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Summary

The present study provides a demonstration of blindsight in because it was not present when one of the stimuli fell into
two hemispherectomy patients who showed a visual spatidghe retinal blind spot of control subjects. We conclude that
summation effect across the vertical meridian despite their ~ blindsight phenomena of the simple type described in the
lack of visual awareness in one hemifield. Such an effeqgbresent study can be subserved by sub-cortical mechanisms
cannot be related to light diffusion onto the sighted hemifield and do not necessarily require cortical processing.

Keywords: hemispherectomy; blindsight; spatial summation; reaction time

Abbreviations: DB = double bilateral (stimuli); DBBS= double stimuli, one of which was into the blind spot; D&
double unilateral (stimuli); FSIG@= full-scale |Q; LED = light-emitting diode; LH= left hemifield; PIQ= performance IQ;
RH = right hemifield; S= single (stimulus); SBS= single flash into the blind spot; VI& verbal 1Q

Introduction

In humans, damage to the primary visual cortex produces a  viewer does not acknowledge a visual percept and ye
permanent blindness in the corresponding part of the visuahows an above-chance performance. Typically, sub-cortical
field (Holmes, 1918). In the last 20 years, however, many  structures or extrastriate cortical areas have been propose
studies have shown the existence of a wide range of ofteas its neural locuseeWeiskrantz, 1986; for a review, Cowey
unconscious residual functions within such blind areas. These  and Stoerig, 1991).

include detection and spatial localization of stationary or The existence of blindsight has been put into question
moving stimuli by eye or hand movements”(pel et al., because of methodological inadequacies, such as scattered
1973; Weiskrantzt al.,, 1974; Perenin and Jeannerod, 1975;light, inadvertent eye movements that bring the visual stimuli

Zihl, 1980; Stoeriget al., 1985; Blytheet al., 1987) as well ~ from the blind into the sighted field, a lax response criterion,

as discriminations based on motion (Weiskrantz, 1986; Barbuor spared striate tissue (egeeCampionet al., 1983; Celesia

et al, 1993), line orientation (Weiskrantz, 1987) or et al, 1991; Fendrictet al., 1992, 1993). The possibility of
wavelength (Stoeriget al., 1987). Other evidence of such potential confounds has motivated a search for more
unconscious visual processing includes an interaction reliable experimental paradigms. One of these is the
between stimuli presented simultaneously to the blind andedundant-target effect, a summation phenomenon widely
normal hemifields (Torjussen, 1976, 1978; Singdral., known in experimental psychologgdeRaab, 1962; Miller,

1977; Pizzamiglicet al., 1984; Marziet al,, 1986; Corbetta 1982; Marziet al,, 1996; Mordkoff,et al., 1996), whereby

et al, 1990; Rafalet al, 1990). Such residual vision has  the simultaneous presentation of two or more stimuli results
been termed ‘blindsight’ (Weiskran& al., 1974) when the in faster reaction time than that to a single stimulus. Using
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this approach, Marat al. (1986) showed that normal subjects showed epileptiform activity over the right frontal-parietal—
react more quickly to two simultaneously presented visuatemporal regions. Cognitive testing, carried out at that time,
stimuli than to a single visual stimulus, either when the two indicated borderline intelligence scores; full-scale I1Q (FSIQ),
stimuli appeared in the same hemifield or when they wer&7; verbal 1Q (VIQ), 92; performance 1Q (PIQ), 65. At the
presented across the vertical meridian. They found a similar ~ age of 17 years, she underwent a functional hemispherectom
effect in some hemianopic patients in whom there was avhich consisted in removing the temporal lobe (including
summation for stimuli presented across the vertical meridian the mesial structures) and a frontal-parietal corticectomy.
in spite of their reporting the presence of only the stimulusThe remaining cortical regions were lgft situ but were
appearing in the good hemifield (Marzt al, 1986; disconnected from the rest of the brain by sectioning the
Corbettaet al, 1990). Because the subject is supposed tavhite matter anteriorly and laterally as well as posteriorly
respond to stimuli in the normal hemifield only and is not  and laterally along the falx (Fig. 1, D.R.). Subsequent
asked to guess about the presence of a stimulus in theeuropathological investigation revealed an inflammatory
hemianopic field, with this paradigm blindsight cannot be process with diffuse gliosis, consistent with chronic
explained by the use of a lax decisional criterion in Rasmussen encephalitis. Follow-up assessment indicated that

comparison to clinical perimetry (Campiat al.,, 1983). her level of intellectual function was in the low-average
However, the two previous studies of interfield summationrange (FSIQ 83; VIQ 87; PIQ 83). The presence of a complete
with hemianopic patients (Marat al.,, 1986, Corbett&t al., contralateral hemianopia without macular sparing has been

1990) could not counteract the often raised question thatonfirmed by computerized perimetry (Allergan, Humphrey);
blindsight is mediated by remnants of striate and/or  her visual acuity was 20/25.
extrastriate cortex (e.g. Fendrickt al, 1992, 1993). To S.E. was 28 years old at the time of testing. He is a right-
address this issue, we investigated patients who had handed man whose left hemiparesis was noted at birth
undergone complete or partial cerebral hemispherectomy areizure onset occurred at the age of 7 years; CT and MRI
in whom all visual cortical areas in one hemisphere were  scans showed a porencephalic cyst occupying the right
removed. Hemispherectomy subjects have previously beetemporal—parietal—occipital regions. EEG recordings detected
shown to detect and localize stationary and moving stimuli epileptiform activity in the right occipital cortex con-
(Perenin 1978; Perenin and Jeannerod, 1978; Rfital,  comitantly with independent foci over the right temporal—
1991; Braddicket al, 1992; Kinget al, 1996), and to parietal cortex. Cognitive testing revealed an FSIQ of 78
discriminate relative stimulus velocities in their hemianopic(VIQ 80; PIQ 79). At the age of 25 years, the porencephalic
field (Ptito et al,, 1991). However, negative findings as to cyst was removed and a temporal—parietal-occipital lobotomy
the presence of visual abilities in the affected field ofwas performed sparing the anterior portion of the frontal lobe
hemispherectomy patients have been reported recently (King (Fig. 1, S.E.). Postoperative neuropathological examinatior
et al, 1996, b). The presence of interfield summation in revealed a neuronal migration disorder (cortical dysplasia).
such patients would indicate that this form of blindsight can The follow-up assessment showed an increase in 1Q to the
be mediated by cerebral structures other than striate aaverage range (FSIQ 93; VIQ 90; PIQ 99) and a contralateral
extrastriate cortex. hemianopia without macular sparing was confirmed by com-
puterized perimetry (Allergan, Humphrey); his visual acuity
was 20/30. S.E. is one of the two patients who have been
) examined by Wessingest al. (1996) with stabilized field
Experiment 1 mapping to eliminate artifacts from eye movements; he was
Subjects found to have a band of residual vision along the vertical
Four patients who had undergone partial or complete meridian in the hemianopic field which was generally not
cerebral hemispherectomy (one left, three right) for the reliefvider than 3.5° with the exception of a small island of vision
of intractable epileptic seizures participated in this study  at 6° in the upper hemifield only.
after giving their informed consent. The experimental |.G. is a right-handed woman who was tested at the age
protocol was approved by the Research Ethics Committee of 42 years. She had a perinatal left hemiparesis and bega
of the Montreal Neurological Institute (protocol number suffering from epileptic seizures at the age of 7 years. A
MNIHRECO11). Case histories are described below and neuro-ophthalmological evaluation, performed at the age of
summarized in Table 1. MRI scans from two patients (D.R.12 years, revealed a left visual hemifield loss and a skull X-
and S.E.) and a CT scan from another patient (J.B.) are ray and pneumoencephalography indicated atrophy and/o
shown in Fig. 1. The work was approved by the Ethicshypoplasia of the right cerebral hemisphere. EEG recordings
Committee. revealed epileptiform activity localized to the frontal—parietal
D.R is a right-handed woman (20 years old at the time ofcortex. Cognitive testing indicated that she scored in the
testing) with a left hemiparesis since birth who began retarded range of intelligence (FSIQ 52; VIQ 72; PIQ 43).
suffering from epileptic seizures at the age of 5 years. PrioAn anatomical hemispherectomy was performed at the age
to surgery, CT and MRI scans of the brain revealed a severe  of 13 years; the entire right cerebral hemisphere was remove
atrophy of the right cerebral hemisphere and EEG recordingmcluding the homolateral basal ganglia. Neuropathological
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Table 1
Subjects Sex  Aetiology Symptoms Seizures  Surgery Age at  IQ at time of testing \jgyal
time of _ test acuity
onset Type  Age Side (years) VIQ PIQ FSIQ
(years) (years)
D.R. F Rasmussen’s Seizures 5 MFH 17 R 20 87 83 83 20/25
chronic L-hemiparesis
encephalitis L-hemianopia
S.E. M Neuronal migration Seizures 7 PH 25 R 28 90 84 99 20/30
disorder (cortical L-hemiparesis
dysplasia) L-hemianopia
I.G. F Middle cerebral Seizures 7 AH 13 R 42 84 75 79 20/25
artery occlusion L-hemiparesis
(micropoligyria?)  L-hemianopia
J.B. M Unknown Seizures 5 FH 20 L 29 90 88 88 20/25
(porencephalic cyst) R-hemiparesis
R-inferior

quadrantanopia

MFH = modified functional hemispherectomy; FH functional hemispherectomy; AH anatomical hemispherectomy; PH partial
hemispherectomy (temporo-parieto-occipital lobectomy).

Fig. 1 Axial and coronal MRI and axial CT images showing surgical ablation in D.R., S.E. andsé&Subjects for a description of
the surgical procedures.

examination showed a large cystic cavity (porencephalic  revealed a right-sided inferior quadrantanopia. A CT scan of
cyst) involving the frontal and temporal lobes and a severghe brain demonstrated severe atrophy of the left hemisphere
atrophy of all layers of the neocortex with diffuse gliosis, and the presence of a porencephalic cyst. EEG recordings
findings consistent with a prenatal vascular accident in theshowed multifocal epileptiform activity over the whole left
territory of the right middle cerebral artery. In addition, Reil’s hemisphere but it was more prominent over the temporal and
insula was displaced, the basal ganglia were atrophic anparietal regions. Pre-operative assessment established an
microgyria were present in the occipital lobe. At present, average range of intelligence scores (FSIQ 93; VIQ 89; PIQ
I.G. functions in the low average range of intelligence (FSIQ102) and speech representation in the right hemisphere, as
79; VIQ 84; PIQ 75), she has a visual acuity of 20/25 and a  revealed by the intracarotid sodium amytal test (Wada and
complete left homonymous hemianopsia without maculaRasmussen, 1960). In order to avoid worsening of the
sparing as revealed by clinical perimetry. field defect, a conservative functional hemispherectomy was
J.B. is left-handed man who was tested at the age of 2thitially performed. This consisted of a temporal—parietal
years. He has had a right hemiparesis since birth. Epileptic  corticectomy and disconnection of the frontal lobe from the
seizures developed at the age of 5 years and a neureest of the brain. Neuropathological investigation revealed
ophthalmological evaluation performed at the age of 18 years neuronal loss and moderate to severe gliosis of unknowr
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aetiology. Because of persisting epileptic seizures, a second flashes were simultaneously presented in the left or the rigt

surgical intervention was performed 3 months later. Thehemifield (40 trials); (iii) double bilateral stimuli (DB)

functional hemispherectomy was then completed by adding  consisted of all possible combinations of simultaneous flash

a temporal lobotomy (including the mesial structures) and gresentations across the vertical meridian at different

partial occipital lobotomy which left the occipital pole eccentricities in the left (LH) or right hemifield (RH) (i.e.

situ, but disconnected from the white matter (Fig. 1, J.B.).10° LH 30° RH, 10° LH 10° RH, 30° LH 30° RH, 30° LH 10°

Neuropathological examination revealed neuronal loss in RH; 80 trials). It is important to stress that the eccentricities of

both neocortex and hippocampus. On a follow-up examinatiostimulus presentation were extremely large in comparison

J.B. continued to score in the average range of intelligence  with the small degree of residual vision documented by

(FSIQ 88; VIQ 90; PIQ 88). He then had a complete Wessingeet al. (1996) for two of our patients (S.E. and J.B.).

homonymous right-sided hemianopia without macular sparing Each session, which lasted ~20 min, was repeated up tc

confirmed by computerized perimetry (Allergan, Humphrey)five times during one testing day. In the course of 8 weeks,

and his visual acuity was 20/25. J.B., like S.E., has been the subjects underwent from nine to 12 sessions according

examined with stabilized field mappingdeWessingeet al.,  to their availability. Prior to actual testing, all subjects were

1996); he was found to have only a small strip of residual  trained for 150 trials to maintain central fixation and to

vision not extending beyond 3.5° from the vertical meridianrespond as quickly as possible to the stimulus. Fifty practice

in the upper quadrant of the hemianopic field. trials were administered at the beginning of each testing day.

Stimulus presentation was controlled automatically with a
personal computer. Trials with a reaction timel50 ms

Apparatus and procedure (anticipation) or>800 ms (misses or delays), as well as

The patient sat in an adjustable chair with the head restrained  trials where the patient failed to maintain central fixation,

by a chin and forehead retainer, 57 cm in front of awere rejected. The rejection rate amounted to ~3% overall.

black semicircular platform (diameter, 114 cm; background For statistical purposes, the median reaction times for each

luminance <1 cd/n?) set at eye level. Because of a strabismuspatient and each type of stimulus were averaged across

present in all patients, the eye ipsilateral to the brain lesion  sessions. Group analyses were performed by means of paire

was covered with a patch and testing was carried out tests. Median reaction times for each patient, session and

monocularly. Five light-emitting diodes (LEDs; size: 0.5 cm), type of stimulus were used in single-case analyses; ANOVA

one red and four green, were mounted on the platform. Thand post hoc ttest were also used. Furthermore, we plotted

red LED (luminance 1 cd/B)was used as the central fixation the cumulative distribution of the reaction times to S and

point and remained on throughout the experiment. Two gree®B stimuli, a procedure which allows a comparison of the

LEDs (40 cd/m) were placed 2° below the horizontal  two conditions along the whole range of reaction times.

meridian at 10° and 30° in both hemifields to the right and

left of the fixation point. A video camera provided an on-

line image of the uncovered eye, which allowed continuoudResults

monitoring of eye fixation. In addition, eye movements wereNone of the patients was aware of stimuli (single or double

recorded with the aid of a personal computer using aninfrared  flash) presented in their blind hemifield. Moreover, no patient

Pupil/Corneal Reflection Tracker (ISCAN) to ensure that nogave above-chance correct manual responses to stimuli

significant eye movement had occurred during stimulus  presented to the affected hemifield. However, it should be

presentation. Subjects were instructed to press a key withointed out that we did not attempt any systematic forced-

the index finger of their non-paretic hand as quickly as  choice guessing procedure by using other non-verbal

possible when a green LED was flashed (duration 50 ms)esponses, e.g. eyelid closurseé¢ Zihl and von Cramon,

Visual stimulation was preceded by a 50-ms acoustic warning 1980). In the group analysis, we found that significantly

signal presented from 1 to 3 s before the onset of the flastshorter reaction times were elicited in the intact field by

The subjects were informed that either one or two flashes DU presentations, compared with S presentations (with DU,

would be presented on any given trial and that they were t862.2 ms; with S, 381.7 m4$(3) = 6.619;P = 0.007). By

press the key regardless of the number of stimuli, or of their ~ contrast, the comparison between DB presentations acros:

position. Light scatter was minimized by flooding the entirethe vertical meridian versus S presentations in the intact

visual field with a light intensity (8 cd/& that made any  hemifield did not differ significantly (reaction time with DU,

light diffusion onto the intact field undetectable (Weiskrantz,376.9 ms; with S, 381.7 mg(3) = 1.533; n.s.), although

1986). Further control procedures, which will be described  there was a trend toward a summation effect. This latter

in the next section, used stimulus presentation into the retindinding indicates that spatial summation across the vertical

optic disc. meridian is not a consistent finding in our group of patients.
Each session consisted of 200 trials subdivided into threéndividual differences in performance among hemianopic

types: (i) a single stimulus (S) was flashed in the right or  subjects have often been reported in studies of residual vision

left hemifield either at 10° or 30° from the central-fixation (Weiskrantz, 1980; Marzet al., 1986; Corbettat al., 1990;

LED (80 trials); (ii) double unilateral stimuli (DU), i.e. two  Ptitet al, 1991; butseeKastenet al., 1995). We therefore
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Fig. 2 Mean reaction times (RT) for the four hemispherectomized £
patients in the three conditions of stimulus presentation. Open, k& 490
shaded and fillled bars show results from single (S), double 350 -
unilateral flash (DU) and double bilateral double (DB) flash 3004
experiments, respectively. Asterisks mark a statistically significant
difference in the crucial comparison between double bilateral flast 250
presentations and single flash presentations in the sighted 200 +——+—+———+—F—+—F+——+—+—+—+— e
hemifield. Such a difference is significant in D.R. and S.E. but 6 01 02 03 04 05 06 07 08 09 1
not in I.G. and J.B. However, note that the latter patients have Percentiles

considerably slower RTs than the former. In D.R., S.E. and I.G.
the difference between single flash and double flash presentation
in the sighted field is reliable while such is not the case in J.B.

Fig. 3 Cumulative frequency distributions of reaction times from
the two patients (D.RA; S. E.,B) showing interfield summation
(D.R. top graph and S.E. bottom graph). Note that there is
practically no overlap between reaction times to single flashes in

decided inal vsis b . _the sighted field (S, open symbols) and those to double flashes
ecided to carry out a single case analysis by comparingeoss the vertical meridian (DB, filled symbols). The latter are

the performance of each subject in the three experimentalonsistently faster throughout the whole distribution.
conditions (S versus DU versus DB). The results illustrated
in Fig. 2 indicate that in all patients, but J.B., reaction times
were significantly shorter in the DU presentation comparedonfirming the summation effect with bilateral stimuli across
with the S presentation in the intact hemifield [reaction timesthe vertical meridian. In contrast, an almost complete overlap
for D.R., with S 305.5 ms, with DU 283.6 mg11) = 4.52,  between the distributions is present for the other two patients
P = 0.001; for S.E., with S 342.7 ms, with DU 320.0 ms, (I.G. and J.B);seeFig. 4.
t(11) = 2.92,P = 0.014); for I.G., with S 447. 5 ms, with
DU 424.5 mst(8) = 3.37,P = 0.01].

The crucial comparison between reaction times elicited inEXperiment 2
the DB presentation (simultaneous display in the normal and his experiment was carried out with four normal control
blind hemifield) and the S presentation, revealed that tweubjects in order to confirm that light scatter could not be a
patients yielded significantly faster responses in the formefactor in the results obtained with the experimental subjects.
than in the latter condition [Fig. 2: for D.R., reaction times
with S 305.3 ms, with DB 296.1 mg(11) = 3.05; P =
0.011; for S.E., with S 342.7 ms, with DB 331.7 mi@1)=  Subjects
2.31;P = 0.041]. The other two patients, J.B. and I.G., did Four normal right-handed volunteers participated in the
not show significantly faster reaction times when a seconexperiment, two males and two females, ranging in age
flash was simultaneously presented in their blind hemifieldbetween 22 and 33 years. All had normal vision and visual
The latter patients were also much slower overall than thecuity ranging between 20/30 and 25/25. Informed consent
former and one (J.B.) did not show a reliable summatiorwas obtained from each subject.
effect in his seeing hemifield.

Figure 3 shows the reaction times cumulative frequency
distribution for the two patients showing reliable interfield Apparatus and procedure
summation (D.R. and S.E.). It is clear from inspection of The experimental apparatus and procedure were the same as
this figure, that the distribution of reaction times in the two  previously used for the patients in Experiment 1. In addition,
conditions of stimulus presentation are well differentiated,a green LED (40 cd/A) was positioned to stimulate the blind
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o 01 02 03 04 05 06 o7 o8 os 1 hot significant). Both DU and DB presentations elicited

Percentiles faster reaction times than S presentations [Fig. 5: with DU
Fig. 4 Cumulative frequency distributions for reaction times of 307.0 ms; with S 320.4 mg(3) = 6.79;P = 0.007; with
the two patients (.G.A; J.B., B) not showing interfield DB 308.0 ms; with $-320.4 ms;t(3) = 3.88;P = 0.03].
summation. Note the substantial overlap between the reaction ~ No difference was found between reaction times to double
times for the S and the DB conditions. flashes presented either across or within hemifields. These
results are consistent with those previously obtained by Marzi
spot of the right eye of each subject (~12.5 cm lateral to thest al. (1986).
fixation point and on the same horizontal axis as the other
green LEDSs). Eye position was monitored as described above.
All testing was carried out with the right eye. Each subjectDiscussion
was tested in a single session that comprised 400 trial$he experimental paradigm used in this study allowed us to
involving five types of stimuli: a single flash at 10° or 30° assess unconscious visual sensitivity in the hemianopic field
eccentricity in the right or in the left hemifield (S, 160 trials); in patients with partial or complete hemispherectomy. This
a single flash into the blind spot (SBS, 40 trials); a double  was achieved by measuring reaction times to flashes presente
unilateral flash (DU, 60 trials); a double bilateral flash (DB, to the normal hemifield and to the simultaneous appearance
60 trials); a double bilateral flash, one of which was into the  of a second flash in the hemianopic field. Two out of four
blind spot (DBBS; 80 trials). The subject’s task was to presgatients (D.R. and S.E.) showed faster reaction times to
a key with the index finger as quickly as possible following double-flash (DB) than to single (S) flashes, despite their
stimulus onset. The session lasted ~45 min. Before formalnawareness of the flashes presented in the hemianopic field.
testing, the subjects were allowed 50 training trials. The other two patients did not show this effect. However, in
For statistical purposes, the median reaction times for each.B. we did not see the expected summation effect even when
subject and type of stimulus were calculated. Group analyses  the flashes were presented within his normal hemifield, &
were performed by means of pairédests. result which raises the possibility of a general perceptual
impairment. The other patient (1.G.) showed the summation
effect in her intact field, but not across the vertical meridian.
Results In this patient, the large extent of the lesion that also included
None of the subjects ever responded to the flashes presented  the basal ganglia could, perhaps, explain this negative rest
in their blind spot, indicating that light scatter was at mostlt should be also pointed out that the two subjects who did
restricted to an area not larger than the blind spot (~5°). not show a summation effect were those with overall slower
This conclusion is further supported by the absence ofeaction times geeFig. 2). One might therefore speculate
a difference between responses in the S versus DBBS that they suffer from a general vigilance impairment that
presentations where one of the flashes was delivered into tteould increase response variability and mask summation
blind spot (with DBBS 325.2 ms; with S 320.4 nis= 0.78; effects. This is not an unlikely possibility since reaction
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times are reliable indicators of perceptual processing only (Morditodf., 1996) while a recent event-related potential
when subjects are performing at their best. study in our laboratory has shown that the interfield summa-
Before discussing the possible neural substrates of the  tion effects which are present take place at the level of
summation effect, let us comment on some methodologicatortical extrastriate visual areas (Miniugdial., 1996).
issues. In interpreting our results, we can rule out the possible The question remains as to which cerebral structures coul
effect of light scatter for the following reasons. First, the mediate the residual vision. The fact that hemispherectomized
patients never responded to flashes, either single or double, patients who have a complete absence or a disconnection
when they were presented in the hemianopic field. Secondlyccipital cortex on one side still show residual vision, without
our control subjects did not respond to a single flash presented awareness in their blind field, suggests a role of sub-cortice
within the blind spot using the same apparatus and stimulastructures. In these patients a retinal-collicular projection
tion parameters as those employed in the patient study. remains, which might mediate visual functions in the absence
Furthermore, no significant difference was found in reactioror disconnection of a whole cerebral hemisphere. Several
times between that to a single stimulus and those to a pair  studies support this possibility. Following hemispherectomy
of flashes with one of the stimuli presented in the blind spotin humans, Ueki (1966) found a retrograde degeneration of
With respect to the possibility of an inadequate eye fixation, the entire thalamus and preservation of the superior colliculi.
we monitored eye movements both on-line and off-line andn the monkey, the superior colliculi receive direct input
were able to ascertain that the subjects were indeed fixating  from the retina as well as from the striate cortex and they
centrally during stimulus presentation. Moreover, the verycontain a complete representation of the visual field (Schiller,
brief duration of the stimuli and the absence of responses to 1972). Anatomical studies using anterograde transport of HRF
flashes presented in the hemianopic field make it very unlikelyhorseradish peroxidase) and quantitative cytoarchitecture
that the stimuli might have fallen into the patients’ sighted and cytochrome oxidase activity have shown retrograde
field. Further, one of the patients showing blindsight, namelydegeneration of the geniculo-striate system and remarkable
S.E., was one of the two subjects whose visual field was  survival of the collicular system after neonatal hemidecortic-
assessed recently by Wessingeéral. (1996) with stabilized ation in the vervet monkey (Ptitet al., 1996).
mapping to avoid eye motion artifacts and found to lack Residual detection abilities disappear in striatectomized
residual vision beyond a narrow strip close to the verticalmonkeys following destruction of the ipsilateral superior
meridian, i.e. very far from the inner limit of our stimulus  colliculus (Mohler and Wurtz, 1977). The collicular projection
presentations. Finally, possible criterion effects werehas been implicated in the mediation of saccadic and manual
minimized in the present experimental paradigm because the localization of targets in hemianopic fields by patients with
subjects were not required to guess about a visual stimulusccipital lobe lesions (Weiskrantt al., 1986; Cowey and
of which they were unaware as in other paradigms used to  Stoerig 1991). Hemispherectomized patients have also show
assess blindsight; they were simply asked to respond ttocalization ability in their blind field, indicating that the
a stimulus presented to their sighted hemifield. Such a extrastriate visual cortex of the hemisphere contralateral to
paradigm effectively eliminates the influence of a pre-selectethe hemianopic field is not necessary for localization (Ptito
response criterion as in a forced-choice decision task. Wet al., 1991; Stoerig and Cowey, 1993).
therefore believe that the observed spatial-summation effect That the superior colliculus may be involved in the
is reliable. Our results are at odds with a recent study (King spatial summation effect across the vertical meridian in
etal, 1996) in which, among a large series of psychophysicalhemispherectomized subjects is further supported by studies
tests, the authors have tested their hemispherectomy patients ~ showing interactions between the intact and blind hemifield
for interfield effects on reaction times to simple visual stimuli.in patients with restricted occipital lesions.”pgp&l and
In contrast to our present study, they did not find reliable Richards (1974) tested two hemianopic patients who had
evidence of interfield spatial summation but such a discrepsmall scotomata in the opposite visual field. They found
ancy may be explained by the largely different number of  residual visual function in the hemianopic field, but only in
trials in the two studies [40 for each condition of stimulus the mirror-symmetric position corresponding to the location
presentation in the Kinget al (19963) study and at least  of the scotomata in the opposite field. Siegaf. (1977)
1800 for each condition in the present study]. Moreover, itreported that, in normal subjects, threshold elevation for
is interesting to point out that the mean reaction time of the repetitive light flashes in one half field could be reset by
patients of Kinget al. (1996, b) was slower than that of stimulating a mirror-symmetric position in the contralateral
our patients showing interfield summation and approximately  visual field. Such an interfield interaction was also found in
similar to that of our patients not showing such an effect. hemianopic patients when the mirror-symmetric position in
In principle, the present summation effect we observed  the blind field was stimulated. Zihl and von Cramon (1979)
might be subserved by a neural mechanism operating at @nfirmed this finding by demonstrating that a patient with
motor or a visual level. A detailed discussion of such a congenital malformation of the right superior colliculus did
mechanisms is beyond the scope of this study. Neverthelessot exhibit threshold elevation when stimulated repeatedly
there is recent event-related potential evidence of an absence  in the left visual field, while stimulation in the right led to
of a neural summation effect in the motor componentthe expected increase in threshold. This was interpreted as
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suggesting that threshold elevation occurs as a consequenibadem F. Possible blindsight in infants lacking one cerebral
of collicular adaptation and that the mirror-symmetrically hemisphere. Nature 1992; 360: 461-3.

Orgf’:\nlzed interhemispheric interaction was mediated a&ampion J, Latto R, Smith YM. Is blindsight an effect of scattered
cplllcular Ieyels. Rafabt al._(1990) have de_monst_rated that |ight, spared cortex, and near-threshold vision? Behav Brain Sci
distractor signals in the blind half of the visual field could 1983: 6: 423-86.

inhibit saccades towards targets in the intact visual field, % lesia GG. Bushnell D. Toleikis SC. Brigell MG. Cortical blind
result they attribute to the retino-collicular pathway. elesia ohs, BUshnetl s, 101e1ks St., Brige - Cortical blindness

. . . . and residual vision: is the ‘second’ visual system in humans capable
Finally, further evidence in favour of a sub-cortical

.. ) . of more than rudimentary visual perception? Neurology 1991; 41:
mediation of the summation effect can be found in recengg, o y percep 9y

data gathered by Reuter-Lorert al. (1995) and by Marzi

et al (1997) in split brain subjects. These authors havecorbetta M, Marzi CA, Tassinari G, Aglioti S. Effectiveness of
independently demonstrated the presence of an interfielgifferent task paradigms in revealing blindsight. Brain 1990; 113:
summation effect despite the absence of the corpus callosurfi?3-16

In the absence of the corpus callosum and other corticatowey A, Stoerig P. The neurobiology of blindsight. [Review].
commissures, the redundant target effect could only have beé@mends Neurosci 1991; 14: 140-5.

subserved by sub-cortical (probably collicular) COmmissur(’;"Faubert J, Diaconu V, Ptito M, Ptito A. Modeling visual scatter in

mechanisms. . . . the human eye: implication for residual vision [abstract]. Inv
In summary, we believe that the unconscious summat|0|@)phtha|mo| Vis Sci 1995; 36 (ARVO Suppl): S633.

effect across hemifields that we have observed in patients in

whom a whole cerebral hemisphere has been removed &endrich R, Wessinger CM, Gazzaniga MS. Residual vision in a

deafferented is likely to be subserved by the retino-colliculaScotoma: implications for blindsight [see comments]. Science 1992;

pathway. This is not in contradiction with our recent event-_25_8: 1489-91. C?mm?nt in: Science 1992; 258: 1438-9, Comment

related potential findings (Miniusgit al., 1996) because the in: Science 1993; 261: 493-4.

extrastriate areas that have been shown likely to subserveendrich R, Wessinger CM, Gazzaniga MS. Response to ‘Sources

the summation effect may well receive a subcortical inputof Blindsight. Science 1993; 261: 494-5.

indirectly from the superior COI,"CUIUS' Since the geniculo? Holmes G. Disturbances of vision by cerebral lesions. Brit J

striate system shows massive retrograde degenerathgphthmmm 1918: 2: 353-84.

following hemispherectomy in man and monkeys (Ueki 1966;

Ptito et al, 1996), it is not surprising that other visual Kagt_en E Wu;tS, Sabel BA. Stability and variability of visua! field

functions such as discriminations based on wavelength, forrﬂef'c'ts in brain damaged patients [abstract]. Soc Neurosci Abstr

and direction of motion that are unlikely to be subserved by1995; 21: 1652.

the collicular vision, may no longer be possible (Faubertking SM, Azzopardi, P, Cowey A, Oxbury J, Oxbury S. The role

et al, 1995; Kinget al, 1996, b). of light scatter in the residual visual sensitivity of patients with
complete cerebral hemispherectomy. Vis Neurosci 1996a; 13: 1-13.

King SM, Frey S, Villemure JG, Ptito A, Azzopardi P. Perception
Acknowledgements of motion-in-depth in patients with partial or complete cerebral

This work was funded by the Ministe de I'Education du hemispherectomy. Behav Brain Res 1996b; 76:169-80.

Québec (Fonds FCAR), the Natural Sciences and Engineeriniylarzi CA, Tassinari G, Aglioti S, Lutzemberger L. Spatial
Research Council of Canada (NSERC) and the McDonnellsummation across the vertical meridian in hemianopics: a test of
Pew Program in Cognitive Neuroscience. This study wadlindsight. Neuropsychologia 1986; 24: 749-58.

conducteq in the.laboratory of Dr A. Ptito at t'he Montreal Marzi CA, Smania N, Martini MC, Gambina G, Tomelleri G,
Neurological Institute and formed part of F.T.'s thesis for pglamara A, et al. Implicit redundant-targets effect in visual
his ‘Dottorato di Ricerca’ in Neurological Sciences in the extinction. Neuropsychologia 1996; 34: 9—22.

Department of Neurological Sciences and Vision of the

University of Verona, Italy. Marzi CA, Fanini A, Girelli M, Ipata AE, Miniussi C, Prior M,

et al. Is extinction following parietal damage an interemispheric
disconnection phenomenon? In: Thier P, Karnath H-O, editors.
Parietal lobe contribution to orientation in 3D-space. Stuttgart:
Springer-Verlag, (1997). In press.

References
Barbur JL, Watson JDG, Frackowiak RSJ, Zeki S. Conscious visualjiller J. Divided attention: evidence for coactivation with redundant
perception without V1. Brain 1993; 116: 1293-302. signals. Cognit Psychol 1982; 14: 247-79.

Blythe | M, Kennard C, Ruddock KH. Residual vision in patients Miniussi C, Girelli M, Ipata AE, Marzi CA. Electrophysiological
with retrogeniculate lesions of the visual pathways. Brain 1987:correlates of the redundant target effect [abstract]. Eur J Neurosci
110: 887-905. 1996; Suppl 9: 102.

Braddick O, Atkinson J, Hood B, Harkness W, Jackson G, VarghaMohler CW, Wurtz RH. Role of striate cortex and superior colliculus



Blindsight in hemispherectomy patients 803

in visual guidance of saccadic eye movements in monkeys. J Singer W, Zihp@elR®. Subcortical control of visual thresholds
Neurophysiol 1977; 40: 74-94. in humans: evidence for modality specific and retinotopically
organized mechanisms of selective attention. Exp Brain Res 1977,

Mordkoff JT, Miller J, Roch A-C. Absence of coactivation in the ,g. 175 gq

motor component: evidence from psychophysiological measures o
target detection. J Exp Psychol Hum Percept Perform 1996; 22Stoerig P. Chromaticity and achromaticity: evidence for a functional
25-41. differentiation in visual field defects. Brain 1987; 110: 869-86.

Perenin MT. Visual function within the hemianopic field following Stoerig P, Cowey A. Wavelength discrimination in blindsight. Brain
early cerebral hemidecortication in man. Il. Pattern discrimination1992; 115: 425-44.

Neuropsychologia 1978; 16: 696-708. Stoerig P, Cowey A. Blindsight: neurons and behaviour. [Reviewl].
Perenin MT, Jeannerod M. Residual vision in cortically blind Progress Brain Res 1993; 95: 445-59.
hemifields. Neuropsychologia 1975; 13: 1-7. Stoerig P, Hbner M, Pppel E. Signal detection analysis of

Perenin MT, Jeannerod M. Visual function within the hemianopic'€Sidual vision in a field defect due to a post-geniculate lesion.
field following early cerebral hemidecortication in man. I. Spatial Neuropsychologia 1985; 23: 589-99.
localization. Neuropsychologia 1978; 16: 1-13. Torjussen T. Residual function in cortically blind hemifields. Scand

Pizzamiglio L, Antonucci G, Francia A. Response of the cortically‘] Psychol 1976; 17: 320-3.
blind hemifields to a moving visual scene. Cortex 1984; 20: 89-99Torjussen T. Visual processing in cortically blind hemifields.

Ptppel E, Held R, Frost D. Residual visual function after brain Neuropsychologia 1978; 16: 15-21.

wounds involving the central visual pathways in man [letter]. NatureUeki K. Hemispherectomy in the human with special reference to
1973; 243: 295-6. the preservation of function. Prog Brain Res 1966; 21: 285-338.

Pippel E, Richards W. Light sensitivity in cortical scotomata Yada J, Rasmussen T. Intracarotid injection of sodium amytal for

contralateral to small islands of blindness. Exp Brain Res 1974; 21the lateralization of cerebral speech dominance: experimental and
125-30. clinical observations. J Neurosurg 1960; 17: 266-82.

Ptito A, Lepore F, Ptito M, Lassonde M. Target detection and'Veiskrantz L. Varieties of residual experience. Q J Exp Psychol
movement discrimination in the blind field of hemispherectomized1980; 32: 365-386.
patients. Brain 1991; 114: 497-512. Weiskrantz L. Blindsight: a case study and implications. Oxford:

Ptito M, Herbin M, Boire D, Ptito A. Neural basis of residual vision Clarendon Press, 1986.
in hemicorticectomized monkeys. Progress in Brain Res 1996; 112neiskrantz L. Residual vision in a scotoma. A follow-up study of
385-404. ‘form’ discrimination. Brain 1987; 110: 77-92.

Raab D. Statistical facilitation of simple reaction time. Trans NY Weiskrantz L, Warrington EK, Sanders MD, Marshall J. Visual
Acad Sci 1962; 43: 574-90. capacity in the hemianopic field following a restricted occipital

. . ablation. Brain 1974; 97: 709-28.
Rafal R, Smith J, Krantz J, Cohen A, Brennan C. Extrageniculate

vision in hemianopic humans: saccade inhibition by signals in theVessinger CM, Fendrich R, Ptito A, Villemure JG, Gazzaniga MS.
blind field. Science 1990; 250: 118-21. Residual vision with awareness in the field contralateral to a partial

) ) ) o ) or complete functional hemispherectomy. Neuropsychologia 1996;
Ratcliff R. Group reaction time distributions and an analysis of 4. 1129_37.

distribution statistics. Psychol Bull 1979; 86: 446-61.
Zihl J, von Cramon D. Registration of light stimuli in the cortically

Reuter-Lorenz PA, Nozawa G, Gazzaniga MS, Hughes HC. Fate of|ind hemifield and its effect on localization. Behav Brain Res
neglected targets: a chronometric analysis of redundant target effeciggo: 1: 287-98.

in the bisected brain. J Exp Psychol Hum Percept Perform 1995;
21: 211-30.

Schiller PH. The role of the monkey superior colliculus in eye Received November 11, 1996. Revised December 13, 1996.
movement and vision. Invest Ophthalmol 1972; 11: 451-60. Accepted January 3, 1997



