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investigated this question using an adapted gaze cueing paradigm to examine the cueing effect of
multiple gazes and its neural correlates. We manipulated gaze directions from two human avatars
to be either convergent, created by the two avatars simultaneously averting their gazes to the same
direction, or non-convergent, when only one of the two avatars shifted its gaze. Our results showed
faster reaction times and larger target-congruency effects following convergent gazes shared by the
avatars, compared with the non-convergent gaze condition. These findings complement previous
research to demonstrate that observing shared gazes from as few as two persons is sufficient to
enhance gaze cueing. Additionally, ERP analyses revealed that (1) convergent gazes evoked both
left and right hemisphere N170, while non-convergent gazes evoked N170 mainly in the hemisphere
contralateral to the cueing face; (2) effects of target congruency on target-locked N1 and P3 were
modulated by gaze convergence. These findings shed light on temporal features of the processing of
multi-gaze cues.

The use of perceived gaze direction to guide visual attention is crucial to processing social information'. This phe-
nomenon has been substantially investigated with dyadic paradigms in which one person interacts with another
human agent or avatar?. Such research has demonstrated quicker responses toward an object of mutual interest,
i.e., a gazed-at target, compared to other targets, even when the gaze is not predictive (the target-congruency
effect, also called the gaze cueing effect)’. Compared to laboratory scenarios that involve a single interaction
partner, interpersonal situations in the real world are often more complex. For example, at a party people may
encounter more than one individual at a time and exchange gazes with multiple persons. Sometimes the crowd
may gaze at the same direction, and we refer to this kind of group gazes as convergent gazes; at other times, people
may not all look toward the same direction, and we refer to such group gazes as non-convergent gazes. How do
social cues, specifically convergent versus non-convergent gazes, affect gaze cueing of attention?

So far there has been limited research examining the effects of social gaze in a group setting*®. Some studies
found that multi-gaze cues can impact affective evaluation of objects. Specifically, objects looked at by multiple
faces were liked more than objects looked away from, but this difference was absent when the object was looked at
or away by a single face’®. Such results suggest that multiple gazes may be perceived as more reliable and trustwor-
thy sources about the valence qualities of objects, compared with a single gaze?. In line with our research inter-
est, gaze information from multiple people has been found to affect individuals’ visual attention in field studies.
Milgram et al.* and Gallup et al.® had groups of confederates stare up at a building in the street, and measured the
likelihood of passing pedestrians adopting this behavior. The results showed that the probability of a pedestrian
following the group’s action increased as a function of increased number of confederates. Findings like these
suggest that more convergent gazes from the group lead to stronger gaze following effect. Similar patterns were
found in laboratory settings as well. Sun et al.® and Capozzi et al.” presented to participants a group of human
avatars with different gaze orientations, and then a target appeared left or right to the avatars. When not all the
avatars gazed at the same direction, the participants followed the direction of the gazes shared by the majority of
avatars, and as the ratio of avatars that gazed at the same direction gradually increased, the induced gaze cueing
of attention also increased (the majority effect). The strongest cueing effect occurred when all avatars looked in
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the same direction. Although the researchers emphasized a positive association between the number of gazes
shared and subsequent gaze cueing of attention, for us, these findings can also be understood as convergent gazes
(when all avatars had the same gaze direction) overall having a stronger effect in cueing attention, compared with
non-convergent gazes (when not all the avatars had the same gaze direction).

However, the underlying neural mechanisms in the processing of convergent and non-convergent gazes have
not been explored. In addition, the non-convergent gaze condition in previous studies often included gazes con-
gruent and incongruent to the target location in the same trial®’ (while some of the avatars were looking towards
the target, other avatars were looking in the opposite direction of the target), which may create difficulty in
dissociating neural activities corresponding to congruent and incongruent gaze cues in neuroimaging research.
Therefore, we adopted a modified paradigm and recorded event-related electrical potentials (ERPs) to examine
the potential distinction between the processing of convergent and non-convergent gazes at the neural level,
in addition to test whether previous behavioral findings regarding these two types of gazes can be replicated.
Specifically, we adopted a triadic context, the smallest unit of a crowd scenario, with the presentation of two
avatars’ faces to contrast convergent and non-convergent gaze processing. The convergent gaze condition was
established with the gazes of the two faces simultaneously shifting towards the same direction, either directing
towards a target (the congruent trials) or away from it (the incongruent trials), whereas in the non-convergent
gaze condition, only one of the two faces shifted its gaze. Participants were asked to detect the target which might
randomly appear on either the left or the right side of the faces (independent of the gaze shift).

We expected that convergent and non-convergent gazes have different effects at both the behavioral and
the neural levels. At the behavioral level, we expected to find that the convergence between gaze cues increases
the gaze cueing of attention, consistent with previous research®’. At the neural level, if convergent and
non-convergent gazes are perceived differently, the distinction may take place in the early processing of gaze
stimuli, even before the onset of the target, and such difference may be observed in the cue-locked ERP analysis
related to gaze and face processing. In the present study, for cue-locked analysis we focused on N170, a compo-
nent sensitive to the detection of face and gaze stimuli'!~"°. Stimuli such as averted gazes and eye shifts trigger
larger N170 compared with straight gazes'®!”. If gaze convergence alters perception of the faces and gaze cues, one
would expect a dissociation between N170 elicited by gazes that converge and those do not.

It is also possible that the two types of gaze cues affect the processing of the target. Therefore we compared
ERP components time-locked to the onset of the target, specifically N1 and P3, between the convergent and
the non-convergent gaze conditions (target-locked analysis). N1 is an early visual-evoked ERP component,
and is thought to index perceptual processing in the brain'®-%. In a typical spatial cueing paradigm, N1 is
found to be larger for a congruent target that appears in the same direction of the gaze cue (compared with
an incongruent target), and such difference is believed to reflect enhanced perceptual processing of the con-
gruent target at its onset?>*%. P3, on the other hand, is a late ERP component related to stimulus evaluation or
categorization??*. Improbable yet task-relevant events tend to elicit larger P3 comparing to more probably or
task-unrelated events?>*®. This component has also been demonstrated sensitive to target congruency in gaze
cueing paradigms: congruent targets consistently produce smaller P3 than incongruent targets?*’-%°. In the
present study, we expected target-congruency effects similar to previous research on N1 and P3 components.
Moreover, we expected that such effects may be modulated by gaze convergence. Specifically, convergent gazes
may produce stronger attention shift to the gazed direction compared with non-convergent gazes, consequently
augment perception of the target appearing in the gazed-at location (manifested as a larger N1), and result in a
larger target-congruency effect. In addition, if convergent gazes are considered more reliable’, they may raise
participants’ expectation for the target to appear in the gazed-at location (manifested as a smaller P3), but not
in the non-gazed-at location. Again we predicted a larger target-congruency effect following convergent gazes
compared to non-convergent gazes.

In summary, the present study investigated how convergent and non-convergent gazes from two human ava-
tars affect social attention with a modified gaze cueing paradigm. We hypothesized that convergent gaze cues
would induce a larger target-congruency effect comparing to non-convergent gaze cues. In addition, we explored
whether convergent and non-convergent gazes would be processed differently (by analyzing cue-locked N170),
and whether such distinctive processing of gaze cues, if exists, has different impacts on the early target percep-
tion (by analyzing target-locked N1), as well as the late decisional processing of target stimuli (by analyzing
target-locked P3).

Method

Participants. The sample size of our study was determined via a priori power analysis using G*Power 3 (Faul,
Erdfelder, Buchner, & Lang, 2009). Considering the observed effect size in research of similar paradigm?®, we esti-
mated the effect size to be large. Given a large effect size (partial 1> = 0.14), a power of 0.90, and an alpha level of
0.05, the power analysis ultimately yielded an estimated sample size of 20. Data collection was terminated at the
end of the day when desired number of eligible participants was achieved.

As a result, we recruited a total of 23 eligible participants with normal or corrected-to-normal vision from
Peking University (10 males and 13 females, aged between 18 to 26 years, Mean = 21.62 years, SD = 2.47 years),
after excluding two participants who did not finish the experiment due to errors in EEG recordings, and another
two whose error rate in behavioral responses were high (out of two standard deviations of the mean)*.

Materials. Face stimuli. Two Asian faces with neutral facial expression were generated by FaceGen Modeller
3.4.1 (Copyright © 2009, singular Inversions Inc.). Both faces subtended 3.3° x 3.3°, showing the region between
the top of the heads and the jaws, symmetrical by the vertical line across their noses. The two faces were simul-
taneously presented in the upper left and upper right visual fields, the inner and the outer contours of each face
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were 1.55° and 4.85° left/right to the central of the screen, respectively, and the upper and the lower contours were
2.65° above and 0.65° below.

At the beginning of each critical trial, these two faces were presented on the screen, facing 10° inward toward
each other and gazing straight ahead to imitate an interactive situation (the baseline stimuli). The faces would
then shift their gazes to the left or to the right by 45° relative to the head direction, or remain still in the trial, to
create different gaze cue conditions (see Procedure below). The face stimuli in the catch trials were presented the
same way, except that their eyes were closed throughout the trial.

Fixation. A white fixation cross (0.5° x 0.5°) was presented 1° above the center of the screen throughout each
trial.

Target. 'The target was a red dot (0.5° radius) presented 6.3° to the left/right and 2.9° below the center of the
screen.

Procedure. The experiment was conducted using MATLAB 7 with Psychtoolbox 3. The materials were dis-
played on a 17-in. View sonic Professional Series P97+ (1024 x 768 at 100 Hz) against a black background.
Participants’ heads were supported by a chin rest at a viewing distance of 60 cm from the computer screen.

Participants individually took part in the study. They first completed a practice block of 27 trials to ensure that
the participants understood the instructions. Then each participant completed 10 formal blocks of trials, with 72
critical trials and 9 catch trials in each formal block. Therefore each participant went through a total of 720 crit-
ical trials. Among the 72 critical trials in a single block, 48 trials showed non-convergent gazes, where only one
face shifted its gaze (the non-convergent gaze condition), including 24 trials where the face in the left visual field
shifted its gaze (the non-convergent LVF trials) and 24 trials where the face in the right visual field shifted its gaze
(the non-convergent RVF trials). In the remaining 24 critical trials, both faces shifted gazes simultaneously to the
same direction, either left or right (the convergent gaze condition). Similarly, the target randomly appeared on
the gazed-at side for half of the trials (the congruent target condition), and on the opposite side for the other half
of the trials (the incongruent target condition). The order of trials was randomized in each block, and trials from
a same condition would not appear more than three times in succession.

Each critical trial started with a 1000 ms presentation of the fixation. Then the participants viewed the baseline
stimuli for 500 ms (see Fig. 1). After that, one of the two faces (the non-convergent gaze condition), or both of
them (the convergent gaze condition), shifted its gaze/their gazes either to the left or to the right. After a 200 ms
latency, the target appeared either left or right to the faces and remained until response. Then the next trial began
after a 1500~2500 ms blank screen interval. Participants were informed beforehand that gaze direction was irrele-
vant to the target’s location. They were asked to ignore the gaze shift and report as quickly as possible the position
of the target by pressing the Left Arrow or the Right Arrow key.

The catch trials were included to keep the participants’ attention on the presented face stimuli. These trials pre-
sented faces with closed eyes but no target. Participants were told to press the ‘SPACE’ key as quickly as possible
whenever they saw any closed-eye face.

The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.

ERP recordings and data analysis. The EEG data were recorded and processed using a 64 Brian Products
channel device (the International 10-20 System). The horizontal and vertical electrooculography (EOG) were
recorded by placing two bipolar electrodes at the outer canthi of the left eye (HEOG) and at the supraorbit of the
right eye (VEOG). The online reference was positioned on the tip of the nose, and then re-referenced offline to the
average of left and right mastoids. All electrode impedances were kept below 10 kQ). The EEG data were amplified
at a band pass of 0.01-100 Hz, and digitized at 500 Hz. Trials with eye movements, blinks (using independent
component analysis, ICA) or other artifacts (a voltage exceeding 70 uV at any electrode) were rejected offline
and were not included in the analysis.

For cue-locked analyses, with N170 as the ERP component of interest, the EEG data were segmented into
350 ms epochs (from 100 ms before to 250 ms after cue onset). The baseline was corrected against the mean volt-
age during the 100 ms pre-cue period (—100-0ms). N170 (peaking at approximately 180 ms) was quantified as
the mean amplitude within a post-cue time window of 160-210 ms at temporal-occipital electrode sites TP7/TPS8,
CP5/CP6, P7/P8 and PO7/PO8. We took the average of TP7, CP5, P7 and PO7 as the left hemisphere amplitude,
the average of TP8, CP6, P8 and PO8 as the right hemisphere amplitude.

For target-locked analyses, with N1 and P3 as the ERP components of interest, the EEG data were segmented
into 700 ms epochs (from 100 ms before to 600 ms after target onset), and the corrected-baseline was the mean
voltage during the 100 ms after target onset (0-100 ms). The mean amplitude of N1 was measured at central ante-
rior electrode sites FC1, FCZ and FC2 in a time window of 150-210 ms from target onset. The mean amplitude of
P3 was measured at centroparietal electrode sites CPZ, CP1, CP2 in a time window from 350 ms to 450 ms after
target onset.

In cue-locked analysis, given that the representation of the gaze presented in each visual field was later-
alized?!, to dissociate the neural responses to each face, we included hemisphere (left vs right) and gaze cue
(non-convergent LVF gazes vs. non-convergent RVF gazes vs. convergent gazes) as the within-participant factors
in ANOVA. In the target-locked analysis, we included gaze cue (convergent gazes vs. non-convergent gazes) and
cue-target congruency (congruent target vs. incongruent target) as the within-participant factors. Bonferroni
correction was applied to all post hoc pairwise comparisons in both behavior and ERP analyses reported in this

paper.
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Figure 1. Examples of face stimuli (A-E) and a critical trial (F). (A) The baseline condition. (B) The non-
convergent LVF gaze condition, in which the left face shifts its gaze (in this example, to the right) while the

right face maintains its initial gaze. (C) The non-convergent RVF gaze condition, in which the right face shifts
its gaze (also to the right in this example) while the left face maintains its initial gaze. (D) The convergent gaze
condition, in which the two faces shift their gazes to the same direction (left in this example). (E) The closed-eye
faces in the catch trials. (F) An example trial in the convergent gaze condition with a congruent target. In this
example, both gazes shift to the right direction, and the target appears on the right side of the screen.

Ethics statement. This study was approved by the Ethics Review Committee of Peking University. Written
informed consent was obtained from all participants before the experiment in accordance with the Declaration
of Helsinki.

Results

Behavioral results. Participants’ average accuracy on recognizing the closed-eye faces in the catch trials was
98.89%, and their average accuracy of reporting the position of the target in the formal trials was 97.36%. Only
correct responses with reaction times (RTs) between 200 ms to 1200 ms were subjected to analyses.

Reaction time. We conducted a 2 x 2 repeated-measure ANOVA on the RTs, with Gaze Cue (conver-
gent gazes vs. non-convergent gazes) and Cue-target Congruency (congruent target vs. incongruent target) as
within-participant factors. Significant main effects were found for both Gaze Cue and Cue-target Congruency.
Overall participants responded faster following convergent gazes compared to non-convergent gazes, F (1,
22)=18.798, p <0.001, 77 =0.461. Likewise, faster responses were found in the congruent than in the incongru-
ent target condition, F (1, 22) = 178.269, p < 0.001, 77 = 0.890. These main effects were qualified by the significant
interaction between Gaze Cue and Cue-target Congruency, F (1, 22) =36.946, p < 0.001, 77> =0.627. Post hoc
pairwise comparisons revealed that faster responses were consistently found for congruent targets than incon-
gruent targets (ps < 0.001) in each gaze cue condition. Meanwhile, faster responses following convergent gazes
than non-convergent gazes were only found for congruent targets (p < 0.001), but not for incongruent targets
(p=0.396, see Fig. 2A and Table 1).

To further understand the above interaction, we calculated the target-congruency effect by subtracting RTs of
congruent-target trials from that of incongruent-target trials (target-congruency effect =RT;,. — RT,,,) and com-
pared that between the two gaze cue conditions with a paired-sample ¢-test. As hypothesized, the results showed
a significantly larger target-congruency effect in the convergent gaze condition (M =150.31, SE=3.75) than in the
non-convergent gaze condition (M =40.70, SE=3.45), t (22) = —5.853, p < 0.001 (Fig. 2B).
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Figure 2. (A) Participants’ mean reaction times in trials with a congruent target and an incongruent target
following the convergent and the non-convergent gaze cues. (B) Participants’ target-congruency effects in the
convergent and the non-convergent gaze conditions. The error bars represent one standard error. The asterisks
indicate significant pairwise comparisons, ***p < 0.001.

Convergent gazes 403.68 (13.93) 453.61 (14.14) 428.64 (13.92)
Nonconvergent gazes 414.89 (14.17) 455.04 (14.04) 434.96 (14.01)
Overall 409.28 (14.02) 454,33 (14.06)

Table 1. Mean (ms) and stand error for participants’ reaction times.

ERP results. Cue-locked N170. We conducted a 3 x 2 repeated-measure ANOVA on N170 with Gaze Cue
(convergent gazes vs. non-convergent LVF gazes vs. non-convergent RVF gazes) and Hemisphere (left hemi-
sphere vs. right hemisphere) as within-participant factors, in order to differentiate the ipsilateral and the con-
tralateral hemispheres N170 elicited by the gaze cues. There was a significant main effect of Gaze Cue, F (2,
44)=13.627, p < 0.001, 7* = 0.382, with larger N170 amplitude in the convergent gaze condition than in the
non-convergent LVF gaze (p < 0.001) or non-convergent RVF gaze condition (p =0.010). No significant differ-
ence was found between the non-convergent LVF and RVF gaze trials. The main effect of Hemisphere was also
significant, F (1, 22) =4.426, p =0.047, 1> =0.167, with larger N170 in the right hemisphere than in the left hem-
isphere. These main effects were qualified by the significant interaction between Gaze Cue and Hemisphere, F (2,
44) =106.648, p < 0.001, 772 =0.829 (Fig. 3E and Table 2, see also Fig. 3D for the N170 topographical map under
each condition). Specifically, post hoc comparisons showed that following convergent gazes, larger N170 was
found in the right hemisphere compared to that in the left hemisphere, p=0.028 (see Fig. 3A for N170 waveforms
from representative electrodes in the left and the right hemispheres). Although the same lateralization was found
for non-convergent LVF gazes, for non-convergent RVF gazes it was opposite: larger N170 in the left hemisphere
than in the right hemisphere, ps < 0.001. In fact, convergent gazes evoked N170 in both the left and the right
hemispheres, but non-convergent gazes evoked N170 mainly in the hemisphere contralateral to the cueing face
(LVF gaze shift mainly evoked N170 in the right hemisphere, and RVF gaze shift mainly evoked N170 in the
left hemisphere), as can be seen from the N170 waveforms and the topographical maps. Meanwhile, in the left
hemisphere, N170 elicited by the non-convergent RVF gazes and the convergent gazes were both larger than that
elicited by the non-convergent LVF gazes (ps < 0.001), while the N170 elicited by the non-convergent RVF gazes
was the largest (p < 0.001, see Fig. 3B for N170 waveform from a representative electrode in the left hemisphere).
In the right hemisphere, similar N170 were elicited by the non-convergent LVF gazes and the convergent gazes
(p> 1), and both were larger than that elicited by the non-convergent RVF gazes (ps < 0.001, see Fig. 3C for N170
waveforms from a representative electrode in the right hemisphere).

Target-locked analyses. 'We conducted separate 2 x 2 repeated-measure ANOVAs on the mean amplitudes of
N1 and P3, with Gaze Cue (convergent gazes vs. non-convergent gazes) and Cue-target Congruency (congruent
target vs. incongruent target) as within-participant factors in each ANOVA.

NI. Both main effects were significant. In general, the mean amplitude of N1 was larger in the convergent gaze
condition than in the non-convergent gaze condition, F (1, 22) =41.191, p < 0.001, 7> = 0.652, as well as in the
congruent target trials than in the incongruent target trials, F (1, 22) =6.158, p=0.021, > =0.219. These main
effects were further qualified by the significant interaction between Gaze Cue and Cue-target Congruency, F (1,
22)=5.681, p=0.026, > =0.205. Specifically, post hoc comparisons showed that larger N1 in congruent than

SCIENTIFICREPORTS| (2019) 9:7586 | https://doi.org/10.1038/s41598-019-44058-w 5


https://doi.org/10.1038/s41598-019-44058-w

www.nature.com/scientificreports/

A) D Convergent Gazes
Convergent Gazes ) )

35 -
3 4
254
>
2 -2 A
@
S 54 —FPO7 —_ >
s ’ Non-convergent LVF Gazes s
£ 1] —PO8 12
< - gl
o
-0.5 b =4
J:\(\_.A/)J 2|8
o~ " Ele
-100ms 250ms ©
0.5 >
=]
N 2
B)
35 -
-3 1 PO7
25
Z
s 27
e
2
'E_ 1.5 4
<
-1 4 Convergent Gazes
0.5 - M For B) C) E) Non-convergent LVF Gazes
ST s LS
_106";:,.-‘/ -\7-’\/ M \ 250ms Non-convergent RVF Gazes
0.5
E)
1 4
3 Kk
—
C) N.S. *%%
*kk
35 1 25{
*kk kkk
3 PO8 , '
254
>
z L, ~ 15 -
@ - >
e =
2 Y
g "] s -
< 4 s
< .05 -
05
0 A
g
-100ms / 250ms
0.5 05
1 4
14

Left hemisphere Right hemisphere

Figure 3. (A) N170 waveforms for convergent gazes at PO7 and POS. (B,C) N170 waveforms for convergent
gazes, non-convergent LVF gazes and non-convergent RVF gazes at PO7 and PO8 respectively. The

frames indicate the time window from which the EEG amplitudes were averaged as an estimation of N170
amplitude. (D) N170 topographical maps in the trials with convergent gazes, non-convergent LVF gazes and
non-convergent RVF gazes. (E) The mean amplitudes of N170 in the left and the right hemispheres for the
convergent, the non-convergent LVF and the non-convergent RVF gazes. In (B,C,E), the blue color denotes the
convergent gaze condition, the red the non-convergent LVF gaze condition and the green the non-convergent
RVF gaze condition. The error bars represent one standard error. The asterisks indicate significant pairwise
comparisons, ¥*¥p < 0.001.

incongruent target trials was only found in the convergent gaze condition (p=0.002, Fig. 4C and Table 3, see also
Fig. 4A,B for the waveforms of N1 from a representative electrode site), not in the non-convergent gaze condition
(p=0.570). Additionally, larger N1 following convergent than non-convergent gazes was found for both congru-
ent and incongruent targets (ps < 0.001).

P3.  Similar to the results on N1, both main effects of Gaze Cue and Cue-target Congruency were significant.
Smaller P3 was found for congruent than incongruent targets, F (1, 22) =26.364, p < 0.001, n*=0.545, as well as
following convergent gazes than non-convergent gazes, F (1, 22) =9.151, p=0.006, 1> = 0.294. The interaction
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Convergent gaze —0.99 (0.24) —2.06 (0.43) —1.52(0.27)
Non-convergent LVF gaze | 0.41 (0.19) —2.15(0.38) —0.87(0.23)
Non-convergent RVF gaze | —1.75 (0.22) —0.35(0.27) —1.05(0.19)
Overall —0.78 (0.19) —1.52(0.34)

Table 2. Mean (1V) and stand error for N170 amplitude.

Convergent gazes —3.58(0.58) —3.04 (0.60) —3.31(0.58) 3.45(0.95) 5.35(1.04) 4.40 (0.98)
Nonconvergent gazes —2.25(0.47) —2.16(0.47) —2.21(0.47) 4.35(0.95) 5.33(0.95) 4.84(0.94)
Overall —2.91(0.52) —2.60 (0.53) 3.90 (0.95) 5.34(0.99)

Table 3. Mean (1V) and stand error for N1 and P3 amplitude.

A) N1 waveforms, Convergent Gazes

6 - —and® Congruent Target

FCz
5 4
S —and® |ncongruent Target
2y, 4
Q
ERRCE
2
RS
1\
s C)
-100ms 600ms *kk
14 -5 1 T 1
* k%
2 1 " ek !
s | 4.5 A L.
4 -4 4
5- -35 -
5 2]
B) N1 waveforms, Non-convergent Gazes s
5 -25 |
6 - é—
4 2 4
s ° FCz <
= 4 1.5 A
@
2.3 1
o
2 _
p 0.5 A
o h 0 A
-100ms | X 600ms Convergent Non-convergent
Gaze Cue
2 4
3 4
4 4
54

Figure 4. Target-locked N1 waveforms (at FCz) and the mean amplitudes for congruent and incongruent
targets following convergent and non-convergent gazes. The blue color denotes the congruent target condition,
and the red the incongruent target condition. The frames indicate the time window from which the EEG
amplitudes were averaged as an estimation of N1. The error bars represent one standard error. The asterisks
indicate significant pairwise comparisons, **p < 0.01, ***p < 0.001.

between Gaze Cue and Cue-target Congruency was significant, F (1, 22) =8.778, p=0.007, 7> = 0.285. Post hoc
pairwise comparisons revealed smaller P3s in detecting congruent targets compared with detecting incongru-
ent targets for both gaze-cue conditions (ps < 0.001). As expected, smaller P3 following convergent gazes than
non-convergent gazes was observed for the congruent targets (p < 0.001, Fig. 5C and Table 3, see also Fig. 5A,B
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Figure 5. Target-locked P3 waveforms (at CPz) and the mean amplitudes for congruent and incongruent
targets following convergent and non-convergent gazes. The blue color denotes the convergent gaze condition,
and the red the non-convergent gaze condition. The frames indicate the time window from which the EEG
amplitudes were averaged as an estimation of P3. The error bars represent one standard error. The asterisks
indicate significant pairwise comparisons, ***p < 0.001.

for the waveforms of P3 from a representative electrode site), but this effect was not found for the incongruent
targets.

Discussion

Emerging research examining the perception of shared gazes from multiple people has demonstrated a majority
effect on gaze cueing of attention®’, but the neural mechanism underlying the distinction between convergent
and non-convergent gazes in affecting gaze cueing remained unclear. The present study explored this question
by utilizing a modified gaze-cueing paradigm to compare convergent gazes created by two human faces shifting
their gazes towards the same direction and non-convergent gazes in which only one of the two faces shifts its gaze.
At both the behavioral and the neural levels, we found a significant target-congruency effect in that participants
reacted faster to the congruent targets compared with the incongruent targets, accompanied by larger N1 and
smaller P3 amplitudes, and these findings were consistent with previous research®?*"%%,

One goal of our research is to examine possible dissociation between convergent and non-convergent gaze
cues. As expected, we found that target-congruency effects were modulated by gaze convergence. At the behavior
level, the participants showed larger target-congruency effects and faster responses following convergent gazes
compared with non-convergent gazes, probably because multi-gaze cues in the same direction may increase the
strength of cueing or the perceived reliability of these gazes, and thus facilitate gaze cueing®. In addition, faster
responses following convergent gazes (versus non-convergent gazes) were only found for congruent targets but
not for incongruent targets, which was consistent with previous research showing incongruent trials less suscep-
tible to top-down manipulations in a gaze cueing task®~.

Although previous studies had examined the effect of gaze convergence®’, their “non-convergent” gaze condi-
tion consisted of gazes both congruent and incongruent to the target in the same trial, which might underestimate
the effect of attention cueing in this condition. Therefore including cue-target congruency as a factor independent
of gaze convergence in our study allows a clearer understanding of the cueing effect of multiple gazes. Meanwhile,
we extended previous research paradigm and simulated a common scenario of non-convergent gazes in daily life,
in which some people gaze toward a given stimulus while others may not pay attention.

More importantly, we found consistent neural evidence for the distinctive effects of the two types of
multi-person gaze cues. First, convergent and non-convergent gazes were initially processed differently, as
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evidenced by dissociated N170s. Specifically, convergent gazes evoked N170 in both the left and the right hemi-
spheres, but non-convergent gazes evoked N170 mainly in the hemisphere contralateral to the cueing face, e.g.,
the gaze shift presented in the left visual field (non-convergent LVF gazes) evoked much larger N170 in the right
hemisphere but no N170 in the left hemisphere. A possible reason for such dissociation is the lateralized process-
ing of gaze shift’!, i.e. the gaze cues from each visual field were processed preferably in the contralateral cerebral
hemisphere. Bihemispheric N170s in the convergent gaze condition suggest that gaze shifts in both visual fields
were simultaneously processed at this stage, resulting in bilateral N170s of comparable amplitude. In contrast,
in the non-convergent gaze condition, gaze shift occurred only in one visual field, which elicited a larger N170
comparing to the static gaze in the other visual field in their corresponding contralateral hemispheres, leading
to lateralized N170°!. These results, taken together, indicated that different gaze cues, regardless of convergent or
not, were efficaciously processed.

Second, we found neural evidence that convergent gazes influenced the subsequent target processing, includ-
ing strengthening visual perception and modulating the expectation of the target stimuli, as evidenced by larger
N1 and smaller P3. The larger N1 amplitude was found for the congruent targets in relative to the incongruent
targets, consistent with the case of single-gaze cueing paradigms®*2. But this congruency effect could only be
observed following convergent gazes. This may be because convergent gazes had particularly strengthened the
early processing of the congruent targets. Non-convergent gazes, in contrast, contained inconsistent gaze infor-
mation which possibly needed reconciliation to guide attention. Such a process might require more resources,
therefore impeded the early processing of the targets, leading to lower N1 amplitude following non-convergent
gazes. Moreover, smaller P3 was found following the convergent gazes comparing to the non-convergent gazes
for the congruent targets; but such gaze convergence effect was absent for the incongruent targets®>*. These
results suggest that participants seemed to expect the target to be more likely to appear at the gazed-at location
following the presence of convergent than non-convergent gazes. This may again be because convergent gazes
were perceived as more reliable in indicating the target’s position than non-convergent gazes®, and they selectively
enhanced participants’ expectation that the target would appear in the gazed-at location®*, whereas the expecta-
tion for target in the non-gazed-at location was not affected.

Finally, our results also shed light on the time course of integration of multi-gaze cues. Since EEG is a contin-
uous record of brain activity with high temporal resolution, the temporal sequence of ERP components can indi-
cate the time course of related cognitive processes®*~*". For example, face invoked N170 and target invoked N1 and
P3 may respectively correspond to face processing, and early stage as well as late stage of target processing®-*.
In our research, we were able to infer the time course of gaze integration by examining at which ERP compo-
nent the gaze convergence effect started to emerge. Note there was inconsistency between behavioral results and
N170 findings: although participants reacted significantly faster following convergent gazes than non-convergent
gazes, the amplitude of N170 in each hemisphere in the convergent gaze condition did not significantly sur-
pass their counterparts in the non-convergent gaze condition. Based on these evidence, we speculate that the
integration of multiple gaze cues emerges at a stage later than N170. When multiple gazes from different visual
fields are represented, they are first processed separately in the contralateral hemisphere where N170 is evoked®!.
Consistently, the neural activities induced by gaze cues from a single visual field were comparable between the
convergent and non-convergent gaze conditions (see Fig. 3). However, differences between the convergent and
the non-convergent gaze conditions were evident in the processing of the subsequent target, as shown in N1 and
P3 components in the present study (see Figs 4 and 5). Such results may indicate that the integration of multi-gaze
cues had been achieved at these time points, and further reflected in participants’ behavioral responses. Taken
together, our findings suggest that the inter-hemispheric integration of gaze information may only start to affect
gaze cueing in later stage of gaze processing (at least after the time point of N170) or even after the onset of targets.

Interestingly, although the behavioral target-congruency effect following convergent gazes was mirrored in
both N1 and P3 amplitudes, following non-convergent gazes the counterpart effect was only found in P3, not
in N1. The results suggest that the target-congruency effect in the convergent gaze condition may be driven by
the impact of gaze cues both on the early and the late processing of target, while the target-congruency effect
following non-convergent gazes may be predominantly driven by the impact of gaze cues on the late processing
of target. As discussed above, this is probably because convergent gazes enhanced the perception of the direc-
tional information carried by each face as well as the expectation of the congruent target, therefore affected both
the early and late processing of target and produced the target-congruency effect on both N1'%-20 and P3%>2¢, In
the non-convergent gaze condition, however, gaze inconsistency from the two faces need to be resolved first to
guide attention, therefore the target-congruency effect only emerged later and was reflected in the decisional or
evaluating stage of target processing (in P3%>?%, but not N1). Future research should verify these speculations
on the temporal dissociation of the target-congruency effects generated by different types of gazes. For exam-
ple, using fMRI or MEG to examine the neural correlates of the target-congruency effects of convergent and
non-convergent gazes, respectively, can tell whether the target-congruency effects of convergent gazes exists in
both sensory cortex and frontoparietal cortices, while that of non-convergent gazes only becomes evident in
frontoparietal cortices related to decisional processes.

Admittedly, there were additional differences between the convergent and non-convergent gaze condition,
such as numerosity (2 gaze cues vs. 1 gaze cue) and motion (2 gaze shifts vs. 1 gaze shift), which may affect gaze
cueing of attention. However, these factors do not seem to fully account for the present findings, particularly N170
and P3 results. For example, past research has showed that increased numerosity may augment N170*! or leave
P3 unaffected*?, and increased motion coherence may induce larger P3***, all of which were different from what
we found in the current study. Therefore, instead of “low-level” factors of numerosity or coherence of motion,
“high-level” factors such as perceived reliability may be a more reasonable explanation, in line with the possi-
ble evolutionary importance of majority’s gaze that indicates food locations or resources for survival®. Further
evidence could be collected, for example, by manipulating the number of gaze shift in formulating convergent
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and non-convergent gazes, or the number of faces presenting different types of gazes, to scrutinize the exact role
“low-level” factors play in such multiple gaze cueing processes. Neuroimaging techniques may also be useful to
test whether “low-level” factors contribute to the gaze convergence effect, as possible effects by “low-level” factors
on gaze cueing would be much more likely reflected in activities in sensory cortex related to perceptual processing
rather than in frontoparietal cortex related to decisional processing or social cognition.

In conclusion, our study expanded existing research on the effect of gaze convergence on social attention, and
explored the basic neural mechanism of the cueing effect from multiple social gazes. We found that when the
gazes from two human avatars converged, they induced quicker reaction time and a larger target-congruency
effect from the observer comparing to when they did not. Our exploration of the neural mechanism suggests
that gaze convergence enhances the perceptual processing and the expectation of the congruent target. Our study
used a highly simplified model of multi-person social interaction. Future studies may benefit from introducing
variation in the temporal, spatial and social features of the interaction scenario to further investigate the cognitive
mechanism underlying the perception of social gazes. Also, brain imaging techniques such as fMRI may help
further investigate the perceptual and decisional impacts of shared gazes suggested by the present study.

References
1. Schuller, A. M. & Rossion, B. Spatial attention triggered by eye gaze enhances and speeds up visual processing in upper and lower
visual fields beyond early striate visual processing. Clin Neurophysiol. 116, 2565-2576 (2005).
2. Frischen, A., Bayliss, A. P. & Tipper, S. P. Gaze cueing of attention: visual attention, social cognition, and individual differences.
Psychol Bull. 133, 694 (2007).
3. Friesen, C. K. & Kingstone, A. The eyes have it! Reflexive orienting is triggered by nonpredictive gaze. Psychon Bull Rev. 5, 490-495
(1998).
4. Milgram, S., Bickman, L. & Berkowitz, L. Note on the drawing power of crowds of different size. ] Pers Soc Psychol. 13,79 (1969).
5. Gallup, A. C. et al. Visual attention and the acquisition of information in human crowds. Proc Natl Acad Sci. 109, 7245-7250 (2012).
6. Sun, Z., Yu, W,, Zhou, J. & Shen, M. Perceiving crowd attention: Gaze following in human crowds with conflicting cues. Atte Perce
Psycho. 79, 1039-1049 (2017).
7. Capozzi, E, Bayliss, A. P. & Ristic, ]. Gaze following in multiagent contexts: Evidence for a quorum-like principle. Psychon Bull Rev.
25,2260-2266 (2018).
8. Sweeny, T. D. & Whitney, D. Perceiving crowd attention: Ensemble perception of a crowd’s gaze. Psychol Sci. 25, 1903-1913 (2014).
9. Capozzi, E, Bayliss, A. P, Elena, M. R. & Becchio, C. One is not enough: Group size modulates social gaze-induced object desirability
effects. Psychon Bull Rev. 22, 850-855 (2015).
10. Bayliss, A. P, Frischen, A., Fenske, M. J. & Tipper, S. P. Affective evaluations of objects are influenced by observed gaze direction and
emotional expression. Cognition. 104, 644-653 (2007).
11. Bentin, S., Allison, T., Puce, A., Perez, E. & McCarthy, G. Electrophysiological studies of face perception in humans. ] Cogn Neurosci.
8, 551-565 (1996).
12. Zion-Golumbic, E. & Bentin, S. Dissociated neural mechanisms for face detection and configural encoding: evidence from N170
and induced gamma-band oscillation effects. Cereb Cortex. 17, 1741-1749 (2006).
13. Cauquil, A. S., Edmonds, G. E. & Taylor, M. J. Is the face-sensitive N170 the only ERP not affected by selective attention? Neuroreport.
11, 2167-2171 (2000).
14. Taylor, M. J., Edmonds, G. E., McCarthy, G. & Allison, T. Eyes first! Eye processing develops before face processing in children.
Neuroreport. 12, 1671-1676 (2001).
15. Puce, A., Smith, A. & Allison, T. ERPs evoked by viewing facial movements. Cogn Neuropsychol. 17, 221-239 (2000).
16. Itier, R. J., Alain, C., Kovacevic, N. & McIntosh, A. R. Explicit versus implicit gaze processing assessed by ERPs. Brain Res. 1177,
79-89 (2007).
17. Watanabe, S., Miki, K. & Kakigi, R. Gaze direction affects face perception in humans. Neurosci Lett. 325, 163-166 (2002).
18. Holmes, A., Franklin, A., Clifford, A. & Davies, I. Neurophysiological evidence for categorical perception of color. Brain Cogn. 69,
426-434 (2009).
19. Vogel, E. K., Luck, S. J. & Shapiro, K. L. Electrophysiological evidence for a postperceptual locus of suppression during the attentional
blink. J Exp Psychol Hum Percept Perform. 24, 1656 (1998).
20. Kiefer, M. Perceptual and semantic sources of category-specific effects: Event-related potentials during picture and word
categorization. Mem Cogn. 29, 100-116 (2001).
21. Schuller, A. M. & Rossion, B. Spatial attention triggered by eye gaze increases and speeds up early visual activity. Neuroreport. 12,
2381-2386 (2001).
22. Schuller, A. M. & Rossion, B. Perception of static eye gaze direction facilitates subsequent early visual processing. Clin Neurophysiol.
115, 1161-1168 (2004).
23. Friedman, D., Cycowicz, Y. M. & Gaeta, H. The novelty P3: an event-related brain potential (ERP) sign of the brain’s evaluation of
novelty. Neurosci Biobehav Rev. 25, 355-373 (2001).
24. Magliero, A., Bashore, T. R., Coles, M. G. & Donchin, E. On the dependence of P300 latency on stimulus evaluation processes.
Psychophysiology. 21, 171-186 (1984).
25. Duncan-Johnson, C. C. & Donchin, E. The P300 component of the event-related brain potential as an index of information
processing. Biol Psychol. 14, 1-52 (1982).
26. Donchin, E. Surprise!... surprise? Psychophysiology. 18, 493-513 (1981).
27. Chanon, V. W. & Hopfinger, ]. B. ERPs reveal similar effects of social gaze orienting and voluntary attention, and distinguish each
from reflexive attention. Atte Perce Psycho. 73, 2502-2513 (2011).
28. Fichtenholtz, H. M., Hopfinger, J. B., Graham, R., Detwiler, J. M. & LaBar, K. S. Happy and fearful emotion in cues and targets
modulate event-related potential indices of gaze-directed attentional orienting. Soc Cogn Affect Neurosci. 2, 323-333 (2007).
29. Fichtenholtz, H. M., Hopfinger, J. B., Graham, R., Detwiler, J. M. & LaBar, K. S. Event-related potentials reveal temporal staging of
dynamic facial expression and gaze shift effects on attentional orienting. Soc Neurosci. 4, 317-331 (2009).
30. Cole, G. G., Smith, D. T. & Atkinson, M. A. Mental state attribution and the gaze cueing effect. Atte Perce Psycho. 77, 1105-1115
(2015).
31. Towler, J. & Eimer, M. Early stages of perceptual face processing are confined to the contralateral hemisphere: Evidence from the
N170 component. Cortex. 64,89-101 (2015).
32. Ciardo, E, Ricciardelli, P. & Iani, C. Trial-by-trial modulations in the orienting of attention elicited by gaze and arrow cues. Quart J
Exp Psychol. 72, 543-556 (2018).
33. Mulert, C. et al. Integration of fMRI and simultaneous EEG: towards a comprehensive understanding of localization and time-
course of brain activity in target detection. Neuroimage. 22, 83-94 (2004).
34. Luo, W, Feng, W, He, W,, Wang, N. Y. & Luo, Y. J. Three stages of facial expression processing: ERP study with rapid serial visual
presentation. Neuroimage. 49, 1857-1867 (2010).

SCIENTIFIC REPORTS |

(2019) 9:7586 | https://doi.org/10.1038/s41598-019-44058-w 10


https://doi.org/10.1038/s41598-019-44058-w

www.nature.com/scientificreports/

35. Williams, L. M. et al. Mapping the time course of nonconscious and conscious perception of fear: an integration of central and
peripheral measures. Hum Brain Map. 21, 64-74 (2004).

36. Liu, Y. & Perfetti, C. A. The time course of brain activity in reading English and Chinese: An ERP study of Chinese bilinguals. Hum
Brain Map. 18, 167-175 (2003).

37. Costa, A, Strijkers, K., Martin, C. & Thierry, G. The time course of word retrieval revealed by event-related brain potentials during
overt speech. Proc Natl Acad Sci. 106, 21442-21446 (2009).

38. Eimer, M. & Holmes, A. An ERP study on the time course of emotional face processing. Neuroreport. 13, 427-431 (2002).

39. Potts, G. E, Patel, S. H. & Azzam, P. N. Impact of instructed relevance on the visual ERP. Int ] Psychophysiol. 52, 197-209 (2004).

40. Woodward, S. H., Brown, W. S., Marsh, J. T. & Dawson, M. E. Probing the time-course of the auditory oddball P3 with secondary
reaction time. Psychophysiology. 28, 609-618 (1991).

41. Puce, A. et al. Multiple faces elicit augmented neural activity. Front Hum Neurosci. 7,282 (2013).

42. Gebuis, T. & Reynvoet, B. The neural mechanisms underlying passive and active processing of numerosity. Neuroimage. 70, 301-307
(2013).

43. Taroyan, N. A., Nicolson, R. I. & Buckley, D. Neurophysiological and behavioural correlates of coherent motion perception in
dyslexia. Dyslexia. 17, 282-290 (2011).

44. Jiang, Y., Luo, Y. ]. & Parasuraman, R. Neural correlates of perceptual priming of visual motion. Brain Res Bul. 57,211-219 (2002).

Acknowledgements
This research was supported by the National Natural Science Foundation of China to HG (Project 31671131 and
31271202).

Author Contributions

Conception and design of the study: H.G., Y.L., S.Z., S.X. and N.W,; Programming and data collection: Y.L.,
N.W. and S.X,; Data analysis and drafting the article: N.W., Y.L. and S.X.; Data interpretation and construction
of the argument: H.G,, S.Z., N.W. and S.X; Critical revision of the article: N.-W,, $.X., S.Z. and H.G.; Project
administration, funding acquisition and supervision of the work: H.G. All authors approved the final version of
the article for submission.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS| (2019) 9:7586 | https://doi.org/10.1038/s41598-019-44058-w 11


https://doi.org/10.1038/s41598-019-44058-w
http://creativecommons.org/licenses/by/4.0/

	ERP evidence on how gaze convergence affects social attention

	Method

	Participants. 
	Materials. 
	Fixation. 
	Target. 

	Procedure. 
	ERP recordings and data analysis. 
	Ethics statement. 

	Results

	Behavioral results. 
	Reaction time. 
	ERP results. 
	Cue-locked N170. 
	Target-locked analyses. 
	N1. 
	P3. 


	Discussion

	Acknowledgements

	Figure 1 Examples of face stimuli (A–E) and a critical trial (F).
	Figure 2 (A) Participants’ mean reaction times in trials with a congruent target and an incongruent target following the convergent and the non-convergent gaze cues.
	Figure 3 (A) N170 waveforms for convergent gazes at PO7 and PO8.
	Figure 4 Target-locked N1 waveforms (at FCz) and the mean amplitudes for congruent and incongruent targets following convergent and non-convergent gazes.
	Figure 5 Target-locked P3 waveforms (at CPz) and the mean amplitudes for congruent and incongruent targets following convergent and non-convergent gazes.
	Table 1 Mean (ms) and stand error for participants’ reaction times.
	Table 2 Mean (μV) and stand error for N170 amplitude.
	Table 3 Mean (μV) and stand error for N1 and P3 amplitude.




