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Background: Evidence showed neural changes in interpersonal distance (IPD) interaction, and neural activities are affected by relationships (such as friends or strangers). Behavior studies proved that social status strongly affects IPD between two persons. However, how the differing social status impacts neural alterations in the IPD interactions remains unknown.

Objectives: The teacher-student relationship is a typical representation of the difference in social status. The present study aims to investigate the IPD performance and brain processes underlying real-time differing social status during the development process from teacher-student interactions.

Materials and methods: We designed three within-subject experiments corresponding to the inclusion, control, and affection stages of IPD. Altogether, 38 valid healthy participants participated in three experiments with a teacher (differing social status condition, DS condition) and a peer student (peer social status condition, PS condition) separately. This study employed functional near-infrared spectroscopy (fNIRS) and modified real-time stop-distance paradigms to record IPD performance and neural processes.

Results: For IPD performance, significantly larger IPD gaps were shown in the DS condition than in the PS condition, and IPD feedback affected IPD performance. For neural alterations, activated frontopolar area (FPA, BA10), dorsolateral prefrontal cortex (DLPFC, BA9/BA46), and Broca’s area (BA45) were observed across the IPD stages. Importantly, brain activation shifts with the development of IPD. In addition, results showed that differences in Oxy-Hb changes were located in the FPA (BA10), DLPFC (BA9/BA46), and Broca’s area (BA45) between the DS and PS conditions across IPD stages. Additionally, negative correlations were found between Oxy-Hb changes and IPD performance.

Conclusion: We propose prefrontal cortex (PFC) and Broca’s area involvement in IPD interactions, initially focusing on evaluation and action periods, and later on IPD-evaluation processes after feedback. In addition, a difference in Oxy-Hb activities implies the complexity of relationships and social status in IPD interactions.
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Introduction

Interpersonal distance (IPD) is the physical distance between individuals during which rich and variable non-verbal social interactions occur. IPD provides spatial information visible during real-time interpersonal interactions (Kroczek et al., 2020). IPD interactions reflect the nature of the relationship in a non-verbal way, providing a vivid and straightforward perspective to understand social interactions. IPD interactions are prevalent in social relationships, such as mother-infant (Guida et al., 2021), friends-strangers (Haim-Nachum et al., 2021), and lovers (Akbarian et al., 2020). In the complex IPD interaction, differing social status IPD interaction is a significant and essential social interaction and plays a crucial role in personal development. A comprehensive and systematic comprehension of the neural basis for differing social status IPD interaction contributes to enriching the understanding of social cognition and making sense to construct harmonious social life. However, little is known about the nature of differing social status IPD interactions in real-time contexts, especially regarding the neural basis.

In the last decade, cognitive neuroscience has proven that the prefrontal cortex (PFC) is a biomarker for differing social status social interactions. Numerous studies have examined PFC activities during differing social status social interaction, such as trust games (Cheng et al., 2022) and problem-solving tasks (Takeuchi et al., 2019) using functional near-infrared spectroscopy (fNIRS). Furthermore, a fMRI study showed medial prefrontal cortex (MPFC) activity in differing social status social feedback interactions (Nakagawa et al., 2021). In addition, neural changes in the PFC of status gap pairs were significantly greater than those in non-status gap pairs during a cooperation drawing task (Sun et al., 2021). The mentioned studies highlighted the PFC as a biomarker during differing social status interactions from verbal to non-verbal communication. Non-verbal communication studies are crucial for understanding human behavior. Non-verbal behaviors include eye contact, gestures, facial expressions, and IPD. The IPD interaction plays a vital role in making comprehension of interpersonal interactions. However, little is known about the underlying neural activities in real-time IPD interactions between differing social status during the development process.

Neural research on IPD interactions has consistently revealed brain activity in the parietal lobe, motor areas, PFC, and amygdala (Huang and Izumi, 2021), although different IPD tasks have been adopted. The PFC has been implicated in IPD behavior, which is essential for interpersonal interactions. For example, a recent study indicated increased PFC activity between friends’ and strangers’ IPD approach (Cohen et al., 2018). Moreover, other studies have shown an enhanced DLPFC in facial approach-approached stimuli (Schienle et al., 2017). Besides, evidence proved that PFC activities under passive IPD interactions through fMRI and electroencephalogram (EEG) (Huang and Izumi, 2021) but did not explore the PFC changes under real-time IPD interactions due to the limitation of the methods. A method such as fNIRS is required to record neural activity during real-time ecological IPD interactions. Compared to fMRI and EEG, fNIRS has the advantage of anti-motion artifacts and is suitable for natural experimental applications (Cui et al., 2011). fNIRS measures oxygenated hemoglobin (Oxy-Hb) changes in naturalistic interactions such as conversation (Takei et al., 2014) and non-verbal communication (Noah et al., 2017). The present study explores Oxy-Hb changes by fNIRS to understand the neural basis of differing social status IPD interactions. Besides, the IPD interaction is a complex social process, including cognitive evaluation, IPD action, or evaluation and adjustment. Passive IPD paradigms cannot reflect those perspectives. To rich the nature of IPD interaction, the present study investigates the PFC changes in evaluation and action process under a variety of IPD interactions.

Additionally, little is known about differing social status IPD interactions from a relationship development perspective. IPD is a reflection and derived external manifestation of interpersonal relationships. As relationships develop and change, IPD changes along with them. To understand the development process of IPD, the current study draws on a classical, and famous interpersonal development theory called fundamental interpersonal relations orientation (FIRO), which was introduced by Schutz (1958). The FIRO theory posits that the development of a relationship occurs in three stages based on relationship needs: inclusion, control, and affection. The initial stage is inclusion, which means that an individual wants to belong to or be included by others. Next is the control stage, which is when the individual wants to control or be controlled by others in the interactions. The last stage is the affection stage, during which individuals send likeness or love to others or want to be liked by others. These three processes illustrate the development of interpersonal relationships, and we designed three experiments that correspond to the three stages of IPD development. Exploring differing social status IPD based on the FIRO theory makes sense for a systematic comprehension of differing social status IPD interactions.

The present study adopted the fNIRS technique and ecological IPD interaction paradigms to investigate the behavior and PFC changes of differing social status IPD interactions during the development process. In the current study, the differing social status was from the social status gaps between teacher and student as this kind of social relationship represents differing social status typically. We tested a series of hypotheses across three IPD stages. Above all, we expected the IPD performance in the differing social status condition (DS condition) would be larger than the peer social status condition (PS condition). And the IPDs would narrow along with the IPD stages. If we observed a smaller IPD in the IPD-Affection stage compared to IPD-Inclusion stage, it means the manipulation of the IPD-development was successful from the behavioral perspective. Moreover, we hypothesized the IPD feedback from others impacts the IPD performance. Additionally, previous studies have examined PFC activity in differing social status interactions (Cheng et al., 2022) and IPD cognition (Vieira et al., 2017). The present study set the PFC as the region of interest (ROI) to observe the changes in the PFC. We expected to find PFC activations during the IPD interaction across three IPD stages under, and the PFC activations would change along with the IPD stages. In addition, as the teacher stands for the authority and power, we hypothesized that greater neural changes were seen in the DS condition than in the PS condition in the three IPD stages. As for student participants, the IPD interactions with teachers would be a heavy and complex cognition task. Lastly, we examined the correlations between IPD performance and neural changes. IPD-neural studies showed the inconsistent results, and the strength of the correlation was medium. In the present real-time study, we record the neural changes along with the real-time IPD interaction, we expected a high association in the IPD performance and neural changes in the IPD interactions.



Materials and methods


Participants

The inclusion criteria were as follows: (1) right-handed, (2) student identity, (3) physically and psycho-healthy individuals, and (4) Asian students. Students (1) with a formal job or job experience, (2) who had a history of psychiatric or neurological disorders, (3) who were receiving psychotherapy and medical treatment, or (4) who came from Western countries were excluded.

We conducted a prior power analysis to confirm the sample size using G*Power 3.1 (Faul et al., 2007). For an α of 0.05 and a power (1-β) of 0.90, it was determined that 36 participants would detect an interaction of moderate effect size (η2 = 0.25). In case the participants did not meet the analysis requirements, we recruited 40 participants. Forty healthy participants from Tohoku University were enrolled through advertisements, but two did not finish all the experiments, leaving 38 participants. The respondents received a 3000 YEN gift card. Nineteen men (Age: 24.4 ± 1.1 years, Height: 173.3 ± 5.2 cm) and nineteen women (Age: 24.2 ± 1.6 years, Height: 165.6 ± 5.9 cm), comprising seven undergraduates and thirty-one graduates, participated in the study. The participants were Chinese, Japanese, and Malaysian people.

Participants were randomly assigned to four pairing contexts based on enrollment in order to eliminate gender effects. Ten participants were paired with the male teacher (63 years old and 172 cm) and the male student (23 years old and 173 cm); nine participants were paired with the male teacher and the female student (24 years old and 163 cm); ten participants were paired with the female teacher (60 years old and 162 cm with a high heel) and the male student; and nine participants were paired with the female teacher and the female student. The teachers and students were real teachers and peer students who participated in the experiments as supporters. To distinguish identities, teachers wear business shirts and black trousers, and students wear casual clothes (white tops and black trousers) throughout all the experiments. All participants were meeting the teachers for the first time; two participants had met the male student and two participants had met the female student once before, but they were unfamiliar acquaintances. The ethical committee of Tohoku University (Sendai, Japan) approved this research, and participants provided written informed consent to participate in the experiments.



Measurements


Interpersonal distance measurements

The IPD between the participants’ feet and the teacher/peer student was measured using a digital laser ruler (RYOBI, LDM-500) and two wooden blocks (Supplementary Figure 1).



Questionnaire

To evaluate the most comfortable IPD in the IPD-deprivation and IPD-controllable processes, participants were asked to select answers for the following questions:

What was the most comfortable distance for you when you just stood up and were approached by the teacher/student? A. 1.2; B. 0.6; and C. 0.3 m.

What was the most comfortable distance for you when you approached the teacher/student? A. 1.2; B. 0.6; and C. 0.3 m.



Functional near-infrared spectroscopy measurements

Wearable 16-channel NIRS equipment (WOT-100, Hitachi Company, Tokyo, Japan) was used to evaluate the concentrations of Oxy-Hb and deoxygenated hemoglobin (Deoxy-Hb) in the PFC, adopting wavelengths of near-infrared light (705 and 830 nm). The sampling rate was set at 5 Hz. A flexible cable bundle was connected, and a probe unit was used to record the optical topography. A personal computer received data from the portable processing unit through a wireless local area network (Figure 1A). The NIRS probes and channel settings are shown in Figure 1B. The WOT-100 NIRS device consisted of six emitters and six detectors, contributing to 16 channels, each channel with one source–detector pair. The distance between the source and detector probes of each channel was set at 3.0 cm. Based on the international 10–20 system of electroencephalography, the lowest probe was positioned along the Fp1–Fp2 line. A previous study used a three-dimensional digitizer to validate channel positions using the Montreal Neurological Institute coordinate system (Funane et al., 2011). Each channel was then registered into the standard brain template according to the NIRS-SPM toolbox based on SPM 8 and MATLAB 13.0 (Korea Advanced Institute of Science and Technology, Korea). Detailed MNI positions are shown in Figure 1C and Supplementary Table 1.
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FIGURE 1
The setting of the NIRS device. (A) The WOT-100 device, including the handset, mobile control box, net-box, and measurement controller. (B) An example of a participant wearing the WOT-100 device on the frontal head, and the source, detector, and channel setting of the WOT-100. (C) The spatial registration of each channel on the frontal cortex.





Procedures

The IPD interaction paradigms were designed using the stop-distance paradigm (Hayduk, 1978), a well-validated measurement of IPD. Each participant started from the IPD-Inclusion stage (Experiment 1), then the IPD-Control stage (Experiment 2), and ended with the IPD-Affection stage (Experiment 3) in sequence to experience the development of the IPD progress with a teacher and peer student separately (Figure 2). The order of pairing with a teacher or peer student was counterbalanced. The study was conducted in a quiet and professional lab of Tohoku University. Before the experiment started, the participant and teacher/peer student had a simple greeting with each other and knew names and identities under the introduction of the experimenter. In the DS condition, the experimenter introduced the teacher to the participant: “This is teacher A; he/she will finish all the experiments with you.” In the PS condition, the experimenter introduced the peer student to the participant: “This is B; he/she will finish all the experiments with you.” The participants wore the WOT-100 NIRS equipment to record brain activity throughout the experimental processes. Before each experiment, the experimenter explained the experiment and the instructions until the participants fully understood. We recorded the experimental instructions and played the corresponding recording for each experiment, and the participants performed the tasks following the recorded instructions. In the three experiments, the initial IPD between participants and teachers/students was three meters, the participants and teachers/students did not make eye contact, and the teacher/student looked at the knee of the participant, maintaining a neutral expression (Supplementary Figure 2).
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FIGURE 2
Experiment procedures for differing social status IPD interactions. Procedures from experiment 1, experiment 2, and experiment 3.


Interpersonal distance-inclusion stage: this stage contained active interpersonal distance (AIPD) and passive interpersonal distance (PIPD) (Figure 3A). In the AIPD task, the participants had 10 s to mentally evaluate the most comfortable distance between themselves and the teacher/peer students (active interpersonal distance evaluation period, AIPD-E). The participant then approached the teacher/student and stopped at the most comfortable distance (active interpersonal distance action period, AIPD-A). AIPD was measured with a laser ruler. In the PIPD task, the participant had 10 s to evaluate the most comfortable distance when approached by the teacher/student (passive interpersonal distance evaluation period, PIPD-E). The participant was then approached by the teacher or student at a slow speed. Once the teacher/student arrived at the most comfortable distance for the participant, the participant said “stop,” and the teacher/student stopped (passive interpersonal distance action period, PIPD-A). The experimenter recorded the PIPD. The trial was repeated thrice.
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FIGURE 3
Scenes of core experimental procedures. (A) Active interpersonal distance (AIPD) processes and passive interpersonal distance (PIPD) processes in experiment 1. (B) Before and after social IPD (1.2 m) procedure in experiment 2 in both deprivation and control processes. (C) Positive IPD feedback and negative IPD feedback from the partner and the IPD action (after feedback) of the participant in experiment 3.


Interpersonal distance-control stage: after resting for 5 min, the participants continued the IPD-Control stage (Figure 3B). First, participants joined an IPD-deprivation process, during which they stood still. The teacher/student walked slowly toward the participant for 10 s (action period) and then stopped at the social IPD (1.2 m) for 20 s (post-stop period). The teacher/student then returned to the starting line and restarted walking to and stopping at a social IPD (1.2 m), personal IPD (0.6 m), and intimate IPD (0.3 m), respectively. The IPD deprivation trial was repeated thrice. After resting for 5 min, the participants participated in the IPD-controllable processes. The roles of the teacher and the student were exchanged. Participants took 10 s to walk slowly toward the teachers/students and stopped at social IPD (1.2 m)/personal IPD (0.6 m)/intimate IPD (0.3 m) for 20 s. The IPD-controllable trial was repeated thrice. The IPD was pre-designed at 1.2, 0.6, and 0.3 m, corresponding to social distance (1.2–3.7 m), personal distance (0.46–1.2 m), and intimate distance (0–0.46 m) from Hall’s social distance theory (Hall, 1963). After this stage, participants completed a questionnaire.

Interpersonal distance-affection stage: after resting for 10 min, the participants continued the IPD-Affection stage (Figure 3C). (1) The baseline measurement was the same as that of the AIPD task in the IPD-Inclusion stage containing the baseline-IPD evaluation and baseline-IPD action periods. Participants were instructed that they had 10 s to evaluate the most comfortable distance between them and their partner in their mind (Baseline-IPD evaluation). Participants then walked toward their partner at a slow speed and stopped at the most comfortable distance between them and their partner according to their feelings (Baseline-IPD action). The baseline trial was repeated thrice. (2) In the dynamic IPD interaction paradigm, participants were told to take a turn to adjust to the most comfortable distance, and each person had six opportunities in total. At each opportunity, after the movement of the teacher/student, the participants could choose to step forward, back, or stand still to adjust the IPD between them and their partner. The teacher or student started the action. Then, participants had 10 s to evaluate and act to the IPD to their comfortable IPD (evaluation period after feedback) before adjusting the IPD in another 10 s (action period after feedback). Each IPD feedback action of the teacher or student was predesigned. The IPD feedback action from teachers/students was divided into positive and negative IPD feedback actions. In the positive IPD feedback action, participants were approached by the teacher/student with an IPD between 0.5 and 1 m. In the negative IPD feedback action, participants were approached by the teacher/student with an IPD larger than 1.2 m. The design of the two kinds of IPD feedback was based on Hall’s social distance theory (Hall, 1963) and was combined with laboratory size. Positive IPD feedback and negative IPD feedback each appeared three times in total. The sequence in which the presentation of the two types of IPD feedback occurred was randomized. The experimenter recorded the IPD using a laser ruler every time the IPD was changed.



Data analysis


Near-infrared spectroscopy data processing

Oxygenated hemoglobin was chosen as the indicator of NIRS data because it is the most sensitive measure of changes in regional cerebral blood flow (Hoshi et al., 2001). Processing procedures: (1) Data trimming: we left rest periods, task periods, and post-rest periods but cut the measurement and return periods (Figure 2; colored blocks were included, and gray blocks were excluded). In the IPD-Inclusion stage, rest, evaluation, action, and post-rest period were left as new continuous raw data after trimming. In the IPD-Control stage, rest, IPD action period, and post-rest periods were left as new continuous raw data after trimming. In the IPD-Affection stage, rest, IPD-evaluation (baseline), IPD-action (baseline), IPD feedback, IPD-evaluation (after feedback), post-rest1, IPD-action (after feedback), and post-rest2 were left as new continuous raw data after trimming. The new continuous raw data was utilized in the next step. (2) High-pass filtering: Data were processed using Wavelet-MDL detrending (minimum description length) to remove global trends caused by breathing, heartbeat, vasomotion, and experimental errors (Jang, 2009). (3) Low-pass filtering: The hemodynamic response function (HRF) smoothed the data. (4) Individual-level analysis: General linear model (GLM) parameters and temporal correlations were estimated for the individual-level analysis. The average beta value of 16 channels was calculated based on the average of task periods. The IPD-Inclusion stage includes the AIPD evaluation periods, PIPD evaluation periods, AIPD action periods, and PIPD action periods; The IPD-Control stage includes the social IPD (1.2 m) action periods, personal IPD (0.6 m) action periods, intimate IPD (0.6 m) action periods; The IPD-Affection stage includes the IPD evaluation periods (baseline), IPD action periods (baseline), IPD-evaluation periods (after feedback), and IPD-action periods (after feedback). The beta value is the weight coefficient in the GLM and represents the hemodynamic response curve to model the Oxy-Hb changes. Beta-values were extracted for further analysis. NIRS data were obtained using the NIRS-SPM toolbox (Ye et al., 2009), SPM8, and MATLAB 2013b (MATHWORKS, Natick, MA, United States).



Statistical analyses

For the behavioral data analysis, Cronbach’s α and intraclass correlation coefficient (ICC) were adopted in the IPD-Inclusion stage to validate the reliability of IPD performance using the stop-distance paradigm. We then calculated the average IPD of the three trials as IPD indicators in the IPD-Inclusion stage, including the average AIPD and average PIPD. Finally, a two-way repeated-measures ANOVA [2 (social status: DS, PS) × 2 (IPDs: AIPD, PIPD)] was performed. Height and age were used as the covariates. To test the effectiveness of the experimental design for IPD development, we conducted a paired t-test between the AIPD in the IPD-Inclusion stage and the baseline-IPD in the IPD-Affection stage. Five participants were excluded from the IPD feedback analysis because of the failure of the experiment in the IPD-Affection stage; the participants suspected what the operation of the IPD feedback was and the wrong IPD was sent by the teacher/student. Thus, 33 participants were included in the IPD feedback effects analysis in the IPD-Affection stage. We then adopted two indicators, ΔPOS-IPD and ΔNEG-IPD, to test the IPD feedback effects between differing social status. The ΔPOS/NEG-IPD calculated as positive/negative IPD (adjusted distance after receiving positive/negative IPD feedback) minus the baseline IPD indicated the changes in IPD value after the action of positive/negative IPD feedback. Then, a two-way [social status: (DS, PS) × feedback (positive, negative)] repeated-measures ANOVA was performed.

For the questionnaire analysis, we used a chi-squared test for each condition. Three participants were excluded from the analysis because of incomplete responses.

For the neural change analysis, the beta value of Oxy-Hb changes was extracted from the processed NIRS data. A box-plot was then adopted for detecting the outliers for the beta value in each channel, and the outliers were set as missing values and replaced by the linear trend at those points. Some data were excluded due to damage or missing data and bad channel signals (Supplementary Table 2). (1) One-sample t-tests. Average Oxy-Hb changes of each channel in tasks were compared to the 0 value separately in the IPD-Inclusion and IPD-Control stages. Tasks in the IPD Inclusion stage, including the AIPD-E, PIPD-E, AIPD-A, and PIPD-A. Tasks in the IPD-Control stage, including the social IPD (1.2 m), personal IPD (0.6 m), and intimate IPD (0.3 m). (2) Paired t-tests. Average Oxy-Hb changes in the evaluation and action periods after positive/negative feedback were compared with baseline (evaluation/action) to test the activation channels after feedback in the Affection stage. Channels with positive t-values (p ≤ 0.05) were confirmed as the activated channel. The p-values in the t-tests were adjusted by the false discovery rate (≤0.05). Activation results were visualized by the xjView software1 and the BrainNet Viewer toolbox (Xia et al., 2013). (3) Three-way repeated-measure ANOVA. The beta value of the Oxy-Hb changes was analyzed using a three-way repeated-measure ANOVA of each channel in each IPD stage. However, in the IPD-Affection stage, [Oxy-Hb] was set as the indicator; it used the beta value of the IPD evaluation/action period after positive/negative feedback minus the beta value of the baseline (evaluation/action period). In the IPD-Inclusion stage, a three-way repeated-measures ANOVA [2 (social status: DS, PS) × 2 (IPDs: AIPD, PIPD) × 2 (periods: evaluation, action)] was done. In the IPD-Control stage, a three-way repeated-measures ANOVA {2 (social status: DS, PS) × 2 (process: deprivation, controllable) × 3 [IPDs: social IPD (1.2 m), personal IPD (0.6 m), intimate IPD (0.3 m)}] was done. In the IPD-Affection stage, a three-way repeated measure ANOVA [2 (social status: DS, PS) × 2 (feedback: positive, negative) × 2 (periods: evaluation, action)] was done. Repeated-measures ANOVA analyses were used to investigate the main effect and interaction effects, followed by multiple Bonferroni comparisons. A simple effect analysis was performed if the results showed an interaction effect.

Pearson’s correlations were computed for each channel to determine the relationship between PFC activity and IPD performance. To further investigate the data, linear regression analysis was performed to examine the effects of Oxy-Hb changes during IPD interactions.

The statistical significance level was set at a p-value of ≤0.05. Statistical analyses were performed before March 2022 using the SPSS statistics software 22.0 (IBM Corporation, Armonk, NY, United States).





Results


Interpersonal distance measurements

Interpersonal distance-inclusion stage: the results of the IPD exhibited good reliability. The Cronbach’s α of the IPD ranged from 0.947 to 0.968 (r > 0.80) and the ICC ranged from 0.855 to 0.909 (ICC > 0.80). ANOVAs showed significant main effects of the relationship, F (1, 35) = 6.370, p = 0.016, η2 = 0.154. The post-hoc analysis showed that the IPD of the DS condition was larger than that of the PS condition (p = 0.041, p < 0.05). Moreover, the main effect of the IPD was marginally significant, F (1, 35) = 3.580, p = 0.067, and η2 = 0.093. No significant interaction effects were observed (Figure 4A).
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FIGURE 4
Interpersonal distance (IPD) difference between DS condition and PS condition. (A) IPD difference in the IPD-Inclusion stage. (B) ΔIPD difference in the IPD-affection stage. DS, differing social status; PS, peer social status; AIPD, active interpersonal distance; PIPD, passive interpersonal distance; ΔPOS-IPD/NEG-IPD, the IPD after positive/negative IPD feedbacks minus the baseline; IQR, interquartile range; *p < 0.05; ***p < 0.001.


Interpersonal distance-affection stage: the baseline IPD in the IPD-Affection stage (0.799 ± 0.233) was significantly shorter than the initial IPD in the IPD-Inclusion stage [0.857 ± 0.285, t = 2.430 (37), p = 0.02] in the PS condition. There was no significant difference between the initial IPD (0.944 ± 0.313) and baseline IPD [0.921 ± 0.281, t = 1.013 (37), p = 0.318] in the DS condition. The ANOVA results showed the main effects of the relationship [F (1, 32) = 5.517, p = 0.025, η2 = 0.147] and IPD feedback [F (1, 32) = 53.856, p < 0.001, η2 = 0.627]. The post-hoc analysis showed that the changes in IPD values (ΔPOS-IPD and ΔNEG-IPD) in the DS condition were smaller than those in the PS condition. In addition, the ΔNEG-IPD was larger than the ΔPOS-IPD for the two conditions. No interaction effects were observed (Figure 4B).



Questionnaire measurements

The results showed a significant difference in the IPD-controllable processes of PS conditions in the IPD-Control stage (χ2 = 24.4, p < 0.001); 25 participants chose personal IPD (0.6 m) as the most comfortable IPD. No significant result was found in the teacher (deprivation/controllable) and student (deprivation) conditions (Supplementary Table 3).



Activation channels in each interpersonal distance stage

Interpersonal distance-inclusion stage: in the DS condition, the results revealed significant activations in channels 11 (located in the DLPFC/FPA, BA9/BA10) and 17 (located in the left Broca’s area/DLPFC, BA45/BA46) during the PIPD-E period (Figure 5A). In the PS condition, results showed activated channel 11 (BA9/BA10) during the PIPD-E period (Figure 5E); activated channel 4 (located in the right Broca’s area/DLPFC, BA45/BA46) during the AIPD-A period (Figure 5F); activated channels 7 (located in the right FPA/DLPFC, BA10/BA46) and 18 (located in the left FPA/DLPFC/inferior prefrontal gyrus, BA10/BA46/BA47) during the PIPD-A period (Figure 5G). There were no significant results found in other channels. T-test results are shown in Supplementary Table 4.
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FIGURE 5
Activation maps in the three IPD stages of the DS and PS conditions. (A) Activation maps in the IPD-Inclusion stage of the DS condition. (B) Activation maps in the IPD-control stage (deprivation process) of the DS condition. (C,D) Activation in the IPD-Affection stage of the DS condition. (E–G) Activation maps in the IPD-inclusion stage of the PS condition. (H) Activation maps in the IPD-control stage (controllable process) of the PS condition. (I,J) Activation in the IPD-affection stage of the PS condition. DS, differing social status; PIPD-E, passive interpersonal distance during the evaluation period; AIPD-A, active interpersonal distance during the action period; PIPD-A, passive interpersonal distance during the action period; intimate IPD_deprivation (0.3 m), intimate IPD (0.3 m) during deprivation process; intimate IPD_controllable (0.3 m), intimate IPD (0.3 m) during controllable process; POS-E, IPD evaluation period after positive feedback; NEG-E, IPD evaluation period after negative feedback. The vertical color scale indicates the statistical significance of the T-values. >, compared to. Significance of all maps were set as FDR_p ≤ 0.05.


Interpersonal distance-control stage: in the DS condition, results showed activation results in channel 9 (located in the right FPA/Orbitofrontal area, BA10/BA11) in the intimate IPD (0.3 m) during the deprivation process (Figure 5B). In the PS condition, significant activation results were shown in channels 9 (BA10/BA11), 11 (BA9/BA10), 12 (located in the FPA, BA10), 13 (located in the FPA, BA10), and 14 (located in the left DLPFC/FPA, BA9/BA10/BA46) in the intimate IPD (0.3 m) during the controllable process (Figure 5H). There were no significant channels shown in the DS and PS conditions. T-test results are shown in Supplementary Table 5.

Interpersonal distance-affection stage: in the DS condition, the results revealed activations in channels 6 (located in the right FPA/DLPFC, BA10/BA46), 7 (BA10/BA46), and 16 (located in the left FPA/DLPFC, BA10/BA46) in the comparison of Oxy-Hb changes after positive feedback and baseline during the evaluation period (Figure 5C); results also showed significant channels 4 (BA45/BA46), 7 (BA10/BA46), and 16 (BA10/BA46) in Oxy-Hb changes after negative feedback compared to baseline during the evaluation period (Figure 5D). In the PS condition, activated channels 4 (BA45/BA46), 5 (located in the right Broca’s area/DLPFC, BA45/BA46), 6 (BA10/BA46), 7 (BA10/BA46), 14 (BA9/BA10/BA46), 15 (located in the left FPA/Orbitofrontal area, BA10/BA11), 16 (BA10/BA46), 17 (BA45/BA46), 18 (BA10/BA46/BA47), and 19 (located in the left Broca’s area/DLPFC, BA45/BA46) were shown in the paired t-test of Oxy-Hb changes after positive feedback and baseline during the evaluation period (Figure 5I); results also revealed significant results in channels 4 (BA45/BA46), 5 (located in the right Broca’s area/DLPFC, BA45/BA46), 6 (BA10/BA46), 7 (BA10/BA46), 15 (BA10/BA11), 17 (BA45/BA46), 18 (BA10/BA46/BA47), and 19 (BA45/BA46) in the evaluation period in comparison of after and before negative feedback (Figure 5J). No significant channels were found in other tasks in the DS and PS conditions. T-test results are shown in Supplementary Table 6.



Oxygenated hemoglobin changes in each channel under conditions

Interpersonal distance-inclusion stage: ANOVA results showed a main effect of social status for channel 9 (BA10/BA11); the post-hoc test revealed more Oxy-Hb changes in the DC condition than in the PS condition (Supplementary Table 4). Moreover, ANOVAs showed the main effect of IPDs for channels 7 (BA10/BA46), 8 (located in the right DLPFC/FPA, BA9/BA10), 11 (BA9/BA10), 12 (BA10), 15 (BA10/BA11), and 18 (BA10/BA46/BA47); the post-hoc test reported more Oxy-Hb changes in the PIPD than in the AIPD in the significant channels. In addition, significant main effects in the periods were shown in channels 4 (BA45/BA46), 6 (BA10/BA46), 7 (BA10/BA46), and 11 (BA9/BA10); the post-hoc test showed greater Oxy-Hb changes in action period than in the evaluation period in the significant channels. Importantly, interaction effects between social status and IPD were observed in channels 4 (BA45/BA46) and 9 (BA10/BA11) (Figures 6A,B); simple effects analysis showed significant Oxy-Hb changes in the AIPD than in the PIPD of the PS condition, both in channels 4 (BA45/BA46) and 19 (BA45/BA46); simple effects analysis also revealed greater Oxy-Hb changes of PIPD in the DS condition than in the PS condition in channel 19 (BA45/BA46). No other interaction effects were found. Repeated measure ANOVA results of the IPD-Inclusion stage are shown in Supplementary Table 7.
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FIGURE 6
Beta value difference of Oxy-Hb changes in conditions and tasks of each IPD stage. (A,B) Differences of the Oxy-Hb changes in conditions and tasks of channels 4 and 19 in the IPD-inclusion stage. (C–F) Simple effects analysis results in channels 7, 9, 10, and 12 in the IPD-control stage. (G–K) Δbeta-values of Oxy-Hb differences in conditions and tasks of channels 13, 14, 16, 17, and 19 in the IPD-affection stage. DS, differing social status; PS, peer social status; AIPD-E, active interpersonal distance in evaluation periods; PIPD-E, passive interpersonal distance in evaluation periods; AIPD-A, active interpersonal distance in action periods; PIPD-A, passive interpersonal distance in action periods. SD stands for social IPD (1.2 m) under deprivation processes; PD means personal IPD (0.6 m) under deprivation processes; ID means intimate IPD (0.3 m) under deprivation processes. SC stands for social IPD (1.2 m) under controllable processes; PC stands for personal IPD (0.6 m) under controllable processes; IC stands for intimate IPD (0.3 m) under controllable processes. POS-E means positive IPD feedback in evaluation periods. NEG-E means negative IPD feedback in evaluation periods. POS-A means positive IPD feedback in actions. NEG-A means negative IPD feedback in action periods. The column shows the mean beta-values/Δ beta-values in each channel, and the error bar shows the standard error. *p ≤ 0.05.


Interpersonal distance-control stage: the main effect of social status was shown in channel 13 (BA10); the post-hoc test showed more Oxy-Hb changes in the PS condition than in the DS condition. The main effects of processes were found in channels 4 (BA45/BA46), 6 (BA10/BA46), 17 (BA45/BA46), and 19 (BA45/BA46); the post-hoc test reported greater Oxy-Hb changes in the deprivation process than in the controllable process. Moreover, main effects of IPDs showed in channels 5 (BA45/BA46), 7 (BA10/BA46), 8 (BA9/BA10), 9 (BA10/BA11), 10 (located in the FPA, BA10), 11 (BA9/BA10), 12 (BA10), 13 (BA10), 14 (BA9/BA10), and 15 (BA10/BA11); the post-hoc test showed greater Oxy-Hb changes in intimate IPD (0.3 m) than in the social IPD (1.2 m) or personal IPD (0.6 m) in the significant channels.

Additionally, interaction effects of social status and processes were shown in channels 10 (BA10), 12 (BA10), 13 (BA10), 14 (BA9/BA10/BA46), 15 (BA10/BA11), 16 (BA10/BA46), 17 (BA45/BA46), and 18 (BA10/BA46/BA47); simple effects analysis showed more Oxy-Hb changes of deprivation process in the DS condition than in the PS condition in channels 10 (BA10), 12 (BA10); simple effects analysis also showed greater Oxy-Hb changes of controllable process in the PS condition than in the DS condition in channels 13 (BA10), 14 (BA9/BA10/BA46), 16 (BA10/BA46), 17 (BA45/BA46), and 18 (BA10/BA46/BA47); simple effects analysis further revealed significant Oxy-Hb changes in the deprivation process than the controllable process, under the DS condition. Furthermore, significant interaction effects of processes and IPDs were observed in channels 4 (BA45/BA46), 5 (BA45/BA46), 7 (BA10/BA46), and 10 (located in the FPA, BA10); simple effects analysis showed more Oxy-Hb changes in the deprivation process than in the controllable process, in the social (1.2 m), personal (0.6 m), and intimate (0.3 m) IPDs of channel 4 (BA45/BA46); simple effects analysis also showed greater Oxy-Hb changes in the intimate IPD (0.3 m) than in the social (1.2 m) or personal (0.6 m) IPDs during the controllable process in channels 5 (BA45/BA46), 7 (BA10/BA46), and 10 (BA10). No interaction effects of social status and IPDs were found.

In addition, significant three-factor interaction effects among social status, processes, and IPDs were shown in channels 7 (lBA10/BA46), 9 (BA10/BA11), 10 (FPA, BA10), and 12 (BA10) (Figures 6C–F). The main results of simple effects analysis showed greater Oxy-Hb changes in the DS condition than in the PS condition during the intimate IPD (0.3 m) deprivation process in channels 9 (BA10/BA11), 10 (BA10), and 12 (BA10). However, simple effects analysis observed more Oxy-Hb changes in the PS condition than in the DS condition in the social (1.2 m) and intimate (0.3 m) IPDs during the controllable process in channels 10 (BA10) and 12 (BA10). Repeated measure ANOVA results of the IPD-Control stage are shown in Supplementary Table 8.

Interpersonal distance-affection stage: the significant main effect of social status showed in the [Oxy-Hb] for channel 17 (BA45/BA46); the post-hoc test reported greater [Oxy-Hb] in the PS condition than in the DS condition. Moreover, ANOVA results revealed a significant main effect of IPD feedback for channels 8 (BA9/BA10/BA46), 9 (BA10/BA11), 10 (BA10), 11 (BA9/BA10), 12 (BA10), and 16 (BA10/BA46); the post-hoc test showed more [Oxy-Hb] in the positive feedback than negative feedback in all significant channels. Results also found main effects in periods for channels 4 (BA45/BA46), 5 (BA45/BA46), 6 (BA10/BA46), 7 (BA10/BA46), 16 (BA10/BA46), 18 (BA10/BA46/BA47), and 19 (BA45/BA46); the post-hoc test showed more [Oxy-Hb] in the evaluation period than in the action period for significant channels.

Besides, ANOVA results showed interaction effects between social status and IPD feedback for channels 14 (BA9/BA10/BA46) and 16 (BA10/BA46) (Figures 6H,I); simple effects analysis showed a significant larger [Oxy-Hb] in the positive feedback than in the negative feedback of the PS condition in channels 14 (BA9/BA10/BA46) and 16 (BA10/BA46); simple effect also showed more [Oxy-Hb] in the PS condition than in the DS condition in the positive feedback for channel 16 (BA10/BA46). Moreover, results showed significant interaction effects in social status and periods for channel 19 (BA45/BA46) (Figure 6K); simple effects analysis showed [Oxy-Hb] in the DS condition were more than in the PS condition during the action period. Results also showed interaction effects of IPD feedback and period for channels 13 (BA10) and 17 (BA45/BA46) (Figures 6G,J); simple effects analysis showed more [Oxy-Hb] in the positive feedback than in the negative feedback during the action period; simple effects analysis also showed greater [Oxy-Hb] of negative feedback in the evaluation period than in the action period. No interaction effects of social status, IPD feedback, and periods were found. Repeated measure ANOVA results of the IPD-Affection stage are shown in Supplementary Table 9.



Correlation between oxygenated hemoglobin changes and interpersonal distance performance

Significant negative correlations were observed in the IPD-Inclusion and the IPD-Affection stages in the PS condition only. In the IPD-Inclusion stage, a negative correlation was found between AIPD performance and Oxy-Hb changes in channel 12 (BA10) during the evaluation period (r = −0.438, p = 0.007) (Figure 7A). In the IPD-Affection stage, negative correlation between ΔNEG-IPD (after negative feedback and baseline) and [Oxy-Hb] in channels 11 (BA9/BA10) (r = −0.464, p = 0.023) and 19 (BA45/BA46) (r = −0.571, p = 0.005) during the action period (Figures 7B,C). No other significant correlations were found.
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FIGURE 7
Correlation between IPD performance and beta values of Oxy-Hb changes in the IPD-inclusion stage and IPD-Affection stage. (A) A significant correlation between changes of Oxy-Hb in channel 12 and the AIPD during the evaluation period in the PS condition. (B,C) A significant correlation between Δbeta-values of Oxy-Hb changes in channels 11 and 19 and the ΔNEG-IPD during the action period in the PS condition. PS, peer social status; AIPD, active interpersonal distance; ΔNEG-IPD, IPD gaps in IPD after negative feedback minus the baseline; Each scatter plot reports the equation formula (y = b + a*x), regression square of fitted linear regression (R2), Pearson correlation coefficients (r), p-values, 95% confidence interval (pink shadow) and one piece of dyad data (gray dot).





Discussion

The present research investigated IPD performance and PFC alterations in the development process of real-time differing social status IPD interactions for the first time, combining objectives from social-behavioral psychology and neuroscience. We explored PFC alterations based on modified stop-distance paradigms using fNIRS in healthy participants. We observed a significantly larger IPD in the DS condition than in the PS condition in the IPD-Inclusion stage. The participants did not tend to get close to the teachers but were closer to the students with IPD development (IPD-Control and IPD-Affection stages). Importantly, FPA (BA10), DLPFC (BA9/BA46), and Broca’s area (BA45) activations in real-time differing social status IPD interactions were consistently found along with IPD development for the first time. We found brain activations both in the evaluation and action period in the IPD-Inclusion stage; enhanced FPA (BA10) in the PIPD-E both in the DS and PS conditions; and FPA (BA10), DLPFC (BA9/BA45), and Broca’s area (BA45) responded to the IPD actions. In addition, activated FPA (BA10) and DLPFC (BA9/BA46) in the intimated IPD (0.3 m) were shown in the IPD-Control stage. In the IPD-Affection stage, significant enhancement of the FPA (BA10), DLPFC (BA9/BA46), and Broca’s area (BA45) was observed during the evaluation period after positive and negative feedback both in the DS and PS conditions. Notably, significant differences Oxy-Hb changes in channels located in the Broca’s area (BA45), FPA (BA10), and DLPFC (BA9/BA46) were observed between the DS condition and PS condition in the three IPD stages. Accordingly, the results suggest that the differing social status affects IPD performance and that FPA (BA10), DLPFC (BA9/BA46), and Broca’s area (BA45) play critical roles during the real-time differing social status IPD interactions in different stages.


Interpersonal distance gaps in real-time differing social status interpersonal distance interactions

We found that IPD gaps exist between differing social status. Participants maintained a larger IPD with teachers than with peer students, which is supported by the IPD-Inclusion stage. Previous studies have shown that social status strongly affects IPD (Gifford, 1982); our study supports this view. In addition, the participants remained at a distance from the teachers in the IPD-Control stage but were willing to approach peer students. In the subjective IPD questionnaire, the DS condition did not change, whereas the PS condition showed that 25 participants selected personal IPD (0.6 m) as the most comfortable distance. Furthermore, IPD action (after feedback) showed consistent results with prior social feedback studies, with a closer IPD after positive feedback and a larger IPD following negative feedback (Knowles et al., 2014; Johnson, 2016). However, the IPD changes after IPD feedback in the DS condition were not as pronounced as those in the PS condition, implying that participants preferred to maintain a relatively stable and safe IPD from the teacher. Accordingly, the results indicate that there are IPD gaps between differing social status, and student participants tended to maintain a spatial IPD from the teacher while developing an intimate IPD toward other students.



Brain activations in real-time differing social status interpersonal distance interactions

The brain activations in the differing social status IPD interaction showed stage features. In the IPD-Inclusion stage, the present study revealed brain activations in IPD evaluation and action periods, indicating that participants focused on both IPD cognitions at the beginning stage. Moreover, results in the IPD-Control stage indicated that FPA (BA10) and DLPFC (BA9/BA46) changes were sensitive to intimate IPD (0.3 m) in the deprivation (DS condition) and controllable (PS condition) process. It indicated the function of PFC in IPD motion sensitivity and control; a narrow IPD evokes PFC changes. Additionally, the activated FPA (BA10), DLPFC (BA9/BA46), and Broca’s area (BA45) was shown both in the DS and PS conditions during the evaluation periods after receiving the positive and negative IPD feedback (compared to baseline) in the IPD-Affection stage. fMRI studies showed that social evaluation feedback aroused DLPFC (BA9/BA46) and MPFC (Achterberg et al., 2020) and demonstrated the role of DLPFC (BA9/BA46) in processing social hierarchy (Zink et al., 2008). Although Broca’s area was not the ROI initially, it was consistently active in IPD interactions. The Broca’s area was proved as a critical region for social communication, including the involvement of non-verbal behaviors (Hupfeld et al., 2017) and sign language (Trettenbrein et al., 2021). Our results highlighted the function of FPA (BA10), DLPFC (BA9/BA46), and Broca’s area (BA45) in real-time differing social status IPD interactions after social feedback. Therefore, FPA (BA10), DLPFC (BA9/BA46), and Broca’s area (BA45) cognitive resources focus on different IPD cognitive tasks at different stages and are influenced by IPD stages. In short, brain activities shifted along with IPD development in the differing social status interactions.

Furthermore, greater Oxy-Hb changes in the FPA (BA10) and DLPFC (BA9/BA46) showed in PIPD relative to AIPD both in the evaluation and action period of the IPD-Inclusion stage. Neural studies showed a significant alteration in the DLPFC (BA9/BA46) and MPFC in approaching social tasks (Schienle et al., 2017; Cohen and Shamay-Tsoory, 2018), which is similar to the PIPD task in the present study. However, those studies did not discuss the brain activities in the AIPD and the neural differences between the AIPD and PIPD. PIPD is a social distance passively approached by others, which may violate interpersonal spatial boundaries. Participants’ PFC activations concentrated on processing PIPD may be because PIPD is associated with self-space protection and prevention of aggression by others, which elicits self-boundary vigilance. Previous studies showed the significant role of the amygdala in the PIPD cognitions (Wabnegger et al., 2016). The amygdala functions in dealing with social threats and fear (Twining et al., 2017), and evidence indicated DLPFC (BA9/BA46) connectivity with the amygdala during threat processing (Gold et al., 2015). Our results supported the amygdala-prefrontal neural circuit. Besides, the IPD interaction in the first stage may cause social anxiety. An fNIRS study showed that the FPA (BA10) reflects social anxiety in a free speaking task (Tomita and Kumano, 2021). Accordingly, the present study proposed that FPA (BA10) and DLPFC (BA9/BA46) play a critical role in PIPD interactions at the beginning of the IPD interaction for the self-protective.

Additionally, action and non-action period comparisons showed brain activations in each differing social status IPD stage. Results in comparison of evaluation and action periods indicated the distinguished brain function in processing IPD tasks. Compared to the evaluation, the action period showed significant activities in Broca’s area (BA45) and DLPFC (BA9/BA46). But enhanced Oxy-Hb changes in FPA (BA10) were observed in the evaluation period relative to the action period. DLPFC has been regarded as an essential brain area in motor behavior (Cieslik et al., 2013), and FPA (BA10) affects the decision-making efficacy (Laureiro-Martínez et al., 2014). What we found in the present study highlighted Broca’s area (BA45) and DLPFC (BA9/BA46) functions in social actions and FPA (BA10) in social evaluations. In addition, we confirmed the significant Oxy-Hb changes in the deprivation (non-action) relative to controllable (action) processes in the Broca’s area (BA45), DLPFC (BA9/BA46), and FPA (BA10). It indicated that being approached by others in different IPDs consumed more resources than taking IPD actions. However, things are complicated if we consider social status; we discussed this point in 4.3.

Differences between non-action relative to action IPD process were also found in the IPD-Affection stage; DLPFC (BA9/BA46), FPA (BA10), and Broca’s area (BA45) only showed in the evaluation period (after feedback) compared to baseline (before feedback), implying a complex social interaction context aroused significant brain activations. However, the IPD feedback from teacher/peer students significantly impacted the IPD evaluation even though participants were aware of their most comfortable IPD. It implies the feedback effects in interpersonal interactions. From one aspect, deciding the most comfortable IPD became a complex process after IPD feedback. Neuroimage studies propose the vital role of right-DLPFC (BA9/BA46) in social interactions, such as in the decision-making of ultimatum game (Speitel et al., 2019), and significant IBS shown in the right-DLPFC (BA9/BA46) in the group decision-making behavior (Zhang et al., 2021). From another aspect, the IPD action after feedback is the outcome of the self-IPD and the IPD of partners (teacher/peer student). Lesions in FPA (BA10) were shown to be dysfunctional in prosocial behavior (Moll et al., 2011). Evidence indicated that FPA (BA10) is significant in self-other social interactions (Ruby and Decety, 2004). Besides, functions of Broca’s area (BA45) have been expanded beyond verbal cognition, such as motion observation (Caspers et al., 2010) and involvement in cooperation (Zhou et al., 2022). Our results further enrich the social functions of the Broca’s area (BA45). Results in the third IPD stage demonstrated the role of brain alterations in IPD evaluation following social feedback. Therefore, the current study indicated the significance and flexibility of the FPA (BA10), DLPFC (BA9/BA46), and Broca’s area (BA10) in dealing with different IPD tasks in different IPD stages.

The present research represents the first step in proving that the DLPFC (BA9/BA46), FPA (BA10), and Broca’s area (BA45) functions under rich real-time IPD interactions in differing social status in each IPD stage. The DLPFC (BA9/BA46) is considered to be a social brain specific to social cognition and control (Schmidt et al., 2018) and is related to social affective and sensory processing (Burns, 2006). We observed the DLPFC (BA9/BA46) activation in IPD cognitions across three IPD stages. Moreover, the FPA (BA10) has been implicated in the representation of realistic social interactions, like face-to-face conversations (Suda et al., 2010). Here, the role of the FPA (BA10) was highlighted in the IPD evaluation and action task periods. Besides, the present study uncovered the participation of Broca’s area in non-verbal IPD interactions and added new insight into the role of Broca’s area as a sophisticated brain region. Therefore, our findings support and highlight the role of the DLPFC (BA9/BA46), FPA (BA10), and Broca’s area (BA45) during real-time IPD interactions between differing social status.



Differences in neural changes between the differing social status condition and peer social status condition

The present study identified significant differences in neural changes between the DS condition and the PS condition. In the IPD-Inclusion stage, greater neural changes in the DS condition than in the PS condition in PIPDs. It indicated that IPD interactions with the teacher are an energy-consuming and stressful social situation for the student participants, especially in a passive status. However, we only found neural activations during IPD action periods in the PS conditions. It is suggested that interacting with a peer student is more intreating for student participants compared to teachers.

In the IPD-Control stage, simple effects analysis results indicated a neural resource-consuming under deprivation process, especially when approached by teachers arrived at an intimate IPD (0.3 m). This finding suggested the social avoidance of participants from teachers, which is also supported by the evidence from the controllable process. We found the neural changes actively in the controllable process of the peers relative to teachers, indicating the willingness, interest, and tendency to establish a relationship with peers. Claims based on the neuro changes are consistent with the behavior and questionnaire results. We proposed that social status affects the Oxy-Hb changes to different IPD processes in the differing social status IPD interactions.

In the IPD-Affection stage, we observed more Oxy-Hb differences before and after positive feedback in the PS condition than in the DS condition. After participants received IPD feedback, they actively considered and acted to the IPD between themselves and peers, reflected in a significant increase in the PS condition relative to the DS condition during the IPD interactions after positive feedback. It implies that the feedback effects are more meaningful in the PS condition relative to the DS condition. However, greater neural changes in the DS condition than in the PS condition were observed after feedback during the action periods. It may activate plenty of cognition resources to take action after feedback from teachers, as they are of high status and always an authority to student participants.

Our results are partly consistent with neural findings in other status-gap social interactions. One study showed that cooperating with a teacher consumes more neural changes than cooperating with a student (Sun et al., 2021). Communications in leader-follower pairs revealed more neural activity than in follower–follower pairs (Jiang et al., 2015). However, the present study found more neural changes in the PS condition relative to the DS condition in some IPD interaction contexts. It means that IPD interactions between differing social status are incredibly complex, and the cognitive processing of IPD interactions changes depending on the interaction situation between differing social status. Furthermore, significant differences in neural changes in social status were observed in the Broca’s area (BA45), FPA (BA10), and DLPFC (BA9/BA46). Neuroimage evidence showed significant differences in the Broca’s area (BA45) and DLPFC (BA9/BA46) between low- and high-socioeconomic disparity groups in a live pro-social dialog (Descorbeth et al., 2020). Hence, the present study proposed the critical role of Broca’s area (BA45), FPA (BA10), and DLPFC (BA9/BA46) in processing differing social status under real-time IPD social interaction, and further research is needed.



Correlations between interpersonal distance performance and neural changes

We found negative correlations between IPD performance and neural changes only during evaluation and action periods in the PS condition. The results are partly consistent with previous studies. Connectivity strength between the midbrain and the left premotor cortex negatively correlated with the IPD performance (Vieira et al., 2020). Meanwhile, other fMRI studies showed positive correlations between the dorsal intraparietal sulcus and IPD performance (Holt et al., 2015). The significant negative correlations between neural changes and IPD performance in the present study could be a reference for real-time IPD studies. Furthermore, correlations showed both in the IPD-Inclusion and IPD-Affection stage. In the IPD-Inclusion stage, the negative correlations indicated that the more neural changes, the smaller the AIPD performance is. It means achieving a close IPD accompanied by numerous PFC changes. In the IPD-Affection stage, the more neural changes between after and before negative feedback, the less alter in IPD after feedback. It implied that the less the IPD changes, the more the differences in Oxy-Hb change before and after negative feedback, which means keeping the initial IPD for oneself arouses the neural changes. Moreover, the negative correlations were located in the FPA (BA10) during the evaluation period, but Broca’s area (BA45) and DLPFC (BA9/BA46) in the action periods. It may imply FPA (BA10) sensitivities to consideration cognition process and the Broca’s area (BA45) and DLPFC (BA9/BA46) response to the IPD actions. Thus, we proposed that Oxy-Hb changes in the FPA (BA10), Broca’s area (BA45), and DLPFC (BA9/BA46) reflect IPD performance in real-time differing social status IPD interactions, and additional research is needed.



Limitations and future directions

The present study has some limitations that we must consider. First, there are limitations to the three IPD stages. The reaction of the action period at the stop time points of participants varied as the step speed of each participant was different. Although this did not seem to affect the final results, a more consistent experimental design is needed to improve the precision of future research. In addition, the present study has limitations with respect to the specific IPD stage. During the IPD-Control stage, the order of deprivation and control conditions was not balanced. This may have resulted in a sequential effect. This problem should be addressed in future studies. In the IPD-Affection stage, we performed an ecological and natural IPD interaction using the dynamic IPD paradigm. However, some participants were excluded because of failure in the experiment performance. One reason is the strict inclusion criteria; once the paradigm in one condition failed, the data were rejected from the activation analysis. Another reason is that the experiment was conducted during the COVID-19 pandemic and was stopped several times to prevent the spread of the virus and then restarted. This affected the continuity of the distance experience of the experimental supporters (teachers/peer students) and the correctness of the IPD feedback. Although the experiment faced many obstacles, it recruited sufficient sample data to report brain activation during IPD interaction. Lastly, the present study focused on the PFC area only, which limited the opportunity to enrich the brain activity evidence, like the parietal and temporal cortex, in the real-time IPD interactions. Future studies should expand the ROIs in the real-time IPD interactions and include multiple brain regions with advanced fNIRS devices.

In future research, we would like to offer some proposals. First, the ecological IPD paradigms in the present study could be applied to other social contexts. The present study did not set a specific social situation, while IPD interactions occur across various daily backgrounds, for example, the IPD may vary in a conversation or a meeting room. Second, more efforts are needed to understand IPD performance and neural alterations. Although the present study found a significant relationship between these variables, it showed a relatively weak correlation. The cognitive processing of IPD in differing social status is complex, and future research could diversify the assessment of IPD behavioral indicators by, for example, combining the assessment of IPD reaction time. Alternatively, future studies could also extend the brain regions of interest to further verify the relationship between variations in brain activity and IPD performance in differing social status IPD interactions. Lastly, while differing social status interaction is a two-person issue, the current study was conducted from one person’s perspective. A neural study of both people should be undertaken and the most comfortable IPD that is accepted by each other should be measured in future studies based on new IPD interaction paradigms.




Conclusion

The present fNIRS study provides the first examination of differing social status IPD interactions in the development process. Based on FIRO theory, we conducted three IPD experiments corresponding to the inclusion, control, and affective stages of IPD interactions. We found that the FPA (BA10), DLPFC (BA9/BA46), and Broca’s area (BA45) were recruited to support the IPD interaction. The present study demonstrated for the first time the changes in PFC and Broca’s area that accompany the development process of differing social status IPD interactions. We uncovered the functional activation of the FPA (BA10), DLPFC (BA9/BA46), and Broca’s area (BA45) for IPD evaluation and action. We identified the critical role of the FPA (BA10), DLPFC (BA9/BA46), and Broca’s area (BA45) in the IPD evaluation period after feedback. In addition, FPA (BA10) and DLPFC (BA9/BA46) were sensitive to intimate IPD (0.3 m) in both conditions, significant during the deprivation process in the DS condition but noticeable in the controllable process in the PS condition. Furthermore, we demonstrated that different social effects in the Broca’s area (BA45), FPA (BA10), and DLPFC (BA9/BA46) varied according to the IPD interaction situations between the DS and PS conditions, which supports the function of those brain areas in social status processing under non-verbal interactions. The current study provides insight into the negative correlation between Oxy-Hb changes of the FPA (BA10), DLPFC (BA9/BA46), and Broca’s area (BA45) and IPD performance, indicating the PFC and Broca’s area (BA45) sensitivity for IPD cognition. Additionally, this study offers experimental paradigms for future real-time human IPD interaction research as a reference. Notably, the present study proves that neural alterations in differing social status IPD interactions from a systematic perspective deepen the comprehension of differing social status non-verbal behavior interactions.



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 Tohoku University (Sendai, Japan). The patients/participants provided their written informed consent to participate in this study.



Author contributions

XH and S-II contributed to conceptualization and writing—review and editing. XH contributed to experimental execution and writing—original draft preparation. XH and YS contributed to data analysis. S-II contributed to supervision. All authors contributed to the article and approved the submitted version.



Acknowledgments

We thank teachers and classmates in our laboratory for the great support of the research. We also thank participants that spend their time joining this research.



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.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnbeh.2022.969440/full#supplementary-material


Abbreviations

IPD, interpersonal distance; DS condition, differing social status condition; PS condition, peer social status condition; fNIRS, functional near-infrared spectroscopy; Oxy-Hb, oxyhemoglobin; FPA, frontopolar area; DLPFC, dorsolateral prefrontal cortex; PFC, prefrontal cortex.

Footnotes

1     https://www.alivelearn.net/xjview


References

Achterberg, M., Van Duijvenvoorde, A. C., van IJzendoorn, M. H., Bakermans-Kranenburg, M. J., and Crone, E. A. (2020). Longitudinal changes in DLPFC activation during childhood are related to decreased aggression following social rejection. Proc. Natl. Acad. Sci. U.S.A. 117, 8602–8610. doi: 10.1073/pnas.1915124117

Akbarian, H., Mazaheri, M. A., Zabihzadeh, A., and Green, J. D. (2020). Attachment-related anxiety and avoidance and regulation of interpersonal distance in close relationships. Curr. Psychol. 41, 4638–4644. doi: 10.1007/s12144-020-00939-2

Burns, J. K. (2006). Psychosis: A costly by-product of social brain evolution in Homo sapiens. Prog. Neuropsychopharmacol. Biol. Psychiatry 30, 797–814. doi: 10.1016/j.pnpbp.2006.01.006

Caspers, S., Zilles, K., Laird, A. R., and Eickhoff, S. B. (2010). ALE meta-analysis of action observation and imitation in the human brain. Neuroimage 50, 1148–1167. doi: 10.1016/j.neuroimage.2009.12.112

Cheng, X., Zhu, Y., Hu, Y., Zhou, X., Pan, Y., and Hu, Y. (2022). Integration of social status and trust through interpersonal brain synchronization. Neuroimage 246:118777. doi: 10.1016/j.neuroimage.2021.118777

Cieslik, E. C., Zilles, K., Caspers, S., Roski, C., Kellermann, T. S., Jakobs, O., et al. (2013). Is there “one” DLPFC in cognitive action control? Evidence for heterogeneity from co-activation-based parcellation. Cereb. Cortex 23, 2677–2689. doi: 10.1093/cercor/bhs256

Cohen, D., and Shamay-Tsoory, S. G. (2018). Oxytocin regulates social approach. Soc. Neurosci. 13, 680–687. doi: 10.1080/17470919.2017.1418428

Cohen, D., Perry, A., Mayseless, N., Kleinmintz, O., and Shamay-Tsoory, S. G. (2018). The role of oxytocin in implicit personal space regulation: An fMRI study. Psychoneuroendocrinology 91, 206–215. doi: 10.1016/j.psyneuen.2018.02.036

Cui, X., Bray, S., Bryant, D. M., Glover, G. H., and Reiss, A. L. (2011). A quantitative comparison of NIRS and fMRI across multiple cognitive tasks. Neuroimage 54, 2808–2821. doi: 10.1016/j.neuroimage.2010.10.069

Descorbeth, O., Zhang, X., Noah, J. A., and Hirsch, J. (2020). Neural processes for live pro-social dialogue between dyads with socioeconomic disparity. Soc. Cogn. Affect. Neurosci. 15, 875–887. doi: 10.1093/scan/nsaa120

Faul, F., Erdfelder, E., Lang, A.-G., and Buchner, A. (2007). G* Power 3: A flexible statistical power analysis program for the social, behavioral, and biomedical sciences. Behav. Res. Methods 39, 175–191. doi: 10.3758/BF03193146

Funane, T., Kiguchi, M., Atsumori, H., Sato, H., Kubota, K., and Koizumi, H. (2011). Synchronous activity of two people’s prefrontal cortices during a cooperative task measured by simultaneous near-infrared spectroscopy. J. Biomed. Opt. 16:077011. doi: 10.1117/1.3602853

Gifford, R. (1982). Projected interpersonal distance and orientation choices: Personality, sex, and social situation. Soc. Psychol. Q. 45, 145–152. doi: 10.2307/3033647

Gold, A. L., Morey, R. A., and McCarthy, G. (2015). Amygdala–prefrontal cortex functional connectivity during threat-induced anxiety and goal distraction. Biol. Psychiatry 77, 394–403. doi: 10.1016/j.biopsych.2014.03.030

Guida, E., Scano, A., Storm, F., Biffi, E., Reni, G., and Montirosso, R. (2021). Mother-infant interaction kinect analysis (MIIKA): An automatic kinematic-based methodology for the investigation of interpersonal distance during early exchanges. Infant Behav. Dev. 63:101567. doi: 10.1016/j.infbeh.2021.101567

Haim-Nachum, S., Sopp, M. R., Michael, T., Shamay-Tsoory, S., and Levy-Gigi, E. (2021). No distance is too far between friends: Associations of comfortable interpersonal distance with PTSD and anxiety symptoms in Israeli firefighters. Eur. J. Psychotraumatol. 12:1899480. doi: 10.1080/20008198.2021.1899480

Hall, E. T. (1963). A system for the notation of proxemic behavior. Am. Anthropol. 65, 1003–1026. doi: 10.1525/aa.1963.65.5.02a00020

Hayduk, L. A. (1978). Personal space: An evaluative and orienting overview. Psychol. Bull. 85:117. doi: 10.1037/0033-2909.85.1.117

Holt, D. J., Boeke, E. A., Coombs, G. III, DeCross, S. N., Cassidy, B. S., Stufflebeam, S., et al. (2015). Abnormalities in personal space and parietal–frontal function in schizophrenia. Neuroimage Clin. 9, 233–243. doi: 10.1016/j.nicl.2015.07.008

Hoshi, Y., Kobayashi, N., and Tamura, M. (2001). Interpretation of near-infrared spectroscopy signals: A study with a newly developed perfused rat brain model. J. Appl. Physiol. 90, 1657–1662. doi: 10.1152/jappl.2001.90.5.1657

Huang, X., and Izumi, S. I. (2021). Neural alterations in interpersonal distance (IPD) cognition and its correlation with IPD behavior: A systematic review. Brain Sci. 11:1015. doi: 10.3390/brainsci11081015

Hupfeld, K. E., Ketcham, C. J., and Schneider, H. D. (2017). Transcranial direct current stimulation (tDCS) to broca’s area: Persisting effects on non-verbal motor behaviors. Neurol. Disord. Ther. 1, 1–5. doi: 10.15761/NDT.1000102

Jang, K. (2009). Wavelet-MDL detrending for near infrared spectroscopy (NIRS). J. Biomed. Opt. 14:034004. doi: 10.1117/1.3127204

Jiang, J., Chen, C., Dai, B., Shi, G., Ding, G., Liu, L., et al. (2015). Leader emergence through interpersonal neural synchronization. Proc. Natl. Acad. Sci. U.S.A. 112, 4274–4279. doi: 10.1073/pnas.1422930112

Johnson, D. B. (2016). (Please don’t) say it to my face! The interaction of feedback and distance: Experiments with vulgar language. Kyklos 69, 336–368. doi: 10.1111/kykl.12113

Knowles, M. L., Green, A., and Weidel, A. (2014). Social rejection biases estimates of interpersonal distance. Soc. Psychol. Pers. Sci. 5, 158–167. doi: 10.1177/1948550613491972

Kroczek, L. O., Pfaller, M., Lange, B., Müller, M., and Mühlberger, A. (2020). Interpersonal distance during real-time social interaction: Insights from subjective experience, behavior, and physiology. Front. Psychiatry 11:561. doi: 10.3389/fpsyt.2020.00561

Laureiro-Martínez, D., Canessa, N., Brusoni, S., Zollo, M., Hare, T., Alemanno, F., et al. (2014). Frontopolar cortex and decision-making efficiency: Comparing brain activity of experts with different professional background during an exploration-exploitation task. Front. Hum. Neurosci. 7:927. doi: 10.3389/fnhum.2013.00927

Moll, J., Zahn, R., de Oliveira-Souza, R., Bramati, I. E., Krueger, F., Tura, B., et al. (2011). Impairment of prosocial sentiments is associated with frontopolar and septal damage in frontotemporal dementia. Neuroimage 54, 1735–1742. doi: 10.1016/j.neuroimage.2010.08.026

Nakagawa, E., Sumiya, M., Koike, T., and Sadato, N. (2021). The neural network underpinning social feedback contingent upon one’s action: An fMRI study. NeuroImage 225:117476.

Noah, J. A., Dravida, S., Zhang, X., Yahil, S., and Hirsch, J. (2017). Neural correlates of conflict between gestures and words: A domain-specific role for a temporal-parietal complex. PLoS One 12:e0173525. doi: 10.1371/journal.pone.0173525

Ruby, P., and Decety, J. (2004). How would you feel versus how do you think she would feel? A neuroimaging study of perspective-taking with social emotions. J. Cogn. Neurosci. 16, 988–999. doi: 10.1162/0898929041502661

Schienle, A., Wabnegger, A., Leitner, M., and Leutgeb, V. (2017). Neuronal correlates of personal space intrusion in violent offenders. Brain Imaging Behav. 11, 454–460. doi: 10.1007/s11682-016-9526-5

Schmidt, L., Tusche, A., Manoharan, N., Hutcherson, C., Hare, T., and Plassmann, H. (2018). Neuroanatomy of the vmPFC and dlPFC predicts individual differences in cognitive regulation during dietary self-control across regulation strategies. J. Neurosci. 38, 5799–5806. doi: 10.1523/JNEUROSCI.3402-17.2018

Schutz, W. C. (1958). FIRO: A three-dimensional theory of interpersonal behavior. New York, NY: Rinehart.

Speitel, C., Traut-Mattausch, E., and Jonas, E. (2019). Functions of the right DLPFC and right TPJ in proposers and responders in the ultimatum game. Soc. Cogn. Affect. Neurosci. 14, 263–270. doi: 10.1093/scan/nsz005

Suda, M., Takei, Y., Aoyama, Y., Narita, K., Sato, T., Fukuda, M., et al. (2010). Frontopolar activation during face-to-face conversation: An in situ study using near-infrared spectroscopy. Neuropsychologia 48, 441–447. doi: 10.1016/j.neuropsychologia.2009.09.036

Sun, B., Xiao, W., Lin, S., Shao, Y., Li, W., and Zhang, W. (2021). Cooperation with partners of differing social experience: An fNIRS-based hyperscanning study. Brain Cogn. 154:105803. doi: 10.1016/j.bandc.2021.105803

Takei, Y., Suda, M., Aoyama, Y., Sakurai, N., Tagawa, M., Motegi, T., et al. (2014). Near-infrared spectroscopic study of frontopolar activation during face-to-face conversation in major depressive disorder and bipolar disorder. J. Psychiatr. Res. 57, 74–83. doi: 10.1016/j.jpsychires.2014.06.009

Takeuchi, N., Mori, T., Suzukamo, Y., and Izumi, S. I. (2019). Activity of prefrontal cortex in teachers and students during teaching of an insight problem. Mind Brain Educ. 13, 167–175. doi: 10.1111/mbe.12207

Tomita, N., and Kumano, H. (2021). Self-focused attention related to social anxiety during free speaking tasks activates the right frontopolar area. Curr. Psychol. 938, 1–14. doi: 10.1007/s12144-021-02319-w

Trettenbrein, P. C., Papitto, G., Friederici, A. D., and Zaccarella, E. (2021). Functional neuroanatomy of language without speech: An ALE meta-analysis of sign language. Hum. Brain Mapp. 42, 699–712. doi: 10.1002/hbm.25254

Twining, R. C., Vantrease, J. E., Love, S., Padival, M., and Rosenkranz, J. A. (2017). An intra-amygdala circuit specifically regulates social fear learning. Nat. Neurosci. 20, 459–469.

Vieira, J. B., Pierzchajlo, S. R., and Mitchell, D. G. (2020). Neural correlates of social and non-social personal space intrusions: Role of defensive and peripersonal space systems in interpersonal distance regulation. Soc. Neurosci. 15, 36–51. doi: 10.1080/17470919.2019.1626763

Vieira, J. B., Tavares, T. P., Marsh, A. A., and Mitchell, D. G. (2017). Emotion and personal space: Neural correlates of approach-avoidance tendencies to different facial expressions as a function of coldhearted psychopathic traits. Hum. Brain Mapp. 38, 1492–1506. doi: 10.1002/hbm.23467

Wabnegger, A., Leutgeb, V., and Schienle, A. (2016). Differential amygdala activation during simulated personal space intrusion by men and women. Neuroscience 330, 12–16. doi: 10.1016/j.neuroscience.2016.05.023

Xia, M., Wang, J., and He, Y. (2013). BrainNet viewer: A network visualization tool for human brain connectomics. PLoS One 8:e68910. doi: 10.1371/journal.pone.0068910

Ye, J. C., Tak, S., Jang, K. E., Jung, J., and Jang, J. (2009). NIRS-SPM: Statistical parametric mapping for near-infrared spectroscopy. Neuroimage 44, 428–447. doi: 10.1016/j.neuroimage.2008.08.036

Zhang, M., Jia, H., Zheng, M., and Liu, T. (2021). Group decision-making behavior in social dilemmas: Inter-brain synchrony and the predictive role of personality traits. Pers. Individ. Differ. 168:110315. doi: 10.1016/j.paid.2020.110315

Zhou, S., Zhang, Y., Fu, Y., Wu, L., Li, X., Zhu, N., et al. (2022). The effect of task performance and partnership on interpersonal brain synchrony during cooperation. Brain Sci. 12:635. doi: 10.3390/brainsci12050635

Zink, C. F., Tong, Y., Chen, Q., Bassett, D. S., Stein, J. L., and Meyer-Lindenberg, A. (2008). Know your place: Neural processing of social hierarchy in humans. Neuron 58, 273–283. doi: 10.1016/j.neuron.2008.01.025



OPS/images/fnbeh-16-969440-g003.jpg
A

IPD-Inclusion Stage

IPD-Control Stage

| %4 IPD-Affection Stage

Rest (20s) Rest (20s) Rest (20s) Rest (20s)
| Participant I Teacher/Student | Participant I Teacher/Student [ | Participant ™ Teacher/Student
f 1 I I I I I |
0 3 0 3 0 3 0 3
AIPD/PIPD Evaluation (10s) Deprivation process (Action 10s) Controllable process (Action 10s) Positive IPD feedback (10s)
' Stand still Walked toward Stand still Walked toward Positive feedback distancesti
AIPD action (10s) A
I T T T T 1 T 1 T 1 1 I I 1 T 1 T T T 1 1
0 03 06 1.2 3 0 03 06 1.2 3
0 3 T
Deprivation process (Post-stop 20s) Controllable process (Post-stop 20s)
PIPD action (10s)
(Stop)
Stop)
— — — ; ; ; , — — — — ,
0 03 06 12 3 0 03 06 1.2 3
I I
0 3 IPD Evaluation after feedback (10s)

v

IPD Adjustment (10s)

Adjustment






OPS/images/fnbeh-16-969440-g002.jpg
IPD-Inclusion stage (Experiment 1) - One trial repeated three times
Rest (205) AIPD/PIPD- AIPD/PIPD- Post-rest Measurement (10s) —
Evaluation (10s) Action (10s) (20s) return (10s/15s)

[PD-Control stage (Experiment 2) - One trial repeated three times

Move to social IPD (1.2 m)/personal
Rest (20s) IPD (0.6 m)/intimate IPD (0.3 m) (10s) Post-rest (20s) | Return (10s/15s)
¥

IPD-Affection stage (Experiment 3)

Step 1: Baseline ( One trlal repeated three tlmes)

Evaluatlon 10s Action (10s 20s return (15s
Step 2: A dynamic IPD interaction paradigm (One trial repeated six times)
Positive/negative IPD- Post- [PD- Post-
IPD feedback | Evaluation | rest, Adjustment | rest,

(10s) (10s) (20s) (10s) (20s)

Measurement
(10s)

Rest
(20s)






OPS/images/fnbeh-16-969440-g005.jpg
Intimate IPD _deprivation (0.3m) >0 E PIPD-E >0 F

AIPD-A >0 G PIPD-A>0

38
s
22 3.0
J NEG-E >Baseline
— 4.8 / — 4.7
v
2.5 2.7 3.0






OPS/images/fnbeh-16-969440-g004.jpg
IPD (meters)

0.8 1

0.6 1

0.4 1

0.2 9

IPD-Inclusion stage B
0.8 1
*
—— *
_ T 0.6 1
0.4 1
—~ 021
—
D)
+~
Q
X éi 0
X a
=W
Pt
<l -02
0.4
B DS condition -0.6
1 PS condition
0.8

AIPD

PIPD

[ ] 25%-75% I Range within 1.5 IQR

IPD-Affection stage

* %k %k

%k
X %k %k T
%k
X
(3 DS condition
1 PS condition
A POS-IPD A NEG-IPD

Median line X Mean O Outlier





OPS/images/fnbeh-16-969440-g001.jpg
(5 )L (s 1 14 )
Right 4 7 10 13 16 19 ) Left
6 ) 1(9 )15 ) (18)
Down

(] Source Detector Channel






OPS/images/cross.jpg
@ Check for updates.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Neural and behavioral alterations of a real-time interpersonal distance (IPD) development process in differing social status interactions



		Introduction



		Materials and methods



		Participants



		Measurements



		Interpersonal distance measurements



		Questionnaire



		Functional near-infrared spectroscopy measurements







		Procedures



		Data analysis



		Near-infrared spectroscopy data processing



		Statistical analyses











		Results



		Interpersonal distance measurements



		Questionnaire measurements



		Activation channels in each interpersonal distance stage



		Oxygenated hemoglobin changes in each channel under conditions



		Correlation between oxygenated hemoglobin changes and interpersonal distance performance







		Discussion



		Interpersonal distance gaps in real-time differing social status interpersonal distance interactions



		Brain activations in real-time differing social status interpersonal distance interactions



		Differences in neural changes between the differing social status condition and peer social status condition



		Correlations between interpersonal distance performance and neural changes



		Limitations and future directions







		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		Abbreviations



		Footnotes



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Behavioral Neuroscience

Neural and behavioral alterations
of a real-time interpersonal
distance (IPD) development

process in differing social status

interactions












OPS/images/logo.jpg
’ frontiers ‘ Frontiers in Behavioral Neuroscience







OPS/images/fnbeh-16-969440-g007.jpg
AIPD-PS (meters)

y=0.839-0.992%x
e  R3%=0.190
r = -0.438.p=0.007

-0.2

00 ' 02
Beta-values of channel 12 (n=37)

A NEG-IPD-PS (meters)

0.6

0.4 -

0.2 -

0.0 +

024

y=0.127-0.805*x

R?=0.221

1=-0.464. p=0.023

-0.2

00
A beta-values of channel 11 (n=24)

0.2

A NEG-IPD-PS (meters)

0.6
y=0.080-0.672*x
R2=0.323
® r=-0.571,p=0.005
0.4 B
0.2 A
0.0 A
]
-02 T T " T
04 -02 0.0

A beta-values of channel 19 (n=22)





OPS/images/fnbeh-16-969440-g006.jpg
>

Average beta-values of channel 4

@

Average beta-values of channel 13

0.15
B AIPD-E O PIPD-E
B AIPD-A 0O PIPD-A
0.1 A
0.05 -
)
I, 0
-0.05
-0.1 4
.0.15 4 DS condition

(n=23)

IPD-Inclusion stage

IPD-Affection stage

91 10 pos-E ONEG-E
O POS-A [ NEG-A
0.08
0.06 4 = = 5
0.04 -
0.02 -
0 .
-0.02 4 DS condition PS condition

PS condition

H

0.06 -
0.05 A1
0.04 4
0.03 -
0.02 A1
0.01 -1

(n=24)

0 4

Iﬁ.}.

-0.01
O POS-E O NEG-E
.0.02 {00POS-A [ NEG-A

DS condition

Average beta-values of channel 14

-0.03 -

Average beta-values of channel 19

[PD-Inclusion stage

0.06 -

0.02

0

-0.02

(n=33)

-0.04

-0.06

-0.1

IPD-Affection stage

’

PS condition

0.04 -

Average beta-values of channel 16

B AIPD-E 0 PIPD-E
-0.08 4@ AIPD-A O PIPD-A

DS condition

23)

(n

ol

-0.15

%

IPD-Affection stage

0.25 —

-

i

POS-E OO NEG-E
OPOS-A @ NEG-A

DS condition

PS condition

PS condition

L -

Average bata-values of channel 17

(n=24)

(@

IPD-Control stage

— 0.07 ]-SD.PDEIID -
~ j Il sD OpDOID o 0.06 {MscOpcOIC _—
< 005 {msc@pcOc = o ; '1[
§ 0.04 1 & 0.05 - *
£ S
S 003 - - 0.04 -

o o
s g < 003 -
2 @ 001 e
g & > £ 0.02 A
© 0 o
2 oo 2 DS
[V (%)
g o0 c 0 =
2 -om 2 oo
-0.04 tion -0.02 DS condition PS condition
E IPD Contlol stage F IPD-Control stage

0.08 _I-SD-pDDID 007 H sp OrDOID
e WscOpcyc__ . |@sc@ecOe
E 0.06 A = 006 1
o =
G g 005 4
S 0044 S 004 4 *

k) — S
9 G 002 -
2R o ™ 0.02
T = !i—l S £ 001 - ﬁ
2 o0 - £ 0
& 'QQ, 0.01
©
s 004 & -002
x ]
-0.06 4 DS condition PS condition = O3 » .
-0.04 DS condition PS condition

IPD-Affection stage

0.12 -

[ POS-E CONEG-E
0.1 JOPOS-A AINEG-A *

0.08 A

0.06 A

*
0.04 -+
0‘02 | aé é
0 / +

0.02 4 !
-0.04 4 DS condition PS condition

O

K

Average beta-values of channel 19

IPD-Control stage

IPD-Affection stage

0.15 .

[0 POS-E OO0 NEG-E
COPOS-A [ NEG-A

DS condition PS condition






