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Abstract

Behavioral studies have shown that eye gaze triggers attentional shifts both with
and without conscious awareness. However, the neural substrates of conscious
and unconscious attentional shifts triggered by eye gaze remain unclear. To
investigate this issue, we measured brain activity using event-related functional
magnetic resonance imaging while participants observed averted or straight
eye-gaze cues presented supraliminally or subliminally in the central visual field
and then localized a subsequent target in the peripheral visual field. Reaction times
for localizing the targets were shorter under both supraliminal and subliminal
conditions when eye-gaze cues were directionally congruent with the target
locations than when they were directionally neutral. Conjunction analyses revealed
that a bilateral cortical network, including the middle temporal gyri, inferior
parietal lobules, anterior cingulate cortices, and superior and middle frontal gyri,
was activated more in response to averted eyes than to straight eyes under both
supraliminal and subliminal conditions. Interaction analyses revealed that the right
inferior parietal lobule was specifically active when participants viewed averted
eyes relative to straight eyes under the supraliminal condition; the bilateral

subcortical regions, including the superior colliculus and amygdala, and the middle
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temporal and inferior frontal gyri in theright hemisphere were activated in response
to averted versus straight eyes under the subliminal condition. These results suggest
commonalities and differences in the neural mechanisms underlying conscious and
unconscious attentional shifts triggered by eye gaze.
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Introduction

The eyes of other individuals automatically trigger multiple psychological
activitiesin observers (Kendon, 1967). For example, the perception of averted eyes
may alert observers to critical information about the environment, such as
dangerous animals, and allow rapid reactions to such stimuli. At the same time,
averted eyes may signal the intention to share attentional focus with others and
thereby create social coordination.

Consistent with these ideas, several behavioral studies have revealed that eye
gaze can trigger attentional shifts under both conscious and unconscious conditions
(Al-Janabi and Finkbeiner, 2012; Bailey et al., 2014; Sato et al., 2007; Sato et al.,
2010; Xu et al., 2011). In these studies, researchers presented eye-gaze cues in the
central visual field either supraliminally or subliminally using a cueing paradigm
(cf. Posner, 1980). The results consistently showed that participants’ reaction times
(RTs) for processing targets were shorter when the targets were preceded by cues
that were directionally congruent with the target locations than when they were
preceded by directionally incongruent cues under both presentation conditions. This
cueing effect was observed under both supraliminal and subliminal presentation
conditionswhen the cues were not predictive of target locations (Bailey et al., 2014;
Sato et al., 2007; Sato et al., 2010; Xu et al., 2011; however, see Al-Janabi and

Finkbeiner, 2012) and when concurrent information load was high (Xu et al., 2011).
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These data suggest that attentional shifts are automatically triggered by eyes,
following a common pattern with and without conscious awareness. At the same
time, some of these studies found different patterns of attentional shifts across
supraliminal and subliminal presentation conditions. Specifically, reduced cueing
effects caused by eye cues were found under subliminal, but not supraliminal,
conditions among individuals with autistic spectrum disorders compared with
typically developing controls (Sato et al., 2010) and under supraliminal, but not
subliminal, conditionsin older adultsrelative to younger adults (Bailey et al., 2014).
These dissociations suggest the involvement of different mechanisms in conscious
and unconscious gaze-triggered attentional shifts. In summary, behavioral data
suggest that both conscious and unconscious viewing of eyes can trigger attentional
shifts, with certain commonalities and differences evident across conditions.
Neuroimaging studies have explored the neural mechanisms underlying
attentional shifts triggered by consciously viewed eye gaze. A number of studies
reported that the observation of averted eyes compared with straight eyes or other
control stimuli, elicited more activation in several brain regions, including the
posterior superior temporal sulcus/middle temporal gyrus (Calder et al., 2002;
Engell and Haxby, 2007; Hoffman and Haxby, 2000; Hooker et al., 2003; Pelphrey
et al., 2003; Puce et al., 1998; Sato et al., 2008; Wicker et al., 1998), fusiform gyrus
(Calder et al., 2002; George, et al., 2001; Pelphrey et al., 2003; Wicker et al., 1998),
and inferior parietal lobule (Calder et al., 2002; Hoffman and Haxby, 2000; Pel phrey
et al., 2003; Sato et al., 2008; Wicker et al., 1998), and middle/inferior frontal gyrus
(Calder et al., 2002; Hooker et al., 2003; Wicker et al., 1998). Several studies
investigated the brain activation in response to averted versus straight eyes in the
framework of the cueing paradigm (Callejaset al., 2013; Cazzato et al., 2012; Engell
et al., 2010; Greene et al., 2009; Hietanen et al., 2006; Kingstone et al., 2004; Sato
et al., 2009; Tipper et al., 2008). Although foci, methodol ogies, and results were not

identical across these studies and disagreements persist, several of these studies
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(Greene et al., 2009; Sato et al., 2009; Tipper et al., 2008) were consistent in
reporting that the temporal, parietal, and frontal regions were involved in
attentional shiftstriggered by eye gaze. For example, Tipper et al. (2008) presented
eye-gaze cues using a cueing paradigm and found activation in the distributed
temporal, parietal, and frontal regions, including the superior temporal gyrus,
inferior parietal lobule, and middle and inferior frontal gyri, during attentional
shifts elicited by eye-gaze cues. Several neuroimaging studies also reported that
these regions were active when attentional shifts were automatically triggered by
non-social cues, such as peripheral sudden onset stimuli and centrally presented
symbols (e.g., Rosen et al., 1999; for a review, see Grosbras et al., 2005). Several
studies reported that similar brain regions were activated for attentional shifts,
regardless of whether they were triggered by eye gaze or non-social cues (Greene et
al., 2009; Sato et al., 2009; Tipper et al., 2008; however, see Hietanen et al., 2006).
Based on this evidence, it has been proposed that these regions constitute the
attentional neural network (Corbetta and Shulman, 2002; Grosbras et al., 2005).
Taken together, these findings suggest that conscious attentional shifts induced by
gaze are implemented by the activation of the temporo—parieto—frontal cortical
attentional network.

However, questions about whether the neural mechanisms underpinning
attentional shifts triggered by consciously and unconsciously perceived gaze could
be common or different remain unanswered. No study has examined this issue.
However, the aforementioned behavioral data showing commonalities across
conscious and unconscious gaze-triggered attentional shifts suggest commonalities
in the neural substrates. Several neuroimaging studies also reported common
patternsin neural activation regarding the conscious and unconscious processing of
facial stimuli (Jiang and He, 2006; Morris et al., 2007; Prochnow et al., 2013).
Based on these data, we hypothesized that the temporo—parieto—frontal attentional

network would be involved in both conscious and unconscious gaze-triggered
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attentional shifts.

Additionally, based on the behavioral data, we expected to find several
differences between conscious and unconscious gaze-triggered attentional shifts.
Neuroimaging studies have provided indirect evidence related to this issue,
reporting that the amygdala was involved in the processing of subliminally
presented facial stimuli (e.g., Morris et al., 1998; Whalen et al., 1998) and
specifically activated in response to subliminally presented fearful versus neutral
eyes (Whalen et al., 2004). A neuroimaging study reported that the activity of the
amygdala of a patient with damage to the entrance of the cortical visual areas
changed depending on the direction of unseen eyes (Burra et al., 2013). An
intracranial electroencephalography study reported that amygdala activation in
response to eyes was rapid, indicating that it can occur prior to or simultaneously
with the conscious awareness of faces (Sato et al., 2011, 2013). Several
neuroimaging studies also found that emotional facial expressions, which are
integratively processed with gaze direction (e.g., Sato et al., 2004), were
unconsciously processed through the subcortical visual pathway to the amygdala,
which includes the superior colliculus and pulvinar (e.g., Morris et al., 2001; for a
review, see Tamietto and de Gelder, 2010). Further, the visual pathwaysinvolvedin
processing conscious and unconscious emotional facial expressions differed (e.g.,
Vuilleumier et al., 2002; for areview, see Vuilleumier and Pourtois, 2007). These
data suggest the involvement of subcortical structures in the unconscious
processing of eyes. Although direct evidence is lacking, based on these studies
together with behavioral data suggesting specific mechanisms for unconscious
gaze-triggered attentional shifts, we hypothesized that subcortical structures would
be specifically related to unconscious attentional shifts triggered by gaze.

To test these hypotheses, we measured brain activity using rapid event-related
functional magnetic resonance imaging (fMRI) while participants observed averted

and straight eyes presented supraliminally or subliminally in the central visual field
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and then localized a subsequent target in the peripheral visual field. We performed
cognitive conjunction analysis with interaction masking (Price and Friston, 1997) to
identify commonalitiesin brain activity in response to averted versus straight eyes
across presentation conditions. We also examined differences in brain activity by

analyzing interactions between gaze direction and presentation condition.

Methods
Participants

Twenty-seven volunteers (3 women and 24 men; mean + SD age, 25.0 £ 4.6
years) participated in the experiment. All participants were right-handed, as
assessed by the Edinburgh Handedness Inventory (Oldfield, 1971), and had normal
or corrected-to-normal visual acuity. After the experimental procedures were fully
explained, all participants provided informed consent regarding their participation.
This study was approved by the local institutional ethics committee.
Experimental design

The fMRI analysis relied on a within-subject two-factorial design, including
presentation condition (subliminal or supraliminal) and directional condition
(averted or straight). Cue—target congruence (i.e., congruence between the cue’'s
direction and the target’s location: congruent, neutral, incongruent) was also
included in the behavioral data analysis.
Stimuli

The eye-gaze stimuli were almost identical to those used in a previous

behavioral study (Uono et al., 2009) (Fig. 1). We selected the cue stimuli from a
standard set (Ekman and Friesen, 1976). Photographs of two models (one female and
one male) showing a neutral facial expression were selected and manipulated. To
manipulate gaze direction, the irises and pupils of the eyes were extracted from the
original photographs and inserted at the right or left side of the eyeball using Adobe

Photoshop 5.0. We cropped the photographs in an elliptical shape, 2.7° wide and
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3.8° high, to exclude hair and background.

A mosaic image was created from a neutral facial expression by dividing the
photos into a 50 x 40 grid and randomly reordering the pieces, rendering the
resulting photograph unrecognizable asaface. Theletter “T” (0.6° wide x 0.6° high),
presented 5.7° to the left or right of the center of the screen, was used as a target
stimulus.

Presentation apparatus

The events were controlled by Presentation Software version 10.0
(Neurobehavioral Systems, Albany, CA, USA) implemented on a computer using
Microsoft Windows. The stimuli were projected from a liquid crystal projector
(DLA-G150CL; Victor Electronics, Brussels, Belgium) at arefresh rate of 75 Hz to

a mirror positioned in a scanner in front of the participants.

Supraliminal Subliminal

500 ms

Figure 1. Illustrations of stimulus presentations.
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Procedure

The participants completed a total of 240 trials presented in two runs of 120
trials lasting 427.5 s. Each run corresponded to one of the presentation conditions
(supraliminal or subliminal), and the order of the conditions was counterbalanced
across participants. We tested the presentation conditionsin separate runsto prevent
the participants from suspecting that eye-gaze cues were being presented under the
subliminal condition (i.e., to make the participants believe that they were engaged
in two different tasks), following several previous behavioral studies (Bailey et al .,
2014; Sato et al., 2007, 2010). Each run consisted of an equal number of trials
representing each of the gaze-direction conditions (i.e., 40 trials each of
averted-left, averted-right, and straight eye-gaze conditions) and cue—target
congruence conditions (i.e., 40 trials each of congruent, neutral, and incongruent
conditions; 20 congruent and 20 incongruent trials for each averted-left and
averted-right condition and 40 neutral trials for the straight condition), and the
order of these conditions was randomized within each run. A break of approximately
1 min was inserted after the first run. Ten practice trials preceded the experimental
trials.

A fixation point (i.e., asmall black “+") was presented for 500 ms at the center
of the screen at the beginning of each trial (Fig. 1). The gaze cue was then presented
at the same location. Under the supraliminal condition, the gaze cue was presented
for 200 ms, and no masking followed. Under the subliminal condition, the gaze cue
was presented for 13 ms and was followed by the presentation of the mask in the
same location for 187 ms. Then, a target was presented in either the left or right
visual field (5.0° from the center) 100 ms after the gaze cue (under the supraliminal
condition) or mask (under the subliminal condition) disappeared; the target
remained until a response was made or 1,700 ms elapsed. As in previous studies
(Friesen and Kingstone, 1998; Sato et al., 2007), participants were instructed to

indicate as quickly as possible whether targets appeared on the left or right side of
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the monitor by pressing a key on the switch box using their left or right index finger
to indicate left- or right-side locations, respectively. Participants were told that the
stimuli preceding the targets were not predictive.

Our experimental design was based on arapid event-related paradigm in which
the efficiency of the design depended on the temporal pattern of stimulus or trial
presentations (Dale, 1999; Friston et al., 1999). We maximized the efficiency with
which we detected differential activation for averted and straight eyes while also
maximizing the efficiency with which we estimated the evoked response under each
condition. To ensure the latter, a null event was included, which occurred at a
probability of 25% of all events. Accordingly, inter-trial intervals varied among
2,500, 5,000, 7,500, 10,000, and 12,500 ms. The efficiency of the contrast estimates
was evaluated using the inverted trace of the covariance matrix of the contrasts
(Dale, 1999; Friston et al., 1999; cf. Morita et al., 2008). Of the 200,000 randomly
generated design matrices, we selected the two most efficient in each run under the
supraliminal and subliminal conditions.

Because we tested the effect of presentation condition in separate runs, we al so
evaluated the efficiency of this particular design. We compared three different
experimental designs: (1) the current design (each presentation condition was tested
separately in each of two runs), (2) mixed (both presentation conditions were tested
together in two runs of blocked trials), and (3) randomized (both presentation
conditions were tested together in each run, occurring as inter-mixed randomized
trials). Efficiency was evaluated using the same method as the aforementioned
simulation (i.e., 200,000 random generations of design matrices and an evaluation
of the inverted trace of the covariance matrix of the contrasts). The contrasts of
interest consisted of the differential activation for averted versus straight eyes
within and across presentation conditions. To take into account the effects of
temporal filtering (Friston et al., 2000), we also computed the modified efficiency

by applying ahigh-passfilter of 128-s cut-off and afirst-order autoregressive model
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(autoregressive coefficient: 0.3). The results of the simulation showed that the
current design had the maximum efficiency (current > mixed > randomized) for both
types of measures.

To ensure that the subliminal cue stimuli were presented without the
participants’ conscious awareness, we assessed the subjective thresholds of
participants after MRI image acquisition with a procedure similar to those used in
previous behavioral studies (Sato et al., 2007, 2010). The participants completed a
total of 30 trials, 24 of which were similar to the trials under the subliminal
condition during image acquisition, except that the gaze cues were presented for 13,
27, 40, and 53 ms in each of six trials. We also included six trials with no gaze cue
(i.e., mask image only) as the baseline condition (to consider cases of false-positive
responses). The order of trials was randomized. Participants were asked, “Did you
see the gaze? If so, report the direction of the gaze.” Participants responded either

“Yes” or “No;” inthe case of a“Yes” response, they reported the gaze direction that
they had seen.
MRI acquisition

Image scanning was performed on a 3-T scanning system (MAGNETOM Trio A,
Tim System; Siemens, Malvern, PA, USA) using a 12-channel head coil. A forehead
pad was used to stabilize the head position. The functional images consisted of 40
consecutive slices parallel to the anterior—posterior commissure plane, covering the
whole brain. A T2*-weighted gradient-echo echo-planar imaging sequence was used
with the following parameters: repetition time (TR) = 2,500; echo time (TE) = 30
ms; flip angle = 90°; matrix size = 64 x 64; voxel size = 3 x 3 x 4 mm. After the
acquisition of functional images, a T1l-weighted high-resolution anatomical image
was obtained using a magnetization-prepared rapid-acquisition gradient-echo
sequence (TR = 2,250 ms; TE = 3.06 ms; flip angle = 9°; field of view = 256 x 256
mm; voxel size =1 x 1 x 1 mm).

Behavioral data analysis
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The median correct RT under each condition was calculated for each
participant. To satisfy normality assumptions for the subsequent analyses, these
data were subjected to log transformation. Then, the log-transformed RTs were
analyzed using a 3 (cue—target congruence: congruent, neutral, or incongruent) x 2
(presentation condition: subliminal or supraliminal) repeated-measures analysis of
variance (ANOVA). For significant interactions, the simple effects of cue-target
congruence were analyzed, based on our interests, using one-tailed t-statistics.
Preliminary analyses were conducted for error percentages. The error rates were
small (<5%), and we found no evidence of a speed—accuracy trade-off. Hence, we
report only the RT results.

In terms of threshold assessment, we conducted a series of paired t-tests
comparing the “Yes (seen)” responses under the no-gaze condition with 13-, 27-, 40-,
or 53-ms presentation times. We also examined whether correct responses under the
13-, 27-, 40-, or 53-ms presentation conditions exceeded the level of chance
(random selection; i.e., 25%) using one-sample t-tests.

Results of all tests were considered statistically significant at p < .05.
Image analysis

Image and statistical analyses were performed using the statistical parametric
mapping package SPM8 (http://www.fil.ion.ucl.ac.uk/spm), implemented in
MATLAB R2009a (MathWorks Inc., Natick, MA, USA). Functional images of each
run were realigned using the first scan as areference to correct for head movements.
Datafrom all 27 participants required only small motion correction (<2 mm). Then,
T1 anatomical images were coregistered to the first scan of the functional images.
Following this, the coregistered T1 anatomical image was normalized to the
Montreal Neurological Institute space using the unified segmentation-spatial
normalization approach (Ashburner and Friston, 2005). The parameters from this
normalization process were then applied to each of the functional images. Finally,

these spatially normalized functional images were resampled to a voxel size of 2 x
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2 x 2 and smoothed with an isotopic Gaussian kernel of 8-mm full-width at
half-maximum to compensate for anatomical variability among participants.

We used random-effects analyses to identify significantly activated voxels at
the population level (Holmes and Friston, 1998). First, we performed a
single-subject analysis (Friston et al., 1995). The presentation of each condition
was embedded in a series of delta functions. The task-related regressor was
modeled by convolving it with a canonical hemodynamic response function. We
used a high-pass filter composed of a discrete cosine basis function with a cutoff
period of 128 to eliminate the artifactual low-frequency trend. To correct the global
fluctuation related to motion artifacts, global scaling was conducted. Serial
autocorrelation, assuming a first-order autoregressive model, was estimated from
the pooled active voxels with a restricted maximum likelihood procedure and was
used to whiten the data and the design matrix (Friston et al. 2002).

Initially, the contrast between averted and straight eyes was tested for each
presentation condition. Voxels were identified as significantly activated if they
reached a height threshold of p < .01 (uncorrected), with an extent threshold of 30
voxels (240 mm®). These analyses were conducted as exploratory analyses for the
following statistical tests of commonalities and differences.

Next, to test for commonalities in brain activity in response to averted versus
straight eyes across presentation conditions, we performed a conjunction analysis
using interaction masking (Price and Friston, 1997) as in a previous study (Sato et
al., 2009). For this analysis, we conducted a main-effect analysis of directional
condition (averted versus straight) using T-statistics. To search for brain areas that
showed similar activity across presentation conditions (supraliminal and
subliminal), the main effect was exclusively masked by the F-tests of interactions.
Voxels showing significant interactions between effects at a threshold of p < .05
(uncorrected) were eliminated from the statistical parametric map of the main effect.

For the main effect contrast, voxels were identified as significantly activated if they
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reached the height threshold of p < .01 (uncorrected) with the extent threshold of
100 contiguous voxels (800 mm?®), which roughly corresponded to p < .05
(corrected) determined by Monte Carlo simulations (e.g., 77 voxels; Ramasubbu et
al., 2014), to produce the best balance between Type | and Type |l errors (Lieberman
and Cunningham, 2009).

Finally, to test for differencesin brain activity for averted versus straight eyes
across presentation conditions, interactions between direction and presentation
condition were analyzed. We analyzed the specific instances in which higher levels
of activity were more strongly associated with one presentation condition than with
another. Thresholds were identical to those used in the aforementioned commonality
analysis.

The brain structures were anatomically labeled using Talairach Client
(http://www.talairach.org/) (Lancaster et al., 2007) and the Automated Anatomical
Labelling atlas (Tzourio-Mazoyer et al., 2002) provided by the MRIcron software
(http://www.mccauslandcenter.sc.edu/mricro/mricron/). We also identified certain
brain regions based on visual inspection of anatomical MRI with reference to a

standard atlas (Mai et al., 1997).

Results
Threshold assessment

The mean + SE percentages of “Yes (seen)” responseswere 5.6 + 3.0, 6.2 + 2.4,
49+ 23,185+ 4.1, and 40.7 £ 7.0% under the no-gaze, 13-, 27-, 40-, and 53-ms
presentation conditions, respectively. We found significant differences between the
percentage of “Yes (seen)” responses under the no-gaze, 40-, and 53-ms presentation
conditions (t(26) > 2.90, p < .01) but not under the no-gaze, 13-, and 27-ms
conditions (t(26) < 0.29, p > .10).

The mean £ SE percentages of correct responseswere4.3+1.7,2.5+1.5,12.3

*+ 3.2, and 30.9 £ 6.0% under the 13-, 27-, 40-, and 53-ms presentation conditions,
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respectively. The percentages of correct responses were significantly lower than
chance under the 13-, 27-, and 40-ms presentation conditions (t(26) > 4.01, p <.001)
but not under the 53-ms presentation condition (t(26) = 0.98, p > .10).

The results confirmed that the subliminal cue stimuli under the current (i.e.,
13-ms) condition were presented without eliciting participants’ conscious
awareness.

RT

For the correct RT (Table 1) after log-transformation, the ANOVA revealed a
significant main effect of cue—target congruence and a significant interaction of
cue—target congruence x presentation condition (F(2,52) = 21.62 and 10.89,
respectively, all p <.001). The main effect of presentation condition was not
significant (F(1,26) = 2.25, p < .1).

Follow-up analyses of the interaction indicated that the RTs for congruent cues
were significantly shorter than those for neutral cues under both supraliminal and
subliminal presentation conditions (t(104) = 4.51 and 1.83, p < .001 and .05,
respectively). The RTs were also significantly shorter for congruent than for
incongruent cues and for neutral than for incongruent cues under the supraliminal
condition (t(104) = 7.56 and 3.05, p <.001 and .005, respectively), but not under the
subliminal condition (t(104) < 1.35, p > .10).

Neural activity under each presentation condition

The contrast between averted and straight eyes was tested for each presentation
condition (Table 2). Under each presentation condition, significant activities were
detected in the bilateral parietal and right frontal regions, which partially

overlapped between presentation conditions. Activities in the bilateral temporal

Table 1. Bean (SE) ETs under each cue—target relationship condition.
Fresentation Congrent MNeutral Incongrent

Supraliminal 3065 (26.1) 3146 (27.2) 3196 (274)
Subliminal 3085 (28.0) 3111 (27.9) 3089 (25T)
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Table 2. Brain regions that exhibited significant activation in response to averted versus straight eyes under each
presentation condition.

Presentation Side Area Region BA Coordinates Z-value  P-value P-value Cluster Size
X ¥y Z (uncorrected) (comected)  (mm?)
Supralimunal L. Panetal  Angular gymus 39 -46-54 18 21412 008 1.000 4096
L Parietal Inferior parietal lobule 40 -50-52 44 377 000 651
L Frontal  Inferior frontal gyrus 45 -44 38 18 330 00 985 1000
R Parietal Inferior parietal lobule 40 52 -44 44 343 000 946 3568
R Frontal  Superior frontal cortex 46 34 28 36 2177 002 1.000 208
Subliminal L Paretal Posteentral gyrus 3 -24-40 50 298 001 1.000 864
L Temporal Middle temporal gyrs 21 -42-40 10 3.22 001 994 illz
R Temporal Middle temporal gyms 21 46 -40 & 348 000 920 4608
R Temporal Superior temporal gyrus 22 60 -38 12 3.13 001 998
R Panetal Posteentral cortex 3 32-36 72 327 001 B9 712
R Subcortex Bramstem - 4 -18-10 288 002 1.000 1424
R Frontal  Anterior cingulate cortex 24 -6 26 26 3.56 000 868 11584
K. Frontal  Supplementary motor area 32 8§ 18 46 350 000 908
R Frontal  Middle frontal gyrus 10 32 46 8 166 004 1.000 512

BA = Brodmann's area; corrected = family-wise emror-comrected.
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regions and anterior cingulate cortices were found under the subliminal presentation
condition, and this was also the case under the supraliminal condition when a more
liberal height threshold was used (p < .05, uncorrected). Significant activity was
found in the brainstem under only the subliminal condition; the cluster included
several other adjacent regions, including the amygdala, with a more liberal height
threshold (p < .05, uncorrected).
Commonalities in neural activity

The conjunction analysis using interaction masking (Price and Friston, 1997)
revealed that the averted versus straight eyes significantly activated temporal,
parietal, and frontal cortical regions commonly under the subliminal and
supraliminal presentation conditions. These regions included the middle temporal
gyrus (covering the superior temporal sulcus) in the left hemisphere, the inferior
parietal lobules and anterior cingulate cortices in both hemispheres, and the

superior and middle frontal gyri in the right hemisphere (Table 3; Fig. 2).

Figure 2. Statistical parametric maps indicating brain regions that were
significantly activated in response to averted eyes compared with straight eyes
under both supraliminal and subliminal presentation conditions. Areas of activation
are rendered on spatially normalized brains. L, left hemisphere; R, right

hemisphere.



Neurolmage 17

Table 3. Bram regions that exhibited more sigmficant activation in response to averted versus straight

eves under both supraliminal and subliminal presentation conditions.

Side Area Region BA Coordinates Z-value  FP-value F-value Cluoster Size
X v Z (uncomrected) (corrected)  (mm?)

L Temporal Middle temporal gyius 39 45 -54 24 312 001 998 5056

L Panetal Inferior parietal lobule 39 -48 -52 38 379 000 865

L Temporal Middle temporal gyrus 21 -44 42 8 276 001 1.000

L Frontal Anternor cingulate cortex 32 -6 28 26 368 000 830 4448

R Frontal Anterior cingulate cortex 32 12 30 28 275 002 1.000

R Parietal Inferior parietal lobule 400 54 -50 44 248 007 1.000 1488

R Parietal  Angular gymus 40 52 -50 28 173 003 1.000

R Parietal Supramarginal gyrus 40 60 -48 28 2.69 004 1.000

R Parietal  Inferior parietal lobule 40 34 -40 56 .66 005 1.000 1648

R Parietal  Postcentral gyms 21 30 -36 T4 .68 005 L.000

R Froutal Supplementary motor area 32 8 18 48 3.60 000 976 1208

R Frontal Middle frontal gyrus 9 30 48 36 3.19 001 996 2440

R Froutal Superior frontal gyrus 9 22 56 32 327 001 989

BA = Brodmann's area; comrected = family-wise emror-corrected.
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Table 4. Bram regrons that exiubited sigmibicantly more actrvation  m response to averted

versus straight eyes inder supralimmal or sublimmal presentation conditions.

Contrast Side  Area Fegon BA Coordinates Zovale  Pavalue P-value Cluster Size
X vV oz (uncomected) (corrected)  (num®)
Supralinmal specific E  Panetal Supramargmal gyrus 40 62 48 38 2.74 002 1.000 1040
E Fanetal Inferior parietal lobule 40 52 44 M .79 001 1.0
Sublinunal specihic L Temporal Lingual gyrus K R ] 4.00 000 402 14792
L Sub¢ortex  Bramstem -4 .34 .8 3.90 000 740
L Subeortex  Amygdala 20 -4 <14 300 001 1.000
L Temporal  Paraluppocampal gyrus 4 -8 -2 12 342 000 61
R Temporal  Fusiform gy o 21 .38 -12 in .001 1.000
E  Subcortex  Bramstem 8 -4 12 406 000 A11
E Subcortex  Amygdala 22 <10 -10 2.59 04 1.000
E  Temporal  Middle temporal gymus 21 60 -36 2 3.07 D01 999 1088
E  Fromtal Precentral gyms 6 54 2 46 316 001 908 1456
E  Fromtal Inferor frontal gyrus 45 44 32 4 3.30 001 990 4152
E Fromtal Middle frontal gyrs 10 32 46 8 2.70 0os 1,000

BA = Brodmann's area; corrected = fanily-wise error-corrected
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Figure 3. Statistical parametric maps indicating brain regions that were
significantly more activated in response to averted versus straight eyes under the
supraliminal than under the subliminal presentation condition. Areas of activation

are rendered on spatially normalized brains. R, right hemisphere.

Figure 4. Statistical parametric maps indicating brain regions that were
significantly more activated under the subliminal than under the supraliminal
presentation condition in response to averted versus straight eyes. Areas of
activation are rendered on spatially normalized brains (left) and overlaid on the
mean normalized structural MRI from all participants in this study at the locations
of the amygdala (middle) and superior colliculus (right). L, left hemisphere; R, right

hemisphere.
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Differences in neural activity

Interaction analysis revealed significantly higher activity in the right inferior
parietal lobule in response to averted versus straight eyes under the supraliminal
condition than under the subliminal condition (Table 4, Fig. 3).

Significant activations for averted versus straight eyes under the subliminal
condition relative to the supraliminal condition were found in broad subcortical
regions, including the superior colliculus (the top of the midbrain; Schneider and
Kastner, 2005) and amygdala (Table 4, Fig. 4). The contrast also revealed
significant activations in the temporal and frontal cortices in the right hemisphere,
including the middle temporal gyrus (covering the superior temporal sulcus),

precentral gyrus, and middle and inferior frontal gyri (Fig. 4).

Discussion

Our behavioral results showed that congruent cues induced shorter RTs than did
neutral cues under both supraliminal and subliminal presentation conditions. These
results are consistent with those of previous studies (e.g., Bailey et al., 2014) and
indicate that attentional shifts can be triggered both by supraliminally and
subliminally presented eyes.

More importantly, our conjunction analyses of fMRI data revealed that
widespread cortical regions were more activated in response to averted than to
straight eyes under both the supraliminal and subliminal presentation conditions.
These regionsincluded the middle temporal gyrus, inferior parietal lobule, anterior
cingulate cortex, and superior and middle frontal gyri. The activation of these
regions is consistent with the results of several previous neuroimaging studies that
investigated brain activation associated with the observation of averted eyes (e.g.,
Pelphrey et al., 2003) and attentional shiftstriggered by averted eyes (e.g., Greene
et al., 2009). However, these previous studies tested only the brain activities

associated with the processing of consciously perceived eyes. Our results extend
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these previous findings and indicate that the temporo—parieto—frontal attentional
network is involved in both conscious and unconscious gaze-triggered attentional
shifts.

Furthermore, our interaction analyses revealed that several brain regions
were more involved in attentional shifts triggered by subliminal than
supraliminal eye-gaze cues. These regions included broad bilateral subcortical
regions, including the superior colliculus and amygdala, as well as the middle
temporal gyrus, precentral gyrus, and middle and inferior frontal gyri in the right
hemisphere. The activation of the amygdala is consistent with previous
neuroimaging evidence showing that the amygdala was active in response to
subliminally presented faces (Morris et al., 1998; Whalen et al., 1998) and eyes
(Burra et al., 2013; Whalen et al., 2004). The co-activation of the superior
colliculus and amygdala corroborates neuroimaging data showing that these two
regions were activated and functionally coupled during processing of unseen
facial stimuli (Morrisetal., 2001; cf. Pessoa and Adolphs, 2010; Tamietto and de
Gelder, 2010). The involvement of several cortical regions is consistent with
numerous neuroimaging studies reporting that both subcortical and cortical regions
were involved in the unconscious processing of facial stimuli (Duan et al., 2010;
Jiang and He, 2006; Morris et al., 2007; Phillips et al., 2004; Prochnow et al., 2013;
Yang et al., 2012). Note, however, that our findings do not indicate that these
regions are involved in only the unconscious processing of eye gaze. Several
previous neuroimaging and neuropsychological studies reported that these brain
regions, including the amygdala (Akiyama et al., 2007; Okada et al., 2008; Sato et
al., 2009), superior/middle temporal gyrus (Akiyama et al., 2006; Greene et al.,
2009; Sato et al., 2009; Tipper et al., 2008), precentral gyrus (Greene et al., 2009;
Tipper et al., 2008), and middle/inferior frontal gyrus (Sato et al., 2009; Tipper et
al., 2008), were also involved in attentional shifts triggered by supraliminally

presented eye cues. Taken together with these data, our results suggest that these
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subcortical and cortical attentional networks are involved in attentional shifts
triggered by eye gaze and are more strongly activated by unconsciously than by
consciously perceived eye-gaze stimuli.

Our interaction analyses also revealed that the right inferior parietal lobule
was specifically involved in attentional shifts triggered by supraliminally
presented eye-gaze cues. The activation of the right inferior parietal lobuleis
consistent with previous neuroimaging data showing that this region was active
during the processing of gaze direction (e.g., Wicker et al., 1998). The greater
involvement of the inferior parietal region in conscious compared with
unconscious processing is also consistent with the results of a previous
neuroimaging study of a brain-damaged patient, which found that this region was
activated when the patient consciously perceived facial stimuli but not when he
unconsciously processed these stimuli (Vuilleumier et al., 2001). Several
neuroimaging (Beck et al., 2001), stimulation (Beck et al., 2006; Tseng et al.,
2010), and neuroimaging + stimulation (Zaretskaya et al., 2010) studies in
normal participants also found that the conscious processing of faces was
associated with activation in the right parietal region. Taken together with the
previous findings, our results suggest that the right inferior parietal lobule plays
an important role in gaze-triggered attentional shifts involving conscious
awareness.

Our results have several implications. First, the results explain behavioral data
regarding gaze-triggered attentional shifts based on the neurocognitive
architecture. Previous behavioral studies have shown that supraliminally and
subliminally presented eyes triggered attentional shifts following a common
pattern (e.g., attentional shifts are triggered by unpredictive cues under both
presentation conditions; Sato et al., 2007). Our results suggest that such
attentional shifts are elicited because both supraliminally and subliminally

presented eyes activate the cortical attentional network. This concept is
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consistent with findings of neuroimaging studies demonstrating that the cortical
attentional network is active during automatic attentional shifts irrespective of
cue stimuli (e.g., Sato et al., 2009). At the same time, behavioral studies showed
that supraliminally and subliminally presented eyes resulted in different patterns
triggering attentional shifts, such as specific impairments of gaze-triggered
attentional shifts under subliminal presentation conditions among individuals with
autism spectrum disorders (Sato et al., 2010) and the opposite pattern in older
participants (Baileys et al., 2014). Our results suggest that i mpairments of
unconscious gaze-triggered attentional shiftsin individuals with autism
spectrum disorders may reflect reduced activity in certain brain regions, such as
the amygdala, and those impairments of conscious gaze-triggered attentional
shifts in older participants may reflect reduced activity in the inferior parietal
lobule. These ideas are consistent with anatomical studies showing that gray
matter volumes were reduced in the amygdala, but not in the inferior parietal
lobule, in autistic individuals (Via et al., 2011) and age-related reductions were
observed in the neocortices, including the parietal regions, but not in the
amygdala (Good et al., 2001). These explanations suggest that the behavioral
impairments related to gaze-triggered attentional shiftsin these populations may
be modified by the treatment of specific brain regions (cf. Sinha et al., 2015).
Second, our results extend the theories of neurocognitive mechanisms for
attentional shifts to integrate unconscious components. The majority of
traditional theories have only analyzed attentional shifts with conscious
awareness (e.g., Corbetta and Shulman, 2002). Although a few researchers
proposed neural mechanisms underlying both conscious and unconscious
attentional shifts (e.g., Mulckhuyse and Theeuwes, 2010), they lacked evidence.
Our results provide empirical support suggesting that the traditional theory of
temporo—parieto—frontal cortical network for conscious attentional shifts (e.g.,

Corbetta and Shulman, 2002) can accommodate unconscious attentional shifts
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with the addition of some components specific to conscious and unconscious
attentional shifts.

Finally, our findings have implications for the relationship between attention
and consciousness. Although traditional theories have posited that attention and
consciousness are tightly coupled (cf. Posner, 1994), it has also been proposed
that these two components may reflect two distinct neural processes (Koch and
Tsuchiya, 2007). Our data support this proposal by identifying the neural
substrates of attention that are and are not accompanied by conscious awareness.

Several limitations of the present study should be acknowledged. First, the
differences in presentation duration between subliminally and supraliminally
presented eyes may at least partially explain the present results. Although it is
probably not possible to explain the commonality of the results observed across
presentation conditions and those specific to the subliminal condition, the long
presentation of the averted gaze may be relevant to the supraliminal-specific
activation in the right inferior parietal lobule. This issue could be efficiently
investigated using subliminal methods with longer stimulus presentation durations,
such as the continuous flash suppression technique (Tsuchiya and Koch, 2005; Xu et
al., 2011).

Second, although we found increased activity for averted versus straight eyes
under both supraliminal and subliminal conditions, these results may be attributable
to the task we used. Although, as mentioned above, our results under the
supraliminal condition are consistent with those of several previous studies (e.g.,
Greene et al., 2009), other studies reported different patterns of brain activities
using different tasks; for example, straight rather than averted eyes combined with
emotional expressions (Sato et al., 2004) and social messages (Pelphrey et al., 2004)
elicited stronger activity in the amygdala and superior temporal sulcus, respectively.
To account for such discrepancies, we speculate that the relative significance of

averted and straight eyes can change depending on the situation (cf. Wicker et al.,
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1998) and that the eye-gaze stimuli in the cueing task we used may have increased
the significance of averted eyes relative to that of straight eyes. To test such ideas,
further investigations using a variety of different tasks are necessary to determine
the neural mechanismsinvolved in the conscious and unconscious processing of eye
gaze.

Finally, although the current fMRI results suggest that brain regions are
rapidly activated in response to subliminally presented eyes, the exact timing of the
brain activation remains unclear. Previous electrophysiological studies
investigating supraliminally presented gaze have consistently reported that the
temporal regions around the middle temporal gyrus show higher activity in response
to averted versus straight eyes in a component peaking at around 200 ms (Caruana
et al., 2014; Hietanen et al., 2008; McCarthy et al., 1999; Puce et al., 2000; Sato et
al., 2008; Uono et al., 2014; Watanabe et al., 2001; however, see Conty et al., 2007).
However, to date, no electrophysiological study has tested attentional shifts
triggered by subliminally presented gaze in comparison with attentional shifts
induced by supraliminally presented gaze. Future electrophysiological studies are
needed to further understand the commonalities and differences in the
neuro-cognitive mechanismsinvolved in conscious and unconscious gaze-triggered
attentional shifts.

In conclusion, our conjunction analyses revealed that averted versus straight
eyes activated the cortical attentional network under both supraliminal and
subliminal conditions. Interaction analyses revealed that averted versus straight
eyesdifferentially activated the cortical and subcortical regions across supraliminal
and subliminal presentation conditions. These results suggest commonalities and
differences in the neural mechanisms underlying conscious and unconscious

attentional shifts triggered by eye gaze.
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