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Pupil contagion is the phenomenon in which an observer’s pupil-diameter changes in response to another person’s pupil. Even chimpanzees and infants in early development stages show pupil contagion. This study investigated whether dynamic changes in pupil diameter would induce changes in infants’ pupil diameter. We also investigated pupil contagion in the context of different faces. We measured the pupil-diameter of 50 five- to six-month-old infants in response to changes in the pupil diameter (dilating/constricting) of upright and inverted faces. The results showed that (1) in the upright presentation condition, dilating the pupil diameter induced a change in the infants’ pupil diameter while constricting the pupil diameter did not induce a change, and (2) pupil contagion occurred only in the upright face presentation, and not in the inverted face presentation. These results indicate the face-inversion effect in infants’ pupil contagion.
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INTRODUCTION

An increasing body of evidence indicates that pupillary contagion is a social function that extends beyond mere physiological responses (Harrison et al., 2006; Kret et al., 2014, 2015; Prochazkova and Kret, 2017; Prochazkova et al., 2018). Pupil contagion is the phenomenon in which an observer’s pupil-diameter changes in response to another person’s pupil.

Recent research has also demonstrated that pupil contagion is found in infants (Fawcett et al., 2016, 2017). Fawcett et al. (2016) investigated whether observing schematic depictions of human eyes induces pupil contagion in 6- to 9-month-old infants. In their study, the infants viewed schematic depictions of eyes with smaller and larger pupils and their (observer infants) own pupil diameters were recorded. For both age groups, infants’ pupil diameter was greater when they viewed large-center circles than when they viewed small-center circles. Their study reported that infants at 4 and 6 months of age, when viewing the eye region of male and female adults with small, medium, or large pupils, showed pupil dilation in response to others’ large pupils, but not small or medium pupils (Fawcett et al., 2017). These studies showed that the schematic depictions of eyes or eye regions induces pupil contagion in infants and that infants’ pupil diameter dilate when infants observe stimuli with large pupils, whereas infants’ pupil diameter does not decrease when infants observe stimuli with small pupils. That is, pupil contagion shows an asymmetry between dilating and constricting pupil observation in infants.

Following the procedure of these studies, we examined this asymmetry in pupil contagion in dynamic changing pupil diameters in 5- to 6-month-old infants. A more recent study investigated infants’ pupillary mimicry responses in a wide age range of infants (Aktar et al., 2020). They used dynamically dilating and constricting stimuli, and measured pupil mimicry in infants and their parents. Their result indicated that the infants’ pupil response mimicked that of their parents. However, infants’ responses were slower than their parents’. They also showed that the pupil mimicry response in infants and adults was independent of race. However, as compared to our research, they only studied one eye region.

Aktar et al. (2020) also used dynamically changing pupil diameter, as perceiving or responding to pupil motion, as an important factor. One previous gaze study demonstrated that the motion of pupils induced infants’ attention (Farroni et al., 2000). Motion information generally enhances face and gaze recognition in young infants. Among the many objects infants perceive, faces are unique in that infants encounter faces that are nearly exclusive in motion. It seems likely, therefore, that facial motion seen in everyday life might promote infants’ ability to recognize faces. We believed that motion information would also be effective for infants’ pupil contagion.

In the present study, we also examined whether pupil contagion would occur in the context of the entire face rather than the eye region only. An adult fMRI study has shown the holistic processing of pupil contagion (Harrison et al., 2006). The authors investigated pupillary contagion and brain activity for the face stimuli with different emotional expressions (happiness, sadness, anger, and neutrality) and different pupil diameters. They found that mimicry of pupil diameter occurred in the context of sadness in the facial expression, as well as significant correlations between the participants’ individual sensitivity to pupillary contagion and activity in many of the regions [including the left frontal operculum, amygdala, superior temporal sulcus, and pupillary control nuclei (Edinger–Westphal)] in response to observed pupil diameter. In their experiment, faces with different expressions were used. Thus, their results might have another possible explanation for variations due to facial differences (Carsten et al., 2019). However, the most important point of their study is the finding regarding pupil contagion in the face context.

To investigate whether pupil contagion depends on the face context or not, we conducted an experiment using upright and inverted face to examine the face-inversion effect for pupil contagion. The face-inversion effect refers to the fact that faces are perceived and recognized more readily when presented upright than inverted. The Thatcher illusion is a famous phenomenon in which detecting local feature changes in an inverted face is difficult, whereas identical changes would be obvious in an upright face (Thompson, 1980). Studies have also found that faces are much more difficult to recognize upside-down compared with other kinds of objects (Yin, 1969). Many studies have been conducted on the face-inversion effect in infants. Simion et al. (2002) showed that newborn infants prefer a “top-heavy” configuration, that is, a geometric pattern that has more elements in the upper part than in the lower part of the configuration, and this preference disappeared upon inversion. Many electrophysiological and neuroimaging studies have investigated the neurofunctional mechanisms underlying the face-inversion effect. N170 is an early face-sensitive event-related potential component (Bötzel et al., 1995; Bentin et al., 1996). In previous studies, N170 was found to display longer latency and greater amplitude during the observation of inverted faces than when viewing upright faces (Watanabe et al., 2003; Honda et al., 2007). Functional magnetic resonance imaging (fMRI) studies using adaptation to facial identity reported a lower recovery from identity adaptation for inverted faces than for upright faces in the fusiform face areas (Yovel and Kanwisher, 2005; Mazard et al., 2006). On functional near-infrared spectroscopy (fNIRS) study, Otsuka et al. (2007) measured the hemodynamic responses of 5- to 8-month-old infants to images of upright and inverted faces in the temporal regions using fNIRS, and showed that the concentration of oxy-Hb and total-Hb in the right temporal region significantly increased for upright faces compared to inverted faces. These studies indicated the difficulty in processing inverted faces compared to upright faces. In the present study, we aimed to examine whether pupil contagion changes depending on the face orientation. Therefore, we experimented with investigating the face-inversion effect, as previously described in the studies mentioned above.

We aimed to determine whether dynamic changes in pupil diameter would induce changes in infants’ pupil diameter. We also investigated whether pupil contagion in infants depends on the face orientation. We measured infants’ pupil-diameter response to pupil change directions (dilating/constricting) in upright and inverted faces.



MATERIALS AND METHODS


Participants

Fifty 5- and 6-month-olds infants (21 females, aged 147 – 194 days, mean age of 174 days) were recruited to the study, consisting of factors of face orientation (between-subject factor: upright vs. inverted) and pupil change direction (within-subject factor: dilating vs. constricting). The subjects were randomly assigned to the two face orientation conditions. An additional 27 infants participated but were not included in the final analyses owing to fussiness (n = 3 five-month-old and n = 2 six-month-old infants), machine trouble (i.e., inability to calibrate gaze; n = 7 five-month-old and n = 5 six-month-old infants), or insufficient data (n = 5 five-month-old and n = 5 six-month-old infants; at least six trials with 50% or more sampled pupil-diameter data per pupil change direction were required for inclusion). The infants were recruited through newspaper advertisements. All the infants were full-term at birth and healthy at the time of the experiment. Written informed consent was obtained from the parents of the participants. The study protocol was approved by the Ethical Committee of Chuo University. This study was conducted according to the principles and guidelines of the Declaration of Helsinki. Parents gave prior written informed consent for their children’s participation and for the publication of the results in an online open-access publication.



Stimuli

To create a symmetrical eye region, we extracted one side of a face containing over 80% of the visible iris, which was vertically flipped and merged into a whole face. We cropped each face into an oval shape (15.7° × 18.5°). The distance between the left and right pupils in each face was 5.8 cm. To reduce the contrast at the boundaries between the face and background, we gradually changed the color from the face to the background (R, G, B = 171). We made the mean luminance [212 cd/m2 ± 0.58 (SD)] of the entire face uniform, except the irises and pupils. Average of the overall luminance of the stimuli was 213 cd/m2 ± 0.061 (SD). The eyes were then filled with new irises, whose color was gray (15 cd/m2) and an artificial pupil was added using GIMP ver2.10.4.

The artificial pupil diameter (5.0 mm) in each face was presented for 0.5 s, after which, in the constricting condition, the artificial pupil diameter was constricted by 60% (from 5.0 to 3.0 mm) for 2.5 s, while in the dilating condition, the artificial pupil diameter was dilated by 140% (from 5.0 to 7.0 mm) for 2.5 s (Kret et al., 2015; Prochazkova et al., 2018).



Apparatus

The experimental stimuli were presented on a 23-inch LCD monitor (EIZO FlexScan EV2451, 1,920 × 1,080 pixel resolution, refresh rate of 60 Hz) using PsychoPy 3.0. Infants sat on their parents’ lap approximately 40 cm from the screen and eye tracker (Tobii pro spectrum; Tobii Technology, Inc., Danderyd, Sweden), which was used to record the infants’ eye movements. A camera (Logicool C920R) was set below the display to monitor and record the infants’ behavior while looking at the stimuli. An experimenter could observe the infants’ behavior through a monitor connected to the camera. A Tobii pro spectrum with a freedom of head movement within an area of 34 × 26 × 65 cm as used. Gaze was recorded at 150 Hz. Before beginning the experiment, a five-point calibration was conducted, with all points needing to be successfully calibrated.



Procedure

The experiment was designed to measure two conditions: pupil change direction (dilating or constricting), as within-subject factors, and face orientation (upright or inverted) as the between-subjects factor. Six different female faces with identical pupil-diameter were presented in each condition. To call infants’ attention to the monitor, each trial was preceded by a short (1.0–3.0 s) animated video. The experimenter initiated each trial as soon as the infant began paying attention to the animated video. A fixation point in the form of a small black cross (2.38° × 2.38°) was presented for 1.0 s at the beginning of each trial. All stimuli, short animated videos and fixation point were presented on a gray background. In upright condition, each face (six female faces) was presented in the pupil-diameter dilating and constricting conditions for 3.0 s (Figure 1). Each condition was presented twice. The sequence of the presentation was pseudo-randomized. No more than two consecutive trials were ran for the same type of face and pupil change direction (dilating or constricting). The entire experimental session took approximately 2.5 min. In inverted condition, all faces were presented in upside-down.
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FIGURE 1. Experimental procedure.




Data Analysis

Data files exported from the Tobii eye tracker were analyzed using MATLAB R2019a (The Mathworks, Natick, MA, United States). We excluded individual trials that were missing more than 50% of data in the combined baseline and trial (4 s) owing to inattention or technical problems. We analyzed the infants’ pupil diameter in a time series from −0.5 s to 3.0 s for each trial (Figure 1). The baseline was the average pupil diameter from −0.5 to 0 s. The baseline was subtracted from the pupil diameter for the statistical analysis period of 0 to 3.0 s. Gaps in the data for more than 15 samples were considered missing data, but smaller gaps were interpolated linearly. The data included gaps under 16 samples which were smoothed using a moving average over five samples.

In this study, we defined two areas of interest (AOIs). These were circles of 23.5 mm radius, centered on the left and the right pupil of the stimuli, which were used to assess infants’ attention on the eye region. Infants’ gazes often did not shift from the fixation cross during the trial. We calculated the percentage of their gaze on the AOIs and on the screen overall and compared the two. We calculated also looking time (ms) of their gaze on the AOIs. To examine the differences in percentages of the gaze on AOIs between conditions, we performed a two-way repeated measures analysis of variance (ANOVA), using pupil diameter change (dilating or constricting) as the within-subjects factor, and face orientation (upright or inverted) as the between-subjects factor.

We applied GLMM to analyze the data (Agresti, 2007; Bolker et al., 2009; Moscatelli et al., 2012). GLMM is an extension of the ordinary general linear model, which allows the analysis of clustered categorical data. We used the function glmer in the R (version 4.0.2; R Core Team, 2020) package lme4 (version 1.1.26) (Bates et al., 2015) for fitting GLMM. We initially included the following fixed effects in the model: time, looking time, pupil change direction (dilating or constricting), face orientation (upright or inverted), and all their interactions. Common across all models was that pupil-diameter change from baseline in individual trials was the dependent variable and that there were random intercepts for participants and trials. To obtain the most parsimonious model with the best fit, non-significant effects were removed one at a time, starting with the higher-order interactions. Via likelihood ratio tests, we verified whether the removal of a non-significant factor improved the fit of the model or not, in accordance with the most standard model-selection procedure. After specifying the fixed effects, we performed statistical tests of the variances of the random effects. To examine the differences in pupil diameter response between conditions, we performed a two-way repeated measures ANOVA, using pupil diameter change (dilating or constricting) as the within-subjects factor, and face orientation (upright or inverted) as the between-subjects factor.




RESULTS

We analyzed infants’ gaze and pupil-diameter responses to pupil change directions in upright faces and inverted faces.


Areas of Interest

During the presentation of stimuli, 77% of the total recorded gaze was spent viewing AOIs. The mean percentages of the gaze on AOIs were 84% in the dilating pupil size on an upright face condition, 82% in the constricting pupil size on an upright face, 71% on the dilating pupil size on an inverted face, and 71% in the constricting pupil size on an inverted face condition (Figure 2). For mean percentages of the gaze on AOIs, a two-way ANOVA revealed a main effect of face orientation was significant (F(1,48) = 18.1, p < 0.05, η2 = 0.27, Figure 2). There was no other significant main effect (pupil change direction: F(1,48) = 0.768, p > 0.1, η2 = 0.016) or interaction (F(1,48) = 0.224, p > 0.1, η2 = 0.0046). These results indicated that infant observed eye region on upright face more than that on inverted face.
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FIGURE 2. Average heat maps of infants’ gaze to stimuli and mean percentages of gaze on AOIs. (A) Average heat maps of infants’ gaze to stimuli in (a) the Dilating/Upright, (b) the Constricting/Upright, (c) the Dilating/Inverted, and (d) the Constricting/Inverted condition, respectively. White circles indicate AOIs. (B) Blue and red bars represent the dilating and constricting conditions, respectively. Error bars indicate standard errors. Mean percentage of the gaze on AOIs was higher in upright condition than in inverted condition (p < 0.01).




Pupil Diameter

To analyze infants’ (n = 50) pupil diameter in reaction to viewing the stimuli, we applied a GLMM. Initially, the GLMM was applied with time (ms), infants’ looking time (ms), pupil change direction (dilating or constricting), and face orientation (upright or inverted), and all their interactions as fixed effects, and with trial and individual differences as random effects. The likelihood ratio tests confirmed that the model with pupil change direction, face orientation and all their interactions as fixed effects provided a better fit to the data than the model with time, infants’ looking time, pupil change direction, face orientation and all their interactions as fixed effects (p < 0.01, see Supplementary Material). Thus, time and the interactions of time with any other effects were not included in the subsequent analyses.

The GLMM revealed two significant effects (pupil change direction: b = −0.070, SE = 0.024, t = −2.9, p = 0.0036, 95% CI = [−0.12, −0.023]; face orientation: b = −0.079, SE = 0.028, t = −2.9, p = 0.0043, 95% CI = [−0.13, −0.025]) and an interaction between pupil change direction and face orientation (b = 0.067, SE = 0.026, t = 2.6, p = 0.010, 95% CI = [0.016, 0.12]).

In order to examine differences in pupil-diameter response between conditions, the mean pupil-diameter responses were further analyzed by performing a two-way repeated measures ANOVA, using pupil change direction (dilating or constricting) as the within-subjects factor and face orientation (upright or inverted) as the between-subjects factor. We identified a significant main effect of face orientation (F(1,48) = 4.93, p < 0.05, η2 = 0.0932), pupil change direction (F(1,48) = 19.0, p < 0.01, η2 = 0.284), and a significant interaction between factors (F(1,48) = 20.0, p < 0.01, η2 = 0.294). Post hoc analysis (simple main effect tests) of the interaction revealed that the mean pupil diameter in the dilating condition was greater than that in the constricting condition when the face orientation was upright (F(1,48) = 39.0, p < 0.01, η2 = 0.448, Figure 3). The mean pupil diameter in the dilating condition was also greater when the face orientation was upright compared to when it was inverted (F(1,96) = 13.0, p < 0.01, η2 = 0.119). These outcomes provide further evidence that pupillary contagion occurs only in response to dilating pupils in an upright face.
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FIGURE 3. Pupil-diameter change from baseline. Recorded diameter of pupils over time while viewing pupil-diameter dilating or constricting (0–3 s) adjusted for baseline pupil diameter during fixation cross viewing (–0.5–0 s); The time course of the average change of pupil-diameter in panel (A) upright and (B) inverted face condition. Shaded regions indicate 95% confidence intervals.





DISCUSSION

In this study, we investigated whether dynamic changes in pupil diameter would induce changes in infants’ pupil diameter. We also investigated pupil contagion in the face orientation. To investigate these points, we measured the pupil-diameter response of 5- and 6-month old infants to pupil change direction (dilating/constricting) in upright and inverted faces. We hypothesized that dynamic changes in pupil diameter would induce the infants’ pupil contagion, whereas dynamic changes in pupil diameter in the inverted face condition would not. The results showed that the dynamic changes in pupil diameter induced infants’ pupil contagion and that pupil contagion occurred only in the upright face orientation, and not in the inverted face one. Additionally, infants’ pupil-diameter response differed between the pupil-diameter dilating and constricting conditions in the upright face orientation. This asymmetry in pupil contagion in our study was consistent with previous studies (Fawcett et al., 2016, 2017).

There is a possibility that the pupil contagion we observed might be attributed to luminance. The luminance of our experimental stimuli differed between the pupil-diameter dilating and constricting conditions. Infants’ pupil-diameter response (dilating/constricting) in our study might be due to the difference in luminance between the pupil-diameter changes (dilating/constricting). However, the luminance change in the pupil diameter was the same between the upright and inverted face conditions. In spite of the same luminance of the two conditions, infants’ pupil-diameter responses differed between the upright and inverted faces. Therefore, infants’ pupil-diameter response did not depend on the changing luminance of the pupil-diameter conditions in our study.

However, there is another way to interpret these pupil diameter responses. We interpreted the observed pupil-diameter response as a pupillary light response rather than pupil contagion. According to this point, we raise two possibilities. First, the pupillary light response is enhanced by focused attention (Binda et al., 2013; Mathôt et al., 2013; De Winter et al., 2021). Derksen et al. (2018) conducted several experiments with luminance-controlled and luminance-not-controlled stimuli of static and dynamic pupils of various sizes, and indicated that the pupil contagion phenomenon occurs due to luminance and participants’ attention shift toward the eye region. This result suggests subtle differences in attention-dependent pupil responses to luminance changes in the face area (Mathôt and Naber, 2018). This focused attention is associated with social aspects, such as facial preference or attractiveness (Birmingham and Kingstone, 2009), in-group members (Kret et al., 2015), as well as empathy (Harrison et al., 2006, 2009). Second, the pupillary light response is weakened by the inversion effect in various images (Naber and Nakayama, 2013). For example, Naber and Nakayama (2013) demonstrated that pupillary light responses for natural and artificial scenes were weakened by upside-down. However, previous studies have shown that face-inversion induces electroencephalography and hemodynamic responses in the face area. This indicates that face-inversion can induce a social response. Such a social aspect of face-inversion might affect the pupillary light response.

We found the face-inversion effect in infants’ pupil contagion. This result suggests the possibility that presenting faces in a different context would affect pupil contagion. In general, the face had been considered a social stimulus. This is not in line with the result of Carsten et al. (2019), who demonstrated that the degree of pupillary contagion was independent of emotional expression, as mentioned in the introduction. The contradiction is that Carsten et al. (2019) showed that pupil contagion is independent of emotion. Conversely, we showed that pupil contagion is dependent on the face that is a social stimulus. However, infants may interpret faces as shapes, and not as social stimuli. Studies on newborns have consistently showed that geometric face patterns grab the infants’ attention. For example, the famous “top-heavy” configuration has been shown to attract the attention of newborns, meaning that newborns prefer certain facial geometric patterns (Simion et al., 2002). Furthermore, Batki et al. (2000) showed that newborns spend more time looking at faces with open eyes than at faces with closed eyes. This showed that eyes, when combined with the geometric face pattern, serves as an important cue to grab the infants’ attention. Therefore, we believe that our findings regarding pupil contagion suggest that pupil contagion occurs according to the context of the facial geometric pattern.

Another possibility was that simple physiological preference induces infants’ pupil-diameter dilating response. For example, a mother’s face induces infants’ pupil diameter to dilate (Fitzgerald, 1968). In general, expansion, but not contraction, stimulus also induces infants’ preference (Shirai et al., 2004). This expansion preference might induce infants’ pupil-diameter dilating response to pupil-diameter dilating. That is, the physical expansion of the black circle of the pupil might induce infants’ pupil-diameter dilating response. However, the physical expansion of the black circle (pupil) was the same between the upright and inverted face conditions. In spite of the same physical differences in the dilating pupil, the infants’ pupil-diameter response differed between the upright and inverted face conditions. Therefore, infants’ pupil-diameter response did not depend on the physical dilating.



CONCLUSION

Our study investigated 5- and 6-month-old infants’ pupil contagion. We found that in the upright face presentation, presenting a dilating pupil-diameter induced a change in the infants’ pupil diameter. However, constricting the pupil-diameter did not induce a response. Pupil contagion did not occur in the inverted face presentation. These results indicated the face-inversion effect in infants’ pupil contagion. They suggest that pupil contagion occurs according to the face orientation.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Ethical Committee of Chuo University. Written informed consent was obtained from the participants’ legal guardian/next of kin for the publication of any potentially identifiable images or data included in this article.



AUTHOR CONTRIBUTIONS

YT, SK, and MY designed the experiments and wrote the manuscript. YT performed the experiments and analyzed the data. All authors contributed to the article and approved the submitted version.



FUNDING

This research was supported by a Grant-in-Aid for Scientific Research on Innovative Areas, “Construction of the Face-Body Studies in Transcultural Conditions” from the Ministry of Education, Culture, Sports, Sciences and Technology (MEXT) KAKENHI (17H06343) and a Grant-in-Aid for Scientific Research from JSPS for YT (19K23369).



ACKNOWLEDGMENTS

We thank Shuma Tsurumi, Yusuke Nakashima, and Jiale Yang for their assistance with data collection.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpsyg.2021.789618/full#supplementary-material



REFERENCES

Agresti, A. (2007). An Introduction to Categorical Data Analysis. Hoboken, NJ: John Wiley & Sons, Inc, doi: 10.1002/0470114754

Aktar, E., Raijmakers, M. E. J., and Kret, M. E. (2020). Pupil mimicry in infants and parents. Cogn. Emot. 34, 1160–1170. doi: 10.1080/02699931.2020.1732875

Bates, D., Mächler, M., Bolker, B., and Walker, S. (2015). Fitting Linear Mixed-Effects Models Using lme4. J. Stat. Softw. 67:i01. doi: 10.18637/jss.v067.i01

Batki, A., Baron-Cohen, S., Wheelwright, S., Connellan, J., and Ahluwalia, J. (2000). Is there an innate gaze module? Evidence from human neonates. Infant Behav. Dev. 23, 223–229. doi: 10.1016/S0163-6383(01)00037-6

Bentin, S., Allison, T., Puce, A., Perez, E., and McCarthy, G. (1996). Electrophysiological Studies of Face Perception in Humans. J. Cogn. Neurosci. 8, 551–565. doi: 10.1162/jocn.1996.8.6.551

Binda, P., Pereverzeva, M., and Murray, S. O. (2013). Attention to Bright Surfaces Enhances the Pupillary Light Reflex. J. Neurosci. 33, 2199–2204. doi: 10.1523/JNEUROSCI.3440-12.2013

Birmingham, E., and Kingstone, A. (2009). Human social attention. Amsterdam: Elsevier, doi: 10.1016/S0079-6123(09)17618-5

Bolker, B. M., Brooks, M. E., Clark, C. J., Geange, S. W., Poulsen, J. R., Stevens, M. H. H., et al. (2009). Generalized linear mixed models: a practical guide for ecology and evolution. Trends Ecol. Evol. 24, 127–135. doi: 10.1016/j.tree.2008.10.008

Bötzel, K., Schulze, S., and Stodieck, S. R. G. (1995). Scalp topography and analysis of intracranial sources of face-evoked potentials. Exp. Brain Res. 104, 135–143. doi: 10.1007/BF00229863

Carsten, T., Desmet, C., Krebs, R. M., and Brass, M. (2019). Pupillary contagion is independent of the emotional expression of the face. Emotion 19, 1343–1352. doi: 10.1037/emo0000503

De Winter, J. C. F., Petermeijer, S. M., Kooijman, L., and Dodou, D. (2021). Replicating five pupillometry studies of Eckhard Hess. Int. J. Psychophysiol. 165, 145–205. doi: 10.1016/j.ijpsycho.2021.03.003

Derksen, M., van Alphen, J., Schaap, S., Mathot, S., and Naber, M. (2018). Pupil Mimicry is the Result of Brightness Perception of the Iris and Pupil. J. Cogn. 1, 1–16. doi: 10.5334/joc.34

Farroni, T., Johnson, M. H., Brockbank, M., and Simion, F. (2000). Infants’ use of gaze direction to cue attention: The importance of perceived motion. Vis. Cogn. 7, 705–718. doi: 10.1080/13506280050144399

Fawcett, C., Arslan, M., Falck-Ytter, T., Roeyers, H., and Gredebäck, G. (2017). Human eyes with dilated pupils induce pupillary contagion in infants. Sci. Rep. 7, 2–8. doi: 10.1038/s41598-017-08223-3

Fawcett, C., Wesevich, V., and Gredebäck, G. (2016). Pupillary Contagion in Infancy: Evidence for Spontaneous Transfer of Arousal. Psychol. Sci. 27, 997–1003. doi: 10.1177/0956797616643924

Fitzgerald, H. E. (1968). Autonomic pupillary reflex activity during early infancy and its relation to social and nonsocial visual stimuli. J. Exp. Child Psychol. 6, 470–482. doi: 10.1016/0022-0965(68)90127-6

Harrison, N. A., Gray, M. A., and Critchley, H. D. (2009). Dynamic pupillary exchange engages brain regions encoding social salience. Soc. Neurosci. 4, 233–243. doi: 10.1080/17470910802553508

Harrison, N. A., Singer, T., Rotshtein, P., Dolan, R. J., and Critchley, H. D. (2006). Pupillary contagion: central mechanisms engaged in sadness processing. Soc. Cogn. Affect. Neurosci. 1, 5–17. doi: 10.1093/scan/nsl006

Honda, Y., Watanabe, S., Nakamura, M., Miki, K., and Kakigi, R. (2007). Interhemispheric difference for upright and inverted face perception in humans: An event-related potential study. Brain Topogr. 20, 31–39. doi: 10.1007/s10548-007-0028-z

Kret, M. E., Fischer, A. H., and De Dreu, C. K. W. (2015). Pupil mimicry correlates with trust in in-group partners with dilating pupils. Psychol. Sci. 26, 1401–1410. doi: 10.1177/0956797615588306

Kret, M. E., Tomonaga, M., and Matsuzawa, T. (2014). Chimpanzees and humans mimic pupil-size of conspecifics. PLoS One 9:0104886. doi: 10.1371/journal.pone.0104886

Mathôt, S., and Naber, M. (2018). There is no evidence that pupil mimicry is a social phenomenon. Proc. Natl. Acad. Sci. 115, E11565–E11565. doi: 10.1073/pnas.1814429115

Mathôt, S., van der Linden, L., Grainger, J., and Vitu, F. (2013). The pupillary light response reveals the focus of covert visual attention. PLoS One 8:0078168. doi: 10.1371/journal.pone.0078168

Mazard, A., Schiltz, C., and Rossion, B. (2006). Recovery from adaptation to facial identity is larger for upright than inverted faces in the human occipito-temporal cortex. Neuropsychologia 44, 912–922. doi: 10.1016/j.neuropsychologia.2005.08.015

Moscatelli, A., Mezzetti, M., and Lacquaniti, F. (2012). Modeling psychophysical data at the population-level: The generalized linear mixed model. J. Vis. 12, 1–17. doi: 10.1167/12.11.26

Naber, M., and Nakayama, K. (2013). Pupil responses to high-level image content. J. Vis. 13, 7–7. doi: 10.1167/13.6.7

Otsuka, Y., Nakato, E., Kanazawa, S., Yamaguchi, M. K., Watanabe, S., and Kakigi, R. (2007). Neural activation to upright and inverted faces in infants measured by near infrared spectroscopy. Neuroimage 34, 399–406. doi: 10.1016/j.neuroimage.2006.08.013

Prochazkova, E., and Kret, M. E. (2017). Connecting minds and sharing emotions through mimicry: A neurocognitive model of emotional contagion. Neurosci. Biobehav. Rev. 80, 99–114. doi: 10.1016/j.neubiorev.2017.05.013

Prochazkova, E., Prochazkova, L., Giffin, M. R., Scholte, H. S., De Dreu, C. K. W., and Kret, M. E. (2018). Pupil mimicry promotes trust through the theory-of-mind network. Proc. Natl. Acad. Sci. 115, E7265–E7274. doi: 10.1073/pnas.1803916115

R Core Team (2020). R: A Language and Environment for Statistical Computing. Vienna: R Foundation for Statistical Computing. Available online at: https://www.R-project.org/

Shirai, N., Kanazawa, S., and Yamaguchi, M. K. (2004). Asymmetry for the perception of expansion/contraction in infancy. Infant Behav. Dev. 27, 315–322. doi: 10.1016/j.infbeh.2003.12.004

Simion, F., Valenza, E., Cassia, V. M., Turati, C., and Umilta, C. (2002). Newborns’ preference for up-down asymmetrical configurations. Dev. Sci. 5, 427–434. doi: 10.1111/1467-7687.00237

Thompson, P. (1980). Margaret Thatcher: A New Illusion. Perception 9, 483–484. doi: 10.1068/p090483

Watanabe, S., Kakigi, R., and Puce, A. (2003). The spatiotemporal dynamics of the face inversion effect: A magneto- and electro-encephalographic study. Neuroscience 116, 879–895. doi: 10.1016/S0306-4522(02)00752-2

Yin, R. K. (1969). Looking at upside-down faces. J. Exp. Psychol. 81, 141–145. doi: 10.1037/h0027474

Yovel, G., and Kanwisher, N. (2005). The neural basis of the behavioral face-inversion effect. Curr. Biol. 15, 2256–2262. doi: 10.1016/j.cub.2005.10.072


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

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Tsuji, Kanazawa and Yamaguchi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fpsyg-12-789618-g002.jpg
~ Dilating
~ Constricting

S O O D O O O 9O O QO O
S OO 0O M~ © O < MO N -

-~

m [%] SI0v uo azeb sy} Jo sebejusoliad uesw

Constricting

Dilating






OPS/images/fpsyg-12-789618-g001.jpg
b Dilating condition
O
== o S ,  ’ 140%
vt - -
ey
h §. g2 i 00000 U | Constricting condition
= S 60%

: . . | { >
10~30s -1.0  -05 0 05 1.0 2.0 3.0  Time(secs)
Attention  Fixation Stimulus Stimulus
getter onset onset offset

-— > «

-

Baseline Statistical analysis period

=





OPS/images/fpsyg-12-789618-g003.jpg
Stimulus

S Upright Shoet Inverted

=
N
&
N

— Dilating — Dilating

---- Constricting ---- Constricting

o
—
o
S

o
o

=
—

-0.2 : : i
-0.5 0 1.0 2.0 3.0 -0.5 0 1.0 2.0 8.0

[ 1
l‘ A g 4 ‘: 4
= -

Pupil diameter change from baseline [mm]
Pupil diameter change from baseline [mm]

Baseline Statistical analysis period Baseline Statistical analysis period
Time (secs) Time (secs)





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Face-Specific Pupil Contagion in Infants



		INTRODUCTION



		MATERIALS AND METHODS



		Participants



		Stimuli



		Apparatus



		Procedure



		Data Analysis









		RESULTS



		Areas of Interest



		Pupil Diameter









		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/cover.jpg
, frontiers
in Psychology










OPS/images/logo.jpg
’ frontiers
in Psychology





