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Abstract:
							                           
This study investigated the eye gaze cost in cognitive control and whether it is human-specific and body-related. In Experiment 1, we explored whether there was a cost of human eye gaze in cognitive control and extended it by focusing on the role of emotion in the cost. Stroop effect was found to be larger in eye-gaze condition than vertical grating condition, and to be comparable across positive, negative, and neutral trials. In Experiment 2, we explored whether the eye gaze cost in cognitive control was limited to human eyes. No larger Stroop effect was found in feline eye-gaze condition, neither the modulating role of emotion. In Experiment 3, we explored whether the mouth could elicit a cost in Stroop effect. Stroop effect was not significantly larger in mouth condition compared to vertical grating condition, nor across positive, negative, and neutral conditions. The results suggest that: (1) There is a robust cost of eye gaze in cognitive control; (2) Such eye-gaze cost was specific to human eyes but not to animal eyes; (3) Only human eyes could have such eye-gaze costs but not human mouth. This study supported the notion that presentation of social cues, such as human eyes, could influence attentional processing, and provided preliminary evidence that the human eye plays an important role in cognitive processing.
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Introduction



Observing another individual’s focus of attention has been shown to play a significant role in social interaction and communication (Kampe et al., 2003), as the visual information in eyes is an important source of information used to understand communicative goals and emotional states of others (Senju & Johnson, 2009; Bouw et al., 2022). Previous studies showed that there was a well-established bias to detect faces with direct gaze (Doi & Shinohara, 2013). For example, observers paid more attention to faces with direct gazes than to those with averted gazes, which resulted in more responses to the expressions of an individual with a direct gaze (Kesner et al., 2018). This bias is also thought to reflect an advantage for innately recognizing predator cues in the environment (Brown & Chivers, 2005; Kobayashi & Hashiya, 2011). Due to the uniqueness in physical, photometric, and motion characteristics, human eyes may have evolved to facilitate interactions with conspecifics as well (Bradbury & Vehrencamp, 2012).

Studies on brain imaging have suggested that eye contact can activate brain areas associated with the social brain network (Adolphs, 2008). There is evidence from developmental studies that even newborns preferred looking at a face with a direct gaze rather than one with an averted gaze (Farroni et al., 2002). According to the “attentional capture” account, direct gaze is a salient social cue due to its importance in communication and nonverbal social interaction (Böckler et al., 2014; Senju & Hasegawa, 2005). During social interactions, humans not only exchange communicative intentions with one another via eye contact, but also experience being watched by another (e.g., Engelmann et al., 2012; Kano et al, 2022). Consistently, other studies have found that direct gaze automatically attracts visual attention (Senju & Johnson, 2009), and is even hard to inhibit (Thompson et al., 2019; Wang et al., 2022).

The fact that humans are excellent at detecting direct gaze and following the direction of another’s gaze also reflects an essential function of selective attention, namely, the preferential processing of high-priority stimuli in the environment (Rothkirch et al., 2015). Thus, what will happen when both processes coincide and eye gaze become the focus of attention? Because eye gaze plays a significant role in survival, reproduction, and procreation, explicit attention effects might be amplified for the processing of such stimuli, which could result in facilitation in face-focused processing but interference in other concurrent cognitive tasks (Burra & Kerzel, 2021). Studies have shown that eye contact with another human is distracting in a number of visual working memory-based tasks, including simple visual target detection (Senju & Hasegawa, 2005) and spatial cognition (Buchanan et al., 2014). It was found that being watched may occupy cognitive resources, thereby increasing risk-seeking behaviors and Stroop interference (Conty et al., 2010). Thus, eye gaze could incur costs for cognitive processing.

Additionally, due to the important role in evolution and individual survival, emotional information is also prioritized to a large extent (Öhman & Mineka, 2001). For example, the selection of emotionally salient environmental stimuli is crucial to flexible and adaptive behavior (Yamaguchi & Onoda, 2012). It has been demonstrated that emotional stimuli efficiently orient attention (e.g., Vuilleumier, 2005), and detecting emotional stimuli is faster in visual search tasks (e.g., Eastwood et al., 2001). Besides, when presented subconsciously, emotional faces gain consciousness faster and more efficiently than neutral faces (Amting et al., 2010). Accordingly, neural evidence has demonstrated that as a consequence of the activation of subcortical neural structures, emotional events could attract attention rapidly and automatically (Morris et al., 1999; Mendez-Bertolo et al., 2016). This explains the reason why human emotional expressions play a vital role in communication.

There are universally identifiable emotions that can be displayed through eye, mouth, and brow movements (Ekman et al., 1988; Kheirkhah et al., 2020). It was found that categorizing emotions from the eye region involves an automatic process triggered in a bottom-up fashion by information available from the position of the visibility or display of eye white (Whalen et al., 2004). The eyes of all humans, including infants, are used to gauge the emotional state of their partner when interacting (e.g., Farroni et al., 2002). Previous studies have demonstrated that emotion and eye gaze act in the same way to capture attention (Niedźwiecka, 2020). In addition, to our knowledge, one previous study has investigated the cost of eye gaze in cognitive control (Conty et al., 2010). By evaluating the distracting effect of eye contact on concurrent conflict processing in Stroop task, Conty et al. (2010) found that direct-gaze eyes alone could automatically capture cognitive resources and thus disrupted cognitive control. Thus, direct eye gaze, emotion and cognitive control may share the same mechanism. Cognitive control is one of the most important cognitive functions humans have for adjusting to their environments (Hasegawa, & Takahashi, 2014). It is particularly important to pay attention to its various influencing factors to understand their interacting roles in how to affect cognitive control. Previous studies have independently examined the effects of eye gaze and emotion on cognitive control (e.g., Conty et al., 2010; Niedźwiecka, 2020), but they are limited in that little is known about how the combination of eye gaze and emotion are related to cognitive control. Specifically, though emotion could be expressed by eye gaze, whether and how emotion could affect the cost of eye gaze in cognitive inhibition is unclear. Therefore, the first aim of this study is to investigate whether the cost of eye gaze in Stroop effect (i.e., the Stroop effect in eye-gaze condition is larger than that in non-eye-gaze condition) varies across different emotional eye conditions.

Another limitation of the extant research is that it is not yet known if the cost of eye gaze in cognitive control is specific to humans. Unfortunately, there is a dearth of literature regarding the nature of eye-gaze cost in cognitive control. In order to answer this question, an extending crucial issue is whether such a eye-gaze cost exists in animals. It was found that eye contact also occurs during most animal interactions, indicating either threat or interest (Baron-Cohen, 1997; Perrett & Emery, 1994). Based on neural studies using single cells recordings in primates, it has been shown that the gaze direction of other animals is encoded by a dedicated neural circuitry (Perrett et al., 1985). Given the importance of eye contact in nonhuman social interactions and the fact that cats are distinct mammalian species that exhibit a close relationship to human genomes (Murphy et al., 1999), the second aim of this study is to examine whether the cost of eye gaze can occur in Stroop effect when simultaneously presenting an eye gaze of cat and a Stroop task.

Besides, although considerable research studies have been done previously on the cost of eye gaze, whether this cost is limited to eye gaze or could extend to other body parts remains unclear. We know that the mouth is an important body part for its basic life functions such as chewing, swallowing, breathing, and speaking. Additionally, the mouth region also plays a crucial role in emotion perception in faces (Wegrzyn et al., 2017). Also, similar to eye, mouth is a part of body representation, involved in conscious body-related perception and cognition. Previous studies have shown that the initial stage of face processing encodes the first-order relational information (two eyes above nose, nose above mouth; Maurer et al., 2002). Although researchers have examined the early implicit processing of distinct facial features such as mouth (Pesciarelli et al., 2016), the findings do not provide detailed mechanisms involved in the effect of mouth. Therefore, based on the second aim of this study, we further consider the plausibility of the extended effects of eye gaze to other body parts such as mouth. That is, could mouth affect cognitive Stroop effect?

The Stroop color-naming task (Stroop, 1935) is widely used to study the mechanisms of cognitive control. Participants in the classic Stroop task are instructed to name the ink color of color words. In congruent trials, the meaning of the color word and the ink color are the same (e.g., the word “red”), while color word and ink color have different meanings in incongruent trials (e.g., the word “blue” printed in red ink). When comparing a congruent condition, people are slower in the incongruent case of color naming. This increase in response time is known as Stroop effect. As cognitive control occurs when input stimuli elicit conflicting responses, Stroop tasks are often used in cognitive neuroscience and clinical psychology to support theories of cognitive control (Hu et al., 2012; Laurenson et al., 2015).

The present study aims to replicate and extend this finding of eye gaze in three respects. We first confirm the effect of eye gaze on Stroop task and meanwhile investigate the potential influence of emotion in affecting such effect. The comparisons between positive and negative gaze conditions and neutral condition were intended to shed light on the emotion effect on the eye gaze cost in Stroop effect. Second, we examine whether the eye gaze effect is specific to humans, and thus does not exist in animals. The present study will take a look at whether the Stroop effect varies across feline eye gaze and vertical grating conditions. Finally, we explore whether the cost effect is restricted to eyes, namely, other body parts such as mouth can not elicit a cost effect. The present study compares the Stroop effect between mouth condition and vertical grating condition to reveal the effect of mouth in cognitive control. Therefore, this study consisted of three experiments to examine the unique effector mechanism of eye gaze in cognitive control. Experiment 1 used vertical grating and neutral face as the baselines to reveal the eye gaze cost and to see if emotion could modulate the eye gaze cost. Experiment 2 used feline eyes with direct gaze to investigate whether the eye gaze effect is also present in animals. In Experiment 3, based on the results of Experiment 1 and 2, we investigated whether the cost of eye gaze in cognitive control is just a body-related effect or not by assessing the potential effect of mouth in Stroop task.






Experiment 1





Methods



Participants. Thirty-seven college students (mean age: 21.0±2.02 years; 15 males) took part in this experiment. All participants had normal or corrected-to-normal vision and were native Chinese speakers. They provided informed written consent and received payment for participation. The Institutional Review Board of the South China Normal University (Guangzhou, China) approved this study.

Stimuli. For Chinese color words (green)) were used as stimuli in the Stroop task. The Stroop task consists of congruent trials, in which the four color words are presented in the ink of the color indicated by the word, incongruent trials, in which the four color words are presented in ink of a nonmatching color. The four words, each 72×35 pixels in size, were displayed in the center.

Eighteen pictures of the eye region of different people (half of the pictures were males and half were females) were selected from the Chinese Affective Face Picture System (CAFPS; Bai et al., 2005), with 6 eye pictures expressing positive emotion, 6 eye pictures expressing neutral emotion, and 6 eye pictures expressing negative emotion (see Figure 1). The eyes pictures were 260×63 pixels in size. Eighteen extra subjects were asked to rate all the pictures according to the following two criteria: (a) emotional valence: extremely negative emotion to extremely positive emotion (1–7 scale; 1 = very strong negative emotion, 7 = very strong positive emotion); (b) clarity: very unclear to very clear (1–7 scale).
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Figure 1



Examples of eye and grating stimuli in Experiment 1















The three types of pictures were balanced in subjective clarity rating (mean ratings of 5.82, 5.73, and 5.35; p> .05). Additionally, positive eye pictures had a positive valence rating (6.22), while negative eye pictures had a negative valence rating (2.07). Neutral eye pictures had a medium valence rating (3.97). The mean emotional valence of positive eye pictures was significantly higher than those of negative and neutral eyes with negative eye pictures being lower than neutral eye pictures (.(2,15)=443.905, .< .001).

Six vertical grating pictures were used as a baseline with 260×63 pixels in size. They subtended vertical and horizontal visual angles of 6–7° and 1.6°, respectively. The eye and grating pictures were randomly paired with the color words and presented above them.


Procedure. Participants were seated 0.5 meters away from the front of the screen and were asked to keep their heads as still as possible during the whole experiment. E-Prime 2.0 was used for stimulus presentation and behavioral response collection (Psychology Software Tools, Pittsburgh, PA, USA). The experiment was divided into a practice stage and a formal experiment stage. The practice consisted of 16 trials to familiarize the participants with the experimental procedure. Only when their correct rates are greater than 90% in the practice stage, can the participants take part in the experiment. During the practice trials participants received feedback.
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Figure 2



The flow chart of Experiment 1















The formal experiment consisted of 4 blocks, each of 120 trials. The procedure of a trial is illustrated in Figure 2. Each trial starts with a white fixation cross (its angular size was 0.5°× 0.5°) at the center of the screen for 500 ms, followed by the centered color word with a grating or eye picture directly above the word. The color word and a grating or eye picture remained on the screen until the participants responded or 3000 ms had passed. After a 300 ms inter-trial interval, the next trial started. The participants were instructed to judge the color of the word as quickly and accurately as possible. The participants responded by pressing keys. The assignment of the key mapping was counterbalanced across the participants. The trials on which participant made an incorrect response or no response within 3000 ms were recorded as errors. The participants received no feedback during the formal experiment stage, which lasted 15–20 minutes.





Results and Discussion


On the Stroop task, incorrect trials or trials that had reaction times > 1500 ms were excluded from the calculation of the mean reaction time scores (on average, 5.0% trials were excluded). The results of the percent accuracy, the correct mean reaction time (RT), and the Stroop effect are summarized in Table 1, Figures 3 and 4. Due to near-ceiling effects on accuracy on the Stroop task (mean performance = 95.0%), all subsequent analyses were carried out using reaction times (RTs) as the dependent measure.




Table 1




Accuracy correct mean RTs and Stroop effect for Stroop task in Experiment 1









	Trial Type
	Congruency
	Accuracy (%)
	RTs (ms)
	Stroop effect



	Positive gaze
	Congruent
	95.2 (0.8)
	745 (14)
	67 (10)



	Incongruent
	94.4 (0.6)
	812 (15)



	Neutral gaze
	Congruent
	96.1 (0.7)
	758 (15)
	64 (11)



	Incongruent
	94.6 (0.5)
	822 (17)



	Negative gaze
	Congruent
	96.0 (0.7)
	733 (15)
	64 (10)



	Incongruent
	94.2 (0.6)
	797 (15)



	Vertical grating
	Congruent
	94.7 (0.8)
	760 (18)
	39 (12)



	Incongruent
	94.5 (0.5)
	799 (14)














Note Figure in brackets shows standard error of mean (SEM). (2) Stroop effect was computed as the difference in mean response time between congruent and incongruent trials (i.e., RT in incongruent trials–RT in congruent trials).
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Figure 3



Correct mean RTs for Stroop task in Experiment 1
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Figure 4



Accuracy for Stroop task in Experiment 1
















The effect of gaze on the Stroop effect. In order to confirm the cost of eye gaze in the Stroop effect, the RTs data in neutral and vertical grating conditions were submitted to a 2 (Trial Type: Neutral gaze vs. Vertical grating) ×2 (Color–word Congruency: Congruent vs. Incongruent) repeated measures analysis of variance (ANOVA) with Trial Type and Color–word Congruency as within-subject factors. The results showed a significant main effect of congruency, .(1,36)=31.83, .< .001, .2 = .47, with longer RTs in incongruent trials (810 ms) than in congruent trials (759 ms), revealing a classical Stroop effect. More importantly, the interaction between Trial Type and Color–word Congruency was significant, .(2,72)=3.09, .= .087, .2 = .079. Simple-effect tests showed that the RTs in incongruent trials were significantly longer than those in congruent trials in neutral gaze condition (822 ms vs. 758 ms; .(1,36)=32.79, .< .001, .2 = .48) and vertical grating (799 ms vs. 760 ms; .(1,36)=11.29, .= .002, .2 = .24). Moreover, the Stroop effect was greater in the neutral gaze condition (64 ms) than that in the vertical grating condition (39 ms). However, no other effect was observed (.<1).


The effect of emotional gaze on the Stroop effect. In order to test whether emotion could affect the cost of eye gaze in the Stroop effect, the RTs data in positive, negative and neutral conditions were submitted to a 3 (Emotional Gaze Condition: Positive vs. Neutral vs. Negative) ×2 (Color–word Congruency: Congruent vs. Incongruent) repeated measures ANOVA with Emotional Gaze and Color–word Congruency as within-subject factors. The results showed a significant main effect of congruency, .(1,36)= 76.33, .< .001, .2 = .68, with longer RTs in incongruent trials (810 ms) than those in congruent condition (745 ms). Additionally, the main effect of emotional gaze was significant, .(2,72)=7.08, .= .003, .2 = .29. The RTs in positive and negative gaze conditions (778 ms and 765 ms) were significantly shorter than those in neutral condition (790 ms). However, the interaction between Emotional Gaze and Color–word Congruency was not significant, .(2,72)=0.02, .= .98, .2 = .001. Further analysis showed that a comparable classical Stroop effect existed in positive gaze (67 ms; .(1,36)=10.56, .= .002, .2 = .53, negative gaze (64 ms; .(1,36)=9.19, .= .003, .2 = .54), and neutral gaze (64 ms; .(1,36)=7.97, .= .006, .2 = .48).

As expected, eye gaze exhibited a larger Stroop effect than vertical grating in Experiment 1, showing that eye gazing could cause cognitive interference, confirming a gazing cost in cognitive processing found in previous studies (e.g., Conty et al., 2010; Hazem et al., 2017, 2018). This may be because gaze automatically and unconsciously occupies cognitive resources (Rothkirch et al., 2015), thus interfering with the current task. Moreover, Experiment 1 showed a reliable and comparable gazing effect in all positive, negative, and neutral gaze conditions, suggesting that the gazing cost was not modulated by emotion. There are two possible explanations for this result. First, the emotion effect was too weak to detect in the Stroop task. That is, emotion would play a role but is not as salient as eye gaze when the emotional eye pictures are located out of focus or attention is directed elsewhere. Second, a similar pattern of no differential emotion effects was observed in other basic perceptual matching tasks, in which the amygdala was activated regardless of emotion type (Arce et al., 2008; Paulus et al., 2005). Together with other evidence, the lack of differential effects suggests that more complex cognitive processes may be involved to affect emotional signals. Additionally, one issue that is still unclear is whether such a gaze cost exists in animals’ eyes, or whether this gaze cost is specific to human eyes. Experiment 2 is conducted in the present study to answer this question.








Experiment 2




Methods

Participants, stimuli, and procedure. A new sample of 33 participants (mean age: 20.8±1.70 years; 11 males) was recruited from the same subject pool as Experiment 1, using the same inclusion criteria. They were exposed to the same procedure as Experiment 1 except the feline eyes were used. The formal experiment consisted of 2 blocks, each of 120 trials.

Six different pairs of feline eyes with direct gaze were collected, which were sourced from the Google and Baidu photo library (see Figure 5). Eighteen college students rated the clarity of the feline eyes (1–7 scale) and identified their emotion categories (positive, negative, or neutral). The mean rating of clarity was 5.48±1.16 with each feline eye pair being higher than 5. All feline eye gazes were categorized as neutral. The size of the feline eye or vertical grating is 260 × 63 pixels with a horizontal angle of view of 6–7° and a vertical angle of view of 1.6°. In the experiment, the feline eye picture or vertical grating picture appears randomly and directly above the word picture.
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Figure 5



Examples of feline eye and grating stimuli in Experiment 2


















Results and Discussion

Incorrect trials or trials that had RTs > 1500 ms were excluded from the calculation of the correct mean RT scores (on average, 6.1% trials were excluded). The results of the accuracy, mean RT and Stroop effect are shown in Table 2, Figures 6 and 7. Due to near-ceiling effects on accuracy on the Stroop task (mean performance = 93.7%), all subsequent analyses were carried out using RTs as the dependent measure.




Table 2




Accuracy, correct mean RTs and Stroop effect for Stroop task in Experiment 2









	Gaze type
	Congruency
	Accuracy (%)
	RTs (ms)
	Stroop effect



	Feline eye gaze
	Congruent
	94.6 (1.1)
	752 (22)
	38 (12)



	Incongruent
	93.5 (1.2)
	790 (24)



	Vertical grating
	Congruent
	93.7 (1.4)
	722 (20)
	79 (11)



	Incongruent
	93.2 (1.5)
	801 (23)














Note. (1) Figure in brackets shows standard error of mean (SEM). (2) Stroop effect was computed as the difference in mean response time between congruent and incongruent trials (i.e., RT in incongruent trials–RT in congruent trials).








The RTs data were submitted to a 2 (Trial Type: Feline eye gaze vs. Vertical grating) ×2 (Color–word Congruence: Congruent vs. Incongruent) repeated-measures ANOVA. The results showed a significant main effect of congruency, F(1,32)=40.60, p< .001, η2 = .56, with the RTs in incongruent condition (796 ms) being longer than those in congruent condition (737 ms). The main effect of gaze type was marginally significant, F(1,32)= 4.06, p= .052, η2 = .11. The RTs in feline gaze trials (771 ms) were longer than those in vertical grating trials (762 ms).

More importantly, there was a significant interaction between trial type and congruency, F(2,64)=8.38, p= .007, η2 = .207. Further analysis showed that the RTs in incongruent trials were significantly longer than those in congruent trials in feline gaze condition (790 ms vs. 752 ms; F(1,32)=10.28, p= .003, η2 = .24) and vertical grating condition (801 ms vs. 722 ms; F(1,32)=49.77, p< .001, η2 = .61). However, differently from Experiment 1, the Stroop effect was greater in vertical grating condition (79 ms) than that in feline gaze condition (38 ms).
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Figure 6



Correct mean RTs for Stroop task in Experiment 2
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Figure 7



Accuracy for Stroop task in Experiment 2















Experiment 2 showed that the classical Stroop effects were evident in both feline eye gaze and vertical grating conditions with feline eye gaze showing a smaller Stroop effect, which revealed that the eye gaze cost in the Stroop effect was not present in the feline eye gaze condition. Often dogs and cats are regarded as faithful friends and close companions of humans (Paul et al., 2010). The bond between humans and cats can have significant benefits in terms of emotional development and socialization. In other words, the presentation of feline eye gaze could be associated with high arousal and positive and/or arousing emotional states such as joy and excitement. Such high arousal could involve high level of cognitive control, making the Stroop effect smaller. Thus, these results suggested potentially distinctive cost mechanisms underlying human eye gaze. More discussion will be given in the Section General Discussion. In Experiment 3, the effect of mouth on cognitive control was investigated in order to ascertain whether eye gaze costs in cognitive control are just body-related effects.






Experiment 3


Methods

Participants, stimuli, and procedure. A new sample of 36 participants (mean age: 21.2±1.77 years; 17 males) was recruited from the same subject pool as in Experiment 1, using the same inclusion criteria. They were exposed to the same procedure as in Experiment 1 except the human mouths were used. The formal experiment consisted of 4 blocks, each of 120 trials.

Eighteen pictures of the mouth region of different people (half of the pictures were males and half were females) were selected from the Chinese Affective Face Picture System (CAFPS; Bai et al., 2005), with 6 mouth pictures expressing positive emotion, 6 mouth pictures expressing neutral emotion, and 6 mouth pictures expressing negative emotion (see Figure 8). The mouth pictures were 260×63 pixels in size. Similarly to Experiment 1, eighteen extra subjects were asked to rate all the pictures according to the following two criteria: (a) emotional valence: extremely negative emotion to extremely positive emotion (1–7 scale; 1 = very strong negative emotion, 7 = very strong positive emotion); (b) clarity: very unclear to very clear (1–7 scale).

The three types of pictures were balanced in subjective clarity rating (mean ratings of 5.73, 5.22, and 5.18; p > .05). Additionally, positive mouth pictures had a positive valence rating (6.28), while negative mouths had a negative valence rating (2.14). Neutral mouths had a medium valence rating (3.97). The mean emotional valence of positive mouth pictures was significantly higher than those of negative and neutral mouth pictures with negative mouth pictures being lower than the neutral mouth pictures (F(2,15)=526.276, p< .001).




[image: 692974064003_gf9.png]


Figure 8



Examples of mouth and grating stimuli in Experiment 3
















Results and Discussion

On the Stroop task, incorrect trials or trials that had reaction times > 1500 ms were excluded from the calculation of the mean reaction time scores (on average, 4.5% trials were excluded). The results of the percent accuracy, the correct mean RT, and the Stroop effect are summarized in Table 3, Figures 9 and 10. Due to near-ceiling effects on accuracy on the Stroop task (mean performance = 95.4%), all subsequent analyses were carried out using RTs as the dependent measure.




Table 3




Accuracy, correct mean RTs and Stroop effect in Experiment 3









	Image Type
	Congruency
	Accuracy (%)
	RTs (ms)
	Stroop effect



	Positive
	Congruent
	95.1(0.8)
	746(18)
	73(9)



	Incongruent
	95.1(0.5)
	819(18)



	Neutral
	Congruent
	96.3(0.8)
	751(19)
	58(12)



	Incongruent
	94.5(0.6)
	809(18)



	Negative
	Congruent
	95.6(0.7)
	756(18)
	54(9)



	Incongruent
	95.4(0.6)
	810(18)



	Vertical grating
	Congruent
	96.5(0.6)
	755(19)
	56(9)



	Incongruent
	94.5(0.6)
	811(18)














 Note. (1) Figure in brackets shows standard error of mean (SEM). (2) Stroop effect was computed as the difference in mean response time between congruent and incongruent trials (i.e., RT in incongruent trials–RT in congruent trials).
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Figure 9



Correct mean RTs for Stroop task in Experiment 3
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Figure 10



Accuracy for Stroop task in Experiment 3















The role of mouth in the Stroop effect. In order to test the cost of mouth in the Stroop effect, the RTs data in neutral and vertical grating conditions were submitted to a 2 (Trial Type: Neutral mouths vs. Vertical gratings) ×2 (Color–word Congruency: Congruent vs. Incongruent) repeated measures ANOVA with Trial Type and Color–word Congruency as within-subject factors. The results showed a significant main effect of congruency, F(1,35)=50.95, p< .001, η2 = .59, with longer RTs in incongruent trials (810 ms) than in congruent trials (753 ms), revealing a classical Stroop effect. However, the interaction between Trial Type and Color–word Congruency was not significant, F(2,70)=0.02, p= .88, η2 = .001. Further analysis showed that there was a significant Stroop effect for both neutral mouth (809 ms vs. 751 ms; F(1,35)=4.99, p= .029, η2 = .42) and vertical grating conditions (811 ms vs. 755 ms; F(1,35)=4.55, p= .036, η2 = .53). No other effect was observed (F <1).

The role of emotional mouth in the Stroop effect. In order to examine whether emotion could affect the cost of mouth in the Stroop effect, the RTs data were submitted to a 3 (Emotional Condition: Positive vs. Neutral vs. Negative) ×2 (Color–word Congruency: Congruent vs. Incongruent) repeated measures ANOVA with Emotional Condition and Color–word Congruency as within-subject factors. The results showed a significant main effect of congruency (F(1,35)=99.38, p< .001, η2 = .74) with longer RTs in incongruent trials (812 ms) than those in congruent condition (751 ms), suggesting the presence of a classical Stroop effect. However, the interaction between Emotional Condition and Color–word Congruency was not significant, F(2,70)=0.99, p= .38, η2 = .055. Further analysis showed that a comparable classical Stroop effect existed in positive mouth (73 ms; F(1,35)=8.39, p= .005, η2 = .65), negative mouth (54 ms; F(1,35)=4.50, p= .037, η2 = .51), and neutral mouth (58 ms; F(1,35)=4.99, p= .029, η2 = .42). No other effect was observed (F<1). Therefore, the study did not find any cost related to mouth, nor the modulation effect of emotion during this process, which is consistent with the evidence that eyes are distinct and can easily attract people’s attention (Baron-Cohen, 1997; Roberson et al., 2012; Henderson et al., 2005). Mouth is regarded as an important body part due to its life sustaining functions such as speech, eating, swallowing and breathing. It explains why speech sounds are usually localized to a moving mouth (Callan et al., 2015 ). Thus, it is possible that mouth is primarily related to the auditory attention resources, which would have a weak or no effect on a visual task such as a Stroop task. Additionally, as recognizing a mouth would share the same degree of cognitive resources as the vertical gratings, thus, no significant difference in the Stroop effect was found between mouth and vertical grating conditions.








General Discussion

This study investigated the eye cost in the Stroop effect and whether it is human-specific and body-related. We observed that the Stroop effect increases when the human eye with direct gaze was presented. However, such cost was not present in the feline eye condition, nor the human mouth condition. These results demonstrated a robust human eye cost in cognitive control and indicated that such cost is human-specific but not simply body-related. This study supported the notion that prioritization for attentional processing could depend on the presentation of social cues such as human eyes, and provided preliminary evidence for the unique importance of human eye in cognitive processing.

There are a number of potential explanations for the importance of eye gaze. For example, the eyes are the focal point of the face. As a result of their central position, expressivity, and contrast in colors, they easily and immediately attract our attention. Additionally, the white sclera and black iris of human eyes were found to be unique in primates, which made it easy to see where people were looking, and promoted social communication (Kano et al., 2022). Thus, it is not surprising that 60%–70% of our attention is focused on the eyes no matter whether we are looking at a familiar or unfamiliar face (e.g., Kingstone, 2009; Vernetti et al., 2018). Other experimental research also shows that direct gaze can easily capture attention and receive priority in visual processing even in the earliest stages of life (Böckler et al., 2014; Conty et al., 2007; Senju & Hasegawa, 2005; Farroni et al., 2002). Such attentional capture by direct gaze appears to be functional from birth, suggesting that attentional capture is triggered by low-level visual features (Kobayashi & Kohshima, 2001; Langton et al., 2000).

Another explanation is that perceiving the eyes plays an important role in detecting the presence of other minds (Grossmann, 2017; Desideri et al., 2021), with brain regions such as the amygdala, the posterior temporal sulcus and the medial prefrontal cortex engaged both when viewing eyes and when thinking about other people’s mental states (Amodio & Frith, 2006; Pelphrey & Morris, 2006). This explains why the interactions become more relevant when one realizes other group members’ gaze. An eye-gaze interaction might also increase the saliency of the interaction because ‘eye contact’ can create a sense of ‘being watched’ by an agent with intentions, thus creating ‘mind contact’ (Conty et al., 2010; Colombatto et al., 2019; Foulsham et al., 2010).

Meanwhile, humans are believed to constantly scan the environment for danger signals and automatically detect them (e.g., Carretié, 2014; Conty et al., 2010; LoBue et al., 2010). This effect would be mediated by an encapsulated fear module in the amygdala, which may act in a preattentive manner, and hence is independent of higher cognitive processing. Thus, our results about the task-irrelevant influences of human eyes on the Stroop effect are in agreement with those of the previous work that eyes are unique visual stimuli and are essential to the survival and communication of humans.

Moreover, the unique role of the human eye gaze in cognitive control has also been confirmed by previous studies. It has been proven that eye contact is a powerful signal which has many different effects on both social cognition and autonomic responses. For example, people tend to remember faces with direct gaze more readily than faces with averted gaze faces (Mason et al., 2004; Myllyneva & Hietanen, 2016). Some studies also demonstrated that direct gaze could facilitate face-related processes, social fluency, and memory for speech (e.g., Adams et al., 2010; Conty & Grèzes, 2012). A direct gaze also indicates an upcoming interpersonal interaction, so it orients the perceiver towards the interactant, their face, and sometimes also towards the self (Carr et al., 2021). However, other studies have shown that maintaining eye contact or merely observing direct gaze impedes performance in cognitive tasks (e.g., Markson & Paterson, 2009; Riby et al., 2012). Conty (2010) found that direct eye gaze was related to a stronger Stroop effect than closed eyes. Some researchers have also found that being watched by others interferes with the executive control required for performance on difficult tasks in humans and nonhuman primates (e.g., Belletier & Camos, 2018; Belletier et al., 2015; Huguet et al., 2014).

There are multiple explanations for such a negative effect of eye gaze. First, the direct gaze can better hold attention, which thus negatively affects performance in concurrent cognitive tasks (Senju & Hasegawa, 2005; Conty et al., 2010). On the one hand, as direct and averted gaze (or closed eyes) differentially influence attention (e.g., George & Conty, 2008; Myllyneva & Hietanen, 2015; Nummenmaa & Calder, 2009), direct gaze (eye contact) may act as a strong distractor. Under Resource Capacity Theory (RCT), eye gaze stimuli attract limited capacity of attentional resources, thereby reducing available resources for processing a concurrent Stroop task (Bower, 1992). On the other hand, social cues of being observed could affect participants’ decision-making criteria in nonsocial situations (e.g., the Stroop task: Conty et al., 2010; food intake: Herman et al., 2003). Following the belief–desire–intention (BDI) model which is a widely used model of agent decision making to construct reasoning systems for complex tasks in dynamic environments (Boss et al., 2010), it is necessary to incorporate communication among agents into human decision-making processes (Liang et al., 2016). Eye gaze not only shifts the observer’s attention, but also impacts their affective evaluations of the gazed-at objects. It explains the reason why it plays an important role in communication with others and decision-making.

Second, as measured by skin conductance, seeing a face with direct vs. averted gaze could cause stronger autonomic responses (Helminen et al., 2011) and heart rate deceleration (Akechi et al., 2013). Thus, it was argued that eye contact impedes cognitive performance because it may increase cognitive load (e.g., Phelps et al., 2021). Third, directed eye gaze can increase bodily self-awareness and self-focus (Conty et al., 2016), for example by activating mind reading abilities (Senju & Johnson, 2009). From birth, humans are biologically hard-wired to orient toward faces (Johnson et al., 1991), especially the eye region (Farroni et al., 2002). Thus, eyes have an enormous role in shaping our social behavior by providing us with social cues. There are converging evidence clearly demonstrating that prosocial behavior, decision making and task performance can be mediated by an increased self-awareness – a state that can be easily evoked by implicit observability cues (Wong & Stephen, 2019.). In our setting, under the circumstance of direct eye gaze, the participants are likely to be in a state of public rather than private self-focus, so that attention to social cues (human eye gaze) was particularly heightened while the capability to perform the concurrent Stroop task decreased by likely increasing their cognitive load or decreasing their cognitive functions such as cognitive control.

Notably, we used feline eyes and mouth in Experiments 2 and 3 but failed to show a stronger Stroop effect relative to vertical gratings, suggesting that the cost of eye gaze is human-specific but not simply body-related. Human beings are constantly in contact with other people around them. They are particularly alert to the gaze of strangers. Being observed by the strangers would cause anxiety, tension, and fear. However, animals, especially cats and dogs, frequently play a visible role in human society, both in the context of companionship and work. That is, a feline eye gaze would be a good indicator of positive emotion. Therefore, human and animal eyes with direct gaze would differentially influence attention. Although cat eyes are similar in morphology, physiology, and function to the human eyes, there are still various differences between them (Huang et al., 2015). When the cat eyes are presented with part of cat faces, humans easily recognize the precise cat eyes instead of human eyes. Thus, the presence of direct gaze of feline cat eye fail to capture or hold more attention relative to vertical gratings, or recruit more cognitive processing resources, neither involve the neural systems and functions that Senju & Johnson (2009) have described for the eye-contact effect. Additionally, as animal pictures are regarded as nonsocial scenes (Flechsenhar et al., 2018), our results are in agreement with the finding that the background posters depicting nonsocial scenes attracted less attention than those depicting social scenes (De Lillo et al., 2021)

However, there is evidence showing that eye contact can affect object-based attentional allocation by using rectangles overlaid with human eyes (Colombatto et al., 2020). That is, when face perception was weakened or disappeared, the human eye contact effect could still be generalized to objects. Other studies also report that inverted faces with direct gaze could affect individuals’ cognition and attention (e.g., Steinet al., 2011). These findings suggest that regardless of the background once the human eye is identified, direct-gaze eyes alone could automatically capture cognitive resources (e.g., Conty et al., 2010). However, neither the feline eye nor human mouth conforms to this prerequisite (i.e., being recognized as a human eye), hence explaining the disappearing cost in these two conditions. Additionally, different from the significant eye cost in inverted face found in previous studies (i.e., Chen & Yeh, 2012), Böckler et al. (2015) showed a breakdown of direct gaze prioritization for inverted faces. Such result suggests that even for the human eye the cost of eye gaze could be weakened with the weakening degree depending on the type of inverted faces used.

Although the present study represents the first direct investigation of the unique cost of human eye gaze in cognitive control, there are several limitations in the current study. First, the present study used only feline eye, and therefore, more animal eyes with direct gaze would be helpful to generalize the current results. Second, our data were taken from a sample of Chinese college students without controlling their experience of pets (Martens et al., 2019). Research shows that people with pets are generally healthier than those without pets as pets provide people with companionship and expanded social networks (Okin, 2017). Thus, our findings in Experiment 2 may not generalize to the populations having experience of owning a pet. Further study is warranted with a more diverse population by separating the participants with and without experience of pets. Finally, previous studies showed that different neural mechanisms would be engaged when the tasks (target detection, location, or discrimination) and timings (target SOA, target duration) varied (Fichtenholtz et al., 2009). This finding should be confirmed in the future studies by presenting the word and eye-gaze picture overlapping with each other.




Conclusion

In conclusion, this study confirms the cost of human eye gaze in cognitive control. Simultaneously, our results for the first time extend prior work by demonstrating that such cost is unique for human eye gaze and is not attributed to being body-related. Our results provide evidence for the priority of the eye gaze processes and reveal the mechanism and nature of how eye gaze affects cognitive control.
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