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Abstract

This study investigated the electrophysiological (event-related potential, ERP) and behavioral (reaction time, RT) correlates of gaze-cued shifts of visuospatial attention. Participants viewed centrally presented faces with neutral expressions in which eyes looked straight ahead and then shifted to the left or right. Upon movement of the eyes, the facial expression either stayed the same (neutral) or changed to a fearful or happy expression.  Participants’ task was to identify a probe letter (T or L), which appeared in either the same or the opposite location to the direction of the eye gaze. There was behavioral evidence of a gaze congruency effect, as RTs were faster when the eyes looked toward rather than away from the location of the target. The ERP data indicated the presence of a significant gaze-congruent anterior directing attention negativity (ADAN) at anterior locations (300-500 ms after the onset of the gaze cue). ERP data did not show evidence of initial orienting of attention triggered by gaze cues in the early directing attention negativity (EDAN) at posterior locations (200-300 ms post-cue onset). The gaze cueing effects in the RT and ERP data were not significantly influenced by the emotional expression of the faces. The presence of the ADAN may reflect neural mechanisms that underlie the holding of attention on gazed-at locations.
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Perceived gaze is an important social cue that is used to infer another’s attentional focus, and to direct visuospatial attention to significant stimuli in the surrounding environment. Orientation of attention towards what other people are looking at serves an important communicative function between individuals. For example, a rapid gaze movement could indicate the appearance of a predator or simply an object of interest.  Either way, it gives a valuable indication of the focus of attention and intentional states of others (for recent reviews see Frischen, Bayliss, & Tipper, 2007; George & Conty, 2008).  A number of recent behavioral studies demonstrate the capacity for gaze cues to elicit shifts of visual attention in the viewer (e.g., Driver et al., 1999; Farroni, Mansfield, Lai, & Johnson, 2003; Friesen & Kingstone, 1998; Friesen, Ristic, & Kingstone, 2004; Kingstone, Friesen, & Gazzaniga, 2000; Hietanen, 1999; Hietanen & Leppanen, 2003; Hood, Atkinson, & Braddick, 1998; Langton & Bruce, 1999). Typically, in these studies, a modified Posner attention orienting paradigm is employed where eye gaze is used as an attentional cue. For example, a face with direct gaze is presented to the viewer in the center of the visual field, followed by the same face with eyes directed either to the left or right visual field. A probe is then presented to either the gaze-congruent side or the gaze-incongruent side. Participants are faster to respond to gaze-congruent probes, providing evidence that attention is shifted in the direction of perceived gaze.  

The gaze cueing effect would appear to involve more than one attentional operation, including the initial directing of attention towards, and the holding of attention on, the gaze-cued location. The initial shift of attention to perceived gaze can take place rapidly, with stimulus-onset-asynchronies (SOAs) between the face cue and probe of between 100 and 300 milliseconds (e.g., Friesen & Kingstone, 1998; Hietanen & Leppanen, 2003). The speed of the attentional facilitation combined with the finding that it can occur even when gaze direction is counter-predictive (i.e., when the participant knows that the target is more likely to appear on the opposite side to the gazed-at location: Driver et al., 1999; Friesen et al., 2004) indicates a relatively automatic and reflexive process. In addition to gaze-cued initial orienting, the holding of attention on the gazed-at location is evident from the finding that orienting to gaze direction persists for about 700 ms (e.g., Driver et al., 1999; Friesen et al., 2004), and gaze cueing effects are not replaced by inhibition of return (IOR) until long SOAs have elapsed (e.g., Frischen & Tipper, 2004).    

A useful tool for clarifying the temporal dynamics of attentional processes is the event-related brain potential (ERP) technique. ERPs permit analysis of spatiotemporal dynamics of neural activity, and because they do not rely on the convergence of effects on a single output measure, such as response time (RT), they can provide additional insights into component psychological processes. ERPs may allow us to understand more about the time course and neural underpinnings of attentional operations involved in gaze cueing. Investigations of brain processes that mediate cue-triggered attentional orienting have revealed lateralized ERP components that arise in the interval between symbolic attention cues (e.g. arrows) and subsequent target stimuli. These lateralized components emerge with a positive or negative voltage over the hemisphere contralateral to the location indicated by the cue, and three principal direction-related ERP components have been identified. The earliest component is known as the early directing attention negativity (EDAN). The EDAN is a negative deflection over posterior scalp locations, maximal in the hemisphere contralateral to the cued location, and elicited between 200 to 300 ms (sometimes extending to 400 ms) post-cue onset (e.g., Harter, Anllovento, & Wood, 1989; Hopf & Mangun, 2000; Jongen, Smulders, & Van Breukelen, 2006). The EDAN has been interpreted as reflecting the rapid enhancement of neural activity in cortical areas underlying the representation of cued locations in the visual field (e.g., Simpson et al., 2006), although it has also been suggested that the EDAN reflects the selection of task-relevant aspects of the cue stimuli (van Velzen & Eimer, 2003) and may be equivalent to an N2pc, which is an ERP component with a similar morphology and identified with target selection in visual search displays (e.g., Luck & Hillyard, 1994; Eimer & Kiss, 2007; Holmes, Bradley, Kragh Nielsen, & Mogg, 2009). 

The second component is the anterior directing attention negativity (ADAN), which is an enhanced negativity over anterior scalp locations contralateral to the location indicated by the cue. The ADAN arises slightly later in time than the EDAN, between 300 and 500 ms post-cue onset (Eimer, van Velzen, & Driver, 2002; Nobre, Sebestyen, & Miniussi, 2000). It has been associated with attentional control and redirecting attention in space, and is assumed to be generated in brain areas within the fronto-parietal attentional control network (e.g., Praamstra, Boutsen, & Humphreys, 2005; Seiss, Gherri, Eardley, & Eimer, 2007; Van der Lubbe, Neggers, Verleger, & Kenemans, 2006). The ADAN may “reflect task-specific modulations of an underlying, possibly supramodal, attention control mechanism that is common to shifts of attention to all locations” (Green, Conder, & McDonald, 2008, p. 586). Finally, the EDAN and ADAN are sometimes followed in time by a late directing attention positivity (LDAP), which is a positivity that is maximal over posterior sites contralateral to the cued location, arising after about 500 ms post-cue onset (e.g., Eimer et al., 2002; Harter & Anllo-Vento, 1991; Mangun, 1994). The LDAP may reflect modulation of neural activity in occipital and parietal regions in anticipation of target presentation (e.g., Green, Teder-Sälejärvi, & McDonald, 2005; Hopf & Mangun, 2000). 

It would appear that only one previous study has investigated ERP responses to gaze-cued attention shifts (Hietanen, Leppänen, Nummenmaa, & Astikainen, 2008), and these authors found no evidence of an EDAN or ADAN, although these components were present in response to symbolic arrow cues. Hietanen and colleagues’ study employed schematic faces that consisted of black line drawings of a round face with two small circles (eyes) containing black-filled circles (pupils), but with no other facial features. Although gaze-cueing effects have been found previously using impoverished schematic drawings (e.g., Friesen & Kingstone, 1998; Ristic, Friesen, & Kingstone, 2002), many other studies have used naturalistic face stimuli (i.e. photographic images) to demonstrate robust gaze cueing effects (e.g. review by Frischen et al., 2007).  Thus, the primary aims of the current study were to examine the time course of attentional responses to gaze cues using lateralized ERP measures (EDAN and ADAN), as well as behavioral (RT) measures, while employing naturalistic (i.e. photographic) face images as opposed to schematic face stimuli, and adopting a paradigm that has been used widely in the literature (see Frischen et al., 2007). If attention-related ERP responses are observed, it is anticipated that initial orienting towards gaze-cued locations may be evident from the earlier lateralized ERP component (EDAN), and mechanisms underlying the holding of attention on the looked-at location may be reflected in the later lateralized ERP component (ADAN). Only the EDAN and ADAN were of interest in the present study, as we used a 500 ms SOA (to allow direct comparison with Hietanen et al., 2008). 

An additional aim of the study was to explore effects of emotion on these lateralized ERP indices of visual attention.  Eye gaze in faces with emotional expression may provide further information about the motivational significance of events in the environment. For example, the display of fear on another person’s face, in combination with their gaze direction, may indicate the presence and location of an impending threat. Thus, facial expression may increase the saliency of averted eye gaze as a signal to shift the observer’s attention. Several behavioral studies have examined the relation between gaze direction and emotional facial expression, with mixed results. For example, some investigations have found larger gaze cueing effects for fearful faces, relative to neutral or happy faces (e.g., Putnam, Hermans, & Van Honk, 2006; Tipples, 2006), whereas other studies have found no evidence of the moderating effects of facial expression on gaze cueing (e.g., Bayliss, Frischen, Fenske, & Tipper, 2007; Hietanen & Leppanen, 2003). It has, however, been suggested that interactions between facial expression and gaze congruency may be observed more reliably in individuals with heightened levels of anxiety. For example, Mathews, Fox, Yiend and Calder (2003) found an interactive effect of the anxiety level of the observer and the facial expression of the gazer; i.e., anxious individuals were more likely than non-anxious individuals to direct attention towards the spatial location at which a frightened face was looking (see also Fox, Mathews, Calder & Yiend, 2007; Holmes, Richards, & Green, 2006). Thus, we examined the influences of facial expression and trait anxiety on attentional responses to gaze cues using behavioral (RT) and also, for the first time, lateralized ERP measures. Both fearful and happy faces were included because some previous studies suggest that gaze congruency effects are more pronounced for fearful faces (e.g., Fox et al., 2007); although there is some debate as to whether anxious individuals show attentional biases specifically for threat-related information (‘threat-specificity hypothesis’), or more generally for both negative and positive material (‘emotionality hypothesis’; e.g., Martin, Williams & Clark, 1991; Garner, Mogg, & Bradley, 2006; Holmes, Kragh Nielsen, & Green, 2008).


 In this study, each trial displayed a neutral face with direct gaze for 900 ms, which was immediately followed by a photograph of the same individual displaying either a neutral, fearful or happy facial expression, with their eyes averted to the left or right. After 500 ms, a probe appeared to the left or right of the face, to which participants made a manual button-press response; the direction of the eyes was non-predictive (i.e., target appeared in gazed-at location on 50% trials; see Fox et al., 2007; Tipples, 2006, for similar designs). The EDAN and ADAN were quantified by measuring posterior and anterior ERPs, respectively, contralateral and ipsilateral to the direction of eye gaze. 

Primary hypotheses concerning the general phenomenon of gaze cueing:

· Gaze direction will trigger an attentional shift, which will be evident from faster RTs to probes in gaze-cued than uncued locations (Hypothesis 1). 

· If gaze cueing triggers a bias in initial orienting of attention to the looked-at location, this should be reflected by an early lateralized ERP, such as the EDAN, which is evident in the 200-300 ms time window in posterior brain regions (Hypothesis 2).

· If gaze cueing elicits holding of attention on the looked-at location, this should be reflected by a later lateralized ERP, such as the ADAN, evident in the 300-500 ms time window in anterior brain regions (Hypothesis 3).

Supplementary hypotheses concerning emotional influences on gaze cueing:

· There will be a stronger gaze cueing effect of fearful faces, relative to neutral or happy faces (i.e., two-way interaction effect of gaze cueing x facial expression in RT data, and a corresponding contralaterality x facial expression interaction in ERP data; see Method for details of analyses). 

· The latter effect may be enhanced in anxious individuals (i.e., three-way interactive effect of gaze cueing x facial expression x anxiety level in RT data, and a corresponding contralaterality x facial expression x anxiety interaction in ERP data).

Method

Participants

 The participants were 36 healthy volunteers. One participant was excluded because of excessive noise in the EEG data, so that 35 participants (23 female, 9 male; 18-47 years old; mean age: 25.7 years) remained in the sample. Participants were preselected to be right-handed and all had normal or corrected-to-normal vision. Allocation of participants to high- and low-trait anxiety groups was made on the basis of scores falling above or below the median on the trait version of the State Trait Anxiety Inventory (STAI; Spielberger et al., 1983), excluding three participants with scores that fell exactly on the median (median = 38; range = 21-62). This resulted in the assignment of 16 participants to the low-trait anxiety group (11 female, 5 male; mean age: 24.7 years; mean STAI-trait score: 30.0, SD = 5.0) and 16 participants to the high-trait anxiety group (12 female, 4 male; mean age: 26.6 years; mean STAI-trait score: 50.1, SD = 7.6). The experiment was performed in compliance with relevant institutional guidelines and was approved by the University ethics committee. 

Stimuli and Apparatus
 Twelve photographs were selected from a standard set of pictures of facial affect (Ekman and Friesen, 1976). The photographs were of four different individuals, two males and two females, portraying fearful, happy, and neutral emotional expressions. Two separate individuals, one male and one female, portraying a neutral emotional expression, were selected for practice and buffer trials. The face pictures were trimmed to exclude the hair and non-facial features. For each of the images, two more versions were constructed in which the pupils were digitally moved to the far left or far right of both eyes to simulate leftward or rightward gaze, which resulted in 36 face pictures in total. Face images were enclosed within a black rectangular frame measuring 7 x 5 cm and were presented in the center of the computer screen. Probes were an uppercase white letter T or L, measuring 1 x 1 cm, and displayed 7 cm to the left or right of the midpoint of the screen (see Figure 1). All stimuli appeared against a black background. Participants were seated in a dark cabin, and stimuli were presented at a viewing distance of 70 cm on a 17-in. ViewSonic G220f computer screen with a refresh rate of 75 Hz, connected to a Dell Precision Pentium IV computer. Stimulus presentation was controlled with E-Prime software (Schneider, Eschman, & Zuccolotto, 2002).



Procedure
 Each trial started with a fixation cross at the center of the screen for 500 ms.  The fixation cross then disappeared and was immediately followed by a neutral face with eyes looking straight ahead for 900 ms. This display was then replaced by a photograph of the same individual, with a neutral, fearful or happy expression, and with the eyes shifted to the left or to the right. After 500 ms, a probe letter appeared unpredictably on the left- or right-hand side of the face. The face and the probe letter remained on the screen until the participant’s response. Participants were instructed to identify the letter as quickly and as accurately as possible by pressing one of two buttons labelled T and L on a purpose-built response box, using the thumb and first finger of their dominant hand. The buttons were arranged vertically to minimize any interference to arise from the left or right location of the probes. The response assignment of letters to top and bottom buttons was counterbalanced across participants. After response, there was a variable inter-trial interval (ITI), consisting of a black screen, ranging from 750-1250 ms (cf. Holmes et al., 2009). 

The task consisted of 16 practice trials (in which RT and accuracy feedback were provided on each trial) and 384 experimental trials (64 fearful left gaze; 64 fearful right gaze; 64 happy left gaze; 64 happy right gaze; 64 neutral left gaze; 64 neutral right gaze). The different trial types were presented with the position of the probe letter counterbalanced across trials, so that each appeared in either location with equal probability. Thus, for half of the trials the probe letter appeared in a gaze-congruent location, and for the other half of trials it appeared in a gaze-incongruent location. All trial types were equiprobable across each of four experimental blocks (96 trials per block), and were presented in a new random order for each participant within each block. Two buffer trials were inserted at the beginning of each block. After the experimental task, participants completed the STAI measure of trait anxiety.

Data preparation
EEG recording and data analysis. EEG was recorded and processed using a Neuroscan 64 channel device (Synamps). Horizontal and vertical EOGs were recorded using four facial bipolar electrodes placed on the outer canthi of the eyes and in the inferior and superior areas of the left orbit. Scalp EEG was recorded from 62 Ag/AgCl electrodes mounted in a quickcap (extended 10-20 system). All electrodes were referenced on-line to one electrode (vertex) and bandpass filtered at 0.01 – 100 Hz. The impedance for electrodes was generally kept below 5 kΩ, and EEG and EOG were sampled online with a digitization rate of 1000 Hz. Following EEG recording, data were down-sampled to 250 Hz to save later computation time, were digitally filtered with a low-pass filter at 40 Hz, and all channels were re-referenced using the average of the mastoids (M1 and M2) method. EEG and HEOG were epoched off-line relative to a 100 ms pre-stimulus baseline, and extending for 500 ms after stimulus presentation. Trials with lateral eye movements (HEOG exceeding ± 30 µV), as well as trials with vertical eye movements, eye blinks, or other artifacts (a voltage exceeding ±60 µV at any electrode) measured after target onset were excluded from analysis. ERP mean amplitudes were obtained for specific sets of electrodes. For EDAN effects, regional activity was analyzed at the following posterior electrode positions: P7, P8, PO7, PO8, within the post-stimulus time interval of 200-300 ms. For ADAN effects, activity was analyzed at the following anterior electrode positions: F5, F6, F7, F8, FC5, FC6, FT7, FT8, within the post-stimulus time interval of 300-500 ms. These electrode sites, defined as regional clusters, together with the time windows, were determined on the basis of inspection of individual subject waveforms and previous reports (e.g., van Velzen & Eimer, 2003; Hietanen et al., 2008; Seiss et al., 2007).

Treatment of behavioral data. Trials with errors were discarded (3% of data). Following inspection of the RT data with box-and-whisker plots, RTs that were less than 100 ms or more than 1500 ms, and those more than 3 SDs above each participant’s mean, were excluded in order to reduce the influence of outliers (2% of data). To test our hypotheses, mean RTs in each condition were entered into a 2 x 3 x 2 mixed analysis of variance (ANOVA), with within-subjects factors of gaze cue (congruent vs. incongruent) and emotional facial expression (fearful vs. happy vs. neutral), and a between-subjects factor of trait anxiety level (high vs. low).  

Treatment of EEG data. Separate averages were computed for all combinations of contralaterality (electrodes ipsilateral vs. contralateral to the gazed-at side) and emotional facial expression (fearful vs. happy vs. neutral), for each participant and ERP measure. The ipsilateral waveform was computed as the average of the left-sided electrodes to the gaze-leftward faces and the right-sided electrodes to the gaze-rightward faces, and the contralateral waveform was computed as the average of the left-sided electrodes to the gaze-rightward faces and the right-sided electrodes to the gaze-leftward faces. Mean amplitudes in each condition for the EDAN and ADAN analyses were entered into a 2 x 3 x 2 mixed analysis of variance (ANOVA), with within-subjects factors of contralaterality (electrodes ipsilateral vs. contralateral to the gazed-at side) and emotional facial expression (fearful vs. happy vs. neutral), and a between-subjects factor of trait anxiety level (high vs. low). For all analyses, Greenhouse-Geisser adjustments to the degrees of freedom were performed where appropriate.


Results

Primary hypotheses relating to gaze-cueing effect

Behavioral data. To test Hypothesis 1 ─ that gaze direction triggers an attentional shift ─ we examined the main effect of gaze cue from the ANOVA of RTs.  This was significant, F(1,30) = 19.0, MSE = 3016.5, p < .001, with faster RTs on gaze-congruent (M = 507 ms, SD = 63) than gaze-incongruent (M = 515 ms, SD = 63) trials, which supports Hypothesis 1.

ERP data: EDAN. To test Hypothesis 2 ─ that a bias in initial orienting to perceived gaze will be reflected in the EDAN ─ we assessed the main effect of contralaterality from the ANOVA of EDAN component mean amplitudes. This main effect was non-significant, F < 1, providing no support for Hypothesis 2 (see Table 1 and upper panel of Figure 2).

ERP data: ADAN. To test Hypothesis 3 ─ that a bias in the holding of attention on the gazed-at location will be reflected in the ADAN ─ we assessed the main effect of contralaterality from the ANOVA of ADAN component mean amplitude. This main effect was significant, F(1,30) = 19.6, MSE = 3.35, p < .001, as mean amplitudes were more negative at contralateral (M = 0.1, SD = 2.1) than at ipsilateral (M = 0.4, SD = 2.1) electrode locations. This finding supports Hypothesis 3 (see Table 1 and lower panel of Figure 2).

Supplementary hypotheses relating to modulation of gaze cueing by emotion

Behavioral data. There was no support from the ANOVA of RT data for the hypothesis that emotional facial expression modulates the gaze cueing effect (i.e. non-significant gaze cueing x emotional expression interaction: F < 1). The predicted three-way interaction of gaze cueing x emotional expression interaction x trait anxiety level was also not significant, F < 1. 

ERP data: EDAN.  The ANOVA of EDAN component mean amplitudes showed that neither the predicted two-way interaction of contralaterality x emotional facial expression, F < 1, nor the three-way interaction of contralaterality x emotional facial expression x trait anxiety level, F(2,60) = 1.7, MSE = 0.3, ns, was significant. 

ERP data: ADAN. The ANOVA of ADAN component mean amplitudes showed that gaze cueing (as reflected by the contralaterality effect) did not significantly interact with emotional facial expression, F(2,60) = 2.60, MSE = 0.5 p = .08, although it suggested a non-significant trend for fearful and happy faces to elicit a stronger negative ADAN than neutral faces (mean difference between contralateral and ipsilateral amplitude for fearful, happy and neutral faces was -0.4, -0.3 and -0.1, respectively). There was no evidence that trait anxiety level modulated this effect; i.e. three-way interaction of contralaterality x emotional facial expression x anxiety was not significant, F(2,60) = 2.08, MSE = 0.4, ns.  

Results which are additional to hypothesis-driven analyses 

The RT and ERP data showed some significant results which were not specifically predicted by our hypotheses. There was a significant main effect of emotional facial expression in all three ANOVAs (i.e. for RT data, ERP amplitudes in 200–300 ms time-window used for EDAN analyses, and ERP amplitudes in 300-500 ms time-window used for ADAN analyses). That is, RTs were faster on trials with emotional than neutral faces, F(2,60) = 7.16, MSE = 1744.3, p < .01 (mean RTs for fearful, happy and neutral faces were 507, 509 and 517 ms, respectively). ERP data showed more positive amplitudes for emotional than neutral faces; F(2,60) = 14.81, MSE = 24.4, p < .001, for the 200-300 ms time-window, and F(2,60) = 4.89, MSE = 13.4, p = .01, for the 300-500 ms time-window (see Table 1). RT data also indicated a significant effect of trait anxiety on gaze cueing, F(1,30) = 8.93, MSE = 1241.1, p < .01, as the high anxious group showed a greater gaze cueing effect than the low anxious group. However, there was no corresponding effect (i.e. contralaterality x anxiety group interaction) in the ERP analyses. Other main effects and interactions in the ANOVAs were non-significant. 


Discussion

ERP and RT data were recorded while participants performed a gaze-cueing task in which a neutral face with direct gaze was displayed for a brief period, after which the eyes shifted to the left or right coincidentally with the appearance of a neutral, fearful or happy facial expression. A probe then appeared to the left or right of the face, with the direction of the eyes being non-predictive of probe location, and participants were required to identify the probe as quickly and as accurately as possible.  The first aim of the investigation was to determine whether gaze direction would trigger an attentional shift (Hypothesis 1). The RT data indicated the presence of a classic gaze congruency effect, with faster RTs to probes in gazed-at locations than non-gazed-at locations. This replicates findings from a number of previous studies showing shifts of visual attention in response to perceived eye gaze (e.g., Driver et al., 1999; Farroni et al., 2003; Friesen & Kingstone, 1998; Friesen et al., 2004; Kingstone et al., 2000; Hietanen, 1999; Hietanen & Leppanen, 2003; Hood et al., 1998; Langton & Bruce, 1999). The demonstration of a reliable gaze cueing effect using traditional behavioral measures provides an appropriate baseline for interpretation of our ERP (EDAN, ADAN) results.

A second aim of this study was to examine whether an EDAN would be elicited by a gaze-induced bias in the initial orienting of attention towards a looked-at location (i.e. within 200 – 300 ms after onset of the gaze cue; Hypothesis 2). The results revealed that an EDAN was not elicited by gaze cues, which is consistent with Hietanen et al.’s (2008) results. It would therefore appear that whilst an EDAN can be observed in response to symbolic cues, such as arrows (e.g., Hietanen et al., 2008; Harter et al., 1989; Hopf & Mangun, 2000; Jongen et al., 2006), there is no evidence as yet that it can be triggered by central gaze cues. There is growing evidence from neuroimaging that gaze and symbolic cueing are subserved by separate underlying neural mechanisms. For example, Hooker et al. (2003) found that the superior temporal sulcus (STS) in posterior cortex was more responsive to perceived directional eye gaze than to an arrow cue. The STS is part of a ventral fronto-parietal network that has been implicated in the reflexive control of attention (e.g., Corbetta & Shulman, 2002), whereas other brain areas, such as the intraparietal sulcus (IPS) in the dorsal fronto-parietal network, would appear to be involved in controlled as well as reflexive shifts of covert spatial attention (e.g., Corbetta, Patel, & Shulman, 2008; Geng & Mangun, 2009). If the EDAN reflects the activation of the dorsal as opposed to the ventral attention orienting network, as suggested by Hietanen et al. (2008), it is possible that it may not be sensitive to an initial reflexive shift of attention elicited by eye gaze.

A further aim of the study was to examine whether the ADAN would be sensitive to the holding of attention on a gazed-at location (Hypothesis 3). Hietanen et al. (2008) found evidence for a weak ADAN component in response to arrow cues, but an ADAN was not evident to gaze cues. By contrast, we observed a clear and robust ADAN to the spatial location cued by the direction of gaze, which occurred between 300 and 500 ms after the onset of the gaze cue. The ADAN has been associated with attentional control and redirecting attention in space and is considered to be generated in brain areas within the dorsal fronto-parietal attentional network (e.g., Praamstra et al., 2005; Van der Lubbe et al., 2006). While this dorsal network has been mainly implicated in voluntary controlled attention, regions within it, such as the IPS, have been found to be sensitive to both top-down and bottom-up processes (Geng & Mangun, 2009). Thus, the finding of an ADAN in response to gaze cues in the current study suggests that neuro-cognitive mechanisms, possibly mediated by the dorsal fronto-parietal network, may reflect an integration of the effects of gaze cues on reflexive and controlled attentional processes, which results in attention being held at the gazed-at location. Such an interpretation would seem compatible not only with the present ADAN results, suggesting involvement of the dorsal attentional network, but also with previous behavioral evidence of a reflexive component to gaze cueing effects within this time window (300 – 500 ms after onset of the gaze cue; e.g., Driver et al., 1999). 

The disparity between our results and those of Hietanen et al. (2008), who did not find a gaze-elicited ADAN, could be explained by the fact that photographic images of real faces were employed in our study, and these may confer greater relevance as motivationally meaningful stimuli, compared with the schematic line drawing stimuli used by Hietanen and colleagues. Whilst schematic gaze cue stimuli have been show to elicit reliable gaze cueing effects at short SOAs (e.g., Friesen & Kingstone, 1998; Ristic et al., 2002), it is possible that operations involved in the holding of attention on gaze-cued locations are more strongly engaged when cue predictor stimuli are biologically salient and meaningful.  

The effects of emotion on gaze cueing effects (in RT, EDAN, and ADAN data) were also investigated. Specifically, we were interested in whether fearful faces would elicit a stronger gaze cueing effect, which would be enhanced in high trait anxious, compared with low trait anxious individuals. The results showed no evidence of the influence of facial emotion on gaze-elicited shifts of attention in the behavioral (RT) data, which adds to previous mixed findings, including demonstrations of enhanced gaze congruency effects by fearful faces in some studies (Putnam, Hermans, Koppeschaar, Van Schijndel, & Van Honk, 2007; Tipples, 2006) but not others (e.g., Hietanen & Leppanen, 2003; Bayliss et al. 2007). The ERP data showed a trend for a stronger ADAN to emotional than neutral faces, although this should be viewed with caution, given it was not significant and there was no corresponding effect of emotional facial expression on the behavioral measure of gaze-cued attention. It would therefore appear that the moderation of gaze-directed attention by emotional face content is not a robust phenomenon, although it is unclear which methodological factors may account for the discrepancies between studies.

Previous research suggests that one variable that predicts stronger gaze cueing by threat-related facial expressions is the anxiety level of participants (e.g., Mathews et al., 2003; Holmes et al., 2006). However, the anxiety level of participants in the present study did not affect gaze-cued attention to emotional, relative to neutral, faces. This raises the question of whether the levels of anxiety in the present (non-clinical) sample of participants were sufficiently extreme to detect the predicted effect. However, it may be noted that the mean anxiety scores of the anxiety groups were comparable with those in previous studies which have successfully shown anxiety-related effects (mean STAI trait anxiety scores for low and high anxiety groups were 30 and 50, respectively, in the present study, versus 31 and 53, respectively, in Mathews et al., 2003). Nevertheless, given several previous reports of anxiety-related effects on gaze cueing by threat-related facial expressions, which are presumed to reflect the operation of specialized neural systems for emotion processing (e.g., Fox et al., 2007), it would seem informative to investigate further their neural basis, for example, in clinical anxiety. 

The present analyses revealed some additional effects of emotion in the RT and ERP data, which were not the focus of our main aims and hypotheses. That is, the emotional content of the facial expressions significantly modulated overall ERP amplitude and RT; as emotional faces elicited larger ERPs and faster manual responses to probes than neutral faces, which may suggest a general alerting effect of facial emotion on both neural and behavioral responses. Similar ERP effects have been demonstrated in many previous studies, with emotional faces eliciting an enhanced positivity (i.e., late positive potential, LPP) relative to neutral faces from 180 ms to around 800 ms post-stimulus onset (see Eimer & Holmes, 2007, for a review). In addition, anxious individuals showed a stronger overall gaze cueing effect than low anxious individuals. However, this was not specifically predicted and there was no corresponding effect of anxiety in the ERP data.

The present study used a 500 ms cue-target SOA, which had the advantage of being consistent with that used by Hietanen et al. (2008), but it did not allow assessment of later ERP components. It would be interesting for future research to extend the present research by using longer SOAs that would allow examination of not only early lateralised ERP components, such as the EDAN and ADAN, but also later components, such as the LDAP (described earlier), which has been found to emerge at around 500 ms after the onset of a central symbolic cue (e.g., Eimer et al., 2002). 

  Overall, the results of this study provide new insights into the neuro-cognitive mechanisms underlying distinct attentional operations involved in gaze-mediated shifts of visuospatial attention. The initial orienting of attention was found not to be reflected in a posterior component known as the EDAN, which is consistent with a previous proposal that an initial reflexive shift in orienting triggered by gaze cues is primarily mediated by a ventral attentional system, which is not indexed by the EDAN (Hietanen et al., 2008). An entirely novel finding of this study, however, was that the holding of attention on the gaze-cued location was reflected in an anterior component known as the ADAN, which has been linked to the dorsal attentional system. Given previous behavioral evidence of the reflexive nature of gaze cueing (e.g. Driver et al., 1999), the holding of attention on a gazed-at location reflected by the ADAN may be mediated by an interplay between reflexive and attentional control processes, which arises at around 300 ms after cue onset. Finally, the results revealed no evidence of interactions between gaze direction, facial expression and anxiety level on the allocation of visuospatial attention. 
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Table 1.  Means and standard deviations for reaction times (RTs) to probes (in ms), and amplitudes (in microvolts) for each EDAN and ADAN component, as a function of gaze cueing condition and emotional facial expression. 






Fearful face
Happy face
Neutral face
Overall






M
SD
M
SD
M
SD
M
SD

RT (ms)

Gaze incongruent

511
(63)
514
(65)
521
(65)
515
(63)

Gaze congruent

503
(63)
505
(65)
514
(64)
507
(63)

Difference


8
(17)
9
(16)
7
(20)
8
(12)
EDAN component (microvolts)


Contralateral


2.7
(2.4)
2.6
(2.3)
1.6
(1.6)
2.3
(2.0)

Ipsilateral


2.7
(2.4)
2.7
(2.4)
1.6
(1.5)
2.3
(2.0)

Difference


0.0
(0.6)
-0.1
(0.6)
0.0
(0.6)
-0.0
(0.3)
ADAN component (microvolts)


Contralateral


0.5
(2.8)
0.0
(2.4)
-0.2
(1.6)
0.1
(2.1)

Ipsilateral


0.9
(2.8)
0.4
(2.5)
-0.1
(1.3)
0.4
(2.1)

Difference


-0.4
(0.6)
-0.3
(0.5)
-0.1
(0.6)
-0.3
(0.3)
Note. Difference score for RT data corresponds to the gaze cueing effect in the analyses (i.e. RT to probes in gaze-incongruent versus gaze-congruent location). Difference score for ERP data corresponds to the contralaterality effect (i.e., neural activity in the hemisphere contralateral to the gazed-at location versus ipsilateral to the gazed-at location). Data have been collapsed across trait anxiety level because this variable did not significantly interact with emotional facial expression in any of the analyses.


Figure 1. Example of trial events in the gaze cueing task used in the current study. In this example, the gaze cue is incongruent (eyes look away from the location of the probe letter “L”).  Please note that the stimuli are not exactly to scale.
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Figure 2. Grand averaged ERPs for regional analyses of posterior electrode sites (P7, P8, PO7, PO8) for EDAN effects (upper panel; see Hypothesis 2), and regional analyses of anterior electrode sites (F5, F6, F7, F8, FC5, FC6, FT7, FT8) for ADAN effects (lower panel; see Hypothesis 3). ERPs are shown at electrodes contralateral (solid lines) and ipsilateral (dashed lines) to the gazed-at side (averaged across emotional facial expression and participants).
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