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The relationship between attention and awareness is a topic of great interest in
cognitive neuroscience. Some studies in healthy participants and hemianopic patients
have shown dissociation between these two processes. In contrast, others confirmed
the classic notion that the two processes are mutually exclusive. To try and cast
further light on this fascinating dilemma, in the present study we have investigated
the neural mechanisms of visual spatial attention when perceptual awareness is totally
lacking. To do that, we monitored with steady-state visual evoked potentials (SSVEPs)
the neurophysiological correlates of endogenous spatial attention to unseen stimuli
presented to the blind field of hemianopic patients. Behaviourally, stimulus detection
(a brief change in the orientation of a gabor grating) was absent in the blind hemifield
while in the sighted field there was a lower, but non-significant, performance in hit rate
with respect to a healthy control group. Importantly, however, in both blind and sighted
hemifield of hemianopics (as well as in healthy participants) SSVEP recordings showed
an attentional effect with higher frequency power in the attended than unattended
condition. The scalp distribution of this effect was broadly in keeping with the location
of the dorsal system of endogenous spatial attention. In conclusion, the present results
provide evidence that the neural correlates of spatial attention are present regardless
of visual awareness and this is in accord with the general hypothesis of a possible
dissociation between attention and awareness.

Keywords: hemianopia, attention, visual awareness, blindsight, steady-state VEP

INTRODUCTION

Homonymous hemianopia is a visual defect characterized by complete or partial blindness in the
hemifield of both eyes contralateral to a lesion of the central visual system (see Bouwmeester et al.,
2007). In case of a partial lesion of the optic radiation the visual field defect is usually limited to the
contralateral upper or lower quadrant. Importantly, some hemianopic patients have been found to
present “blindsight” i.e., unconscious visually triggered behavior (Poppel et al., 1973; Weiskrantz
et al., 1974). Following the discovery of this intriguing phenomenon hemianopic patients have
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become a fundamental source of information on the neural
mechanisms of awareness by studying the effects of damage of
specific brain areas (Weiskrantz, 2004). This endeavor is clearly
impossible in healthy humans.

Many studies have found a dissociation between attention
and perceptual awareness in healthy participants (McCormick,
1997; Ivanoff and Klein, 2003; Lu et al., 2012; Block, 2014;
Herreros et al., 2017) and a few in hemianopic patients
with blindsight (Kentridge et al., 1999, 2004). An important
question is what kind of attention might operate without
awareness: It has been suggested that this occurs with endogenous
rather than exogenous attention (but see Chica et al., 2012
for a different opinion). In hemianopia it has been found
that endogenous orientation of spatial attention facilitates
performance (mainly reaction time-RT) even in absence of
visual awareness and this has led to the conclusion that there
exists a dissociation between this kind of spatial attention and
perceptual awareness (Kentridge, 2011). How could endogenous
spatial attention operate without awareness? In principle, if its
mechanisms are similar to those operating consciously they
should involve cortical areas such as the frontal eye fields (FEF)
and the intraparietal sulcus/superior parietal lobe (IPS/SPL) that
constitute the normal dorsal attention system network (Corbetta
and Shulman, 2002; Corbetta et al., 2008) and exert top-down
influences on visual areas during spatial orienting of attention
(Hopfinger et al., 2000; Bressler et al., 2008). However, although
the effects of visual spatial attention on behavioral performance
to unseen stimuli have been clearly demonstrated, to our
knowledge, no studies have been conducted to investigate their
neurophysiological correlates. Thus, we still do not know whether
attention operating independently from awareness has similar
neural bases as those subserving conscious attention. Shedding
light on this problem represents the aim of the present study.

Recently, we demonstrated the reliability and effectiveness of
steady-state visual evoked potentials (SSVEP) in the study of
unconscious passive visual processing in hemianopic patients
(Sanchez-Lopez et al., 2017). SSVEPs are repetitive visual stimuli
presented at a high rate, usually between 10 and 20 Hz that
elicit an entrainment of the brain electrical activity at the
same frequency of the driving stimulus and its harmonics.
SSVEPs reflect high propagation properties, are less influenced
by artifacts, require less time for data acquisition, have a higher
signal-to-noise ratio (Di Russo et al., 2003; Vialatte et al., 2010),
and can be measured in time and preferably in the frequency
domain (Vialatte et al., 2010; Schomer and Lopes da Silva, 2011).

Morgan et al. (1996) have recorded SSVEPs from participants
who were cued to attend to visual stimuli presented to one
hemifield and to ignore the concurrent stimulation on the
opposite hemifield. They found that the amplitude of the
frequency SSVEP was significantly enlarged when attention was
focused on the attended location and was larger over occipital
and temporal scalp areas. This finding provided the basis for
the study of the neural mechanisms of selective attention to
multi-element visual displays (for a review see Vialatte et al.,
2010; Andersen et al., 2011) in healthy participants. However,
as mentioned above, it is still to be understood whether the
neural mechanisms of attention operating in the absence of

awareness are similar to those during awareness. This is an
important query that we purported to tackle in the present
study whose rationale is straightforward: If the mechanisms of
attention are similar independently from stimulus awareness
then we would expect a qualitatively similar enhancement of the
SSVEP response to stimuli in the attended intact or the blind field
of hemianopic patients. On the contrary, if attention operating
without awareness relies on different neural bases this should
show up as a differential response in the blind versus intact field
of hemianopic patients or healthy participants.

MATERIALS AND METHODS

Participants
Patients
Five hemianopic patients (3 females and 2 males; mean
age = 54.4 years, SD = 7.3) with post-chiasmatic lesions
participated in the study. Two of them had quadrantanopia (one
upper and the other lower). Three patients had right and the
other two left hemisphere damage, see Table 1. Inclusion criteria
were: Diagnosis of hemianopia made at least three months
before testing, availability of visual campimetry and structural
MRI documenting the site and extension of the brain damage.
Exclusion criteria included pre-existing neurologic or psychiatric
disorders, drugs or alcohol addiction, cognitive impairments
evidenced by a score equal or less than 24 in the Mini
Mental State Examination (Folstein et al., 1975), and presence
of hemineglect as assessed with a neuropsychological battery
including: Line Bisection (Schenkenberg et al., 1980), Diller
letter H cancelation (Diller et al., 1974), and Bell Cancelation
(Gauthier et al., 1989). Additionally, patients were evaluated
with the Visual Function Questionnaire (VFQ25), in order to
assess subjective impressions on their visual abilities in everyday
life (Mangione et al., 2001). All patients were right handed
and had normal or corrected to normal visual acuity. A brief
description of patients’ lesion location and campimetry can be
found in Table 1; for a detailed description of the patients see also
Sanchez-Lopez et al., 2017.

Healthy Participants
In addition to hemianopic patients we tested a group of 18 young
healthy participants (13 females; mean age = 25.2 years old,
SD = 4.0). All of them were right handed and had normal or
corrected to normal visual acuity.

Informed consent to take part in the study was obtained
from all healthy and hemianopic participants after they had been
informed about the procedures and their rights. The study was
approved by the Ethics Committee of the European Research
Council and of the Verona Azienda Ospedaliera Universitaria
Integrata (AOUI). All subjects gave written informed consent in
accordance with the Declaration of Helsinki.

Stimuli
The visual stimuli consisted of circular black and white horizontal
(standard stimulus) and 45◦ oriented (target stimulus) Gabor
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TABLE 1 | Patients’ clinical description.

Patient (age/gender) Lesion/Visual Deficit Campimetry (left eye/right eye)

FB (49/F) Right hemisphere lesion Neuroradiological description: Lesion involving the temporal, parietal and
occipital lobe. In the latter, the lesion includes the superior and part of the
middle occipital gyri with interruption of the optic radiation.
Specific structures affected: Anterior intraparietal sulcus, visual area V5,
inferior parietal lobule, somatosensory cortex, primary auditory cortex,
parietal operculum and insula in the right hemisphere.
Visual defect: Left lateral homonymous hemianopia.

LF (50/F) Right hemisphere lesion Neuroradiological description: Ischemic lesion that involves the cortex of the
anterior half of calcarine fissure to the origin of parieto-occipital fissure.
Specific structures affected: Small internal portion of V1 and V2.
Visual defect: Upper left homonymous quadrantanopia.

LC (66/M) Right hemisphere lesion Neuroradiological description: Temporal and parietal lesion, with posterior
extension to the white matter of occipital lobe, involving the lateral part of
optic radiation.
Specific structures affected: Middle, inferior and a small portion of the
superior temporal gyrus. Visual area V5 and inferior parietal lobe.
Visual defect: Left lateral homonymous hemianopia.

GA (60/M) Left hemisphere lesion Neuroradiological description: Ischemic lesion involving parietal and
occipital lobe. In the latter the lesion involves the superior, middle, inferior
and descending occipital gyri, cuneus, pole and the posterior part of optic
radiation, with relative sparing of the lingual and fusiform gyri.
Specific structures affected: Small portion of anterior intraparietal sulcus
and all visual areas (V1,V2,V3,V4 and V5).
Visual defect: Lower right homonymous quadrantanopia.

SL (47/F) Left hemisphere lesion Neuroradiological description: Lesion involving the median para-sagittal
portion of the occipital lobe. The lesion includes the lingual gyrus, with
peri-calcarine fissure distribution.
Specific structures affected: V1, V2, V3, and V4 visual areas.
Visual defect: Right lateral homonymous hemianopia.

gratings. The diameter of the stimuli was 2◦ of visual angle with a
spatial frequency of 4 c/◦ (see Figure 1). The contrast of the Gabor
grating was 0.8 and the background luminance was the same
as the mean luminance of the Gabor (17.7 cd/m2). Flickering
stimulation was obtained by contrast reversal each 90.9 ms (i.e.,
11 Hz) and 79.9 ms (i.e., 13 Hz) for left and right hemifields,
respectively. Two different frequencies for left and right hemifield
were used in order to evaluate simultaneously two-element visual
displays i.e., attended and unattended stimuli as done in previous
studies recording SSVEP during attention tasks (Morgan et al.,
1996; Vialatte et al., 2010). The stimulation was performed by
presenting simultaneously two flickering Gabor gratings on a
LED video monitor (resolution = 1920 pixels width × 1080
pixels height, and refresh rate = 144 Hz), one to the left and
one to the right, in the upper or lower visual field for the
patients. The stimulation in the group of healthy participants
was performed in both the upper and the lower visual field
in a counterbalanced order across subjects. The eccentricity of
stimulus presentation for patients depended upon the position
of the visual field loss (see below). For healthy participants was
x = 5◦ and y = 5◦.

SSVEP Stimulation
Participants were comfortably seated at a viewing distance of
57 cm from the screen. The stimuli were binocularly presented
and participants were asked to maintain a stable fixation on a
central cross during stimulus presentation. Ocular movements
were externally controlled through a closed-circuit camera.
Constant feedback about their ability to maintain fixation was
given to the participants. SSVEP stimulations consisted of 40
blocks each of 18.3 s of simultaneous left and right hemifield
stimulation. Brief breaks were intermingled between blocks. At
the beginning of each block participants were asked to pay
attention, for the entire block, to the left or right hemifield.
Attention was alternated left and right hemifield across blocks
(20 toward the left and 20 toward the right hemifield). Patients
were instructed to press the space bar of the keyboard when the
target stimulus, i.e., a brief modification of grating orientation
(same duration as the standard stimuli 90.9 and 79.9 ms for
left and right hemifield, respectively), appeared in the attended
(5 times per block) and to ignore it when appeared in the
unattended hemifield (5 times per block). Four hundred target
stimuli were pseudo-randomly presented during the session:
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FIGURE 1 | Stimuli (target and standard), flickering frequency (11 Hz and 13 Hz on left and right hemifield, respectively), and eccentricity (for healthy participants).

200 in the attended side (100 in each left or right hemifield)
and 200 in the unattended side (100 in each left or right
hemifield). On the right hemifield 4,760 pattern-reversal stimuli
were presented for each attended and unattended condition,
while in the left hemifield 4,020 stimuli were presented per
condition (see Figure 1).

For each participant in the patients’ group the stimulus
was positioned in the blind area and in a corresponding area
in the intact hemifield on the basis of the results of clinical
campimetry, as shown in Table 1 and of a visual mapping
test carried out in the lab (for more details see Sanchez-
Lopez et al., 2017). In order to check for possible undetected
residual vision, at the beginning of the experimental session
we evaluated the subjective level of perceptual awareness by
moving the stimulus in the blind portion of the visual field and
asking the patient whether he/she had some visual sensation.
Moreover, at the end of each block, patients were asked if they

had ever detected the appearance of the stimulus in the blind
field. In both tests all patients reported no visual sensation
whatsoever. Patients’ eccentricities of stimulus presentation are
shown in Table 2.

EEG Recording
EEG was recorded during the performance of the task. An elastic
cap with 59 active electrodes (ActiCap, Brain Products GmbH,
Munich Germany) placed according to the 10-10 International
System was used. An acquisition system with two BrainAmp
amplifiers and the software Recorder 1.2 (Brain Products GmbH,
Munich, Germany) was employed. On-line reference was placed
on the left mastoid while the right mastoid electrode was used
to re-reference the EEG recording offline to the average of the
right and left mastoid electrodes. The ground electrode was
placed in the AFz electrode position. Horizontal and vertical eye
movements were recorded with four electrodes placed at the left
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and right canthi and above and below the right eye, respectively.
The impedance of all electrodes was kept below 5 K�. The EEG
was recorded at 1000 Hz sampling rate with a time constant of
10 Hz as low cut-off and a high cut-off of 1000 Hz with a 50 Hz
notch filter.

Data Analysis
Behavior
The scoring analysis included hit rate (response to target in
the attended field), false alarm rate (response to target in
the unattended field), reaction times (RT), and d prime (d’).
Since patients never responded to blind visual field stimuli,
only performance in the sighted visual field was compared
with that of a subset of healthy participants randomly sorted
to obtain a similar distribution as the patients’ group: 40%
performed the task in the upper visual field (half scores
obtained from the left hemifield and the other half from
the right visual field); 60% of healthy participants performed
the task in the lower visual field (2/3 of the scores from
the right visual field and 1/3 from the left visual field).
Group comparisons were carried out by means of one way
ANCOVA using age as covariate independently for each
comparison.

EEG Pre-processing
The EEG signal was pre-processed offline using EEGLAB
toolbox (Delorme and Makeig, 2004), and MATLAB (version
R2018a, The MathWorks, Inc., Natick, MA, United States, 2010)
scripts. Data pre-processing was carried out for all channels
by re-referencing to the average of the right and left mastoid
electrodes. Vertical eye movements were corrected by means
of Independent Component Analysis (ICA) ocular correction
(Makeig et al., 1996). EEG analysis aimed at investigating
the rhythmic entrainment produced by the standard stimuli,
therefore 2 s overlapped epochs locked to the standard
stimuli were obtained from the continuous EEG recording
separately for each condition: attended left/blind, unattended
left/blind, attended right/sighted, and unattended right/sighted;
all segments were band pass filtered from 0.1 to 40 Hz.
Baseline correction was performed for each segment by removing
the mean value of the signal per channel per trial. Finally,
semiautomatic rejection of segments with artifacts was carried
out. Clean segments were separately averaged for each condition.
Finally, the frequency power, by means of the fast Fourier

TABLE 2 | Stimulus position (in degrees), and stimulated visual field for the group
of patients. Stimuli were symmetrically positioned in left and right quadrants.

Patient Stimulus Position (◦) Visual field

x y

FB 13.8◦ 6.3◦ Lower visual field

LF 12.2◦ 6.4◦ Upper visual field

LC 14◦ 3.3◦ Lower visual field

GA 7.3◦ 2.7◦ Lower visual field

SL 4.8◦ 4.8◦ Upper visual field

transformation (FFT), was extracted for each channel of the
averaged SSVEP as 2 s segments.

SSVEP
For the statistical analysis of the SSVEP responses to the
entrainment produced by the standard stimuli, the peak of power
at the frequency of stimulation of 11 Hz for left visual field
and 13 Hz for right visual field was extracted after the FFT for
each condition, electrode and participant. In order to create a
single group of patients, the EEG montage of those with left
lesion (right hemianopia; n = 2) was flipped left to right. For
the healthy participants group the EEG montage of the 40% of
the participants was flipped left to right as in the patients group.
A non-parametric permutation test using 10,000 permutations
as implemented in EEGLAB function “statcond” (Delorme and
Makeig, 2004) was used.

Within-subjects comparisons were performed for each group
(healthy participants and patients) separately, by comparing
attended versus unattended conditions for each hemifield
(left/blind and right/sighted). In order to evaluate hemispheric
differences in the effect of attention between contralateral and
ipsilateral hemisphere with respect to the visual hemifield, the
same statistical analysis was performed for each hemifield in both
healthy and patients group.

Between-subjects comparisons (patients versus healthy
participants) concerned the net effect of attention (attended
minus unattended condition) for each hemifield.

In consideration of the more localized topographical
distribution of the SSVEP over posterior electrodes in the
group of patients in comparison with healthy participants (see
Figure 2), the statistical analyses, where patients were included,
were carried out in nine topographical sites separately: frontal
left (Fp1, F7, F5, F3, and F1), frontal right (Fp2, F2, F4, F6, and
F8), central left (FC5, FC3, FC1, C5, C3, C1, CP5, CP3, and CP1),
central right (FC2, FC4, FC6, C2, C4, C6, CP2, CP4, and CP6),
temporal left (FT9, FT7, T7, and TP7), temporal right (FT10,
FT8, T8, and TP8), posterior left (P7, P5, P3, P1, PO9, PO7,
PO3, and O1), posterior right (P2, P4, P6, P8, PO4, PO8, PO10,
and O2), and midline (Fz, FCz, Cz, CPz, Pz, POz, and Oz). For
the comparison of the effect of attention between contralateral
and ipsilateral hemisphere in each hemifield, in the healthy
group all electrodes from the contralateral were compared with
their counterpart on the ipsilateral hemisphere, and in patients,
separately, for each group of lateral electrodes (frontal, central,
temporal, and posterior). No midline electrodes were included in
this analysis. False discovery rate (FDR) correction was used to
adjust p-values for multiple comparisons.

RESULTS

Behavior
As described in the Methods section, since patients did not
respond to the target stimuli in the blind hemifield, only
the sighted hemifield was analyzed and compared with its
counterpart in the healthy participants group. No differences
between groups were observed in any variable tested: percentage
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FIGURE 2 | Within-subjects attention effect. Permutation t-test comparisons between attended (first column) and unattended (second column) for (A) healthy
participants and (B) hemianopic patients. Topographical maps in columns 1 and 2 represent the power of frequency (µV2) for each condition attended and
unattended, respectively. Maps in the 3rd column represent t values of the comparison between attended and unattended conditions; blue points indicate the
electrode sites where the power of frequency in the attended condition was significantly higher than in the unattended condition after the FDR correction calculated
separately for each comparison. The maximum p value accepted after FDR correction is indicated in the tittle of the 3rd column.
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of hit rate (F < 1; Mean-healthy = 79.2 ± 16.4; Mean-
patients = 45.8 ± 30.94), percentage of false alarms (F < 1;
Mean-healthy = 1.6 ± 2.1; Mean-patients = 15.8 ± 20.6),
RT (F < 1; Mean-healthy = 494.1 ± 54.6 ms; Mean-
patients = 534.6 ± 132.1 ms), and d’ (F(1,20) = 1.4; p = 0.2;
Mean-healthy = 2.6 ± 1; Mean-patients = 1.4 ± 1.6). The
other hemifield of the healthy participants group was analyzed
only in terms of descriptive statistics: Mean percentage of hits
rate = 80.1 ± 4.5; Mean RT = 479.6 ± 52.5 ms; Mean percentage
of false alarms = 2.1 ± 2.5; and Mean d’ = 2.61 ± 0.9.

SSVEP
By visual inspection of the topographic maps it appears that the
effect of attention was present for the blind as well as the sighted
hemifield of hemianopic patients and was similar, although less
pronounced, to that of healthy participants in whom the effect
was bilateral while in patients it was more pronounced over the
intact hemisphere regardless of hemifield (see Figures 2, 3).

Within-Subjects Attentional Effect
The main objective of this analysis was to investigate the
difference in frequency power between attended and unattended

conditions for stimulus presentation to the same hemifield.
Comparisons were carried out for each hemifield separately for
both groups. In the healthy participants group permutation
t-test showed a significantly higher power in the attended
than the unattended condition in most of bilateral occipital,
parietal, temporal and frontal electrode sites (p values < 0.04;
see Figure 2A). In the hemianopic patients group the
permutation tests yielded the following statistically reliable
differences: For the left/blind hemifield the SSVEP response
was higher in the attended than the unattended condition in
the posterior groups of electrodes of the intact and lesioned
hemispheres (p values < 0.001): PO3 (intact hemisphere), PO8,
and P8 (lesioned hemisphere). For the right/sighted hemifield
there were differences with higher frequency power in the
attended than in the unattended condition in the central
and frontal group of electrodes over the intact hemisphere
(p values < 0.001) on CPz, CP3, C5, F3, and F7 (see
Figure 2B).

In the analysis of hemispheric differences (contralateral
versus ipsilateral) of the effect of attention on hemifield of
stimulus presentation, no significant differences were observed
in both hemifields (left/blind or right/sighted) of either healthy
participants or patients (see Figure 4).

FIGURE 3 | Between-subjects attentional effect. Permutation t-test comparisons of the effect of attention (i.e., attended – unattended) between healthy participants
and hemianopic patients in blind (upper row) and sighted (lower row) hemifields. Topographical maps in columns 1 and 2 represent the power of frequency (µV2) for
each condition attended and unattended, respectively. Maps in the 3rd column represent t values of the comparison between attended and unattended conditions;
blue points indicate the electrode sites where the power of frequency in the attended condition was significantly higher than in the unattended condition after the
FDR correction calculated separately for each comparison. The maximum p value accepted after FDR correction is indicated in the tittle of the 3rd column.
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FIGURE 4 | Hemispheric differences of the attentional effect. Permutation t-test comparisons of the effect of attention (i.e., attended – unattended) between
contralateral and ipsilateral hemisphere for each hemifield, left/blind (left column), and right/sighted (right column), in both healthy (upper row) and patients (lower
row) group. No significant differences were observed.

Between-Subjects Attention Effect
The purpose of this analysis was to investigate group differences
in the effect of attention (attended minus unattended in
the same hemifield). Topographical maps of frequency
power showed a widespread bilateral effect in healthy
participants which, in hemianopic patients was present
mainly over posterior electrodes of the intact hemisphere for
both blind and sighted hemifield stimulus presentation, see
Figure 3. Permutations tests showed significant differences
in posterior, central and frontal groups of electrodes
along the midline and in the lesioned hemisphere of
patients, while no significant differences were found for the
sighted hemifield.

DISCUSSION AND CONCLUSION

The aim of this study was to investigate the neurophysiological
correlates of endogenous spatial attention to unseen stimuli. In
the group of healthy participants we found significantly larger
SSVEP responses in the attended versus unattended condition
mainly in occipital but also in frontal, temporal, and parietal sites.
These results are in line with previous findings on SSVEP and
endogenous sustained attention (Morgan et al., 1996; Andersen

and Muller, 2010; Vialatte et al., 2010; Andersen et al., 2011).
Importantly, a reliable, albeit less pronounced similar effect,
was found in the group of hemianopic patients: Following
stimulus presentation in the blind hemifield a higher frequency
power in the attended than unattended condition was found
bilaterally over occipital electrodes. This suggests the influence
of top-down attentional mechanisms over spared portions of
the striate cortex (Hopfinger et al., 2000; Bressler et al., 2008)
and of extrastriate areas. This is a reasonable possibility given
that striate (V1) and extrastriate visual areas are considered
as responsible for the SSVEP response (see Di Russo et al.,
2002; Vialatte et al., 2010; Sanchez-Lopez et al., 2017; Mitka and
Riecansky, 2018). In particular, following stimulus presentation
to the blind hemifield the contralateral activity observed over
PO8 and P8 is likely to originate from extrastriate areas (Di
Russo et al., 2002) of the lesioned hemisphere while the activity
over PO3 might origin from striate as well as extrastriate areas
(Di Russo et al., 2002) of the ipsilateral intact hemisphere.
In the sighted hemifield of hemianopics a significant SSVEP
difference between attended and unattended stimuli was found
over central and frontal electrodes in the intact hemisphere likely
originating from extrastriate visual areas (hMT/V5), precuneus,
superior, and inferior parietal lobe and middle frontal lobe
(Mitka and Riecansky, 2018) of the intact hemisphere, i.e.,
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areas of the dorsal system for endogenous spatial attention
(Vossel et al., 2014). One might wonder why we found a
significant occipital effect of attention in the blind hemifield
and a central and frontal effect in the sighted hemifield. One
possibility is that even though in the blind field there was a
trend toward an attentional effect in the latter areas it was not
larger enough to reach statistical reliability. This might be due
to inter subject variability of the lesion in some parietal and
temporal areas in different patients which provide a forward
input to central and frontal areas. As to the lack of occipital
attentional effect in the sighted hemifield, one possibility is
that given the presence of a blind hemifield, the attentional
focus might be inevitably attracted to the sighted hemifield
in both valid and invalid condition and therefore the visual
input is overwhelming in the occipital areas. As a consequence,
a differential attentional effect is less pronounced in early
visual areas and more evident in the dorsal attentional system.
As to hemispheric differences (contralateral versus ipsilateral)
as a function of the visual hemifield stimulated, we did not
find significant results in keeping with those of Gray et al.
(2015) who found a bilateral occipital activity as a correlate
of visual spatial attention and suggest that this depends on
recruitment of neuronal populations from both hemispheres
when attending only one hemifield. Thus, the contribution
of the intact hemisphere of hemianopics is likely to have an
important role as compensatory mechanism that maintains
the ability to allocate spatial attention, even in absence of
perceptual awareness.

The group analysis of the differential effect of attention
(attended minus unattended) showed differences for the
blind/left but not for the sighted/right hemifield. This difference
did not involve the electrodes where the significant effect of
attention was found in the blind field of patients. This might
reflect, firstly, a similar effect of attention over extrastriate
generators in the lesioned hemisphere and its counterpart
in healthy participants, while the difference over the most
anterior electrodes is likely due to the anatomical damage
that reduces the capacity of the system to spread the activity
forward. Secondly, the absence of difference over the ipsilateral
hemisphere (i.e., intact hemisphere in patients) could be
explained by a compensatory plastic mechanism following brain
injury, e.g., enhanced interhemispheric interactions between
the damaged and intact hemisphere (see Celeghin et al.,
2017). These results provide important evidence that the
neural mechanism of endogenous spatial attention can be
at work independently from the presence of awareness as
previously demonstrated by behavioral experiments (Kentridge
et al., 1999, 2008). Thus, the main thrust of our study is to
provide evidence that sustained attention to a blind hemifield
triggers compensatory neural mechanisms that enhance the
neurophysiological response but are not sufficient for perceptual
awareness and this represents a kind of interesting dissociation
between the two processes.

Putting together the results of our previous study (Sanchez-
Lopez et al., 2017) in which we found reliable neural responses to
visual stimuli presented to the blind hemifield and the present
study, one obvious crucial question is what is missing for the

emergence of perceptual awareness despite the presence of neural
correlates of attention. One should consider that most of our
hemianopic patients have large lesions including not only the
primary visual cortex but also extrastriate areas and in some cases
parietal and temporal areas. Moreover, three of them have clear
evidence of optic radiation lesion. This complex picture of brain
damage is obviously common to many hemianopic patients.
A reasonable possibility is that a disruption of the interplay
between striate/extrastriate visual cortex and parietal/frontal
areas does not enable perceptual awareness to emerge because of
a lack of top-down feedback. A broadly similar account has been
proposed by Silvanto (2015). Interestingly, however, our present
results show that the lack of the above mentioned interplay
does not abolish the influence of attention on visual areas of
the lesioned hemisphere even though this is not sufficient for
perceptual awareness. At variance with the results of Kentridge
and colleagues (Kentridge et al., 1999, 2004, 2008) our patients
did not show unconscious behavioral evidence of an attention
effect probably because their lesion was more extensive than
the circumscribed visual cortex lesion of blindsight patient GY
who was tested in the above mentioned studies. Of course, it
would be important to test with SSVEP hemianopic patients
with and without blindsight and with lesion strictly limited
to V1.

A further related question is at what stage of central visual
processing attention and awareness are dissociable. Important
evidence comes from a magnetoencephalography (MEG) study
by Wyart et al. (2012) who, with a metacontrast paradigm, found
that at 100 ms from stimulus onset endogenous spatial attention
enhanced early occipital MEG responses for both detected and
undetected stimuli, and, therefore, was unrelated to conscious
access and had no effect on stimulus detection. Thus, at an early
stage, attention and awareness are dissociated and full perceptual
awareness emerges later on when the two parallel independent
processes cumulate their effects (see Tallon-Baudry, 2012). We
believe that this picture is in accord with our present results.

In conclusion, we showed for the first time that the neural
mechanisms of attention at early stages of visual processing are
present independently from perceptual awareness. We believe
that this result has relevance for constraining theories of the
neural basis of awareness.

AUTHOR CONTRIBUTIONS

JS-L, SS, and CM contributed to the conception and design
the study. JS-L and CP contributed to the data acquisition and
organization of database. JS-L and SS performed the statistical
analysis. JS-L and CM wrote the first draft of the manuscript. CP
and NC wrote sections of the manuscript. All authors contributed
to manuscript discussion, revision, reading, and finally approved
the submitted version.

FUNDING

The study was supported by the European Research Council
(ERC) Grant number 339939 “Perceptual Awareness” (P.I.: CM).

Frontiers in Psychology | www.frontiersin.org 9 February 2019 | Volume 10 | Article 198

https://www.frontiersin.org/journals/psychology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles


fpsyg-10-00198 February 4, 2019 Time: 16:4 # 10

Sanchez-Lopez et al. Visuospatial Attention to Unseen Stimuli

REFERENCES
Andersen, S. K., and Muller, M. M. (2010). Behavioral performance follows the

time course of neural facilitation and suppression during cued shifts of feature-
selective attention. Proc. Natl. Acad. Sci.U.S.A. 107, 13878–13882. doi: 10.1073/
pnas.1002436107

Andersen, S. K., Müller, M. M., and Hillyard, S. A. (2011). “Tracking the allocation
of attention in visual scenes with steady-state evoked potentials,” in Cognitive
Neuroscience of Attention, ed. M. I. Posner (New York, NY: The Guilford Press),
197–216.

Block, N. (2014). Rich conscious perception outside focal attention. Trends Cogn.
Sci. 8, 445–447. doi: 10.1016/j.tics.2014.05.007

Bouwmeester, L., Heutink, J., and Lucas, C. (2007). The effect of visual training
for patients with visual field defects due to brain damage: a systematic review.
J. Neurol. Neurosurg. Psychiatry 78, 555–564. doi: 10.1136/jnnp.2006.103853

Bressler, S. L., Tang, W., Sylvester, C. M., Shulman, G. L., and Corbetta, M. (2008).
Top-down control of human visual cortex by frontal and parietal cortex in
anticipatory visual spatial attention. J. Neurosci. 28, 10056–10061. doi: 10.1523/
JNEUROSCI.1776-08.2008

Celeghin, A., Diano, M., de Gelder, B., Weiskrantz, L., Marzi, C. A., and
Tamietto, M. (2017). Intact hemisphere and corpus callosum compensate
for visuomotor functions after early visual cortex damage. Proc. Natl. Acad.
Sci.U.S.A. 114, E10475–E10483. doi: 10.1073/pnas.1714801114

Chica, A. B., Botta, F., Lupiáñez, J., and Bartolomeo, P. (2012). Spatial
attention and conscious perception: interactions and dissociations between and
within endogenous and exogenous processes. Neuropsychologia 50, 621–629.
doi: 10.1016/j.neuropsychologia.2011.12.020

Corbetta, M., Patel, G., and Shulman, G. L. (2008). The reorienting system of
the human brain: from environment to theory of mind. Neuron 58, 306–324.
doi: 10.1016/j.neuron.2008.04.017

Corbetta, M., and Shulman, G. L. (2002). Control of goal-directed and stimulus-
driven attention in the brain. Nat. Rev. Neurosci. 3, 201–215. doi: 10.1038/
nrn755

Delorme, A., and Makeig, S. (2004). EEGLAB: an open source toolbox for analysis
of single-trial EEG dynamics including independent component analysis.
J. Neurosci. Methods 134, 9–21. doi: 10.1016/j.jneumeth.2003.10.009

Di Russo, F., Martínez, A., Sereno, M. I., Pitzalis, S., and Hillyard, S. A. (2002).
Cortical sources of the early components of the visual evoked potential. Hum.
Brain Mapp. 15, 95–111. doi: 10.1002/hbm.10010

Di Russo, F., Teder-Sälejärvi, W. A., and Hillyard, S. A. (2003). “Steady-State
VEP and Attentional Visual Processing,” in The Cognitive Electrophysiology of
Mind and Brain, eds A. Zani, A. M. Proverbio, and M. I. Posner (Cambridge:
Academic Press), 259–274. doi: 10.1016/B978-012775421-5/50013-3

Diller, L., Ben-Yishay, Y., and Gerstman, L. (1974). Studies in Cognition And
Rehabilitation in Hemiplegia. New York, NY: New York University Medical
Center Institute of Rehabilitation Medicine.

Folstein, M. F., Folstein, S. E., and McHugh, P. R. (1975). Mini-mental state”.
A practical method for grading the cognitive state of patients for the clinician.
J. Psychiatr. Res. 12, 189–198. doi: 10.1016/0022-3956(75)90026-6

Gauthier, L., Dehaut, F., and Joanette, Y. (1989). The bells test: a quantitative and
qualitative test for visual neglect. Int. J. Clin. Neuropsychol. 11, 49–54.

Gray, M. J., Frey, H.-P., Wilson, T. J., and Foxe, J. J. (2015). Oscillatory recruitment
of bilateral visual cortex during spatial attention to competing rhythmic inputs.
J. Neurosci. 35, 5489–5503. doi: 10.1523/JNEUROSCI.2891-14.2015

Herreros, L., Lambert, A. J., and Chica, A. B. (2017). Orienting of attention
with and without cue awareness. Neuropsychologia 99, 165–171. doi: 10.1016/
j.neuropsychologia.2017.03.011

Hopfinger, J. B., Buonocore, M. H., and Mangun, G. R. (2000). The neural
mechanisms of top-down attentional control. Nat. Neurosci. 3, 284–291.
doi: 10.1038/72999

Ivanoff, J., and Klein, R. M. (2003). Orienting of attention without awareness is
affected by measurement-induced attentional control settings. J. Vis. 3, 32–40.
doi: 10.1167/3.1.4

Kentridge, R. (2011). “Attention without awareness: a brief review,” in Philosophical
and Psychological Essays, eds M. Christopher, D. Smithies, and W. Wayne
(Oxford: Oxford University Press), 228–246.

Kentridge, R. W., Heywood, C. A., and Weiskrantz, L. (1999). Attention without
awareness in blindsight. Proc. R. Soc. B Biol. Sci. 266, 1805–1811. doi: 10.1098/
rspb.1999.0850

Kentridge, R. W., Heywood, C. A., and Weiskrantz, L. (2004). Spatial attention
speeds discrimination without awareness in blindsight. Neuropsychologia 42,
831–835. doi: 10.1016/j.neuropsychologia.2003.11.001

Kentridge, R. W., Nijboer, T. C. W., and Heywood, C. A. (2008). Attended but
unseen: visual attention is not sufficient for visual awareness. Neuropsychologia
46, 864–869. doi: 10.1016/j.neuropsychologia.2007.11.036

Lu, S., Cai, Y., Shen, M., Zhou, Y., and Han, S. (2012). Alerting and orienting of
attention without visual awareness. Conscious. Cogn. 21, 928–938. doi: 10.1016/
j.concog.2012.03.012

Makeig, S., Bell, A. J., Jung, T.-P., and Sejnowski, T. J. (1996). Independent
component analysis of electroencephalographic data. Adv. Neural. Inf. Process.
Syst. 8, 145–151. doi: 10.1109/ICOSP.2002.1180091

Mangione, C. M., Lee, P. P., Gutierrez, P. R., Spritzer, K., Berry, S., Hays, R. D.,
et al. (2001). Development of the 25-item national eye institute visual function
questionnaire. Arch. Ophthalmol. 119, 1050–1058. doi: 10.1097/00132578-
200201000-00028

McCormick, P. A. (1997). Orienting attention without awareness. J. Exp. Psychol.
Hum. Percept. Perform. 23, 168–180. doi: 10.1037/0096-1523.23.1.168

Mitka, M., and Riecansky, I. (2018). Links between brain cortical regions and
EEG recording sites derived from forward modelling. Gen. Physiol. Biophys. 37,
359–361. doi: 10.4149/gpb_2017060

Morgan, S. T., Hansen, J. C., and Hillyard, S. A. (1996). Selective attention to
stimulus location modulates the steady-state visual evoked potential. Proc. Natl.
Acad. Sci.U.S.A. 93, 4770–4774. doi: 10.1073/pnas.93.10.4770

Poppel, E., Held, R., and Frost, D. (1973). Residual visual function after brain
wounds involving the central visual pathways in man. Nature 243, 295–296.
doi: 10.1038/243295a0

Sanchez-Lopez, J., Pedersini, C. A., Di Russo, F., Cardobi, N., Fonte, C., Varalta, V.,
et al. (2017). Visually evoked responses from the blind field of hemianopic
patients. Neuropsychologia doi: 10.1016/j.neuropsychologia.2017.10.008 [Epub
ahead of print].

Schenkenberg, T., Bradford, D. C., and Ajax, E. T. (1980). Line bisection and
unilateral visual neglect in patients with neurologic impairment. Neurology 30,
509–509. doi: 10.1212/WNL.30.5.509

Schomer, D. L., and Lopes da Silva, F. H. (2011). Niedermeyer’s
Electroencephalography. sixth. Philadelphia, PA: Wolters Kluwer Health.

Silvanto, J. (2015). Why is “blindsight” blind? A new perspective on primary visual
cortex, recurrent activity and visual awareness. Conscious. Cogn. 32, 15–32.
doi: 10.1016/j.concog.2014.08.001

Tallon-Baudry, C. (2012). On the neural mechanisms subserving
consciousness and attention. Front. Psychol. 2:397. doi: 10.3389/fpsyg.2011.
00397

Vialatte, F. B., Maurice, M., Dauwels, J., and Cichocki, A. (2010). Steady-
state visually evoked potentials: focus on essential paradigms and future
perspectives. Prog. Neurobiol. 90, 418–438. doi: 10.1016/j.pneurobio.2009.
11.005

Vossel, S., Geng, J. J., and Fink, G. R. (2014). Dorsal and ventral attention systems.
Neuroscience 20, 150–159. doi: 10.1177/1073858413494269

Weiskrantz, L. (2004). Roots of blindsight. Prog. Brain Res. 144, 229–241.
doi: 10.1006/ccog.1998.0358

Weiskrantz, L., Warrington, E. K., Sanders, M. D., and Marshall, J. (1974). Visual
capacity in the hemianopic field following a restricted occipital ablation. Brain
97, 709–728. doi: 10.1093/brain/97.1.709

Wyart, V., Dehaene, S., and Tallon-Baudry, C. (2012). Early dissociation between
neural signatures of endogenous spatial attention and perceptual awareness
during visual masking. Front. Hum. Neurosci. 6:16. doi: 10.3389/fnhum.2012.
00016

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Sanchez-Lopez, Savazzi, Pedersini, Cardobi and Marzi. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Psychology | www.frontiersin.org 10 February 2019 | Volume 10 | Article 198

https://doi.org/10.1073/pnas.1002436107
https://doi.org/10.1073/pnas.1002436107
https://doi.org/10.1016/j.tics.2014.05.007
https://doi.org/10.1136/jnnp.2006.103853
https://doi.org/10.1523/JNEUROSCI.1776-08.2008
https://doi.org/10.1523/JNEUROSCI.1776-08.2008
https://doi.org/10.1073/pnas.1714801114
https://doi.org/10.1016/j.neuropsychologia.2011.12.020
https://doi.org/10.1016/j.neuron.2008.04.017
https://doi.org/10.1038/nrn755
https://doi.org/10.1038/nrn755
https://doi.org/10.1016/j.jneumeth.2003.10.009
https://doi.org/10.1002/hbm.10010
https://doi.org/10.1016/B978-012775421-5/50013-3
https://doi.org/10.1016/0022-3956(75)90026-6
https://doi.org/10.1523/JNEUROSCI.2891-14.2015
https://doi.org/10.1016/j.neuropsychologia.2017.03.011
https://doi.org/10.1016/j.neuropsychologia.2017.03.011
https://doi.org/10.1038/72999
https://doi.org/10.1167/3.1.4
https://doi.org/10.1098/rspb.1999.0850
https://doi.org/10.1098/rspb.1999.0850
https://doi.org/10.1016/j.neuropsychologia.2003.11.001
https://doi.org/10.1016/j.neuropsychologia.2007.11.036
https://doi.org/10.1016/j.concog.2012.03.012
https://doi.org/10.1016/j.concog.2012.03.012
https://doi.org/10.1109/ICOSP.2002.1180091
https://doi.org/10.1097/00132578-200201000-00028
https://doi.org/10.1097/00132578-200201000-00028
https://doi.org/10.1037/0096-1523.23.1.168
https://doi.org/10.4149/gpb_2017060
https://doi.org/10.1073/pnas.93.10.4770
https://doi.org/10.1038/243295a0
https://doi.org/10.1016/j.neuropsychologia.2017.10.008
https://doi.org/10.1212/WNL.30.5.509
https://doi.org/10.1016/j.concog.2014.08.001
https://doi.org/10.3389/fpsyg.2011.00397
https://doi.org/10.3389/fpsyg.2011.00397
https://doi.org/10.1016/j.pneurobio.2009.11.005
https://doi.org/10.1016/j.pneurobio.2009.11.005
https://doi.org/10.1177/1073858413494269
https://doi.org/10.1006/ccog.1998.0358
https://doi.org/10.1093/brain/97.1.709
https://doi.org/10.3389/fnhum.2012.00016
https://doi.org/10.3389/fnhum.2012.00016
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles

	Neural Correlates of Visuospatial Attention to Unseen Stimuli in Hemianopic Patients. A Steady-State Visual Evoked Potential Study
	Introduction
	Materials and Methods
	Participants
	Patients
	Healthy Participants

	Stimuli
	SSVEP Stimulation
	EEG Recording
	Data Analysis
	Behavior
	EEG Pre-processing
	SSVEP


	Results
	Behavior
	SSVEP
	Within-Subjects Attentional Effect
	Between-Subjects Attention Effect


	Discussion and Conclusion
	Author Contributions
	Funding
	References


