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a b s t r a c t

Patients with cortical blindness following a lesion to the primary visual cortex (V1) may

retain nonconscious visual abilities (blindsight). One intriguing, though largely unexplored

question, is whether nonconscious vision in the blind hemifield of hemianopic patients can

be sensitive to higher-order perceptual organization, and which V1-independent structure

underlies such effect. To answer this question, we tested two rare hemianopic patients

who had undergone hemispherectomy, and in whom the only post-chiasmatic visual

structure left intact in the same side of the otherwise damaged hemisphere was the su-

perior colliculus (SC). By using a variant of the redundant target effect (RTE), we presented

single dots, patterns composed by the same dots organized in quadruple gestalt-like

configurations, or patterns of four dots arranged in random configurations, either singly

to the intact visual hemifield or bilaterally to both hemifields. As reported in a number of

prior studies on blindsight patients, we found that bilateral stimulation yielded faster re-

action times (RTs) than single stimulation of the intact field for all conditions (i.e., there

was an implicit RTE). In addition to this effect, both patients showed a further speeding up

of RTs when the gestalt-like, but not the random shape, quadruple patterns were projected

to their blind hemifield during bilateral stimulation. Because other retino-recipient

subcortical and cortical structures in the damaged hemisphere are absent, the SC on the
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lesioned side seems solely responsible for such an effect. The present results provide initial

support to the notion that nonconscious vision might be sensitive to perceptual organi-

zation and stimulus configuration through the pivotal contribution of the SC, which can

enhance the processing of gestalt-like or structured stimuli over meaningless or randomly

assembled ones and translate them into facilitatory motor outputs.

© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Following unilateral damage to the visual cortex, patients

experience clinical blindness in both halves of each eye in

their contralesional visual hemifield (homonymous hemi-

anopia). Despite clinical blindness, some patients retain

nonconscious visual abilities for processing unseen stimuli in

the blind hemifield (Ajina, Pestilli, Rokem, Kennard, & Bridge,

2015; Barbur, Watson, Frackowiak, & Zeki, 1993; Blythe,

Kennard, & Ruddock, 1987; Bridge, Thomas, Jbabdi, & Cowey,

2008; Celeghin, Barabas, et al., 2015; Corbetta, Marzi,

Tassinari, & Aglioti, 1990; Kentridge, Heywood, &

Weiskrantz, 2004; Kentridge, Nijboer, & Heywood, 2008;

Marzi, 1986; Pizzamiglio, Antonucci, & Francia, 1984; P€oppel,

Held, & Frost, 1973; Rafal, Smith, Krantz, Cohen, & Brennan,

1990; Singer, Zihl, & Poppel, 1977; Stoerig, 1987; Stoerig,

Hubner, & Poppel, 1985; Tinelli et al., 2013; Torjussen, 1976,

1978; Weiskrantz, Warrington, Sanders, & Marshall, 1974;

Zihl & von Cramon, 1980). These residual nonconscious abil-

ities, termed “blindsight” by Weiskrantz et al. (1974), have

been described for different visual functions such as stimulus

detection (Sahraie et al., 1997; Weiskrantz, Barbur, & Sahraie,

1995), shape or category-specific processing (Trevethan,

Sahraie, & Weiskrantz, 2007; Van den Stock, Tamietto,

Hervais-Adelman, Pegna, & de Gelder, 2015; Van den Stock

et al., 2014), color and motion discrimination (Hervais-

Adelman et al., 2015; Kentridge, Heywood, & Weiskrantz,

2007; Morland et al., 1999), recognition of facial and bodily

expressions (Bertini, Cecere, & Ladavas, 2013; Celeghin, de

Gelder, & Tamietto, 2015; de Gelder, Hortensius, & Tamietto,

2012; de Gelder, Vroomen, Pourtois, & Weiskrantz, 1999;

Tamietto et al., 2005) or gaze direction (Burra et al., 2013).

Moreover, preserved processing of such visual properties has

been described under a variety of task demands, such as

visually guided or goal directed behaviour (Buetti et al., 2013;

Celeghin, Savazzi, Barabas, Bendini, & Marzi, 2015; P€oppel

et al., 1973; Rafal, Smith, Krantz, Cohen, & Brennan, 1990;

Spering & Carrasco, 2015), yes-no or alternative forced-

choice tasks (Azzopardi & Cowey, 1997; Tamietto et al.,

2009), and perceptual completion requirements (Torjussen,

1978) (see Tamietto & Morrone, 2016, for a recent review).

Two kinds of strategies have been typically employed to

assess blindsight: direct and indirect methods. The former

makes use of forced-choice paradigms where the subjects

make an explicit decision regarding unseen attributes of the

stimulus presented to their blind hemifield (Danckert &

Rossetti, 2005; Stoerig & Cowey, 1989; Weiskrantz, 1990).

Above chance performance, despite absence of awareness, is
taken as indicative of blindsight. In contrast, the latter

methods rely on the effect exerted by unseen stimuli pre-

sented to the blind hemifield on stimuli simultaneously pre-

sented to the intact counterpart. One of the indirect methods

most often used for testing blindsight is the redundant target

effect (RTE) (Marzi, Tassinari, Aglioti, & Lutzemberger, 1986).

In healthy participants, the tachistoscopic presentation of two

or more synchronous stimuli to both visual hemifields (BVF)

across the vertical meridian results in faster reaction times

(RTs) than a single stimulus presentation to one visual

hemifield, either left (LVF) or right (RVF). This effect, also

known as bilateral summation or redundancy gain, has been

reported in many studies in healthy participants as well as in

blindsight patients (Celeghin, Savazzi, et al., 2015; Corbetta

et al., 1990; Leh, Mullen, & Ptito, 2006; Marzi, 1986; Marzi,

Mancini, Metitieri, & Savazzi, 2009; Tamietto et al., 2010;

Tomaiuolo, Ptito, Marzi, Paus, & Ptito, 1997). The main

advantage of indirect methods is that patients make a choice

about visual attributes they do not consciously acknowledge

without being forced to do so, but are only required to respond

as quickly as possible to the stimulus in their intact hemifield

in a simple RT paradigm. Therefore, since patients have to

respond to stimuli they can normally perceive, the range of

visual operations that can potentially be investigated is wide

and may include high-order visual operations.

Recently, Celeghin, Savazzi et al. (2015) introduced a

variant of the RTE to obtain insights on the influence of

stimulus numerosity and configuration on visuo-motor re-

sponses in blindsight patients. Participants were presented

with either unilateral or bilateral black dots. For each of these

two conditions, the stimuli could be a single dot or a pattern of

four dots. The latter were presented in either a variable

random spatial configuration or a fixed one wherein the four

dots were arranged in a diamond-like shape. Notably, the two

configurations subtended the same visual angle and had the

same luminance. Orthogonal to the replication of the com-

mon RTE in the comparison between unilateral and bilateral

conditions, the authors also found an additive effect of stim-

ulus configuration with a speeding up of RT when the gestalt-

like, but not the random shape, quadruple pattern was pro-

jected to the patients' blind field. These novel findings have

allowed the establishment of a solid approach to study the

influence of stimulus configuration on blindsight and its un-

derlying neural structures, an issue that in the past has come

under only desultory scrutiny. These results have provided

initial support for the notion that nonconscious vision might

be sensitive to perceptual organization, thereby enhancing

the processing of gestalt-like or structured over meaningless

or randomly assembled stimuli.

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://dx.doi.org/10.1016/j.cortex.2016.04.018
http://dx.doi.org/10.1016/j.cortex.2016.04.018


c o r t e x 8 1 ( 2 0 1 6 ) 1 5 1e1 6 1 153
Concerning the neuro-functional mechanisms of RTE,

several studies in patients with unilateral destruction of the

primary visual cortex (V1) or with removal of the entire

cortical mantle in one hemisphere (hemispherectomy) have

provided convincing evidence that the superior colliculus (SC)

is necessary and sufficient for the RTE to occur (Leh, Mullen,

et al., 2006; Leh, Ptito, Schonwiesner, Chakravarty, & Mullen,

2010; Marzi et al., 2009; Tamietto et al., 2010). This raises the

interesting, entirely unexplored, possibility that the SC re-

sponds differentially to higher-order perceptual properties,

such as those involved in stimulus configuration, even in the

absence of the geniculo-striate pathway that deprives vision

of its conscious component.

Although suggestive in a number of aspects, the previous

results by Celeghin, Savazzi, et al., 2015 are not conclusive for

two reasons. Firstly, the patients had intact portions of

extrastriate visual areas as well as spared retino-recipient

subcortical structures besides the SC, such as the lateral

geniculate nucleus (LGN) and the pulvinar (Pulv). All these

subcortical structures have been shown to receive direct input

from the retina and to send (mainly) ipsilateral efferents to

several extrastriate visual areas bypassing V1 (Ajina et al.,

2015; Bridge et al., 2008; Leh, Chakravarty, & Ptito, 2008;

Lyon, Nassi, & Callaway, 2010; Schmid et al., 2010; Sincich,

Park, Wohlgemuth, & Horton, 2004; Tamietto & Morrone,

2016; Tamietto, Pullens, de Gelder, Weiskrantz, & Goebel,

2012). Therefore, the relative contribution of the SC could

not be disentangled from that of the other subcortical centers

or their extrastriate targets, so that the SC specific role re-

mains unresolved. Secondly, while a variety of random con-

figurations were used in the original study, only one diamond-

shape dot pattern was presented, thereby leaving the possi-

bility that the effect found for the latter condition was due to

familiarity and/or to spatially fixed versus variable stimulus

configuration rather than to the presence of a gestalt-like dot

pattern per se.

The aim of the present study is to tackle these questions by

partially modifying the original experimental paradigm and

by testing patients with hemispherectomy and blindsight.

These patients had undergone removal of an entire cerebral

hemisphere or of all the temporo-occipito-parietal cortices.

Moreover, the LGN and Pulv in the affected hemisphere have

been both removed leaving only the SC intact among retino-

recipient subcortical structures. Therefore, testing the RTE in

these patients has offered the unprecedented opportunity to

examine the impact of perceptual configuration in noncon-

scious visually guided behaviour under the most stringent

conditions in order to determine the putative crucial role of

the SC.
2. Methods

2.1. Patients

Patient DR is a right-handed woman (40 years old at the time

of testing) who presented with left hemiparesis since birth

and began suffering from epileptic seizures at the age of 5

years. CT and MRI scans performed at the age of 17 years

revealed severe atrophy of the right cerebral hemisphere and
EEG recording showed epileptiform activity over the right

frontal-parietal-temporal regions. Cognitive testing indicated

borderline intelligence scores: Full Scale Intelligence Quotient

(FISQ), 77; verbal IQ, 92 and performance IQ, 65. At the same

age, she underwent a functional hemispherectomy, which

consisted of removing the temporal lobe including the mesial

structures, the amygdala, the hippocampus, and a frontal-

parietal corticectomy. The remaining cortical regions were

left in situ but were disconnected from the rest of the brain by

sectioning the white matter anteriorly and laterally, as well as

posteriorly and laterally along the falx. Subsequent neuro-

pathological investigation revealed an inflammatory process

with diffuse gliosis characteristic of Rasmussen encephalitis.

Follow-up assessments, at the age of 19 years, indicated that

her level of intellectual function had increased to the low

average range: FISQ, 83; verbal IQ, 87 and performance IQ, 83.

MRI scans postoperatively, as well as further scans performed

afterwards for research purposes and published elsewhere,

showed the presence of intact left and right SC, whereas the

presence of the Pulvwas limited to the left (intact) hemisphere

(Fig. 1A) (Leh et al., 2008; Leh, Johansen-Berg,& Ptito, 2006; Leh

et al., 2010; Tomaiuolo et al., 1997). Complete contralateral

(left) hemianopia without macular sparing has been

confirmed by computerized perimetry (Allergan, Humphrey),

and her visual acuity was 20/25.

Patient SE is a right-handedman (49 years old at the time of

testing) whose left hemiparesis was noted at birth. Seizure

onset occurred at the age of 7 years. At the age of 23 years, CT

and MRI scans showed a porencephalic cyst occupying the

right temporal-parietal-occipital regions. EEG recordings

detected epileptiform activity in the right occipital cortex

alongside independent foci over the right temporo-parietal

cortex. Neuropsychological testing revealed an FSIQ of 78;

verbal IQ of 80 and performance IQ of 79. At the age of 25, he

underwent a surgery to remove the congenital porencephalic

cyst, and a temporal-parietal-occipital lobectomy was carried

out to alleviate intractable seizures. The lobectomy included

the hippocampus and the amygdala but spared the anterior

portion of the frontal lobe. Postoperative neuropathological

examination revealed a neuronal migration disorder (cortical

dysplasia). MRI scans postoperatively, as well as further scans

performed afterwards for research purposes and published

elsewhere, showed the presence of intact left and right SC, but

only presence of the Pulv on the left (intact) side (Fig. 1B) (Leh

et al., 2008; Leh, Johansen-Berg, et al., 2006; Leh et al., 2010;

Tomaiuolo et al., 1997). Follow-up cognitive testing, at the age

of 26 years, showed an increase in IQ to an average range:

FSIQ, 93; verbal IQ, 90 and performance IQ, 99. Contralateral

hemianopia without macular sparing was confirmed by

computerized perimetry (Allergan, Humphrey), and his visual

acuity was 20/30.

2.2. Stimuli and apparatus

The stimuli were black dots presented against a uniform gray

background of 11.42 cd/m2 luminance (RGB values ¼ 126, 126,

126). The dots were presented either unilaterally, to the seeing

RVF, or to BVF. For each of these two presentation conditions,

there were three possible display types: a single dot, a

quadruple pattern composed by the same dots organized in

http://dx.doi.org/10.1016/j.cortex.2016.04.018
http://dx.doi.org/10.1016/j.cortex.2016.04.018


Fig. 1 e A) Coronal (left) and transversal (right) 3-D anatomical reconstruction of patient DR's brain; B) Coronal (left) and

transversal (right) 3-D anatomical reconstruction of patient SE's brain. The white transparent arrow indicates the intact

superior colliculus in the otherwise damaged right hemisphere.

Fig. 2 e Examples of the stimuli and their spatial

organization in different display types and a function of

unilateral versus bilateral presentation, and for single,

quadruple gestalt-like and random configurations. Note

that in bilateral displays with gestalt-like or random

configurations the two stimuli, while being of the same

type, are not physically identical.
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gestalt-like configurations, or a quadruple pattern of dots

organized in random configurations. Quadruple arrays were

displayed with the innermost dot at 6.5� of eccentricity with

respect to the central fixation along the horizontal meridian

(the same for single dot displays) and with the outermost dot

at 8.5�. Gestalt-like configurations were of four different

shapes: diamond, square, rectangles with longer vertical sides

and rectangles with longer horizontal sides. Random config-

urations also consisted of the same dots organized in four

different but equally meaningless combinations. In all BVF

presentations with quadruple stimuli, the two patterns of

stimuli projected to the two visual fields were of the same

type, but not physically identical (e.g. a diamond shape in the

LVF and a square shape in the RVF), in order to avoid any

interpretation of the results in terms of bilateral symmetry

(Fig. 2).

The stimuli were projected on a 170 LCD monitor (refresh

rate: 16.7 Hz) using a MacBook Pro Notebook with exposure

duration of 80 ms (5 refresh rates). The observer's eyes were

at a distance of 57 cm from the monitor. Stimulus presen-

tation and response recording were controlled by means of

the Presentation 16 software (NeuroBehavioral Systems,

Albany, CA).

2.3. Procedure

Participants' head movements were minimized through the

use of a head and chin rest. They were required to maintain

fixation on a small black circle (diameter .3�, luminance:

.82 cd/m2) in the center of the screen and to refrain from

moving their eyes. Eye movements were also monitored on-

line by one experimenter through an infra-red camera con-

nected with an eye-tracking system, and trials were removed

in the event of unsteady fixation. In this rare case (<5%) an

additional trial was added to the end of the block. Moreover, to

ensure fixation during stimulus presentation, each trial star-

ted with a warning acoustic signal (duration: 150 ms; fre-

quency: 1000 Hz) followed by the visual stimulus after a

randomized temporal interval (varying between 300 and

700 ms). The patients were tested monocularly with the (left)

contralesional eye while an eye patch covered the (right)

ipsilesional eye, and response was performed by pressing the

space bar of the notebook with the (right) ipsilesional hand.

Monocular testing with the dominant (left) eye was used for

two reasons. First, in both patients the non-dominant (right)
eye ipsilateral to the damaged hemisphere tended to deviate

independently from the gaze direction of the dominant eye.

This had potentially undermined the correct lateralization of

the stimuli during fixation, as two different locations could

had been represented in the fovea of the two eyes and a

stimulus assumed to be projected in the left blind hemifield

might have actually fallen into the seeing field of the right eye.

Second, naso-temporal asymmetries have been previously

reported. For example, stimuli in the temporal hemifield (the

left hemifield of the left eye) induce preferential gaze orienting

http://dx.doi.org/10.1016/j.cortex.2016.04.018
http://dx.doi.org/10.1016/j.cortex.2016.04.018
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or summon attention more readily than stimuli in the nasal

hemifield (the right hemifield of the left eye) (Rafal, Calabresi,

Brennan, & Sciolto, 1989; Rafal, Henik, & Smith, 1991). These

behavioural asymmetries have been proposed to indicate the

contribution of the SC in such tasks. Anatomically, indeed, the

superficial layers of the SC receive visual input predominantly

from the nasal hemiretina, which samples the temporal

hemifield, whereas the connections from the temporal hem-

iretina constitute a relatively weaker retino-tectal pathway

(Hubel, LeVay,&Wiesel, 1975;Wilson& Toyne, 1970). This has

been confirmed in an fMRI study showing higher activation of

the SC following stimulation of the temporal rather than nasal

hemifield (Sylvester, Josephs, Driver, & Rees, 2007). Therefore,

testing the patients monocularly with the left eye ensured

that the stimuli projected peripherally to the (left) blind tem-

poral hemifield during bilateral conditions were processed

uniquely by the nasal hemiretina, and thus relayed to the right

SC, ipsilateral to the damaged hemisphere, through the

stronger of the two retino-tectal pathways (Fig 3). In contrast,

the stimuli projected to the (right) intact nasal hemifield

reached the left SC, ipsilateral to the intact hemisphere,

through the weaker connections involving the temporal

hemiretina pathway. This was done to counterbalance the

potentially weaker representation of the (left) unseen over

(right) seen stimulus during bilateral stimulation, as well as

the overall weaker response in the (right) ipsilesional SC

compared to the (left) SC in the intact side, which might have

compromised the RTE.
Fig. 3 e Schematic representation of the testing procedure. (A) Il

the naso-temporal asymmetry in the retino-tectal pathway. Th

represented by a blue dashed line, whereas the stronger pathw

continuous line.
The stimuli were presented in two blocks, each containing

84 randomized trials. Within each block, the six stimulation

conditions and display typeswere equiprobable, and eachwas

repeated for 14 trials (unilateral: single, quadruple gestalt-like,

quadruple random; bilateral: single, quadruple gestalt-like,

quadruple random). In total, each patient received 28 stim-

ulus presentations per condition.
3. Results

Based on previous reports on the same patients, only RTs in

the time-range 200e1000 ms were considered (Leh, Mullen,

et al., 2006; Leh et al., 2010; Tomaiuolo et al., 1997). Patient

DR responded to all 168 trials within the accepted range,

whereas SE did not respond to 3 trials (1.8%), and had one

anticipation (.6%), while the responses to the remaining trials

(97.6%) were within the accepted range. Mean RTs as a func-

tion of the six stimulus conditions are shown separately for

patient DR and SE in Fig. 4. Visual inspection reveals that RTs

decreased in bilateral compared to unilateral presentations

irrespective of the different display types and for both pa-

tients, although this decrease of RTs was particularly pro-

nounced for gestalt-like configurations. Initially, a 2 � 3

repeated-measures ANOVA was carried out on RTs data with

the within-subjects factors of Presentation Condition (Uni-

lateral vs Bilateral) and Configuration (Single, Gestalt-like,
lustration of the experimental set-up; (B) Representation of

e weaker pathway from the temporal hemiretina is

ay from the nasal hemiretina is represented by the purple

http://dx.doi.org/10.1016/j.cortex.2016.04.018
http://dx.doi.org/10.1016/j.cortex.2016.04.018


Fig. 4 e Mean RTs for unilateral and bilateral conditions and as a function of the single, gestalt-like and random quadruple

configurations for the two patients separately. Error bars represent SEM.
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Random). The same ANOVA was computed on the two pa-

tients separately.

Patient DR showed a significantmain effect of Presentation

Condition [F(1, 27) ¼ 47.507, p < .0001] indicating that a RTE

occurred for all display patterns. The main effect of Configu-

ration was also significant [F(2, 54) ¼ 38.133, p < .0001), but

there was no significant Presentation Condition � Configura-

tion interaction [F(2, 54) ¼ 1.777, p < .178]. A post-hoc Bonfer-

roni comparison performed on the Configuration factor

revealed that RTs were significantly faster for gestalt-like

patterns than for either single or quadruple random dot

shapes [t(55)� 6.31 p� .0001], which in turn did not differ from

each other significantly [t(55) ¼ 1.92, p ¼ .149].

Two additional ANOVAs were computed separately for the

unilateral and bilateral presentation conditions, each with the

factor Configuration and the usual three levels (Single,

Gestalt-like, Random). The aim of this additional analysis was

to determine whether the presentation of gestalt-like config-

urations in the blind hemifield was pivotal for the effect to

occur. This is because in unilateral trials the stimuli were

projected in the patients' intact hemifield and any effect

potentially observed thus reflects sensitivity for consciously

seen stimuli. Conversely, in bilateral displays a stimulus was

added in the blind hemifield, and any significant difference

arising among conditions in this case can only be accounted

for by the nature of the unseen stimulus. On unilateral trials

there was a significant difference between display conditions

[F(2, 54) ¼ 12.47, p < .0001]. Post-hoc tests showed that RTs for

gestalt-like configurations in the intact hemifield were

significantly faster than for single or quadruple random pat-

terns [t(27) � 3.22 p � .002], while the latter two configurations

did not differ from each other (p ¼ .864). The ANOVA per-

formed on bilateral trials was also highly significant [F(2,

54) ¼ 22.93, p < .0001]. Post-hoc comparisons revealed a sig-

nificant speeding up of RTs with bilateral gestalt-like patterns

with respect to single or bilateral random configurations

[t(27) � 6.08 p < .0001], while there was no significant differ-

ence between single and random patterns (p ¼ .334).
Patient SE displayed a significant main effect of Presenta-

tion Condition [F(1, 25) ¼ 12.41, p ¼ .002] indicative of an RTE.

The Configuration factor was also significant [F(2, 50) ¼ 41.26,

p < .0001], as well as the Presentation Condition

� Configuration interaction [F(2, 50) ¼ 40.48, p < .0001]. Post-

hoc comparisons on the interaction showed that the RTs for

gestalt-like configurations were significantly faster than for

either single or random patterns, but only in bilateral trials

[t(25) � 7.73 p � .0001]. This significant interaction made it

unnecessary to compute the additional ANOVAs separately

for unilateral and bilateral trials. Indeed, the interaction

already indicates unambiguously that, unlike DR who was

sensitive to gestalt-like patterns in both her intact hemifield

(during unilateral presentation) and blind hemifield (during

bilateral presentation), patient SE was differentially respon-

sive to gestalt-like configurations only when the stimuli were

projected bilaterally, and hence to his blind hemifield as well.

Additionally, we plotted the cumulative distribution func-

tions (CDFs) of RTs for all six stimulation conditions and for

both patients separately. This detailed graphical description

enabled us to check whether the bilateral gain observed on

mean values occurred throughout the whole RTs distribution.

Furthermore, we carried out a KolmogoroveSmirnov test of

the CDFs, which represents a nonparametric version suitable

for carrying out a single-subject analysis of Miller's inequality

test (Miller, 1982), a mathematical tool to assess whether the

RTE is more likely to be related to probability or neural sum-

mation. This further analysis is important, because only the

latter type of bilateral gain postulates the existence of a neural

centre where the visual input from the two hemifields is

summed. In fact, observation of RTE onmean values is not per

se conclusive of neural summation. Separate-activation or

race models account for a bilateral gain by simply relying on

the fact that the probability of a fast detection increases with

the number of stimuli (Raab, 1962; Townsend & Ashby, 1983).

Since speed of processing is a random variable, multiple

stimuli are on average more likely to yield a faster RT than

single stimuli for purely probabilistic reasons. In contrast, co-

activation models assume the presence of a functional
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interaction or neural summation between perceptual chan-

nels that result in a reduction of RTs larger than that predicted

by probability summation alone (Colonius, 1986; Colonius &

Diederich, 2006; Miller, 1982). Note that violation of the

inequality test unambiguously supports neural summation,

whereas no conclusion can be reached if the inequality is not

violated, owing to the conservative nature of the test (Miller,

1982).

As displayed in Fig. 5, when gestalt-like configurations

were presented, RTs for the bilateral condition were faster

than for the unilateral condition throughout the entire dis-

tribution and in both patients DR and SE (p < .001 by Kolmo-

goroveSmirnov test), thereby providing convincing evidence

for an interpretation of the RTE in terms of neural summation.

Conversely, the CDFs for unilateral and bilateral presentations

when a single or random dot configurations were displayed

overlapped substantially and crossed, thus failing to support

an interpretation of the RTE in terms of neural summation

(p � .1 by KolmogoroveSmirnov test). This latter finding con-

firms a previous study showing that it is not always possible to

attribute the RTE for single dots to neural summation (Turatto,

Mazza, Savazzi, & Marzi, 2004), but that its nature depends on

stimulus and task factors. Nevertheless, the present results

using CDFs indicate that, under identical conditions, neural

summation for gestalt-like configurations was significantly

more likely to occur than that for single or random dot con-

figurations in both patients.
4. Discussion

In the present study, we investigated the sensitivity of two

blindsight patients with hemispherectomy to stimulus

perceptual organization when the display is presented to the

blind hemifield. We found that, in addition to the overall RTE

often reported in previous studies in hemianopic patients,

there was a RTE specific for gestalt-like stimulus configura-

tions but not for spatially random patterns. These findings

confirm and extend previous observations in patients with

blindsight following lesions restricted to portions of the visual

cortex (Celeghin, Savazzi, et al., 2015), and also rule out extant

alternative interpretations not related to stimulus configura-

tion. A difference in stimulus familiarity or variability be-

tween gestalt-like and random configurations cannot account

for the present results, since there were four different pat-

terns counterbalanced for each of the two display types.

Moreover, gestalt-like and random patterns were randomly

intermingled and presented within the same block of trials,

whereas in the previous study by Celeghin, Savazzi et al.

(2015), trials with these different configurations were admin-

istered in separate blocks always starting with gestalt-like

configurations. Hence, this new procedure also rules out the

possibility that the original findings were partly due to fatigue

or habituation determining the lack of effect for random

patterns.While both patients exhibited similar overall results,

they differed in that DR showed a speeding up of RTs also

when gestalt-like patterns were presented unilaterally in her

intact hemifield, whereas patient SE did not. This is possibly

related to individual differences in sensitivity to consciously
perceived gestalt-like configurations also present in the

healthy population (Wagemans et al., 2012).

Our present study provides the first causal evidence of the

sensitivity of the SC for overall stimulus configuration, as

witnessed by the facilitation exerted when a structured

perceptual organization is translated into motor output.

Since the SC in our patients is the only intact visual structure

remaining in the ipsilateral side of the otherwise damaged

hemisphere, the contribution of other subcortical structures

such as the LGN and the Pulv can be ruled out. This does not

necessarily imply that the ipsilesional SC is solely respon-

sible for the observed effect (i.e., does not support sufficiency

of the SC for the effect to occur). In fact, visual information

might well have been transferred from the (right) SC, ipsi-

lateral to the damaged hemisphere, to the corresponding

contralateral SC in the (left) intact side via the inter-collicular

commissure or through other inter-hemispheric tracts, and

from there to other subcortical structures such as the Pulv as

well as extrastriate visual areas in the (left) intact hemi-

sphere. Prior Positron Emission Tomography (PET) (Ptito,

Johannsen, Faubert, & Gjedde, 1999) and fMRI (Bittar, Ptito,

Faubert, Dumoulin, & Ptito, 1999) studies on the two pa-

tients tested here demonstrated activation in extrastriate

visual areas of the (left) intact hemisphere following stimu-

lation of the ipsilateral (left) hemifield, thereby documenting

substantial neuronal plasticity and reorganization. Impor-

tantly, however, this activation does not seem to originate

from cortical reorganization, e.g. owing to the expansion of

the visual receptive fields in cortical areas of the intact

hemisphere, but rather from the development of aberrant

fibre tracts that connect the SC in the (right) damaged

hemisphere to cortical areas in the opposite intact hemi-

sphere (Leh, Johansen-Berg, et al., 2006). Hence, the critical

point here is that the visual information concerning stimulus

configuration must have been initially processed by the right

SC ipsilateral to the damaged hemisphere, thus indicating its

necessity in processing stimulus configuration and in visuo-

motor integration, as other alternatives are not possible. In

keeping with this notion, the crucial involvement of the SC in

the RTE has been convincingly demonstrated behaviourally

(Leh, Mullen, et al., 2006; Tomaiuolo et al., 1997), and with

combined behavioural and brain imaging studies in hemi-

spherectomized patients (Leh et al., 2010) as well as in an

hemianopic patient with lesion confined to V1 (patient GY)

(Tamietto et al., 2010). However, it should be stressed that all

prior investigations used simple stimuli, whereas the present

study used different perceptual configurations matched for

stimulus intensity and position.

According to a traditional view, it may appear surprising

that the SC is able to represent complex stimulus configu-

rations and respond differentially to a gestalt-like perceptual

organization. The SC is indeed a phylogenetically ancient

visual structure considered to have coarse retinotopy, which

receives visual information only from Magnocellular (M) and

Koniocellular (K), but not from Parvocellular (P) ganglion

cells, and has a relative differential sensitivity to low spatial

frequencies (Merigan & Maunsell, 1993; Stone, 1984). How-

ever, recent neurophysiological evidence as well as previ-

ously somewhat overlooked findings from single-cell

recordings in monkeys and rats clearly indicate otherwise.
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Fig. 5 e Cumulative distribution functions (CDF) of RTs for unilateral and bilateral conditions as a function of single, quadruple gestalt-like and random configurations

showing a significant bilateral gain throughout the entire distribution only for gestalt-like patterns.
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For example, several types of neurons in the superficial (i.e.,

retino-recipient) layers of macaque monkeys' SC respond

very poorly to simple visual stimuli and their activation re-

quires real objects or certain two-dimensional patterns

(Rizzolatti, Buchtel, Camarda, & Scandolara, 1980). Likewise,

neurons in the monkey SC can separately encode faces or

face-like patterns (Nguyen et al., 2014). Furthermore, neurons

in the most superficial lamina of the rat's SC perform so-

phisticated analysis of visual information and exhibit com-

plex properties previously thought to be characteristic of

visual cortical neurons only (Girman & Lund, 2007). There-

fore, the SC seems to participate in early stages of figure-

ground segmentation and the combined interaction of M

and K channels can enable encoding of complex and high-

level properties of the visual input. Moreover, early evi-

dence of visuo-spatial localization and discrimination sur-

viving hemidecortication has been provided by the seminal

neuropsychological work of Perenin and Jeannerod (Perenin,

1978; Perenin & Jeannerod, 1978). These studies clearly un-

derline the possibility that some degree of perceptual func-

tions can be carried out by subcortical centers in the absence

of the visual cortical mantle. Lastly, one interesting issue

concerns possible inter-hemispheric specialization for global

versus local processing, which can contribute to the encoding

of gestalt-like configurations. Deficits in global processing

following right hemisphere damage (Hugdahl & Davidson,

2004), or due to unbalancing of the complementary func-

tions of the two hemispheres (Negro et al., 2015), have been

repeatedly reported. In principle, the preserved sensitivity for

gestalt-like configuration observed here despite right hemi-

spherectomy could arise from the SC mirroring lateralized

functions thus far reported primarily at the cortical level, or

from lack of hemispheric specialization at the level of the SC.

In the present study, both patients had undergone right

hemispherectomy and it was thus not possible to compare

the effects of right versus left hemispherectomy; an issue

that awaits further investigation.

In conclusion, the present findings offer a clear demon-

stration that hemianopic patients as a result of hemispher-

ectomy can be selectively sensitive to complex stimulus

configuration within the context of the RTE task. The SC can

act as an interface between structured perceptual organiza-

tion and motor processing, thereby providing an essential

contribution to visually guided behavior despite being func-

tionally and anatomically segregated from the geniculo-

striate or extrastriate pathway, and therefore entirely

outside conscious visual experience. An important avenue for

future research is to try to examine other higher-order visual

functions that can be carried out in the absence of striate and

extrastriate cortical areas and whether such sensitivity can be

proficiently exploited to foster rehabilitation of cortical

blindness (Chokron et al., 2008; Perez & Chokron, 2014).
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