
that is, a peck to the side key contain- 
ing the sample stimulus, activated a 
food hopper which allowed the bird 
1.5-second access to mixed grain (rein- 
forcement); an incorrect response re- 
sulted in a 1.5-second blackout. A total 
of 224 trials (half color and half line 
orientation) were randomly presented 
during each daily session and were sep- 
arated by intertrial intervals of 10 sec- 
onds. The data reported below are from 
the last 192 trials of each session. 

After both birds stabilized above 
90 percent correct on the "element" 
matching or nondivided-attention task 
described above, they were trained on 
a "compound" or divided-attention 
task. This training differed from the 
element matching only in that the sam- 
ple in a given trial contained three 
white lines superimposed on a colored 
background. In half the trials the birds 
were still required to match on the basis 
of line orientation, and in half, color. 
Thus, the compound sample stimuli did 
not predict which of the two elements 
would later appear for matching, so 
that the birds were forced to attend to 
both stimulus dimensions. Once again 
both birds stabilized above 90 percent 
correct. 

The experiment was concerned with 
the stimulus duration required to main- 
tain some level of performance. Ac- 
cordingly, we adopted a psychophysical 
technique in which performance was 
fixed at 80 percent correct and the du- 
ration of the sample stimulus was 
varied to maintain that performance. 
Our procedure was a modification of 
Taylor and Creelman's (5) PEST 
(Parameter Estimation by Sequential 
Testing). In PEST, some value of the 
independent variable (stimulus dura- 
tion) is assumed to be just sufficient to 
maintain a particular performance. 
During a session the independent vari- 
able converges on that threshold value 
through a series of diminishing "up- 
and-down" steps; the momentary value 
changes when a Wald sequential likeli- 
hood ratio test (5) yields a decision of 
too many or too few correct responses 
relative to the expected performance 
value. Our modification involved using 
a double PEST during each session in 
which each bird was treated as two 
observers; one observer matched on the 
basis of colors and the other observer 
matched on the basis of line orientation. 
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sion, trials involving color and line ori- 
entation matching occurred equally of- 
ten in a random sequence. During each 
of these sessions, the computer sepa- 
rately and independently "titrated" sam- 
ple stimulus duration in the color and 
line orientation trials. Estimates of sep- 
arate threshold durations were therefore 
attempted during each session for both 
line orientation and color trials. 

Figure 1 depicts the distributions of 
sample stimulus durations recorded 
during the first 50 PEST sessions. The 
estimates of stimulus duration derived 
from compound sessions generally ex- 
ceeded those derived from element 
sessions. Rank-sum tests (6) indicated 
that compound-element differences 
were significant for both line orienta- 
tion (P < .02) and color (P < .001) 
matching for both birds. 

Assuming that stimulus duration re- 
flects the minimum amount of time 
necessary to process stimulus input, we 
view these results as evidence of a cen- 
tral information-processing channel of 
limited capaicity. When channel ca- 
pacity must be shared between two 
separate stimulus dimensions, a longer 
stimulus duration is required in order 
to process each dimension. 
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The descending cortical and ibrain- 
stem pathways to the spinal cord rep- 
resent the main instrument by which 
the brain controls movements. In the 
rhesus monkey these pathways termi- 
nate on cells (i) the dorsal horn, (ii) 
the motoneuronal cell groups of the 
ventral horn, and (iii) the intermediate 
zone (Rexed's laminae VI to VIII in 
cat) (1, 2) which contains the bulk of 
the spinal interneurons to the motoneu- 
rons. The fibers to the dorsal horn 
modulate mainly sensory transmission 
while the fibers to the intermediate zone 
especially influence motoneurons (3). 
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In the rhesus monkey the descending 
corticospinal fibers from each hemi- 
sphere terminate (Fig. 1) in the dorso- 
lateral part of the intermediate zone 
contralaterally and in its ventromedial 
part bilaterally. In addition, many cor- 
ticospinal fibers are distributed directly 
to contralateral motoneurons of distal 
extremity muscles (for example, those 
of wrist and fingers) (4). The descend- 
ing brainstem pathways terminate main- 
ly in the intermediate zone (Fig. 1). On 
the basis of their termination pattern 
they may be subdivided into two groups, 
(i) a lateral brainstem pathway which 
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Splitbrain Monkeys: Cerebral Control of Ipsilateral and 

Contralateral Arm, Hand, and Finger Movements 

Abstract. The connections of the descending pathways in the monkey suggest 
that each hemisphere controls independent arm, hand, and finger movements con- 
tralaterally, but mainly arm movements ipsilaterally. This difference could be 
observed in splitbrain monkeys executing a visuomotor task with one eye covered, 
provided tactile guidance of the movements was largely prevented. 
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terminates in the dorsolateral part of 
the intermediate zone unilaterally and 
(ii) a ventromedial pathway which ter- 
minates in the ventromedial parts, to 
some degree bilaterally. The former 
pathway is mainly derived from the 
contralateral magnocellular red nucleus 
(5, 6). The latter consists of several 
tracts that are derived from the inter- 
stitial nucleus of Cajal, the superior 
colliculus, the vestibular complex, and 
the medial bulbar reticular formation 
(2, 7). In addition to its direct corti- 
cospinal connections each ihemisphere 
is also connected indirectly with the 
spinal cord by way of cortical projec- 
tions to the cells of origin of the de- 
scending brainstem pathways. These 
projections are distributed to the mag- 
nocellular red nucleus ipsilaterally and 
to cell groups of the ventromedial 
brainstem pathway bilaterally (6). Thus, 
each hemisphere is connected both di- 
rectly and indirectly with the dorso- 
lateral part of the spinal intermediate 
zone contralaterally and with its ventro- 
medial parts bilaterally (Fig. 1). 

Findings in the cat suggest that the 
fiber connections of the cells in the 
two subdivisions of the intermediate 
zone differ. The fibers from the cells in 
the dorsolateral part seem to distribute 
preferentially to motoneurons of distal 
extremity muscles, while those from 
cells in the ventromedial parts seem to 
distribute preferentially to motoneurons 
of axial and proximal limb muscles (8). 

If these propriospinal connections 
in the rhesus monkey are arranged in 
the same way as they are in the cat, it 
implies that the pathways to the ven- 
tromedial part of the intermediate zone 
would especially govern axial and ,prox- 
imal limb movements (integrated limb- 
body movements) while those to the 
dorsolateral part would especially gov- 
ern distal extremity movements. These 
inferences are supported by the findings 
of Lawrence and Kuypers (9). Their 
findings also indicate that the direct 
cortical projections to the motoneurons 
of distal extremity muscles provide the 
capacity for a high degree of fractiona- 
tion of movements as exemplified by 
relatively independent finger movements 
(9). In view of these anatomical and 
functional findings the differences in 
the ipsilateral and contralateral distribu- 
tion of the descending pathways suggest 
that each hemisphere by way of its 

In order to test this hypothesis, the 
optic chiasm, corpus callosum, anterior 
and hippocampal commissures, massa 
intermedia, and dorsal mesencephalic 
commissures were transected in seven 
rhesus monkeys. This was done under 
hypothermia in order to minimize post- 
operative cerebral edema. The four ani- 
mals that have been killed so far sur- 
vived the operation for 4 to 7 months. 
Histologically, the transection of the 
commissures was found to be complete 
with the exception of the most caudal 
portion of the intercollicular commis- 
sure. 

The motor performance of the ani- 
mals was studied with one of their 
eyes covered, thus restricting the visual 
imput to one half of the brain. When 
they picked up pieces of food from 
either a table top or forceps, their arm, 
hand, and finger movements ipsilateral 
or contralateral to the open eye did 
not differ strikingly, and relatively inde- 
pendent hand and finger movements 
were executed on either side. However, 
in the ipsilateral hand these indepen- 
dent movements seemed to occur only 
after the hand made contact with the 
food. Such contact would presumaibly 
recruit the full motor guidance of the 
nonseeing hemisphere- by way of the 
somatosensory pathways which decus- 
sate below pontine levels and thus are 
not interfered with by splitbrain surgery. 

Fig. 1. Diagram of the cortical |/ connections to the spinal cord, 
both directly (left) and indi- 
rectly by way of the brainstem 
pathways (right) in the rhesus 
monkey. Ipsilaterally, the direct 
and indirect connections lead 
to the ventromedial part of the 
intermediate zone (stippled). 
Contralaterally the direct and 
indirect connections lead to 
both the dorsolateral (shaded) 
and the ventromedial (stippled) 
parts of the intermediate zone. 
Further, contralaterally many 
direct connections are estab- C8 lished with motoneurons of 
distal extremity muscles (o?o). 

descending connections may steer inde- 
pendent arm, hand, and finger move- 
ments contralaterally, but mainly arm 
movements ipsilaterally. 
5 MAY 1972 

In order to unmask the possible dif- 
ference between the motor control of 
the ipsilateral and the contralateral 
hand an attempt was made to minimize 
tactile guidance of the hand move- 
ments. For this purpose a special test- 
board was designed which maintains 
visual contrast between food morsels 
and background but minimizes tactile 
contrast (see Fig. 2). The board is 
painted black and contains small food 
wells that just accommodate a small 
food morsel with its upper surface 
flush to the board. From each food 
well two or three radially oriented 
grooves are cut through which indi- 
vidual fingers can dislodge the morsel 
from the well. 

When the animals, with one eye cov- 
ered, were presented with a small food 
morsel in the board, the hand contra- 
lateral to the open eye was brought 
toward the food. The index finger was 
then placed into one of the grooves 
with a relatively independent finger 
movement and the food was dislodged 
from the well by movements of this 
finger and of the thum,b. The hand and 
fingers ipsilateral to the open eye be- 
haved quite differently. The hand was 
brought to the proper place on the 
board by an accurate reaching move- 
ment of the arm. However, the hand 
and fingers did not pick the food morsel 
out of the well. Instead, they began to 

DIRECT INDIRECT 
CORTICOSPINAL CONNECTIONS CORTICOSPINAL CONNECTIONS 

VIA BRAINSTEM NUCLEI 

537 



CONTRALATERAL EYE-HAND CONTROL IPSLATERAL EYE-HAND CONTROL 

3:..dislodges food morsel from the well 3: Exploratory movemets of hand & fingers 

Fig. 2. Drawings from a film showing hand and finger movements of a splitbrain 
monkey, with one eye covered, taking a food morsel from our testboard which 
minimizes tactile contrast between a food morsel and background. Under guidance 
of the contralateral eye (left column) the index finger and thumb dislodge the food 

morsel from the well. Under guidance of the ipsilateral eye (right column) the hand 
is brought to the proper place but the food morsel is not taken from the well. Instead, 
hand and fingers explore the board's surface as if blind. 

explore the area tactually as if blind, 
lacking visual guidance. However, the 

inability of the ipsilateral hand to re- 
trieve the food morsel was not caused 

by a defect in vision, since the contra- 
lateral hand, when released, immedi- 

ately picked the food morsel out of the 
well. The "blind" behavior of hand 
and fingers when guided by the ipsi- 
lateral eye persisted throughout the 
survival period. 

When large food morsels which pro- 
truded above the board's surface were 

used, they were retrieved by either 
hand. In doing so either hand displayed 
delicate and relatively independent hand 
and finger movements. However, in the 
hand ipsilateral to the open eye, these 
delicate movements again seemed to 
occur only after the hand touched the 
food morsel. 

The animals were also presented with 
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small and large food morsels in the 
board after they were blindfolded. Un- 
der these circumstances, hand and fin- 

gers explored the board surface and 
retrieved the large food morsels by 
means of delicate, relatively indepen- 
dent hand and finger movements. How- 
ever, they did not retrieve the small 
food morsels that apparently remained 
undetected. 

These findings led to the following 
conclusions. For the retrieval of small 
food morsels visual guidance is essen- 
tial. Under visual guidance both the 
contralateral and the ipsilateral hand 
can be brought to the proper place by 
means of a proximal arm movement. 
However, under visual guidance, only 
the hand contralateral to the open eye 
appears to receive adequate motor con- 
trol to execute the individual hand and 

finger movements necessary for the re- 

trieval of the food morsel. Such distal 
motor control apparently is not avail- 
able to the ipsilateral hand and fingers, 
In fact, the exploratory movements of 
this hand closely resemble the hand and 
finger movements of blindfolded ani- 
mals searching for food on the board. 
These conclusions support the original 
hypothesis based on the anatomical and 
functional findings. 

Our findings are in striking agree- 
ment with those obtained in human 
patients (10). However, in splitbrain 
monkeys and chimpanzees ipsilateral 
eye-hand control is the subject of con- 
troversy. Some authors (11) have stated 
that ipsilateral eye-hand control is poor 
in splitbrain monkeys, while others (12) 
observed that the contralateral and ipsi- 
lateral eye-hand combinations were 
equally proficient in reaching, visual 
pursuit, and grasping. Further, some 
authors (13) observed abnormal move- 
ments in the ipsilateral eye-hand com- 
bination, for example, "fanning" of the 
fingers, which, however, appeared to be 
transient. Our findings may help to 
resolve this controversy, first by em- 
phasizing that the limitations of the 
ipsilateral control mainly pertain to 
relatively independent distal move- 
ments of the extremities [mentioned 
briefly by other authors (14, 15)] and 
further by demonstrating that these 
limitations are easily masked by tactile 
guidance of the distal extremity move- 
ments through the nonseeing hemi- 
sphere. 

Our behavioral findings seem to sup- 
port the "simple connectionist's point 
of view" (16) (which still persists) that 
each half of the brain may steer inde- 
pendent movements of arm, hand, and 
fingers contralaterally but mainly arm 
movements ipsilaterally. However, this 

point of view is tenable only if the 

proximal arm movements executed un- 
der guidance of the ipsilateral eye can 
still occur independent of the descend- 
ing pathways from the nonseeing hemi- 

sphere. 
J. BRINKMAN 

H. G. J. M. KUYPERS 

Department of Anatomy, 
Rotterdam Medical Faculty, 
Rotterdam, Netherlands 
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of the brain (2). When stimulus is 
to be processed, it is advantageous to 
present it to the input channel in such 
a way that it is contralateral to the 
hemisphere specialized for this process 
(3). The cerebrum is a highly linked 
system, and only a few synapses sep- 
arate any two cortical neurons. This 
makes the cerebrum vulnerable to in- 
terference between two concurrent op- 
erations, particularly when both are 
programmed by the same cerebral 
hemisphere. Thus, when subjects await 
a verbal stimulus and must also look 
centrally, the verbal activation overflows 
into the left-sided orientation center, 
driving attentional balance off center 
and to the right (4). Laterality of 
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thought processes in man might there- 
fore be determined by using the direc- 
tion of orientation as an indicator (5). 
When the two hemispheres are equally 
active, orientation of the subject should 
be centered on the median plane. When 
one hemisphere is primarily involved, 
head and eyes should turn to the op- 
posite side. Those movements would 
be secondary to the central activity, 
rather than in direct response to ex- 
ternal stimulation. 

We predicted that right-handed sub- 
jects would orient themselves to the 
right during verbal activity and to the 
left during spatial thought. Left-handed 
subjects could orient themselves either 
way in either case. The orientation of 
subjects thinking about numerical prob- 
lems could not be predicted. 

Forty undergraduate subjects partici- 
pated, 20 right-handed (RH) and 20 
left-handed (LH) as ascertained by 
questionnaire (6). Each subject was 
seated in a desk chair in a lighted, 
soundproof room, facing a wall covered 
by a floor-length black cloth. A camera 
(Sony Videocorder) was focused on him 
through a small opening in the cloth. 
The experimenter sat behind the sub- 
ject, and the recording apparatus was 
behind the experimenter. 

Three sets of 20 questions each were 
prepared. A "verbal" set was derived 
from scales 1 to 3 of the Proverbs Test. 
A "numerical" set consisted of simple 
calculations and problems based on the 
quantitative ability section of the Medi- 
cal College Admissions Test Study Book 
and the Graduate Record Examination 
Study Book. Spatial questions required 
the subject to visualize and specify spa- 
tial relationships of familiar local land- 
marks and visual arrangements. 

The subject was told to concentrate 
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Table 1. Means and summary of analysis of variance for experiment 1; V, verbal; N, numerical; S, spatial; ns, nonsignificant. Specific con- trasts were done following a significant interaction. 

Horizontal Up Right 
V N S V N S V N S 

Eye 
RH means 13.4 7.8 8.0 4.4 10.2 9.4 11.5 3.7 1.8 LH means 13.9 13.2 13.3 3.4 4.4 3.7 5.5 6.4 6.0 
Hand preference X 

problem-solving mode P < .0001 P < .0001 P < .0001 
Specific contrasts V vs. N N vs. S V vs. S V vs. N N vs. S V vs. S V vs . N N vsS V vs S RH: P <.0001 ns <.0001 <.0001 ns <.0001 <.0001 ns <.0001 LH: P ns ns ns ns ns ns ns ns ns 

Head 
RH means 8.2 4.0 4.0 5.8 8.6 9.9 7.2 2.6 1.7 LH means 13.0 11.8 11.8 3.6 5.3 4.0 5.8 4.6 6.0 Hand preference X 

problem-solving mode P <.02 P < .01 P < .0001 
Specific contrasts Vvs. N N vs. S V vs. S V vs. S Vvs.S RH: P <.0001 ns <.0001 <.001 ns <.0001 <.0001 ns <.0001 LH: P ns ns ns <.05 ns ns ns <.03 ns 
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Eye and Head Turning Indicates Cerebral Lateralization 

Abstract. When solving verbal problems, right-handed people usually turn head 
and eyes to the right, whereas with numerical and spatial problems, these people 
look up and left. Left-handed people differ in all these respects. The results suggest 
that the direction in which people look while thinking reflects the lateralization 
of the underlying cerebral activity. 
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