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ABSTRACT

The following studies were aimed at further clarifica-
tion of certain of the functional effects produced by brain
bisection in primates. They involved also the application
and'implications of brain bisection for problems of normal
cerebral organization. In particular, extensive functional
testing was carried out on two human patients in whom brain
bisection had been performed for the treatment of severe
epileptic selzures, In addition, these human studies were
combined with experiments on certain related functions in
monkeys,

In the human experiments a variety of tests were admin-
istered which involved interhemispheric integration of sen-~
sory-sensory and sensory-motor information. The psycholog-
ical capacities of each separated hemisphere were also exam-
ined. Results on somesthesis indicated predominately contra-
lateral projeétion. Ipsilateral responses for some stimuli
were apparent in one case suggesting direct afferent path-
ways may participate in a doubling of somesthetic represen-
tation of some body areas, Bilateral cortical projection
for all types of somesthesis was indicated in results from
the face and head. Visual testing revealed a complete
gnostic sgparation of the left and right visuazl fields g-
long with a complete lack of subcallosal interhemisvheric

interaction for any sort of visual stimuli. Motor control



of both arms and both legs from one disconnected hemisphere
varied but in general was possible in most testing situa-
tions. There was no interhemispheric transfer of learning
and memory.

Differences in intrinsic performance capacities of
each separated hemisphere with regard to visual-construc-
tional tasks and to speech and language functions were also
observéd. The left hemlsphere appeared capable of verbal
communication by both written and spoken means while the
right, although unable to express itself in language of any
form, could respond to certain verbal cues. Also, only the
right hemisphere was capable of performing visual-construc-
tional tasks.

Related studles on monkeys c_oncernlng the neural
mechanisms responsible for memory and visual-motor coordi-
nation, have revealed that pre-operatively learned visual
diseriminations are retained by only onc hemisphere follow-
ing brain bisection., 1In addition, control of the ipsilater=-
al arm in Split-braih monkeys was found to be impaired in
visﬁal learning situations but not in the habitual move-

ments of evéryday activity such as reaching for food.
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Section I

PSYCHOLOGICAL AND NEUROLOGICAL EFFECTS OF
CEREBRAL BISECTION IN MAN

General Introduction

Past reports concerning the effects of lesions in the
human corpus callosum have been inconsistent. Observations
pointing to the presence of a distinct functional syndrome
of the corpus callosum in patients with vascular or neo-
plastic lesions or with surgical section (1-5) have been
largely outweighed by more extensive studies in which com-
plete absence of any apraxia, agnosia, agraphia and other
mental syndromes was repeatedly observed following surgical
section (6-14). In numerous animal studies of the past
decade, it has been possible to show that the corpus'ca1~
losum in cats, monkeys and chimpanzees plays a definite im-
portant role in the cross-integration of a variety of
sensory, motor and associational functions invelving inter-
action between the two hemispheres. In reviews of this
material (15, 16) the corpus callosum is found to be par-
ticularly.critical in the carry-over of mnemonic information
from one hemisphere to the other,

The first sectlon of thls thesis reports the results
of extensive neurological and psychologlical testing of two

human cases with midline section of the corpus callosum
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and anterior commissure. The multiplicity of functions

that must be represented in the human corpus callosum, as
well as the difficulty of designing tests by which to detect
the majority of them, means it probably will be a long time
before all the functions of the human callosum will be tully

catalogued and localized in any detail.
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Case Histories

Case I3

The patient, a 48 year old male war veteran, had been
having grand mal convulsions for ten years subsequent to
war injuries received in 1944, His first black-out spells
ocourred shortly after a parachute jump over Germany during
& bombing raid. Incomplete opening of the parachute result-~
ed in several fractures of the left leg and unconsciousness
of unknown duration. During subsequent internment in a
German camp, he was rendered unconscious by a rifle blow to
the left parietal region and during this time he suffered
from malnutrition, losing nearly 80 1lbs. He developed dys-
trophic skin changes in both hands along with widespread
noderate muscle atrophy.

The seizures were refractory to medical management with
a frequency of at best about one per week and at worst about
seven to ten per day culminating 1n status eplleptlcus every
two to three months., The onéet of selzures was often clear-
ly related to emotidnal upset and an hysterical element has
sometimes been inferred from the bizarre pattern. Electro-
encephalograms have often shown a left temporal-parietal
focus as well as consistent bitemporal abnormality.

He was right handed, had an I.Q. of 113 and in both
pre~ and post-operative testing, the patient revealed a

high intellectual level plus a good sense of humor and a
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keen interest in his surroundings. He was reiatively well
read, his favorite author being Victor Hugo, and he kept
apace of current events, showing special interest in the
moon shot.

With regard to somesthesis, it was shown in pre-opera-
tive testing that the patient when blindfolded could de=-
scribe or name correctly various objects such as coins and
kitchen utensils held in either hand and with either hand
could write the name of the objeo'c held in the opposite
hand. Occasional errors were recorded in the discrimination
between similar sized coins with the left hand, e.g., be-
tween & dime and a penny.

Visual testing before the operation showed that the
patient had uncorrected acuity of 20/70 +1 0.D. and 20/50
O.S.* Extensive tests including perimetry showed no ab-
nornality except some Jjerkiness of motion. Tachistoscopic
presentation of letters, numbers, geometric figures and
sentences showed that all stimuli were easily recognized
and interpreted correctly in either half fleld and/or cor-
rectly recorded by manual response with elther hand. His
reading in general was normal.

Motor responsed of all kinds to verbal commands were

carrled out accurately and with no gross lmpalrments observ-

* The optometric tests were performed by Dr. G. Kembara
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ed in either hand. He could, for example, write to dicta-
tion moderately well with the left hand as well as the
right.

At the time of the operation in February of 1961,
extra-callosal damage which included atrophy of the right
frontal lobe was Jjudged by the surgeons to be present.

The corpus callosum anterior commissure and hippocampal
commissure were sectioned. There also may have been damage
to the right fornix. Immediately after surgery, generalized
weakness, akinesis and mutism were evident, but had largely
disappeared when post-operative testing was started one
month after surgery. Anti-convulsive medication was re-
instated shortly after surgery. There have since been sev-
ral brief attacks with loss of consclousness, but as yet

no major convulsions. Occasional brief episodes of clonic~-
like tremors confined to the distal portions of the right
arm or leg have also been noted. The operation appears to
have left no gross changes in temperament or intellect and
the patlent has repeatedly remarked that he feels better,

generally, than he has in years.
Case II:

The patient, a 30 year old housewife, has two children
and a concerned and intelligent husband. Her convulsions

were first observed in 1951 when she was 18 years old,



b
shortly after her marriage. Her grandmother is recorded to
have had severe epileptic selzures and her daughter is now
being treated for seizures. For 7 or so years after their
first observance the convulsions occurred usually at a fre-
quency of one per month, and were correlated with the onset
of the patient's menstrual period., They occurred usually
in the evening and they were severe in nature, causing the
patient to be bedridden for two to three days afterwards.
In the early 60's the complexion of her convulsions changed.
She would have intermittent convulsions for an entire week
at a time and would have to be admitted to the hospltal
for extensive medication. This sort of selzure pattern per-
sisted until immediately prior to the operation.

She scored with an I.Q. of 74 and always displayed a
good friendly nature along with a definite slapstick sort
of humor. She had a very low motivational level and fail-
ing to complete a simple task, she would usually give up.
The 74 registered I.Q., however, was not felt to be a good
.evaluation of her general intelligence. Subséquent admin-
1stratibn of various aspects of the test revealed that she
was capable of quite higher scores in certain parts, if the
instructions were made absolutely clear to the patient be-
fore she started a particular task. However, there is no
question that the patient was a relatively dull and sub-
missive sort with little regard for the subtle aspects of

human activities.
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Pre-operative testing with regard to somesthesis show-
ed that the patient had a mild hypoesthesia on the left
side. She was completely able, however, to identify objects
held in each hand and to cross-localize points of stimula-
tion over the entire body. Pain and temperature discrimi-
nations were also carried out equally well on both sides of
the body, Visual testing revealed a normal perimetry.
There were no motor problems and all actions to verbal
commands were easily carried out by both arms and both legs.

At the time of the operation, the entire corpus callo-
sum and anterior commissure were sectioﬁed along with the
massa intermedia., The right fornix was also cut. There
was no atrophy apparent at the time of the operation; areas
of calcification, however, were seen in x-rays in the right
hemisphere. The patient's post-operative recovery was good.
Within a week, she was up, walking around the hospital and
eating without any help. However, for ub to two weeks after
the operation, the patient displayed labile affect. At one
moment,. for example, she would be explaining some previous
experience and would talk in a normal manner, Suddenly
she would be on the verge of tears, while, however, keep-
ing the malin train of thought of thé conversation. Then
just as abruptly she would resume talking in a normal
fashion.

During this period she was prone to much confabulation.
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When asked, for example, who Dr. Vogel was, whe replied,
"A dbrain doctor." When asked if he had been to see her,
she replied, "Yes, in fact he took me to the store." When
" she was challenged on this, she kept maintaining that she
haad _been taken to the market by Dr, Vogel. She then sald
to her mother, who was also present, that she had been
drinking too much. She seemed to have a good memory and
casily picked me out from a group of people when we enter-
ed the room after the operation. She also appeared to have
good post-operative memory for much of her past, and was
eble to hum several of her old favorite songs, such as

"Sleepy Lagoon."™
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Experiment 1 #
Observations on Somesthesis

Introduction

There remains considerable uncertainty regarding the
nature of somatosensory representation in the cerebral
cortex of primates and other mammals, particularly with
respect to the presence and significance of lpsilateral
components., There is a basic agreement to the extent that
cerebral projection of the various somatic afferent systems
is mostly contrélateral for all regions of the body except-
ing the neck and head which are bilaterally represented
through the ascending pathways of nerve V. (17, 18).

Evidence regarding the presence and extent of ipsila-
teral representation for the trunk and limbs, however, is
less consistent, Survival of at least crude sensitivity
to stimuli after hemispherectomy on the affected side in
the cat and monkey suggests the presence of significant
ipsilateral representation (19, 20). Survival of somato-
sensory functions 1s apt to be particularly good following
hemispherectomies for infantile hemiplegia, suggesting that
potential ipsilateral pathways may tend to lie dormant
or underdeveloped in the normal brain (21, 22). Studies

of man with cortical bullet wounds have suggested a much

* This work was reported in part in Reference 57.



more difuse and bilateral representation for the left hand
than for the right (23). The presence of some ipsilateral
projection is supported also from both anatomical and electro-
physiological studlies, particularly with reference to the
spinothalamic system now believed to contain some touch and
pressure components (17). Evoked cortical potentials are
mainly contralateral (20) but recently have been found to
be ipsilateral as well (24-30). Two separate potentials
appearing in sequence in the ipsilateral cortex of the cat
were observed by Patton et al. in response to peripheral
stimulation (30). The later of the two survived the com=-
bined transection of the rostral portion of the corpus
callosum, anterior and posterior commissures, and massa
intermedia, plus ablation of the surrounding cortex to
eliminate intracortical relays. In evoked potential studies
in normal human subjeéts, some authors have found (31)
three main fypes of waveforms, While others have found
five (32). Among these, the two earlier responses are
solely contralatéral, but the later ones are bllateral.
The extent to which the ipsilateral components are transmit-
ted through the callosum remains unclear,

The present experiments provide further evidence
bearing on these and related questionsj a detailed account
1s given of somatosensory teéts that relate to the léteral-

ity of ocortical representation and the cross-integration



of somesthetic information from one to the other side of
the body. In general, the results demonstrate the import-
ance of the corpus callosum for such cross-integration and

the lack of appreclable ipsilateral effects except from
the head and neck.

Observations
Case I

Localization of light touch: With vision eliminated by

a blindfold, the subject was required to localize, by
pointing with his finger, the spot on the skin at which a
brief, light tactile stimulus was applied by the experimen-
ter with a pencil point or a small, wooden, toothpick-size
stylus mounted'at the end of a meter-long aluminum handle.
In most of the tests, the patient was instructed to use
either the right hand or the left hand as desiéﬁated-by
the experimenter. In other tests, free use of either hand
was allowed and in others, verbal reports of the stimulus
locus were obtained.

It was consistently evident throughout the tests that
the patient was able to find all points of stimulation if
both the stimulus and the response were kept to the same
side of the body. For example, if the patient was respond-
ing with the left hand, all points of stimulation on his
left foot, leg, trunk, arm, hand and face were found with

reasonable accuracy. He could locate very accurately,
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with the left thumb, points of stimulation among the left
fingers and did so by responding lmmediately and also with
& 5, 10 or 20 second delay imposed,

If free use of the hands was in order, the patient
generally used the left hand for any point on the left half
of ﬁhe body and the right hand for any point on the right
side, except in the facial reglon where either hand was
used with seemingly equal facility. Correct verbal descrip-
tion of the locus of stimulation Waé obtained oaly for
points on the right extremities, right-nalf trunk and the
head. All régions of the head and face were correctly
cross~localized with either hand and also reported accurate-
1y in verbal response tests.

With the left hand, however, the patient was totally
inept in attempts to localize points on the right foot; leg,
arm, hand ahd. the half of the‘trunk. In many cases, 'when
the right leg or hand waé stimulated, the patient failed to
make an& response at all with the left hand.

In the early cross-localization testing, there seemed
to be gradients as to the degree of error, decreasing some-
what toward more proximalAand axial regilons. With further
testing, however, the erratic ability to locate proximal
points on the right side with the left hand and vice versa
was shown to be attributable in large part to fallure to

confine the stimulation completely to one side. In particu=-
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lar, the patient was discovered to be using incldental audi-
tory and other uncontrolled cues present in the examination.
When fhese were better controlled, the responses involving
the axial region became grossly inaccurate like those for
the extremities,

| When the right hand was being used in response to tac-
tile stimulation, the same sort of picture emerged with
some interesting variations. Occasionally a stimulus on
the left side would elicit an automatic response with the
left hand contrary to the prevailing test procedurc, while
the right side failled to respond and apparently remained
naive to the whole event. After such a left-handed response
was completed and the patient was asked why he had not re-
sponded with the right hand, he often claimed that he had
not been touched that time. It was as if a strong shift of
attention to one hemisvhere had tended to extinguish percep-
tual awareness in the other,

Light taps were also applied doubly, i.e. at two sepa-
rated points simultaneously on opposite sides of the body,
occasionally at corresponding symmetrlical points, but more
often at non-symmetrical points. The same laterality effects
prevalled as in the foregoing. All manual and verbal respon-
ses were correct in all combinations for points on the face
and head. Below the neck double manual responses were car-

ried out accurately with each hand responding to the homo-
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lateral stimulus. However, when a subsequent verbal descrip=-
tion of the two stimulus points was asked for, those on the
left side could not be reported. This was true in spite of
the fact that the subject had correctly found the point of
stimulation with his left hand.

In a second testing situation, the patient was tapped
at points on his body one to four times on a randomized
schedule, The patlent, seated at a table, responded by
tapping the corresponding number of times with his fingers
on the palm of his hand. These tests revealed the same sort
of lateralization picture; the patient was able to give
the correct number of taps on;y when the stimulusvand res-
ponse were kept to the same side of the body or within the
cranial areas where cross-localization was possible, How-
ever, if the left hand or foot was touched when the hand
was being used in response, or vice versa, the score was
never above chance.

All tests to both the left and the right side tended
to yield a score somewhat below 100 percent. More mistakes
occured when the body was tapped three or four times than
once or twice, With the possibility in mind that the errors
might be attributed largely to an uncontrolled fluctuation
of attention betﬁeen the two hemispheres, corollaries of
this test were carried out, with the aim of potentiating
the fluctuation of attention away from the working hemls-

phere. For example, in the course of tests in which the
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subject was responding with the left hand to taps on the
left side, he was asked to give a simultancous verbal re—
port of the number of times he was tapped along with the
customary left hand responses. Under these conditions,
both the manual and the verbal responses dropped to chance.
Temperature discrimination: In testing thermal sensibility,
it was observed that those areas on the left side of his
body which were not cross-localized by the right hand were
also incapable of initiating a correct verbal response as
to which one of two randomly presented stimull were hotter
or colder, For example, if the subject was touched on the
left hand with a warm and a cool stimulus in serles, he re-
sponded verbally at a chance level as to whether the first
or the second stimulus was warmer or cooler. However, if

a warm or a cool glass was first presented to him and he
was then required to fetch a glass within similar tempera-
ture from fwo others, he was able to perform at a high level,
When this comparison was attempted intermanually, the re-
sponse again fell to chance. Those areas on the head and
face which seem to be bilaterally represented as a result
of the tactile test were also adept in thermal discrimina-
tion involving either verbal or hand responses bn either
side.

Pain sensibilitys: When the patient was stimulated by elther

a scratch or pin prick over various body regions, no great-

er ability to cross~localize the stimulus was observed. In-
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deed, the samé sort of mapping found for touch and tempera-
ture seemed to hold also for nociceptive stimuli. It may
be noteworthy that since the operatiocn the patient has de-
scribed most stimuli presented to the left side of his body
as glving him a non-specific shock. The exact nature of
the subjective sensatlion remains unclear.

It 1s of interest to note that the patient reported
having scalded his left hand with hot water on at least two
separate occasions while shaving. However, these incidents
took place in the early months after surgery and, according
to his wife, his hand showed no reflexive action. When a
very hot aluminum drinking glass was presented along with
a cool one in the present tests, the subject always with-
drew his hand reflexively from'the hot glass even though
half of the time he described it as being the cool glass.

Position sense: The same lateralization scheme emerged in

tests of Jjoint and position sense. In thesa tests the seve
eral Joints, such as the wrist, elbow, shoulder, knee and
ankle were placéd in a given positioﬁ by the experimenter
and the subject, wearing a blindfold, was required to state
verbally the position of the relevant distal portion of the
limb, This presented no'problem for‘the Tright hand and
foot but the subject was totally unable to describe joint
position in the left wrist, fingers, and toes. Sense of
position at the left shoulder was pressrved while that for

the left elbow was inconsistent. Position was correctly
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repoxted wlthout difficulty for all joints on the rigat
arm and also for the left knee and ankl.e. Whzn chez end
of a pencil was held in one hand and positicned by the
experlimenter at different angles and pogitions, the sube-
Ject was unable to reach accurately for the other end of
the pencil with the opposite hand.

As noted above, position of the subject?’s left zzn
at the shoulder was generally reported correctly, the ara
being 1lifted and held out straight from the body at differ-
ent angles. However, when the rigrnt arm was held out simul-
tarneously with the left, thereby equalizing and obscuring
the secondary mechanical tensions across the spinal column,
ability to describe the position of the laft arm droppzd to
chance.

Special studies: No intermanual transfer of tactile discri-

minations was apparent. Tactile memory problems, wﬁare the
patient learned to choose one of two stimuli for a beverage
reward, showed on the average no transfer. (Fiz. 1). Tes:
objects placed in one hand could easily be retileved with
the same hand, but not with the opposite hand, from a grab-
bag containing 10 objects. Also, simple jigsaw cutouts
could be put together correctly with either hevd senarstely
but not when cooperation between both hands was required.
(Fig. 2).

Contrary to the above, there wes complete intermanual

transfer of stylus maze problem. (Fig. 3).
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TACT’LL”.E STIMULUS. PAIRS

A

Fig. 1. Examples of tactile stimuli used for tests of
intermanual transfer of learning and crossed

retrieval.
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INTERMANUAL TACTILE COMPARISON

JIGSAW ONE PATTERN IN | BOTH IN | BOTHIN

PATTERN EACH HAND L.H R.H.
L.H R.H.
’ EA] Not Completed | Correct | Correct

Pilg. 2., Shows example puzzles used in tests of inter-
manual tactile integration.

CASE | TEST FOR STYLUS MAZE
INTERMANUAL TRANSFER

0
w
-
¥V ]
a PROBLEM | ® LEFT HAND
3 o | J TRAINED FIRST
(&)
9 ;
@ > I
= / PROBLEM 2  ® RIGHT HAND
w - 2 TRAINED FIRST
= -
w <
o
g - 3
a
wn
1]
[+ o
4
TRIAL | 2 3 4 f | 2
TEST FOR
TRANSFER

Fig. 3. Results of Case I showing complete intermanual
transfer of stylus maze ovroblem



-20-

Case II

While results of similar testing on this case were
for the most part in accord with the above, ceftain criti-
cal differences were observed. Light touch, for example,
was for the most part correctly localized verbally on the
left torso and proximal regions of the left limbs in addi-
tion to correct localization on the right half of the body.
Cross=localization was élso possible from either side for
these same regions (Fig. 4). - In general, however, accuracy
broke down for the hand and foot areas; for example, stim-
ulation of the tip of the left index finger would result
in the patient responding to the left wrist. Increased
accuracy for theée hand and foot areas was not induced by
painful stimuli. All intra-hemispheric sensory-motor
combinations were normally accurate.

| In cohtrast to Case I, a good performance was obtéined

with the left hand when various areas on the right side
were tapped lightly 1-4 times. Right hand responses to
left side stimulation were no better than chance in the
sixth post-operative month. It is entirely likely .that
such motor asymmetries may disappear in time.

The reméining tests such as temperature discrimination,
position sense and special studies yielded results much in

accord with Case 1I.
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CASE 2-RIGHT HAND RESPONSE TO LIGHT TOUCH
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. —- —STIMULATE LEFT
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CASE 2—LEFT HAND RESPONSE TO LIGHT TOUCH
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Pig. .b,, Each point Tepresents an average of at least 10
test trials during the first 6 post-operative
months.
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Discussion

The subjects' ability both to verbalize correctly the
qualitative nature of somatic stimuli and to localize with
accuracy, both verbally and with either hand, cutaneous
stimulation on either side of the face and top and back of
the head suggests a strong ipsilateral representation of
sensation for these cranial areas in both hemiépheres wWhich
is equal to, or almost as efficient as, the contralateral
representation. This is in line with the above cited ana-
tomical and electrophyslological evidence of bilateral pro-
Jection in the trigeminal system. Cross-localization from
the back of the head in the present case suggests that the
cortical projection for C, is also bilateral following the
plan of cranial nerve V rather than that of the lowér seg-
ments.

Below the neck the results gave a much different pic-
ture from the above and were different for each patilent,

In Case I responses to somatosensory input were made appro-
priately only when the main cortical motor control came from
the hemisphere contralateral to stimulation. Verbal reports
of stimulation confined to the left side were grossly in-
accurate and often absent, depending on the testing proce-
dure. In Case IX, however, crossed responses below the
‘neck went well for the torso and the proximal areas of the

limbs. Good verbal localization was also possible for these
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areas, However, since in both patients there was no ability
to verbalize the quality or nature of the stimulus (e.g. hot
or cold, sharp or smooth) on the entire left side below the
neck, there are perhaps different afferent neural pathways
involved for body localization versus gqualitative body in-
formation. While the tests on verbal and manual localiza-
tion in Case II suggest direct ipsilateral inputs to each
disconnected hemisphere, there was still a greater tendency
for inaccuracies when localizing across the midline, sug-
gesting that somatosensory information of this type fron
each half of the body below the neck is also projected main-
ly to the contralateral hemisphere. Again the qualitative
nature of the sensations involved in both cases appears

not accessible in any direct way to the ipsilateral hemi-
sphere.

The different results on the two cases may best be
explained in terms of greater extra-callosal brain damage ap-
parent in Case I. Such damage might incapacitate threshold
systems concelvably involved in ipsilateral body represen-
tation, such as, perhaps, the secondary somatosensory area.

That the subjects were able to report position of the
left limbs by using kinesthetlc_and postural cues arising
from mechanical effects across the spinal column, especially
during gross or rapid movements of the limbs, has interest
for studies dealing with intermanual transfer of learning.

Intermanual transfer in Case I of the learning of a stylus
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maze of the same sort used in earlier studies of callosum-
sectioned patients (35) seems attributable in part at
least to the nature and size of the maze and the consequent
shoulder movement and trunk adjustments involved in its
performance. Tactile discriminations limited to palpation
of objects with the fingers showed no intermanual transfer,
Some of the intermanual transfers reported in monkeys (34)
involved the use of proprioceptive cues that might have
had secondary mechanical effects at the shoulder,

The neural pathways by which somesthetic information
of a qualitative nature from the lel't side is made avalla-
ble for processing in the major or language hemisphere
would appear to involve mainly the corpus callosum rather
than direct ipsilateral projection systems according to
the present data. In this regard, 1t would also seem like-
ly that the extra corticalbrepresentation for the left
hand in the left hemisphere found in other humen studies (7)
is mediated through the cdrpus callosum since all areas

below the neck in the present case are sharply lateralized.
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Experiment 2
Observation on Visual Perception

Introduction

The tests in this section were directed prinecipally at
visﬁal functions and were aimed at détermining the éxtent
and'kinds of interaction, 1f any, between the perceptual
and mnemonic activities of the separated hemlispheres, at
detecting differences in performance capacity of the right
and left wvisual half systems and at revealing the degree ol
lateralization in motor responses to right and left visual

field stimuli.
Testing Methods

Projection of wvisual information confined to one or the
other hemisphere was effected by presenting stimull within
the right or left visual field while the subject was fix-
ating a central point. All stimull presented in the left
half field thus went to the right hemlsphere and vice versa.
Inadvertent projection of test information into the wrong
hemisphere caused by eye movement away from the fixation
point was controlled by tachistoscopic presentation of the
stimuli at 1/10 to 1/100 sec; combined with close observa-
tions of the subject's gaze. Several variations of the
general testing procedure were tried, including the use of

goggles equipped with time shutters, ocular electrodes, and
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different tachistoscopic technlques,

The test conditions most extensively utilized were the
following. The subject was seated ét a table with his eyes
approximately 6 ft. in front of a translucent white viewing
screen 4 x 4 ft, with its center at subject's eye-level. A
small asterisk figure at the center of the screen was used
to facilitate fixation. The stimulus pattérns, mounted in
palrs or singly on 2 x 2 slldes, were rear-projected onto
the screen from a distance of¢10 ft. by an automatic prolec~
tor equipped with a tachistoscopic shutter., A second pro-
jector, set on top of the first, maintained an even backe
ground illumination on the screen before and after each
stimulus presentation. All patterned stimuli were black
on & white background. They appeared 4 in. high on the
screen and were placed no nearer the midline than 5 in. 1In
later tests of the past eight months, the single large
screen was replaced by two commercial viewers placed side
by side with the screens 4 in., apart as indicated in Pigure
5. Each viewer had its own automatic slide projector that
could be controlled separately or flashed in synchrony with
the other. For some of the tests, a single unit was used
with the subject fixating a point at the center of the one
screen. Each trial was preceded by explicit verbal instruc-
tions and/or overt demonstrations as to the nature of the
test performance. One experimenter operated the projectors

and watched the subject®'s gaze while another, sitting beside
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the table, recorded the results and checked the subject's
general reactions. Because of the language handicap of the
right hemisphere; ail teats as a rale were run first with'
the right half fleld and the right hand. It was easier Tor
the patient to follow instructions for working on the left

side after the test procedure had become familiar on the

Tight side.
Obsexrvations

Case I

Laterality in visuomotor integration: While the subject was

seated before a table fixating on the central marker on a
large upright screen, a bright spot of 1light 1/2 in. in
diameter was flashed in a prearranged pseudo-random sched-
ule to different quadrants of the visual field. AfTer each
stimulus presentation, the subject responded immediately by
pointing quickly to the spot where he had seen the light.
When it was desired to test the use of a given hand, the
sublect's other hand was placed in hils lap underneath the
table. |

Under these conditions, early post-operative testing
revealed that when the stimulus fell in the right visual
field, it could be locélized with only the right hand and/or
verbally. Stimull in the left field could be located only
with the left hand and not verbally. When both hands were
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left free for response above the table, the subject always
used the right hand to peint to stimull that fell in the
rignt fleld and the left nhand for thoss that appzarsed in

tne left fleld. While one hand responded, the other usually
remained quite motionless. Tests similar to the foregoing
repeated at 24 months after surgery, show the patient now

is able to use either hand to locate the visual target in
elther halfvfield, indicating an increased control of the
secondary hand. Responses executed with the primary hand
from each hemlsphere remzain markedly superlor to those of
the secondary in speed, accuracy and general coordination.
Verval recognition or description are still lacking, noweven
for the left field stimuli. Reaction time to all stimull
was consistently nearly three timse slower than normal,

The results showed, in brief, that Wheﬁ visual stimull
entered one hemlsphere, manual responses utiliziag the arm
governed primarily from the same hemlsphers went off ap-
propriately while responses with the ofther linb were abzent
in the early months and never becane as good as those of the
primary arm., Later testing revealed a definite ilmprovement
in motor corixrol over the secondary arm. Througnout all
these and other tests,; 1t was only thoss stimuli that fell
in the right visual half field that were acknowledged and
described verbally. |

Retrisval test for vattern discrimination: A ssries of

retrieval tests were designed whereby the subject was
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obliged to select from & group of five figurez on 5 % 3 in.
cards placed on a table in froat of him, the one that cor-
responded To the pattern flashed tachistozzopically on the
screen. Generally a new set of five capds was placed in
front of the subject before each trial. Most sets contained
the correct card and one blank card, plus three other incor-
rect cards. Geometric symbols, numbers, single words and
short phrases were useds in some trials a simultaneous
wverbal description was requested while others involved only
the manual response, The stimuli were flashed on the screen
in either or both visual half fields on a randomized sched=-
ule so that the subject could not anticipate where the nex
stimulus would appear, The sudbject Then tried to pick out
from the series of five cards in front of him the pattern,
word or senternce most like the projected figure.

In this situation, the right hand responded correctly
with virtually 1009 accuracy to 2ll stimuli presented in th
right field, regardless of their nature. The retrleval
score with the right hand for the same set of stimuli Slashw
ed to the left field, however, falled to zise above charnce.
Wnen stimull were prese.ted to the left field, the left
nand was able to seek out The correct card at a level 23
times better than chance. The left hand made rno response
cr responded only at a pure guess level when the stirull

were presented to the right visual field. In cases where
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stimull were presented in the left field only, the subject,
when questioned, would commonly deny having seen anything |
and often seemed puzzled that he should be asked to pick
up a card. When he was asked whatAfigure he had chosen,
Just after a correct pattern had been retrieved with the
left hand following left hand stimulation, the usual reply
was, "The blank one."

When stimuli were flashed simultaneously to both fields
and each hand responded to its respective stimulus, fhe per
cent of correct retrieval by either the left or right hand
did not drop. Noxr were there other indications of perceptu-
al distraction, conflict or interference between the hemi-
- spheres under these conditions. Verbal recognition remain-~
ed speciflic to right field stimuli here as before.

During the first post-operative year, the intermittent
apraxia of the left hand often prevented appropriate re-
sponses by this hand to stimuli seen in the right wvisual
half-field. During the second year, there was increased
ablility of the patient to control his left arm so at the
present date, 2% years after the opération, the patient is
able to respond with the left hand when discriminating
stimull are projected into the right wvisual field. There
hés been only slight, if any, improvement, however, in the
ability of the right hand to respond correctly in discrimi-

nating stimull in the left field.
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Stimulus preference tests for pattern discrimination: When

using the left hand to select one of two test objects or
patterns, the subject frequently displayed persistent pref-
erences for one over the other. This applied to tactile as
well as to visual discriminations. Such left hand prefer-
ences appeared also when no visual field restrictions were
imposed and the subject was using the left hand to select
objects with Eoth eyes open. Presented with a choice of
two objects or cards, the left hand picked one and consist-
ently retrieved it, regardless of right-left position and
other variables. This preference could be reversed by de-
liverately taking the subject's hand and placing it on the
© other stimulus and then rewarding this choice. As testing
of this kind progressed, it became possible after some weeks
to reinforce correct responses by reward signals instead
of actual rewards, such as tapping a pencil on the table
to indicate a correct choice. When an original preference
had been reversed, there was a tendency for the subject to
revert to the initial preference at the end of a short rest
interval of two to six minutes; but a given preference did
not carry over with any consistency from one week to the
next.

These left hand preferences were sufficiently consist-
ent to make feasible their use in finding out more about the

visual discrimination capacity of the relatively inaccessi-
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ble right hemisphere. Discrimination tests were run with
procedures similar to those above but with a second, nore
portable system in which miniature projector units were
positioned 3 ft. in front of the patlient's eyes onma 2 x 3
ft. black background supporting board (Fig. 6). These units
flashed 3/4 in. geometric figures on a 1 in. gréund glass
screen at 0.1 sec. A palr of these screens was located in
the left wvisual field and a single one in the right field
positioned at points approximately 10 degrees lateral to and
on a level with the fixation point. Thé subject again sat
at a table in front of the units where he could easily point
to the specific stimulus of his choice. A center hole at
the fixation point in the background board allowed the
experimenter to observe the patient's eyes and to preseant
stimull only when the subject's gaze was firmly centered.
The visual patterns consisted of a variety of simple geomet-
ric figures such as squares, triasngles, circles and the like.
In each trial, a pair of different geometric symbols
was flashed to the left visuél field, side by side (& in.
apart) in a horizontal plene. Simultaneously and at a
corresponding'point in the right field, either a cross or
circle was flashed. The right-left positioning of the two
figures in the left field was switched randomly in a stand-
ard discrimination procedure. The subject was instructed

verbally and by demonstration to have the left hand point
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to the referred stimulus in the left visual half-field. His
left hand responses were made immediately in a proficient,
adept and somewhat automatic manner. Following his manual
response to the left field, he was also asked which of the
two stimuli had appeared in the right field. '
The characteristic outcome was as follows: (a) Over
a series of trials, the left hand would repeatedly point to
one of the two left-field patterns, regardless of its right-
left position; (b) the subject was able, on the same trial,
to report accurately which of the two stimuli had been flash-
ed simultaneously in the right visual field and (c¢) when
questioned, the subject consistently denied any knowledge
~ of the stimulus flashed to the left'field.

Tests for lateral specialization of visual function: The

ratient had aiways been right-handed and had never had oc-
casion to Write or draw with the left hands, so far‘as he
or his family could recall. Following the commissurotomy,
when he copied sample figuresvthat suggested spatial per-
spective like the Necker cube, his performance with the left
hand was consistently better than that with the right (Fig.
7).

In order to get the left hand to perform, the subject
was seated at a table and the performaence was started with
the use of the subject's right hand and verbal instructions.
After the test procedure had become familiar, the hands

were shifted with the ald of wverbal instruction and “do
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this" demonstration. Subsequent changes were then mgde
frdm one hand to the other and a three minute period was'
allowed each han@ for each drawing. Performance with the
left hand was handicapped in that the hand would often
tighten and go out of control before the three minute period
was up. Most commonly it would slowly swing upward from
the paper to‘a raised position above the left shoulder.

When attempts were made in a recent session to assist
the right hand in drawing a Necker cube, by demonstrating
the strategy of first drawing two overlapping squares and
then connecting the four corners, he was still unable to
carry out the task with the right hand. However, immediate-
ly after the right hand fallure, his left hand drew tae
complete cube without copying from any example and without
using the demonstrated strategy.

The subject was always able to reconstruct standard
patterns in a block design test and to assemﬁle complex
object puzzles with the left hand. Those patterns that
were correctly reconstructed with the right hand were al-
ways extremely simple and done so only after much practice,
The inability of the right hand puzzled the patient and
when it was apparent from his facial expression that he
knew the right hand had performed incorrectly, the left
hand folded behind him and sometimes restrained by the ex-

perimenter, would make spontaneous movements as if to
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reach out and cdrrect the error. When free use of both
hands was permitted, the patient usually was unable to
arrange the blocks and/or picture parts correctly, mainly
because the right hand would always try to help and would
consistently undo the superior aocpmplishments of the left.
Reading: There was no complaint by the patient'of visual
impairment during the first several months after surgery
even though as evident from the above, he was unable to
lread or to describe objects, pictures or symbols presented
in the left-half visual field. His reading in tachisto-
scopic tests after the operatibn, so far as the right-half
field was concerned, seemed roughly normal in speed and
comprehensionQ He continued to_look at the evening NEews -
paper and to watch television without comment.

Approximately 25 weeks after surgery, however, he be-
gan to complain of difficulty in sustained reading. As he
described it, printed words tended to fade out until they
became indistinguishable and he was obliged to stop and
rest for some minutes after which he was able to continue
for another short period. When asked to read aloud during
a testing session, he did mdderately well for about half a
page, and then began to slow, to stumble, and had to stop.
If the first word on a line was short, he would generally
not include it in his verbal recitation. However, his

answers to questioning regarding the content of what he had
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covered indicated good comprehension. With large print
and simple material such as found in a bbok for six year
olds he was able to continue a little longer but the sane
problem persisted. 4

In March, 1963, the uncorrected acuity was 20/70 +
1 0.D. and 20/50 0O.S. Folloﬁing correction, and if the
head was turned to the left, acuity improved to 20/25 0.D.
Perimetry with a variety of targets showed a left homonymous
hemianopsia. Normal tests, including the Lancasfer red-
green and orthoptic survey, showed normal stereopis (as also
found by Bridgman and Smith, 13).

. By about the 7th month, the,subjeét had clearly aban=-
doned efforts to read anything more than the'newspaper head-
iines and the short phrases and words encountered in téle-—
vision. Tests of his reading ability run again at 18 and
30 months indicated little Af any change from the condition
at 6 months. In addition to this 1mpairment,}1f short
phrases or long compound words were printed out on a piece
of paper, such as "ham and eggs", and presented to him
briefly, with the last word or word segment being pointed
to by the experimenter for a verbal résponse, the patient
would verballze the last word and claim that was all there

was on the paper.

Intermodal transfer: The patient was taught to distinguish
with the left hand such objects as wooden ovals, pyramids
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or a door latch or electric plug, while wearing a blindfold
(Fig. 8F). The patient was consistently unable to give a
verbal description of an object that he was manipulating
with the left hand. However, as soon &s the object and the
blindfold were removed, he had no trouble in pointing out,
with the left hand, the correct object seen in a chance
position among six other objects of similar size. After
training and presentation to the lért hand, responsés
carried out with the right hand were no better than‘chance,
and vice versa for objects not audibly named.

Other diseriminatioens of the same sort of objects were
made on thé basis of unrestricted vision without tactile
| contact and with the left hand responding by pointing at the
chosen object. When the patient was then blindfolded, tac;
tile recognition of the object palpated among a series of

others was immediate with either hand.

Case 11

&s in the first patient; all tests indicated a com-
plete separation of the perceptual, cognitive and mnemonic
activity of the left and right hemispheres in all the visual
tests. Anything seen, comprehended or remembered as a Tre-
sult of lateralized input restricted to one hemisphere,
could not be used to aild in any direct way responses that
emanated from the other hemlsphére. In even so simple a

performance as nodding the head "yes"-or "™mo" to indicate
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whether red and green colors flashed to left and right
fields were the‘same or not, ﬁhere was no sign of cross=-
integration. The same was irue 1n\at£empts to tell whether
broad lines or bars running from left to right field through
the fixation point were straight or broken at the middle
(PFig. 8A). So far, we have found no evidence that what is
perceived in the'right half field has any influence on the
perception or comprehension of what is seen in the left

half field.

The most marked difference between the two cases was
seen 1ﬁ the ability of the second case by the sixth post-
operative month to use either hand in responding to uni-
lateral cerebral input or to verbal instructions. When
a perceptual or cognitive activity was centered or confined
to one hemisphere, motor expression was usually better with
the favored or primary hand but fair to good respons'e was
also possible in many performences with the secondary hand
ipsilateral to the working hemlsphere. There was no differ-
ence between ipsilaterai.and contralateral combinations in
reaction time to a simple flash of light in either half
field. This goodlcontrol and use of the secondary hand in
many activitles tended to obscure the earlier evidence of
hemispheric independence. For example, sketches of the
Necker cube that in early months could be performed only
with the left hand, indicating specislization of the right
hemisphere, could be carried out with either hand by the



* HY04

o¢p o9ed uo pueFeT 99g

Om OME

14 V%3 H




Fig.

8.

43

Each plate shows representative samples from a
series of stimuli used in different visual tests
as described., The point of fixation for samples
A~E is identified by an asterisk.

A.

B.

E.

Split-bar test. Subject compares directional
orientation of lines in right and left fields,
One of 3 positions on left is paired with one
of 3 on right in random order. Subject re-
sponds verbally, draws with right, left or
both hands, or points to matching samples.

Object-retrieval test., Objects pictured in
left or right fields are retrieved from among
an assortment of other objects using different
somatic-visual-cortical field combinations.

Double field presentation of geometric figures,
objects, scenes, numbers, colors, etc. is com~
bined with verbal plus manual pointing, draw-

ing and writing responses of one or both hands.

Triple word test. Commissurotomy patients
never ldentify the whole word, only rlght and
left parts separately and only the right vo-
cally. '

Name-object retrieval test. Subject's visual
and auditory comprehension of verbal material
in minor hemisphere is shown by correct non-
verbal responses (like pointing at correct

one of a number of objects, signaling correct
one of several definitions read by experimen-
ter, etc.). Spoken or written answers even by
left hand don't rise above pure guess level.

Intermodal test. Subject learns to retrieve
one of the pictured objects by touch alone

and then finds the corresponding object by
vision using left or/and right hands. Similar
tests were run in a reverse order.
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seventh month after the operation.

Even so, when separate and different stimull were pro=-
jected to each hemisphere simultaneously, the patient tended
to respond in a manner indicating that for each hemisphere,
the contralateral hand was definitely favored over the.ipsi-
lateral one. For example, when stimulus pairs (Fig. 8C)
were presented tachistoscopically and the patient was asked
to pick out the "seen" stimulus from a series of sample
cards, she characteristically picked only the "triangle"
when she was working with the right hand. When responding
with the left hand, she regularly ignored the figure in the
right field and chose the one that appeared in the left
half field, in this case, the square.

The‘ﬁatient could write and execute printed commands
only with the righf hand during the early months after the
operation. Subsequently, the control of the left hénd by
the left hemisphere improved, until the left hand could
also be used for these purposes though generally not so
well as the right. Hand use, per se, thus became muchv
less valuable as a criterion of which hemisphere was active
than it had been in the first case or during the first
several months in the present case and it became necessarry
to rely more and more on speech for this purpose.

High to perfect scores were obtained for the discrimi-

nation and comprehension of patterned stimulikpresented to



the right hemisphere (Fig. 8B, E) in a variety of retrieval
and matching tests that included words and numbers with non-
verbal responses. Her performance in this respect was
strikingly superior to that of Case I with known damage in
the right hemisphere. Although able to comprehend written
material in either field, Case II showed no ability to put
together a longer word or a compound word that fell half in
one field and half in the other (Fig. 8D). With such a

word as "heart" for example, with the fixation point falling
between "he" and "art", she would describe only the word
"art®, Other results involving symbolic capacities of the
hemispheres will be reported elsewhere.

Simultaneous discriminatory reaction to double field

stimulation: In this test, the subject was seated in front

of the apparatus pictured in Figure 6 and with both hands
working together, was called upon to react to the green of
a red/green discrimination in the right visual field and to
make a brightness discrimination in the left field. Both
before and after the subject carried out the bimanual task,
the right hand was run through on a series of ten trials
with single presentation of the right field stimuli. Before
each trial, the subject fixated on a center dot. The
stimuli were randomly changed within each field from one
screen to the other. The results are shown in Table 1.

Both cases showed no slowing of thelr mean reaction tine



46

*qse3 4 psTIe] Suo £q psjvInoTeo £3111qeqod
*PISTJ TensTA JT8Y 3JOT UT UOTFBUTUTIOSTD ssaulyldTIq 0% spuoasatx pusH 1
*PTeTJ Tensia JIBY 2USTJd Ul UOT4BUTUIIOSIP Ueaal/ped 03 spuodsax pusH g,

£°< €< 0823904 4223698 E€5Txlll 9513994  O€ II @s8D
g£e< S0 >~ OTTx848 HOT§864  26%698 8ETF05TT 64 I ommow

( peqeaado)

500°> 0> H9F9LE 895849  OlghlS 9zzs6€h 05 JHS
10> 10 CLenl€  S6xhom  8870LY G5-08€ 82 T
$00°>  §00°> £85964 omH«oow Ot TF0LL 02 T£594 12 CetAng
§00°> 00> 9GFTI6E 96FH69  L6%569 LGFREYR 12 NED

( Tewxou)

(EucZg)d (Ta<y)d puey fy pued *I-pusH Y pueH *ty o8y j09fqns

,SPUORISTITIN ul TIMWT]S TensIA 04 saul] Uoijoesy

1 oTqa®lL



-u?-

for the right hand when the second simultaneous left field
discrimination was required. On the other hand, all normal
controls showed significanﬁ increases in reaction time when
the bimanual response was in order. However, it should be
pointed out that the reaction time of bofh operated cases

was far slower than that of the normal controls.
Discussion

It is evident in the foregoing that surgical discon-
nection of the hemispheres, with the resultant separation
of the cortibal representation for right and left halves
of the wisual flield and for right and left limbs, produced
in both cases clear-cut functional disturbances that cor=-
related directly with the anatomical separations effectéd
by the surgery. Performances in which the visual inflow
was restricted to one hemisphere and the response 1n§rolved
only the hand for which the primary cortical representation
was ln the same hemisphere, were little affected, whereas
those performances requiring interaction or direct cooper-
ation between the two hemispheres showed marked disruption.
Activities that involved speech and writing were well pre-
served but only insofar as they could be governed from the
left hemisphere. It was clear that visual information did
not transfer from one hemisphere tec the other. Nor was

there evidence that the perceptual activities of one
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hemisphere influenced the other, for both cases failed to
achieve even the simplest sort of integration between the
two visual half filelds.

The impairment of ability to make certain responses
with elther hand to material seen across the midline of the
visual field, especially pronounced in Case I, indicates
that in the human brain the corpus callosum in the intact
condition plays a major role in the mediation of those
responses in which the sensory input 1is directed to one
hemisphere and the primary motor control lies in the other.
This conclusion is contrary to a prevailing iﬁpreésion
that in man the corpus callosum plays little or no part
in such activities (35). The present findings in this
regard are aléo quite different from those obtalned in
split-brain cats where the visual input into one hemisphere
could be used during a learning situation to guide the
ipsilateral forepaw as.well as the contralateral forepaw
(36). Results more in line with the present have been.
obtained in split-brain monkeys where significant'deficits
have been obgerved in activities that pair an eye with the
ipsilateral hand (37, 38, 39). These comparative observa-
tions, though still meager, suggest that the cortical con-
trol in each hemisphere for the ipsilateral upper extremity
becomes correspondingly more important in mediating such

activity. This appears to be in part a matter of the rela-
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tive importance of distal versus pfoximal movement in limb
use, the latter being more subject to bilateral control by
either hemlsphere. At the same time, the severe apraxia
seen in Case I and in some of the earller reports where
chronic lateralized cerebral damage was involved (4, 40, 41)
nay have caused an unnatural dependence on ﬁhe commissures
and lead to some exaggerated conclusioné regarding praxic
functions of the corpus callosum.

The disconnected right hemisphere displayed subtle
perceptual capacitles as well as good comprehension for
both the testing situation and at times the test stiaulus
itself. In this regard, iesults from Case II are especially
clear in demonstrating that each of the separated cerebral
hemispheres 1s capable of these higher mental functlions.

The upper limits of such function in the minor hemisphere,
for the most part, remain to be determined.

The exact cause of the first patient's inabllity to
read for a sustained period of time remalns unceriain.

A new set of eye-movement patterns and attenﬁionfforming
mechanisms would be called for tb compensate for the ina-
bility to comprehend the print on the entire left half field.
Excess scanning movements of the eyes stimulated by the need
of more information from the left field might lead to a
distracting fluctuation of attention between the two hemi-

spheres. That a similar reading difficulty has not appear-
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ed in Case II suggests that pre-surgical brain damage may

be a eritical factor in the first case. In general, however,
it remains a problem as to what eitent the observed differ-
ences between the patients should be ascoribed to pre-existe
ent~braih damage and how much to natural ilndividual dlffexr-
ences in brain organizétion.' Cerebral domlnénce and later-
al specialization including language functions albng with
the unsolved funotions of the ocorpus callosum and other
commlssures would appear to be subject to a considerable
range of individual wvariation.

One of the interesting guestions regarding lateral
specialization in the human cerebral cortex concerns the
nature of the specialized functions allocated to the so-
called minor or nondominant hemisphere. A number of studies
based mainly on patients with unilateral cortical damage
suggest'thaﬁ the perception of certain kinds of spatial
relationships, the recognition of faces and certain non-
verbal auditory functions like timbre and tonal memory,
are among those that are more highly developed 1n the minor
hemisphere (42, 46). Commissurotomy cases, in which both
hemispheres remain essentially intact but separated, offer
obvious advantages for the testing of such lateral speciali-
zation, To a considerable degree, the properties of each
hemisphére are reflected independently in the performance

of the appropriate hand, especially in the first patient
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and during the first months in the second case, The supe-
rior performance of the left hand over the right in the
block design test, drawing and other simple tasks that
incorporated spatial relationships, observed in both pa-
tients, offers striking support of the previous inferences
that this aspect of viéual activity is represented prin-
cipally in the right hemisphere. Again it would seem that
the corpus callosum in the normal brain must play a criti-
cal role in serving to integrate this éompbnent of wvisual
function with others specific to the left hemisphere.

In regard to the foregoing, it is also of interest to
note that while both patients were incapable of reconstruct-
ing Necker cubes, block designs and the ‘like with the right
hand, they were capable of matching the test stimulus by
simply pointing with this hand or indicating the co:rect
design among a sampling of five related patterns. This
shows that the primary perceptual capacity of the left
dominant hemisphere 1s.capab1e of discriminating between
corréct and incorrect reconstrudtions. Since it is also
true that both patients have no motor problems with the
right hand, the difficultj in reconstruction in these visual
tests must lie somewhere in between these two systems., The
further tentativé conclusion may thus be drawn from these
cases that the lateral specialization lies more in the

motor executive or expressive sphere than in the sensory-
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pergeptual components of the performance.

These same problems and the aﬁalysis ﬁould appear to
apply to the speech mechanism as well., Tests now in pro-
gress suggest that the disconnected right "non-speech"
hemisphere may have a similar cépacity to comprehend and
to match written or spoken words at a rather high levél
but yet nét be capable of expressing the comprehension
through speech.

The total picture of the cerebral disconnection syn-
drome as exhibited by Case II above, comes considerably
closer to that depicted in the Akelaiﬁis-Van Wagenen serles
(6-14) than does that of our first case. This is attribut-
able in the main to the greater motor control in each
hemisphere for the ipsilateral side. Absence and impair-
ments of right-left integration in gnostic functions,
however, become strikingly apparent with api)li..cation‘ of
critical tests.. All the data are consistent with the
earlier conclusion that surglcal disconnection of the hemi-
spheres results in a splitting and doubling of most of the
gnostic or psychic properties of the bfain (15, 16). The
normal unity of perceptual awareness in the primate brain
may be inferred to be dependent to a large degree on the
cerebral commissures, especiélly the corpus callosum, The
functional separation of right and left mental spheres that

is produced by cutting the commissures was strikingly evi-
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dent in a number of the above testing situations, to the
point as described where left and right hemispheres were

attempting conflicting solutions to the same task.
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Experiment 3
Observations on Motor Function

Introduction

There exists in the literature a coﬁtroversy over the
efféct that cerebral commissurotomy has dn motor response
when the sensory input is to one hemisphere and the primary
motor control is in the othef. At the turn of the century,
many neurologists believed in essence that callosal damage
resulted in severe apraxla of the llﬁbs ipsilateral ﬁo the
hemisphere receiving a primary sensory input (2, .3, 4, 40,
41)., In general, these observations were made on the left
hand in right-handed people with vascular disease and it
was concluded that motor function of the right non-dominant
hemisphere was impaired because of disconnection from the
dominant left hemisphere. In later studies on‘patiehts with
surgical section of the corpus callosum, no persistent motoxr
dysfunction was apparent after cerebral commissurotomy (&~
12)., All patients were able to write with both hands after
surgery and all were adept at a number of motor integrative
tasks such as playing the piano, typewriting and so forth,

Since the inception of split-brain surgery in monkeys
and cats, the question of homolateral control of one fore-
limd from a disconnected hemisphere has been extensively
studied. While essentially no deficits have been observed

in the cat (36), considerable evidence exists for the pres-
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ence of ipsilateral eye-hand deficits in spllt-brain_monkeys'
{37-39). Availability of trnese two human cases nas enabled
a reexanination of this toplc in manji the results indicate
that moZor defilcits in commissurctouized man are variable
depending on the extent of extra-callosal damage as well as'

other individual variables.

Results

‘ Case I

For the first post-operative year, the-patient was al-
most totally unable to respond with th2 leflft hand To verbal -
commands. During this time, however, good motor function
for the left nhand was apparent when carrying out "automaticﬁ
activitiecs such as the lighting and smoking of a cigaretis.
The patient would, for example, take a pack of clgaretties
out of his left shirt pocket with his right hand, shake the
pack so as to loosen a cigarette and then remove 1t with hils
left hard and put it into his mouth. He would then liéht
the cigarette with a lighter with his right hand, Take a
puff and'then calmly and smoothly remove the clgarette with
his left hand and exhale., At this point, 1f the patient
was requested to take another puff while holding The ciga-
rette in his left hand, thé typical plcture was one of
freezing up of the left hand and tightening ol the muscles;
as in & stammerer®s block, the harder he tried, the worse

it bescame. Moments later, with the experimenter busying
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himself at other things, the patient in a more relaxed mood
vould again calmly take a puff from his cigaretté with his
left hand,

Such simple tasks as pointing with his lefﬁ hand, in
response to verbal commands, to his nose and ears and to
the experimehter's body features along with pointing to
objJects on a table, were done poorly, if at all, during the
first year. There was complete incapacity to write and to
draw, either spontaneously or from dictation.

None of these apraxic difficulties was apparent When
stimulus and fesponse were kept to Tthe sane hemisbhere.
The right hand worked well to verbal commznds and the
patient often wrote spontaneously. Control of the right
hand was normal unless the stimull were restricted to the
Tight hemlspheres simple light flashes tachistoscoplically
presented in the left visual field were reacted to readily
with the left hand, but not with the right.

| Antagonistic movements between the right and left
hands were fregquently noted. The patient when at home
would often pick up the evening paper with the righﬁ hand,
put it down abruptly with tne left, and. then have to pick
i? up again with the right. This activity might continue
for 15 to 20 minutes and sometimes was relieved only when
his wife came in and removed the paper from his immediate

surroundings. She has reported frequently that he would
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then get up and go around the house and search for the
paper, one time climbing ihto the top shelf of a closet in
order to retrieve it. When asked why he was doing this,

ne would simply smile and say, "I have no idea." Similar
contradictory movements were observed occasionally in the
course of dressing and uandressing and in other daily activ-
ities, at times on a scale to be distinctly botherscme,

He would freqﬁently emerge from the bathroom with a towel
clutched in his left hand. His wife would ask why he had

it in.his hand and he would reply ¥I can't let it go.®

When walking from one room to ancther, his left hénd would
frequently hit the door jamb, grab oanto it and stop his
forward motlon. There were even occasional instandes of
This occurring witn the right nand. On almost all oc¢casions
the hérder he tried to let go of an object, the more internse
became his grip. In a more general circumstance, it was as
if control of the left arm was strongly centered in the
minor hemisphere at such times and hence isolated from the
main intent and prevalling control of the dominant hemi-
sphere.

While the independence of the two hands was bothersonme
to the patient, it did give glimpses into possible effective
differences between the separated hemispheres. For exanmple,
the wife frequently commented that at times when she was

passing by, the patient would grab onto her with his left



-58=

hand and hold onteo her tightly. She would then request
that she be released and the patient, while rather aggres-
sively holding and shaking her, would be smiling and saying,
"But I want to «- I just can't.”®

Motor tunction in post-operative sscond year: While

improvement has been observed in voluantary control of the
left arm in the two years since the operation, the overall
behavior remains similar to that seen in the first post-
operative year (Fig. 9). Improvement in ipsilateral control
has occurred malnly for guidance by the left dominant hemi-
sphere of the left hand. The control, however, is seen
only when the whole arm can be correctly directed towards
a goal by shoulder movements alone. For example, When a
large card with seven objects arranged in the manner seen in
Figure 9 was placed at shoulder level, the patient respond-
ed well with eilther arm to a verbal command., HowWever,
when an identical set of figures was reduced to fit on an
8 x 11 in. card and when only wrist movement was allowed,
only performance with the right hand went well.

Severe agraphia with the leflt hand is still evident
two years after the operation. However, earlier studies,
indicating that the patient was incapable of pointing to
a flash of light across the midline of the visual field,
now are contradicted by his increased motor control of

ipsilateral arms. Antagonistic movements are also still

noted.
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MOTOR RESPONSES TO VERBAL COMMANDS

CASE I:
BY WRITING BY POINTING
VERBAL LEFT HAND | RIGHT HAND
COMMAND RESPONSE RESPONSE
2 + —-
i 7/
IILII E
Oi - m M
o :éL @)
SUBJECT REQUIRED TO POINT TO A REQUESTED FIGURE
a) For wrist movement, actual size of response pattern sheet
- { 5 was 8172 x 11"
5 b) For shoulder movement, actual size was 22 x28"
IISII Z S
CASE I: 2 3/4 YEARS POST-QP
RESULTS
Right Right Left Left
Shoulder Wrist Shoulder Wrist
"TRIANGLE" 21 21 15 3
Scores refer to number of correct responses in 21 trials.
(Chance = 3)‘
"SQUARE" B Q
IICATII
&F TET’

Fig, 9. Shows motor responses of patient in the sscond
post-operative year, The severe agraphla per-
sists as well as the lnablllity to move the lefltb
wrist to a verbal command,
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Case II

There were considerable differences in the post-opera-
tive motor functions of the second patient. PFor the first
two weeks after the operation, the patient reacted well
with the right hand to verbal commands. She could point
to various objects in the room and to her body features
and could write well. The left hand, however, remained
totally unresponsive to verbal commands and with 1t she
was not able to localize points of touch on any part of
her body. Automatic movements of varicus-kinds weré
possible. PFor example, she was walking within é week after
surgery and could easily do.routine bimanual tasks such as
fluffing up a pillow, dressiﬁg‘and so forth. She could
aléo use her left hand to make certain responses to a set
of wverbal instructions if they were supplemented with a
‘#do this" demonstration. For example, ifvwh@n aéking her
to hold up a particular finger, the experimenter held up
his appropriate finger, the patient 1ﬁmediate1y reacted
'by raising the correct fingey of her left hand. She was
totally unable, however, to hold up her middle finger or
index finger or her little finger to a verbal command,

Gradually the_left hand began to reséohd to wverbal
commands and to‘visual stimuli to the left hemisphere.
About three ménths after the operation, most of the motor
problems had cleared up except Whén the left hand was writ-

ing to dictation or when the right hand was making a dis-
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criminatory response to crossed sensory inputs. At this
time, the patient was able to respond with either hand to
simple flashes of light seen across the midline of the
visual field, However, correct crossed responses in dis-
criminatoxry situations‘were not seen through the sixth and
seventh post-operative months., There 1is now evidence to
suggest that even this incapacity is clearing up. At six
months the patient was able To wrlite To dictation with the
left hand (Fig. 10).

Rarely were antagonistic movements seen in this case.
Occasionally she reported an inablility to get the hands
to work together when ironing and the like, but this was

infrequent.
Discussion

The two patients are distinctly different and each
case tends to represent one side of the controversy that
exists concerning ﬁotor function following cerebral dis-
connection, In the early literature along with some more
recent reports (2-4, 40, 41), the severe apractic difficul-
ties when stimulus and response were not on the same side
occurred in older patlients Wifh conslderavle extra-callosal
damage in addition to lesions in the corpus callosum. In
short, the apraxia seen‘ih these earlier cases of callosal

lesion and in Case I may be exaggerated by an unnatural
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MOTOR RESPONSES TO VERBAL COMMANDS

CASE -2
Commend | R HAND L HAND Comrmand R_HAND L. HAND
"Your name" Wam? %}/\’U&J\ "1 went _%l J w2, A
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| would buy | —e i~ R
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y . ]
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Pig, 10. Numbers in the first and fifth columns refer to

the post-operative month the test was given,

An

inerease in the abllity to use the left hand is

clearly evident,
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potentiafion of cerebral dominance and lateralization of
volitional control as the result of extra-callosal damage.
| On the other hand, damage in the right hemisphere
which might subtly affect motor control of the left hand
may be exaggerated when the left hand is being governed
from‘the disconnected left hemisphere; It has been shown
that serial ablations of one disconnected nhemisphere in
split-~brain monkeys leads to 1ittle impairment of the
ipsilateral hand (47). However, small cortical lesions
cause slight impairments in control of the contralateral
hand; impairments which become more prominent when the
affected haﬁd is being controlled from the ipsilateral
hemisphere. In other words, unilateral brain damage in
‘split-brain aninmals does not affect the hand ipsilaterél‘
| to it, but rather the opposite ipsilateral eye-hand combi-
nation. |
Other explanations are avallable for the difference
between these two cases and the diﬁergent reports existing
in the literature. It is known that ipsilateral pyramidal
tracts exlist in varying proporti0ns in man., Some reports
suggest there is no ipsilateral fiber system at all, while
others maintain that as highv as 309 of the pyramidal fibers
remain ipsilateral (48). The extent of ipsilateral control,
therefore, may reflect variations in the amount of ipsi-

lateral fibers.
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It seems likely that movement of the proximal muscle
elements is far more subject to bilateral control than the
more distal muscular elements. When ipsilateral control
returns, if it returns, the last Jjoints to come under
'control from one disconnected hemisphere are those in the
hand and foot. This can clearly be seen in Case I, whaere,
after two years of practice, the patient is still unable
to write with the left hand. ‘In Case II, this was the last
function to reappear in the first six post-operative months.

The findings on Case II are more in line with those
reports claiming that cerebral bisection caused little or
no impairment in motor function (6-12). 1In those cases,
good control of both arms was immediately apparent in mbst
situations following surgery. In none of those cases,
however, was complete sgctien of the corpusvcallosum’and
anterior commissure done at one timé. Also to be consider-
ed 1s the possibility that those cases had speech and
language capacities in both hemispheres as has been post-
ulated by many people; the lack of any motor dysfunction
would then be attributable to the absence of any real ipsile
lateral sensory-motor situations. In such a case, a verbal
command could be acted upon with the left hand because of
language and speech abllities of the right hemisphers and

vice versa,
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Experiment 4
Observations on Speech and Language Function

Introduction

Ae evident from the foregoling, cach hzmisphere in man
has.visual and tactile perceptual capacities as well asz
learning capabilities. PFunctions such as primary motor
control of the speech musculature are also present in each
half Dbrain but the neural organization required for spoken
language is usually lateralized Zo one cerebral hemisphere
(49). At the same time, however, the degree of lateraliza-
tion of the basic symbolic processes and engrams involved in
language has been the subject of much disagrecment and spec-
ulation. The question becomes, is language present in botn
hemispheres while the capacity to speak 1s present in one
or, 1s language laterallzed to the same degree &s thé
speech mechanism subserving it. Some authors maintain that
the engrams involved in language are laild down bilaterslly
(50) while others restrict them to areas in the left hemi-
sphere (49),

Separation of the hemispheres in these two cases of-
fers a unique means of investigating such questions, and
the results of a series of appropriate psychological tests
are reported below., In general, indications ére that good
language function and comprehension can exist in both hemi-

spheres but the ability to communicate by elther written
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or verbal reports is limited to the left hemisphere.
Results

Postuopexativa verbal capaclities of the left hemisphere: In

all tests in which verbal or written descriptions were de-
sired of tactile and visual stimuli unilaterally presented
to the left hemisphere; both patients showed complete
comprehension of the nature of the stimuli and were capable
of responding correctly. Visual stimuli presented in the
right visual field such as nﬁmbers, letters, words and
plctorlal material plus other stimuli were all instantly
perceived and described. Equal wverbal facility Was éhown
for tactile'stimuli which included handling everyday house-
hold items such as spoons, knives, combs, toothbrushes and
keys plus a series.oflobjects specifically made for these
tésts. Temperature and weight discriminations were carried
out correctly when presented to the right side as well as
descriptions of the position of the extremities. In general
the languége capacity of the left hemisphere appeared.to be
normal,

Post~-operative verbal capacities of4the right hemisphere:

Hesults in this category were different for the two patients;
Case II appeared to possesé good ldnguage capacity in the
right hemisphere while Case I appeared té have little or

none. In both cases, there were never any written or
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spoken verbal responses to sensory experiences of the right
nemisphere, The language capacity of Case II was revealed
to & large extent by the matching of pictures to word cards.
Results of verbal reactions to visual, tactile and auditory
stimulation appear below and only tihe results on Case II are
discussed in detail since identical testing of Case I yield-
ed little evidence for the existence of language abilities
of any sort in the right hemisphere,.

Visual tests: When photographic reproductions of objects,

scenes, words and so forth were tachistoscopically projected
at 1/10 sec. into the left visﬁal field using the apparatus
shown in Figure 5, the patient characteristically claimed
she saw nothing. Yet upon being asked to best describe
the stimulus by selecting an appropriate word printed on
one of a series of as many as ten cards placed in f:ont
of.her, her left hand would immedlately polnt to the word
card best matching the visual stimulus. PFor example, if a
picture of a pie (Fig. 11) was flashed into the left visual
field, the patient would say that she saw nothing and then
proceed To pick up the card with vpie® written on it.
Descriptive scenes and scenes depicting an action (i.e.
boxing) were also correctly named under such coaditions.
She was also able to read in the left visual field
(Fig. 8E). Simple words flashed at 1/10 sec. yielded no

vocal verbal responses but again the patient was consistent-
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Fig.

11,

Representative examples of visual stimull tachis-
toscopically presented in either wisual field

in tests of language capacity of each discon-
nected cerebral hemisphere.
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ly able to retrieve the object best matching the word
stimulus. Similarly, she was able to indicate which one of
several spoken definitions best fit a word stimulus fall=-
ing into the left wvisual field; 17 the word "mllk" was
flashed into the left visual field, she would exciaim she
saw nothing and then would be able to repeat the correct
definition after a series of five had been read to her.

She always abpeared unable to act upon a visual word
command directed into the right hemisphere. For example,
she would not smile'at the command to do so when the
appropriate wérd.stimulus was presented in the lgft visual
field but had no problem when the same stimulus was present-
ed in the right wvisual field.

There was also no apparent adility to read across the
midline of the visual field. The phrase “Look up"; for
example, when flashed so that "Look" fell into the left
visual field and ™up" into the right, never elicited a
correct response., Even one word like teapot, sawdust,
Tobin, panties, When presented so the midline of the visual
field transected the word in two, ylelded answers indicating
understanding of only the right field component.

Tactile testing: With both cases, all objects placed into

the left hand were described inaccurately (Fig. 12). For

example, a palr of scissors when placed in the left hand

might be called a hat, a watch or something else irrelevant.
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VERBAL RESPONSE TO ;
TEST OBJECT " vianp ToucH*] R HAND ToucH |

BOOK "MY HELMET" "BOOK"
SPOON "PENCIL" "SPOON"

| ToY PISTOL "PENCIL" "PIsTOL"
CAN OPENER “WRIST WATCH" | “CAN OPENER"
PAPER CLIP "DON'T KNOW" "PAPER CLIP"
HAMMER "CLOCK" "HAMMER"
FORK "DON'T KNOW" | "FORK"
SCISSORS "HAT" "SCISSORS"
CIGARETTE "CAN OPENER" "CIGARETTE"
COFFEE CUP "DON'T KNOW" "COFFEE cupP"

*ALL OBJECTS HELD IN THE LEFT HAND WERE

'USED CORRECTLY UPON COMMAND.

Fig, 12,

Examples of hoth patlients’ inability to verbally

describe objects held in the left hand out of

vision.
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However, no matter what the patients were holding in the
left hand and no matter what they proceeded to call it, the
left hand would use and manipulate the object properliy. In
addition, as in the visual tests, only the second patlent
was able to point to the word on a card best describing

the held objeet. Bven if she had misnamed the object
verbally while holding it out of vision, she would promptly
pick the correct word card with the left hand when allowed
to respond.

Both patients were also completely unable to write out,
with the left hand, the name of the object in that hand.
Similarly, both appeared for the most part unable to draw
the form and nature of objects held in the left hand, except
for a recent incident when Case II showed signs of being
able to draw simple geometric shapes such as squares and
triangles.

Auditory testing: In the second patient there were also

1ndic§tions that the right hemisphere had good comprehension
of vocal statements. When the patient was blindfolded and
requested to retrieve a particular article with the left
hand from a series of objects, there was no problem, For
example, if six objects were plaéed in front of the patient,
one of which was a toothbrush, the patient could easily re-
trieve the toothbrush from the six objects. Immediately

after the retrieval of the toothbrush, however, if the
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object was placed into the patient's left hand and she was
asked to give a verbal description, she would call it some-
thing irrelevant. It appears, therefore, that the higher
verbal language capaclity for the right hemisphere of the
second patient enables her to match the auditory stimulus
with the correct tactile stimulus. This behavior was never

apparent in the first case,
Discussion

The results show that in both cases wvisual stimuli
falling into the rignht visual field and objects held in the
right hand out of vision could be correctly named and coﬁ-
municated either by speech or by writing. Similar presen-
tation to the left wvisual field or left hand were neither
communicated audibly or in writing. Extensive testing on
Uase II clearly showed in additlion that the right hemisphere
possessed good language and symbolie comprehension faor aunde
itory, visual and tactile stimuli but that the motor mech-
anisms to communicate this verbal comprehension were not
present.

It appears that the corpus callosum is critically in-
volved in the interhemispheric transfer ol gqualitative sen-
sory information difectly projected to the right cerebral
hemisphere. In both thése cases, however, although the

entire callosum was sectioned, the right hemisphere appeared
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to have some influence on the main speecch mechanisms of the
left hemisphere, Indications for this come from the follow-
inz observations. Neither patient developed symptoms of
logorrhea following callosal.section. This speech character-
1stic which usually resulté from lesions in the right hemi-
sphere would seem likely to appear in these two cases if

one assumed that the sole neural pathways for interhemispher-
ic connections for speech coursed through the corpus callo-
sum, Secondly, Case I1 was able to tell which of a series

of spoken definitions best fit a word visually_presented in
the left visual field, indicating the right‘hemisphere,

when hearing the correct definition, could somehow signal

the left "ﬁalking“ hemisphere as to.which one of several
spoken definitioné was correct. Agalin the pathways subserv-
ing such systems must either be subcortical interhemispherlc
connections or pathways from the right hemisphere directiy
affecting a.subcortical aspect of the speech mechanisn,

The divergent results of_the two cases With.regard to
language capaclity of the right hemisphere perhaps unéerline
.the well-reported variation in the degree to which human
cerebral localization for speech and language can occur.
Certainly convincing cases exist which it and substantiate
almost any possible proi:osal made for the nature of speech
and language localization.

Perhaps, however, the lack of the presence of language
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in the right hemisphere in Case I is the result of the
extra-callosal brain damage kndwn to exist. It seems fair
to assume in Case I that engrams for specific acfivlties
of a sort do exist in the right hemisphere, e.g. being
able to manipulate correctly objects held in the left hand.
Since it would not seem unlikely that neural mechanisms
linking perceptual awareness to word formation would be
threshold systems in the right hemisphere, it would be easy
to believe that the known damage lmpaired such systems.
Alternatively, one can also not rule out the possibility
that the lack of any sort of language capacity for the
right hemisphere in this case is evidence for the view
that the more intelligent one is, the more lateralized
are his language and speech capgbilities.

Assuming that speech and language functions of Case
II more nearly represent the normal picture, it would be
an error to accept the belief held by some that the concepts
of a perceptual situation are 5ilaterally represented, but
that verbal engrams are peculiar to the left hemisphere
(49). Case II gave every indication of being able to read
in the left wvisual field. She also seemed able to compre-
hend spoken words. Similarly, presentation of wvisual and
tactile objects to the right hemisphere resulted in her
- ability to pick the words best describing the particular

stimulation. It would seem, therefore, that in fact
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memories for language can be bilaterally laid down.

The inability of Case.II to repeat any of the verbal
experiences of the right hemlispheres by speaking or 1In
writing is of major interest. Similar peculiarities hava
been observed in the left dominant hemisphere with regard
to visual constructional tasks. Results on these tests
clearly showed each patient's ability for such tasks for
the right but not the left hemisphere. The same was true
for the block design test. The left hemisphere, however,
was able to verbally distinguish between correct and incor-
rect reproducﬁions of such prodblems. This suggests that
the primary perceptual capacities for such tasks were intact
but that the ability to perform the necessary motor
responses for the test was absent. It scems, thexrcfore,
that the property which becomes laterélized for hemisphere
specific tasks is the motor expression of that task.

‘It is of interest to attempt to analyze a standard
clinical case of aphasia after accepting the concepts for
language and épeech proposed from the results on Case II.
If this case had, instead of a callosal sectlon, a brain
lesion in the left posterior parietal temporal area, of
the many possible effects 1ncurred by such a leslon, one
could predict that she would have a generél inability to
speak coherently, comprehend spoken words, read or write.

Speech would be impaired because only the left hemisphere



«76m

is normally capabie of such in right handed people and here
it has incurred an 1njury. Comprehension of spoken spéech
would not seem apparent because of the damage to the left
hemisphere and the right hemisphere, while understanding
verbal material, could not communicate its understanding
presumably because of the complexity of the motor perform-
ance involved in speech and writing.  Reading ability would
be impalred for right field stimuli because of the neuro-
logical insult to the left hemisphere; left fileld stimuli
could be comprehended but not expressed because of discon-
nection from the lgft hemisphere due to partial degeneration
of the corpus callosum; which resulted from our supposed
exemplary lesion.

If our patient had, 1nstead, a lesion in the left third
frontal convolution, she would again demonstrate the same
symptoms of the standardlclinical case. Lesions in this
area, Which generally affect the expressive aspects of
speech only, would impair speech since the right hemisphere
1s considered from our results to be incapable of =peech
and the left has been injured. Thus the standard behavior
pattern of motor speech difficulty would be evident,

In short, the restatement of the proposition that
language in the normal adult human brain can be bilaterally
represented, conflicts in no major way with normal ciinical

experience., If the aphaslc patlent 1s subjJect to a lesion
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that does not cause general intellectual deterioration,
the above analysis seems consistent with the general

literature and knowledge of speech and language localization.
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Section II
BEHAVIORAL STUDIES ON SPLIT-BRAIN MONKEYS

Experiment 1¥
Effects of Commissurotomy on a Pre-operatively
Learned Visual Discrimination

Introduction

Previous split-brain studies with cats and monkeys
indicate that the memory for perceptual and motor learning
in which the sensory or motor components have been lateral-
ized to one of the separated hemispheres is generally con-
fined to that one hemisphere (16). On the other hand,
when the same kind of learning proceeds in the presence of
an intact corpus callosum, the typical result 1is reported
to be a double set of engrams, one in the directly trained
hemisphere and a second established in the opposite hemji -
gphere via the callosal fibers (51, 52). PFrom these and
related findings it has been inferred that a major function
of the corpus callosum in these animals is to keep the two
hemispheres equated and up-~to-date with respect to the
acquisition of the new cortical engrams. It is clear that
this is not unifprmly true of the h@man brain where lan-
guage functions especially are strongly lateralized. The

following experiment reveals that in the monkey, also, the

*Phis work has been reported in part in Reference 55.



-79

presence of an intact corpus callosum during learning does
not necessarily result in the laying down of a double set

of engrams,
Materials and Methods

Three male (DXZ, SCH, VHT) pigtail monkeys, Macaca

nemestrina weighing about 3 kg, and without previous
laboratory expefience, served as subjects. Traianing and
testing were carried out in an apparatus that permitted
the experimenter to control eye and hand use and that
produced a minimum restriction of the wvisual field and arm
movement or both. The subject was unrestrained except by
the dimensions of the box and voluntarily placed himself
in the working position. The visual stimull, a black cross
and a circle on white backgrounds, were back-projected onto
two translucent screens. Following a correct response, a
reward was discharged into a trough immediately below the
screens by means of an automatic feeder.

The training schedule conslisted of one session of
80 trials per day five days a week. Pre-operative training
involved free use of both eyes with forced alternation of
hand shifted every 20 or 40 trials so that at completion of
each training séssion, both hands had been used for an equal
number of trials. The stimull were equated for brightness

and were shifted from right to left on a pseudo-random
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schedule.

The criterion for learning was set at 18 correct. trizls
out of 20. After the problem had been fully learned under
binocular conditions, the varlious eye-haﬁd combinations
were tested separately for knowledge of the task. Monkey
DXZ was overtrained 300 trials while SCH and VHT received
no overtraining. Monkey SCH was temporarily uséd on another
problem that involved presentation of the plus-zero stimull
simultaneously and contradictorily to each eye., None of
these variations in pre-operative procedure seemed-to have
a significant effect on the results.

All three cases then underwent surgery that included
complete section of the corpus callosum, anterior commissure
and midline section of the optic chiasm in a single opera-
tion carried out by exposure and retraction of the right
hemisphere. Following surgery (two to four weeks), the
_ animals were tested for retention of the discrimination in
the four eye-hand combinations indicated in Fig. 13. All
animals are currently being used on further experiments.

It will be obvious, however, that the findings and their
implications for the present study are such that they would
not be significantly ghanged even if the surgical sections

did prove to be incomplete. *
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Results

The performance curves for the pre- and post-operative
training are shown in Fig. 13. Monkey DXZ had moderafe
paralyesis in the left arm for two to three weeks after
suigery which for the most part dlsappeared coincidentally
with his high score for that hand. His initially poor
performance is probably attributable to this deficiency,
for during that period, he appeared to be incapable of well-
monitored hand movements in the testing situation. The
other animals had no major motor impalrments though they
both had transient mild seizures on the left side during
the first two weeks after surgery. It is clear tﬁat cri-
terion was reached with only one intra-hemispheric eye~hand
combination in all three cases., Performance with the other
eye-hand combination revealed eithexf mnemonic (L. éye-R.
hand) or coordinaticnal (L. =ye-L. hand, R. eye-R. hand)
deficits, the iatter of which will be discussed below.

Additional visual discriminations learned after surgery
with the same training procedure also tended to be laid down
initially in one or the other hemisphere rather than both,
The hemisphere that learned faster in the post-operative
task was not necessarily the same one that had learned
pre-operatively. For example, SCH learned a second problen
first with his right hemisphere and a thiid faster with the
left hemisphere. Animal VHT learned two additional problems
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more quickly with the left hemisphere. An older animal,
PKY, used on another related experiment, also exhibited
this same kind of fluctuation in hemispheric performaﬁce.
Throughout the right-left shifts in the lateralization of
learningrproficiency, none of the énimals showed any change
in their natural right hand preference in their everyday
activities, ‘ _

The motor proficiency of right and left hand in the
training situation foliOWed a characteristic pattern in =2l1ll
animals according to which eye was eiposed. For the most
part, intracortical eye-hand combinatlions (L. eye-R. hand,
R. eye-L. hénd) in all instances were fast and exact in
their movements. Intercortical combinations were compara-
tively slow and clumsy. Hand mévemenbs under these latterx
conditions typically resulted in the fanning out of the
fingers. Thls deficit was mbre pronounced when the task
involved a pairing of the unpreferred hand and the eye
ipsilateral to it. It is of interest that when both eyes
were opened, DXZ and VHT had no difficulties in responding
at criteria with either hand.

Discussion

The cortical engrams for visual discrimination learn-
ing in three normal monkeys were shown by subsequent

analysls with split-brain procedures to have been localized
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predominantly or entirely in one hemisphere. This laterali-
zation of memory occurred consistently in all three cases
tested despite the presence throughout learning of the
intact corpus callosum and the optic chiasm, and even though
bllateral symmetry in engram formation had been further
favored by forced alternation in the use of hands, and also
by overtraining through 300 trials prior to surgery in the
case of DXZ. These findings contrast with earlier reports
indicating that the presence of the corpus callosum during
unilateral visual training in cats and manual tactile train-
ing in monkeys resulted in the establishment of a double
system of memory traces, one in each hemisphere (51, 52),
The present results suggest that in the normal monkey the
memory for visual tasks tends to remain localized in one
hemisphere, and when needed by the other, the mnemonic
information is tapped via the corpus callosum,

This raises the puzzling question as to why, in the
presence of the callosal fibers, the engrams for learning
are laid down bilaterally in some cases and unilaterally in
others. The present result is directly comparablé to the
effects of similar commissurotomy on language functions in
man, where speech is confined to one hemisphere even though
the speech centers of the cortex are richly interconnected
by callosal fibers in addition to the fact that either or

both hemispheres have the capacity for acquiring language
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(21, 22). In the human brain, the cerebral dominance

and lateral specialization presumabdbly reflect some sor:

of asymmetry in anatomical organization. In these monkeys,
however, the nonpredictable fluctuation from left to right
hemisphere suggests that the lateral dominance is a matter
of the transient dynamics of learning rather than a perma-

nent feature of cerebral organization.
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Experiment 2%
Cerebral Mechanisms Involved in Ipsilateral
Eyve-Hand Use in Split~Brain Monkeys

Introduction

Splitting the cerebral commissures and optic chiasm in
monkeys isolates a primary visual area from a primary motor
area. Such surgical interruptions would, seenmingly, create
problems in the visual control of ipsilateral eye-hand move-
ments. Recent investigations involving this question
reveal inconsistent results. Some studies on split~brain
monkeys claim little or no coordinational deficits (53, 54)
while others stand in marked contrast and claim there are
persistent indications of a visual-motor impairment (37,

38, 55). Split-brain cats reportedly show no deficit in
motor control of either upper forelimb when vision ié re-
stricted to one eye (36). On the other hand, recent test-
ing of commissurotomized humans has indicated that pronounc-
ed deficits exist in ipsilateral sensory-motor combinations
(56, 57).

In the present study, split-braln monkeys were tralned
visual discriminations monocularly accompanied with forced

change of the hand used in response. An attempt is made to

¥ This experiment has been reported in Reference 39,
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ascertain the nature and quality of ipsilateral hand

performance in such testing situations,

Materials ahd Methods

Five female and Tive male monkeys (Macaca nemestrina)
were used throughout all testing and training procedures.
The animals were self«trained in an automated apparatus
specifically designed and developed for the testing of
split-brain monkeys. The apparatus consisted of a triangu-
lar shaped box which permitted the éxperimenter td control
eve and hand use and produced a minimum restriction of the
visuai field or arm movement or both. The unit was clamped
ontc the back of the monkey's home cage., The visual problems
were projedted onto two translucent screens by means of a
one-plane projector unit. The stimul; consisted of simple
geometric symbols or letters and numbers which were equallz-
ed for brightness.' These patterns were automatically chang-
ed according to a predetermined pseudo-random schedule that
advanced only if the animal made a correct response., The
latter procedure proved to be a simple and efflclent way to
break position preferences that would characteristically
appear during the initial training. Correct responses
were rewarded with a food pellet delivered automatically in
a trough immediately below the screens. Generally, the

automated testing apparatus was on for 12 hours a day and
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the animals were free to work as often as they wished,.
Criterion was established at 90% correct over 80 trials,
Some animals would work through the four eye-hénd combina-
tions within 2k nours of testing, while others took from
four to elght days. |

For the most part, animals would be exposed to a visual
problem monocularly in one of two possibie eye-hand combina-
tions. Upon reaching criterion, & change ol hands was
imposed until criterion was again reached. This was follow-
ed by exposing only the untrained eye and then by controlled
hand use. In this manner, all intra-hemispheric and inter-
hemispheric eye~hand combinations were tested.

All operated animals have been killed and examined
except for BRJ, BRN and DPK. All had a complete midline
section of the optic chiasm, corpus callosum and anterior
commissure except WNL, which had some crossed extrafoveal
fibers intact. Functionally the section was considered
complete in WNL, however, for the animal never displayed
interocular transfer of visual discriminations trained to

one eye following section of the corpus callosun.
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Results

No major impairments were detected in any of the
animals using either ipsilateral or contralateral eye-hand
combinations in reaéhing for food.

Independence of hemispheres: Training one contralateral

eye-hand pair in chiasm-callosum sectioned animals to
criteria, foliowed by training the lpsilateral hand to
criteria, did not appear to influence the learning rate

of the second contralateral eye-hand pair (Table 2A). The
same result is also evident if one compares the two ipsi-
lateral eye-hand pairs. In the following analysis of eye=-
hand learning rates, therefore, the data obtained from the
training of each eye will be pooled.

Training contralateral then ipsilateral eye-hand palrs:

Forced training of contralateral eye-~hand pairs to criteria
does not enable the ipsilateral hand, in'spiit-brain monkeys,
to perform immediately at criteria. From Table 3 it can be
seen that while there is a Wide variability in performance
of the homolateral hand, there is generally no trend to ‘
savings (median savings =-33%). There is complete savings
in normal and chiasm-sectioned animals.

The shape of the learning curve for the ipsilateral
hand, however, is not necessarily siﬁilar to that of the

contralateral. From inspection of the learning curves it

was clear that individual animals differed widely. For
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example, GRT was very poor at learning with an ipsilateral
eye-hand pair and rarely rose above a chance level; SQY
almost always began training at a high level with her
ipsilateral hand although she nevér performed immediately
at criteria; FNR demonstrated varied ability ranging from
poor to excellent.

Use of the ipsilateral hand appeared not to improve
markedly after continued trainiﬁg with several different
visual problems, if that hand's performance'was compared to
the contralateral hand's score on the same task., Evidence
Tor this comes also from an animal who was manually trained
on a series of visual discriminations with forced alternation
of hand use every 20 trials. The testing box and procedure
were similar to the one described above with 80 trials
presented per day, five days a week, Four problems were
presented to the left eye and three to the right. The
percentage savings to the ipsilateral hgnd were -83, -21,

0, 0, ~65, 100, =100, in that order. These results again
suggest that a marked increase in proficiency of ipsilateral
sensory-motor combinations does not occur.

Training 1bsilateral then contralateral eye-hand pairs:

Contrary to the foregoing, tralning ipsilateral eye-hand
combinations to criterion first, enables the contralateral

eye-hand pair to perform immediately at criterion in all

the animals (Table &),
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Table 2

Performance of Split-Brain Animals on Visual Discriminations

Irained Sequentially to All Four Eye-Hand Combinat;ons1

245
FPirst eye Second eye
Animal Contra. Ipsi. Contra. Ipsi.
GRT 120 560 200 840
FNR 160 40 80 720
FXY 160 160 240 1000
Total 440 520
Ipsi. Contra. Ipsi. Contra,
SQY 320 120 200 0
FNR 760 0 560 0]
FKY 1440 40 2240 0
Total 2520 Total 3000
2B
Pirst eye Second eye
Animal Contra, Ipsi. Ipsi. Contra.
FNR 1080 520 320 L0
SQY Lyo 360 920 80
FKY 520 1600 1040 _ 0
Total 2040 Total 2280
Ipsi. Contra. Contra. Ipsi.
FNR 680 0 840 0
DPK 1160 0 1080 2240
FKY 1040 0 1080 800
Total 2880 Total 3000

1Scores refer to number of trials to c¢criteria., Each animal
was exposed to the same visual discrimlnation during train-
ing of its four eye-~hand combinations.
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Table 3
Ipsilateral Eye~Hand Performance Following

Training of Contralateral Handl

Animal Problem no. Contra. Ipsi. %3avings

FGO  (normal) 2 360 0 100
BRJ (chiasm) 1 400 0 100
BRN ' 1 640 120 81
WNL 2 480 0 100
BRN 3 80 0 100
BHEN 4 40 0 100
FKY (split) 1 80 120 -373
" GRT 1 Lo 960 ~96
FNR 1 1080 520 52
DPK 1 1080 2240 -50
GRT 2 120 560 -79
GRT 2 200 840 -76
FKY 3 160 160 0
FKY 3 240 1000 -76
FNR 3 840 0 100
PKY 520 1000 -50
FKY 5 1080 800 25
FNR 5 80 720 -88
FNR 5 160 Lo 75
SQY 6 440 360 18
WNL General 240 80 66
experience -

Med., sav.-33%

1Scores refer to trials to criteria. Total visual dis-

crimination experience is also noted.
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Table 4
Contralateral Eye-Hand Performance Following

Training of Ipsilateral Handl

Animal Problen no. Ipsi. Contra. %Savings
DPK (normal) 1 320 0 100
DPKX 2 640 0 100
FGO 2 880 0 100
WNL (chiasm) 1 1400 Lo 97
BRJ 2 280 0 100
FNR (split) 1 320 80 88
SQY 1 600 0 100
DPK 1 1160 0 - 100
FNR 2 760 0 100
FNR -2 560 0 100
FXY 2 1440 4o 97
FKY 2 2240 Lo 99
sQy 3 1200 0 100
FNR 3 680 0 100
FKY L 1040 0 100
FKY 5 1040 0 100
SQY 6 920 80 91
SQY 7 - 320 120 62
SQY 7 200 0 100
WNL General 360 0 100

experience —
, Med. sav. 100%

lsee footnote, Table 3.
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Monkey GRT was totally unable to learn a visual problem
using an ipsilateral eye-hand combination. Other animals,
however, on the average, showed no greater difficulty 1éarn-
ing a vlsual discrimination with an ipsilateral eye-hand

combination than with a contralateral (Table 2B),
Discussion

The findings show a marked difference between the
ipsilateral and contralateral hand with respect to perform-
ing learned visual discriminations. 'No savings wére observ-~
ed on the average for the ipsilateral hand when it was
tested for transfer following training of the contralateral
hand after first training the'ipsilatgral hand. The results
from the present study also confirm the absence of inter-
ocular transfer on learned visual discriminations even after
extensive over-training with both hands through one eye.

The discrepancies that appear to exist in the present
literature regarding the existence of an ipsilateral deficit
are possibly explained by considering the method of testing
for the deficit. Reports that claim no visual-motor
deficits result following split-brain surgery in monkeys,
chose the animalfs ability to retrieve food as the criterion
for good ipsilateral eye-hand function. Studies containing
the contrary finding, however, observed the defiecit when

the animals were choosing between two dlfferent visual
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| Reconciliation of the question of why split-brain mon-
keys demonstrate an ipsilateral deficit in a learning
situation but not in reaching ror.food, remains difficult.
Related phenomena have been observed in humans and it has
been suggested that the presence of two objects in the
visual field offers to the observer two possible responses
and that these two different motor patterns are competing
within the observer for action (2). An incorrect response
would thereby suggest that the trigger stimulus to the
motor system released the wrong motor pattern, :Explanations
like this might well apply in the present experiment. How-
ever, other 1nterpretations such as viewlng the results in
terms of hierarchical organization are just asvlikely at
this point and cannot be ruled out.

Absence of the same ipsilateral impairment in tﬁe :
chiasm-sectioned controls suggests callosal involvement in
the mediation of visually guided movements when the visual
stimulus and motor response are centered in opposite hemi-
spherés. The motor deficit seen in chiasm-callosum section~
ed animals is reminiscent of similar difficulties observed
in human patients with callosal section (56, 57). In both
cases the callosﬁm appears necessary for the successful
completion of certain sensory-motor activities.

The question still remains as to whether or not the
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ipsilateral deficit seen in a learning situation disappears
with practice. There are strong indications from the
present study that the deflcit does remaln, but the results
are not conclusive.

While it 1s important to emphasize this demonstrated
exXistence of an ipsilateral eye-hand deficit, splitebrain
monkeys do have, or can acquire, remarkably good control .
with ipsilateral eye-hand combinations. It is proposed
that the control involves ipsilateral motor centers working
in combination with the primary contralateral motor center
ol the other hemisphere. Once the movement is initiated
and grossly directed toward the correct goal‘by the ipsilat-
eral hemisphere, successful_completion is dependent on the
necessary mobtor-propricceptive feedback systems that go on
in the hemisphere which normally controls the responding
hand.

That a great deél of the movement would be dependent
on the participation of these feedback systems seems true
from hemispherectomy data (20, 58). Also, monkeys with
bilateral ablation of the motor and premotor areas do not
recover control of thelr extremities while ablation of the
motor area alone leaves the animal with considerable mobil-
ity (59). Again, as above, the importance of ipsilateral

motor centers for initiating movement is indicated.
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