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Abstract

Three split-brained subjects, one with full forebrain commissurotomy and two with callosotomy, were impaired at judging
whether pairs of lights in opposite visual fields were successive or simultaneous. This impairment did not vary with luminance
when the lights were grey against a dark background, but was more pronounced when the lights were equiluminant with a
yellow background. All three subjects were also better able to discriminate succession from simultaneity when the lights were
both in the left visual field than when they were both in the right. A fourth subject with callosal agenesis was only slightly
impaired relative to normal subjects, who were virtually errorless. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Ramachandran et al. [27] have reported evidence
that perception of apparent motion, induced by pairs
of lights presented in succession on cither side of the
vertical midline, is surprisingly little impaired in people
who have undergone complete forebrain commissurot-
omy. One of the subjects, L.B., identified both the pre-
sence and direction of succession across the midline
with 100% accuracy, while another, A.A., also scored
significantly above chance. Moreover, the upper
threshold of apparent motion across the midline,
where the perception of motion gives way to the per-
ception of simple succession, was approximately the
same in L.B. and A.A. as in normal subjects. Another
commissurotomised subject, N.G., was highly accurate
at discriminating leftward from rightward succession,
but judged all simultaneous pairs of lights to be mov-
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ing. Ramachandran et al. suggested that apparent
motion across the midline in the split brain might be
mediated by the so-called second visual system, which
bypasses the lateral geniculate and relays through the
superior colliculus and pulvinar nucleus; indeed, this
system may play a more general role in unifying the
visual field in commissurotomised patients [31].
Nevertheless, there are some indications that the
detection of succession across the midline may be de-
ficient in split-brained people, and may perhaps be
based on inference rather than perception of apparent
motion. Gazzaniga [13] found that a callosotomised
subject, J.W., was unable to discriminate pairs of lights
presented in succession on either side of the midline
from a single light presented in one hemifield,
suggesting that the perception of succession depends
on the set created by the experimental conditions. Nai-
kar and Corballis [25] found, however, that the com-
missurotomised subject L.B., unlike J.W., was able to
distinguish single lights from successive pairs with high
accuracy, and they also confirmed that he could accu-
rately discriminate leftward from rightward succession,
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and succession from simultaneity. Nevertheless they
also found that L.B.’s detection of successiveness
across the midline deteriorated markedly when he was
required to make a three-way choice between succes-
sive pairs, simultaneous pairs, and single lights.

There are further conditions under which L.B.’s abil-
ity to discriminate succession from simultaneity across
the midline is markedly impaired. In a study in which
the stimulus onset asynchrony (SOA) between the
lights was varied from 0 to 150 ms, normal subjects re-
liably distinguished successiveness from simultaneity
when the SOA reached 33 ms, but L.B. did not do so
until the SOA reached 150 ms [10]. L.B.’s discrimi-
nation was close to normal when the stimuli were pre-
sented in the right visual field, supporting evidence for
a left-hemispheric specialisation for fine temporal dis-
crimination [26]. Further, Naikar [24] found that, even
with an SOA of 167 ms, L.B.’s ability to discriminate
successiveness from simultaneity across the midline
deteriorated when coloured lights replaced brighter
white lights, and suggested that the discrimination may
be critically dependent on luminance.

In the present study we examine the influence of
luminance on the discrimination of successive from
simultaneous pairs of lights in L.B., and in three other
subjects with commissural anomalies; these were the
callosotomised subject J.W., another subject (V.P.)
with nearly complete callosotomy, and a man (R.B.)
with congenital absence of the corpus callosum. In Ex-
periment 1, the luminance of the stimuli was systemati-
cally varied, and in Experiment 2 the stimuli were grey
discs presented against an equiluminant yellow back-
ground. If the discrimination of succession from simul-
taneity depends on the collicular pathway, as
suggested by Ramachandran et al.,, then we would
expect the discrimination to be especially impaired
under equiluminance, a condition thought to largely
restrict processing to the parvocellular visual pathways
[21], and therefore to bypass subcortical pathways.

2. Experiment 1: luminance variation
2.1. Subjects

The four critical subjects were L.B., JJW., V.P., and
R.B. L.B. is a man who underwent section of the fore-
brain commissures, including the corpus callosum, an-
terior commissure, and hippocampal commissure for
the relief of intractable epilepsy in 1963. Magnetic res-
onance (MR) images taken in 1987 confirmed complete
section of the corpus callosum [3]. Further information
on L.B.’s case history is provided by Bogen and Vogel
[4]. L.B. is right handed, and was 45 years old at the
time of testing.

J.W. is a man who was 44 years old at the time of

testing, and V.P. a woman who was 45 years old. Both
underwent two-stage surgical section of the corpus cal-
losum in 1979 for the relief of intractable epilepsy. In
both the anterior commissure remains intact, and sub-
sequent MR scans show that she has some sparing of
fibres in the rostrum and splenium of the corpus callo-
sum [14].

R.B. is a man who was subjected to MR examin-
ation in 1988 at the age of 12 years, after complaining
of headaches and visual fatigue. This revealed that he
lacks a corpus callosum and that the posterior portions
of his lateral ventricles are enlarged. He has no history
of epilepsy. Standard neurological examinations and
subsequent experiments have revealed few manifes-
tations of hemispheric disconnection except for some
lengthening of interhemispheric transfer time as esti-
mated from simple reaction time to lateralised light
flashes, and a deficit in coarse stereopsis in central
vision [1]. He is left-handed, with a laterality index of
—14 on a scale that ranges from —24 to +24 [5]. He
was 20 years old at the time of testing.

2.2. Stimuli

The stimuli consisted of pairs of grey disks of diam-
eter 0.86° and luminance 64.9, 23.2, 7.8, or 3.1 (:d/rn2
presented against a darker grey background (0.5 cd/
m?). Each pair was presented either in the left visual
field (LVF), with the two disks centred at 7.5° and 2.5°
from central fixation, or bilaterally, with the disks
centred at 2.5° to the left and right of fixation, or in
the right visual field (RVF), with the disks again
centred at 2.5° and 7.5° from fixation. The angular
separation between the disks of each pair was therefore
5°. These angular distances for fixation are sufficient to
ensure that each disc is projected to the contralateral
hemisphere [12].

When a trial was triggered, a small cross appeared
in the middle of the screen for 480 ms, and served as a
warning signal. This was followed by a blank screen
for 17 ms, and then the stimulus sequence began. For
successive presentations, one disk appeared for 133 ms,
followed by a blank field for 33 ms, followed by the
second disk for 133 ms. The SOA was therefore 167
ms. On half the successive trials, the left disk appeared
before the right, and on the other half this was
reversed. For simultaneous presentations, both disks
were presented together for 133 ms. All of the different
conditions were randomly ordered within a block of
trials.

Within each block of trials, there were four succes-
sive and four simultaneous presentations at each lumi-
nance in each presentation location (LVF, bilateral,
and RVF). The blocks varied somewhat across the
subjects. For the control subjects, the disks were dis-
played at all four luminances (64.9, 23.2, 7.8, and 3.1
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cd/m?), making a total of 96 trials per block. For
JW., V.P., and R.B. the disks were displayed only at
the three higher luminances (64.9, 23.2, and 7.8 cd/
m?), making a total of 72 trials per block. L.B. also
received blocks at these three luminances, and addition
blgcks at the two lowest luminances (7.8 and 3.1 cd/
m”).

2.3. Procedure

The subjects were instructed that they would see
pairs of lights, and that they should press the N key
on the computer keyboard if the lights appeared to be
simultaneous and the M key if they appeared to be
successive. They were instructed to use the forefinger
and middle finger of the same hand to press the keys.

Prior to the experimental trials, all subjects received
ten practice trials with each hand. For these trials, the
conditions were selected randomly from the conditions

LB (block 1)

making up the experimental trials. The control subjects
received four blocks of 96 experimental trials. Half the
subjects used the left hand for the first block, the right
hand for the second and third blocks, and the left
hand for the fourth block. V.P. and J.W. received
eight blocks of 72 trials. The assignment of hands over
the eight blocks for both subjects was left, right, right,
left, left right, right, and left. L.B. and R.B. received
four blocks of 72 trials, and the assignment of hands
over the blocks for both was right, left, left, and right.
L.B. received four further blocks of 48 trials in which
the luminances were 7.8 and 3.1 cd/m?.

2.4. Results

Fig. 1 plots the proportion of “successive’ responses
to successive and simultaneous pairs for each stimulus
location, and luminance. The bottom right panel
shows that this task is trivially easy for subjects with

LB (block 2)
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Fig. 1. Probability of responding “‘successive’ at each stimulus location in Experiment 1. Unfilled symbols =successive stimuli, filled symbols = si-
multaneous stimuli; circles=64.9 cd/m?, squares=23.2 cd/m?, diamonds="7.8 cd/m? triangles=3.1 cd/m>.
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Table 1
Values of the fourfold-point correlation N for each split-brained sub-
ject, under each condition of luminance in each location, in Exper-
iment 1*

Subject Luminance (cd/m?  Location
LVF Bilateral RVF
L.B. (Series 1)  64.9 0.88"** 0.76"*  0.63*
23.2 0.94"** 0.59™ 0.43*
7.8 0.94"* 0.76™*  0.54™*
L.B. (Series 2) 7.8 0.75™* 0.38* 0.65*
3.1 0.88™** 0.40* 0.67"*
JW. 64.9 0.97"* 0.65"*  0.82™*
23.2 0.97"* 0.55"*  0.88™*
7.8 0.94"** 0.53™*  0.74™*
V.P. 64.9 0.75"*  —0.03 0.13
23.2 0.53"* 0.03 0.10
7.8 0.53"** 0.03 0.11
R.B. 64.9 0.88™** 0.76"*  0.94™*
23.2 0.88™** 0.88™**  0.83***
7.8 1.00™** 0.69™*  0.81™*

axe < 0,001, *p < 0.01, *p < 0.05.

intact commissures; the control subjects were able to
perform the task virtually without error, and the dis-
crimination was not influenced by luminance. The
results for the split-brained subjects are shown indivi-
dually in the remaining panels. As a measure of the
subjects’ ability to discriminate successive from simul-
taneous stimuli, the fourfold-point correlation N
between stimuli and responses was computed for each
luminance at each location, separately for each split-
brained subject, and the results are shown in Table 1.

For the split-brained subjects, the data were ana-
lysed individually, using multivariate chi-squared ana-
lyses to determine the effects on response selection
“successive” vs “‘simultancous’) of the stimulus type
(successive vs simultaneous), stimulus location (LVF
vs bilateral vs RVF), hand (left vs right), and lumi-
nance, and their interactions [32].

24.1. L.B.

L.B.’s response selection as a function of luminance
for the three locations is plotted in the top two panels
of Fig. 1. In the first series of four blocks (top left
panel), for which the luminances were 64.9, 23.2, and
7.8 cd/m?, L.B.’s response selection varied significantly
with the stimuli [y*(1, N = 288)=139.86, p < 0.001],
indicating that, overall, he responded at well above a
chance level. There was also a significant main effect
of location on response selection [y%(2, N =
288)=139.86, p < 0.001], indicating different response
biases across the three locations. As Fig. 1 shows, this
was largely attributable to a bias to respond ‘‘succes-
sive” to stimuli in the RVF.

More importantly, there was a significant interaction
between stimulus and location [%(2, N = 288)=9.26,

p < 0.01], indicating that discrimination accuracy var-
ied across the three locations. Pairwise comparisons
showed that accuracy was significantly higher for LVF
than for RVF stimulus pairs [y*(1, N = 192)=9.65, p
< 0.001], but there were no significant differences
between LVF and bilateral pairs [y%(1, N =
192)=2.50, N.S.] or between bilateral and RVF pairs
[x%(1, N = 192)=2.12, N.S.]. There were no significant
main effects or interactions involving hand or lumi-
nance.

Analysis of L.B.’s response selection in the second
series of blocks (top right panel of Fig. 1), in which the
luminances were 7.81 and 3.1 cd/m? also revealed a
highly significant main effect of stimulus [y*(1, N =
192)=70.11, p < 0.001], indicating good overall dis-
crimination. There were also significant main effects of
hand [¢*(1, N = 192)=6.75, p < 0.01] and location
[x%(2, N = 192)=10.17, p < 0.01], and a significant in-
teraction between the two [¢ (1, N = 192)=6.50, p <
0.02]. Again these effects can be attributed to a strong
bias to respond ‘‘successive” with RVF presentations,
but the bias was more marked with the left hand
(0.72) than with the right hand (0.59).

There was again a significant interaction between
stimulus and location, indicating that the discrimi-
nation varied across locations [y (2, N = 192)=6.17, p
< 0.02]. In this case, pairwise comparison showed sig-
nificantly better discrimination for LVF than for bilat-
eral pairs of stimuli [;%(1, N = 128)=6.22, p < 0.02],
but there were no significant differences between LVF
and RVF [y%(1, N = 128)=1.15, N.S.] or between bi-
lateral and RVF [;2(1, N = 192)=2.50, N.S.] pairs. As
Table 1 shows, however, discrimination was worst for
bilateral pairs, although significantly above chance
under all conditions of location and luminance.

24.2. JW.

J.W.’s response selection as a function of luminance
for the three locations are also plotted in Fig. 1 for
each luminance (64.9, 23.2, and 7.8 cd/m?). There were
main effects of stimulus [y%(1, N = 576)=349.52, p <
0.001], indicating above chance discrimination overall,
and of location [%(2, N = 576)=23.80, p < 0.001], in-
dicating variation in response bias across locations. As
Fig. 1 shows, this can be attributed to a stronger ten-
dency to response ‘“‘simultaneous’ to bilateral than to
either LVF or RVF pairs.

There was a significant interaction between stimulus
and location [y*(2, N = 576)=17.61, p < 0.01], indi-
cating that discrimination accuracy varied across the
three locations. The discrimination was significantly
worse for bilateral than for either LVF [y*(1, N =
384)=17.08, p < 0.001] or RVF [¢*1, N =
384)=8.24, p < 0.01] pairs, but there was no difference
between LVF and RVF [¢(1, N = 384)=1.51, N.S.].
Table 1 shows that J.W.’s discrimination was neverthe-
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less above chance at each luminance in each location.
There were no significant effects or interactions invol-
ving hand or luminance.

2.4.3. V.P.

V.P.’s response selection, plotted in Fig. 1 for each
luminance (64.9, 23.2, and 7.8 cd/m?), varied signifi-
cantly with stimulus [y*(1, N = 576)=33.15, p <
0.001], indicating above-chance discrimination overall,
and with location [y*(2, N = 576)=23.10, p < 0.001],
indicating differential response bias across locations.
This was attributable in part to a bias to respond
“simultaneous” to bilateral pairs, and to respond “‘suc-
cessive” to RVF pairs (see Fig. 1).

There was also a significant interaction between
stimulus and location [y*(2, N = 576)=39.23, p <
0.01]. Pairwise comparisons showed that the discrimi-
nation of successive from simultaneous pairs of stimuli
was significantly better for LVF than for either bilat-
eral [x*(1, N = 384)=34.00, p < 0.001] or RVF [;*(1,
N = 384)=24.78, p < 0.01] pairs, but there was no
difference between bilateral and RVF pairs [y*(1, N =
384)=0.85, N.S.]. Table 1 shows that V.P.’s perform-
ance was significantly above chance only in the case of
LVF pairs. There were again no significant effects or
interactions involving hand or luminance.

24.4. R.B.

R.B.’s response selection, again plotted in Fig. 1 for
each luminance (64.9, 23.2, and 7.8 cd/m?), varied sig-
nificantly only with stimulus [;%(1, N = 288)=207.36,
p < 0.001], indicating a high level of discrimination
under all conditions. Table 1 shows that he was above
chance under all conditions of location and luminance.

2.5. Summary

It is clear that all three cases of surgical section of
the commissures were impaired in the discrimination
of successive from simultaneous pairs when they were
presented bilaterally. In the case of J.W., discrimi-
nation of bilateral pairs differed significantly from dis-
crimination of both LVF and RVF pairs, and in the
case of L.B. (second series) and V.P. it differed signifi-
cantly from discrimination of LVF pairs. However,
only V.P. failed to score significantly above chance
with bilateral pairs. These effects did not depend sig-
nificantly on luminance. The data are in marked con-
trast to those of the normal subjects, who scored
virtually at ceiling under all conditions.

The results for L.B., in particular, are surprising,
given that an earlier study showed him to be virtually
perfect at discriminating bilateral pairs presented at
the highest of the luminances used here, and with the
same SOA [25]. Our result suggests that L.B.s poor
performance with coloured stimuli, reported by Naikar

[24], cannot be attributed simply to the lower lumi-
nance of those stimuli. Taken in conjunction with
those results, our findings suggest that perception of
apparent motion across the midline is dependent on
context, and deteriorates when the stimuli vary from
trial to trial in either colour or luminance.

An unexpected aspect of the results is that discrimi-
nation was better for LVF than for RVF stimuli; this
trend was evident in all three subjects with surgical
section of the commissures, although it was significant
only in the case of L.B. and V.P. This LVF advantage
is surprising in view of earlier evidence that L.B., in
particular, shows a strong RVF advantage in detecting
successiveness when the SOAs are very short [8,10].
For the normal subjects, accuracy was too close to
ceiling for any difference to be detectable.

The acallosal subject R.B.’s discrimination was
clearly above that of the three surgical cases. Neverthe-
less his performance was somewhat below that of the
normal subjects. Indeed he was worse than any of the
normals with bilateral and RVF presentations, in line
with the general trend shown by the three surgical
cases.

3. Experiment 2: equiluminance

In this experiment we sought to further reduce the
role of luminance by presenting the lights against an
equiluminant background. In general, perception of
motion is impaired under conditions of equiluminance
(e.g., [2,11,28]), although there are at least some cir-
cumstances under which people can see the movement
of patterns that are defined by colour rather than lumi-
nance (e.g., [7,23]). To the extent that the discrimi-
nation of successiveness depends on the perception of
apparent motion, we might therefore expect it to be
impaired within as well as between visual fields under
conditions of equiluminance. However, if the discrimi-
nation of successiveness across the midline depends on
collicular response, then we might expect it to be es-
pecially impaired in this case, on the assumption that
collicular response is largely abolished under equilumi-
nance.

There is some evidence that this is so. Simple
reaction time to flashes of light in split-brained sub-
jects is markedly shorter when pairs of lights are
presented, one in each visual field, than when single
lights are presented. This is known as the redundant
target effect, and is paradoxically much more pro-
nounced in split-brained subjects than in normal
people [9,29]. However, this effect was largely abol-
ished in split-brained subjects when the stimuli were
equiluminant, consistent with the view that the
redundant target effect depends on neural sum-
mation at the collicular level, and that collicular re-
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sponse is at least attenuated, if not eliminated, by
equiluminance [9].

Equiluminance was achieved by presenting the stim-
uli in low-level blue light against a bright yellow back-
ground. Against this background, the lights actually
appeared to be light grey. This is not only a robust
technique for approximating equiluminance, but also
effectively eliminates colour-defined borders [6].

3.1. Subjects
The subjects were the same as in Experiment 1.

LEFT HAND
1.0

3.2. Stimuli

The stimuli were the same as those in Experiment 1,
except that instead of varying in luminance they were
presented under conditions of equiluminance. Equilu-
minance settings were determined using flicker pho-
tometry in an RGB system allowing each of red,
green, and blue wavelengths to be varied on a scale
from 0 to 63. The background of the VGA screen was
set to yellow by choosing maximum settings of 63 for
each of red and green, and the 0 setting for blue. A
black circle with radius 1° then appeared in the centre
of the screen. After 700 ms it was replaced by a flicker-
ing disk, also of radius 1°, for 1 s. The disk was gener-
ated by adding 30, 35, 40, 40, or 45 units of blue to
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the yellow background, and at the same time subtract-
ing 0, 1, 2, or 3 units of red. The grey disk so gener-
ated alternated with the yellow background at 16 on-
off cycles per s. There were five blocks of 60 trials,
involving all combinations of added blue and sub-
tracted red. The subjects were asked to indicate
whether or not the disk appeared to flicker. The set-
tings used for the equiluminance displays were the
combinations that minimised the perception of flicker.
For the three split-brained subject and the acallosal
subject, the disk was seen as continuous (not flicker-
ing) when the blue increment was 35 units and the red
decrement 3 units. This setting was also most often
used for the normal subjects as well.

3.3. Procedure

This experiment was carried out following Exper-
iment 1, so that the subjects had already had experi-
ence with the basic task. All subjects were given four
blocks of 96 trials, with responding hand counterba-
lanced as in Experiment 1.

3.4. Results

Fig. 2 plots the proportion of “successive’ responses
to successive and simultaneous pairs for each stimulus
location and hand. The bottom two panels show that
this task is again trivially easy for subjects with intact
commissures. The results for the split-brained subjects
are shown individually in the remaining panels. Four-
fold-point correlations, N, were computed between
stimuli and responses for each hand at each location,
separately for each split-brained subject, and the
results are shown in Table 2.

For the split-brained subjects, the data were ana-
lysed individually, using multivariate chi-squared ana-
lyses in which the classification variables were response
selection (‘“‘successive” vs ‘‘simultaneous”), stimulus
(successive vs simultaneous), location (LVF vs bilateral
vs RVF), and hand (left vs right).

Table 2
Values of the fourfold-point correlation N for each split-brained sub-
ject, computed for each hand at each location, in Experiment 2%

Subjects  Left hand
Location

Right hand
Location

LVF Bilateral RVF LVF Bilateral RVF

L.B. 0.63"** 0.13 0.07 0.60""* 0.12 0.38"*
JW. 0.94** 0.33™  0.34"  0.84™" 0.04 0.36™
V.P. 0.78"** —0.16 0 0.47* 0.06 —0.16
R.B. 0.94** 0.94™* 0.94" 0.88"* (.88 1.0"**

aw 20,001, *p < 0.01, *p < 0.05.

34.1. L.B.

L.B.’s response selection, plotted in the top two
panels of Fig. 2, varied significantly with stimulus
[x*(1, N = 384)=35.35, p < 0.001], indicating that,
overall, he responded at well above a chance level.
There were also significant effects of location [ (2, N
= 288)=48.99, p < 0.001], and of hand [¢*(1, N =
288)=6.05, p < 0.05]. L.B. showed a bias to respond
“simultaneous” to bilateral stimulus pairs and “‘succes-
sive”” to RVF pairs (see Fig. 2), and overall he had a
stronger overall bias to respond ‘“‘successive’” with the
left (0.61) than with the right (0.48) hand.

There was a significant interaction between stimulus
and location [y%(2, N = 384)=17.05, p < 0.001], indi-
cating that discrimination accuracy varied across the
three locations. Pairwise comparisons showed discrimi-
nation accuracy to be significantly worse for bilateral
than for LVF stimulus pairs [y*(1, N = 256)=15.13, p
< 0.001], and worse for RVF than for LVF pairs
[x*(1, N = 256)=11.01, p < 0.001], but there was no
significant difference between bilateral and RVF pairs
[x%(1, N = 256)=0.56, N.S.]. Although the triple inter-
action between stimulus, location, and hand was not
significant [y (2, N = 256)=1.91, N.S.], Table 2 shows
that discrimination was significantly above chance in
the RVF when L.B. used his right hand but not when
he used his left hand. The discrimination failed to rise
significantly above chance with bilateral presentation
for either hand, but was significantly above chance
with LVF presentation for both hands.

34.2. JW.

Response selection varied significantly with stimulus
[x%(1, N = 384)=97.65, p < 0.001], and location [ (2,
N = 384)=54.53, p < 0.001]. There was also a signifi-
cant interactions between hand and location [¢2(2, N
= 384)=6.52, p < 0.05]. Fig. 2 shows that there was a
strong bias to respond ‘‘simultaneous” to bilateral
stimulus pairs, especially with the right hand, and a
bias to respond “‘successive’” with RVF pairs.

There was a significant interaction between stimulus
and location [ (2, N = 384)=37.15, p < 0.001]. Pair-
wise comparisons showed that discrimination was sig-
nificantly better when the stimulus pairs were in the
LVF than when they were either bilateral [y%(1, N =
256)=34.98, p < 0.001] or in the RVF [y*1, N =
256)=18.55, p < 0.001], but there was no difference
between bilateral and RVF pairs [y*(1, N =
256)=1.27, N.S.].

3.4.3. V.P.

There was a significant main effect of stimulus [ *(1,
N = 384)=10.72, p < 0.01], a significant interaction
between stimulus and location [y*(2, N = 384)=40.61,
p < 0.001], and a marginal interaction between stimu-
lus, location, and hand [y%(2, N = 384)=4.80, p <



448 B. Forster et al. | Neuropsychologia 38 (2000) 441450

0.10]. Pairwise comparisons among the three locations
were carried out separately for each hand. For the left
hand, discrimination of LVF stimulus pairs was signifi-
cantly better than that for either bilateral [y*(1, N =
256)=28.15, p < 0.001] or RVF [y*(1, N =
256)=19.65, p < 0.001] pairs, but the difference
between bilateral and RVF pairs was not significant
[x*(1, N = 256)=0.79, N.S.]. For the left hand, too,
discrimination of LVF pairs was significantly better
for LVF [y(1, N = 256)=5.29, p < 0.05] and bilateral
[x2(1, N = 256)=12.70, p < 0.01] pairs, but there was
again no significant difference between LVF and bilat-
eral pairs [x*(1, N = 256)=1.54, N.S.]. Table 1 shows
that V.P.’s performance was significantly above chance
only in the case of LVF pairs.

344. R.B.

For R.B., the only significant effect was that of
stimulus [y *(1, N = 384)=165.04, p < 0.001], indicat-
ing that overall discrimination was well above chance.

3.5. Summary

The results are similar to those of Experiment 1,
although the effects are sharper. Among the three
cases of surgical section of the commissures, discrimi-
nation of bilateral stimuli rose above chance only in
the case of J.W.’s performance with the left hand. Dis-
crimination of RVF stimuli was somewhat better, ris-
ing above chance for J.W. and for L.B.’s right-hand
performance. Discrimination of LVF stimuli was
above chance for all three subjects, regardless of hand.
The poor performance with bilateral presentation
might well be attributed to equiluminance, which
should, in principle at least, have eliminated or at least
attenuated the afferent response of the midbrain visual
system.

The acallosal subject R.B. was again well above
chance in all conditions, although still somewhat
below normal.

4. Discussion

It is clear from the experiments reported here that
the discrimination of simultaneity from succession
across the vertical midline following commissurotomy

"' A more recent study with L.B. has suggested a deterioration in
his left-hemisphere function [9], evident not only in his test perform-
ance but also in his general demeanour. In the present study, how-
ever, we did not note the slurring of speech and right-sided weakness
that was later to become evident, and even if some left-hemispheric
pathology may explain L.B.’s LVF advantage in this study, it does
not of course explain the LVF advantage shown by the other split-
brained subjects.

is more fragile than the earlier studies of Ramachan-
dran et al. [27] and Naikar and Corballis [25] might
suggest. In Naikar’s [24] study, L.B.’s ability to dis-
criminate the direction of successive pairs of coloured
lights was markedly poorer when the lights were pre-
sented bilaterally than when they were presented uni-
laterally. Experiment 1 suggests that lowered
luminance per se does not account for Naikar’s result;
the discrimination decrement with bilateral presen-
tation was independent of luminance, and evident even
when the luminance matched that of the study by Nai-
kar and Corballis. The difference is probably not due
to differences in spatiotemporal parameters: With an
SOA of 167 ms, the timing of the stimuli in this study
was the same as that in Naikar and Corballis’s study,
and the spatial separation was 5°, which lies between
the two spatial separations (2 and 7°) used by Naikar
and Corballis. It appears that the context created by
varying luminance was sufficient to raise the threshold
for detecting succession across the midline.

Bilateral performance in the split-brained subjects
was if anything even worse when the stimuli were equi-
luminant. If the subcortical pathways were largely
unresponsive to equiluminant stimuli, then this would
also have negated any subcortically mediated switch in
attention from across the visual fields with successive
presentation. If the discrimination of successiveness
depends on this switch of attention, as Naikar [24]
suggests, then this might explain why the discrimi-
nation generally dropped to chance. This is not to
deny the possibility of some residual subcortical
responsiveness to equiluminance, perhaps mediated by
collicular-pulvinar interactions [30], and this may
explain why J.W. was able to achieve above-chance
discrimination with his left hand. It is clear that the
normal subjects were as accurate in Experiment 2 as in
Experiment 1, consistent with previous evidence that
equiluminance does not prevent the discrimination of
successiveness in normals [7,15,23].

It is also possible, however, that at least part of the
difficulty with bilateral presentation was due to the
incompetence of the left hemisphere, since all three
split-brained were much more accurate for RVF than
for LVF pairs." This was an unexpected result. V.P., in
particular, was never able to achieve above-chance dis-
crimination of either RVF or bilateral pairs, but she
performed relatively well with LVF pairs, implying
that the difficulty was not due to failure to understand
the instructions. J.W. was generally more accurate
with RVF pairs than with bilateral ones, as was L.B.
in Series 2 of Experiment 1 and in Experiment 2,
suggesting that bilateral presentation presented extra
difficulties. The RVF deficit in L.B. was in marked
contrast to the RVF advantage that L.B. showed in
previous studies involving discrimination of rapid suc-
cession from simultaneity [8,10]. This is consistent with
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evidence reviewed by Ivry and Robertson [17] that the
left hemisphere is the more attuned to high temporal
(as well as spatial) frequencies, and the right hemi-
sphere to low frequencies. It is perhaps worth noting
that, in Experiment 2 but not in Experiment 1, the
split-brained subjects tended to respond more accu-
rately when the responding hand was ipsilateral to the
input than when it was contralateral to it, suggesting
that processing may have been confined more exclu-
sively to the receiving hemisphere under equilumi-
nance.

The acallosal subject R.B. showed neither the bilat-
eral deficit nor the RVF deficit shown by the three
commissurotomised subjects, confirming previous evi-
dence that the functional disconnections observed in
subjects with callosotomy or full forebrain commissur-
otomy are not evident, or are much attenuated, in cal-
losal agenesis, probably because of compensatory
mechanisms operating from early childhood [18,20].
Lassonde et al. [19] have nevertheless shown there are
limits to the compensation observed in callosal agen-
esis; in particular, these subjects may be impaired on
visual and tactile tasks involving midline fusion, and
that ““the deficits observed in acallosal subjects may be
of the same amplitude as those observed in [surgically]
split-brain patients” (p. 1002). Discrimination of suc-
cessiveness across the midline clearly does not fall into
this category of tasks, at least for R.B., although his
performance was somewhat below the essentially per-
fect discrimination shown by the normal subjects.

It is also of interest that callosotomy appears to
result in impaired performance even when the stimuli
were presented unilaterally — relative to the perform-
ance of normals, this impairment was evident in both
visual fields, although it was more marked in the RVF
than in the LVF. This may relate to evidence that the
optokinetic reflex is impaired in split-brained subjects
if only the nasal or temporal hemiretinas are stimu-
lated [22], implying a callosal contribution that pro-
ceeds via area MT to subcortical nuclei [16]. While
stimulation was never restricted to a single hemiretina
in the present study, the absence of a callosal input
may have nevertheless introduced some fragility to the
percept. More generally, Lassonde et al. [19] have
noted that both acallosals and those with surgical sec-
tion of the corpus callosum may show deficits in a
number of tasks involving unilateral presentation,
including binocular depth perception and sound local-
isation, suggesting a nonspecific, possibly supramodal
influence of callosal disconnection on cortical acti-
vation.

Acknowledgements

This work was supported in part by a grant from

the Marsden Fund of New Zealand, and the testing of
R.B. was also supported by grants from CNR and
MURST of Italy to Professor Giovanni Berlucchi at
the Institute of Human Physiology at the University of
Verona. We thank Eran Zaidel, Dahlia Zaidel, and
Joseph E. Bogen for access to L.B., Michael S. Gazza-
niga for access to J.W. and V.P., and Giovanni Berluc-
chi and Salvatore Aglioti for access to R.B. All of
those named offered helpful advice and discussion, and
Salvatore Aglioti also kindly helped translate instruc-
tions into Italian. Finally, we thank the patients them-
selves for their willing participation.

References

[1] Aglioti S, Berlucchi G, Pallini R, Rossi GF, Tassinari G.
Hemispheric control of unilateral and bilateral responses to
lateralised light stimuli after callosotomy and in callosal agen-
esis. Experimental Brain Research 1993;93:151-65.

[2] Anstis SM. Phi movement as a subtraction process. Vision
Research 1970;10:1411-30.

[3] Bogen JE, Schultz DH, Vogel PJ. Completeness of callosotomy
shown by magnetic resonance imaging in the long term.
Archives of Neurology 1988;45:1203-5.

[4] Bogen JE, Vogel PJ. Neurologic status in the long term follow-
ing complete cerebral commissurotomy. In: Michel F, Schott B,
editors. Les syndromes de disconnexion calleuse chez I’homme.
Lyon: Hopital Neurologique, 1975. p. 227-51.

[5] Briggs GG, Nebes RD. Patterns of hand preference in a student
population. Cortex 1975;11:230-8.

[6] Cavanagh P, Adelson EH, Heard P. Vision with equiluminant
colour contrast: 2. A large-scale technique and observations.
Perception 1992;21:219-26.

[7] Cavanagh P, Boeglin J, Favreau OE. Perception of motion in
equiluminous kinematograms. Perception 1985;14:151-62.

[8] Corballis MC. Hemispheric interactions in temporal judgments
about spatially separated stimuli. Neuropsychology 1996;10:42—
50.

[9] Corballis MC. Interhemispheric neural summation in the
absence of the corpus callosum. Brain 1998;121:1795-807.

[10] Corballis MC, Boyd L, Schulze A, Rutherford BJ. Role of the
commissures in  interhemispheric  temporal judgments.
Neuropsychology 1998;12:519-25.

[11] Dobkins KR, Albright TD. What happens if it changes color
when it moves? Psychophysical experiments on the nature of
chromatic input to motion detectors. Vision Research
1993;33:1019-36.

[12] Fendrich R, Gazzaniga MS. Evidence of foveal splitting in a
commissurotomy patient. Neuropsychologia 1989;27:273-81.

[13] Gazzaniga MS. Perceptual and attentional processes following
callosal section in humans. Neuropsychologia 1987;25:119-33.

[14] Gazzaniga MS, Holtzman JD, Deck MDE, Lee BCP. MRI
assessment of human callosal surgery with neuropsychological
correlates. Neurology 1985;35:682-5.

[15] Gegenfurtner KR, Hawken MJ. Interaction of motion and
color in the visual pathways. Trends in Neuroscience
1996;19:394-401.

[16] Hoffman KP, Distler C, Ilg U. Callosal and superior temporal
sulcus contributions to receptive field properties in the macaque
monkey’s nucleus of the optic tract and dorsal terminal nucleus
of the accessory optic tract. Journal of Comparative Neurology
1992;321:150-62.



450 B. Forster et al. | Neuropsychologia 38 (2000) 441450

[17] Ivry RB, Robertson LC. The two sides of perception.
Cambridge, MA: A Bradford Book/The MIT Press, 1998.

[18] Lassonde M, Sauerwein HC, Chicoine A-J, Geoffroy G.
Absence of disconnexion syndrome in callosal agenesis and
early callosotomy: Brain reorganisation or lack of structural
specificity during ontogeny? Neuropsychologia 1991;29:481-95.

[19] Lassonde M, Sauerwein HC, Lepor¢ F. Extent and limitations
of callosal plasticity: presence of disconnection symptoms in cal-
losal agenesis. Neuropsychologia 1995;33:989-1007.

[20] Lassonde M, Sauerwein HC, McCabe N, Laurencelle L,
Geoffroy G. Extent and limits of cerebral adjustment to early
section or congenital absence of the corpus callosum.
Behavioral Brain Research 1988;30:165-81.

[21] Livingstone MS, Hubel DH. Psychophysical evidence for separ-
ate channels for perception of form, color, movement and
depth. Journal of Neuroscience 1987;7:3416-68.

[22] Meldhorn E. The importance of the corpus callosum for the
optokinetic nystagmus in man. Fortschung Opthalmologische
1984;81:157-60.

[23] Mullen KT, Baker CL. A motion aftereffect from an isolumi-
nant stimulus. Vision Research 1985;325:685-8.

[24] Naikar N. Perception of apparent motion of colored stimuli
after commissurotomy. Neuropsychologia 1996;34:1041-50.

[25] Naikar N, Corballis MC. Perception of apparent motion across
the retinal midline following commissurotomy.
Neuropsychologia 1996;34:297-309.

[26] Nicholls MER. Temporal processing asymmetries between the

cerebral hemispheres: Evidence and implications. Laterality

1996;2:97-137.

Ramachandran VS, Cronin-Golomb A, Myers JJ. Perception of

apparent motion by commissurotomy patients. Nature

1986;320:358-9.

[28] Ramachandran VS, Gregory R. Does colour provide an input
to human motion perception? Nature 1978;275:55-6.

[29] Reuter-Lorenz PA, Nozawa G, Gazzaniga MS, Hughes HC.
Fate of neglected targets: A chronometric analysis of redundant
target effects in the bisected brain. Journal of Experimental
Psychology: Human Perception and Performance 1995;21:211—
30.

[30] Stoerig P, Cowey A. Wavelength discrimination in blindsight.
Brain 1992;115:425-44.

[31] Trevarthen C, Sperry RW. Perceptual unity of the ambient
visual field in human commissurotomy patients. Brain
1973;96:547-70.

[32] Winer BJ. Statistical principles in experimental design. New
York: Wiley, 1971.

[27



