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The hwman brain 1s ac
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nmental funct

if the cranium

as

hicher animals, in-
cluding double organ,
consisting of rfeht and lcit herii-
Ty ,mro,—l
LuiiidTuee il
nerve tissue called the corpus oaﬂosuv

Some 15 years ago Ronald E. Myers and

R. W. Sperry, then at the University of

\he Drain of the !

e, is &

s an
LJ\’

Chicago, made a surprisintr
When this connection betwe
halves of
hemisphere functioned ind
if it were a complete brain.

the cerebrum was: cut, each
endently as

en
J.
TI’ phenom-

enon was first investl in a cat in
which not only the brain but also the
optic chiasm. the crossover of the optic
nerves, was divided, so that visual in-

formation from the left eve was dis-
patched only to the left b
mation from the right eve only to the

right brain. Working on a problem with

rain and infor-

one eve, the animal could respond nor- |

mally and learn to perform a task; when
that eve was covered and the same prob-
lem was presented to the other eve, the
animal evinced no recognition of the
problem and had to learn it again from__
the beginning with the other half of the
brain.

The finding introduced entirely new
questions in the studv of brain mecha-
nisms. Was the corpus callosum respon-
sible for integration of the operations of
the two celebxa hﬁmlswnexes in the in-

tact brain? Did it serve to Leep each

hemisphere informed about what was
going on in the other? To put the ques-
tion another wav, w ould cutt,nﬂ the cor-
pus callosum literally result in the right
hand not knowing what the left was do-
ing? To what extent were the two half-
brains actually independent when they
were separated? Could thev have sepa'—
rate thoughts, even sepuz'até emotions?
‘Such questions have been pursued by
Sperry and his co-workers in a wide-
ranging series of animal studies at the
California Institute of Technology over
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the past decade [see “The Great Cere-
bral C(,xmmissme,’ bv R. W. Sperr
TIFIC AMERICAN, ]amum- 1964 ]

e tugnc f“\’(:’ Hmav} 111-

igated in human patients who under

~medical reasons. The demonstration in
experimental animals that sectioning of
the corpus callosum did not seriously
impair mental faculties had encouraged

I
or

surgeons to resort to this opmatmn
people afllicted with uncontrollable epi-
The hope was to confine a seizure
to one hemisphere. The operation proved
to remarkably successtul; curiously
there is an almost fotal elimination of all
attacks, including unilateral ones. 1t is as
if the intact callosum had served in these

ILP‘\\

patients to facilitate seizure activity,

This article is @ brief survev of investi-
gations Sperry and I arried out

at Cal Tech over
some of these patients. The operations
were perfonmed bv P J. Vogel and J. E.
Bogen of the California College of Medi-
Our studies date back to 1961,
wheri the first patient, a 48-year-old war
veteran, underwent the operation: cut-
ting of the corpus callosum and other
structures connecting  the
[see

have

the past five years with

Tcine.

commissure

two halves of the cerebral cortex

“Sttustration on pugﬁ 26]. As of today 10

patients have had the operation, and we
have examined four :horoughly over a
long period with many tests.

From the beginning one of the most
striking observations was that the opera-
tion produced no noticeable change in

the patients’ temperament, personality
or general intelligence. In the first case
the patient could not speak for 30 days
after the operation, but he then recov-
“ered his speech. More tvpical was the
“Hhird case: on awaking from the surgery
the patient quipped that he had a “split-
ting headache,” and in his still drowsy
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in effect

an

capable of a a’mncedj
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the tongue
a peck of

state he was able to repeat
twister “Peter Piper picked
pickled peppers.”
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vealed some changes in the T)dtli’l:t\ ev-

ervday behavior. For example, it could
moving about and re-
sponding to sensory stimuli the patients
favored the right side of the bodyv, which

is contro

be seen that in

led b\ he dominant |

the brain. For a considerable period after-
the operation the left side of the body
rarelv showed spontaneous activity, and
the patient generallv did not respond
to of that side: when he
brushed against something with his left
side he did not notice that he had done
so, and when an object was placed in his
left hand he g@neznl]\ denied its pres-
ence. '
More specific tes d the main
features of the bisec syndrote.
Owe of these tests L\ammec:ms')on?é's/
on. While the patient
fixed his gaze on a central point on 2
board. spots of light were flashed (for.a
tenth of a second) in a row across the
board that spanned both the left and the
n’ght half of his visual field. The patient
as asked to tell what he had seen. Each,
patient reported that lights had been
flashed in the right h“dt of the wsu&I
field. When .whts were flashed only I
the left half of the field. | however, the pa-
tients generally denied having seen any
lights. Since the right side of the \1$d31
field is normally projected to the left.
hemisphere of the brain and the left feld
to the right hemisphere. one might have..
concluded that in these patients with-
divided brains the right hemisphere was
blind. We Founu howevev that.
this was not the case when the pat:l"ﬂt?
were directed to point to the lights that
had flashed instead of giving a vefbal Ie
port. With this manual response the
were able to indicate when lights had’

stimulation

to visual stimulati




pe: fHashed in’ the left visual field, and
_erception with the brain’s right hemi- ’
“ohere proved to be almost equal to per-
«z;ption with the left. Clearly, then, the
tients” failure to report the right hemi-
" here’s perception verbally was due to
;e fact that the speech centers of the
Hrain are located in the left hemisphere. |
Our tests of the patients’ abilitv to
(ecognize objects by touch at first result-
ed in the same general finding. When™
ihe object was held in the right hand.
t;om which sensory information is sent to
e left hemisphere, the patient was able
1o name and describe the object. When
+ was held in the left hand (from which
information goes primarily to the right
emisphere), the patient could not de-
.cribe the object verbally but was able to
identify it in a nonverbal test—matching
i for example, to the same object in a
saried collection of things. We soon real- 7
iod. however, that each hemisphere re-
coives, in addition to the main input
f-om the opposite side of the body, some
input from the same side. This “ipsilater-
o7 input is crude; it is apparently good

mainly for “cuing in” the hemisphere as
to the presence or absence of stimulation
wnd relaying fairly gross information
shout the location of a stimulus on the
suface of the body. It is unable, as
sule, to relay information concerning the
uulitative nature of an object.

a

Tests of motor control in these split-"
brain  patients revealed that the left
kemisphere of the brain exercised nor- |
mal control over the right hand but had
less than full control of the left hand (for
instance, it was poor at directing individ--
nal movements of the fingers). Similarly,
the right hemisphere had full control of
the left hand but not of the right hand
When the two hemispheres were in con-
flict, dictating different movements for
the same hand, the hemisphere on the
side opposite the hand generally took
charge and overruled the orders of the
side of the brain with the weaker con-
trol. In general the motor findings in the
human patients were much the:same as

those in split-brain monkeys.
\Xﬁe come now to the main question
on which we centered our studies,
namely how the separation of the hemi-
spheres affects the mental capacities of
- the human brain. For these psychologi-
cal tests we used two different devices.
One was visual: a picture or written in-
- formation was flashed (for a tenth of a
~second) in either the right or the left
“visual field, so that the information was
- transmitted only to the left or to the right
Jf@)rain hemisphere - [see Jillustration on
page 27]. The other type of test was

\“

CORPUS
CALLOSUM

VISUAL INPUT to bisected brain was limited to one hemisphere by presenting infor-
mation only in one visual field. The right and left fields of view are projected, via the
to the left and right hemispheres of the brain respectively. If a person fixes
nformation to the left of the point goes only to the right
hemisphere and information to the right of the point goes to the left hemisphere. Stimuli in
the left visual field cannot be described by a split-brain patient because of the disconnec-
tion between the right hemisphere and the speech center, which is in the left hemisphere.

optic chiasm,
~ his gaze on a point, therefore, i
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CORPUS
CALLOSUM

tactile: an object was placed out of view
in the patient’s right or left hand, again
for the purpose of conveying the infor-
mation to just one hemisphere—the hemi-
sphere on the side opposite the hand.

‘When the information (visual or tac-
tile) was presented to the dominant left
hemisphere, the patients were able to
deal with and describe it quite normally,
both orally and in writing. For example,
when a picture of a spoon was shown
in the right visual field or a spoon was
placed in the right hand, all the patients
readily identified and described it. They
were able to read out written messages
and to perform problems in calculation
that were presented to the left hemi-
sphere.

In contrast, when the same informa-
tion was presented to the right hemi-
sphere, it failed to elicit such spoken or
written responses. A picture transmitted
to the right hemisphere evoked either a
haphazard guess or no verbal response at
all. Similarly, a pencil placed in the left
hand (behind a screen that cut off vision)
might be called a can opener or a ciga-
- rette-lighter; or the patient might not

i
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ANTERIOR
COMMISSURE

HIPPOCAMPAL
. COMMISSURE

TWO HEMISPHERES of the human brain are divided by neurosurgeons to control epilep-
tic seizures. In this top view of the brain the right hemisphere is retracted and the corpus
callosum and other commissures, or connectors, that are generally cat are shown in color.

even attempt to describe it. The verbal
guesses presumably came not from the
right hemisphere but from the left,
which had no perception of the object
but might attempt to identify it from in-
direct clues.

Did this impotence of the right hemi-

Sphere mean that its surgical separa-
tion from the left had reduced its mental
powers to an imbecilic level? The ear-
lier tests of its nonverbal capacities sug-
gested that this was almost certainly not
so. Indeed, when we switched to ask-
ing for nonverbal answers to the vis-
ual and tactile information presented in
our new psychological tests, the right
hemisphere in several patients showed
considerable capacity for accurate per-
formance. For example, when a picture
of a spoon was presented to the right
hemisphere, the patients were able to
feel around with the left hand among a
varied group of objects (screened from
sight) and select a spoon as a match for
the picture. Furthermore, when they
were shown a picture of a cigarette they
succeeded in selecting an ashtray, from

a group of 10 objects that did not ingl,
a cigarette, as the article most ¢]
related to the picture. Oddly enOué
however, even after their correct
sponse, and while they were holdine th
spoon or the ashtray in their left har;%
they were unable to name or descy
(hP object or the picture. E\ld@ﬂdyt
left hermsphele was completely g;
vorced, in perception and I\HO\VledUe’
from the right. .
Other tests showed that the U"h
hemisphere did posqcss a certain amount )
of language comprehension. For exy
ple, when the word “pencil” was flaghe
to the right hemisphere, the patien
were able to pick out a pencil fro
group of unseen objects with the lef
hand. And when a patient held an obj ject
in the left hand (out of view), :ﬂthOucr
he could not say its name or descn
it, he was later able to point to a car
on which the name of the object v
written. o
In one particular y intcrcsting test th
word “heart” was flashed across the cen
ter of the visual field, with the “he” p()t
tion to the left of the center and “art”
the right. Asked to tell what the wordf
was, the patients would say they had
seen “art’—the portion projected to th
left brain hemisphere (which is respon
sible for speech). Curiously when, af
“heart” had been flashed in the sam
way, the patients were asked to poin
with the left hand to one of two card
“art” or “he”—to identify the word the
had seen, they invariably pointed t
“he.” The experiment showed clear!
that both hemispheres had simul
neously observed the portions of th
word available to them and that in thi
particular case the right hemisphere
when it had had the opportunity to ex
press itself, had prevailed over the lef
Because an auditory input to one ea
goes to both sides of the brain, we con
ducted tests for the comprehension 0
words presented audibly to the righ
hemisphere not by trying to limit th
original input but bv limiting the ablht}’
to answer to the rlght hemlsphere. Thi
was done most easily by having a pati
use his left hand to retrieve, from a gral
bag held out of view, an object name
by the examiner. We found that the p&
tients could easily retrieve such object
as a watch, comb marble or coin. Th
object to be retrieved did not even hay
to be named; it might simply be de:
scribed or alluded to. For example,
command “Retrieve the fruit mon
like best” results in the patients’ puﬂm
out a banana from a grab bag full
plastic fruit; at the commdnd Sun}dS




7- a lot of them” the patients retrieve

. orange. We knew that touch informa- .

. from the left hand was going exclu-
cely to the right hemisphere because
sments later, when the patients were
led to name various pieces of fruit
iwced in the left hand, they were unable
. score above a chance level.

[Mhe upper limit of linguistic abilities in
* each hemisphere varies from subject
+subject. In one case there was little or
, »vidence for language abilities in the
it hemisphere, whereas in the other
“ree the amount and extent of the ca-
.cities varied. The most adept patient
howed some evidence of even being
ble to spell simple words by placing
listic letters on a table with his left
and. The subject was told to spell a
vord such as “pie,” and the examiner
ien placed the three appropriate letters,

~ at a time in a random order, in his
/- hand to be arranged on the table.
"he patient was able to spell even more
Dstract words ‘such as “how,” “what”
wnd “the.” In anoﬁtherfest three or four
ctters were placed in a pile, again out of
ciew, to be felt with the left hand. The
stters available in each trial would spell
wly one word, and the instructions to
ke subject were “Spell a word.” The p;—
iont was able to spell such words as
wap” and “love.” Yet after he had com-
sieted this task, the patient was unable
-5 name the word he had just spelled! -

The possibility that the right hemi-
sphere has not only some language but
even some speech capabilities cannot be
ruled out, although at present there is no
frm evidence for this. It would not be
surprising to discover that the patients
are capable of a few simple exclamatory
remarks, particularly when under emo-
tional stress. The possibility also remains,
of course, that speech of some type could
be trained into the right hemisphere.
Tests aimed at this question, however,
would have to be closely scrutinized and
controlled.

The reason is that here, as in many of
the tests, “cross-cuing” from one hemi-
sphere to the other could be held respon-
sible for any positive findings. We had
a case of such cross-cuing during a series
of tests of whether the right hemisphere
could respond verbally to simple red or
green stimuli. At first, after either a red
or a green light was flashed to the right
hemisphere, the patient would guess the
color at a chance level, as might be ex-
pected if the speech mechanism is solely
represented in the Jeft hemisphere. After
a few trials, however, the score im-
proved whenever the examiner allowed
a second guess.

We soon caught on to the strategy the
patient used. If a red light was flashed
and the patient by chance guessed red,
he would stick with that answer. If the
flashed light was red and the patient by
chance guessed green, he would frown,

shake his head and then say, “Oh no,
I meant red.” What was happening was
that the right hemisphere saw the red
light and heard the left hemisphere make
the ‘guess “green.” Knowing that the
answer was wrong, the right hemisphere
precipitated a frown and a shake of the
head, which in tumn cued in the left
hemisphere to the fact that the answer
was wrong and that it had better correct
itself! We have learned that this cross-
cuing mechanism can become extremely
refined. The realization that the neuro-
logical patient has various strategies at
his command emphasizes how difficult it
is to obtain a clear neurological descrip-
tion of a human being with brain dam-
age. v
Is the language comprehension by the
right hemisphere that the patients ex-
hibited in these tests a normal capability
of that hemisphere or was it acquired by
learning after their operation, perhaps
during the course of the experiments
themselves? The issue is difficult to de-
cide. We must remember that we are
examining a half of the human brain, a
system easily capable of learning from a
single trial in a test. We do know that the
right hemisphere is decidedly inferior to
the left in its overall command of lan-
guage; We have established, for in-
stance, that although the right hemi-
sphere can respond to a concrete noun
such as “pencil,” it cannot do as well
with verbs; patients are unable to re-

RESPONSE TO VISUAL STIMULUS is tested by flashing a word
or a picture of an object on a translucent screen. The examiner first
checks the subject’s gaze to be sure it is fixed on a dot that marks
the center of the visnal field. The examiner may call for a verbal

responée——read.ing the flashed word, for example—or for a non- .
verbal one, such as picking up the object that is named from among
2 number of things spread on the table. The objects are hidden
from the subject’s view so that they can be identified only by touch.

~

27




T e 3 e e e

spond appropriately to simple Prin;(ed
instructions, such as “smile” or fIOWn

when these words are flashed to the fgh{
hemisphere, nor can they point to 4 ot
ture that corresponds to a flasheq ve;
Some of our recent studies at the 5%
versity of California at Santa Bark
also indicate that the right hemisPh‘éré
has a very POOI',].‘;',.,deQI,E’P?QASfEmmd;-
it seems to be incapable of formi@?}}é
plural of a given word, for example, .-

e i ey

3

n general, then, the extent of Iangm' o

" present in the adult right hemisphege"‘
in no way compares with that present 'ﬁ{»
the left hemisphere or, for that matter
with the extent of language present
 the child’s right hemisphere. Up to't
| age of four or so, it would appear from’
Jvariety of neurological observations;'tb&
right hemisphere is about as proficient ;

5

y

handling Ianguage as the left. Moreove
- - ~studies of the child’s development of lan
VISUAL-TACTILE ASSOCIATION is performed by a split-hrain patient. A picture of a guage, particularly with respect to gra
spoon is flashed to the right hemisphere; with the left hand he retrigves a spoo.n from be- mar, strong}y suggest that the fOUnda
h.ind the screen. The touch informlation fr.om the left hand projects l(color.) mainly 10. th.e tons of g;"a'mmar——a oround plan I
right hemisphere, but a weak “ipsilateral” component goes to the left hemisphere. This js lano i ) k—b‘ ) -l
usually not enough to enable him to say (using the left hemisphere) what he has picked up. dnouagte, S0 0 speak—are Slome HOW_In
herent in the human organism and are -,
fully realized between the ages of two
EXAMPLE LEFT HAND RIGHT HAND and three. In other words, in the young -
child each hemisphere is about equally
= developed with respect to language and
/ speech function. We are thus faced with ¢
// k the interesting question of why the righﬁ o
AN - \ . hemisphere at an early age and stage",
\/ A of development possesses subsmntiz;l
e /* = ) language capacity whereas at a more
m / " lf/,,/ adult stage it possesses a rather poor ca-
} , acity. It is difficult indeed to conceive
( m . pacity 18
\ of the underlying neurological mech:
1 L\’_lt/r | nism that would allow for the establis}
‘ ‘ ment of a capacity of a high order in
particular hemisphere on a temporar
|k 72‘//7—747/9‘0/”«&/ basis. The implication is that during ma
- L 4 turation the processes and systems active®
\é\ in making this capacity manifest ar
@‘ somehow inhibited and dismantled i
\ 1 the right hemisphere and allowed to 1é
side only in the dominant left hemi
sphere. ik
Yet the right hemisphere is not in. 811
respects inferior or subordinate to the
left. Tests have demonstrated that it e
: cels the left in some specialized funi
/ tions. As an example, tests by us and b ’
Bogen have shown that in these patients
the left hand is capable of arranging
blocks to match a pictured design and
- of drawing a cube in three dimensiogs,
5 ] . whereas the right hand, deprived:';o,
| Instructions from the right hemisphere;
‘could not perform either of these task
‘“VISUALCONSTRUCTIONAL” tasks are handled better by the right hemisphere. This It is of interest to note, however, th
was seen most clearly in the first patient, who had poor ipsilateral control of his right  although the patients (our first subject;
v hand Alth_oughW{;’ghbhang\igd,mhe could copy the examples only with his left hand. particular) could not execute such ta
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* ¢ith the right hand, they were capable
of matching a test stimulus to the correct
design when it appeared among five re-
Jated pattems presented in their right
* vsual field. This showed that the domi-
pant left hemisphere is capable of dlS‘
criminating between correct and mcm-
rect stimuli. Since it is also true that the
satients have no motor problems with
their right hand, the patients’ inability to
perform these tasks must reflect a break-

down of an integrative process some-
where between the sensory system and,

the motor system.

We found that in certain other mental
processes the right hemisphere is on a
par with the left In particular, it can in-

depend‘e,ﬂy generate an emotional ) reqc—
fion. In one of our experiments e\plounrf
“the matter we would present a series of
ordinary objects and then suddenly flash
a picture of a nude woman. This evoked

an amused reaction 1ed'n‘d]€SS of wheth-
er the picture was plesented to the left
hemisphere or to the right. When the
picture was flashed to the left hemi-
\Dh@le of a female patient, she laughed
and verbally identified the picture as a
nude. When it was later presented to the
right hemisphere, she said in reply to a
question that she saw nothing, but al-
most immediately a sly smile splead over
her face and she began to chuckle. Asked
what she was laughing at, she said: "I
don't know ... nothing...oh—that funny
machine.” Although the right hemi-
sphere could not describe what it had
seen, the sight nevertheless elicited an
emotional response like the one evoked
from the left hemisphere.

Taken together, our studies seem to
demonstrate conclusively that in a split-
brain situation we are really dealing with

two brains, each separately capable of
mental functions of a high order. This
implies that the two brains should have
twice as large a span of attention—that
is, should be able to handle twice as
much information—as a normal whole
brain. We have not yet tested this pre-
cisely in human patients, but E. D.
Young and I have found that a split-
brain monkey can indeed deal with near-

ly twice as much information as a normal -

animal [sec illustration below]. We have
so far determined also that brain-bisect-
ed patients can carry out two tasks as
fast as a normal person can do one.

Just how does the corpus callosum of
the intact brain combine and inte-
grate the perceptions and knowledge of
the two cerebral hemispheres? This has
been investigated recently by Giovanni
Berlucchi, Giacomo Rizzolati and me at
the Istituto di Fisiologia Umana in Pisa.
We made recordings of neural activity in
the posterior part of the callosum of the
cat with the hope of relating the re-
sponses of that structure to stimulation of
the animal’s visual fields. The kinds of re-
sponses recorded turned out to be similar
to those observed in the visual cortex of
the cat. In other words, the results sug-‘
gest that visual pattern information can
be transmitted through the callosum.
This finding militates against the notion
that learning and memory are trans-
ferred across the callosum, as has usually
been suggested. Instead, it_ loo_li'as
thouoh in animals with an intact cal—
losum a copy _of the v1sua1 wﬂ'ld S's seen
in one hermsphere is sent o o the

o\t‘hAex with the result that both hemi-

spheres can learn together a discrimina-
tion presented to just one hemisphere. In

the split-brain animal this extension of
the visual pathway is cut off; this would
explain rather simply why no learning
proceeds in the visually isolated hemi-
sphere and why it has to learn the dis-
crimination from scratch.

Curiously, however, the neural activ-
ity in the callosum came only in response
to stimuli at the midline of the visual
field. This finding raises difficult ques-
tions. How can it be reconciled with the
well-established observation that the left
hemisphere of a normal person can give
a running description of all the visual in-
formation presented throughout the en-
tire half-field projected to the right hemi-
sphere? For this reason alone one is
wearily driven back to the conclusion
that somewhere and somehow all or part
of the callosum transmits not only a vis-
ual scene but also a complicated neural
code of a higher order.

All the evidence indicates that separa-
tion of the hemispheres creates two inde-
pendent spheres of consciousness within
a single cranium, that is to say, within a
single organism. This conclusion is dis-
turbing to some people who view con-
sciousness as an indivisible property of
the human brain. It seems premature to
others, who insist that the capacities re-
vealed thus far for the right hemisphere
are at the level of an automaton. There
is, to be sure, hemispheric inequality in
the present cases, but it may well be a
characteristic of the individuals we have
studied. It is entirely possible that if a
human brain were divided.in a very
young person, both hemispheres could
as a result separately and independently
develop mental functions of a high order
at the level attained only in the left
hemisphere of normal individuals.

SPL%MONKEYS can handle more visual mformatlon

than normal animals. When the monkey pulls a knob (1), eight

of the 16 panels light momentarily. The monkey must then start at
the bottom and punch the lights that were lit and no others (2). With
the panels ht for 600 mxlhseconds normal monkeys get up to the ’

F

third row from the bottom before forgetting which panels were lit
(3). Split-brain monkeys complete the entire task with the panels
lit only 200 milliseconds. The monkeys look at the panels through
filters; since the optic chiasm is cut in these animals, the filters
allow each hemisphere to see the colored panels on one side only.
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