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Abstract One important, yet relatively unexplored ques-
tion is whether blindsight, i.e., unconscious visually guided
behavior in hemianopic patients, is endowed with basic
perceptual properties such as detecting stimulus numerosity
and overall configuration. Rather than a forced-choice pro-
cedure in which patients are supposed to guess about stim-
uli presented to the blind hemifield, we used a redundant
signal effect paradigm, i.e., the speeding of simple reaction
time (RT) when presenting multiple versus single similar
stimuli. The presence of an effect of numerosity for the
(unseen) stimuli presented to the blind field was indirectly
assessed by measuring RT to bilateral versus unilateral
stimuli presented to the intact hemifield. Chronic hemian-
opic patients were tested with unilateral or bilateral black
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dots, both of which could be either single or quadruple. The
latter could either have a fixed spatial configuration repre-
senting a diamond or be randomly spatially assembled on
every trial. Both configurations covered the same extent of
visual field and had the overall same luminance. We found
that a numerosity effect as a result of increasing the num-
ber of stimuli in the blind field was indeed present but only
with the diamond configuration. This is a convincing evi-
dence that this form of blindsight does not depend upon
stimulus numerosity per se but is likely to be related to the
presence of structured and memorized rather than meaning-
less changing stimuli.

Keywords Blindsight - Hemianopia - Redundancy gain -
Subcortical visual pathways - Reaction time

Introduction

The term blindsight refers to unconscious visually guided
behavior in response to stimuli presented to the blind hemi-
field of patients with complete damage to the primary
visual cortex (V1) with or without additional damage to
extrastriate visual areas. This phenomenon was originally
described in the mid-1970s (Poppel et al. 1973; Weisk-
rantz et al. 1974) and subsequently was thoroughly and
ingeniously pursued by Weiskrantz and various collabora-
tors (see Weiskrantz 1990, 1996, 2004). The interest for
this peculiar phenomenon concerns a challenging topic of
cognitive neuroscience such as the neural correlate of per-
ceptual awareness and also the function of visual pathways
alternative to V1, not to mention the possibility that it might
represent an initial step for regaining conscious vision (for
recent reviews see Leopold 2012; Overgaard 2011; Perez
and Chokron 2014; Silvanto 2014; Urbanski et al. 2014).
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The presence of blindsight can be assessed either with
direct methods, notably with a forced-choice response, or
with indirect methods (see Danckert and Rossetti 2005 for
review). In the former procedure, patients are asked to guess
about the location or other attributes of stimuli presented to
the blind hemifield and the presence of unconscious above
chance performance is taken as evidence of blindsight. In
the latter, patients are asked to respond to stimuli presented
to the intact hemifield during (or following) stimulus pres-
entation to the blind hemifield and blindsight is inferred by
the influence of blind field stimulation in response to stimuli
presented to the intact field. A major advantage of the latter
method is that the patient is not forced to guess, and stimuli
are visible on every trial in the good field.

One of the first examples of an indirect method for reveal-
ing blindsight has been provided by an interfield summation
task originally described by Marzi et al. (1986) by using a
modified redundant signal effect (RSE) paradigm. Briefly,
in this paradigm, single or double visual stimuli are tachisto-
scopically presented in random sequence to one or both visual
hemifields. Participants are required to manually press a key
as quickly as possible following detection of either kind of
stimuli, that is, unilateral (left or right) or bilateral stimuli pre-
sented simultaneously across the vertical meridian, without
having to make a choice (simple reaction time paradigm-RT).
Marzi et al. (1986) found that there was a RSE, i.e., faster RT
for double as compared to single stimuli, not only in control
participants with an intact visual field but also in some hemi-
anopic patients in whom bilateral stimuli were perceived as a
single stimulus in the good field. The presence of this form of
unconscious RSE has been confirmed several times (Corbetta
et al. 1990; Leh et al. 2010; Marzi et al. 2009; Tamietto et al.
2010; Tomaiuolo et al. 1997), and there is functional mag-
netic resonance imaging evidence for an important role of the
superior colliculus (SC) in mediating this form of blindsight
(Leh et al. 2010; Tamietto et al. 2010).

This kind of indirect method has proven to be a reliable
indicator of blindsight but is quite conservative and usu-
ally only a relatively small fraction of patients has shown
clear indications of this phenomenon. Here we report the
results of a study using a paradigm which represents a

Table 1 Demographic and clinical data of the patients

modification of the original RSE wherein quadruple (rather
than double) stimuli were displayed to each hemifield in
alternative to single stimuli during either unilateral or bilat-
eral simultaneous presentation. Perhaps more importantly,
a novel addition to this paradigm is the use of two different
configurations of quadruple stimuli, namely a structured
and a randomized dot configuration. The former was con-
stituted by four dots forming a diamond shape, while the
latter was a randomized configuration changing on every
trial. Thus, the two configurations differed in familiarity
as well as in overall gestaltic structure and either of them
might be important factors for revealing blindsight. Pre-
vious evidence on the sensitivity of blindsight for overall
stimulus configuration and other higher-order aspects is
rather scant and relies mainly on hemianopic completion
across the vertical meridian (e.g., Torjussen 1978; Weil
et al. 2009) or on implicit semantic priming (e.g., Marcel
1998). Moreover, it is worth mentioning that a recent sin-
gle-cell recording study in monkeys has demonstrated that
SC neurons are sensitive to face and face-like configura-
tions (Nguyen et al. 2014). All these studies encouraged us
to try and test the possibility of finding gestalt-like as well
as familiarity effects in blindsight.

Method
Participants

We tested six patients (mean age 45.83 years; SD 14.36) with
hemianopia as a result of cortical or optic tract lesion, see
details in Table 1 and Fig. 1. All patients were right-handed,
and their acuity was normal or corrected-to-normal. They
provided informed consent, and the study was approved by
our Departmental Ethics Committee and was carried out
along the principles laid down by the Helsinki Declaration.

Stimuli and apparatus

The stimuli were black dots on a gray background of
11.42 cd/m? luminance presented with an exposure duration

Sex Age Homonymous Etiology Lesions
hemianopia

P1 M 23 Left Close head trauma Right optic tract
P2 M 55 Left Ischemic stroke with hemorrhagic evolution Right parietal-occipital
P3 M 36 Left Ischemic stroke Right temporal-occipital
P4 M 60 Left Ischemic stroke Right mesial occipital
P5 F 44 Right Ischemic stroke with hemorrhagic evolution Medial part of left occipital lobe
P6 M 57 Right Cerebral intraparenchymal hemorrhage Left parietal-occipital
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Fig. 1 Patients details. a Monocular visual fields showing a typical hemianopic loss with some spared areas, b structural MRI showing the
lesion, ¢ functional MRI with full-field visual stimulation with checkerboards showing activation restricted to the contralesional visual cortex
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Fig. 2 Examples of stimuli

and their spatial organization.

a Upper left unilateral single,
upper right bilateral single, b
middle left unilateral quadruple
diamond, middle right bilateral
quadruple diamond, ¢ lower left
unilateral quadruple random,
lower right bilateral quadruple
random

of 80 ms on a PC monitor. They could be either single or
quadruple and could be presented either unilaterally or bilat-
erally. A unilateral single stimulus was presented along the
horizontal meridian at an eccentricity of 6.5° from a cen-
tral fixation point either in the left or the right hemifield. In
some patients, it has been necessary to present the stimuli a
few degrees more laterally along the horizontal meridian to
avoid encroaching upon partially spared portions of the vis-
ual field. Bilateral single stimuli were presented in the two
hemifields simultaneously at the same eccentricity as unilat-
eral single stimuli. The experiment was divided in two ses-
sions. In the first, the quadruple stimuli were four dots iden-
tical to the single stimuli and were presented in a diamond
configuration. In the second, we used the same four stimuli
as in the first session but their position was randomized
trial-by-trial so that they did not form a meaningful figure,
see an example of the two configurations in Fig. 2. The ran-
domized stimuli were presented always in the second ses-
sion, but this did not yield any reliable practice effect, see
‘Results and discussion’. For both configurations, the center

@ Springer
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was at 8.5° along the horizontal meridian and the innermost
dot was at 6.5°.

Procedure

It is important to point out that unilateral stimuli presented
to the blind field were not perceived by the patients who
were requested to press the response key only when they
were aware of the stimuli even if in a degraded and faint
form. This did not occur in the above six patients with
the exception of a few responses in patient SL. To further
enquire about stimulus awareness, at the end of each ses-
sion patients were asked if they had experienced or felt the
occurrence of stimuli in the blind hemifield even when they
did not respond. None of them reported having had such
experience.

As mentioned above, the strategy followed to infer
blindsight was to assess the effect of stimuli in the blind
field on RT to stimuli perceived in the intact field.
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Fig. 3 RT to stimuli presented a
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tion of stimulus numerosity (0,
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configurations (b). On each
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sent standard errors (SE)
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Unilateral stimuli presented to the intact hemifield served
as control condition.

The initial event in a trial was a warning acoustic sig-
nal (duration 150 ms; frequency 1000 Hz) followed after
a randomized temporal window (300-700 ms) by a single
or a quadruple stimulus presented to the right or left hemi-
field or bilaterally. There were two sessions, one with dia-
monds as stimulus configuration and the other with rand-
omized stimuli. Each session included 80 unilateral single
stimuli and 80 unilateral quadruple stimuli, half to the left
and half to the right hemifield (in a blocked alternation), 40
bilateral single stimuli and 40 bilateral quadruple stimuli in
addition to 40 catch trials where the warning stimulus was
not followed by a visual stimulus. The sequence of unilat-
eral, bilateral, single or quadruple stimuli was randomized.
Response was performed by pressing the spacing bar of
a PC either with the left or the right hand according to a
blocked ABBA sequence for each visual hemifield pres-
entation. Participants were required to keep their fixation
steady on a small black circle (diameter 0.3°) in the center
of the visual field following onset of the warning signal and
to refrain from moving the eyes until response had been
completed. Fixation was remotely controlled by means of a
closed TV system. RTs shorter than 140 ms (anticipations)
and longer than 600 ms (retardations) were not included in
the statistical analysis. Their overall percentage was <5 %.

Results and discussion

We carried out a repeated-measures ANOVA on RT aver-
aged across sessions with ‘Configuration’ (Diamond vs.
Random), ‘Numerosity in the Intact Field” (1 vs. 4) and
‘Numerosity in the Blind Field’ (0, 1, 4) as factors. The lat-
ter condition was represented by the following three levels:
‘0, that is, unilateral stimuli (either single or quadruple) in
the intact field and no stimuli in the blind field; ‘1’ bilateral

41F-0BF 4IF-1BF 4IF-4BF

Quadruple

T T T 1
41IF-0BF 4IF-1BF 4IF-4BF

Quadruple

T T T
1IF-0BF 1IF-1BF 1IF-4BF

Single

single stimuli; ‘4’ bilateral quadruple stimuli. Therefore,
we could compare the effect of 0, 1 or 4 stimuli presented
to the blind field on RT to stimuli presented to the intact
field. Obviously, the level ‘0’ stimuli was not present in the
‘Numerosity in the Intact Field’ condition because patients
would not perceive anything and would not press the
response key in this condition.

Results showed a significant main effect of ‘Numer-
osity in the Intact Field” [F(1,5) = 37.384, p < .002]
with quadruple stimuli (330.93 ms) faster than single
stimuli (338.19 ms) and of ‘Numerosity in the Blind
field’ [F(2,10) = 6.113, p < .018] with quadruple stimuli
(332.40 ms) faster than single (335.05 ms) and O stim-
uli (336.23 ms) that did not differ one from the other.
The main effect of ‘Configuration’ was not significant
[F(1,5) = .331, p = .589] with the Random (332.35 ms)
not reliably faster than the Diamond Configuration
(336.77 ms). Importantly, we found a significant effect
of the ‘Configuration’ by ‘Numerosity in the Blind Field’
interaction [F(2,10) = 4.214, p < .05], while ‘Configura-
tion’ by ‘Numerosity in the Intact Field” was not significant
[F(1,5) = 2.332, p = .187]. Finally, the three-ways inter-
action ‘Configuration’ by ‘Numerosity in the Intact Field’
by ‘Numerosity in the Blind Field’ was not significant
[F(2,10) = .0137, p = .986].

In order to analyze the ‘Configuration by Numerosity
in the Blind Field’ interaction, two ANOVAs were carried
out separately for each ‘Configuration’ (Diamond and Ran-
dom) with ‘Numerosity in the Intact Field’ (1 and 4 stimuli)
and ‘Numerosity in the Blind Field’ (0, 1 and 4 stimuli) as
factors.

For the Diamond configuration, there was a significant
effect of ‘Numerosity in the Intact Field’ [F(1,5) = 28.852,
p = .003], indicating that four stimuli were reacted faster
than 1. Importantly, we also found a significant effect
of ‘Numerosity in the Blind Field’ [F(2,10) = 7.477,
p = .010], indicating that RT (to stimuli in the intact
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field—the only ones to which patients could respond)
decreased by increasing the number of stimuli in the blind
field, see Fig. 3 left panel. A polynomial analysis showed
that the decrease in RT was significantly linearly related
(p = .008) to the increase in the stimuli in the blind field.
Moreover, no interaction was found [F(2,10) = .060,
p = .942], indicating that the speeding up of RT induced by
the number of stimuli presented in the blind field was unre-
lated to the number of stimuli simultaneously presented in
the intact field.

In contrast, for the Random configuration, the only
significant effect was found for the ‘Numerosity in the
Intact Field’ factor [F(1,5) = 8.651, p = .032], indicating
that quadruple stimuli presented in the intact field were
reacted faster than single stimuli. No effect was found for
‘Numerosity in the Blind Field’ [F(2,10) = .150, p = .863],
see Fig. 3 right panel, or for the interaction ‘Numeros-
ity in the Intact Field’ by ‘Numerosity in the Blind Field’
[F(2,10) = .245, p = .787].

The main thrust of these results is that increasing the
number of stimuli in the blind field from O to one and to
four, independently from the number of stimuli in the
intact field, resulted in a progressive shortening of RT. This
is clearly an implicit bilateral advantage in which unseen
stimuli in the blind field are summated with normally per-
ceived stimuli in the intact field. An intriguing finding sup-
ported by the significant interaction ‘Configuration’ by
‘Numerosity in the Blind Field’ is that the bilateral advan-
tage was reliable only for the diamond rather than for the
random configuration of quadruple stimuli. This suggests
the fascinating possibility that unconscious vision might
have a perceptual organization enhancing the processing
of structured over meaningless stimuli. An important point
is that a practice effect explaining the failure to find blind-
sight for the random stimuli session that was run always
after the diamond stimuli session is an unlikely possibility
given the lack of significance of the main effect of ‘Config-
uration’ and of the three-ways interaction ‘Configuration’
by ‘Numerosity in the Intact Field’ by ‘Numerosity in the
Blind Field’.

As to the possible neural sites subserving the implicit
effect described here, one should note that with the excep-
tion of patient P5 who has a lesion mainly restricted to
V1, all other patients have either large lesions extending to
extrastriate areas and often to the optic radiation and sub-
cortical centers. Therefore, it is likely that the implicit RSE
found might have a subcortical site, as argued by previous
work with roughly similar paradigms (Tomaiuolo et al.
1997; Leh et al. 2010; Tamietto et al. 2010). This would
suggest the presence of higher-order perceptual effects
even when vision in the absence of the geniculate-striate
pathway is subserved by subcortical centers and its extras-
triate cortical projections.

@ Springer

An important question concerns the contribution of the
intact hemisphere either at cortical or subcortical level.
This is supported by a recent study (Celeghin et al. 2015)
in which we used in hemianopic patients a behavioral
paradigm originally developed by Poffenberger in 1912
for measuring interhemispheric transfer time (see Marzi
et al. 1991; Marzi 1999). We found that unlike responses
to stimuli presented to the intact hemifield of hemianopics,
those to stimuli presented to the blind hemifield (patients
were instructed to respond also to unseen stimuli) showed
a paradoxically slower uncrossed than crossed visuomotor
response. That is, responding with the hand ipsilateral to
the stimulated hemifield (an uncrossed condition that does
not require an interhemisphere transfer) was slower than
the crossed condition in which responses are performed
with the hand contralateral to the stimulated hemifield,
i.e., a condition which does require an interhemispheric
transfer (see Marzi et al. 1991; Marzi 1999). This indicates
that responses to the blind hemifield were mediated by the
intact hemisphere via a double crossing of the corpus cal-
losum that is necessary first to access the visual informa-
tion from the intact visual cortex and then to trigger the
motor response from the ipsilesional side, see Fig. 5 in
Celeghin et al. 2015. Also, diffusion tensor imaging studies
in blindsight patients provide converging evidence of post-
lesion plasticity that involves subcortical visual structures
such as the SC or the lateral geniculate nucleus with aber-
rant fiber tracts reaching the intact hemisphere (e.g., Bridge
et al. 2008; Leh et al. 2006; Tamietto et al. 2012). Finally,
of particular interest is patient P1 of the present study who
sustained a closed head trauma and a unilateral lesion of
the optic tract completely depriving the ipsilesional hemi-
sphere of visual input. In this case, blindsight could have
been possible only through an aberrant (presumably post-
lesional) misrouting of retinal fibers at the optic chiasm
relying ipsilateral hemifield input to the intact hemisphere.
Clearly, this input yielded blindsight but not conscious
vision. The reason for that is an interesting issue to be fur-
ther pursued.

Conclusions

The overall picture stemming from these results is that
there was a clear cut speeding of RT with increasing
numerosity of black dots. This effect occurred both in the
intact hemifield and bilaterally despite the presence of a
blind hemifield. This implicit RSE confirms earlier findings
with bilateral single stimuli (Corbetta et al. 1990; Marzi
et al. 1986, 2009; Tomaiuolo et al. 1997; Tamietto et al.
2010). The novel finding is that the present implicit RSE
occurs only with quadruple stimuli with a structured rather
than a random spatial configuration.
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Clearly, this result awaits confirmation by using vari-
ous kinds of structured stimuli since in the present study
the diamond configuration was the same in all trials while
randomized stimuli varied from trial to trial. Thus, in prin-
ciple, it could be argued that the observed implicit RSE was
related to familiarity and/or to fixed versus variable stimuli
rather than to the presence of a gestalt-like dot configura-
tion. These possibilities need to be tested in further experi-
ments and might provide further clues on the ‘cognitive’
structure of blindsight.
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