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ABSTRACT

Experiments were performed with split-brain monkeys and human
subjects ta investigate several questions concerning the abillty of
higher mammals to compensate for errors in reaching produced by opti-
cal rearrangements of the visuval field., The aim c¢f these experiments
was to determine 1) if the adaptive process or affect nsould be lorgle
ized to or associated with particular structures ¢r reglions of the
brain, 2) if the adaptive changes are made in visual, motor, or propri-
oceptive elements of coordination, and 3) now the process and effent of
adaptation compare with other types of learning and memory.

Subjects were required to practice locelizing movements with
specified combinations of eyes and limbs while looking through prisms
that deflected their visual field., They then were tested for transfer
of the acquired adaptation to unpracticed members of ths body. Normal
monkeys and monkeys with differing degrees of midline section of the
cerebral and midbralin commissures and of other structures showed normal
adaptive ability with all eye-hand combinations and possessed no defi-
eits when tested for intercculer transfer. Normal reaching aleo
appeared to be unaffected by srlit-brain surgery. Monkeys and human
subjects did not transfer the acquired compensations from the practiced
to the unpracticed arm in several experiments, although pertial trans-
fer to unpracticed members was found with human subjects in certain
situations. The adaptive effects did not require vision for & return

towaré normal ccoordination.
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It was concluded that the adaptive process is not organlized com-
rletaly at cortical levels and that subcortical centers are involved
in reaching with both normal and adapied ccoordination. The effect of
adaptation seems besgt described as recalibrations in position sense of
particular limbs of the body. Under some conditions these glterations
seem to be rastricted to the level of the particular joinus that were
practiced during asdeptation, while under other conditions generaliza-
tion to uvnpracticed mzmbers was observed, The c¢ritical factor for the
occurrence of generelization appears to be the xind or amount of move-
ment rather than differences in visual siimulation. Adaptation differs
from other forms of ssnsory and motor learning by the presenca of
“interocular transfer in split-brain monkeys and by the complete absence

of intermanual transfer in monkeys and man under some conditions.
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INTRODUCTIOCN

When the visual field of human subjects is inverted, reversed,
or otherwise rearranged, the subjects show defiﬁite compensation for
the resulting errors in localization through changes in sensory-
motor coordination. The initially disrupiive effects on coordina-
tion of visually guided movement are overcome by extensive practice,
a8 shown clearly by several experiments in which the extent of
visuomotor adaptation was measured (1-9), In the most striking
examples of readjustment subjects could "engage in fenecing, skiing,
or riding a bicycle in heavy traffic"” (10) while wearing mirrors
that produced up-down inversion of the visual field (6, 7). Despite
such claims of remarkable recovery of coordination, it remains ques-
tionable that complete behavioral adaptation to inverted or reversed
vision has ever been achieved (9, 11),.

The subjects of all but one (3) of these experiments reportedly
‘experienced significant reduction of the initial discrepancies be-
tween the position of the body as determined from vision and from
proprioception, Thus, for many situations, some percepiual reorienta-
. tion accompanied the behavioral adjustment to inverted and reversed
vision, In some reports the perceptual changes were claimed to have
occurred within the visual sphere (1, 4-7), while in others the
‘changes were ascribed to alterations in the perception of body posi-
tion (2, 11). In the one experiment in which perceptual alterations
were not observed, the behavioral changes were interpreted as a form

of motor learning (3). Typical learning curves were obtained in
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this and other experiments that determined the rate of acquisi-
tion of skilled performance of several motor tasks (3-5, 9).

Similer studies with infrahuman mammals also indicate the
presence of some degree of adaptability to inverted vision, One
monkey improved her sbility to walk toward visually localized objects
efter wearing inverting and reversing lenses for seven days, although
recovery was apparently not complete (12). Newborn kittens raised
for many weeks with inverting prisms learned to perform several
visuomotor tasks satisfactorily, but were not as competent as nor-
mally reared controls (13). On subsequent reversal of the optiecal
conditions for the two groups of kittens, the originally "inverted”
‘group showed an advantage in the ability to afapt to the new
situation,

The edjustments to chronic inversion or reversal of the visusl
field require weeks of practice through the optical devices, and
hence are rather cunbersome for use in more extensive analyses of
the process of aedaptation. On the other hand, deflections of the
visual field such as produced by & wedge prism are easily compenseted,
often with only a few minutes' practice, and conseguently have been
maore frequently smplcyec in investigating the conditions necessary
for esteblishing adaptation (8, 14=17). With this technique it has
been found that while practice movements are required for edaptation,
specific knowledge of errors is not (i5, 16). Further investigations
have shown that self-produced movement and the resultent visual
?eedback, called reafferent stimuletion after von Holst's usage {18),

are nacegsary for adaptation o occur (8, 17). Passive movement of
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the subject that produces similar visual and, presumably, similar
proprioceptive feedback does not result in adaptation. These findings
indicate that some component of the response mechanism, usually
identified with corollary discharges from the motor system, is crucial
for adaptation, and have led to e useful model for this process (19).

These short term experiments with deflecting prisms, and others
employing displacements of vision by closed circuit television (9),
nave been concerned primarily with studying the adéaptive proeess
rather than the end effects that are produced. They have usually been
interpreted as favoring the linkages between sensory and motor systems
as the locus of *he neural reedjustment (9, 15, 19).

Adeptation experimenis also have been taken to support the theory
that vision and visuomotor coordination are acquired by experience
rether than by geneticaliy determined mechenisms of development (1, 2,
4-8, 12-14, 19). However, postulation of empirically orgenized
mechanisms apparently does not explain coordination in submammslian
vertebrates and insects. Rearrangement experiments in birds {20, 21),
amphibians {22-2L4), fishes (25, 26), and insects (27) present strong
evidence that visuomotor coordination in these classes is subject to
little or no readjustment. For birds (20) and amphibians (23, 24),
the results show directly that visuomotor coordination is <innate,

Thus it would appear from the evidence available to date that the
ability to adapt to rearrangements is exclusively a property of the
memmalian brain., It is as yet not certain if this ability reflects

the employment by higher enimals of a novel, empirical approach to the

development of normal sensory-motor coordinastion.
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A wide variety of questions concerning adaptation remain un-
answered or unasked, This research was begun in an effort to learn
something of the besis of adeptation in terms of the neural structures
invoived, For this purpose monkeys with surgical intervention in
pathways thought likely <c be involved in adaptation of reaching
accuracy were extensively tested for adaptive ability. Some results
from these experiments led to & corollary series of tests, performed
with humaen subjects, that were directed toward establishing whether
changes caused by adaptation were lccated in visual, proprioceptive,
or motor components of the coordinational mechanism. During these
experiments duestions concerning the conditions that determine which
members of the body are affected by adaptation arose and were investi-
gated further, ¥Finally, attention was pasid to those aspects of the
experiments that seemed likely to indicate the relation of adaptation

to other forms of learning.
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SECTION I

EXPERIMENTS ON TEE FUNCTIONAL ANATOMY OF ADAPTATTON

The usefulness of split-brain techniques for studying prablems
relating to learning, memory, and cerebral organization has besn dis-
cussed in recent reviews (28, 29), Taess technigues were gmployed in
the following experiments to determine if midline section of various
cormissures in the brain would have effects on sdaptation similar wo
those found for other types of learning (30-39),

It 1s presumed that adaptetion of reaching aim with deflected
vision requires some kind of readjustment between the visually deter-
mined position of an object and the mechanisms that produce the aiming
response, and therefore a functional association between the visual
end proprioceptive-motor systems is implied. It would be expected
that the retinal projection to the cerebral cortex (geniculowstriate
systom), along with the systems responsivle for recording the position
of the eyes and the need, would be employed in visual localization,
and it would seem a plausible assumption that the cortical somatosen-
sory and motor areas ere used in dirseiing the aiming response. TT
the adaptive process is cortically organizad, some deficit woulé be
predicted in adapting the hand ipsilateral to the exposed eye in split-
brain monkeys due o the disruption of the direct connections hetwean
the visual and somaiic sensory-motor centers. Similarly, it might be
expected that when the sensory input is unilateral the adaptive effect
would be restrictad to ths exposed hemisphere, as is the memory for

ovher types of lesarning.
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Ir the present work these possibilities were tested by allowing
split«brain menkeys %to adapt with cne of the four possible combinations
of eyes and hands and then testing for transfer of the adaptation
effect to the cother eye-hand combinations, Ipsilateral and contra-
lateral combinations were adapted in successive experiments and the
results were compared to determine their relative adapsability.

Three variations on this basic procedure were used %o fest adaptation
with free or forced choice of hands, and with short or long term
exposure to deflected vision,

Supjects. Descripiions of the monkeys used in these experiments
and of the sitructures in the brain that were sectioned in the midline,
-or sblated, in each are given in Table 1 and Fig. 1. Most of these
animals were chosen from the Caltech split-brain colony and wers now
specifically operated on for these experiments, The surgery was per-
formed on Tm, Hr, end Bn by H. L. Arore and on Ro, Bb, Dp, fim, and Ll
by R. W, Sperry. The extent of the surgery was checked histologically
in all cases except that of Dp, who showed no evidence of trensfer of
pattern or brighiness discriminations. The results of the post morsems
are 88 ITollows.

Complete secticon of the structures indilcated in Table 1 was con-
firmed for subjects En, Hr, and Hm,

It (see Fig. L) nad two strands of fibers, approximately 0.2-0.4
mm, in diemeter, intact in the postercoventral portion of the optiec
chiasm. A very thin, band-like thread of fibers (about 1 x 0.l mm.)

remained in the most anterior portion of the callosum. The anterior
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TABLE 1

DESCRIPTION OF SUBJECTS AND SURGERY

Sex

Abbreviations:

Forebrain

oc, ac,

ce,

hpec, bbe,

pe, mi

oc, ac,

ce,

hpe, hbe,

pe, mi

oc, ac,

hpe, hbe, pe

oc, ac,
hpe

oc, ac,
hpe

oc, ac,
kpe

oc

oc, ac,
hpe

oc, ac,
hpe

cc,

ce,

ce,

ce,

cc,

ce,

Surgery

Micbrain

sc, ic

sc, ic

Other

ch

right
somatic
arm ares

oc, optic chiasm; cc, corpus callosum; ac, antee

rior commissure; hpc, hippocampal commissure; hbe, habenular cormissure ;
mi, massa lntermedia; pc, posterior commissure; se¢, commissure of the
guperior co.liculus; lc, commissure of the inferior colliculus; cb,
cerebellum; R, rhesus (Macace mulatis); P, piztail (M. nemestrina).
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and posterior portions of the commissure of the Ianferior colliculus
were not completely sectioned. A midline remnant of the cerebelliar
cortex was unsectioned in the extreme dorsal portion of the anterior
lobe (about i-2 mm, from the surface) and a large spherical lesion
(about 7-10 mm, diameter)} had developed around the midline of much
of the posterior lobe (Fig. 1), Only the fibers remaining in the
thlasm are comnslidered particularly critical to the validity of the
praesent results, and they appeared to belong to the mcre peripheral
parts of the retinse. In view of the results concerning interocular
transfer of adaptation in Tm and other monkeys it seems unlikely that
this small "window" would be used in preference to the apparsntly
"accessable contralateral hemiretina, However, no progf that these
fibers were not used during adaptation can he given.

An extremely fine strand of fibers was intact in the anteriormost
part of Bb's chiasm, but it is considerad too small to be significant,
The cerebral cortex coniained at leest LS cysts 2-4 mm, in diameter,
apparently cysuticerci,

Bn's optic chiasm was largely destroyed during removal of the
brain Ifrom the skull, However, he showed na evidence of interocular
transfer of pattern discriminations and there wasg noticeable degeners-
tion in each lateral geniculate nucleus. Both of these observations
indicate at Least partial section of the chiasm,

L1 had two strands (less than 0.1 mm.) intact in the posterior
portion of the optic chiasm. Again, the fibers were presumably in

the peripheral parts of the visual I'ield and were probsbly not
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significant. The extent of the parietal lesion intended to remove

her right sometosensory arm arsa is Indicated in Fig, 1, It is
rouzhly coincidental with the earm end leg regionc of the somatoscnoory
cortex as determined by electrical recording (4C). Her left arm and

leg showed characteristic symptoms of paristal lcbe damage,

Experiment 1

Interseniar Transfer of Adaptation®

It was of primery interest to know if the effect of adaptation
could be restricted to the exposed eye of split-brein monkeys. For
this purpose, lateral arrors in reaching movements were producsd by
.deflecting the visusl field approximately 13 degrees with a wedge
orism worn in front of one eye. Following compensation for these
errors, reaching aim with the unexposed eye was tested to determine if
interocular transfer of adaptation had occurred. Interocular trans-
fer is used throughout only as a term descridbing experimental results
and does not in itself imply any mechanism., The animals were allowed
fre=z choice over which arm to use in case they treferred certain eve-
hand combinations.

Apparatus and procedure, To carry out this type of experiment a

semi-permanent headpiece to Lold prisms and occluders and to exclude
normal vision in the periphery was required. Several helmet designs
mede of leather or reinforced cloth were unsatisfactory., Some success-

ful tests were completed with nelmets of lidquid latex and eloth moided

*This work was reported in part in Refersnce 41,
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directly on the monkeys' heads”, but continued difficulty caused by
irritation and sliipping out of place limited their usefulness.

Metal masks screwed to <he skull proved Lo b2 the nost satis-
Tactory means for attaching prisms (Fig. 2). Stainless steel #6
woodscrews were modified by removing the heads and partially thread-
ing the shanks, A nut twisted to the end of the threaded portion
allowed the screw o Le driven, and later served as a spacer to keep
the mask away from the monkey's skin., Under sterile conditions the
skin was incised, three small holes were érilled in the skull, and
the screws were inserted., One screw was placed in the center of the
brow ridge and the others were positioned below and slightly lateral
to each eyesocket., The masks were tamilored to the animals' facial
contours during this operatiomn, but were not attached until after the
skin nad begun to heal. These masks could be used for sbout one
month, after which the screws tended to loosen due *o bone
deterioration,*¥

A handcrafted circular plexiglass prism (5/8 inch diameter,
approximately 13 degree deflection) when placed in the masks produced
a monocular visual field of about 30 degrees, An occluder prevented

vision through the remalning eyehole,

*the latex helmets were developed by J, Bossom.

**If dental cement and small anchoring screws were also employed,
the life%time was extended to at least two or thres months. Use of
special alloys, or additional anchoring nuts behind the zygomatic bone
might also sxtend the useful life of the preparation.
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The monkeys were kept in standard primate chairs for the
duration of each adaptation session., An opaque board placed on the
neck piece of the chair during the pre- and postexposure tesis pre-
vented visual Teedback from the arm movements (see iig. 2), The
monkey could see his fingers at the end of each reach, buu apparently
this information was not used for immediate correction of the error.
The targets Tor which he reached consisted of small pieces of Food
placed on the edge of the board, which was callbrated in centimeters.
Accuracy of reaching was measured by recording the distance between
the reward and the animal's index tinger. The position of the reward
was varied from trial to trial,

When prisms are removed after the exposure period, the effects
of adaptation appear as errors in reaching in the direction opposite
to the errors initially induced by the prisms., These errors are
called aftereffects, ané are useful measures of the amount of adapta-
tion (8). ‘lheir magnitude was obtained in this experiment by taking
the difference between pre- and postadapitation measures of reaching
accuracy; their sign was taken as positive when the errors were in the
expected direction, 'I'he differences between the means of the pre- and
postexposure measures were tested for significance by t tests.

Three monkeys adapted monocularly to the deflected visual field
and then were tested ior iaterocular transfer of adaptation., Two
animals had stendard split-brain surgery (Hr, Bn), while the third
nad additional section of the midbrain commissures and “he cerebellar

nemispheres (Tm). These monkeys were allowed to use either or bozh
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nands while adapting and being testved. Base readings of reaching
accuracy were taken for each eye tc be tested., The prism was then
mounted in one eyehole of tﬁe mask and the occluder was placed in the
other, the opaque board was removed, and the monkey was allowed %o
adapt to these conditions for two to four deys. The animals fad them~
gelves and were otherwise encouraged to use their hapnds. BSpzcific
practice sessions of reaching for Jood were given, in which Che
experimenter held the reward before the monkey in different positioms,
Periodic tests of reaching accuracy, measured with the prism and
vpague buard in place, were made 1n order Lo follow the extent of
adaptation. When the initial srrors haed been correcsed or when four
‘days had passed, the prism was removed and the amount cf adaptation
was measured, [iret for the unexposed eye and Lhen for the =zxposed
one, Each mnimal adapted four times; a different combination of eye
exposed and lateral orientation of the prism was used each time,

In addition to these tests one subject (Tm) was relurned Lo his
home cage with the prism in place for four deys and his general
ability to compensate for the displacement of the visual field was
obaerved,

Results, The results obtained in this experiment are indicated
in Table Z. The data show that split-brain surgery did not restriet
the effeci ol adapialion Lo the exposed eye, Tne mean aftereffecs for
the unexposed eye was 4,1 degrees and that for the exposed eyes was
2.5 degrees. Both of these values are significantly greater than zero

(p < .COL). The greater aftereffecs measured With the unexposed eye
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need not indicate that this eye was more adapted than the exposed

cne gince the readings for the unexposed sye were always baken Tirst,
and some decay of the aftereffects was usuelly observed during the
25 test trials ﬁith each eye. The amount of transfer is investigated
dircctly in cubsequent experiments thet were balanced to average any
etfects of aftereffect doeay.

No difference in itransfer was noted between the subject with the
more extensive surgery (Tm) and the other two, The somewhat smaller
aftereffects shown by Tm do not appear to ba meaningful, since he often
produced large ones in lafer tests,

There was no indieation that the monkeys preferred their contra-
lateral (i,e., intrahemispheric) eye-hand combinations in these tasks
of reaching. All three subjects consistently chose o use their right
handas during theee tests rcgardlecs of which eye was being used or
which eye had been first exposed, All animals were capable of using
their left hands and did so in subsequent tests, Tm initially used
both hends sbout equally, but before the base measurements were come-
pleted he settled on his right hand. Bn began with his richt eye and
therefore chose an ipsilateral combination from the very bvegimning.

Hr initially chose a contralateral camblnelion. Evldence for decreases
in the precision of reaching with ipsilateral pairs was also sought;
the pertinent data are presented in Teble 5 and are discussed along
with similar results from the other experiments,

Whilz there 1s no indicatlion that transfer is any less pronounced

for any of the conditions of adaptation, there does seem to be a
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TABLE 2

TRANSFER OF AFTEREFFECTS FCLLOWING CHRONIC
ADAPTATION WITHE FREE CHOICE OF HANDS

Aftereffect in Degrees

Adaptation Sub ject &
Condition Experiment EE:EH p < UE:EH p <
Hm 2 6.6 .001 6.2 .00L
LE, BR 3n 2 2.¢c  ,10 6,8 .00
Tm 1 3.2 .025 3.8 .025
Hm 1 .2 .001 8.0 001
1E, BL Bn 4 2.h .001 3.8 001
Tm 2 4.0 +001 k.6 001
Hn 3 3.4 001 k.0 001
RE, BR Bn L 2.C .001 5.6 +001
Tm 4 0.2 R 3.4 .00L
Im 4 0.6 .25 2.6 .001
RE, BL Bn 3 "0.’"‘ n65 008 -05
Tm 3 l..8 001 ”0.6 .65

Abbreviations: LE, left eye; RE, right eye; BR, prism
base to the animal's right; BL, prism base left; EE, exposed
eye; EH, exposed hand; UE, unexposed eye.



-17-

tendency for & smaller aftereffect To be established with right eye,
base lefi adaptation, for which the right hand was always used. This
is plausibly explained by the geometry of the experimental situstion.
For ipsilateral adaptation the hand enters the visual field on the
blind side and, if the animal is looking toward the target, the hand
will no®t be seen until it reaches its goal. Tor example, base left
prisms cause the animal t0 reach to the right of the reward and there-
fore the right hand will not be seen at all so long as reasonsble
fixation near ithe target is maintained. It follows that animals would
receive much less visuali feedback correlated with movement under these
conditions., Hven with base {temporal prisms scome deficit in adavptation
‘would be expected with ipsilaterel pairs due <o decreased amount of
stimulation,

Tm, when returned to his cage with the prism in place, quickly
overcame the initial unccordination and seemed &t no greater disadvan-
tege than when wearing the goggles without a prism. Accurate tests
were not available, but he was able to reach accurately Ffor food,
climb around the enimel room, and jump from one cage tc another, a
distance up to four ree=, His performance, though not as good as that
of normal monkeys, was rougaly comparable to kis coordination without
the prism in the mask.

No definite effect attributable to section of the interhemispheric
commissures on either the establishment of adaptation or its inter-
ocular transfer was evident in this experiment. Accordingly, it was

decided to examine next the effect of split-brain surgery on
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intermanual transfer and to compare more carefully the adaptability

of ipesi- and coniralateral eye-hand pairs.

Experiment &
Interocular and Intermanual Transfer of
Adaptotion: Chronic Expoaurce

In the previous e¥periment, in which no restrictions were plaoced
on hand use, the monkeys chose to use the same hand with either eye,
and no informetion on the extent of transfer of adasptation from the
practiced <o the unpracticed arm was obtained., The present eXperiment
was designed to measure the amount of transfer from ons to the other
‘hand.,

Apparatus and procedures. W®ive monkeys with varying degreesz of

surgical intervention (Bn, Bb, Rb, Tm, L1) &nd one normal animal (Ln)
practiced reaching while looking through a prism for several days

as in the preceding experiment but with the following modifications in
procedure. A hand restraint was used to restrict practice to one
preselected eye-hand pair and =o enable controlled testing of all four
conbinetions for aftereffects following adaptation. During the post-
expcsure tests the practiced eye-hand pair wes always tested or re-
testved last to insure that significant aftereffects were still present.
When some decay of the afterefiect was evident in the practiced pair,
its infiuence on the data was roughly cancelled by averaging early and
late measurements and comparing them to measurements of other combina-

tions taken in between. Yo decay was observed that involved mare than
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8 30-40% decreaac in aftereffect. The intention was to have cach
aniral adapt with every combination of eye and hand, but various
difficulties with the monkeys and techniques prevented completion of
this design. A standard sequence for presentation of the target was
used and the significance (t test) of each aftereffect was calculated
from the paired differences between pre~ ané postexposure measurements
of reaching accuracy.

Results,., The results from all of the cases in this experiment
in which significant aftereffects were obtained are given in Table 3.
Fig, 3 contains a graphic presentation of the data; the individual
aftereffects are labeled if significant. Eleven cases failed to
‘show significant aftereffects for the exposed eye-hand combinations;
their distribution was RE,LH, 2; LE,RH, 3; RE,RH, 2; LE,LH, L4,

The data show *that there was complete transfer from eye to eye,
but no transfer from arm to arm when adaptetion Loox place with contra-
lateral eye-hand pairs., The one exceptional case of this group (Rb 1)
in which there was a statistically significant aftereffect (p < .05,
one tailed t test) in the unadapted hand showed also & significant
negative aftereffect (p < .005) when the same hand was Lesied wlth Lhe
untrained eye, Neither result was cbtained again on repetition of the
experiment {Rb 2)., This monkey required special consideration as is
discussed below,

The results following adaptation of ipsilateral eye-hand pairs
are not so clear. One case (Bb 3) showed good interocular transfer

(s §1d most of the cases 1n the first experiment) 2nd no intermanual
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transfer to the one combination with the unexposed hand Shat could be
tested, Two cases (Tm 5, Bb 1) showed significent, although not large,
intermanual transfer. No significant transfer to any unadaptied com-
bination was found in two cases (Bn 7, Tm 10) although good aftereffects
vere present in the edapted combination: in both of these cases the
occluder was shifted back anté forth between the eyes and the measure-
ments were repeated several times to insure that there really was no
interocular transfer. One similar, although less striking, case was
found in Experiment 1 {Tm 3)}. No adequate explanation can be given for
these cobservations, Perhaps the monkeys, upon not seeing their arms
because of the hemianopia, sometimes learned to overcome the effects of
‘the deflection by consciously overreaching. Such a learned motor
response might not transfer.

Comparisons between ipsilateral and contralateral exposure show
that the magnitudes of *the aftereffects established in the two types of
adapted combinations are not strikingly different, but these compari-
sons are not very meaningful in the present experiment because of the
incomplete nature of the final experimental design.

The results in two cases require additionzal comment, Rb was the
only subjeet in all the experiments that showed, even to casual
observation, clear ipsilateral deficits in resching ability. Each
hand reached accurately when paired with its contralateral eye but
became rather uncontrollable when used with its ipsilateral eye. On
some reaches no deficits were noticed but on others the arm seemed io

reach at random, and no meaningful attempt to correct the error was



TRANSFER OF AFTEREFFECTS FOLLOWING CHRONIC ADAPTATION
WITH FORCED EYE-BEAND COMBINATIONS

Adaptation
Condition

RE, LH, BR

RE

posed hand.

;0

1.H,

RH,

BL

BR

RL

BR

BL

2la

TABLE 3

Subject %

Experiment FE :EH
Bn 5 12.8
Im 3 8,0
Rb 3 G.3
Tm A 2.0
Ll 2 £.3
In 2 6.0
Rb 1 5.0
Rb 2 6.6
Tm G £.6
Bn | 8.0
Bb 1 3.0
Tm 10 10.6
Tm 5 Tolt
Bb 3 h,0

Abbreviations:

Aftereffects in Degrees

EE«UH

0.8

-1.6

1.0

1.4

0.0
3.6

0.2

1I2

1.8

2.0

U +EA

5.4
6.5

10.0

8.8

1.0

2,8

ltO

4,0

R «UH

‘Ooe

-0.4

0.8

0.8
-3-8
~~.0

-1.3

"008

2,k

0.6

0.0

RE, right eye; LE, left eye; RH, right hand;
LH, left hand; BR, prism base to tne animal's right; BL, prism base
left; EE, exposed eye; UE, unexposed eye; EH, exposed hand; UH, unex-
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made when the hand came into view at the end of a trial. This
behavior could be observed even when visual feedback was permitted
during the testing. All reaches that were more than 15 degrees off
were arbitrarily disregarded in the calculation of the aftereffects.
This selection may have eltered the mean of the base or aftereffect
measurements and thereby may have produced the peculiar aftereffects
in the monkey's first adeptation (Rb 1). The scatter of normel reach-
ing (bases) calculated from these selected measures was still signifi-
cantly greater than that obtalned with contralatersl combinations
(Table 5).

Special treatment was required for L1 when she was reaching with
her left hand after she had sustained the right parietal lesion,
becauss she was not able to use ner fingers and hand well enough to
grasp the small food rewards in the somewhat dexterous manner required,
However, she quickly learned to make an appropriaste aiming response of
Lhe arm and nend toward the reward, which was then fed to her by the
experimenter, Ll showed no difficulty in adapting with her affected
arm, but, as shown in Table 5, her precision with the affected hand was
acticeably decrsased,

The results up to this stage still present no clear indication
of any effect of split-brain surgery on the mequisition or bilatersl
Lransfer of adaptaltion., The lack of succesg encountered in consistente
ly demonstrating mftereffects suggested thal some use of the visual
knowledge gained at the end of each reach might have been made, It

was declded to study further the relative adaptability and
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transferablility with ipsi- and coniralateral eye-hand pairs in a more

controlled situstion.

Experiment 3
Interoculer and Intermanual Transfer of
Adaptation: Acute Exposure

The previous fechnique did not give consistent enough results for
satisfactory comparison between adaptation with the ipsilateral and
the contralateral eye-hand paire, The present experimental conditiong
avoided several earlier sources of difficulty by permitting more
accurate control over the amount of practice received by the monkeys,
‘by eliminating the vigual and tectlile knowledge of erroras at the end
of each reach, and by reducing other technical problems that led to a
number of unsuccessful experiments.

Apparatus and procedures, An apparatus in which & monkey could

be adapted and tested in a single half-hour session was constructed for
this experiment. The general design of the apparatus 1s shown in

Fig. 4.,*¥ It provided full control over visual feedback during testing
procedures and allowed occluders, prisms, and hand restraints to be
switched conveniently, The mirror was removed during the adaptation
procesd so that the monkey could view his arm through a 20 diopter
(about 11 degree) prism mounteé in front of one of the eye noles in

the box., The other eye hole was covered by an occluder, The mirror

*R. W. Sperry and R. F. Mark designed the monkey compartment,
which paermits free lateral movements of the arm yet excludes vision
through the arm holes,
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was moved back into positlon for the tests, during which the monkey
saw the virtusl image of a "dummy" reward in the same plane in which
the "real" reward was usually located. Tnus, testing could be carried
vut in 8 situatlion in which no visual Information regarding the move-
ments or the final position of the arm was available to the animal,
He was rewarded at any position to which ke reached in order o de-
prive him of tactual clues to his inaccuracies. A sliding screen
inserted in a slot above the position of the mirror {see Fig, 4)
ccvered the mirror or opening between triels, The dummy or real
reward tray was lllumlneled when 1n use, as was the space through
which the monkey moved his arm,

A standardized procedure was adopted for all adaptation sessions
using this apparatus. The mirror and oceluder were inszrited and base-
lines were recorded for each hand paired with the eye to be adapted.
The baselines for the other eye could no: be recorded curing the same
session because of limitatlons in Lhe number of trisls the animels
were willing to perform at one session, However, the mean of the
bages was Known to be the same for a particular hand no matter which
eye was used, DNexl the prism was placed before the open eye and the
prism-induced shift was measured. The mirror was ther removed and
the monkey reached for 35 trials to the reward tray. The initisl ten
lrials were recorded. If, after the 35 trials, reaching was still
noticeably In error an additional 25 trials were given., The mirror
was then replaced, the prism was removed, and aftereffects were

messured for all four eye-band pairs, The order of checXing was
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tion gee text.
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systematieally varied, but the final tests were always made with an
adapted combinetion to insure that significant aftereffects were
still present. Fach measurement consisted of ter trials,

Two monkeys (Hm, Dp) were tested for transfer of adaptation in
this apparatus. One was tested after chiasm section only (Fmy) as
well as after additional section of the forebrain commissures (ng) to
provide a control for possible effects on adapiation of the temporal
field hemianopia of each eye that results from chiasm section. The
chiasm-control adapted with all eye~hand combinations, but with only
the prism orientations (base nasal) that, because of the direction of

shift of the visuasl field, might be expected to favor better contra-

-lateral and worse lpsilateral performsnce. The other split-brain mon-
key (Dp) adapted witk all eight combinations of eye, hand, and prism
relations, Any session that was not successfully completed {four) or
that produced guestionable aftereffects (one) was repeated on a sub-
sequent day.

Resgults, The data from this experiment are reported in Table L
and graphed in Fig. 5. It is evident that the monkeys can adapt equal-
ly as well in thece short term experiments as they do with chronic
exposure, Furthermore, the same pattern of complete interocular and
no intermanual transfer of prism-adaptation is present. The following
comparisons may be made from the data on the splis-brain cases. The
mean aftereffects with the exposed sye (6.1 degrees) are nos signifi-
cantly different (p » .05) from those for the unexposed eye (6.3
"degrees). Neither the individual aftereffects for the unadapted hand

nor their average is significantly greater than zero. The mean value
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TABIE 4

TRANSFER OF AFTEREFFECTS FOLLOWIRG ACUTE ADAPTATION

Aftereffects in Degrees

Subject 2 Adaptation
Experiment Condition EE:Ed EE:UH
i RE, LH, BL 10.3 -C.3
1 1E, RH, BR 6.3 1.5
Hr,
(thiasm 3 RE, RH, BL 9.2 -C.6
2 LE, LH, BR 3.h -1.7
L RE, 1LH, BL .k c.6
1 LE, RH, BR 8.0 1.4
& LE, RH, BR 9.2 -1.7
Hna,
S8plit 3 RE, RH, BL 2.6 2,0
5 RE, RH, BL 6.9 1,1
2 LE, LH, BR 643 -0.6

(continued on next page)

UE +EH

8.6
5«1
6.3
6.3

UE :UH3

-2,9
0.6
1.7

0.9



Subject &
Experiment

N =

\an

7
Dp, 8
Bplit

hte]

10

11

Abbreviations:

Adaptation
Condition

RE, LH,

RE, LH,

BR

BL

BL

BR

BL

BR

BL

BR

BR

BL

BL
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TABLE &

EE:EH

4,0
8.9
6.9
5.1
3.7
4,6
6.3
3.h
6.9
0.6

l[*-9

Continued)

ATtereffects in Degress

EE:UH

-C.3
“2,9
0.0
0.0
C.6

C.3

2,0

~0.6

UE :FH

4.9
8.9
T4
L,6
5.7
b,0

4,6

6.6

27

-0.9
=1.7
-0,9

-1.1

”006

l.u

RE, right eye; LB, lelfl eye; RH, right hand; LEH,

left hand; BR, prism base to the animal's right; BL, prism base left;
EE, exposed eye; UE, unexposed eye; EH, exposed hand; UH, unexposed

nend,
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of the aftereffect tor the exposed eye-nand combination when contra-
lateral pairs were adapted is 6,9 degrees, which is significantly
larger (p < .05) than the mean of 4,8 degrees found for the ipsilater-
al cases, There arsnot enough data from the chiasm case <o test
statistically but the same tendency is seen (contralataral mean, 8.3;
ipsilateral, 6.3). The data on precision of reaching are given in
Tavle 5 and are discussed below.

In addition to these numerical results, it was noticed that
wkile the animals were adapting to the prisms with visual feedback
avallable, frequent errors were made wita the ipsilateral combinations,
and often repeated, incorrecily aimed attempts %o retrieve the reward
were observed, This behavior, which was never noticed with contra-
lateral combinations, wes observed in the chiagm-secticned control as
well, It appears that the animals did not see their ipsilateral hands
when reaching. All the data and observations on ipsilateral reaching
support the interpretation (p. 17) that the smaller aftereffacts with
these combinations are a result of the visual field defects produced

by cutting the chiasm, and not of commissure section,
Precision of Reaching

The standard deviations calculated from the base readings of the
three experiments are given in Table 5, The number of readings ranged
from 20 to 150, usually about 5C. The mean errors are not given be-
cause they are biased by the use of the index finger as the reference

point of the measurements. However, the monkeys showed no tendency
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TARIE 5§
STANDARD DEVIATIONS FOR NORMAL REACHING
MEASURED WITHOUT VTSIAT. FEEDBACKS

Combinations Tested
Conclusions from

Subject RE,RH RE,LH LE,RH LE,LH F Tests
Sd C.82 0.69 no differences
Hiy 0.62 0.589 c.h8 0.85 LH > RH
Hm,, 1.35 1,23 1.38 1.26 no differences
Dp 1.37 1.30 1.2% 1.32 no differences
Bn 1,02 1,04 0.66 0.76 RE > LEP
Bh 1.45 1.37 0.90 1.17 RE > LE®
Rb 1.34 .9 1.15 1.76 1 ¢
Tm 1.55 C.70 1.38 1.49 I>ce
L1 0.91 1.41 1.06 1.31 LE > RH

Abbreviations: RE, right eye; LE, left eye; RH, right hand; LH,
lefs hand; I, ipsilateral eye-hand pairs; C, contralaieral eye-hand
pairs.

8The values in this table are in cm.; one cm, = 2.% degrees,

baf the four pertinent ratios, one did not reach significance at

v < .05; for LE,LE/RE,RH, ,1> p > .05,
CPor LE,LH/RE,LH, .25 % p > .1l; other ratios, p < .05.
dFer LE,LH/RE,RH, .1 > p » .05; other ratios, p < .C5.

®For RE,RH/LE,RH, p = .1; for LE,LH/LE,RH, p = .75; other ratios,
r < .05,
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toward & constant overreach in any of the tests; all of the movements
appearcd to be accuretely centered around the position of the target
image, Table 5 also presents a surmary of conclusions drawn from F
tests performed on the variances for precision of reaching wita the
diffcrens eye-bend combinations. Por the normal, chiasm, and fore-
brain-sectioned animsls there is no evidence that norrel reacning with
insilateral combinations is any l2ss precise than that with contralat-
crel pairs, It appears that the two animals (Tm, Bb} with the addi-
tional section of the massa intermedie and the quadrigeminal plate
showed scme increased scatter with the ipsilateral combinations., Rb
gave aignificantly greater scatter with her Zpsillateral combinations
in all the comparisons except one, and that one closely approached
significance, OGtrongly significant differences appear for Tm only
when the ipsi/contra comparisons are done between LE,LH/RE,LH and
RE,RH/RE,LH; the LE,R3/RE,LH comparison is alsc highly significant.
Apparently Tm had a less precise right hand than left and a less pre-
cige left eye than right, The interaciion of these deficits wilth Lhe
poorer ipsilateral performance prevents significence from being
reached with every ipsilateral pair compared to every contralateral
pair in these cases, and precludes reliable lnterpretation,

L]l showed significantly greater scatter with her left hand in &1l
comparisons, as would be expected from her righ% pariestal lesion., Bn
and Bb showed pouorer performance wilth their right eyes and Hm, as a
chiasm-sectioned animal, gave greater scatter with his left hand. No

specific asymmetries in surgery were noted in the post morzem examina-
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tion for any cases, In general the overall scatter for any combina-
tion was greater in the split-brain than in the chiasm-geetioned and
normal animals.,

Summary of Results

The prinecipal results from the experiments performed with monkeys
are summarized in the following list.

1. The monkeys adapted ito deflection of the visual field as
readily as do human subjects under similar conditions.

2. No preferences for using coniraslateral eye-hand combinations
were observed,

3. Adapsation was established with equal success regardless of
whether the practiced eye and arm ware predominantiiy represented in ihe
same or in surgiecally separated hemispheres, The slightly smaller
aftereffects measured after adaptation with ipsilateralil eye-hand com-
binations seenr attributable to the effects of chiasm section on the
visuval field of each eye.

b, Adapiation esteblished through one eye was immediately and
completely availabhla to testing throuzh the unexposed eye in monkeys
with extensive bisection of the brain as well as in normal monkeys, al-
though in ithree cases interocular transfer was not found after adapta-
tion with ipsilaterel eye-hand psirs.

5. In split-btrain and norma’l monkeys, adapiation was restricted

to the arm that was practliced in reachling with dellected visiom,
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6. A lesion in the somatic area for one arm did not noticeskbly
affect adaptive abiliiy with that arm.

7, No deficit in performance, as determined by precision of
reaching without the prism in place, was measurable for ipsilateral
gye-hand pairs in animals with section of the forebrain commissures,
Two monxeys with additional seciion of midbrain commlssures and the
masse intermedia showed a greater tendency iloward _ess precise reach-
ing with ipsilateral combinations, although adaptation andbilateral

transfer were not affected.

Discussion

The experiments on monkeys reported in this thesis were concerned
primarily with investigating the effect of split-brain surgery on
adaptation of reaching ability to deflected vizion, as a first sten
toward determining which parts of the brain are most directly respon-
gible for this process. BSince the cerebral cortex is usually regarded
as the locus of learning and practice effects (L42-LL), it secemed plau-
sible %o attempt restiriction of adapitation <o one half of the brain as
an aild to further surgical intervention. The effect of the split-brain
surgery on normal reaching ability was also investigated.

Adaptive ability. Monkeys easily compensated for directional

errors in localization after a few minutes of practice in reaching,
Suosequernt testing showed afiereffect errors of approximately the same
magnitude as were found with human subjects under similar conditions.

In the experiments in which monkeys adapted <o prisms for two to four
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days, larger aftesreffecis were usually present; Ihree cases showed
apparently complete adaptation with the exposed hand, The monkey that
was released to his cage with prisms in place showed good generalized
compensation for defiected vision, Finally the monkeys, who adapted
under relatively restricted conditions of movement, showed little ten-
dency toward intermanual itransfer of adapted reaching, There geems to
be no reason to think the adaptetion =o deflected vision by monkeys
differs essentially from thatv by man.

The resulits from all the adaptation experiments indicate little
or no deteciadvle effect of the splii-brain surgery on the monkeys'
agbility to adapt with either ipsi- or contralateral eye-hand combina-
tions. The somewhat smaller aftereffects usually obtalned with ipsi-
lateral pairs can be attributed to chiasm section, which results in the
ipgilateral hand being used predominantly in the blind half of the
visual field and therefore leads to less visual feedback of arm
mcvemenss,

The effect of adaptation, while specific to the adapted hand as
in normal animals, was immediately and completely availablie to the
unexposed eye in the split-brain monkeys in 38 out of 41 cases. The
exceptions were discussed on p. 20, The interoculer itransfer, with
the three excepticns, was as complete following adaptation with ipsi-
lateral eye-nand pairs as with contralateral ones. The lack of inter-
manual transfer is discussed in Section II.

It is concluded that the sectioned structures are nos required ‘or

either the establishment or subseguent use of adaptation so deflected
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vision, regardless of whether the particular eye and hand being
tested are predominantly connected to the same or to the separated
hemispheres. Furthermore, in addition to bheing unnecessary, it seems
probable that the sectioned structures are noi normally used by ani-
malz in adapting to displaced vision, Deficits in performance gensr-
ally accompany vicarious function, yet no deficit was desectabls in
the present experiments. This implies that new pathways or centers
ware not suddenly forced irto uge, The struetures ruled cut
necessary for the establishment or transfer of adaptation include, in
addition to the optic chiasm, the corpus callosum; the anterior, pcs-
terior, hippocampal, and habenular commissures; the commissures of +the
éuperior and inferior colliculus; and the massa intermedia. Midline
s2etion of the cerebellar hemispheres zlso did not in itself affecs

the establishment or transfer of adaptation with any combinetions,

hut as a gplit-braln experiment this is not conclusive because of <thae
Tew fibers remaining in the optic chiasm of ths animal with cerebellar
s2otion.

Some mechanism not requiring use of these sectioned structures
must be souzht tc explain the ability to adaps with ipsilataral aye-
hand combinations end, subseouently, to reach in on adapted menner fer
targets presented to either eye, Eye and head position may be bilazer-
ally represented in the brain; therefores the basic probler centers on
erplaining how retinel informstion arriving in one hemisphere can be

correlated with positional information regarding the arm primerily
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represenled In the opposite hemisphere, anc how the adsptive changes,
once Tormed, ar: equally available to testing through either eye,

The presence of connections between an arm and the cortex on the
same side could explain adaptation of ipsilaleral eye-hand combina-
sions solely in terms of cortical mechanisms. However, while there is
scme evidence for ipsilateral motor conirol of the limbs (45), thers
ic none for ipailateral proprioceptive inmputs to the cortex, and ino
fact there is considerable evidence to the contrary {(#6). Hven if
the required ipsilateral paths and centers do exist, it would be
surprising <o find no deficit in adaptive performance when they are
called into use. Furshermore, ipsilateral inputs and outputs to and

‘from tne cortex are not in themselves sufiicient to explein interocu-
lar transfer of sdaptation. A subcortieal interbemicpheric pathwey
capabls of laying down a bilateral engram or of allowing the untrained
eye to direct responses mediated by the trained hemisphere would still
be necegsary.

Other interpretations require the participation of some type of
brainstem mechanism, For exampie, centrencephalic pathways and cen-
ters of the type proposed by Penfield (L7), capable of interrclating
cortical sensory and mo%tor areas, could underly the present results.
Under this view, much of the adaptive activity might remain cortical
out intercomneciion, and pernaps some measure of control, of cortical
areas would be carried ous by brainstem centers. A minimal zmount o?
interhemispheric communication could suffice to explain interocular

transfer, assuming eye and head position are bilaterally represented
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in the corsex. The adapted hemlsphere, regardless cf which eye 1z

-

tested, would have positioral information from the eyes, neck, and

o

arm, and would only need 10 be informed via brainstem pathways that
desirable objcet was present and that the gaze was centered con the
opject. Transfor of the adaptation-—effecs, therefore, would resul:
from the sbizity of aprropriate retinal stimulation ¢f clther eye to
mebilize the adspted lccallzing mechenisms of the hemicphere governing
the practiced arm.

Alternatively, a larger pert of the process and/cr effect of adap~
tation may be orgarized subcoriically, a view more in line with
Lashley's interpretation of visuomotor coordinztion (L8). The retinal
input signaliing the presence of the target and psrhaps its position on
the retina would presumably arrive via the visual corsex, but then be
relayed to subcortical ceriers vhere the required adjustments in ~he

r=a

localizirg mecharisms could occur. sual control of reaching or cther
localizing activity would be vliewed as a nmore primitive mechanism, less
depondent on cortical contrel, than the acondsition of skilled ants,
perhars more lixe the complex sengcry-moior ccordinaticn of the postur—
al reflexzs, ‘The lack o2 effect on sdaptaticn of the perietal lesion

in I1, which presumshly removed most 1f neot all of the cortizal repre-

1

gsentation for arm positicn, indicates that the adaptive mechepism is

independent of this corticel area and may be tekern as support for suke

i)

cortical involvenent. Again, interocnlar transfer is viewed not asz a
resutt of memcry transfer from cne side of the brain te the other but
of *tne establishment of chenges In an arez of the brain equally acces

sible to testing Through elther eye.
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Normal reachinz ability. The effeci of adaptation presumably is

a change in some part of she normal coordinatvional mechanism. Conclu-
gions derived from studies ol transfer of adaptation concerning the
parts of the brain used in adapted reaching therefore should be equally
valid for normally coordinated reaching. Consequentiy zhe pravious
Buggestion that subcortical mechanisms are involved in adapted reach-
ing also applies to normal coordination,

The effect of split-brain surgery on normral coordination was also
directly examined, The precisiosn of reaching under conditionz of na
visual feedback or other knowledge of errors was measured for ipsilat-
eral and contralateral eye-hand corbinations. The data (Table 5)
indicate that ipsilateral combinations were as precise in reaching as
contralateral pairs for subjects with section of the forebrain commis-
sures., The iwo cases with additional seciion of the midbrair commis-
sures and massa inftermedia suggest a posaible ipsilateral deficit, but
this cannol be regarded as definite. It is concluded, for forebrain
gsection at least, that there is little or no effect of separating the
hemispheres on reaching for visually localized targets under condi-
tions of no visual feedback. It is again suggested that direct control
of reaching with the arm ipsilateral to a given eye is more likely %o
occur through the participation of brainstem centers than via ipsilat-
eral motor fivers in these basiec visuomotor coordinations, If the
monkeys were forced to depend upon a few percent of the normal motor
control, considerable deficit in reaching ability would ve expected.

No preferences for the use of contralateral rather than ipsilat-

eral eye~hand combinations were noticed in the monkeys allowed free
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choice of the hand to be paired with the unoccluded eye, 3ince the
animals often voluntarily chose <o use ipsilateral combinations,
sometimes for several days, it would seem that split<brain surgery
eiso had little effect on this aspeect of coordination,

The present rasults and inzerpra2tations resgarding normal reaching
ability confirm and extend a recent report by Myers et al., in whkich
section of the forebrain commissures after removal of itne visual ares
of cone hemisphere and the motor areas of the other hemisphere in cats
and monkeys did not further affect the ability of the relatively intact
eye-hand palr to pick up pisces of Tood and to work together in other
coordinational and reflex tasks {49). It seems probable that the pre-
‘sent technique of measuring coordinationsl gbility in the absence of
knowledge of errors 1s more sensitive than previous technigques in test-
ing for disruption of funetion. It eliminates any advantage of conira-
_ateral over ipsilateral eye-hand pairs caused by greater visual feed-
back from & contralateral palr during reaching. Furthermore, compari-
sons beiween ipsilateral and contralsteral conbinations can be made on
the same animals under similar conditions, which is impossible after
~esions in the visual and motor cortices.

There 1s apparent disagreement between the present results end
those that indicate moderate to severe impairment of ipsilateral per-
formance after sectlon of the forebrain commissures., Downer reported
an almost complete Inability in split-brain monkeys to control the arm
ipsilateral fto an unoccluded eye when performing simple visusl discrim-

ination of objects (5C). He observed that this difficulty is partialiy
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overccme with extensive practice and suggesied thet control may occcur
via an ipsilateral effector system. A strong preference for the hand
contralateral —o the exposed eye was also noted, None of these effects
were noted with chiasm-sectioned monkeys, and therefore they cannot be
attributed to monocular visual field deficits. Trevarthen has noted
moderate preferences for contralateral combinations and some coordina-
tional difficulties with ipsilateral pairs in learning inveolving visual
diseriminations (51). Similarly, Gazzaniga has recenily reported very
poor mosor zonitrol wiih ipsilateral combinations, especially with <he
least retentive eye, when ftestlng for retentiocn of precperatively
trained visual discriminations (52),

The result that control of reaching ability ¢oess not depend upon
cortico~cortical connections and the interpretation in terms of sub-
cortically organized mechanisms therefore does noi seem to explain
=whese situations in which discrimination learning is involved, This
may represent an example of hierarchical organization of function in
the nervous sysiem (53). Reaching mbiliiy can be thought of as a more
basic, or at least more practiced, task for which control has been
delegated to lower centers, while the learning of diseriminations, and
prcbably skilled acts, requires greater cortical participation which
might increase the amount of motor conirol assumed by the cerebral
cortex.

In summary, the results of this series of experiments on monkeys
demonstrate that there is litile or no effect of extensive split-brain

surgery on normal reaching, on the ability to adapt =o deflected
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vislion, or on the interocular trangfer of adapted reaching. 'These

results are most easily irfcrpreted 1n terms of at least partial par—
viciration of breinstem centers In establishing adaptation to dlsplaced
vision and in carrying cut normal or adapbed reachirg in a coordinaied
manner. The adaptive mechanisms could operate largely at cortical
levels, provided that appropriate sub-~cortical pathways are avail-

able for transferring whatever retirally derived informaiion ls necesge
sary For sdaptation, or “he mechanicms could ve organized predominantly
at subcortical levels. The latter alternatlve zppears ¢ account for

the resulits more economically.
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SECTION II

EXTERIMENTE ON THE EFFSCT AND PROCESE OF ADATTATION

Bxperiments in which subjects have described their impressions of
the perceptual changes that accompany adaptation %o rearranged vision
have not led to agreement concerning the nature of thess alterations.
It apparently has been difficult for subjects tc¢ decide whether their
visual, motor, or proprioceptive parceptions have heen modified (1-7,
¢). Other experiments, primarily investigating <he conditions re-
quired for the occurrence of adaptation, have led to the gsuggestion
that the adaptive process produces changes in the links betveen visual
input and motor output (¢, 15, 19;. The experiments in this section
investigate the nature of the adaptive effect by determining how
adaptation affects the use of the various members of the bodies of
human subjects,

The lack of intermanual transfer of adapted reaching found with
monkeys indicates that the adaptive effects are not necessarily gener~
alized Lo members of the body other than those actually practiced.
Differential effecss such as these can be used in determining wkich
components of the body have had their performance directly alterad by
adaptation to displaced vision, In so doing, it is convenient to
Lhink of adeptation as resulliing from some type of "recalibration” of
sensory input from, or motor output to, particular menbers of the body
reletive to messages from or to other members, or as resulting from

changes 1In uhe relallonshlp between sensory and motor components of the
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coordinational system. Other descriptions of adaptation, presented in
psychological terms such as alterations of visual or kinesthetic per-
cepiion, are presumably reducible to simxilar changes,

The possible alterations resulting from adaptation of reaching
ability ~<hen can be of the “ollowing basic types. Recalibrations
could occur in the interpretation of <the position of the target image
relative to the position of the eye, of the position of the eye rsla-
tive to that of the head, or of head position relative to body posi-
tion. These types of alteration, because of their effsct on visual
localization of the target in space, could account for adaptation.

A similar reinterpretation of arm position relative to body position,
‘or alteration in the motor programming governing the response of the
arm, could be the result of adaptation. In this case the physical
localization of the target would be affected, Adjustments in the
linkage or correletion between visual and motor components can be con-
sidered as a case intermediate between recalibrations of the input and
output stages. All of these possibilities, in princivle, may be dif-
ferentiated by appropriate tests for transfer to different members of
the body or to different types of sensory stimulation., For exanple,
recalibration of neck position woulé affecs reaching to visual and
auditory targeis while recalibration of eye position woulé affecs only
visual localization.

Three of the experiments reported in this section test the extent
to which adaptation effects established through practice with some

members of the body generalize to unpracticed members under various
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conditions of exposure to prism-deflected vision. Additional experi-
ments testing transfer to auditory or tactile-proprioceptive localiza-
tion had meanwhile been completed by others (54-57), From all of
these experiments the nature of the adsptive changes was inferred and
suggestions were made concerning the levels of organization at which
such changes occur under §ifferent conditions.

A fourth experiment was run to determine if active movement and
the visual feedback contingent upon it, a necessary condition for
adaptation (19), are required for the return of normal coordinstion
following adaptation.

The subjects for all of the experiments on man were students and
‘research fellows from Caltech. No selection criteria other than
willingness to cooperate and reasonably good overall vision were
employed,

Experiment 1

Intermanual Transfer with Restricted Movement™

Yhe lack of intermenual transfer of adaptation found with monkeys
contrasts with a report by Helmholtz of complete hand to hand transfer
for human subjects (14}, In view of the importance of thase results
in deciding which parts of the coordinational mechanism are affected
by adaptation, it was decided to recheck the extent of intermanual

transfer in man.

*mmis work was reported in part in Reference 58.
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Apparatus and procedure. The experimental technique is similar

to that deaeribed by Held and Gottlieb (16). The subjec: looked inzo
an Zlluminated box (see Fig., 6] through a binocular eyepiece which
held laterally oriented 20 diopter (about 1l degree) wedge prisms.
The eyepiece also served to nold the head in a relatively Fixed posi-
tion during the exposure and test periods., The subject adapted one
arn by moving it tack and forth for 15 minutes at a rate of about 25
times per minute, He was observed by the experimenter, and if neces-
sary corrective suggestions were made to insure that he obtained
adequate exposure. Before and after exposure the subject was tested
for reaching accnracy without the prisms in plasece. The use of a
‘mirror arrengement permitted him to mark the apparent positions of
three dots, arranged in the form of a triangle four inches on a side,
while preventing him from seeing his arm. The subjsct marked each dot
five times with the hand being tested; ne removed his arm from the box
after eack irial, The positions of the 15 marks were averaged to give
a measura of reaching aceouracy, and ~he magnitude of the aftereffact
was computed by taking the difference between the average pre- and
postadapiation measurements for that hand. The results were measured
in units of 0.1 ineh and were converzed +to visual degrees; cne inch
equelled approximately three degrees in these experiments,

Sixteen subjects adapted with one hand to prisms fixed in the eye-
riece of the apparatus and were tested for intermanual transfer of the
aftereffects, Each subject adapted twice under these conditions, which

restricted head and trunk movement, Half of the subjects adapted with
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thelr right hands first and half with their left, Half of =ach of
twhese pgroups used base right prisms end half base left, The conditions
for the second exposure of the stbjecis were permuted so that any
sequential effects on adaptive ability would be egqualized. Subjzcta
were otherwise arbifrarily assigned to the different exposure condi-
tions, The two results from eachk subjoct were averaged and “he means
of the 16 subjects were tested for significance by t tests.

The time course of adaptation was sequentially determined in a
separate experiment for the two hands ol eight subjecis. The subjects
first adapted with cne nand for ten minutes and immediately afterward
adapted with the other hand. Measurements were taken for both hands
‘before snd after each one was practiced, In mddition, the adaptation
procass for each hand wag inlerrupted after l/h, 1/2, 1, and 5 minutes
of practice and the aftersffecis for that hand were determined.

Resulis, The results from the transfer part of this experiment
are presented in Table 6. The mean of the aftereffects is greater than
zero Tor the exposed hand (p < .00%) but not for the anexposed hand
(p > .4); the mean of the exposed hand is significantly larger then the
mean of the unexposed hand (p < .CO5). Similar resulits have recently
been independently obtained in four other laboratories (55-57, 59).
Flg. 7 graphs the data from eight subjects, averaged point by point,
for the time course of adeptation for each hand, There doss no: appear
t0o be zny savings in the adaptation curve for +the second hand. Both

parts of this experiment show that the compensation for errors in
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TABLE 6

APTEREFFECTS WITE RESTRICTED MOVEMENT

Afcereffect in Degrees

N Mearn 5.0,
Exposed Arm 32 2,94 2,31
Unexposed Arm 32 0,13 1,71

visually guided hand localizations produced by looking through wedge
prisms affecied only the hané thaet was actually practiced.

Enough data was collected in this and in preliminary experiments
to enable some statistical investigation of the effects of the various
conditions, which were balanced 1n the designs, on the magnltude of
the after=sffects in the adzpted hana., Three analyses of variance vere
performed on the data., No =ffects due to prism orientation (F « 1.58;
af = 1, 28), to nand adapted (F = 1,%2; a2 = 1, 28), or to their inter-
action (F = 1,84; df = 1, 28) were significant. Sequential effects
arising from adepting stbjects twice were also examined, The magni-
wudes o the aftereffecits of Lhe second adaplallon were checked [or
possible differences caused by previous adaptation with the same hand
and for the same prism orientation. No significant differences were
fuund (F = ,23; 4f = 3, 12}, BSignifican’ veriation in "adaptability",
a5 measured by the magnitudes of the aftereffects produced during the
same time of practice, was cobserved between subjects (F = 2,03, df =
15, 29; p < .05). This type of variation makes the previous sests

rather insensitive. As a control, ithe reaching abilities of the
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uznexposed hands were also investigated; there were no significant dif-
ferences between subjects for these checks on normsl reaching sccuracy
(F = .7; 6 = 15, 29), A plot of the magnitude of the aftereffect
measured for the exposed hand vs. that for the unexposed hend showed

no evidence that they were correlated,

Experiment 2

Tpransfer with Non-restricted Movement®

T™wo tests were performed Lo see if intermanual transfer would
occur when the conditions of adaptation more nearly coineided with
those used by Helmwholtz (14),

Apparetus and procedure. The method used in this experiment was

the same as that employed in the previous one, except that no restric-
tions were placed on head and trunk movements during the adapiation
and test periods. This was accomplished by removing the front panel
of the box, which contained the prisms and eyepiece, and by either
vlacing the same prisms in goggles worn by the subjsct or substituting
a large (3 inch by ¢ inch surface) 20 diopter water prism in place of
the small fixed prisms. Goggles without prisms resiricted the size of
the visual field when the large prism was used.

Twelve subjecis adapted one hand while looking througk prisms

placed in goggles, They were told that head and torso movements were

*his work was reported in Reference 58.
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permissible; most of them were observed 1o move while watching their
hands through the prisms. Equal numbers of subjects adapted under the
four conditions of prism orientaiion and hand adapted. After adapta-
tion, aftereffects wers determined for each hand., In addition, the
changes in accuracy of reaching with the prisms in place were recorded
for each hand. The latter type of measurement was used by Helmholtz
(1k), although in the present case the measurements were made without
visual feedback. Tne readings were taken immediately after putting
the prisms on and jusit befeore removing them.

An acdditional eight sukbjects adapied once with prisms mounted in
goggles and once with the large water prism affixed to the eye-hand
box, and aftereffectis were determined for each hand. Four subjects
adapted under one condition first and four under the other, The design
was balanced as before except for the use of base left prisms only.

Results, The results for the 12 subjects are presented in Table 7.
There were significant aftereffects in the unexposed as well as the
exposed hands (both, p < .005). The mean aftereffect of the exposed
hand, however, was significantly greater than that of the unexposed
hand (p < .05). Adaptation in both hands was again significant
(p < .005) when determined by the messurements of reaching accuracy
with the prisms in place, and the exposed hand was again significantly
more adapted than the unexposed hand (p € .005)., The magnitude of
adaptation of the exposed hand, when determined as an aftereffect, did
not differ significantly from the amount of adaptaiion determined with

the prisms in place (p > .l).
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TABLE 7

INTERMANUAL TRANSFER WITE NON-RESTRICTED MOVEMENT

Aftereffect in Degreea

Effect Measured ¥ Exposed Arn Unexposed Arm
Mean 3.D, Mean 5,D,

Aftereffect 12 2.79 2,07 1.26 1,11

Adapted reaching 12 h,14 2.58 1.23 1.62

Tne results from the eight sublects are presented in Table 8,
‘Significant aftereffects were found for all cases {p < .05), and the
differences between the two conditions were not significent (exposed

hands, p » .2; unexposed hands, p > .1}, There was no indication that

transfer was increased when the prisms were mounted on the subjects.

TABLE 85

INFLUENCE OF PRISM ON APFTEREFFECTS

Aftereffect in Degrecs

Type of Prism N Zxposed Arm Unexposed Arm
Mean 35.D. Mean S5,D,

Goggle-mounted 8 3.00 1,59 1,14 1,38

Box-mounted & 3.0 1.77 2,85 1.38
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Tt is apparert that significan® intermanval transfer occurs if
the subject is not rigidly constrailned during adaptation, snd that 1t
does not depend on measuring the extent of adaptation with the prisms
in place, The possibility that the cues inducing this partial trans-
fer arise from optical distortions that appear when the prisms move
with the head is ruled out by the result of the second part of the

experiment.

Experiment 3

Other Transfer and Generalization Experiments

The previcus resulis on intermanual transfer, and ell ogther re-
ﬁorts of trancfer or generalizaticn (1%, 61, 62), can be explained by
assuming that the effects of adaptation remaln restricted to the joints
of the body that arc actively cngaged in the movements necesaary for
adaptation (see discussion). An additional series of experiments was
run to s=ze if the adapiation-effect woulé remain specifiec to the prac-
ticed jJoints ir other cages os well,

Avparatus and procedure, Fig. 8 shows a dilagram of the apparatus

used in these experiments. The nirror served to screen leg or arm
movemenis when it was in position. The grid for measuring the place-
ment of the foot at the end of a reach was adjustable for subjects of
different height.

e targets to be loealized hy the hand were three dohks spacad
four inches epart in a straight line and locatad 2k inches from the

subject's eyes; similer targets for the fcot were spaced five Inches
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placed out 55 inc e syes. The largeus werea
drawn on graph paper fto facilitate the estimation of the distance be-
tween the subject's index finger or the center of his shoe and the
targets. Readings were subsequenitly converted o degrees for comparil-
son. The average of six reaches, two per dobl, constituted a base or
aftereffect determination.

All subjects adapted by pointing to one of Lhe dots 50 Simes with
“he specified limb. Aftereffects were then determined for pointing
accuracy with ooth hands and feet. In addition to these tests, the
accuracy of eye-body locallzation was checked before and afuer adapia-
ticn of the hands or feet. This was determined by the subject's abil-
ity to localize a target by vision and then to walk to the target with
his eyes covered, In this case lhe targels were three dots, spacead
flve degrees apart and loceted nine feet away on the floor. Radial
lines ¢rawn on the floor enabied estimation of the lateral distance
between the target and an lmeglinary line centered between the subject's
heels,

Eight subjects were checked for interpedal transfer of adap<ation
and for generalization from pulnling wilh che feat to rointing with
the hands and to walking toward & visually localized target. Bases
were taken for walking accurecy and for pointing accuracy with each
foot and nand. The subjecl adapted one foot by pointing to a target
50 times. Aftereffecis were then determined for each hand esndé foo* in

a predefermined sequence., This was Ffollowed by adaptation of the

second fool. Aflereffects were again measured for the hands and feet
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in +she same order. Then the ability to walk to a visually localized
target was rechecked,

Balf of the subjects adapted their right foot firs:, half the
left. Prom each of these groups half were tested for aftereffects
with their hands flrst, half with their feet, Finally, half of each
of the lmst subgroups were tested first with the side of the body ihat
was adapted first and half with the side <hat was adapied second.

Thus there was no favering of any particular limb in case of interac-
tion between limbs or of possible decrement of the aftereffect magni-
tude, The body localization tests were always run before asnd after
the tests with the feet and hands because of the imprecticability and
undesirability of the subject moving from and returning to the adapta-
tion and test apparatus any more often than necessary.

Two control tests were also run, each identical fo the previously
described experiment in all aspects but one, The first control in-
volved adapting hands rather than fset., The second was a repeat of
the foot adaptation procedure, but no visual feedback of the movements
was allowed at any <ime; a screen covered the area in the visual field
in which the feet were moved during "adaptation” as well as during
testing. Both of these controls were ‘ntended to seperate out possible
adaptation due to uncontrolled movement or to other undefined factors.

Results, The resulis of these three tests are presented in Table
G, Tne average aftereffects of the eight subjects are graphed in Fig.
G along with their significance as determined by % tests. One singu-

larly atypical result which was obtained for body loealization in the
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first experiment with one subjsct was not iIncluded in the average.
This value, -3,8, was significantly different from the other seven,
1.0, 1.2, 1.9, 2.0, 2.9, 3.1, 2.1.

Significant afserefiects were found Tor all limbs after adap:ing
onz {all, p < .05) or both (all, p < .005) legs, No significant after-
effects were found for any case in the '"blank” adaptation of the less.
Swali, but in some cases signiTican® (see Fig, 4}, aftereffects were
found after adapiation of the hands, 1%t should be noted tha’: there
was no evidence cf intermanual transfer under these conditions, in
accordance with the earlier experiments with restricted movenment.
Comparisons between the magnitudes of the aftereffects in the arms and
‘legs cannot profitably be made until the relative efficiency of adap-
tation cf these limbs is determined,

Effects of visual displacement on localizing responses. Since the

aftereffect magnitudes following 50 practice movements were larger for
hand than for foot adaptation, it was decided o determine whether
physiological limits had been surpessed for reaching with the foot,
whether the foot was actually less adaptable than the hand, or whether
Lhe subJective estlmates of distance by the foot were in fact smaller
than those made by the hand.

Four subjects were tested itwice each for the amount of deflection
procuced in tnelr IToot, hand, anc body locglizations while they were
looking through the prisms (without adapting) with the mirrcr in place.
Thig procedure was carried ou%, always under conditions of no visual

Teedback, witn 10, 15, and 20 diopier prisms, Half of the subjecis
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were initially tssted using an increasing sequence of prism power znd
half with a decreasing sequence., Measurements of reaching accuracy in
~he azbsence of prisms Were taken before and afier these testg. The
same measurements were then made on each group in Lhe opposite se-
quence, These rasults are graphed in Fig, 10, Each point for each
hand was sigrnificantly greater fhan the corresponding poin* for either
foot,

All of tke curves are approximately linear, indicating that
physiological limits ir reaching had not been passed for the 2C &iop-
ter Gellection, Furthermore, ithe ratlo (0.51) of prism-induced shifts
in localizazion by <he feet to those by the hands computed from the

date used for Fig, 10 is the same as the ratio (C.51) of aftereffect
megnliude o Cirst wdapied Cee. Lo first adapted hands computed from
data in Table 9, indicating that the relative efficiency of adaptation
is the same for feet and nands but that the relative efficiency in
reproducing visumlly delermlned dislances by propricceptively deter-
mined displacements is oanly one half., The absolute efficiencieg in
reproducing the visually estimaved distances were 43.44 for feet, 35%
for hands, and 109% for tody localizatlon, Thne manner in which these
results affect interlimb comparisons of afiereffects will be mentioned

in whe éiscussion.
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Experiment &

Decay of Adaptation®

This experiment determlnes the necessity of visual feedback from
self«produced movement in producing decay of adapiation.

Apparatus and procedure, Aftereffects in reaching accuracy were

ealablished with the apparatus used in BExpecriment 1 of this seection
(Fig. 6). The survival of the aftereffect errors was then checiked
under two contrasting conditions. In the "reafferent condi%ion"”
visual feedback of self-produced movemenl was inlenilionally used to
help restore normal coordination; the subject moved his hand back and
~Torta for 1F minutes while watching the movement without the prisms
in the apparatus. In the "non-reafferent condition™ visual reaffer-
ence was completely absent; the subject sat gquieily in the dark for
15 minutes. At the end of “hese periods the aftereffects were again
measured.

The eight subjects that were used were assigned in the following
way for testing. Four subjects viewed the preferred and four the
unpreferred hand during adaptetion, Half of cach group was run on ths
non-reafferent condition first while the other half began with the re-
afferent condition, AlL subjects haé a right hand yreference and all

were adapted with the bases of the prisms %o thcir lefs,

* . .
This work was reported in Reference 60,
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TABLE 10
DECREASE IN AFTEREFFECTS WTTH AND

WITHOUT VISUAL REAFFERENCE

Bifference in Degrees

Condition N Mean 5.D.,
Reafferent A 0,58 2.ch
Non-reafferent 8 1.62 .11

Results. The reductions in aftereffect errors found after 15
minutes af norma? reafferent exposure and after 15 minutes in the dark
are presented in Table 10, Paired differences between the after-
effects before and after each of the two condiiicns were used because
a correliation exiats between the initial magnitude of <he aftereffect
and its Tinal value after decay. Both of these means are greater than
zero (one tailed t zest, p < .005), indicating that the aftereffects
diminished nnder each condition. The decrement for the reafferent
condition is greater than that for the dark one, but this difference
is not significant (p > .2) in this experiment. The initial after-
effect was 3.21 degrees for each condition. t is concluded that
visual reafference is not necessary for a return toward normal

coordination,



.
Summgry of Results

The results from the experiments in Section I are summsrized
here.

1. There was no transfer of aftereffects from the practiced to
the unpracticed arm when adaptation toock place under restricted condi-
tions of movement.

2. Partial intermanual transfer of adaptation (about 40%) was
found if the subjectis moved their heads and %forsos during the adaptive
process, This was “rue regardless of wnether adasptation was measured
as aftereffect errors or as correctness of reaching wiih the prisms in
‘place. Furthermore, transfer was present boih when the prisms were
mounted in goggles and hence moved with the subject's head and when
the subject moved behind a large, fixed prism,

3. Significant (about 40%) transfer to unpracticed limbs occurred
following adapiation of one lepg sven *though head and body movement were
minimized., After adaptation of the second leg, adéitional transfer to
the other limbs and to localization by walking to a target was observed,
Ko adaptation or transfer oeccurred in the absence of visual feedback,
and little or no wransfer took place following adaptation of one arm
under similar conditions.

L. Under the effect of a displaced visual field, walking ability
wag deflected by an amount approximately equael to the prism deflection
(109% of the optical displacement), reachting with the arms slightly

underestimated the deflection (85%), and reachinz with the legs
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greatly underestimated the deflection of the visual field (43.4¢). The
megnliude of the response wes 8 lipnear function of the optical
defiection.

5. The mean magnitude of the aftereffects established with the
First adapted leg was half that of the Tirst adapted arm. 'l'his ratio
is numerically the same as that found in comparing the response of a
lee tc a deflected visual field witk the response of an arm o the
same disvplacement,

6. Aftereffects present in one arm decayed sbous 80% afier 15
minutes of viewing normal reaching of the arm and 52% after 15 minutes

of gsitting quietly in the dark.
Discussion

Effect of adaptation. There was no indication of any Sransfer of

adaptaction from the practiced <o the unpracticed arm so long as move-~
ment during exposure was restricted to the eyes and exposed arm, This
geems sufficient evidence so exciude, For these conditions, interpreta-
tions of adaptation that consider changes in visual localization of =<he
target as the end effaet, for changes of this type would affect equally
reaching with either arm. Thus reinterpretations of the position of
