptation would predict that none would occur

when movement of the limb takes place passively. The

requirement is that adaptation at the level of the Jjoint
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takes place in order to produce a result appropriate to
the situation, yet sparing the learnt M.O.T.F.P; thus
in the absence of motor outflow, no adaptation at the
level of the joint will occur.

It can now be more clearly appreciated why the per-
ceived error technique is more efficient at producing
adaptation than is arm wagging, not only is there the
argument that knowledge of position is likely to be less
good when the limb is moving, but there is the fact that

the perceived error situation is considerbbly less

ambiguous to the adapting subject. - The components of

the situation taken through time are: appreciated starting
position of the limb; M.O.T.F.P. to reach desired
position as indicated via the visual channel; and a
measure of error which indicates directly the direction
and amount of error to be nullified. The subject can
then 'reset' his system on an informed trial and error
basis.

Held's basic experiment in the free situation

The method of egocentric orientation was used, where-
by the subject turns himself until a visual target is
straight ahead. Errors on such a task were taken both

before and after exposure to a prism wearing situation,
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where the subject walked about in the everyday environ-
ment. One hour of such exposure produced an adaptive
effect of 10% of maximum, but no adaptation was recorded
when the subject was wheeled along the same course in a
wheelchair, (Held and Bossom, 1961). The conclusion
was drawn that adaptation only takes place when there is
self produced movement and consequent reafference.

There is no mention of the possibility that this situation
utiliseé a different mechanism of adaptation. For this
and the following reasons, their conclusion can be sub-
jected to the severest criticism. First consider self
produced movement and reafference.

It has been shown by Templeton, Howard and Lowman,
(1966), that a passive movement situation based on a
perceived error training technique can lead to an amount
of adaptation equal to one third of the optical displace-~
ment in a maximum of 16 trials, (this figure is according
to Howard and Templeton, 1966).

BExperiments 7 and 8a, in which there was no movement
of the limbs at all, volunbtary or otherwise, and only
involuntary eye movements, provide evidence of considerable
change in the appreciated eye position, which experiment
8c shows to be the form of adaptation appropriate to the

free situation.



The results of Howard,'Giaske and Templeton, (1965),
though in a different situation, showed significant
adaptation with no voluntary movement or reafferent input,
and those of Weinstein, Serson, Fisher and Weisinger,
(1964), using four different conditions with wheelchair
borne, normal subjects, (passive; move only; direct
only; and move and direct), showed significant adaptation

in all four conditions, with no significant difference

between the adaptation produced in each condition.
This latter experiment is most parsimoniously explained
by supposing that under all four conditions there was one
significant factor in common. It could well be that this
factor was that the subject could see his own lower limbs,
which Wallach, Kravitz and Lindauer, (1963), showed produced
adapbtation, and which experiment © Qhows produces the sort
of adaptation which would give a change in egocentric
orientation.

A second experiment carried out by Weinstein et al,
(1964), was a variant of the perceived error technique
in the egocentric orientation situation. The chain in
which the subject sat throughout the experiment was
rotated through'the number of degrees error he made after
each localisation in the training situation. Training
of this sort produced about l4% mean adaptation in half-

an-hour, which was more than Held and Bossom's, (1961);
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active group showed in one hour.

It is argued that all these procedures produced
édaptation within the eye positioning system, although
this cannot be proven in the case of Templeton, et al,
(1966), or for Howard, et al, (1965). The fact to note
is that these experiments constitute a strong case against
Held and Bossom's assertion for the necessity for self
produced movement and consequent reafference in order
for adaptation to occur in the free situation. The
additional fact that experiments 6, 7 and 8 produce
considerably more adaptation of the appropriate type than
does the 'walk about' situation, and that walking about
wearing prisms but not seeing the limbs, (Hay and Pick,
1966), shows no adaptation, lends support to the conténtion

that the necessary and sufficient condition for free

situation adaptation is seeing the limbs. The findings

of Craske and Templeton on the conditions for the resetting

of eye positioning system imply that it is the extremities

of the limbs which are most important. The ambulatory

experience itself would seem to have no effect on adapta-

tion to lateral displacements at all.

This latter point is a strong argument contrary to
the claim of Held and Freedman, (1963), that to achieve

complete adaptation requires gross movement of the head
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and eyes. The explanation which they offered as to why

such movements are necessary, revolves around the notion

of Gibson, (1958), concerning flow patterns of the image

on the retina, the direction, rate and type of which will
depend upon the sort of movement involved. Thus, for
example, if the subject walks towards a wall on which

there is a spot which he is fixating, then the flow pattern

of the texture of the wall will radiate in all directions

from the fixation point. Held now argues that wearing

a prism shifts the centre of flow on the retina by an

amount equivalent to the prism power. Presumably, then,

the argument is that the translation of the eye relative }
to an array is necessary in order that this shifted flow §
pattern is recorrelated with output signals in the CHNS
storage device, with-the proviso that information régarde
ing eye, head, and trunk position is available to the
mechanism.

It is clear that doubt is cast on the 1liklihood of
this idea being related to the facts of free situation
adaptation insofar as the appropriate adaptation occurs
without the ambulatory experience. = But The argument could
be put forward that it is possible that flow patteruns
play some part when gross movement does take place;

however consider the following. The subject is wearing
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prisms and is required to walk towards a wall which has

a fixation spot upon it.  The subject will orient himself
such that he is fixating the spot, either by turning the
eyes, turning the head, or something of each. This means
that the image of the spot is on the fovea, (not displaced).
The information as to the position of the spot will be in
error‘by an amount equal to the prism power, thus he will
set off towards the spot with this much error. However
very soon the fact of his incorrect course will make it
necessary for him to turn his head or his eyes further

to one side in order to maintain fixation, or, (and this
will occur quite soon), fixation will be maintained by
altering course. The effect of such adjustments is to
keep the image of the spot on the fovea, and for the
subject to reach the spot via a curved course. There
will be very little difference in the flow pattern with
or without prism spectacles.

The results of experiments © and 7, and of Templeton,
Howard and Lowman, (1966), mentioned above, raise queries
about the experimental technique used by Held and Hein,
(1958). They reported no adaptation after inspecting
the immobile limb, and none for the passively moved limb.

Some possible factors involved in Held's and Hein's

results may be:



a) The subject seeing his own limbs after the
adaptation procedure, such exposure is known %o reseb
the eye positioning system subsequent to its adaptation,
(Craske and Templeton).

b) The time taken to unstrap the subject from the
arm swivel in the adaptation spparatus. The personal
equation of some subjects could be such that considerable
decay of effect took place before béing tested for post-
exposure localising ability.

¢) In the passive training situation with no task
to perform, the suﬁject may have 'switched off' and not
attended to the error input at all.

Whether or not these are the reasoné for the failure
of Held and Hein to show adaptation after inspecting the
immobile limb and the passively moved limb, it is clear
that reasons will have to be sought, for their results
conflict with subsequent findings.

By now it is apparent that the model put forward by
Held is inadequate in not differentiating between adapfa—
tion at the level of the joint, and within the eye |
positioning system; and also because of the important
place given to reafference from the distance receptors.
The stress on active movement is also misplaced in that

it only seems to be required in the situations which
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produce a cﬁange in appreciated limb position, but not
for adaptation which involves the eye positioning system.
Nonetheless it is necessary to discuss and consider the
results of experiments performed on the basis of the
remaining implications of the model.

One such implication is that if the normal rélation
between efference and reafference is disturbed by a
device which introduces what he terms as 'one many'
relationship instead of the normal 'one to one' relation,
then adaptation is unlikely to occur. Such a device
was used by Held and Freedman, (1963), when the subject
was placed in an adaptation situation which utilised s
constantly varying prism power. Not surprisingly, the
subsequent finding was an increase in the variability in
indicating a visible target. However, this result can
also be predicted on the view of adaptation based on
change in position sense. A more interesting variant
of this 'decorrelation' idea is to put the subject in
to an adaptation situation whereby his arm is strapped
on to a swivel pivoted about the elbow, and he watches
his arm as it is moved back and forth through an arc of
30 degrees by a powerful motor. During the whole of
the adaptation procedure the subject tries, and fails,
to move the arm in the opposite direction, (Efstathiou,
1963). The result of such a procedure was to reduce
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adaptation almost to wmero, (inspection of the results
suggests a very small adaptive effect). Certainly
adaptation produced by arm wagging without decorrelation
was significantly different from the above results at .
the 1% level of t. Efstathiou suggests that this
result is what is expected on the reafference model
because, 'to the extent that the sensory feedback coﬁtin—
gent upon motion is decorrelated, adaptation will not
take place'. The interpretation of these results within
the framework of the present thesis is as follows.
In this situation the M.O.T.F.?. is completely destroyed,
in fact there cannot be an M.0.T.F.P., there is merely
an approximation to excentric action on the part of the
appropriate agonists. If adaptation in the restricted
situation is based on the preservation of a normal
M.C.T.F.P., no adaptation is predicted.

A similar situation to that used by Efstathiou would
be fof the subject to inspect his finger while gripping a
peg éet into the bench top and rhythmically straining to
move the peg to the right and left. On the basis of
the results of experiment 8a it is predicted that there
would be a change in appreciated eye position, i.e., this
gort of efference ig irrelevant to adaptation. Since

Efstathiou's experimental situadtion is essentially similar
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it might be argued that with sufficiently long exposure,
her subjects would have shown adapbtation of the same
type. However, the subject's arm was moving, and from
the argument that position information is ndt easily
available to the system when the arm is moving, it would
be predicted that only a small amount of eye adaptation
would occur &ith long exposure. The experiment of
‘Abplanalp and Held, (1965); was a development of that

of Efstathiou. Subjects had to move the arm they were
inspecting under one of four conditions, namely, no
torque; highly variable torque; constant torque, and

a situation where the subject exerted an unaveiling force
in the opposite direction to that of the motor. The
actual results are not available to the writer, but from
the discﬁssion it would appear that the final condition
gave no adaptation, (like Efstathiou's result), the first
situation gave most adaptation, and the middle two condi-
tions gave an intermediate amount of adaptation.

Given the low efficiency arm wagging adaptation
situation, these results would be predicted on the
'preservation of the M.0.T.F.P.' argument, i.e., insofar
a8 there is any correlation between the normal M.O.T.F.P.
and the outcome of the situation, there will be a change

in appreciated arm position.
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The last paper to be considered in this section is
that of Held, Bfstathiou and Greene, (1966), in which is
reported the following experiment. The subject moved
his hand back and forth 21 times per minute, but instead
of observing his hand through prisms, as in Held and Hein,
(1958) he saw a line which moved with, and was in the
same plane as his hand. The line was prismaticaily
displaced, and his hand was invisible. This line was
subject to a time delay of between zZero and three seconds.

Befofe and after the above treatment condition, which
lasted half-an~hour, the subjects were tested on a locali-
sation task which involved marking the position of the
virtual images of targets seen in a plane mirror which
obscured the hand.

The findings were that adaptation took place in the
zero delay condition, but with delay introduced, no
adaptation took place. Their conclusions were that,

'the correlating mechanism cannot handle a feedback signal
delayed by as little as 0.3 seconds'.

The first thing to note is that the results in the
no delay condition showed only 25% of full adaptation
after thirty minutes exposure, whereas Held and Hein,
(1958), showed 3%%% in three minutes in a comparable set-

up where the subject saw his hand move, and not Jjust a
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line. It has already been argued that even this latter

is a sub-optimal training technique, (see subsidiary
experiment 2), and it seems quite clear that the former

is considerably more so. Apart from the arguments élready
put forward against the arm wagging technique, there is

the additional question as to why. the subject believes

that the moving line has_anything to do with him at all.

It would seem that he is not very convinced that it is
anything to do with him, considered in the light of the
small adaptation shown in 30 minutes. A further query
is raised as to the reason for the rejection of 18 of
the original 24 subjects.

It is necessary to formulate some ﬁotion as to how
it is that the moving line produces any adaptation at all.
It could be argued that the subject identifies the line
with his hand. Presumably this can be done because the
line is doing the same thing as his hand in the no-delay
situation, i.e., it is moving back an@ forth in the same
manner in which the subject knows his hand is moving.
(That the subject knows the manner in which he is moving
his limb is a matter of common experience, and for this
analysis it is not necessary to ask how this is known).
If adaptation takes place because the subject is prepared

to accept the line as representing his hand, (to a greater
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or lesser extent), on the criterion of identity of phase

of movement, it would seem quite likely that adaptation
would not occur when the phase relation is different.

In this latter case it seems probable that the movement

of the line is identified as belonging to a class of events
not related to the arm movement.

This hypothesis seems quite plausible, and more likely
than the 'correlation mechanism' not being able to handle
0.3 sec delay. This assertion can also be based on the
fact that an experiment using the perceived error
technique and delaying visual feedback of position error
of the hand by as much as 30 seconds,- -and delaying the
subsequent localising movement by a further 30 séc has
shown that efficient adéptation takes place, (subsidiary
experimenﬁ 4y,

It is argued that this experiment by Held et al is
theoretically very weak in that reliance must inevitably
be placed on a process like 'identification' of the hand
with the line, and there is no evidence %o enable predic-
tions to be made how strongly this will occur, and under
what circumstances. This uhcertainty must make it
extremely doubtful whether very much can be said about
the underlying mechanisms of prism adaptation from this

experiment.



It is reiterated that the cause of the failure of
Held et al to show adaptation in the delayed feedback
situation is more likely to be due to inability on the
part of the subject to accept the delayed trace as being
related to his hand movement, and therefore adaptation
would no more take place in this situation than it would
when an observer looked at an oscillating line in any

circumstances.,



Section 4

A consideration of the position senses in man

Since the explanation of prism adaptation is held to
be rooted in the position senses, an outline of their

operation is presented.

4a. General considerations

A limb can produce information which enables the
owner of that limb to know its position in relation to
other parﬁs of his body. This 'interior information'
about both position and movement (position over time),
is generally known as kinaesthesis, and operates irrespec-
tive of whether the movement was produced, or the position
was btaken up, actively or passively. Primarily it seems
that we are interested in information from muscles, Jjoints
and stretch receptors.

The structure of the system

The long bones are adapted for weight bearing and
swift excursion. The ends of such bones have protrusions
which serve as attachments for tendons and ligaments.

The articular surface has a cap of cartilage to absorb
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shock and permit smooth movement.

The junction of two bones is called a Jjoint, and
here we are interested in the diarthrodial, or freely
~movable kind. A ligamentous sleeve or capsule encloses
‘the Joint completely, and there will typically be other
ligaments which join the two bones and are separate from
the capsule. The joints are articulated by muscles.

A muscle fibre is an elongated polynucleated cell,
and 100 to 150 of these are bound togebther to form a
fasciculus, these are formed into larger bundles which
are in turn enclosed in a covering to form a whole muscle.
The various sheathes merge to form theltendon which
attaches the muscle to the bony surface at the origin or
insertion of the bone.

Innervation

Nerves containing both motor and sensory fibres enter
each muscle from the central nervous system. At the
fasciculus the nerve divides into a number of fibres each
of which has its end plate embedded in a single muscle
fibre. }The group of muscle fibres innervated by a
single nerve fibre is called a muscle unit. That contrac-
tions of whole muscles do not occur on an all-or-none
basis is common observation; gradation of contraction

can occur due to timing of motor volleys which gives rise
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to more or less summation, (which directly affects
gshortening). The major mechanism for gradation is
recruitment in which the volleys are sent to a greater
or lesser number of motor units.

The muscle spindle is located among and in parallel
with the extrafusal fibres, the equatorial region contains
two kinds of sensory ending, primary, annulo-spiral endings,
and secondary flowerspray endings, (Barker, 1962), and
these receptors respond to changes in length and tension
of the spindle only. When a muscle contracts, the tension
on the spindle is released, and the sensory end organs
cease firing until the intrafusal muscle of the spindle
re-adjusts its length, thus taking up the slack. These
intrafusal muscles are situated in the polar regions of
the spindle, (Barker and Gidumal, 1960), and are innervated
and controlled by the gamma efferent fibres, (Kuffler,

Hunt and Quilliam, 1951; Hunt and Kuffier, 1951a and
1951b). Gamma discharge produces contraction of intra-
fusal fibres, this stimulates the sensory endings, which
in turn affect the contraction of the extrafusal musdiles,
(Whitterage, 1959). Thus it can be seen that the spindles
act like a strain gauge which sends information to the
centres from which theilength and rate of movement of our
muscle fibres is constantly monitored. The gamma system

is a further refinement which can be used to preset the

- 92 -



tension within the spindle, and thereby the length of
the extrafusal muscle, (Katz, 1966).

From this brief resume it would seem reasonable to
argue that the spindles are misalignment detectors which
signal the difference between the length of the muscle
and the length of the spindle, and the rate of change of
muscle length. - Also, because stretching the spindle
activates the muscle's own motoneuron, the spindle can
act as a length servo and as a device which compensates
for fatigue, (Hammond, Merton and Sutton, 1956). The
gamma sysbtem serves to maintain tension on the spindle
at a constant level with respect to the extrafusal muscles;
also, by means of what Howard and Templeton, (1966), have
called ‘gamma leading', initiation and facilitation of
careful movements can be brought about.

This consideration of thé function of the gamma-
spindle system seems to indicate that it is not related
to position sense in any way. This is supported by the
observations of Granit, (1955), and Lloyd and McIntyre,
(1950), which indicate that afferent information from the
spindle projects into the cerebellum, but does not reach
the cortex; i.e., it is not likely that we would be
conscious of such information, whereas we are patently

aware of limb position. Further, lesions in the cere-
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bellum do not produce defects in kinsesthesis, Holmes,
(1917).

The Golgi tendon organs are in series with the extra-
fusal muscles, and respond to the tension developed by
the contracting muscle, or the tension due to stretch.
Afferents from the tendon organs feed into the dorsal roots,
and serve to inhibit the alpha motonéurone of the extensor
muscle and the gamma efferent system when tension on the
organ gets too high. This seems to be the prime function
of the tendon organs, and there i1s no evidence to suggest,
nor reason to suppose, that they play any part in the
determination of limb position.~ By elimination this
leaves Jjoint receptors to provide the main basis of
position éense, the evidence on this proposal will now

be reviewed.

4b, The position sense in limbs

That the ligaments df joints are provided with sensory
endings is no longer in doubt, (Andrew and Dodt, 1953;
Skoglund, 1956), and that these endings are related to
the position of the joint has been shown by Andrew, (1954).
The joint receptors themselves fall into two classes,

those which adapt slowly to produce a steady state
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discharge, and those which respond ohly during movement,
(Andrew and Dodt, 1953; Boyd and Roberts, 1953%; Skoglund,
1956). Those which show steady state output have joint
angle as independent variable, thus they function as

joint angle detectors. A given recepbtor will function

over a range of 15 to 20 degrees, and a population of
receptors will encompass a succession of overlapping
excitatory angles.

Psychological experiments on the position sense in
linbs seem to confirm its locus as being in or near to
the joint. Goldscheider, (1899), found that anaesthe-
tising the joint capsule of the index finger reduced
sensitivity to passive movemént, and Angier, (1905),
showed that sensitivity to movement was not affected by
the position of the limb, i.e., is independant of muscle
length. More recently, Browne, Lee and Ring, (1954),
showed that appreciation of downward movement of the
metatarso-phalangeal Jjoint of the great Toe was impaired
by anaesthesis of the dorsal area of the capsule; this
suggests that Joint receptors are stretch receptors.
Complete anaesthesia of the capsule resulted in loss of
position sense and Lee and Ring, (1954), showed that
skin anaesthesia alone d4id not significantly alter it.

They also showed that active movement sense was unimpaired
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in this former situation. To conclude that muscles and
tendons are involved in active movement sense is premature
however, for the ‘'command' to the limb or segment would

be sufficient; i.e., sense of active movement need not

be fedback from the periphery, a fedback command could
pro#ide the same information., Provins, (1958), gives
data which support the contention that the active position
sense ig different from the passive, but which throw no
light on the active movement sense. Lashley, (1917),
however, did a series of experiments on a subject having
complete anaesthesia of the knee as a result of a gunshot
wound of the spinal cord. These showed that the extent

of active movement could be controlled with normal accuracy,
i.e., active position sense was not impaired. The subject
knew when he had made a movement, and could make the same
movement consistently. However, he could not report on

the extent or duration of passive movements of the limb.

These results are consistent with the idea that active
position sense is feedback fPom the command to the muscula-
ture. This is true also of Merton's observation, (1964),
that with ischaemia due %o a pneumatic tourniquet around
the wrist, the top joint of the'thumb becomes insensitive
to passive movement. Accuracy of active movement is not

affected however unless the thumb is restrained, in which
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case the subject is not aware of the restraint. A model
based on that proposed by von Holst, (1954), concerning
feedback of efference would seem to be appropriate to the
active position sense; i.e., the knowledge that voluntary
movement has been attempted.

There is s8till more evidence that the passive and
immobile limb position sense is associated with the joints,
Sarnoff and Arrowhead, (1947), applied procaine to the
lumbar spinal region of humans; this abolished the
stretch reflex, but 4id not affect position sense.
Stopford, (1921), has similarly observed that nerve
injuries with no muscle involvement can result in loss
of appreciation of position sense.

Howard and Templeton, (1966), in discussing the
conditions required for kinasesthetic Jjudgments, predict
that the spindle-gamma system and tendon organs are
essential components of the total position sense systen,
and that it was not possible to conclude that they are

unnecessary for position sense in gkeletal muscle,

(emphasis mine). This misses the point and confuses

the issue by inferring that nuscle is involved in position
sense in Jointed parts of the body, yet there is no
evidence at all that muscles produce any usable positional

information. They argue that length tension feedback
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is essential, and without this, desired amplitude of
movement will not be achieved because limbs operate under
multi-load conditions. No one will argue with this as a
statement about the production and control of movement

but it has nothing to do with the position sense, which

is what they appear to be arguing.

The most relevant work on the position sense for the
| present purpose is that of Mountcastle and Powell,A(l959),
who have presented evidence gathered from monkey by means
of implanted electrodes recording from single neurons in
the post-central gyrus, (P.C.G.) The thesis derived
from Mountcastle, (1957), was that joint position sense
was given via organs in the Joint capsule and pericapsular
tissue which project into the dorsal column of the spinal
cord, the medial lemniscal system, the ventral posterior
nuclear complex of the thalamus and thence to the somatic
sensory cortex.

When cells in the P.C.G. which were related to a
particular joint were observed, the findings were:
1. Neither muscles nor tendons affected these neurons.
2. Representation o the P.C.G. is of the contralateral
limb,
%. When the toe, for example, was in the anatomical

position, the neuron for flexion was quiet.
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4. Cortical cells began discharge at a certain absolute
value of joint angle, but the speed at which the Jjoint

was moved into the excitatory angle determined the frequency
of the onset transient discharge.

5. The final adapted rate of discharge depended upon
Joint angle, and was on a plateau lower than the observed
maximum; 81% of the population examined showed this
steady state discharge, but some neurons showed rapid
adaptation to very low discharge rates. Some of these
quickly adapting neurons showed a burst of activity as

the joint entered the excitatory angle which that neuron
subserved, and another as the joint was moved back out

of that angle. Thié type which fires with movement in
both directions is rare, more usually, neurons have only
one excitatory direction.

6. Some 80% of the neurons activated by joint displace-
ment were sensitive over a wide range of motion, for jbints
with only one axis of rotation, the beginning of the
excitatory angle corresponds with the beginning of flexion,
and the steady state discharge gradually increases with
increase in flexion, with maximum frequency of discharge
occurring at maximum flexion. A smaller number, some

14%, had narrow excitatory angles. A result which is

particularly interesting in terms of the experiments
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carried out for this thesis is as follows:

'Cortical cells related to polyaxial joinbts such as the
shoulder subtend solid cones rather than two dimensional
angles. Position of the shoulder anywhere within this
cone produces an acceleration of discharge over the back-
ground rate. Usually, however, movement in only one
direction within the solid angle will produce the maximal
rate of discharge'.

The experiments of Boyd and Roberts, (1953), and
Skoglund, (1956), showed that joint receptors produced
the same output for identical movements and positions;
likewise,
7+ The cortical neurons associated with the joint recep-
tors show the same fidelity of response.

8. There seems to be evidence fof reciprocal activity

of pairs of cortical neurons. As the Jjoint moves into
the excitatory angle for one neuron, the evidence is
consistent with the notion that the activity of the neuron
subserving the same angle, but from the opposite direction,
is both actively suppressed by an inhibitory mechanism

as well as having a low response level due to receptor
unloading.

9. The excitatory angle of the P.C.G. neurons is bebtween
60 and 90 degrees. Thus one cortical neuron would seem

to be driven by a series of Joint receptors with over-
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lapping excitatory angles.

Lastly, Mountcastle, Poggio and Werner, (1963),
indicate that cells with wide static response range of
Joint angle are related to Jjoint angle by a power law
which is claimed to be the transfer function between the
stimulus and the response of this part of the sensory
pathway.

Summary of position sense in limbs

The spindle receptors of muscle are excited by muscle
stretch, and cease discharge with shortening of extrafusal
muscle. Thus they may be silent when output from the
Golgi tendon organ is maximal. The output of this latter
is related only to tension, and therefore will fluctuate
with load on the limb. The spindle can be conditioned
by the gamma efferent system, and therefore spindle
activity may be at any of a wide range of values for any
given muscle length, and hence of Joint angle. Neither
of these receptors have the properties to allow them to
subserve the function of detecting Jjoint angle, thus it
would seem that they play no part in such detection.

This is supported by the observation that stretch
afferents from the muscle terminate in the cerebellum.

The Jjoint receptors seem best suited to indicate

joint angle, and a given receptor will have a functional
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range of some 15~to 20 degpees. These receptors drive
cortical neurons located in the postcentral gyrus, and
these neurons have stable output properties. The fact
that the cortical neurons serve joint angles of between
60 and 90 degrees indicates an integration of joint
receptor output. The spatial and temporal patterning
of this sensory activity is put forward as the ﬁeural

substrate serving position sense.

4¢. The position sense in eyes

It is quite clear that humans have information as
to the position which the eyes take up with respect to
the head in that we can use visually determined positional
information to behave appropriately towards external |
objects. This is the way in which 'position sense of
the eyes' is being used, and the question is in what way
is this information made available to the system?

It is a fact: that on the receptor surface of the
retina each point is associated with a gpecific visual
direction; this can be éasily demonstrated by turning
an eye in towards the nose and touching its back surface,
a spot in a given direction from that eye will be seen.

Whether this visual direction is innate as Walls, (1951),
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has argued, or not, need not concern us here. The problem
is to determine how it is that when the eye is moved from
one position to.another, an image falling on a given point
on the receptor sufface is known to be in a certain position
wiﬁh‘respect to the head and body, is how the position of
the eyes in the head is known.

The two alternatives are that the position is deter-
mined by sensory feedback from the eyes, or via the motor
outflow to the eye musgscles.

a) Position information from sensory feedback.

Sherrington, (1918), argues that the muscular sense
which he attributes to the extrinsic ocular muscles is a
gsource of certain space attributes, and contributes to the
perception of the direction of visually perceived objects.
That is, muscular sense is a factor in absolute localisa-
tion. This conclusion is based én a consideration of
the after-image experiments used by Helmholtz, (1962),
which lead Sherrington to state that in order té make
visual Judgments of the wvertical, the orientation of the
eyeballs must Be known. This is quite true, dbut to
conclude that this is known through a muscle sense is a
non sequiteur; notwithstanding the more recent discovery
of muscle spindles in extraocular muscle of various snimals

including man, (Cooper and Daniel, 1949; Cooper, Daniel
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'and Whitterage, 1955; Cooper and Fillentz, 1955).

Fender and Nye, (1961), in a servo analysis of eye
movement control have pointed out that a control system
for the eye can make use of first derivative position
feedback to control speed of response, and that this
function can be ascribed to proprioceptive signals.
However, the use of these signals has not been definitely
established, and they ére only weakly associated with
position sense as the term is used here. Similarly for
Begbie's work, (1962), on the vestibulo-ocular reflex.
Ludvigh, (1952), has proposed that the output of the
spindles serves to alter some centre for 'parametric
adjustment'. However such a mechanism is hypothesised
to be a means by which innervation sent to the muscles
is modified so that a desired effect is achieved, and is
not directly concerned with providing the sort of position
information with which we are concerned.

A summary of this very meagre evidence would seem to
take the form that there ig no worthwhile evidence that
knowledge of eye position is based on sensory feedback.
This conclusion is reinforced by one of the conclusions
of the previous section, namely that the afference from
muscles did not provide position information. The evidence

against sensory feedback as a factor is reviewed in the
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section which follows.

‘b) Position information from motor outflow.

In section 29 of his Physiological Optics, Helmholtz;
(1962), put forward a number of observations germane to
the topic of visual direction, and some of what follows
is drawn from his elegant exposition.

That a given eye posture does not directly determine
visual direction can be directly adduced by varying the
position of the eye by means other than voluntary movement.
For example, pulling on the outer canthus of the eye
produces apparent movement of perceived objects; that
is the direction of the visual axis is shifted. However,
our judgmenp of positions of objects takes}place as if
the axis had not been altered. On the other hand, when
moving the eye voluntarily, after-images do seem to move,
while external objects do not. it is possible to conclude
from these observations that judgments of visual direction
are not formed on the basis of position of the eyeball,
or the state of contraction of the muscles.

| That tension changes do not affect Jjudgment of
direction may be inferred from Kornmuller, (1930). His
data show that attempts to make voluntary movements of an
eye with one or more paralysed muscles lead to apparent

movement of objects in the field of view. In this case
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Tension is not altering yet perceived objects share the
intended eye movement. Apparent movement also occurs
when the otherwise normal eye is prevented from moving,
(Brindley and Mefton, 1960; Irvine and ILudvigh, 1936
Mach, 1959).

One way of expressing the conclusion from these
observations is to say that the observer has knowledge
of voluntarily prodﬁéed efference to the eye muscles,
and this view is consistenﬁ with the reafference principle
of von Holst, (1954), as is the following additional
evidence.

Brindley and Merton, (1960), showed that a subject
with an anaesthetised conjunctiva and occluded cornea
was not aware of passive deviations of up‘to 40 degrees
of one or both eyes. It is a common observation that
during involuntary movements of the eyes, for example,
post-rotatory nystagmus, it is not the eyes, but the
world which is reported as being in movement, Under -
these circumstances there is little doubt that the feed-
back from the stretch receptors is identical to that
produced when voluntary movement is undertaken, yet 1t
is clearly not sufficient to indicate change in positioﬁ
of the eye.

Knowledge of efference, or 'sense of effort' is
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supported by quite direct evidence. Merton, (1964),
argues that this is the information which enables us to
position our eyes in the dark , and likewise that it is

the sense of effort which accounts for the fact that an
anaesthetic thumb, (produced by a pneumatic torniquet
around thewrist) can be moved accurately with no knowledge
of results. Thus it is argued that the muscles have
their own private feedback mechanism. This is consonant
with the findings of Lashley, (1917), who observed that
his subject, a man who had no afference from below the
level of his knee Jjoint, was always correct when he stated
that he had over or undérshot the intended end-point of
his limb movement.

Summary of position sense in eyes

The balance of the evidence strongly favours the view
vthat appreciated position of the eye is based on a know-
ledge of efference to the eye musculature, and since the
eye is a one-load system, it islperfectly gsensible to
judge eye position on the basis of the size of the motor
volleys leaving the brain, rather than rely on the more

conventional sensory afference.



Part 2. The Experiments.



Introduction

The experiments were carried out during a time which
saw a sudden surge of activity in the field of prism
adaptation, and a consequent expansion of ideas. This
led inevitably to experiments being performed by the writer
in response to the situation, and as time progressed,
there was a change in emphasis of the work undertaken for
the thesis. At its inception, experiments were undertaken
which were designed to test the 'felt position' hypothesis,
which was then a subject of controversy. As evidence
accunulated in support of this hypothesis, the experiments
undertaken for the thesis changed in direction in order to
examine those situations which gave results which were not
compatible with it. This led to a series of experiments
which wére concluded by a direct test of the involvement
of the eye positioning systen in the free situation.

The experiments relevant to change in appreciated
position of the limbs will be presented first, followed
by those relevant to change in the appreciated eye position,
and lastly a number of subsidiary experiments.

The prism spectacles were a standard B.A.0. trial

frame adjustable for pupilliary distance, rake and length
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of ear piece, and height of frame on the face. These

were modified by the addition of lightweight, black rubber-
covered linen which was attached in such a way as to make
it impossible for any subject wearing the spectacles to
gain undistorted visual information.

The prisms were specially made by B.A.O., and were
ophthalmic plane prisms of standard size to fit trial
frames. The experiments carried out used prisms of powers
20, 25 and 30 prism dioptres. (A prism of power one
dioptre produces a deviation of 1 cm. at a distance of
one metre).

In that the experimental set-up varied from one experi-
ment to another, a detailed description will be given of
this in the method section to each experiment. The
introduction to each experiment will review the appropriate
experimental literature to an extent which is based upon
whether a detailed discussion of the literabture has already
appeared in section 3 of part one.

General Assumptions:

1. Prism adaptation is a genuvine adaptive phenomenon,
i.e., the adapted state differs from the unadapted in a
qualitative fashion.

2. Adaptation is displayed in the error reduction which

occurs when subjects learn to point at visual targets while
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wearing, or looking through, the prism spectacles.

3, The after effect is a meaningful index of adaptation.
(By after effect is meant the difference in ?ointing, or
similar localising behaviour, between the unadapted‘state
and that state which is consequent upon the previous
training received while wearing or looking through the
prism spectacles). This after effect is not conceived
as necessarily being equél and opposite to the previous
state of adaptation, but within the limits of the vari-
ability which a given subject displays, it is assumed that
it will show a consistent relétionship with the adapted
state for that subject.

4, With appropriate experimental procedures, adaptation
can be shown to be associated with a given part or parts

of the total system involved in the behaviour studied.

The main experiments will be considered in Sections
& and 7. The experiments to be considered in these
gections are designed according to a distinction between
training situations which the writer had previously made
in his thinking. Prominence is given to this in the
General Statement at the beginning of this thesis. The
distinction takes the form of the statement that there are

two broad kinds of training situation:
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a) The restricted gsituation, which conforms to the

criteria elucidated below, these being derived from
categorising previous experimental work.

b) The free situation, which in its original sense

Wés that of a freely moving subject wearing prism spec-
tacleé. This will be further discussed in the introduction
to section 7 of the main expériments.

As has already been discussed in part 1, section 2,
training in the restricted situation typically produces
adaptation which does not show intermanual transfer, while
in the free situation intermanual transfer does occur;
working back from the two kinds of experimental result,
the two btraining situations are quite distinct. The
nature of the difference of effect became clear on
pursuing the two lines of enquiry independently, but at
this stage, the fact of a difference in effects was good |
enough reason to separate the training procedures.

During the course of pilot experimentation, the
criteria for the restricted situation seemed to be:

a) Little or no head movement.

'b) Sight of body parts through the prisms to be
brief and to occur only while the subject is obtaining
knowledge of results. Alternatively, no sight of body,

but direct knowledge of results obtained by some other
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method, e.g., The shadow method of experiment 1. The
brief nature of the sight of body parts is stressed in
that experiments show that the significant factor of the
free situation is reasonably prolonged exposure to the
sight of body parts, (see section 7, also Hay and Pick,
1966). This findipg increases the importance of which
adaptation techﬁique is used. The one advocated on the
grounds of efficiency is the perceived error technique,
(see subsidiary experiment 2), in which the duration of
the sight of body parts can be very small. This is in
contradistinction to the arm wagging technique used by
Held and his associates.

Added to the criteria is the preferred, but not
esgsential, condition that the training movements involve
only one joint and be simple in nature. This is prefer-
able on the grognds of parsimohy; if, as it will be
argued, change in position sense of the used limb is
involved in adaptation to prisms, and if this is mediated
by receptors in or near Joints, restriction of movement
to only one Joint will facilitate the prediction of the

outcome of experimental procedures.



Section ©

The Restricted Situation

Experiment 1

The decay of prism after effects

Many experiments in the area of adaptation to prisma-~
tic deviation must by their very nature make an‘assumption
about the time in which the after effect will not differxr
significantly from the maximum which is obtained immediately
after the training procedure. Even though this assumption
must be made gquite frequently, there is still surprisingly
little evidence asvto the decay of these after effects.

Hamilton and Bossom, (1964), used subjects who were
trained by viewing the active movements of their arm for
fifteen minutes through twenty dioptre prisms. A subse-
quent condition where subjects sat passively in the dark
for fifteen minutes produced a decrement of after effect
not significantly different from that obtained when active
movement had been used to negate it. Hamilton, (1964),
observed the same rapid decrement in one arm while the
other was being adapted.

It is argued here that it is a necessary preliminary

to further work on this kind of adaptation to know the
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time within which it can reasonably be assumed that there
is no significant decrement of after effect. It is only
within such a temporal interval that it is justifiable to
consider the results obtained as being drawn from the sanme
population. It was for this reason that a number of
observations were taken to ascertain the 'no significant
decrement' period prior to testing specific hypotheses
about the adaptation process.
Apparatus

The apparatus used for this experiment was also used
for others, so it will be described at some length.
A triple topped tablg was constructed, the two uppermost
surfaces being made of quarter inch plate glass. The
lower of these was 4' 6" from the ground, and the other
5' o". The lowest surface wés of wood, and was 4' O"
from the ground. ~ The lower plate glass sheet had its
upper surface sprayed with P.T.F.E., which due to its
very low coefficient of friction, served to reduce drag
when the subject moved his arm over it. The lower surface
of the lower glass sheet was marked out in degrees, the
point of origin being some 5" beyond the front edge of
the glass, and 9" to the right of centre.

On the lowest, (wooden), surface was a small holder
which could slide smoothly over the surface, on this was

mounted a miniature 100 watt point source of light.

- 94 -



e
g e

and table top. - s

bite bar,

== e .
<
—~——— d\
—_—
s N - égg;
Plate 1. Showing arrangement of

two plate glass sheets




The upper glass sheet could be covered with plain paper
if appropriatse. This upper sheet was mounted on Dexion
which was bolted to the wally parallel to thig and 1' O"
above it was a similar length of Dexion also bolted to
the wall. A pair of vertical %" brass rods were mounted
side by side between these two Dexion lengths, and the
device holding the dental wax bite could be adjusted in
height on them, (see plates 1 & 2).

Method

Bubjects: Ten subjects were used, all undergraduates
at the Universify. | No subject showed manifest deviation
of the eyes.

Procedure: The subject was seated, then raised until
his right forearm could lie horizontally on the lower
glass sheet. This meant that for most subjects the
shoulder was an inch or two higher than elbow. The right
shoulder was palpated by B in order to locate the acromio-
clavicular joint, (see appendix), it being assumed that a
perpendicular dropped through this point would be a good
approximation to the axis of rotation of the arm when it
was moved in horizontal abduction and adduction. (It must
be noted that there is no true axis of rotation, because
whatever action is required of the arm, the scapula moves

to align the glenoid cavity so that it will be in the best
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position to receive the head of the humerus).
The subject was now positioned such that this axis
of rotation coincided with the point of origin.of the
scale on the lower glass sheet. In order.to keep the
subject. in this position during subsequent arm movements,
a nylon webbing harness was developed which could be
adjusted on each'subject such that when leaning forward
he was restrained the appropriate 5" from the edge of
the glass sheet. Sideways movement was controlled by
a post which projected horizontally from the table top,
and which could be adjusted sideways uLtil it was pressing
firmly against the subject's left side. These measures
could not prevent movement on the part of the subject,
(indeed that would have been undesirable), but if the
subject co-operated and leaned into the harness and against
the post to his left, then he could move into and out of
his dental impression and regain the same place each time.
In front of the subject, and symmetrical aboubt his
prism deviated visual median plane were five fine line
targets, drawn vertically on white blocks 1" high and %"
wide. These blocks were spaced 7 degrees apart, and were
on the arc defined by the tip of the finger as the arm was
adducted., .The centre target was objectively 1l degrees

19 minutes to the right in order that it lay along the
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line of the deviated visual median plane. The subject's
right arm and hand were held semi-pronated, and rested on
the lower glass sheet; +the fingers of this hand were
flexed with the exception of the index finger which was
maintained in the extended position. The left arm was
held loosely in the lap.

Pre-training meésures: The subject placed himself in
the bite and his arm on the lower glass sheet, no prisms
were worn. The & called out the letter associated with

each target five times in random order, and on each of

25 occasions the subject ballistically* adducted his arm

from some position on the far right, (a2bout 70 or 80 degreesr
to the right of the sagittal plane passing through the
point of rotation of the arm, there being no need to specify
the starting position with precision). He brought his
limb to rest such that he thought his index finger was
underneath the specified target. This took place without
the subject gaining knowledge of results since the top
glass sheet was covered with white paper. When the arm
had come to rest, the subject turned his index finger down,
and B read off the error from the scale.

Training: The subject's interpupilliary distance was
measured, and the trial frames adjusted for this, and for

* See appendix for definition.
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length of rake of ear piece. The E put the two 20 dioptré
prisms in place with their bases right, and the subject was
asked to put on the trial frames with his eyes shut, and
move himself into the dental impression. Subsequent to
this, exacﬁly the same procedure was adopted as in the
pre-training, except that the subject was given knowledge
of results. This was achieved by B moving the point source
of light until it was beneath the subject's index finger;
when it was so positioned and turned on, the subject could
see a sharp shadow of his finger and its relation to the
target at which he was trying to point. After 25 readings
had been taken, and irrespective of how completely the
subject had adapted, the training was stopped, the subject
shut his eyes and the spectacles were removed from him.

As soon as this had been done the subject opened his eyes
and the post-training readings were taken.

Post-training measures: As in the pre-training, E
called out bTarget letters, and the subject made a ballistic
movement to place his index finger under the appropriate
target. Knowledge of results was withheld. Since as
many readings as possible were reguired within the time
interval used, and since decay of effect through time was
the subject being investigated, readings were taken at

7 second intervals. For convenience, each target position
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was called twice in every ten readings. Fifty readings
were taken, B noting the error made each time to the .
nearest 1/10 degree. It must be noted that all movement
takes place at the right shoulder joint only.

Results |
Table 1.

Prism After Effects Through Five Time Intervals
Mean Errors in Degrees
All Errors in Same Direction

Subject Time in Seconds
%l 2 t3 th 5
0-70  71-140  141-210  211-280  281-350
1 5.0 4.9 4,3 3,8 1.4
2 6.8 6.0 6.6 6.2 5.7 |
3 5.4 7.2 4.0 2.4 2.5 X
4 12.5 9.8 114 10.3 11.0 .
5 7.6 8.1 9.3 10.1 10.6 »
6 1.8 2.1 0.9 0 0 |
= 5.0 4.3 2.9 2.0 1.5
8 6.3 6.0 4.7 3.6 2.0 ;
9 11.0 8.6 7.2 6.1 5.0 |
10 8.0 8.1 8.7 8.6 8.8
Mean 7.4 6.8 5.9 5.2 - 4,5

The above results have been corrected to 'subject zero'
by subtracting the mean of the errors made in the pre-test
from each of the readings.

If the mean of the readings taken during time t1 is

taken as 100, then the respective values of t2 through t5
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are 92%; 80%; 70%; and 61%, showing a remarkably consistent
drop through each time period, see Fig. 1. These results
suggest that any experiments which are modelled on a pre~
test, training, post-training paradigm should have the post-
training readings taken as quickly as possible if maximal
after effect is required. In terms of minutes, a post
training time of not more than two is suggested by the
data. Certainly, the readings taken during time t1 are
significantly different from those teken during t2.
Students t = 2.47 with 4f =9, thus 06.0l«p <0.025,

The above results bring out a side issue which has
not been followed up, namely that some of the subjects
show strongly atypical results. For example, subject 5
shows gradually increasing errors while subjects 2 and 10
remain reasonably constant over the whole of the 350 sec
period. It is intriguing to speculabte whether these
subjects are merely slow to begin the normal decay process,
or whether they are maintaining the probability of the

particular response by emitting it. That is, do they
have a very slowly descending decay curve, or is the

population bi-modal when subjects are asked to perform
in the manner described.

These gpeculations do not affect the main point at
issue, namely that when using an unselected group of

subjects, and in order that it may be assumed that
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significant decay has not taken place, it is sensible %o
take the post-training readings promptly, e.g., within
two minutes subsequent to short term training with 20

dioptre prisms.

Experiment 2a

Bvidence to implicate the joint in
restricted situation adaptation

When these experiments were performed, there was a
certain amount of evidence that there was a change in the
'felt position' of the arm after exposure to visual dis-
Placement in a prism wearing gituation, (Harris, 1963,
Hamilton, 1964, Pick et al, 1963). The evidence seemed
convincing, though in the main presumtive, Harris had shown
that there was little or no intermanual transfer of
adaptation to the unused limb, but intermodal transfer
occurred when the adapted limb was used to point to a
gound, or to the straight ahead position. The latter
two findings had been supported by Pick,I@ay and Pabst,
(196%). Hamilton, (1964a), used normal and split-brain
monkeys for a geries of prism experiments, and had observed
that monkeys with midline section showed no deficit of
adaptive reaching with the used limb when tested for

inter-ocular transfer, and concluded that under some
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conditions adaptation seemed to be restricted to the
level of the used Jjoint.

Harris, (1963a), performed an experiment using the
techniques of magnitude estimation of distances between
forefingers before and after adaptation, i.e., an. experi-
ment requiring estimates of distances in figures relating
to a remembered separation of the fingertips which had
been given an arbitary reference number. This experiment
showed that the estimates moved in the predicted direction
after adaptation. However, such an experimentbwould fall
under Brindley's, (1960), category of class B observations,
and thus conclﬁsions in terms of the way in which the
gsystem functions must be regarded with caution.

When the following experiments were done, this was
the evidence for change in felt position, or kinaesthetic
change, subsequent to exposure to prismatic displacement.
At the saume time, Efstathiou and Held, (1964), had. dis-
agreed with the 'felt position' formulation on the basis

of a theory formulated by Held, and the possibly relevant

observation that accurate reaching can take place without
the hand being visible. They suggested that both the
object to be localised and the intended position of the
hand are mapped on an internal representation of space.
Thus they argue that adaptation involves a change in the

mepping of the intended position. The experiments

- 102 -




reported in their paper, (which are the subject of
experiment 4 in -this thesis) lead them to accept this
mapping hypothesis, aﬁd to conclude that ".... adaptation
to displaced vision cannot be interpreted as a change in
the felt position of the arm in relation to the body".

It was because these two conflicting views had been put
forward that further experiments seemed desirable.

The problem was to devise a situation which could
unequivocally test between the view that the felt position
of the arm was implicated in adaptation, and the alternative
that it was not. It has»already been argued that limb
position is mediated by Jjoint receptors at the periphery,
.thus to facilitate understanding the results of the
'experimént it was decided that only one Joint, the shoulder,
was to be used im the prism training session.

The experiment used the ability of the subject to
point to one limb with the other without visual informa-
tion. It involved measuring the accuracy with which a
subject could point to specific locations along one arm
before and after that arm was used in an adaptation
procedure. The null hypothesis was that there should
‘be no significant alteration in the lateral accuracy with
which this task could be carried out. The position taken

up by Efstathiou and Held would be consistant with
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accepting the null hypothesis, while that of the proponents
of the felt position hypothesis would predict its rejection.
Apparatus

The apparatus was mounted on a bench top. Standing
subjects could be raised so that when their left arm was
horizontal it was three inches above the bench surface.
Above the bench surface was mounted a triangular perspex
sheet, with lines scribed in degrees, origin A, (see plate
3). At A, a %" hole was drilled to facilitate positioning
the centre of rotation of the arm beneath it. In the
region of A was superimposed anobther scale, consisting of
a line grating, the linesvsﬁaced 1/10" apart and lying in
the sagittal plane. Two small groups of holes were drilled
along the line scribed from A which coincided with the
sagittal plane passing through the point of rotation of
the left arm. These two groups were arranged such that
one of the holes would be éppropriate for the wrist region
and another for the elbow region of any subject's arm.

The perspex sheet was supported by adjustable ball-~
jointed clamps, thus it could be bent to the contours of
the left arm when it was in place. 1, 2, 3, 4, were nylon
ended rods which could be adjﬁsted so that the shoulder
and arm could be held égainst them. 5 was a similar rod

which could be adjusted such that the fingertip Jjust touched
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perspex sheet

Diagrammatic representation of apparatus used for direct

imb position.

)

estimates of adapted 1

Plate 3.




it. B was anotﬂer ball-jointed clamp which held an
opagque screen in Which 20 dioptre base right prisms were
mounted and which could be adjusted to a height appropriate
to the subject's eyes.

Method

Subjects: The subjects were twelve undergraduates
taking courses at the University of Durham; they were
all right handed, and_ﬁone~showed manifest deviation of
either eye.

Procedure: The subject was raised by means of blocks
until his left shoulder was at the height of pad number 1
in the plate, and his shoulder was palpated to find the
point of rotation of the arm, (see appendix). While that
spot was retained, (either by marking the shoulder with
indelible pencil, or by E keeping his finger tip at the
appropriate place), the subject was asked to press his
shoulder firmly against pad No. 1 and hold his arm hori-
zontal. With the clamps holding the plastic scale only
semi-tightened, the scale was then moved such that A,
the point of origin, was over the point of rotation of
the arm. |

With the subject still) holding his arm in the horizontal
position, and oriented semi-~prone, E moved forward r&d

No. 5 until the subject reported that he could feel
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distinct pressure on his extended index finger. E now
moved forward rods 2, 3 and 4, which until now had been
right back against their stops. These were tightened

in position when they were bearing firmly against the
subject's arm. The subject was now asked to come out

of position and then regain it as swiftly as possible,

the accuracy with which his shoulder was in the appropriate
position was checked, and adjustments made to bring this
about if necessary.

Pre-~training measures: The subject positioned himself
as described, his left arm held horizontally against the
stops. In his right hand he held a black fibreglass nib
pen, and his right forearm rested on a foam plastic pad,
(on the bottom right of plate 3). The subject's task
was to make a small mark on the top of the perspex sheet
using the pen in his right hand, this mark was to be at
the point which seemed to co-incide with the pin-prick
which B was producing with a long handled steel pricker
made for the purpose. B inserted the pricker through
the hole in the shoulder, elbow and wrist region of the
perspex in random order, and kept the point in contact
with the subject's skin until he had made the mark.

This mark was made without the aid of vision, the subject's
eyes being closed throughout the whole session. Only

twice was the subject sufficiently accurate to hit the
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pricker with the marking pen. Thirty readings were
taken in two batches of fifteen; giving ten readings

at each position. A two minute rest with the subject
out of the apparatus was allowed between the two batches
of fifteen. The subject was allowed to rest his right
forearm on the pad in between each reading. Readings
were btaken about once every five seconds.

Once these readings had been taken, the subject was
allowed to rest while ® prepared for the training session.

Training: The B swung the prisms in front of the
subject's eyes, and also swung into view three targets
consisting of fine vertical lines lettered A, B and C
respectively. These targets were mounted above the
widest part of the perspex sheet, and were spaced five
degrees apart, the central one being in the objective
median plane of the subject's body. The perspex sheet
was covered by a card such that the subject could not
gsee his left arm when it was fully extended on the table
top, but if the arm were raised, the index finger came
into view.

The subject was then asked to move his left arm from
left to right across the table top until he considered
his index finger to be below the target which had been
- called out by H. The subject then 1lifted his arm, his

index finger came into view, and immediate knowledge of
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results was obtained. The arm was then returned to thé
left and the procedure repeated for another target. The
training was continued ﬁntil the subject could perform

the pointing task to a criterion of 5 consecutive résponses
at an accuracy of plus or minus % degree. As soon as

this had been achieved, the subject was asked to close

his eyes and put his left arm back into the initial posi-
tion against the stops. The targets and the prisms were
swung aside and the subject given a fibre-nib pen of a
different colour to the first.

Post-training measures: These were identical to those
of the pre-~training situation. With his eyes closed,
the subject marked on the perspex with his 'untrained!
arm the apparent location of his trained arm as defined
by the prick spots produced by B at shoulder, elbow and
wrist.

There was one difference in procedure, and this was
during the two minute interﬁal between the first and
second session of fifteen readings, instead of relaxing
out of the experimental situation, the subject opened
his eyes, looked through the prisms which were still in
place, and was retrained by E to the same criterion as
ih the training session. If this did not take two
minutes, the second session'was begun before the end of

this interval. It is clear that the two minute rest
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between the pre~training sessions was not strictly
necessary in its own right, but was inserted for symmetry
of design.

The Readings: The two sets of markings were read
off by B at the close of the experiment, and were recorded
as 1gteral errors from the true position correct to one
tenth of a degree for the wrist and elbow readings.
The errors for the shoulder were recorded on a different
scale, and will be dealt with later. Although there
was some danger of confusion with this procedure, the
pre-training measures were not read off by B immediately
after they were taken in order that the total time taken
for the experiment was as little as possible. This
policy was adopted on a precautionary'basis, The writer
has observed informally that even with no treatment condi-
tion intervening, means of errors in pointing to visual
targets with no knowledge of results are often appreciably
different on two different occasions. This could well
reflect that the range of error as defined by'a long series
of readings is made up of a series of sub-ranges each of
-which was guasi-stable in the short tern. Craske and
Templeton have observed that this sort of spontaneous
change is a characteristic of the response of the eye

positioning control system when a series of readings of
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the eye resting position are taken. Since the eye is a
part of the total mechanism which is involved in pointing
to visual targets, it is not implausible that small
spontaneoué shifts of response could occur when readings
are taken from a different ?art of the total pointing
mechanism, Thus the time between pre-test and post-test
was kept low in order that possible spontaneous fluctuations
in the response of the system were kept to a minimum.

The error readings for the shoulder region were not
read off in degrees since it is quite clear that there
are several factors which make guch a procedure quite
impractical. These are: (a) that the subject may mark
behind the origin of the scale, or (b) may mark exactly
to the right or left along the coronal plane passing
through the point of origin of the scale. (¢) Near to
the origin, the disbtance between the lines on the scale
is small compared to the size of the mark made by the
subject, and (d) following from this last factor, errors
due to the inherent variability and inaccuracy in the
pointing limb will be disproportionately magnified.

Factors of type (a) produce errors which are meaning-
less on the scale used for elbow and wrist error measures,
unlegss some arbitary ﬁeaning is given to them. Those

of type (b) are completely meaningless in that they will
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give a reading of 90 degrees even if the linear error
tends to zero. Those of type (c¢) lead to readings with
an accuracy of no better than to the nearest 5 or even lO}
degrees; the difficulty and inaccuracy becoming greater
the more truly accurate the subject is in performing the
task. Those of type (d) will add a very considerable
variability to the readings, and clearly this wvariability
is spurious in that it is associated with the magnified
errors.of‘the measuring tool, (the pointing arm), and not
the experimental object, (the treated arm).

As a result of these objections, an alternative scale
was superimposed on the shoulder region; +this consisted
of a grating of lines spaced 1/10" apart, running parallel
to the sagitital plane, and centred about the hole which
was at the axis of rotation of the shoulder joint.

It is regrettable that the same measure cannot be
used along the length of the arm, but the situation is
such that this is not possible, the change in error units
need not be too worrying, however, for it is quite clear
that the hypothesis being tested predicts zero change at
the point of rotation of the limb, provided that the
plausible assumption is made that the position sense of
limbs is mediated by receptors associated with the joints.

It is less clear to see what prediction would be made by
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Efstathiou and Held, but it would seem that a change in

the mapping of the intended position of the limb extremity
would not involve the shoulder.  The analysis will there-
fore be to test for errors of lateral extent at the'shoulder

before proceding to extract further data.

Results:
Table 2.
Pointing to the shoulder of the adapted
arm with the unadapted
l{lean errors before and after treatment
in tenths of an inch
Subject Before Treatment After Treatment
1 -1 -2
2 5 1
3 1 3
4 -4 -3
5 7 -7
6 - 8 -6
7 -5 -8
8 -3 -3
9 S} 2
10 5 1
11 -8 -10
12 1 —2
Sum = - 6 -29
Mean = =~ 0.5 - 2.4
SD = 5.2 4,52

It is now possible to test the hypothesis that the

mneans of the two samples are equal. The assumption is
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made that the samples are drawn from a population which
is normally distributed. An appropriate statistic is

the dependant case for 't', where . _

vSD/(N - 1)
Table 3.

To test for significance of difference of means
for the data of table 2

Deriving the difference scores D and D2 from table 2

Subject D D2
1 + 1 1
2 + 4 16
% -2 4
4 ~ 1 1
5 + 14 196
6 -2 4
7 + 3 9
8 0 0
9 +5 25

10 + 1 1
11 + 2 4
12 - 2 4

Sum of D = + 23  Sum of D& = 265
On the full data, t = 1.48, 4f = 11; for two tailed
test 0.20 > p > 0.10 which would no%b be considered
significant on the normal criterion. However this level
may be considered spuriously high due to the influence
of the outlier, (8 5).
If this is rejected, then t = 0.24, 4f = 10 for which

P >> 0.3, This is clearly significant.
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From the foregoing analysis it can be seen that the
evidence is insufficient to warrant the rejéction of the
null hypothesis.

in terms of the purpose of the major part of the
experiment which has yet to be considered, these are very
gsatisfactory results, and show that no change of the
appreciated position of the shoulder of the 'adapted'
arm takes place as a result of the adaptation procedure.
This leaves the way clear for the main hypothesis concern-
ing the appreciated position of the arm used during the
training procedure.

Table 4.
Mean errors in degrees in marking positions
along one arm

(-~ indicates that the error was to the
subject's right)

Subject Before Treatment After Treatment
Wrist Hlbow Wrist  Elbow

1 -2+ 54 -0.90 ~9.54 -8.42
2 1.80 0.80 ~6.%8 -6.80
3 0 -3 .64 ~5.16 -65.56
4 -3,28 ~5.00 ~6.56 -6.22
5 0.84 0.46 ~-7.60 -5,18
6 -2.,10 =4, 04 -9.78 -9.10
7 -1.06 0.72 -6.20 -4 ,%8
8 -0,%2 -1.28 -3%.00 -2 44
9 -4 .14 =274 -8.64 -7.96
10 -0.44 3436 -8.58 -4,58
11 -3.46 1.04 -5.50 ~2.76
12 ~3,38 -0.88 ~4,08 ~-2.88
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If from table 4 the before treatment errors are sub-
tracted from the after treatment errors for both wrist and
\ elbow, an initial measure of the angular change observed
for the two positions can be derived. Consulting the
first two columns of table 5, it can be seen on inspection
that a large undirectional change in appreciated position
has occured for both wrist and elbow.

.Table 5.

Angular change in degrees for wrist and elbow

Subject Wrist Elbow Difference (D) p2
1 -7.0 -7.5 +0.5 0.25
2 -5.1 -5,2 +0.1 0.01
3 -8.2 -8.1 -0.1 0.01
4 -3.3 -1.2 -2.1 4ol
5 -7.1 -7.6 +0.5 0.25
6 -7.2 -5.1 -2.1 4,41
7 -5.1 -5.1 0 o
8 -2.6 -%.% +0.7 0.49

9 4,3 -5.2 +0.9 0.81
10 -8.1 -6.6 ~1.5 2.25
11 -2.0 -%.8 +1.8 3. 24
12 -1.6 -2.0 +0.4 _0.16

Sum of D = 3.0 D2 = 16.29

Mean of D = 0.25
From the above results it is clearly of interest to
determine the mean of the differences between wrist and
elbow, and the confidence interval within which the

population mean lies.
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Standard error = Q.4

X 4+ 1.96 x 0.4 degrees
0.25 t 0.78 degrees

95% confidence limits

i

i

Thus the 95% confidence interval includes zero. This
is a result consistent with the hypothesis that adaptation
produces a change in the felt position of the used arm,
which would predict that the difference between the angular
errors when pointing with one limb to another before and
after adaptation should be identical fdr any positions
along the used limb. Thus subtracting one from another
should produce a result of zero, which is within the
confidence limit.

It is sensible to enquire at what level we may assume
that the angular errors for pointing %o wrist and elbow
are alike.

Using the data of table 5,
t = 0.7% with df. = 11
This does not reach significance on a two tailed

test at the 20% level of +%. Thus the angular deviation

displayed when pointing to various tarzets along an

adapted limb with an unadapted one is consistent regard-

less of position of target.

This being so, the readings for wrist and elbow
can be pooled in order to test the null hypothesis that

there is no significant difference between the before
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and after errors on the pointing task.

Table 6.

Means of pooled errors before and after adaptation

Subject Mean error
Before After Difference (D) D?
1 - 8.6 -44.,9 -36.53 131.8
2 - 9.2 -3%5.0 -25.8 665.6
3 + 6.8 -33,0 -39.8 1584.0
4 -20.9 -32.,0 -11.1 12%.2
5 - 1.0 -%2.0 -31.0 961.0
6 ~15.4 -45,9 -50.5 930.3
7 - 0.9 -26.3 -25.4 o45,2
8 + 2.4 ~13.6 -16.0 256.0
9 -17.2 -41.5 -24.3 580.5
10 + 7.3 -32.9 -40.2 1616.0
11 - 6.1 -20.7 -14.6 213.2
12 -10.1 -19.7 - 9.0 81.0
Sum of D = 309.0 D2 = 7797.8
Mean of D = 25.8

T o= 3.4 af. = 11
p <« 0.005, two-tailed test.

The evideﬁce is therefore sufficient to warrant rejec-
tion of the null hypothesis. |
This result provides strdng support for change in
appreciated arm position as a factor in adaptation under
the experimental conditions used.

Acceptihg change in appreciated arm position involves
predicting that there should be a relationship between tThe

size of the errors made in pointing to the adapted arm
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with the unadapted, and the size of the errors made when
pointing with the adapted arm at a visual target without
knowledge of results. Accordingly the following experi-

ment was carried out.

Bxperiment 2b

Showing a relationship between the angulatr errors
recorded in experiment 2a, and size of subsequent
after effect

Apparatus: This was as for experiment 2a, except that
the adjusters (numbers 1-5 in plate 3) were remoVed, thus
enabling the subject to abduct and adduct his arm through
a large arc in the horizontal plane. A bite bar was
used in order to help maintain the subject's shoulder in
the position appropriate to reading off errors in degrees.
This placed relisnce on the subject not moving the shoulder
out of the coronal plane during arm movement, clearly this
assumption cannot be made very confidently.

Method

Subjects: The subjects were the same as in experiment
2a.

Procedure: The experiment was in three parts.

a) Pre-treatment measures: The subject, who was not

wearing prisms, was asked to point with his left arm at
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each of three targets used in the preceding experiment.
The order of presentation was debtermined by B such that
each target was called five times. Knowledge of results
was withheld from the subject by covering the perspex
sheet to a suitable distance, B however could see the
extended fingertip, and read the error to the nearest
0.5 degree.
b) Treatment: The prisms were swung into place, and with
no further adjustments necessary, the subject was trained
With knowledgé of results as in the previous experiment,
using adduction of the left arm and continuing the training
until the criterion of 5 consecutive responses with an
accuracy of * 0.5 degree was achieved.
¢) Post-treatment measures: At the completion of the
treatment condition the subject was told to close his
eyes while B swung away the prisms, the situation was now
as for the pre-treatment measures. The. subject was then
asked to open his eyes and point with his left arm without
knowledge of results to each target as it was called out
by BE. Fifteen readings correct to the nearest 0.5 degree
were taken.

Results: Although every attempt was made to keep
the subject's shoulder in the appropriate position, fhis
was an unrelisble part of the situation, though the

unreliability was unavoidable if experiment 2b was to
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conducted in essentially the same situation as experiment
2a. This being the case the results were considered
unsuitable for any treatment more rigorous than ranking.

Thus the ranks of the size of error produced in this
gituation are compared with those produced by the same
subject when pointing to the adapted limb in experiment
2a, these latter data are drawn from table 6. An appro-
priate statistic for testing association between these
two sets of ranks is Kendall's Tau.

T = 8

v (eN@O-~-1)-Tx) (2§ (N -1) - Ty)
where Tx and Ty =% t (t - 1) where t is the number of
ties on the X and Y rankings respectively.

Table 7.
- Ranks of errors, least to greatest, on two tasks
Subject Rank on pointing Rank on pointing

to used arm to vieual target +<9 179
1 9 8 % 0
2 7 7 5 0
) 1z 11 12 11
4 4.5 3 7 0
5 2 5 7 3
6 10.5 12 ¢) 1
7 8 9 ) 1
8 6 6 6 0
9 4.5 4 7 1
10 10.5 10 2 0
11l 3 2 9 )
L o b k818
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The significance of tau is found by dividing the

calculated tau by its stgndard deviation. In this case:-
8.0. = 488 1T)
= 0.22

Testing tau for significance of difference from zero

we divide by 0.22 to get the critical ratio.
%f%%

= 3.97
Since there is a good priori reason to predict a positive
association between the two sets of ranks, a one tailed
test is the most appropriate. The above result is
significantly different from zero at p < 0.0001.  This
is a strong positive association between the results of
the two experiments.
Discussion:

The results for experiment 1 must not be generalised
to experimental situations in which very different training
procedures, exposure times or training criteris are used.
For example, it seems that prolonged exposure in the free
situation leads to prolonged after effects, as illustrated
by the observations of Held and Bossom, 1961; KXohler,
19643 McLaughlin and Bower, 19653 and Pick and Hay, 1964.
The responses of the individual subjects hold some interest

in that some maintain the adapted state for a time within
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which obther subjects have shown a decrement in error rate
to zero error. The conditions governing these differences
would be interesting to investigate, for example, from
Hamilton and Bossom's paper, (1964), one would predict
that there would be an inter-response time which would
allow spontaneous decay to take place in those subjects
who, in experiment 1, maintained their adapted state.

The inference is that an important factor in producing

the maintained adaptation is the rate of responding in

the post-training measurement situation.

The actual form of the training technique is of
interest insofar as it is a variant of the perceived error
technique, (see subsidiary experiment 2), ih which the
subject never actually sees his hand or finger, but only
the shadow of it, and this only when the 1limb is at rest.
That this successfully produces adaptation is quite clear,
and is in itself evidence contrary to the reafference
view of adaptation. This is so unless some sort of memory
unit is installed in the reafference model to enable a
copy of 'what instructions have gone out' to be retained
until the result of the instructions is received all-at-
one~-time at the end of the mOvement. This method of
training certainly shows that continuous input of the

results of commands to the limb is unnecessary.
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The direct conclusion from experiment 1 is that if
this training btechnique is used with a training criterion
of 5 successive responses accurate to within plus or minus
0.5 degree, then an appropriate strategy is to take posf—
tréining measures within two minutes of the cessation of
the training.

BExperiment 2a used this finding in that the number
of readings taken subsequent to adaptation was restricted
to 15. A significant feature of the design was the
number and type of movements used in the training situation,
and the fact that only one joint was involved. This is
equally true of experiment 1, and will generally be the
case for experiments in the context of the 'restricted
situation‘. These particular constraints were put upon
the situation since interest was centered around a hypo-
ﬁhetical change in the position sense, and it has been
argued that this is mediated at the periphery by joint
receptors. The possibility that adaptation might stem
from some recalibration of the motor outflow, especially
in a restricted situation, is dealt with severally by the
argument in section 4c of part 1, the results of experiments
2a and 2b, and lastly. by subsidiary experiment 6 which
tests the motor outflow involvement hypothesis directly,
and finds no evidence to support it.

Experiment 2a may be criticised for not keeping the
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subject's head immobile, but this was difficult to do
properly given the constraints of the situation. The
expedient of using mounted prisms instead of letting the
subject wear them was adopted. Thus inadvertant head
movement waé coﬁntered by compensatory eye rolling, and
hence the eyes continued to look through the central part
of the prisms. The lack of control over shoulder position
in experiment 2b could also be criticised, but it is
argued that to use any sort of device to do this would
restrict the movement of the arm, and lead bto less control;
over the situation rather than more. Not to restrict
the shoulder, and using the less stringent ranking
techniques in the analysis seemed a reasonable compromise.
The results obtained for pointing to the ghoulder of
the arm used iﬁ the treatment condition are quite clear
and unambiguoug; with the technique used there is no
change in the mean position indicated by the subject, and
equally as importaht, no change in standard deviation.
This is fully in line with the prediction from the hypo-
thesis that there is change in felt position of the arm
mediated by receptors in the shoulder. There is a
certain lack of clarity as to the prediction from the
mapping hypothesis, and perhaps the safest course is to
say that it makes'no specific prediction for thg shoulder

region. ‘
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That there Weré no changes in the erfors made in
pointing to the shoulder aids the understanding of +the
following results considerably, for the errors for the
wrist and elbow were in degrees with the axis of the
ghoulder as origin. The null-hypothesis was that there
would be no difference between before and after errors
in this situationj and this is the prediction made from
Efstathiou and Held. Clearly the felt position hypothesis
predicts significant difference at both wrist and elbow.
Furthermore, the magnitude of the angular errors at the
two points would be predicted as being identical.
Inspection of table 5 and the following tests confirms
this latter prediction by showing that the 95% confidence
limit includes zero angular difference between wrist and
elbow. It was also shown that the angular difference
between the before and after measures was considerable,
and led to the rejection of the null-~hypothesis at
p< 0.005.

This represents fairly sound evidence for a change
in felt position of the limb after adaptation, and leads
to a corollary, namely thet errors in pointing to visual
targets when the adapted arm is used should be strongly
associated with the errors Just noted. This is especially
to be expected following the idea of the preservation of

the M.0.T.F.P. put forward in section 44 of part 1, and
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from the assumption that in many circumstances humans
move a limb from a kinaesthetically appreciated position
to a position defined by the visual target. Table 7
and the tau test which follows it make it quite clear
that the predicted positive association does exist, with
a difference significant at p< 0.005.

The direct conclusion is to reject the criticism of
Efstathiou and Held, and the mapping hypothesis associated

with it, and to affirm that some change has taken place

in the pogition sense of the used limb. Craske, (1966a),

has suggested that a convenlent way to think of this is

as a change in the transfer function of the joint receptor
output. This is argued on the basis that adaptation is
unlikely to alter the output of the Jjoint receptors

themselves, but the system is acting ags if this had

occurred.,

A change in the transfer function at some level
between the Jjoint receptor output, and the final percep-
tion of joint angle is consistant with the observed change
in position sense. A significant question is at what
level can the system be considered plastic? This is a
problen which is open to the physiological technique
technique of single unit analysis, which could be fruit-

fully employed using monkeys. Such a technique could
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be used for on-~line recording of change during prism
adaptation, provided a Jjoint unit had been isolated before
attempting prisﬁ adaptation, and its characteristic
response rate for a given joint angle determined.

The findings of Hamilton and Bossom, (1964), and
those of experiment 1 indicate that the change induced
by prisms in the restricted situation is of transient
nature. Specifying the nature of, or producing a model
for this transient response will constitute a major
theoretical problem for.the future.

One last issue to be discussed at this juncture is
that of size of after effect. The hypothesis that.
adaptation is due to change in appreciated limb position
makes no specific prediction about the size of the after
effect, though it might be expected on an everyday level
that if the subject has learnt to hit the target every
time for a succession of times, then he would miss the
target by the amount of the prism deviation subsequent
to the removal of the prisms. The fact is that this
rarely proves to be the case; an example can be provided
by table 5, inspection of the reéults shows that only
about one third of the subjects show after effects of
more than 7 degrees, which represents some 2/% of full

after effect. This sort of finding does not embarrass
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the hypothesis, but it does pose two problems which have
not yet been investigated, the first is the relationship
between the amount of correct response training, and size
of after effect; and whether or not the asymptote of the
after effect curve lies on the value of the imposed
deviation. An extension to this problem is whether
subjects have individual maxima; certainly this is one
way of interpreting the fact that with identical training
the subjects in experiment 2a between them showed a whole
spectrum of after effects. Aiternatively it could be
assumed that different subjects require different amounts
of training to produce similsr after effects.

The second problem is that of the size of after effect
as a function of a given amount of training across the
range of prism powers, put another way, will training to
a given criterion produce a constant percentage after
effect for a single subject, for 1, 2. 3, n prism dioptres?

Notwithstanding these problems, the major conclusion

from these experiments is considerable support for the

hypothesis that adaptation in the restricted situation

is associated with a change in the appreciated position

of the used limb, most conveniently thought of as a change

in the transfer function of the joint receptor outputb.
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Experiment 3

An auditory analogue of prism adaptation

It had been shown by Harris, (1963), McLaughlin and
Bower, (1965), and Pick and Hay, (1964), that restricted
situation adaptation resulted in errors in pointing at
auditory targets. | This mislocation seemed readily
explicable‘by the notion that adaptation produced a change
iﬁ the appreciated position of the arm, and was of a size
and direction identical to that which would have been
predicted for the subject pointing to a visual target
gubsequent to adaptation.

This kind of intermodal transfer of effect, apart from
supporting the 'felt position' by hypothesis, raises the
following question. "If the effect tramsfers, why should
it not be produced using non-visual input, and transfer
back to the visuwal modality?" It is not known to what
degree the human localisation system is plastic when
displaced position information is presented non-visually,
and for that reason alone, this question is interesting.
Further, if the system shows 'adaptation' when such non-
visual position information is used, it seems reasonable
to hypothesise that the plasticity will take the same form
g8 in the prism situation, and transfer to the visual
modality would be predicted. Thus incorrect localisation

of visual bargets should occur subsequent to training



which involved non~viridical position information derived
from the sound localisation system.

On the basis of this sort of analysis, the following
experiment was performed in an attempt to produce adapta-
tion similar to that found subsequent to the prism wearing
treatment condition. The experiment used position informa-
tion mediated by the auditory system, and a displacement
of 12 degrees was induced between where the subject felt
his arm to be, and where he heard it to be. The degree
to which any of the 'prism typef adaptation $ook place was
measured by an intermodal transfer situation, namely taking
méasures of accuracy in pointing to visual targets before
and after training on the auditory task.

The null hypothesis was that there would be no
difference between the errors measured in the two situations.
Apparatus:

The apparatus congisted of a 4' x %' bench top some
4' high, on this was a radial scale marking off degree
intervalg, with origin the long axis of the upper half of
the subject's body when he was seated and zero his median
sagittal plane, see figure 2. Above the scale was a
sheet of plate glass which covered the table top.

During the pre and post-treatment conditions, a
removable table top was placed above the first at such

a height that when the subject horizontally abducted and
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adducted his arm, it could move between the two surfaces
without touching either. The edge of this table which
was furthest away from the subject was marked with the
linear projection of the lower scale, the zero points of
the two coinciding. A visual target line could be moved
along this back edge of the upper table top, and its
position could be read off along the linearly projected
scale. This upper table top served to screen the subject's
arm when he was pointing to the line target. His error
of localisation could also be read off directly from the
top scale.

During the training the subject's right arm was kept
horizontal, semi-pronated, and the fingers kept extended.
The hand was clamped to a small, light carriage using
foam padded, round ended clamps, see fig. 3. On top of
the carriage was a framework of light rods, the top hori-
zontal of the framework being above the hand and extending
geven inches to each side of it; +thus a small loudspeaker
could be mounted anywhere along this rod. The carriage
was mounted on three pencils, one at each vertex, the
sharpened ends of the pencils protruding through the floor
of the carriage, and thus allowing free sliding movement
of the carriage over the glass surface. The carriage
had a pointer attached such that the position of the

loudspeaker could be read off by E from the radial scale
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beneath. This small 1)" loudspeaker (IS) was mounted
on the top horizontal rod, and was oriented facing the
subject. .

The B had a similar IS which was mounted on a small
stand, and could be moved at will over the surface of the :
glass. This IS was driven by a pulser which could be made
to produce a regular click output at one second intervals.
The subject's IS was attached to a Nife cell, and could
be clicked by the subject when required by pressing a
button suitably mounted by his left hand. These two clicks
were both of wide bandwidth, but were easily discriminable.
Pilot studies in which the subject was asked to localise
the IS by using audition alone and then point to it, showed
that in the room used, clicks could be localised the most
accurately.

Subjects: The subjects were 18 undergraduates from
the University population.

Procedure:

Pre-training measures: The subject was seated on an
armless Jjacking chair and raised until his right arm rested
horizontally on the lower table top. A stout wooden bar
was moved over until it pressed firmly against the left
side of his trunk, and another, attached at 90 degrees to

the former was brought in until it was against his back
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as he was sitting upright. If the subject 'leaned' into
the corner formed by these two bars, his body position was
controlled fairly well. The head could not be clamped,
as free head movements were required during the training
session.

The second ﬁable top was placed on the first, and the
subject was asked to close his eyes while the line target
was moved to a position chosen at random by B. Ninev
target positions were used, namely 10, 15, 20 and 25
degrees to the left and right of the median sagittal plane,
and the median plane itself. The subject's btask was to
open his eyes and then put»the index finger of his right
hand inmediately beneath the target line by means of an
adductive movement of the whole arm. This movement
started from a point 30 degrees to the right of the median
plane. Whole arm movement was ensured by using a splint
at the elbow. Two readings were taken at each position.

Training: The second table top was removed, and the
carriage was clamped to the subject's right hand. The

B's IS and the one mounted immediately above the subject's

hand were pointed out to him, and it was eXplained that
he had to learn how to put his own IS in line with the
target IS, and that this latter would be put into different
positions at each trial. The regular click of the target

IS was demonstrated, as was The way of operating the
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subject's LS which emitted a single click each time the
button was pressed. The modus operandi for lining up
the two speakers was explained to be as follows. The
subject was to localise the target IS by moving his head,
and was then to move his arm until he thought it was
pointing at the target IS, he would then check by clicking
the speaker attached to his hand. When the subject was
satisfied that the two speakers were in line, he was to
indicate this to E verbally. 5 advised that the best
way to localise the sound was to turn the head from side
to side until satisfied that he was pointing his nose at
it. The subject was told to delay pointing until this
procedure was complete.

At this point the subject was blindfolded, and without

his knowledge the IS atltached to his arm was moved twelve

degrees to hig leftd; the length of his arm having
previously been measured in order to comﬁute the appro-
priate offset distance. One dry run trial was given in
order to ensure that tﬁe subject understood the procedure.
The training proper was then undertaken, the subject
attempting to locate the movable LS which was moved on
each trial to one of 15 points symmetrical about the
medtan sagittal plane, and spaced four degrees apart, each
point appearing in random order without replacement.

Bach time the subject indicated that he was on target,
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E measured the error induced between the fingertip and

the position of the target. This was done by reading off
the error in degrees of the suliject's LS from the target

LS, and calling this negative when it was further left than
target LS. Twelve degrees were then added to this reading,
(the amount of the displacement).  Thus induced errors

in the appropriate direction were positive with a theoreti-
cal maximum of plus 12 degrees. Thirty training trials
were given, with the subject moving his splinted arm

across the table top from the 30 degree right position

for each trial. At the end of the training the carriage
was removed, and the subject kept his arm at the 30 degree
right position, the second table top was put over the first,
and the mask taken from the subject's eyes. The post-
test was then carried out.

Post-training measures: The technique used to obtain
these was identical to that used for the pre-training,
consisting of 18 readings of accuracy of pointing with
the index finger of the right hand to the visual targets.
As before, knowledge of results was prevented by the second
table top, and the arm was moved rapidly to the tafget by
means of horizontal adduction. The splint remained on in
order to ensure that movement took place via the shoulder

joint only.
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Results:

Table 8.

Mean errors in degrees in pointing to
visual target before and after training with -
a displaced auditory target

Subject Before training After training
X XX (%-%)° X XX (X-%)°
1 1.1 1.0 1.0 2.3 0.3 0.09
2 2.0 1.9 3.61 6.7 4,1 16.81
3 - 3.1 3.2 10.%4 -~ 1.0 2.7 7.29
4 1.7 1.6 2.56 3.0 0.4 0.16
5 1.8 1.7 2.89 3.4 0.8 0.64
3 - 1.2 1.3 1.9 1.1 1.5 2.25
7 - 0.5 0.6 0.3%6 1.5 1.1 1.21
8 - 2.7 2.8 7 .84 1.4 1.2 1.44
9 0.3 . 0.2 0.04 1.9 1.1 1.21
10 0.1 0.0 0.00 2.1 0.5 0.25
11 0.7 0.6 0.36 1.8 0.8 0.64
12 - 1.7 1.8 3. 24 0.8 0.8 0.64
13 - 1.6 1.7 2.89 2.3 0.3 0.09
14 1.7 1.6 2.56 2.8 0.2 0.04
15 2.0 1.9 3,61 5.4 2.8 7 .84
16 0.3 0.2 0.04 2.8 0.2 0.04
17 1.0 0.9 0.81 5.8 3.2 10.24
18 - 0.1 0.2 0.04 3.0 0.4 _0.16
Sum + 1.8 - 43.78  + 46.7 51.04

lfean + 0.1 + 2.6

Positive is to the subject's right, and in the direction
of the induced deviation.

It is first necessary to determine the variances of
each of the two samples in order to determine whether
they are significantly different from each other.
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Variance before = 2.56
Variance after = 2.89

The statistic F is the appropriate test of significance

This value for ¥ is not significant at the 5% level.
In the light of the equality of variances, an appropriate
test for significance of difference of means is t for
correlated means. The difference method will be used.
Table 9.
Subtracting errors made before treatment

from those made after
Data extracted from table 8

Subject Difference, (D) (D)2
1 1.2 1.44
2 4.7 22.09
) 2.1 4,41
4 1.3 1.69
5 1.6 2.56
6 2.3 5.29
7 2.0 4,00
8 4.1 16.81
° 1.2 1,44

10 2.0 4,00
11 1.1 1.21
12 245 ' 6.25
13 3.9 15.21
14 1.1 1.21
15 2.4 : 11.56
16 2.5 6.25
17 4.8 23,04
18 2.9 8.41

44,5 1%36.87

Mean = 2.47
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It is first necessary to calculate the variance of
v
the distribution of differences.

Variance = 1.5
Hence t = 8.29 d.f. = 17

For a one tailed test, p < 0.0005. The null-hypothe~
sis that errors of pointing to a visual target before and
after treatment are not significantly differént is thus
rejected.

An additional piece of information can be deduced from
the average deviation of the subject's arm from the true
target position during training if a coefficient of rank
correlation between it and the size of the effect on
subsequent pointing is calculated. The former is a
measure of the extent to which the objective displacement
was effective in producing erroneous pointing in training.
It is approximate because the reasons for the deviation
of the subjects' errors from the expected 12 degrees
during the training may well be different from one subject
to the next. For example, a high tolerance for positional
ambiguity will produce a large variability which in a
given small sample of readings could produce results with
a low error rate. Alﬁernatively, a given subject might
place greater confidence in the positional information
from his limb than in that from the LS attached to his

hand, An elegant investigation of the relationship
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between deviation during training and after effect would
require at least a measure of mean accuracy, and also the
variance of positioning the arm when the subject's IS is
not deviiated in order that some attack could be made of the
problems mentioned above. However the rank correlation as
a bonus to the previous experiment may well pro%e to Dbe
informative. In the following analysis, Spearmanis rho
will not be used owing to the number of ties. Kendall's

tau is appropriate.
Table 10.

Average deviation of hand from target during training,
and after effect on subsequent pointing
: Readings in degrees

Subject Mean deviation of Rank After Effect  Rank

hand from target X Y
during training
1 6.8 1 1.2 345
2 11.2 17 4.7 17
3 -7 6 2.1 9
4 7e3 5 1.3 >
5 9.6 8 1.6 6
6 7.0 2.5 2.3 10
7 10.0 10 2.0 75
8 9.7 9 3.1 14
9 10.1 11 1.2 3.5
10 10.2 12 2.0 7.5
11 9.2 7 1.1 15
12 10.5 14.5 2.5 11.5
13 10.3 13 3.9 16
14 7.2 4 1.1 1.5
15 12.6 18 3.4 15
16 10.8 16 2.5 11.5
17 10.5 14,5 4.8 18
18

7.0 2.5 2.9 13



Recasting the data

X Y i< i>3
1 3.5 14 2
2.5 10 8 8
2.5 13 5 - 10
4 1.5 13 0
> 5 11 2
6 9 7 >
7 1.5 11 0
8 6 9 1
9 14 4 5
10 75 6 1
11 55 7 0
12 7.5 6 0
1% 16 2 3
14.5 11.5 3 )
14,5 18 0 3
16 11.5 2 -0
17 17 0 1
18 15 _0 0
k =108 1 =41
8 = K-L = 67
T = 0.45
Significance of T = 82

2754

= 0.17

Critical Ratio = Q.45

0.17

= 2.63

This value of tau is significantly different from zero at
p < 0.005, Thus there is a highly significant relation

between errors induced in the training and subsequent
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mislocations when pointing to visual targets.

Digcussion

About the same time as the experiments described above
were reported, (Craske, 1966b), and quite independantly,
Freedman, Gardos and Rekosh, (1966), performed certain
experiments among which was one on 'hand-ear co-ordination'.
In this experiment they used a training period lasting
4 minutes in which the subject sat in a dark room and
listened to an auditory stimulus moved back and forth by
one hand. This was perceived via a pair of false pinnae
offset by 20 degrees. This kind of training led to a
shift of 1% degrees in subseguent pointing to the median
plane after training with' the right ear leading. Freedman
et al do not attempt to account for their results in the
restricted situation experiments apart from commenting
that, "spatial orientation is a function of the CNS which
is nourished in several ways", and that if one source is
altered, the orientation function is disrupted. This
tells us very little.

Here it is argued that these auditory experiments
which are analogues of prism wearing in the restricted
situation, and which produce some form of adaptation which
carries over to the localisation Judgments for visual

objects in the absence of knowledge of results, are
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consistent with the interpretation that the same form of

adaptation has taken place ag occurs in the restricted

prism situation.

Considering this point, it is clear that the evidence
from the auditory analogue experiment is not sufficiently
strong to warrant a firm assertion of the 'feltd position'\
explanation. Experiments showing that the unused arm
was not affected by the treatment is the biggest piece
of missing evidence. The writer, however, is confident
that this result would be shown if an experiment which
embodied a suitable control for possible adaptation of
appreciated head position were undertaken. This is
argued on the basis of experiments with prisms which
indicate that knowledge of results can be of kinaesthetic
origin, (see subsidiary experiment 3%). This is meaning-
ful in the present context if it is interpreted as showing

that limb adaptation is a response to positional error

input when no error was intended. That is, it is being

argued that the same short term adaptive response may
Weil accompany any situation which could be devised where
a limb movement was involved in localising a target,
unusual errors were made, and knowledge of these errors
was made available to the subject. It is clear that the

auvditory analogue situation falls in the above category.
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To restate, the suggestion is being made
that the adaptation which accompanies the restricted
| situation prism exposure is the same as that produced
by incorrect auditory position information in an
analogous situstion, and furthermore this form of
adaptation may well underlie all situations where

accurate limb excursion is intended but not achieved.

An exanple of a test of this hypothesis would be to
attempt accurate limb pointing using horizontal abduction
and the perceived error technique, with the limb moving
against a large constant load. Informal obgervations by
by the writer suggest that training of this sort does
produce errors in the predicted direction, although no
controls were run for any effect which might be due %o
the Konstamm phenomenon.

To turn to the highly significant correlation between
errors of pointing induced in the training situation and
those exhibited in the subsequent localising of visual
targets. This accords well with common sense expectation,
and can be interpreted as indicating that when a distance
is determined from a felt starting position and a heard
desired poéition, and when the M.0.T.F.P. used to move
the linb does not initially produce the desired result,

a change in the felt limb position occurs; thus preserving
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the M.O.T.F.P. Furthermore this change produces an
after effect proportional to the degree of change required
to correct the error of localisation during training.
It can be readily seen that if the word 'seen? is
substituded in the above in place of 'heard', a prediction
is made about the prism situation, and the argument is
identical to that which has appeared in section 44.

This identity of the two arguments, one appropriate
to displaced auditory stimuli, and one for prism displaced
visual stimuli, supports the contention that one form of
adaptation underlies both situations, and leads to the
possibility that it also underlies adaptation in all
situations where accurate limb excursion is intended but

not achieved.

Experiment 4

Identical prism after effects shown for pointing
to visual targets and contra-lateral limb

When this experiment was undertaken, there was avail-
able to the writer considerable evidence supporting the
hypothesis that there was a change in the felt position
of the used liﬁb subsequent to restricted situation
training procedures. The thinking of Held and his

collaborators however was still firmly against such an
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interpretation. Held and. Efstathiou, (1964), claimed
that they wished to show that, "these claims are based
upon a dubious interpretation of the Helmholtz experiment,
and that they reflect assumptions in need of revisioan".
This paper went on to report two experiments. These
experiments are also the subject of another preprint,
(Efstathiou and Held, 1965), and of a paper, Efsﬁathiou,
Bauver and Held, (1967), and the claim is made in the former
that the hypothesis relating to a change in the felt
position of the used limb is "contradicted by new experi-
mental evidence". One piece of this evidence is the
subject of this experiment.

Bfstathiou et al, (1967), make the statement that
shifts in reaching to visible targets generalise to such
non-visible targets as sound sources and the 'straight
ahead', Thus, they argue, if the 'felt position' hypothe-
sis is true, such a change ought to effect the accuracy
with which pointing can be effected both to visual targets
and to targets such as the unexposed limb, the position
of which ig not visually derived. They went on to show
that the accuracy with which the unexposed limb and a
visual target were localised subsequent to adaptation,
was significantly different at the 0.001 level for t.

The force of the argument cannot be denied, and their
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result constitutes a severe criticism of any mechanism
put forward to explain restricted situation prism adapta-
tion which is based on change in felt position of the limb.
In‘that there was strong evidence supporting such an

idea, (Hamilton, 1964, Harris, 1963, experiments 2a and
2b reported here), it was decided to repeat the experiment
with the addition of certain controls and utilisation of
the perceived error technique during training. The null
hypothesis is that there will be no difference in the
localisation of visual targets and the contra-latersl
limb subsequent to prism training in the restricted
gituation. This also is the prediction based on the
'felt position' hypothesis.

Apparatus

The apparatus was identical to that used in experi-
ment 1.

Method

Subjects: The subjects were ten undergraduates from
the University.

Procedure: The subjects were seated so that their
prone right arm could lie fully supported iﬁ a horizontal
position on the lower glass sheet, and maintained so that
the right shoulder Jjoint was at the origin of the circular
scale marked on the glass, which was used to measure

errors of localisation in degrees. When required, the

- 146 -



left arm was supported under the lower glass sheet, in
the semi-~prone position and in the sagittal plane which
passed through the point of rotation of the left arm.
The support was a pad of polyether foam plastic, and the
position of the arm was controlled by means of nylon
ended rods (similar to those used in experiment 2, see
plate 3). Another glass sheet was mounted'5" above the
first, and could be covered as necessary. It also served
to support the five hairline targets which were always
symmetrical about the visual straight ahead, i.e., when
the subject was wearing prisms, the centre target was
displaced by an amount appropriate to the power of the
prisms, in this case, 11 degrees 19 minutes. The head
was kept immobile throughout the experiment by using a
dental wax bite.

The experiment was in five parts:-

1. Pre-training measures: a

The subject made 25 pointings, adducting the prone
right arm from any position on the far right to one of
five visual targets which were called in random order by
B, These were placed at intervals of ten degrees,
symmetrical about the mid-sagittal plane. The error in
degrees of limb excursion was recorded by B for each
localisation; the subject was not allowed knowledge of

results.,
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2., Pre-training measures: b

The subject made 25 localising responses, adducting

the prone right arn as before. The target was the index
finger of the contra-lateral arm. This arm was extended
along the sagittal plane passing through its point of

rotation, and was held semi-pronated, with the tip of

the index finger in contact with the undef surface of the
lower glass sheet. This series of localisations were
taken in batches of five, and as rapidly as possible.
ThHis was to balance conditions before and after the train-
ing procedure. Once again B recorded the errors made
- by the subject in degrees of limb excursion.

5. Training:

The subject wore twenty dioptre base right prisms
as previously described. He wés then seated appropriately

with his'right arm éxtended in the semi-prone position on

the lower glass sheet. He was asked to point at the
visual targets which E called out in random order. These
- targets were now arranged about an axis displaced by 11
degrees 19 minutes to the subject's left. The subject
obtained knowledge of results by raising his extended
index finger once the limb excursion was complete.

These arm movements were ballistic in nature, the subject

attempting to get on target with one smooth movement.
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This training was continued until five consecutive locali-
sations correct to within plus or minus 0.5 degree had been
made.

4, Post-training measures: a

With the subject using his right hand five readings
of the subject's accuracy in pointing to visual targets
were taken, the subject not wearing prisms, exactly as
in pre-training measures (a). This consisted of B
calling out the five targets in random order. The
training procedure as above was then repeated to criterion,
and five more readings taken, and so on for a total of
25 readings. Knowledge of results was not allowed.

5. Post-training measures: b

Five readings of the subject's ability to point with
his right hand to the index finger of his contra-lateral
hand were taken. This was followed by the training
procedure to criterion level, subsequent to which five
more readings were taken, andvso on for a total of 25
readings. Once again, no knowledge of results was
allowed.
Results

A Summary of the results is shown in table 1ll.
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Pable 11.

Mean errors in degrees in pointing to visual targets
and the index finger of the contra-lateral 1limb
(Measurements were to nearest 0.5 degree, means have been
correspondingly rounded)

Subject Vigﬁgﬁ zgiggts con%igflziggglfigmb

1 5.5 6.0
2 3.5 | 3.5
5 3.0 3.0
4 1.5 1.5
5 4.0 4.0
6 3.5 4.0
7 5.0 4.5
8 5.0 5.0
9 4.0 4.0
10 b3 4.5

Mean 3.95 ; 4,0

Inspection of the above reéults is sufficient to lead
t0 the adoption>of the assumption that the variances of
the two distributions are not significantly different.

In order to quantify the level of confidence with which

it is possible to asgsert that the means are not significantly
different, t for dependent samples is an appropriate
statistic.

The sum of the differenbes of the two columns of means
is 0.5, and the sum of the squares of differences is 0.75.
These figures are obvious from inspection.

t =0.76 d4f =9

for two tailed test p > 0.30. The 95% confidence limits

- 150 -



can be seen to be 0.05,£‘0.129 degrees. The evidence is
clearly insufficient to warrant the rejection of the null
hypothesis, and therefore these results are fully in accord
with the hypothesis that adaptation to prisms in the
restricted situation can be explained by a change in
transfer function associated with position receptors in
the shoulder joint.

Discussion

Firstly a note on procedure. It might be argued that
~one visual target would balance the single target in the
othér conditidn, namely the index finger of the contra-
lateral hand. But the danger was that one visual target
in the median plane might be pointed at without using
vision as the only input source, i.e., the subject might
use some kind of position preference, and point with little
reference to his visual input. Thus five btargets were
used.

The above results are directly in conflict with those
reported by Efstathiou et al., as would be predicted on
the 'felt position' hypothesis, and provided that an
explanation for their contrary results can be found, the
ground is cleared of what seemed a serious objection.
Latterly Hamilton and Hillyard, (1965), have also presented
evidence consistent with the felt position hypothesis from

a similar experiment to that reported above.
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It would seem gensible to examine the way in which
Efstathiou et al account for their result of p < .001 for
te They suggest that reaching for a visible target con-
sists in "orienting the arm so that the direction of a
line drawn from hand to eye matches the actual or potential
direction indicated by the head when it is oriented to»the
target". Thus adaptation consists of the "egtablishment
of a new set of matched orientations between the exposed
arm and the head". |

Now considering the sense of the above; one has only
to ask how the arm can be oriented in a given position in
the absence of vision. ~The only sensible argument in the
light of what is known about position sense in limbs, is

that the arm is moved from a felt position. Knowledge of

the desired position is to a certain extent given by the
position information indicated by the head; but more
sensible it is argued would be to achieve the desired
position by taking into account the position indicated by
the eye, and the orientation of the head. The writer
cannot give a meaning to a 'potential direction' indicated
by the head.

It nmust be concluded that the 'matched orientations'
referred to in fact mean matching the felt position of the
arm o the position information from the head/eye complex.

It is not clear how this differs from the felt position
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hypothesis. It seems then that the alternative theory
offered by Efstathiou et al is no alternative, and the
meaning of their results must be sought elsewhere.

Craske and Gregg, (1966), have argued that the original
results of Efstathiou et al may be explained by change in
the position sense of the eyes due to some part of their
procedure. For inétaﬁce they do not use the perceived
error adaptation technique, and it is possible that their
treatment condition provided enough discordant kinaesthetic/
eye position information to give rise to some change in the
eye systemn. It is clear that if the eye position system
was implicated, then the apparent position of their visual
targets would be affected more than the position of the
targets which were located without the mediation of vision.

At this Jjuncture it must be remarked that there is
another experiment reported in the paper by Efstathiou et
al which claims the invalidity of the 'felt position'

hypothesis. This is the subject of the next experiment.

Experiment 5

Effect of adaptation to prism displacement on
reaching to remembered positions

The background to these experiments is experiment 2
reported by Efstathiou et al., (1967), first reported by

Efstathiou and Held, (1964). In this it was shown that
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subjécts who were exposed to prismatic displacement subse-
quentlj showed no increase in errors in reaching to targets
the location of which had previously been learned without
the aid of vision.

Now in the writer's view, the welght of evidence so
far favours the felt ﬁosition hypothesis as antexplanation
of restricted situation adaptation, thus fhis result,
which runs counter %o this notion justifies a closer look.
Also there is the fact that prism adaptation affects point-
ing to the 'straight ahead', (Goldstein, 1965, Harris, 1963,
Pick, ﬁay and Pabst, 1963); and it can be plausibly argued
that the following two situations are similar. 'Point to
a position coincident with your median sagittal plane', and
'point to a position at x degrees to your median sagittal
plane'. It is readily appreciated that this latter
situation can be thought of as identical to reaching for
a remembered location provided distance from the body is
specified., If this view is accepted, then it would be
predicteq that reaching to remembered targets would be
affected by adaptation procedures.

Two separate attacks were launched at the same time.

5(a) Pilot experiment

Apparatus: A dental impression was permanently mounted
above a bench top at such a height that a subject could

bite upon it while sitting comfortably on a high stool.
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Mounted in front of him was a vertical board with one %"
hole drilled in a position 4" below the level of his nose
and ©" to the right of his median sagittal plane;

Subjects: There was only one subject, the writer.

Procedure: -

Preliminary training: This consisted of 100 trials
per day in two sets of 5@, morning mnd afternoon. Each‘
trial consisted of an attempt by the subject to put his
extended right index finger into the hole in the board
with one smooth movemént. The eyes were kept closed
during each training session, and each movement begun from
a position picked at random from an imaginary line drawn
Just in front.of his midriff. Care was taken not to touch
his body.with his right hand wﬁen it was in the starting
position. Training was continued until 50 trials could
be completed with an error rate of 2% or less. This took
%8 days. Such a severe criterion was erected in order
that subject variability was cut to a minimum,

Pre-training measures: The subject put his right index
finger into a thimble which was packed with plasticine so
that it fitted the finger shape perfectly. The front end
of this thimble had a %" spike mounted in the middle.

Ten localisationss of thé remembered position of the hole
were taken jusﬁ as in the preliminary training, but the

original board was replaced with another covered by %" foam
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procedure was repeated ten times.
Results
Table 12.

Mean lateral errors in tenths of an inch in pointing
to a remembered location without knowledge of results
(plus indicates to S's right, and is predicted
direction of effect)

Trial no. Before treatment After treatment

1 -2 +8
2 =% +9
3 =7 +3
4 -8 +9
> -1 +9
3] -6 +5
7 -2 +8
8 -4 +9
9 -3 +8
10 _9 _+6

Sum -3%6 : +79

Mean - 3.0 7.9

Taking the 'before' measures, we may calculate that the
standard deviation is 2.63 whence the standard error of the
mean equals 0.83. Hence for the 'before' measures the
95% confidence limits are within the range -3.6 11.96 x
0.83, i.e., lie between -5.% and -1.97. This is not
satisfactory insofar as this does not include zero, and
clearly does not match up to the accuracy experienced during
the training; 1t is possible that this result is due to

the added length of the finger when wearing the spike ended

- 157 =



thimble, (i.e., the finger is hitting the board slightly
too early). If this explanation for the asymmetry of
initial errors is accepted, then we may go on to test the
difference between the two sets of means.

For the 'after' measures the standard error of the mean
equals 0.77, and the 95% confidence limits are within the
range 5.76'i 1.96 x 0.77, i.e., within the range 2.25 to
5.27.

The variance of the two sets of means are respectively
6.9 and 3.755, hence F = 1.835 which is not significant at
the 5% level.

Thus t for for correlated means is appropriate.

t = 11.95 4f = 9
for one tailed test, p < 0.0005

Thus there is sufficient evidence to warrant rejection
of the null hypothesis that restricted situation prism
adaptation does not affect reaching to remembered positions.
Great care must be exercised in evaluating this result

however, for the fact of statistical significance gives no

information as to the :elative gize of the observed effect
vis a vis that which would be observed in the usual situation
where the subject points to visual targets. If reference

is made to subsidiary experiment 2, it can be seéen that

30 seconds exposure to 20 dioptre prisms can produce an

after effect of some 66% of the deviation produced by the
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prism. In the experiment reported above, the prism devia-
tion ab arm's length is some 6 inches and the difference

between the means is 1.1 incheg, thus there is an after

effect with a magnitude of only about 16% of the imposed
deviation. There seems to be something different about
this situation on the evidence of this pilot experiment,
but discussion of this will be deferred until after the

following experimental evidence.

5(b). An experiment using skilled pianists

This experiment is on a larger scale than the first,
the topic under investigation still being a direct attack
on the effect of réstricted situation prism adaptation on
remembered locations. The idea here was to use as sub-
Jects a group of people who had apparently overlearnt the
positions of objects in their front parallel plane; +thus
subjects were selected on the basis of their ability to
play the piano.

Procedure: The subject was allowed to adjust his
position in front of the piano until he was confident
that he could locate the middle C key without visual
guidance. A platform was placed over that part of the

keyboard. The centimetre scale attached to the platform
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was so positioned that its zero was immediately over the
middle C key.

Pre-training measures: The blindfolded subject placed
the tip of one finger of his right hand on the platform
at the estimated position of the middle C key. The choice
of the finger used was left up to the subject, but remained
consistent throughtut the course of the experiment. After
each trial the subject was instructed to move his hand to
a differing starting position, and at no time was he allowed
to touch any part of his body with his right hénd or arm.
Ten trials were used, the error of each localisation being
neasured each time.

Training: The subject wore base right 20 dioptre prisms
and sat in front of a horizontal screen at shoulder height.
On the top of the screen were six bargets symmetical about
the objective median plane and spaced 5 degrees apart;
each line target was surmounted by a different letter.
During the 2% minute exposure condition, B called out
target letters in random order at a rate of one per second.
The subject had to shoot his right arm beneath the board
in a direction which he thought appropriate to the target
called, knowledge of results was obtained when the finger
finally appeared from beneath the screen, i.e., the per-
ceived error technique was used.

Post-traihing measures: The subject shut his eyes,
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and the board and the spectacles were removed, He then
made ten more attempts to place the tip of his finger at
the position of middle'G on the platform. The errors were
measured as before.

A control condition was used which was identical to
the above procedure except that the exposure condition was
run without wearing the spectacles.

Results
Table 13.
Before and after treatment difference scores
in localising middle C for two conditions

A plus deviation is in the adaptive direction
for base right prisms

Subject - Control Bxperimental Difference
1 -3.% 2.7 +0.6
2 ~3.3 -3.95 -0.65
3 +0.2 -1.85 -2.05
4 -0.4 , -0.5 =0.1
5 -1.85 +5.1 +6.95
6 -4,2 +1.2 5,4
7 +1.7 +0.85 -0.85
8 +0.5 -1.15 . -1.65
9 -5.2 -5.05 ‘ +0.15

10 ~1.5 +5.6 +5.10

The mean of the differences # 1.29, and the standard
deviation of the mean = 1.035, ¥t = 1.25 for 4f = 9. p» 0.20.
This is not significant.

Thus no significant shift occurs in the location of

a remembered target as a result of exposure to prismatic
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displacement, a result which is in accord with that of
Efstathiou et al, but not with that of the first pilot
experinent.

Discussion: These results are rather puzzling, the
more so because they are not consistent. At this point
the results of Hamilton and Hillyard, (1965), are of
interest, for they highlight the inconsistency. These
investigators tested visually directed reaching and reaching
for remembered locations. For ten minutes the subject
used his dominant arm to learn the position of three pegs,
without the aid of vision. Pre-training measures were
taken in darkness and consisted in the subject pointing
%o a luminous spot and to the three remembered positions
with both hands. Adaptation procedureg were then carried
out for ten minutes, followed by post-training measures
as above.

The findings were that both visual targets and remembered
targets were affected by the adaptation procedure, but that
visual targets showed greater adaptive effect than did the
remembered ones. Now these are the same sort of observa-
tions which were made on the results of experiment 5a above,
but are not consistent with the findings of Efstathiou et
al, or of experiment 5b.

The writer would wish to interpret this data as follows.

Firstly it is not immediately argued that this disposes of
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. the felt position hypothesis, for since there is so much
evidence to the contrary, it seems sensible to seek an
alternative explanation. For example it is suggested
that there is more than one modus operandi for reaching,
and that which one is used depends upon the task in hand.
It has already been argued that a common 'reaohihg process’
is fhat whereby a visual object is given a position on
some internal scale; the felt position of the arm is also
given a position on the same scale and simple subtraction
gives the distance to be moved. A decision is made on
the speed at which the limb is to move, then the appropriate
M.0.T.F.P. is produced to move the limb to the desired
position. This hypothetical process clearly relies on
felt starting position of the limb, and is appropriate to
prism sdaptation situations where visual btargets are used
and the starting position of the hand is not visually
monitored.

The results from the above experiment suggest that
under some circumstances where limb movement occurs, felt

starting position of the limb is ignored. For under such

a circumstance restricted situation adaptation can occur,
yet it does not show up in the testing situation. It is
argued that it is likely that such a class of movement
processes may well be involved in movements which are

auvtomatic, for example, moving the foot from the accelerator
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to the brake for an experienced driver. It is easy to
demonstrate that if the braking foot is pubt in an unusual
initial position, one cannot be sure where to direct the
foot to reach the brake, i.e., it is not the position of
the brake which has previously been learned, but the

instructions appropriate to moving the foot there. It

follows that if the appropriate instructions are known,
then felt starting position information is redundant, and

need not be used in the overlearnt situation.

The application of this line of argument to the experi-
ments reported above is as follows: Hamilton's and
Hillyard's movement situation would not fall into the .
cétegory of 'overlearnt' movements in that only ten minutes
training was used. it follows from the above that the
felt starting position of the limb would play what is claimed
to be its normal role in pointing in the testing situation,
and consequently prism after effects of near normal size
were shown when the subject pointed to remembered locations.

Experiment 5a showed a much reduced after effect, it is

argued that this reduction is due to the more prolonged
training which led to the subject performing in a more
nearly automatic fashion, and thus, it is argued that felt
limb position played less part in the sequence of events
which led to placing the limb in the remembered location.

Hence the small after effect.
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The experiment of Efstathiou et al, and experiment 5b
above used subjects who had sufficient practice to operate
in an automatic fashion, and it has been argued that it is
under those circumstances that felt position of the limb
is ignored, and thus no after effect was shown.

An informal check was made of this finding using a
mock-up of the accelerator - brake - clutch assembly of
the writer's car. The task was to simulate emergency
stops, and to note the position of the braking foot when
it had come to rest. (A line on the shoe served to
indicate foot position). After taking a number of readings
of braking position in this way, adaptation trials were
undertaken, attempts being made to kick a target seen
through prisms. When kicking was fairly accurate, the
prisms were removed, the feet were placed on the
'accelerator' and 'clutch' and another series of 'emergency

stops' were undertaken. No adaptive effect was observed

under these conditions; whereas if an attempt was then

made to kick the ftraining target, a large adaptive shift

was shown.

It must be made guite clear that the above analysis is
speculative rather than one based on hard experimental
evidence. However it fits the experimental evidence we
have so far and indicates that certain circumstances can

lead to no prism after effects, (i.e., when automatic
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moveménts are used in the testing situation). Further
Wofk along these lines is desirable; an experiment plotting
after effect as a function of number of trials on a single
test movement would serve to test the above ideas, for as

n got very large, the movement should become more and more

automatic, and less and less after effect should be shown.
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Section 7

The Free Situstion

The d%stinction between the restricted and the free
situation was first made by the writer to describe the two
states which gave demonstrably different results after
wearing prisms. In the first, only the used limb shows
adaptive after effect, and in the second all limbs show
this form of adaptation, (see section 3). It is a reason-
able hypothesis that the major component in the production
of this after effect is a change in the appreciated position
of the eyes, though a contaminant may be some effect due
to a postural after effect brought about by holding the
head to one side while wearing the prisms.

The questions which are the concern of this section are
two, namely, a) are the eyes involved in free situation
adaptation, and b) what is the essential aspect of the free
situation which is instrumental in bringing about the
observed after effect?

It will be shown that a change in the appreciation of
eye position is the prime cause of adaptation in this
situation, and a major component in producing this change

is prolonged inspection of the limbs. It can be inferred

that 'eye' adapbtation is the end point of any lateral
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deviation prism exposure situation, since as the duration

of the exposure condition increases, so0 will the inspection
period of the limbs tend to be"prolonged'.

From the above it can be seen that the interpretation
of the term 'free situation' will be that the subject is
free to see his own limbs, movement of the limbs playing

no part in producing the adaptation.

Experiment 6

Evidence suggesting eye involvement in adaptation

Introductions

There was a certain amount of inferential evidence
for the implication of the eyes in adaptation whieh took
place when the subject was free to walk around while
wearing prisms. For example, pointing with both hands
is affected, (Bossom, 1964; Bossom and Held, 1959;
Cohen, 196%; Hamilton, 1964; Harris, 1963; Held and
Bossom, 19613 Pick and Hay, 1964). Change in egocentric
orientation had also been reported, (Bossom, 1959; Bossom
and Held, 1957; Held and Bossom, 1961; Held and
Mikaelian, 1964; Pick and Hay, 1964).

Harris, (1965), has commented that, 'when a person

~adapts by walking around while wearing prisms..... the
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felt orientation of head (or eyes) relative to his body

is changed'. Mitﬁlesteadt, (1964), has also argued that
gince orientation\in the visual world comnsists of a number
of subsystems; (eyes, head, body, limbs), then adapting

to a disturbance is unlikely to bring into action a unitary
mechanism -~ it will depend upon the subsystem involved.

The experiments of McLaughlin and Bower, (1965), and
McLaughlin and Rifkin, (1965), may also be interpreted

as change in the registered orientation of the eyes, as
Harris, (1965), has pointed out.

Wallach, Kravitz and Lindauver, (1963%), did an experiment
involving inspection of the static body through prisms.
This was sound enough in principle, but produced some
incomprehensible results, however their main observation
was that the technique seemed to produce an altered evalua-
tion of visual direction. Held and Mikeelian, (1964),
summarily dispatched the adaptation shown following this
exposure technique as unimportant, in that it was not’
supposed to have 'the generality shown by the involvement
- rof the hmotor-sensory feedback loop'. This rejection with-
.out examihation hag led to Held failling to realise that
it constituted a conéiderable blow to his theoretical
scheme, as also is the case with the findings of Weinstein,

Sersen, Fisher and Weisinger, (1964), which were that
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was repeated 30 times at which time he was instructed to
stop and close his eyes.

Post~training measures: The subject kept his eyes
closed and was led to the bite on the table top onto which
he put himself by feeling with his mouth. The trisl
frames were removed, the subject opened his eyes and pointed
18 times Jjust as in the pre-training situation.

The null hypothesis was that there would be no shift
in pointing due to the treatment.

Results

Table 14

Total errors in cms. before and after training
Pooled results for both arms

Subject Before After
1 - 10.5 - 77.0
2 + 67.0 + 28.5
3 + 7.5 - 51.5
4 + 11.0 - 28.5
5 - 11.5 - 18.0
) + 37.5 + 10.5
7 + 45,5 + 9.0
8 - 13.5 - 32,5
9 + 77.0 + 60.5

Sum +210.0 - 99.0
Mean + 2%.3 - 11.0

D = 34.3; Sum of D= = 14,981
%

4,39 with df = 8
This is significant at p < 0.005 for 1 tail test,

thus the evidence is sufficient to warrant the rejection
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of the null hypothesig.

It is now sensible to ask whether eye involvement is a
likely explanation. If the observed increase in errors is
due to a change in appreciated eye position, it would be
predicted that both the right and the left arm would be
affected to the same extent, and thus there should be no
significant difference between the errors due the right arm
and those due to the left. This hypothesis can be tested
by treating the data for the two arms separately.

Table 15

Difference in cms. between before and after errors
of pointing for right and left arms

Subject Right arm Left arm
1 2845 380
2 1745 21.0
3 30,0 28.5
4 16,0 23¢5
5 75 5.5
6 15.0 60
7 2340 1345
8 7.0 12.0
9 75 9.0

Sum 152.0 157.0
Mean 16.9 174

- 2

D = 311 Sum of D = 363.5

An appropriate statistic is t for correlated samples.
t = 1,88 with 4f =

There is no a priori reagon for using only one tail
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of the distribution. The above result is not significant
at the 0.05 level, thus the evidence is insufficient to
warrant the rejection of the null hypothesis.

Discussion

The results show directly that adaptation occurs in a
situation where the subject only sees his feet and where
head and body are immobile. It is a reasonable inference
from table 15 that a change has occured in appreciated eye
position. The inference is quite a strong one insofar as
the head was held symmetrical ébout the median sagittal
plane during both exposure and testing conditions, thus
postural after effects would not be expected. Furthermore
during the testing the eyes fixafed the same three target
positions and yet pointing with both arms was affected to
the same degree.

There is independant clinical evidence that change in
appreciated eye position can occur. Von Noorden, (1963),
has reported a case of a patient in which two peripheral
retinal areas which would be disparate under physiological
conditions, each behaved as the centre of sensory motor
orientation under monocular conditions. This suggests
that spatial values for a given eye posture are not
immutable, though the aetiology of the case is considerably
different from that which is being considered here.

There are two points arising from this experiment, and
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these are: a) Is the saccade of the eyes to fixate the
feet a necessary part of the exposure condition? |

b) The observed results could equally well be
explained on the notion of a change in retinal spatial
values.

Concerning a) Following the evidence that tracking
movements and saccadic movements may have separate control
mechanisms, (Rashbass, 1961), Festinger and Cannon, (1965),
have reported that the human orientation system gets more
positional information from saccadic movements of the eyes
than from tracking movements. This could suggest the
importance of eye movement in the adaptive process.
Concerning b) The hypothesis sounds a little unlikely,
but Cohen, (1963%), obtained evidence which may be inter-
preted this way.

Both these points can be subjected to experimental
test. The first by repeating experiment 6 without wvolun-
tary eye movements; and the second by asking the subject
to position the eyes straight ahead before and after
adaptation. Even before performing these experiments,
however, it seems appropriate to comment that Harris'
(1966) argument that vision modifies limb position sense
when the two are in conflict, seems not to hold if the
limbs are immobile. If the position information derived

from the oculo-motor system is labile as well as that from
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limb propriocceptors, the further claim made by Harris,
that it is likely that humans use built in visual informa-
tion to calibrate limb position sense, is not true in the
strict sense; and there certainly seem to be relativistic
problems in using either of these position inputs to

calibrate the other.

Experiment 7

Evidence that voluntary eye movement is not needed
to produce adaptation compatible with change in
Y appreciated eye position

This experiment follows directly from point a) of the
discussion of the last experiment. The null hypothesis
is that the exposure condition will not affect accuracy
of localisation if voluntary eye movements are not used
"during the exposure.
Apparatus:

The apparatus is illustrated in figure 4. It consists
of a horizontal board 21" long and 3' wide mounted on 8"
high legs. The length of the board could be increased
to suit any particular subject by means of a sliding panel.
Attached to the front of the horizontal board was a rigid
vertical board. Balf way up this was a slot in front of
which a pair of prisms could be swung as required. An

inclined board running from the top of the vertical one,
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to two inches above the far end of the horizontal one, gave
the subject a field of view which was restricted to an
horizontal band. Below the slot was a solid mounting for
a dental wax bite.

The subject could comfortably slide his arm under the
horizontal board which served the dual purpose of covering
the whole arm except the finger tip, and in the testing
condition obscuring the whole arm. Under these latter
conditions B could read off errors in pointing from a
scale along the edge of the panel. The target was a fine
line which could be moved along the front of the sliding
panel. The subject could be raised until the horizontal
board was at mid-chest height by means of an hydraulic
Jacking chair. |
Method

Bubjects: The subjects were ten students Inthe
University of Durham.

Procedure: The prisms were adjusted to the inter-
pupilliary distance of the subject, and then swung aside.
The subjeét was then adjusted for height, and asked to
bite on the dental wax mouthpiece. Any tendency to body
swivel was controlled with a trunk holder. These devices
did not interfere with reaching movements of the arm.

Pre-test measures: The single line target was moved

into one of five positions symmetrical about the visual
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axis and five degrees apart. The subject pdinted at the
target with right and left hands alternately for a total
of twenty pointings with each hand. Throughout his arms
were under the horizontal board and thus he was without
knowledge of results. Viewing took place without prisms.

Training: The 20 dioptre prisms were swung into
position and the subject extended his right arm beneath
the horizontal board in such a way that the tip of his
index finger could be seen to be in the middle of the prism
altered visual field. The subject's whole arm was
supported on a moulded polyether pad, and strict instruc-~
tion was given to hold the limb quite immobile during the
ensuing inspection period. The subject then inspected
his immobile fingertip for three minutes.

Post-training measures: Subsequent to this inspection,
the prisms were swung away and five pointings with both
right and left arm were taken as in the pre-test. The
treatment condition was then repeated, followed by the
post-test until a total of twenty post-inspection pointings
had been taken for each hand. This procedure was adopted
-to guard against the possibility of rapid decrement of
after effect with time.

All error readings were in degrees, the circular scale,
origin between the eyes, being projected onto the straight

edge of the board.
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Results
Table 1o

Mean errors in degrees for right and left hand
before and after exposure. to prisms

Subject Mean error on pre-test  Mean error on post-test
Right Hand ILe¢ft Hand Right Hand  Left Hand
1 3.2 2.9 6.7 7.2
2 0.6 0.9 6.1 3.9
5 -2.1 -1.5 3¢5 4.1
4 1.0 1.7 8.6 8.4
5 1.2 0.% 2.4 6.3
6 -1.9 -1.6 9.1 8.9
7 -2.4 -2,0 5.4 5.0
8 2.6 . 2.1 8.2 6.6
9 1.3 1.0 5.9 6.0
10 1.1 _1.9 9.8 2.2
Sum 5.6 5.7 65.3 63.6
Mean +0.56 +0.57 + 6.53 + 6.3%0
s 1.836 1.636 2.%25 1.588

The 95% confidence intervals of the above means are

respectively:- 0.56 % 3.58; 0.57 £ 3.21
6.5% + 4.56; 6.36 & 3,11

Pooling the results for hands before and after exposure,
t for 9 degrees of freedom = 8.3% p < 0.0005. This
level of significance is sufficient to warrant the rejec-
tion of the null hypothesis.

An immediate objection to interpreting this result as
being due to seeing the fingér, is that naybe the whole

set of results is due to the subject holding his eyes
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to one side; as indeed he has to when.inspecting a target
in the median sagittal plane through prisms. In order to
guard against this possibility, the following experiment
was carried out with six of the above subjects. The null
hypothesis was that the treatment condition would not
increase errors of pointing.
Apparatus

The apparatus Waé that used in the test procedure of
experiment 6, namely the horizontal board with the bite
mounted above it; all at such a height that the subjects
could stand while being tested.
Method

Procedure: The subject bit on the dental impression,
and using each arm alternately pointed to two targets
standing at arm's length on the table top of the apparatus
above. Five readings were taken for each arm, the targets
being called in random order by E. The subject was then
asked to stay on the bite, but to fixate a smail object
placed at arm's length 30 degrees to the left of the
gsubject's median sagittal plane. This asymmetric fixation
point involved the sﬁbject in holding the eyes in the same
direction as in the treatment conditibn of the previous
experiment, but at nearly three times the deviation.
The supposition being that if the after effect of the last

eXperiment was due to holding the eyes to one side, this
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procedure should show it up even more clearly.

At the end of the % minute fixation period, a further
five readings of the subject's accuracy in pointing to the
targets was taken. After a period of anti-adaptation,
this procedure was repeated, each subject therefore gave
two sets of 10 readings.

Results
Table 17
Mean errors in pointing before and after 30 degree ;

asymmetrical convergence
Positive errors are to the subject's left

Subject Before After
1 , -1.05 -1.85

2 -2.1 ~1.8

5 -2.9 -2.7

4 -2.0 -1.9

5 2.5 4,%

6 4.2 5.2
Sunm ~-1.%5 ' 1.25

5 = 0.4%3 Bum of D2

= 5,02
t for correlated means is sppropriate.
t =1.2%5 d4f =5
p > 0.15
This difference cannot be considered statistically
significant, and the evidence is insufficient to warrant

rejection of the null hypothesis.

Discussion

It seems quite clear from the two experiments above
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that voluntary saccades of the eyes are not a necessary
prerequisite to a change in appreciated eye position, and
nor is any of the observed after effect on pointing due
to the subject having to hold the eyes to one side during
the inspection period.

The idea of I. P. Howard, that what adapts depends
upon type of training is perhaps not so useful a predictor
as it at first seemed. It certainly would not be
immediately evident that the eye would show an adaptive
effect after inspecting the immobile fingertip.

Perhaps a more useful way of thinking about this form
of adaptation is as follows. When the subject looks at
his feet or his fingertip through prisms, the positional
information avéilable to him via his limb proprioceptors,
and that via the proprioceptors of the neck and the position .
system of the eyes, are in conflict by an amount equal to
the displacement minus any slackness there is in the total
1oca1ising system, (i.e., the amount of imprecision with
which the eye can localise the finger tip).

Now it has already been argued that the evidence for
adaptation in the felt position of limbs is consistent
with there being a motor component; more specifically,
it has been suggested that the felt position of the limb
undergoes change as if to preserve the normally appropriate

M.0.T.F.P. of the command of the limb. If this is accepted,
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then it follows that the immbbile limb will not show
adaptation to the position conflict, for the immobile limb
shows no muscular activity, (Basmajian, 1966). The same
is true for the proprioceptors of the neck, since the head

ig kept still in these experiments. It follows further

that if any adaptive mechanism exists to remove the conflict,

it must involve the visual systen. It seems that there
is an 'adaptive mechanism to 'reset zero' within the visual
system, and so far it can be said that it is either in
terms of appreciated eye position, or change in retinal
space values.

A question to be answered is how is it that no ‘eye
effect' occurs in the restricted situation? A tentative
answer is that perhaps the lability of the limb is consider-

ably greater than that of the eye when limb movement is

occuring. It is also possible, and pilot experiments tend
to confirm, that the 'eye effect' does occur to a certain
extent if restricted situation adaptation is prdlonged.
It cannot currently be said whether the eye would gradually
assume the whole of the adaptive shift in vefy prolonged
restricted éituation experiments, or whether it would only
'take up the slack' i.e., adapt to the extent that the
limb could not adapt to the maximum. |

At this stage it is possible to commént about the

Held and Bossom experiment, (1961), in which subjects who
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of an eye centering system systematically, and many parts
of the brain can be implicated in the centering function,
(Bender, Teng and Weinstein, 1954). ‘Electromyographic
evidence supports the idea of a positive centéring process,
for example; Bjork and Kugelberg, (1953), showed that when
the eye looked straight ahead, a given extra-ocular muscle
shows a steady tonic discharge; and thus as Davson, (1963%),
points out, all three antagonistic pairs of muscles are
pulling against each other when the eye is at rest.

This sort of evidence quite strongly suggests that the
centering process is an active one requiring control rather
than a passive event. If this is the case, an experiment
requiring pointing of the eyes before and after exposure
to prisms is ideally suited to testing for the presence

of the hypothesised change in the position controlling

mechanism. Thus the null hypothesis was that eye position-

ing would not be altered by the treatment condition.
Apparatus

For the measurement conditions the subject sat in front
of a T.V. camera, the lens of which was behind an 8" x 6"
semi-silvered beam splitter placed as close to the eye as
possible - some 3", and inclined at 45 degrees to the
horizontal. Behind the mirror and 9" from the subject's
eyes was a tungsten iodine 100 w bulb. This is shown

gschematically in figure 5. Reflector spot lamps uniformly
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his eyes 'straight ahead', (both eyes were open even though
readings Weré taken from'only one). There was no target

on the viewing surface to denote the straight ahead position,
80 in one sense this was a judgment, though a judgment
based firmly on a physiological mechanism. Craske and
Templeton have shown that even when eye centering readings
are btaken over a number of days the standard deviation of
the distribution is only 80 min. of aré, and for a small
number of readings taken consecubively they point out that
variability was considerably smaller than this, at times
zero, (within the limits of the measuring technique).

Since the variability of normal eye centering is so low,
large numbers of readings were unnecessary. Ten readings
of the straight ahead were taken, B continuously moving

the cursor to the tangent of the iris, but taking no reading
until the subject signified that he was satisfied. When

a reading had been taken, the subject looked to one side,
after which the procedure was repeated.

Training: In this condition the subject wore trial
frames with twenty dioptre base left prisms centered in
front of each eye. He stood with his head symmetrical
about his median sagittal plane, and inclined in such a
manner that his toes could be seen. In order to prevent
head movements a dental impression was uSed, sultably
adjusted for height and rake. The subject was asked to
clasp his hands behind his back in order that they might
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not be seen inadvertently. A small light was placed so
that only his feet were illuminated and all other room
lights were extinguished. The sﬁbject inspected his toes
for ten minutes, occasionally turning down the light
intensity with a variac to counteract dark adaptation,
(the hand could not be seen during this operation).

No movement of the legs or feet was allowed.

Immediately following the treatment condition, the
subject’ had to reposition himself in front of the T.V.
camera, this waé done with eyes closed and entirely by
touch with E guiding as far as possible. This was in
order that the subject should get no viridical position
information before any readings were taken. As soon as
the subject was seated and on the bite, he was asked to
open his eyes and stare at the tungsten-iodine buldb until
its grid filament Dbecame clearly visible. This was in
order that any visual cues that the subject might havev
found in the pre-test would be masked by the light adapta-
tion to the intense source.

Clearly this procedure produced a strong affer—image
which was not present in the pre-~test; it was found,
however, that such an after-image did not impair, and as
far as could be determined in pilot experiments, did not
affect the subject's eye centering. Ten Doeséchate,

(1954), has reported that monocular fixation of an after-
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image produces small amplitude pendular nystagmus, but
periodicity Was‘not noted by ¥ in this binocular situation,
perhaps because of the rapidity with which the centering
Judgments could be made énd recorded. Certainly repeated
measures showed that normal eye centering measures taken
with and without after-images were drawn from the same
population. It should be pointed out that if the field

of view was a ganzfeld the after-image precaution would
not be necessary.

- Post-training measures: After looking at the intense
source for some seconds, ten more measures of the voluntary
straight ahead were taken.

Results |

Table 18

Mean eye position in mm. taken up before and after
treatment as measured at the T.V. monitor
(zero is arbitarily the first reading of the pre-test)

Subject Before treatment After treatment
1l -1.5 12.6
2 -0.9 9.2
3 1.9 15.95
4 275 17.75
5 1.0 13.2
o -1.9 9.5
7 1.4 14,7
8 =2.1 i5.1
Mean = 0.46 Mean = 13,50

D = 13.04 Sum of D° = 1421.9
9.57 4f =7 p < 0005

i

t
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The above result is statistically significant, and the
evidence warrants the rejection of the null hypothesis.

The shift shown above is in the direction appropriate
to the adaptive shift shown after inspecting the fingers
or the feet.

It would be interesting to calculate the possible effect
on pointing which a change in appreciated eye position of
this magnitude could bring about. To make this estimate
certaiﬁ other data were required. A subject was asked to
scan along a metre scale at a distance of 65 cms. (i.e.,
arm's length).

A scan of 16 cms. generated a shift of three cms. on
the T.V. screen, Using. the mean of the above difference
readings as an estimate of change in the position sgignal
generated by the eye, it would be expected that a ten
minute exposure would give a mean effect on pointing of
1.30 x 16/% equals 6.7 cms.

Now the results of experiment 7 can be éimply converted
from degrees to centimetres by assuming arm length to be
65 cms. It can then be calculated that the mean error of
6.45 dégrees is eqﬁivalent to a displacement of 7.% cms.
on the assumption that the limb reflects the position
signal derived from the eye on a one to one basis.

It is readily seen that these two results are by no
means incompatible, even though the exposure situation in
experiment 7 was somewhat different.
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Experiment 8b

Effect of prior asymmetry of gaze on subsequent
. ' eye centring

In order to consolidate the‘finding of a previous
experiment, namely that holding the eyes in an agymmetric
position does not affect subéequent pointing, two further
tests of after effect from asymmetry were performed.
In these two experiments, the procedure was as for the
last experiment; pointing eyes straight ahead; treatment;‘
eyes straight shead again. - In the first (i), the treat-
ment consisted of wearing prisms and inspecting a spot
on the floor just forward of the feet, the feet not being
in view. In the second, (ii), the subject remained on
the bite in front of the camera and during the treatment
condition fixated a point placed in maximum rightwards

asymmetric convergence, in both experiments the treatment

/condition lasted ten minutes.
Table 19

Mean differences between pre and post-training eye

centring for two different treatment conditions
Differences in mn's

Subject Treatment i Treatment ii
1 5.0 25
2 1.0 0.0
3 -2.5 2.0
4 -1.5 3.5
5 3.0 -4.0
6 -2.5 ~1.5
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Without the aid of statistics it is quite clear that
the 'asymmetric' treatment condition is not producing the
change in appreciated eyé position shown up so clearly in

experiment 8a.

Experiment 8¢

Positioning the eye straight ahead after a free
movement Treatment condition

The experiments of section 7 claim to be aposite to
the 'free situation' but so far have not used free moving
subjects. It was desirable to perform an experiment to
provide evidence directly relevant to the‘contention that
a change in appreciated eye position is the fundamental
effect when adaptation takes plaée when the subjeét is
free moving. On the basis of the previous experiments,
a change in the appreciated eye position is expected.
Apparatus

The apparatus was identicallto that of experiment 8a.

Subjects: The subjects were sik undergraduates in
the University.

Procedure: The only difference in the procedure between
this and experiment 8a is that the treatment condition
lasted two hours and consisted of the subject being asked
to roam freely about the psychology building, a locale

which was well endowed with stairs and corridors. The
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treatment condition thus ensured that the subject would see
his arms and legs a good deal when negotiating obstacles;

a situation which Held and Mikaelian, (1964), have shown
to be more effective in producing adaptation than treatment
conditions in open spaces, in which the limbs need hardly
be seen at all,

Suitably masked 20 dioptre prisms were used in the
treatment condition, and were not removed until the subject
was seated in front of the T.V. camera, and bitingvon the
dental impression. In this way it was ensured that no
accidental view of the viridiéal body position could be
obtained.

The experiment thus consisted of pre-treatment measures
of eye centring, followed by the treatment outlined above,
and then the post-treatment measures.

Results
Table 20
Mean difference readings in mm's at 7.V. monitor
in pogitioning the eye straight ahead
All readings are in the direction of the adaptive shift

Subject Mean difference
1 16.8
18.0
9.7
6.4
22.0
14.8
Sum 87.70

D = 14.61 D°
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t = 6,213 4f =5
0.0005 p 0.001
Thus the mean differences between the two situations
are statistically significant, and the evidence is consisg-
tent with the hypothesis that the prism adaptation which
occurs when the subject moves about freely is the same as
that which occurs when he inspects his immobile limb.,

Discussion

Subsequent to these experiments being carried out,
Kalil and Freedman, (1966a and 1966b), have presented
evidence that there is eye involvement in what has become
a conventional prism-adaptation situation, namely the
subject pointing to a visual target while wearing prisms,
and only getting knowledge of results when the movement
is complete. Until their paper it had been accepted that
there was no significant 'inter-manual transfer' of adapta-
tion, (Harris, 1963; Mikaelian, 1963; Hamilton, 1964),
and hence, by inference, no involvement of the eye-
positioning system. However, experiments carried out by
Mr. A Johnston in the psychological laboratory at Durham
have confirmed that a change in pointing of the unused arm
does occur in this conventional situation, and that this
is related to the magnitude of the change in appreciated
eye position as directly observed with the T.V. hook-up

described here. This finding is in line with that of

- 196 -



Rock, Goldberg and Mack, (1966), who have shown significant
correction to prismatic distortion when the exposure condi-
tion is limited to mere inspection of a prismatically

distorted scene.
primarily changes the felt position of the limb, (Harris,
1963; Craske, 1966a), clearly cannot be very great.

Adaptation in the eye positioning system can be of an order

no greater than is necessary to 'take up the slack', that

is, can be no greater than that hecessary to'adapt to any .
residual error after the very rapid adaptation at the joint.
To elaborate this point further evidence is being
gathered in this laboratory that the population of subjects
is not uniform with respect to the readiness with which
appreciation of the eye position will change. This is
only to be expected, but so far no account has been taken
of this in the explanation of adaptation to prisms.
Remembering this, it would be expected that degree of eye-
involvement after exposure to a prism situation would
depend upon the readiness with which both joint and eye
Wiil modify position data; which of these systems is being
favoﬁred by the exposure situation; and the degree to,‘
which the system and sub-systems can tolerate discrepant
positional information. Such a proposal would explain

why Pick and Hay, (1966), found no changes in appreciated

eye position subsequent to a prism treatment condition
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system of the eye, but it seems quite clear from the above
work that such a-controller requires input from the limb
proprioceptors to correlate highly with its own fedback
position information. Certainly without this it rapidly
loses stability, a conclusion which is surprising, for it
leaves the question as to the candidate for tﬁé position

systen's fixed referent.

- 199 -



Section 8

The Subsidiary Bxperiments

SE 1. ©Ividence that limbs are normally moved from felt
positions.

SE 2. The efficiency of adaptation using the percelved
error technique.

SE 3. Evidence for adaptation to prisms with kinaesthetic
- error feedback.

SE 4. Adaptation with delayed feedback.
SE 5. The technique of anti-adaptation.

SE 6. To determine the effect of prism adaptatlon on the
Judgment of 45 degree arcs.

SE 7a. The variability of 'straight ahead' judgments of
the head.

SE 7b. Vhriability of positioning the eyes 'straight ahead'.

These subsidiary experiments are on a small scale and
illustrate points made in the argument. Sometimes what
is reported is a matter of common observation by those
working in the field, but has not appeéred in the litera-
ture, other items are easily tested hypotheses not requiring
elaborate experimentation.

By.their intention these experiments do not require a
protracted theoretical introduction, for each one has been

introduced in the main argument.
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The practice will be observed of reporting these
experiments in the most concise way possible. Results
will take the form of graphs, significance levels or

observations.,.

Subsidiary experiment 1

Bvidence that limbs are normally moved from
felt positions

When a limb is moved from one position to another it
would seem likely that the internal iﬁformation as to limb
position, (kinaesthesis from joints), would normally be
used to indicate stérting position. This is argued fron
the fact that we are always aware of limb position, and
it would seem that this could be the prime use of this
information. Pogition information from kinaesthesis is
very nearly as accurate as that from vision, (Merton,
1961), thus it can be argued that moving from a felt
position to a seen position is a very efficient use of
avalillable information. Iastly, common observation would
indicate that most movements made by humans take place
with no visual checking on the starting position.

Utilising the ideas on ballistic mévement already
discussed, namely that moving from position A to position
B is performed via an appropriate M.0.T.F.P. to the

mugsculature, an experimental technique was applied whereby
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The task was to point at the target once per second
for 30 seconds while wearing 20 dioptre base right prisms.
Since the plate glass sheet was covered tp within two
inches of thé targeﬁ, the subject obtained knowledge of
results only on completion of the limb excursion. The
arm was swung from the side and was semi-pronated through-
out.

Before and after the exposure period ten measures of
the subject's accuracy of pointing were taken, no knowledge
of results being permitted.

Results

For the five subjects used, the error in pointing
before the treatment condition was minus 1 degree. The
mean error after the treatmentrwas plus 6.5 degrees.

Full adaption for these prisms is 11.3 degrees, thﬁs
the adaptive shift of 7.5 degrees represents 66% adaptation
in the 30 second exposure period, double the adaptive shift
reported affer the arm wagging treatment within one sixth

of the time period.

Subsidiary experiment 3

Bvidence for adaptation to prisms with kinaesthetic
error feedback

The purpose of this experiment is to provide evidence

- 204 -



“g*y OT3OUISCBUTY UITA
sanpsooad uotgyeidepe JOF 309JF5 1918 PUB nOMPmpmmwn Jo 9sanod swrL *9 *ITd

STeTI} -
174 Go 02 3l 91 ! ¢l 0l 8 9 % 2
\ - Gl
O
[ 01
° L
- 8
(<]
© - 9
-]
o\ "V
\\o\\ °
L« P2
Q- L -
— 0
[ Io - - - - - - . - - N
~
e 1 -
° |
*g*y ou uITA
° o UOT}BSTTRO0T TEWIOU JO UB3U - b
] - 9

\

JoJaaq soaxdeq

IJ3o J99Je $99JF9(

\

ot}



that adaptation can occur in the localising of visual
targets when the knowledge of results is given to the
subject by B passively moving the limb to correct any
error the subject makes.

With the subject in the restricted situation as in
the last experiment, and wearing prisms, he is ésked to
attempt to point at a single visual target placed at arm's
length and in the sagittal plane passing through the point
of rotation of his right arm. This is done at the rate
of one pointing every 5 seconds, no visual knowledge of
results is obtainable, but the B moves the limb to the
real target position as soon as the limb excursion is over.

Typical results are illustrated in figure 6 which shows
gradual change in pointing with increase in number of
trials, and the after effect on pointing after twelve

trials which indicates that the modification made is not

!

a conscious one. As in more conventional prism adaptation,

the after -effect can be seen to decay with time o asymptotei

with the curve of normal localisation which is plotted on
the same graph.
These results are germane to Held's contention that

reafference to the distance receptorg is a necessary

condition to produce this sort of adaptation, for here

no such reafferernce was available.
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Subsidiary experiment &4

Adaptation with delayed feedback

Held, Efstathiou and Greene, (1966), used a variant of
Held's hand wagging adaptation technique, énd showed that
delaying the visual feedback associatgd‘wiﬁh the active
movement of the hand completely eliminated any prism
adaptation. (This experiment is discussed fully in the
text).

Their conclusion was that the correlating mechanism
which has been hypothgsised by Held, 'cannot handle a feed-
back signal delayed by as little as 0.3 seconds'.

The results of the following expefiment illustrate
that such general conclusions cannot be sustained, and
stem from a misplaced adherence to the theoretical role
of reafference vié‘thé visual channel in this form of
adaptation.

This experiment employed the normal perceived error
technique with the subject pointing to a visual target,
but the visual feedback as to the position error of the
limb was delayed by 30 seconds. The limb WS then returned
to the subject's side in the normal way, but the onset of
the next localising trial was delayed byla further 30
seconds. This procedure was repeated twelve times, which
was sufficient to make the point intended, namely that

gignificant adaptation does take'plaoe even with 30 second
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delay periods between movement and visual feedback.
Typical results including initial size of after effect
are presented in figure 7.

‘:The reader is referred to the consideration of Held's
work in the text, where an explanation of the results of

Held et al is presented.

Subsidiary experiment 5

The technigue of 'anti-adaptation'

During prism experiments it is often desirable to test
the subject under a number of exposure conditions, and in
order to do so it is imperative that base line readings
for the pre-adapted state should be ags similar as possible
prior tp each part of the experiment.

It is not always convenient or desirable for the sub-
ject to come for trials sessions on a number of different
days, and for this reason the following procedure was
adopted to produce base line readings after a period of
prism exposure. Since testing occasiong which are separated
by hours or days regularly show different base line
performance, it is necessary to employ some criterion of
the base line; for exam@le one regularly employed by the
writer was that the mean of the base line performance on

occasion 2 should be plus or minus one degree of that on
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occasion one. This was quite arbitary, but ensured that
subjects with a high level of intrinsic variability were
rejected after just a few trials. That is, such people
often could not conform to the criterion in the normal state,
gso were thus not used in experiments.

The 'anti-adaptation' technique is merely to use the
same procedure as in the standard adaptation condition for
the restricted situation, the only difference being that
né prisms are woIl. Thus the subject uses the same move-
ments, muscles and joint excursion as in the adaptation
procedure, but re-learns to point accurately. This con-
tinues until the criterion of accuracy is reached; the
practice commonly adopted by the writer was to insist on
4 or 5 consecutive correct localisations.

This technique has been found successful in negating
adaptation in the restricted situation, (i.e., adaptation
at the level of the joint), about twenty pointings normally
being sufficient after normal, short exposure periods. |

It must be noted that adaptation of tThe appreciated
position of the eye is more readily destroyed by inspection
of limbs without the aid of prisms, see Craske and Temple-
ton, for some observations on the destruction of 'eye

effect’'.
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Subsidiary experiment 6

To determine the effect of prism adaptation on
the Judgment of 45 degree arcs

Subsidiary experiment 2 illustrated that over 60%
adaptive shift was shown in pointing to targets after 30
seconds training using the perceived error technique.

Part of this thesis has shown that such adaptation takes
place at the level of the used joint, and it has been argued
that this form of adaptation takes place 'in order' that

the M.O0.T.F.P. be preserved, i.e., the motor outflow
component definitely does not alter.

An experimental test of this is to show that some
Judgment likely to depend on the motor outflow alone does
not alter after the adaptive procedure has been completed.
An appropriate test seemed to be to ask the subject. to
Judge an elbow jointrexcursion equal to 45 degrees before
and after adaptation of this Jjoint. This is the experi-
ment to be reported.

The subject was seated at a bench leaning slightly
forward and with his right elbow resting on the bench top.
A sliding screen covered the subjécf's arm, and on the
top of the screen along the arc described by his right
index finger were marked three line targefs. The subject's
task was to move his forearm about the elbow joint only
until he thought his index finger was pointing at one of

the targets which were called out in random order by E.
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When he thought his finger was beneath the target, the
screen was slid towards the subject so that visual know-
ledge of results could be obtained. This procedure was
continued until the subject reached the criterion of 5
consecutive correct localisations plus or minus one centi-~
metre.

Before and after this treatment condition, the subject
was asked to make ten right forearm excursions equal to
a judged 45 degrees; again movement took place about the
elbow Joint. The arm was moved from right to left, and
there was no fixed starting position; movement took place
without knowledge of results. The distance between the
starting and finishipg positions of the right index finger
was recorded by E.
Results

Whether the acrs measured off by the 8 subjects were
in any way accurabte is not of concern here. The difference
between the before and after measures for each subject is
the important datum.

t for correlated means for the data collected equals
0.197; p> 0.15 for one tail test.

This data does not warrant the rejection of the hypo-
thesis that there is no difference between the two sets
of Jjudgments.

The conclusion to be drawn, (assuming that this judg-
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ment is based on motor outflow), is that motor outflow

undergoes’no modification due to the adaptation procedure.

Subsidiary experiment 7

Varisbility of positioning the head and eyes
'straight ahead! '

It is of use to suggest a reason why the head is held
to one side when the subject wears prisms in the free
situation. If a subject is wearing a pair of base-right
prisms, the optics of the situation make it clear that light
is bent in such a manner that his visual fiéld is consider-
ably more extensive to the right‘of his median sagittal
plane than to the left. Thus the effect of turning the
head is to make the total field of view symmetrical about
the median sagittal plane of the body. The thegis that
the position of the body median plane is known in some way,
and that the eye position is adjusted to this is ﬁntenable.
The median plane is only real insofar as we can indicate
it by pointing with hands or feet or eyes, and in the first
two of these situations we are doing nothing more than
indicating a place the definition of which we know
conceptually. So for example in the case of indicating
the median plane with the arm, we can check visgually that
we have adhered to the definition. In the case of indica-

ting the median plane using a limb without visual checking,
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the most likely_explanation is that we know what M.O0.T.F.P.
is appropriate to move the limb into this position because
we have calibrated the system through time, presumably
through knowledge of results.

In the case of indicating points on the median sagittal
plane when only the visual channel is used, a likely
strategy is that the subject assumes that the head is
normally oriented on the shoulders, and then sets his eyes
straight ahead by means of Symmetrical innervation, Bjork
and Kugelberg, (1953), have reported on the electrical
activity in the eye muscles, and their data support such
an idea.

It would secem from this observation that a case could
be made to explain why the head is held to one side in the
prism wearing situation. By doing this the prism-wearer

puts himself into a position whereby he may maintain his

eyes oriented straight ahead with respect to his head when

observing objects which are objectively in the median plane

of the body. Consider that in the environment in which
subjects are normally required to walk about, i.e.,
corridors, paths, flights of stairs, the point for which
the subject is making could be seen by holding the eyes in
an asymmetrical manner. Observation indicates that it is
clearly preferable however for the subject to innervate the

eyes symmebtrically and hold the hedd to one side. In
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seeking the reason for this, one merely has to perform
experiments whereby a non-adapted subject is asked to put
his eyes 'straight ahead', and another where he is asked %o
set hié head 'straight' on his shoulders, in both cases

without error feedback. As will be seen, the variability

of the eyes is extremely low, and that of the head very high

indeed. From this it can be inferred that we are not
particularly conscious of the direction in which our head
is pointing, (even though as a localisation device, the
humaen system must have very accurate knowledge of its
orientation, however all this information clearly does notb
reach consciousness). On the other hand, the straight
ahead position of the eyes is known very well. Thus it
can be plausibly argued that the head is carried ékew on

the body in the free prism situation because we are much

more aware of the straight ahead position of our eyes than

of our hesd.

Experiment 7a

The Variagbility of 'straight ghead' judgments of
the head

Method
A racing cyclists crash helmet weighing two ounces was

fitted with two sighting pins frout and back. These were
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go placed such that when the helmet wos worn the noint of
rotation of the head on the spine was in the vertical planc
nasging throush the sighting »ins. In the measuremnent
situation, the subject stood erect and rested collar bhones
and sternmun on three »noints projecting from @ rigid struc-
ture in front of him. Sideways movement was nrevenbed by
clampg which could be adjusted to shoulder width. Two
meterg in front of the subjecet vias a2 circular gcrle gradua-
ted in centimebres. The subjectts task wmas to bring his

1

head in from left and right altemately, and to ston in

M

he Tgtraicsht ahead' nosition., This vas done twenty times

B

<

fron each direction, and the sgtonping position read off by
B by looking along the sighting ning to the scale, Thisg
whole »nrocedure wag carried ont with the eves closged, and
no knowleﬁgevof results was given. len subjects were used.

Hesults

Hean variance for 10 subjeccts 72067 CHIS,

Thus mean 5D = 28,08 ens.
0
1L = 3449 cnge

o o D = 7.08 denrees.
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Bxperiment 7b

Variability of positioning the eyes 'straight ahead'

The following measurements were taken by Craske and
Templeton. . The T.V. arrangement is identical to that
fully reported in experiment 8.

This set-up achieved a times ten magnification of one
eye, with the subject only able to see a featureless white
surface.

With his head immobilised by a wax bite, the subject's

task was to open his eyes every ten seconds, and to volun-

tarily position them so they were pointing 'straight ahead'.

Over a period of days, a series of 121 readings of the
horizontal straight ahead position were taken using the
left eye of one subject. Vertical changes were ignored.
These readings were taken directly from the screen of the
T.V. monitor by translating a vertical cursor until its
edge formed é tangent to the iris, and then reading off
from the millimetre scale attached horizontally to the
gcreen of the monitor.

Results

The results may be conveniently presented as a frequency

distribution, with the line of best fit drawn in. (See
fig. 8).
Analysis of the data reveals that the digtribution is

approximately normal, and the standard deviation of the
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distribution is 0.376 mm. If the appropriate conversion
is performed, thié iéiequal to 1.73 degrees at the eye,
(see appendix). Now this is the variability in eye
positioning over three days and ten occasions. The vari-
ability within one set of trials is O.4 of this value, thus
the variability within a short time period is about 0.7
degree, and it is this figure which we should use as a
comparison for the variability observed for centering the
head on the shoulders, since these results were taken over
a comparable period of time, namely some 200 seconds.

Now the variability of positioning the head to straight
ahead on the shoulders was seen to be 8 degrees, which is
some eieven times as large as the Variability of eye
positioning.

These data support the hypothesis that the head is
carried to one side in the free situation. Given the
choice between voluntarily holding the eyes to one side,
or voluntarily holding the head to one side, it is the
latter which’is noticed least, (due to its high intrinsic
variability). This being so an asymmetrical head position
is adopted in preference to an asymmetrical eye position.
It is pointed out that Kohler, (1964), observed that a

subject wearing prism‘spectacles did not notice that his

head was carried to one side.
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Section ©

Discussion

There are still many problems left in the area of prism
adaptation, though the underlying features are better
understood than they were. Since each experiment reported
here had its major points brought out in its own discﬁssion,
and since the General Statement, Summary and Conclusions
draw these together, this opportunity will be taken to look
at some of the problems and to put forward some largely
untested ideas.

The first item to be considered here is the part played
in the prism situation by the factors of visual asymmetry
and rotation of objectively normally-incident surfaces.

When prism spectacles are worn, the cone of space which
can be seen by the subject is asymmetrical about his median
sagittal plane. Furthermore if the subject's line of
sight is normally incident upon a surface before looking
through the spectacles, then subsequent to putting them on,
the surface will rqtate and appear as if it were slanting |
with respect to the subject. Harris, Harris and Karsh,
(1966), have arguved that the negative adaptation, (i.e.,

naladaptive shift), found by Bauer and Efstathiou, (1965),
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is due to the subject adjusting his subjective straight
ahead in order to. unrotatbte the slanted world. The experi-
mental test employed by Harris et al shows an after effect
due to passive inspection of a prism slanted surface; the
same effect was also shown by Rock, Goldberg and Mack,
(1966), and pilot studies by the writer have also confirmed
the observation.

A kindred situation producing change in egocentric
localisation is that used by Bruell and Albee, (1955), in
which self luminous frames aré wrongly positioned by the
subject when he is told to adjust one of the wverticals to
straight ahead. However this and the former variety of
asymmetry do not pfoduce the same shift in the subject's
behaﬁiour;, one is in the opposite direction to the other.
In terms of our understanding of eye adaptation, both these
situations would repay further study, for they are both
affécting the eye positioning system.

It is possible that the observation of 'intermanual
transfer' in the restricted training situation used by
Kalil and Freedman, (1966a), may be due to the visual
asymmetry attendant upon using only one target located
along the objective median plane. Though their later
report, (Xalil and Freedman, 1966b), would lead the writer

to argue that the intermanuval transfer is due to a change
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in the appreciated eye position following sufficient
exposure to discordant eye-limb position information.

It must be noted however, that it is not known whether

the 'Bruell and Albee effect' produces changes in apprecia-
ted eye position similar to free situation prism adaptation,
and it still remains a possible explaﬂation of their
findings. There can be no doubt that those working with
prisms should be very careful of the background which their
~ subjects may be able to see, for this may be a source of
unexpected error.

‘Some points raised by a recent review, (Wohlwill, 1966),
may be commented upon. For example the contention that,
"Harris is forced to rely on changes of the head and eye
to account for changes of an apparently visual nature',
can now be seen to be unjustified criticism in the light
of the work reported and summarised here. He is right
however when he argues that the proprioceptive change
explanation is difficult to reconcile with the role of
visual perceptual variables in adaptation. For example
with active movement, adaptation is greater in a corridor
than in an open field. This is certainly not a proprio-
ceptive change, but one of appreciated eye position.

It is argued that the difference between the corridor and
the field lies in difference in 1liklihood of the subject

seeing his limbs. This is far more likely in the corridor,
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where walls have to be fended off, thus adaptation will
be greater.

Wohwill's conclusion that "adaptation effecfs might
be profitably thought of as concerning the system of inter-
relationships linking.... particular channels rather than
changes in any particular channel”, does not seem very
useful in that distinct changes in the subsystems of the
total localising system can be observed.

Some data of Hamilten's, (1964a), present a problem
with no ready answer. The problem is that if a subject
is asked to locate a btarget which is viewed through prisms
end ims allowed no/knowledge of results, the error made by
the arms is double that made by the legs. Further if the
target 1s looked at, the eyes shut, and then the target
approached by walking to it, the error is about that which
would be predicted from the prism power. The only possible
explanation which occurs to the writer is that maybe sone
of the differences are accounted for by difference in
distance of the prism from the eye in the three cases.
The whole gquestion of the relation of prism power to error
of reaching has largely been ignored, and parametric studies
on the size of the after effect with length of training
and number of correct localisations are a big gap, only
partially filled by the observations of Rock, Goldberg and

Mack, (1966).
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Wooster, (1923), made the point that after adaptation
the arm felt in the right place. It is now known that
there is a change in the felt position of the used arm,
so Wooster's point comes to the assertion that there is
a change in subjective experience as adaptation progresses.
It is now possible to expand this to assert that with
change in appreciated eye position, the end point of
adaptation results in the eyes pointing in one direction
and the subject feeling quite confident that they are
pointing elsewhere. It is worth stressing that after
adaptation the relation between limb or eye position and
the position of objects 'feels right', for in talking
about mechanisms, the subjective component is often
neglected.

It seems necessary to suggest that Wooster's subjects
who showed. 47% retention of adaptation after 2/ years were
consciously directing their limb to a place different from
that which their wvisual system defined, for there is no
evideﬁce\to suggest that any of these effects can survive
the constant reality testing of normal experience for any
length of time; even Kohler, (1964), after his immensely
prolonged experiments did not suffer after effects of this
duration.

Kravitz and Wallach, (1966), report an experiment in
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which the voluntarily relaxed, but passively vibrating
arm is inspected through base up or down prisms. Their
findings were strange insofar as the ten minute exposure
period produced no adaptation reliably attributable to the
eye, whereas arm adaptation was quite definite. It would
seem that passive vibration of the inspected limb suppresses
adaptation in the eye positioning system. A possible
though unexplored proposition is that there is adaptation
in the limb in this exposure situation due to the volume
of positional efference from the limb; if this is so,
there should be a gradual change from eye to limb adapta-
tion if a limb were inspected under wvarious levels of
vibration from zero upwards. If this proposition were
true, then the hypothesis that limb adaptation takes place
as if the M.C.T.F.P. had to be preserved would need careful
gscrutiny.

An experiment by Abplanalp and Held, (1965), uses as
a treatment condition a 'negative feedback' situation
whereby the subject watches through prisms while his arm
ig being driven in the opposite direction to the force
which he is applying to his limb. No adaptation is
observed, and the conclusion drawn from the results is
that self-produced movement, where the efferent discharge,

is highly correlated With,the visual and kinaesthetic
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feedback, is necessary bto produce adaptation. That this
general conclusion is wrong has been argued previously, but
other explanations of Abplanalp's and Held's reéults on a
different basis from Held's theoretical view are difficult
to formulate. Furthermore the above exposure situation
is merely an unusual variaﬁt of eccentric contraction,
(the sort of thing which occurs in the biceps when a cup
is taken from the lips to the table). When the writer
checked for an adaptive effect when Just this latter move-
mént was watched through prisms, it was observed that
adaptation occured quite readily. It seems to follow
that there is a different factor involved when the eccen-
tric contraction is highly unusual. The theoretical
significance of this may be that the M.O0.T.F.P, has to
be callbrated against some kind of distance Judgment before
adapbation of joint position can take place, Unfortunately
no further work of this kind has been done to provide
further data.

A problem related to the prism after effects is that
of postural after effects, a term used first by Hein,
(1965). The effect of posture on subsequent posture
has an extensive literature, much of the work having been
carried out by Werner, Wapner and their associates.
Jackson, (1954), performed an experiment which showed

that holding the arm at 45 degrees to the horizontal led
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to a subsequent upwards effect in Judging the limb to be
horizontal. This has been 'rediscovered' by Kravitz and
Wallach, (1966). Experiments carried out by the writer
have indicated that this postural effect takes the form
of change in felt position of the limb. The prerequisite
condition for this effect seems to be merely holding the
limb in some posture different from 'normal'. Apparently
related to this is the finding by Wyke, (1965), that with
head rotation, pointing error is inversely related %o
direction of rotation. This area of the effects of posture
on localisation is potentially very fruitful, and seems to
possess sbtrong links with prism adaptation.

Cohen, (1966), has reported some very intriguing
observations. Prism adaptation was undertaken with the
subject fixating straight ahead and the training consisted
of learning to reach for targets seen only in the periphery.
The observed after effect was greater when reaching for
targets situated on the same side as those seen in the
training. After performing the appropriate control experi-
ments, the most clearly indicated conclusion was that one
point on the retina was producing modified position informa-
tion for a short time. This apparent change in retinal
space values has been confirmed by B. P. Moulden. If this

procedure does modify retinal spatial values in so short
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a time, then there is a factor involved in prism adaptation
which has not been seriously considered so far, and one so
unlikely in view of the clinical findings that further work
on this aspect would be highly desirable.

There are a number of experiments which it would be
useful to perform, and which may be noted briefly.
Concerning adaptation of felt limb position, an informative
psychophysiological experiment would be to carry out single
unit analysis of the output of monkey Jjoint receptors at
various levels up to the post central gyrus both before
and after prism adaptation. A change in output at some
level would be most interesting and informative.

A more simple experiment stems from the writer's
observation that if a subject has adapted and can point
to the target using horizontal abduction, then he makes
errors when he is asked to move by adducting his limb.
Sekuler and Bauer, (1966), showed that the position of the
hand during training affected post-training errors. These
observations suggested to the writer that it was posgible

that the limb position sensors might be. arranged in

sequence., and thug the felt position might be alterable

over a limited excursion, and yet not affect some other

region of the tobal pogsible excurgion. The contention

of Mountcastle and Powell, (1959), that the evidence

indicates a series of receptors with narrow but overlapping

- 225 -



excitatory angles lends support to this idea. Put
explicitly it is hypothesised that only those sensors
subserving the angle of limb excursion used in training
are affected by the adaptation procedure. There 1is
further evidence to support this idea. Freedman, Rekosh
and Hall, (1965), showed decrement of adaptive shift with
different arm movements during adaptation and testing,
and Goldstein, (1965), has shown that type’of response
during exposure affects size of after effect during
testing. So far as is known, none of these workers

have atbtributed their findings to what may be called the
'sector hypothesis' proposed above. However, tests of
the hypothesis are complicated by the ‘'direction of move-
ment' implication. Caldwell, (1956), and Caldwell and
Herbert, (1956), found that accuracy of arm positioning
was dependent oﬁ direction of movement. The writer has

obtained evidence that the ease of producing adaptation

is often different from adductive and abductive movements,
as if some threshold for change in position sense were
raised for movements in one direction in preference to
the other.

So far there has been no rigorous test of either the
sector hypothesis or the threshold hypothesis. Pilot
- experiments on the former using eight subjects and error

diminution ag an index of adaptation, showed that the
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total number of errors made subsequent to training followed
by testing over one sector (near the limit of horizontal
abduction), was mero centimetres, (i.e., full adaptation).
When training on the first sector was followed by testing
on another, (near the limit of hyperadduction), results
showed mean errors of 2.6 cms. It is argued that this
result is sufficiently good to Justify a rigorous experiment
to test the sector hypothesis.
| There is an interesting experiment to be performed by
someone who has access to a subject with flaccid paralysis
of a pectoral limb, but no impairment of afferent pathways.
The question is whether such a subject would adapt in the
prism situation when his limb was passively moved by E.
If he does, then it must be concluded that adaptation of
felt limb position can occur with no motor involvement.

Concerning adaptation of appreciated eye position, a
similar experiment to that above has yet to be done, namely
can a subject with paralysed eye muscles show adaptation
subsequent to inspection of the limbs? The inference to
be drawn from any result would necessarily depend on the
nature and site of the injury causing the paralysis.

mhe experiments on normal subjects which produce an
eye effect suggest that if two base-out prisms were used
while the subject inspected his own limbs, the appreciated

position of the two eyes would alter in opposite directions.
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It follows that the apparent lines of sight would be
altered, and thus there should be a change in depth percep-
tion, shown up by over-reaching. W. B. Templeton has also
éxpressed such an idea. It also follows that with subse-
quent monocular vision, errors will be in oﬁe direction
with one eye open, and in the opposite direction with the
other eye open. Once again, pilot experiments suggest

that these changes may occur.
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Section 10

Summary and Conclusions

The main experiments reported here make it quite clear
that in the 'restricted situation' where the subject is not
exposed to discordant position information too long, there
is adaptation of the felt position of the limb. Further-
more, the part of the system feeding in the error informa-
tion is argued to be a passive instrument in the adaptive .
process from the fact that both visual and auvditory
information can be used to produce this kind of adaptation.
It has been shown further that the éhange in felt arm
position is consistent with observed errors of pointing
with the adapted limb, both to visual targets, and to the
unadapted contralateral limb.

Bvidence was gathered which seemed to point to a
distinction in the menner in which humans tackle lbcalising
tasks. The data was consistent with the hypothesis that
as movements become more automatic, (highly overlearned),
the limb can be moved to remembered positions without.the
system using information about felt limb position.

Other experiments have shown that the appreciated eye

position is changed when the subject sees his own limb
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extremities through orisms for a fairly protracted length
of time., This is true whether or not voluntary eye move-
ments are used, and both when the limbs have been immobile,
and when free unrestricted movement is allowed.

A number of subsidiary experiments were reported.
The chief findings from bthese were as follows. l. That humans
normally move their limbs from felt positions, but need
not if the situation demands otherwise. 2. An argument
was presented as to the reason why the head is held skew
to the body when wearing prism spectacles. Bvidence was
given supporting the argument, and this showed that the
variability of positioning the head straight on the
shoulders is considerably greater than that of positioning
the eyes. 3. It was also shown that judgment of angle of
limb excursion was not affected by adaptation, which
provides evidence that motor innervatlion undergoes no
modification in adapﬁation.

On the basis of the experiments reported and reviewed

here, the following four proposals are put forward as

germane to the explanation of intermanual transfer of

adaptation. The constraints of the situation will

determine which of these is relevant at any given time.
1. Postural after effects due to holding the head

skew on fhe shoulders.
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2. Normalising to the room slant when looking through
prisms.

3. Adaptation due to discordant kinaesthetic informa-
tion and eye position information; a change in appreciated
eye position.

4, ©Possibly an after effect due to visual asymmetry.
There is informal evidence that movement of the head and
body are of no importance in the aetiology of ﬁhe effect.

Added to these, the following proposals are made ag

to the background to adapbation and the sequence of events

in the free situation.

The human animal has a localising system with built-in
variability in its wvarious sub-systems. The animal there-

fore has to be constantly reality testing and modifying

parameters in the various sub-systems to compensate for
this variability. Positional reality is tested cross-
modally‘by seeing limbs to be where they feel. Support
for this comes from Merton, (1961), who has shown that the
localisation errors made by the eye and the hand are of
the same order of magnitude; this is the sort of result
to be expected from such a testing system. Also, Held
and Bauer, (1967), showed that infant monkeys displayed
poor vigually directed reaching with a hand until vision
of that hand had been allowed. On being given the

opportunity for this visual experience, looking at the

- 231 -



hand was ‘'insistent and prolonged!. It could be argued
that this is an example of the necessity for cross modality
reality testing. |
Now both felt limb position and appreciated arm posi-
tion can alter, and it is suggested that under freé
gituation prism wearing conditions where limb movement
and knowledge of results 1s allowed, the first occursncs
will be that the felt position of the used limb will under-
go modification in order to rajidly produce appropriate
behaviour. This will be followed by more gradual change
in apprecisted eye position provided sufficient exposure
tine is allowed. This latber occurs because the eye
gets discordant position input from the less used limbs,

(which will not be Tully adapted). Thus the passing

of time will favour adaptation in the registered position

of the eves to the extent to which the subject is capable.

This means that the limb effect is transient; a short
termn rabld vesponse of the system to counter inaccuracy;
and chonge in the internally registered eye position is
the end-result of long term exXposure,

Mow apart fromlthe support for these views embodied in
the areguments within the thesls, there ig further empirical
SUDDONT That there are short term limb effects is
sunported by the evidence of Ereedmﬁn, Gardos and hekosh,

(1968) . Gradual. take-up of adaptation by the eye is
supported by the experiments of Schaflfer and Wallach,

(1966) ., Lastly the paper of Hay and Pick, (1966), provides



strong suroort for the viewpoint above, and a review of the
gallent bo;nts off their exjeriments seceme rnecessary. n
one czrperiment subjects wore 20 dioptre nrisms for six veels,
and were tested on thelr ability to point to visual targets
(eye-hand coordinution), and to noint to a'oliok (earéhand
coordination) before, during and after adapbation.

It was found that the initial phasé of adajsvation showed
parallel changes in eve~hand and car-hand coordination. Thi§
may be exnlained ag belng due to chenwe in felt Limb position.
The shift in ear-hond coordination was transgitory, and by day
& no narked error of ear-hond coordinztion was obscrved;
further, ecyve-hand coordination became very accuritc. This
ves congistent with the idea that the locus of adantation had
changed and there had been a change of anpreciated eve nositio

A further exneyiment which measured the course of adap-
tation through time used Tour additional ernerimental test
situations. (i) Bar-cve coordination‘where the gubject had
to identify the visual direction of a sound source. (ii) Eyei
head coordinetion, in which the subjeet hed bo turn his head
to face a visual tarpet. (11ii) Bar-head coordination, in
vhich the subjeet had to turn his head to face o concenled
gound source, (iv) Mead-hand coordination, in which the
subject had to noint tstraipsht ahead' with his eyves shutbe.

The siz dav exoeriment produced the folloring results. neat
(11i) showed no changze throughout, that ig, there was no
change 1 auditory localisation. Megt (1v) showed the same

.

tirle conrsc and nagnitude of adantation s d1ld the ear-hand

T

[2NEdrd
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test, ond thus a large trangient chonge in felt lindb nosition

m
._b
o
=
o

wag indicited; nelther test indicated zero adantation bef

the end of the exneriment hovever. m

9
ot

ste (1) and (ii)
sihiowed hetween & and o times the final edontation level of
the Hweviously hentioned nalpe off tests. hese latten tests
reflect the take-up of adaptation by change in the appreciated
eve pogsition. Tinally the eye-hand test reached a stable
masginum adantotion vhilch wag somewhat higher than shovin by
tests (1) and (ii), ond was consistent with the summed end
noint effect of eve and 1limb adaotation as shown indenendently
by the other teglbs.

Hay and Pick conclude that 'visual adaptation appears to
renlace an initial, quick acting proniriocc tive adapbation
dwring long-term prism exposure’, a view which is in accord

with the conclusions dravm by the writer.

3
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Section 11

Appendix

1. The conversion of readings from the T.V. monitor
(nillimetres to degrees of eye movement)

The subject was seated in front of the T.V. camera with
head immobilised, and a ﬁetre rule was placed 66 cms. froi
the assumed centre of rotation of the eye. (According to
Davson, (1963), this is situated 1%.4 mm. behind the
anterior surface of the cornea). The subject was asked
to fixate a point on the rule to one side of his median
sagittal plane, and then to fixate another point an equal
distance away on tTthe other side of it. By a process of
trial and error, it was observed that an eye movement of
plus or minus eight cms. produced a moveﬁent of three cms.
on the monitor. Letting (x) degrees be tﬁe total angular
excursion of the eye, then tam x/2 equals 0.1212. Whence
(x) equals 13.8% degrees.

Thus % cms. equals 1%.8% degrees, therefore 0.376 mm.
equals 0.125 x 1%.83 degrees, equals 1.7% degrees, correct

to two decimal places.

- 234 -



2. Method used for locating the acromioclavicular
joint - the assumed point of rotation of the arm

The subject was askéd to stand with his arms hanging.
loosely by his side. K. placed his index and middle fingers
on the front surface of the appropriate clavicle, near to
the sternum. The fingers were then 'walked' along the
clavicle towards the shoulder, moving to the top surface
of the clavicle while doing so. If B now palpated firmly,
a dip was eventually encountered between the clavicle and
the acromion. This was the acromioclavicular joint.

This was chosen as an approximation to the point of
rotation on the basis of an ¥X-ray photograph (on page 169,
Rasch and Burke, Kinesiology and Applied Anatomy, 2nd
Bdition). This depicts a shoulder with the arm in the
anatomical position. It can be shown from this that a
perpendicular from the acromioclavicular joint passes
through the head of the humerus at close to its centre

point.
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3. Definitions

Some terms have been used without definition in the
text. These are given below.
Ballistic  When referring to a ballistic movement, the
meaning is that the segment under consideration is moving
‘fairly rapidly; at greater than one third to one quarter
the maximum for the segment according to Hubbard, (1960).
Further, it is moving such that the agonist, having
initiated movement, plays no further part; the segment
continuing ivs motion by virtue of its momentum.

Horizontal abduction When the arm is flexed to the hori-

zontal, and moved horizontally backward, away from the
median sagittal plane.

Horizontal adduction As above, but the arm is moved

towards the median sagittal plane.

Kinaesthesigs and Proprioception have been used inter-

changeably, for both are appropriate to describing the
sensory afference due to joint receptors, and it is in
this restricted context that the terms have been used.
Thus, for example, 'kinaesthetic feedback' has been used
to mean 'feedback frém joint receptors'.

Motor outflow A shorthand term meaning the command

signal sent to the limb muscles; the efferent command.

- 2%6 -



Bibliography

Abplanalp, P,, and Held, R., 1965.
Effects of de- correlated visual feedback on adaptation
to wedge prisums.
Paper read at E.P.A.

Andrews, B. L., 1954,
The sensory innervation of the medial ligament of the
knee Jjoint.
Jd. Physiol., 123, 241-250.

Andrews, B. L., and Dodt, E., 1953.
The development of sensory nerve endings in the knee
Jjoint of the cat.
Acta physiol. Scand., 28, 287-297.

Angier, R. P., 1905.
Die Schatzung von Bewegungsgrossen bei Vorderarmbewegun-—
gen.
4, Psychol Physiol. Sinnesorg., 39, 429-448,
(seen in translation).

Barker, D., 1962.
Syuposium on Muscle Receptors.
Hong Kong Univ. Press, Hong Xong.

Barker, D., and Gidumal, J. L., 1960.
Some observations on the morphology of the intrafusal
muscle fibre.
J. Physiol., 153, 28~ 29

Basmajian, J.V., 1966.
Personal communication.

Bauer, J., and Bfstathiou, A., 1965.
Bffects of adaptation to visual displacement on pointing
"'straight ahead'.
Paper read at B.P.A.

Begbie, G.H., 1962.

The vestibulo-ocular reflex.
Bxcerpta Medica Intern., No. 47.

- 237 -



Bender, M. B., 1955,

The eye centering system. A theoretical consideration.
A.M.A. Arch. Neurol. and Psychiat., 73, 685-699.

Bender, M. B.,, Tend, P., and Weinstein, E. A., 1954,
Centering of eyes, a patterned eye movement.
AM.A. Arch. Neurol. and Psychiat., 72, 282-295,

Bjork, A., and Kugelberg, B., 1953,
The electrical activity of the muscles of the eye and
eyelids in various positions and during movement.
L.E.G. clin. Neurophysiol., 6, 595-602.

Bossom, J., 1959.
Complete recovery of accuraste egocentric localisation
during prolonged wearing of prisms.
Paper read at B.P.A.

Bossom, J., 1964,
Mechanism of prism adaptation in normal monkeys.

Bossom, J., and Hamilton, C.R., 1963,
Interocular transfer of prism-altered co-ordinations
in split-brain monkeys.
J. comp. physiol. Psychol., 56, 769-774,

Bossom, J., and Held, R., 1957.
Shifts in egocentric localisation following prolonged
displacement of the retinal image.
Amer. Psychologist, 12, 454.

Boyd, I. A., and Roberts, T. D. M., 1953.
Proprioceptive discharges from the stretch receptors
in the knee Joint of the cat.

J L] PhYSiOl .9 122 ) 58"58 .

Brindley, G. 5., 1960.
The Physiology of the Retina and the Visual Pathway.
Edward Arnold, London. ‘

Brindley, G. S., and Merton, P.A., 1960.
The absence of position sense in the human eye.
J- PhySiOl ey 1960, 1557 l27“150.

Browne, K., Lee, J., and Ring, P.A., 1954.
The sensation of passive movement at the metarso-

phalangeal Jjoint of the great toe in man.
Jd. Physiol., 126, 448-458.

- 238 =~



]
Bruell, J. H., and Albee, G. W., 1955,
Effects of asymmetrical retinal stimulation on the ;
perception of the median plane.
Percept. mot. Skills, 5, 1335-13%9.

Caldwell, L. 8., 1956.
The accuracy of constant angular displacement of the :
arm in the horizontal plane as influenced by the !
direction and locus of the primary adjustive movement.
U.8.A. M.R.L. Rep., Tech. Rep., 233.

Caldwell, L. S., and Herbert, H. J., 1956. !
The judgment of angular positions in the horizontal i
plane on the basis of kinaesthetic cues. '
U.5.A. M.R.L. Rep., Tech. Rep., 216.

Chernikoff, R., and Taylor, F. V., 1952,
Reaction time to kinaesthetic stimulation resulting
from sudden arm displacement.
J. exp. Psychol.,, 43, 1-8.

Cohen, H. B., 1963%.
Transfer and dissipation of after effects due to
displacement of the visual field.
Amer. Psychologist, 18, 411.

Cohen, H. B., 1966.
.Some critical factors in prism adaptation.
AmeI‘. J. Psy(}hOl LN 69 ] 285"2900

Cooper, S., and Daniel, P.M., 1949,
Muscle spindles in human extrinsic eye muscles.
Brain, 72, 1-24,.

Cooper, S., Daniel, P. M., and Witteridge, D., 1955.
Muscle spindles and other sensory endings in the
exbtrihsic eye muscles; the physiology and anatomy
of these receptors and of their connections with
the brain stem.

Brain, 78, 5064-583.

Cooper, S., and Fillenz, M., 1955.
Afferent discharges in response to stretch from the
extraocular muscles of the cat and monkey and the
innervation of these muscles.
J. Physiol., 127, 400-413%.

Craske, B., 1966a.

Change on transfer function of joint receptor output.
Nature, 210, 764-5

- 239 -



Craske, B., 1966b.

Intermodal transfer of adaptation to displacement.
Nature, 210, 765.

Craske, B., and Gregg, S. J., 1966.
Prism after-effects: Identical results for wvisual
target and unexposed limb.
Nature, 212, 104-105.

Craske, B., and Templeton, W.B.
Prolonged oscillation of the eyes induced by conflicting
position input.
J. exp. Psychol., in press.

Czermak, J., 1863.
Uber das sogennannte Problem des Aufrechtsehens.
Wiener Benchte, 17, 575-577.
(seenin translation).

Davson, M., 1963.
Physiology of the Eye.
Churchill, TLondon.

Efstathiou, A., 1963.
Correlated and de-correlated visual feedback in modi-
fying eye-hand co-ordination.
Paper read at E.P.A.

Efstathiou, A., and Held, R., 1964,
Gross modal transfer of adaptation to eye~hand
re-arrangement.
Paper read at E.P.A. .

Efstathiou, A., and Held, R., 1965.
"Intermodal transfer of shifts in reach after adaptation
to visual displacement.
Typescript.

Bfstathiou, A., Bauer, J., and Held, R., 1967.
Altered reaching following adaptation to optical
displacement of the hand. _

J. exp. Psychol., 73, 113-120.

Bwert, P. H., 1930.
A study of the effects of inverted retinal stimulation
upon spatially co-ordinated behaviour.
Genet. Pgychol. Monogr., 7, 177-%63.

- 240 -



Bwert, P. H., 19%06.
Factors in space localisation during inverted vision:
I. Interference.
Pgychol. Rev., 4%, 522-546,

- Bwert, H., 1937.
Factors in space localisation during inverted vision:

IT. An explanation of interference and adaptation.
Psychol. Rev., 44, 105-116.

Fender, D. M., and Nye, . W., 1961.

An investigation of the mechanisms of eye movement
control.

Kybernetik, 1., 81-88.

Festinger, L., and Canon, L. XK., 1963,
Information about spatial locabtion based on knowledge
about efference.
Pgychol. Rev., 72, 373-384,

Freedwan, S. J., Gardos, G., Rekosh, J. H., 1966.
There's more to perception than meets the eye.
Paper read at E.P.A.

Freedman, S. J., Hall, S. B., and Rekosh, J. G., 1965.
BEffects on hand eye co-~ordination of two different arm
motions during adaptation to displaced vision.
Percept. mot. Skills, 20, 1054-1056.

Gibson, J. J., 1958,
Visually controlled locomotion and visual orientation
in animals.
Brit. J. Psychol., 49, 182-194.

Goldscheider, A.
Untersuchungen uber den Muskelsinn.
Arch. Anat. Physiol., Leip zig, 1889, 486-487.
Ref. to by Howard and Templeton, 1966.

Goldstein, D., 1965.
Proprioceptive and motor factors in the displacement
after-effect.

Typescript.
Granit, R., 1955.

Receptors and Sensory Perception.
Yale University Press, New Haven.

-~ 241 -



Gregg, R. A., Mastellone, A. F., and Gersten, J. W., 1957.
Cross excercise, a review of the literature and study
using e.m.g. techniques.

Aner. J. phys. Med., 36, 269-280.

Hajos, A., and Ritter, M., 1963,
Interocular effects of adaptation to prismatic
spectacles.
Acta. psychol. Amst., 24, 81-90.

Hamilton, C. R., 1964a,
Studies an adapbation to deflection of the visual
field in split-brain monkeys and man.
Unpub. Doc. Thesis, Calif., Inst. Technol.

Hamilton, C. R., 1964b.
Intermanual transfer of adaptation to prisms.
Amero Jo PsyChOl., ‘77, 457"‘4620

Hamilton, C. R., and Bossom, dJ., 1964,
Decay of prism after-effects.
J. exp. Psychol., 67, 1l48-150.

Hamilton, C. R., and Hillyard, S. A., 1965.
Alterations in position sense following eye-hand
adaptation to deflected vision.

Typescript.

Hammond, P. H., Merton, P. A., and Sutton, G. G., 1956.
Nervous gradation of muscular contraction.
Brit. med. Bull., 12, 214-218,

Harris, C. 8.
Digscussion from 'Distortion and Displacement'.
Proc. Conf. Percept. Developt., In press.

Harris, C. S., 196%a.
Adaptation to displaced vision.
Unpub. Doc. Thesis, Harvard Univ.

Harris, C. S., 1963%Db.
Adasptation to displaced visiont visual, motor or
proprioceptive change?
Science, 140, 812-813.

Harris, C. 8., 1964.
Proprioceptive changes underlying adaptation to
visual distortions.
Amer., Psychologist, 19, 562.

- 242 -



Harrig, C. 8., 1965a. '
Perceptual adaptation to inverted reversed and
displaced vision.
Psychol., Rev., 72, 419-444,

Harris, C. 8., 1965b.
Comment on 'Change in straight shead during adaptation
to prism'.
Psychon., Sci., 2, 285-286.

Harris, C. 8., and Harris, J., 1965.
Rapid adaptation to right-left reversal of the visual
field.
- Paper read at Pgychon. Soc.

Harris, C. 8., Harris, J. R., and Karsch, C. W., 1966.
Shifts in pointing 'straight ahead' after adaptation
to sideways displacing prisms.

Paper read at E.P.A.

Hay, Jd. C., Pick, H. L. Jr., and Rosser, B., 1963,
Adaptation to chromatic aberration by the human visual
system.

Science, 141, 167-169.

Hay, J. C., and Pick, H. L., 1966.
Visual and proprioceptive adaptation to optical
displacement of the visual stimulus.
J. exp. Psychol., 71, 150-158.

Hein, A., 1965.
Postural after-effects and visuval-motor adaptatlon
to prisms.
Paper read at B.P.A.

Hein, A., and Held, R., 1962.
A neural model for labile sensorimotor co-ordinations.
Biol. Proto. and Synthetic. Syst., 1, 71-=74.

Held, R., 196l.
Exposure history as a factor in maintaining stablllty
of perception and co-ordination.
J. nerv. ment. Dis., 132, 26-32,

Held, R., 1963.
Movement—produced stimulation is important in prism
induced after effects:- A reply to Hochberg.
Percept. mot. Skills, 16, 764.

- 243 -



Held, R., 1965.
Plasticity in sensory motor systems.
Sci. Amer., 213, 84-94,

Held, R., 1966.
Plasticity in sensorimotor co-ordination.
18th Int. Congr. Psychol., Typescript.

Held, R., and Bauer, J.A. Jr., 1967.
Visually guided reaching in infant monkeys after
restricted rearing.
Science, 155, 718-%20.

Held, R., and Bossom, J., 1961,
Neonatal deprivation and adult re-arrangement.
J. comp. physiol. Psychol., 54, 33-37,

Held, R., and Efstathiou, A., 1964,
On mechanisms of reaching.
Typescript.

Held, R., and Freedman, S. J., 1963.
Plasticity in human sensorimotor control.
Science, 1963, 142, 455-462.

Held, R., and Gottlieb, N., 1958.
Technique for studying adaptation to disarranged
hand eye co-ordination.
Percept. mot.Skills, 8, 83%-86.

Held, R., and Hein, 4., 1958.
Adaptation of disarranged hand-eye co-ordination
contingent upon re-afferent stimulation.
Percept. mot. Skills, 8, 87-00.

Held, R., and Hein, 4., 19653.
Movement-produced stimulation in the development
of visually guided behaviour.
J. comp. physiol. Psychol., 56, 872-876.

Held, R., and Mikaelian, H., 1964.
Motor sensory feedback versus need in adaptation
to re-arrangement.

Percept. mot. Skills, 18, 685-688.

Held, K., and Schlank, M., 1959.
Adaptation to disarranged eye-hand co-ordination in
the distance dimension.

Amer. J. Psychol., 72, 60%-605,

- 244



Held, R., Efstathiou, A., and Greene, M., 1966.
Adaptation to displaced and delayed visual feedback
from the hand.

J. exp. Psychol., 72, 887-891.

Helmholtz., H. von., 1962,
Treatise on Physiological Optics.
Dover, New York.

Holmes, G., 1917.
The symptoms of acute cerebellar 1naur1es due to
gunshot wounds.
Brain, 40, 461-535.

Holst, B. von., 1954.
Relatlons between the CNS and tThe peripheral organs.
Brit. J. anim. Behav., 2, 89-94,

Howard, I. P., 1965,
Personal communication.

Howard, I. P., Craske, B., and Templeton, W. B., 1965.
Visuo-motor adaptation to discordant ex~afferent
stimulation.

J. exp. Psychol., 70, 189-191.

Howard, I. P., and Templeton, W. B., 1966.
Human Spatial Orientation.
Wiley, London.

Hubbard, A. W., 1960,
Ch. 2. Homokinetics: Muscular function in human
movement.
From: Science & Medicine of BExercise & Sports.
Bd. Johnson, Harper, N.Y.

Hunt, C. C., and Kuffler, 8. W., 195la.
Further study of efferent small-nerve fibres to
mammalian muscle spindles. Multiple spindle

innervation and activity during contraction.
J. Physiol., 113, 283-297.

Hunt, C. C., and Kuffler, S. W., 1951b.
Stretch receptor discharges during muscle contraction.
J. Physiol., 113, 298-315.

Irv1ne, 8. R., and Ludvigh, E., 19%6.

Is ocular proprioceptive sense concerned in vision?
Arch. Ophthal., N.Y., 15, 10%37-1049,

- 245 -



Lashley, K. 8., 1951.
In L. A, Jeffries - Cerebral mechanisms in behaviour.
(The Hixon Symposium).
Jg. Wiley & Sons, N.Y.

Lee, J., and Ring, P. A., 1954.
Effect of local ansesthesia on the appreciation of
passive movement of the great toe in man.
Jd. Physiol., 123, 56P.

Lloyd, D. P, C., and McInbtyre, A. L., 1950.
Dorsal column conduction of group I muscle afferent
impulses and their relay through Clarké's column.
Jd. Neurophysiol., 13, 39-54,

Ludvigh, B., 1952.
Control of ocular movements and visual interpretation
of environment.
Arch. Ophthal., 48, 442-448,.

Lund, J. 8., 1965,
Preliminary report of studies on the adaptation of
normal and brain operated monkeys to a prism~induced..
deviation of the wvigual field.
Anat. Dept., Univ. London.
Typescript.

McLaughlin, S. C., and Bower, J. L., 1965a.
Auditory localisation and Jjudgments of stralght ahead
during adaptation to prism.
Pgychon. Sci., 2, 283-284,

McLaughlin, 8. C., and Bower, J. L., 1965b.
Selective intermanual transfer of adaptive effects
during adaptation to prism,
Psychon. Sci., 3, 69~70.

McLaughlln, 8. Coy and Rifkin, K. I., 1965.
Change in stralght ahead during adaptatlon to prism.
Psychon. Sci., 2, 107-108.

McLaughlin, 8. C., and Webster, R. G., 1967.
Changes in straight-ahead eye position during adapta-
tion to wedge prisms.
Percept. and Psychophys., 2, Typescriptb.

McLaughlin, S., Rifkin, K. I., and Webster, R. G., 1966.
Oculomobor adaptation to wedge prisms with no part
of body seen.

Percept. and Psychophysics, 1, 452-457.

- 247 -



Mach, E, 1959, :
The Analysis of Sensations.
Dover, N.Y.

MeI‘tOl’l, Po ‘iAo, 196l| *
The accuracy of directing the eyes and the hand in
the dark.

Jd. Physiol., 156, 555-577.

Merton, P. A., 1964,
Human position sense and sense of effort.
In SEB Symposium No. 18, Homeostasis & Feedback
Mechanisms. c.U.p.

Mikaelian, H, 1963.
Failure of bilateral transfer in modified eye-hand
co-ordination.
Paper read at B.P.A.

Mikaelian, H., and Held, R., 1964.
Two types of adaptation to an optically rotated visual
field.
Anmer. J. Psychol., 7, 257-263.

Mittlestaedt, H., 1904,
The role of movement in the origin and maintenance
of wvisual perception.
Acta. Psychologica, 25, 310,

Moulden, B. P., 1967.
Personal communicatbtion.

Mountcastle, V. B., 1957.
Modality and topographic properties of single neurons
of cat's somatic sensory cortex.
J. Neurophysiol., 20, 408-434.

Mountcastle, V. B., and Powell, T. P. S., 1959.
Central nervous mechanisms subserving position sense
and kinaesthesis.
Bull Johns Hopkins Hosp., 105, 173-199.

Mountcastle, V. B., Poggio, G. F., and Werner, G., 1963,
The relation of thalomic cell response to peripheral
stimuli varied over an intensive continuum.

J. Neurophysiol., 1963, 26, 807-834,

Ogle, K. N., 1951.
Distortion of the ima%e by prisms.
J- Opt. SOC. AmeI‘., 4 [ 1025—10280

- 248 -



Petersen, J., and Peterson, J. K., 1938,
Does practise with inverting lenses make vision normal?
Psychol. Monogr. 50, No.225, 12-37.

Pick, H. L. Jr., and Hay, J. C., 1904,
Adaptation to prismatic distortion.
Psychon. Sci., 1, 199-200.

Pick, H. L. Jr., Hay, J. C., and Pabst, J., 1963,
Kinaesthetic adaptation to visual distortion.
Paper read at M.P.A.

Provins, K. A., 1958.
The effect of peripheral nerve block on the apprecia-
tions and execution of finger movements.
Jd. Physiol., 143, 55-67.

Rashbass, C., 1961,
The relationship between saccadic and smooth tracking
eye movements.
Jd. Physiol., 159, 326-3%38.

Rock, I., Goldberg, J., and Mack, A., 1966.
Immediate correction and adaptation based on viewing
"a prismatically displaced scene.
Percept. and Psychophys. 1, 351-354,

Sarnoff, S. J., and Arrowhead, J. G., 1947.
Differentialspinal block: IIT. The block of cutaneous
and stretch reflexes in the presence of unimpaired
position sense.

J. Neurophysiol., 20, 205-210.

Schaffer, 0., and Wallach, H., 1966.
Adaptation to displaced vision measured with three
tests.
Psychon. Sci., 6, 143-144,

Sekuler, R. W., and Bauer, J. 4., 1966,
Adaptation to prismatic displacements: hand position
and target location.
J. exp. Psychol., 72, 207-212.

Sherrington, C. S., 1918.
Observations in the sensual role of the proprioceptive
nerve-supply of the extrinsic ocular muscles.
Brain, 41, %33-343,

- 249 -



Skogland, S., 1956.
Anatomical and physiological studies of knee joint
innervation in the cat.

Acta physiol. Scand., 1956, 36, Suppl.l24.

Snyder, F. W., and Pronko, N. H., 1952.
Vision with Spatial Inversion.
McCormick~Armstrong, Kansas.

Sperry, R. W., 1947.
Effect of crossing nerves to anbagonistic limb muscles
in monkey.
Arch. Neurol. and Psychiat., 58, 452-473,

Stopford, J. S. B., 1921.
The nerve supply of the interphalangeal and intracarpo-
phalangeal Jjoints.
Jo Anato, 56, 1"11.

Stratton, G. M., 1897.
Vision without inversion of the retinal image.
Psychol. Rev., 4, 343-360, 46%-481.

Taylor, J. G., 1962.
The Behavioural Basis of Perception.
New Haven, Yale U.P.

Taylor, J. G., 1960. ‘
The prism 1llusion: a function of dislocated equiva-
lence classes. .
Percept. mot. Skills, 22, 219-232.

Templeton, W. B., 1967.
Personal communication.

Templeton, W. B., Howard, I. P., and Lowman, A. BE., 1966,
Passively generated adaptation to prismatic distortion.
Percept. mot, Skills, 22, 140-142,

Ten Doegschate, J., 1954,
A new form of physiological nystagnus.
Ophthalmologica, 127, 65-73.

Van Noorden, G. K., 1963.
Bilateral eccentric fixation.

Wallach, H., and Kravitz, J. H., 1965,

The measurement of the constancy of visual direction
and its adaptation.
Pgychon. Sci., 2, 217-218.

- 250 -



Wallach, H., Kravitz, J. H., and ILindauer, J., 1963,
A passive condition for rapid adapbtation to displaced
visual direction.
Amer. J. Pgychol., 76, 568-578.

Walls, G. L., 1951.
The problem of vigual direction pt. III. Experimental
attacks and their resultbs.
Amer. J. Optom., 28, 173-212,

Weinstein, 8., Sersen, &. A., Fisher, L., and Weisinger, M.,
Is reafference necessary for v1sual 1964,
adaptation?

Percept. mot. Skills, 18, o41-648,

Wertheimer, M., and Arena, A.J., 1959.
Effect of exposure time on adaptation to disarranged
hand-eye co-ordination.
Percept. mot. Skills, 9, 159-164.

Whitteridge, D., 1959.
The effect of stinmulation of intrafusal muscle fibres

on sensitivity to stretch of extraocular muscle spindles.
Quart. J. exp. Physiol., 44, 388-~393%,

Wohlwill, J. F., 1966,
Perceptual learning.
An. Rev. Psychol., 17, 201-232.

Wooster, M., 1923.
Certain factors in the development of a new spatial
co-ordination. -
Psychol. Monogr. 1923, 32, whole No. 146,

Wyke, M., 1965.
Comparitive analysis of proprioception in left and
right arms.
Quart. J. eXPe Psychol., 17, 149-157

,@Hgnw,wh

<) BEQT
. \\f\ 1ar

_//251 -



