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Interplay Between the Salience and the Default Mode Network in a Social-Cognitive Task Toward a Close Other
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Social cognition relies on two main subsystems to construct the understanding of others, which are sustained by different social brain networks. One of these social networks is the default mode network (DMN) associated with the socio-cognitive subsystem (i.e., mentalizing), and the other is the salience network (SN) associated with the socio-affective route (i.e., empathy). The DMN and the SN are well-known resting state networks that seem to constitute a baseline for the performance of social tasks. We aimed to investigate both networks' functional connectivity (FC) pattern in the transition from resting state to social task performance. A sample of 38 participants involved in a monogamous romantic relationship completed a questionnaire of dyadic empathy and underwent an fMRI protocol that included a resting state acquisition followed by a task in which subjects watched emotional videos of their romantic partner and elaborated on their partner's (Other condition) or on their own experience (Self condition). Independent component and ROI-to-ROI correlation analysis were used to assess alterations in task-independent (Rest condition) and task-dependent (Self and Other conditions) FC. We found that the spatial FC maps of the DMN and SN evidenced the traditional regions associated with these networks in the three conditions. Anterior and posterior DMN regions exhibited increased FC during the social task performance compared to resting state. The Other condition revealed a more limited SN's connectivity in comparison to the Self and Rest conditions. The results revealed an interplay between the main nodes of the DMN and the core regions of the SN, particularly evident in the Self and Other conditions.
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INTRODUCTION

Humans are highly social beings whose general welfare depends on the quality of the relationships established with others. Social cognition (SC) is thus a fundamental ability underlying the most significant human interactions, allowing us to understand our own and others' mental states, anticipate their actions, and act accordingly (1–3). This ability is essential for adaptive interpersonal relationships, including those that we establish with significant close others. Therefore, SC is also crucial for the context of romantic relationships, whose healthy functioning critically depends on the partners' social-cognitive skills. For instance, partners who try to understand, share, and respond to the other's feelings tend to be more satisfied with the relationship (4–6).

In the field of social neuroscience, SC is conceptualized as a multidimensional construct that relies on two main subsystems, or routes, to construct the understanding of others with whom we interact (7, 8). The affective subsystem, commonly referred to in the literature as empathy or affective empathy, is responsible for our ability to experience or share the other person's emotional states (7, 9, 10). The cognitive subsystem, generally addressed as mentalizing, theory of mind, or cognitive empathy, is responsible for our capacity to cognitively represent and understand others' mental and affective states (10–12). Thus, SC involves both low-level embodied processes and high-level inference-based processes.

Over the last decades, researchers have relayed on imaging techniques, such as functional magnetic resonance imaging (fMRI), to investigate the neural basis of these two routes of social processing. Several experimental studies using different social tasks (7, 13, 14), and recent metanalysis (2, 15), have shown that empathy and mentalizing are subserved by different functional brain networks, which have also been replicated in resting state studies (7, 15). Furthermore, a study by Valk et al. (16) revealed that this dissociation between the affective and cognitive subsystems can also be observed at the brain structural level.

The affective subsystem of SC has been mainly associated with regions such as the anterior insula (AI), inferior frontal gyrus (IFG), anterior (ACC) and middle cingulate cortex (MCC), supplementary motor area (SMA), amygdala, and thalamus (7, 17–20). These regions largely overlap with the salience network (SN), a resting state network anchored in the AI and dorsal ACC (dACC) that also comprises the amygdala, ventral striatum, and the substantia nigra/ventral tegmental area (21–23).

The SN is responsible for salience attribution and integration of internal (autonomic, visceral, and somatic) and external cues to guide the emotional, interpersonal, and self-processing (22, 24, 25). The AI and dACC are typically associated with socio-affective tasks involving general forms of empathy, empathy for pain, and other interoceptive processes (26–28). For example, a study by Cheng et al. (13) demonstrated that both regions were highly activated when the participants had to imagine a loved one in pain, compared to imagining a stranger in the same situation, which was replicated in a more recent work by López-Solà et al. (29).

As pointed by Nomi et al. (30), the AI is a specific hub for affective processing and cognitive control, with functional connections to frontal, anterior cingulate, and parietal regions. Furthermore, coactivations of both the AI and ACC are observed during the emotional processing of a wide range of states from disgust to fear or anger (31), which highlights the role of the SN in the affective subsystem of SC.

On the other hand, the cognitive subsystem is subserved by a series of brain regions associated with the mental representations of ourselves and others, namely the medial prefrontal cortex (MPFC), posterior cingulate cortex (PCC) and adjacent precuneus, temporoparietal junction (TPJ), temporal pole (TP), superior temporal sulcus (STS), and inferior parietal lobule (IPL) (7, 18, 32). These regions present a clear anatomical overlap with the brain's default mode network (DMN), one of the most studied resting state networks, that normally exhibits higher activity at rest than during task performance (32–36). Notably, some psychological tasks yield little or no deactivation of the DMN when compared to resting periods (37), being that the DMN remains consistently activated in a wide range of socio-cognitive tasks such as mentalizing and mental state attribution, emotion processing, moral cognition, and episodic and autobiographic memory, among others (18, 21, 38–40).

In fact, the connection between the DMN and SC was consistently reported in various studies (41), including our own, in which we showed its positive association with pro-social personality traits like extraversion and agreeableness, both at the functional (42) and structural level (43), as well as with self-perceived empathy (44, 45). Taken together, these findings support the key role of this network for our ability to infer emotional and cognitive states.

The close relationship between resting state networks and SC, especially with the DMN, has led some authors to suggest that the brain's dynamics at rest may work as a physiological baseline that prepares us to adaptively respond to things social in nature, the most behaviorally relevant stimuli for humans (46–48). This is in line with data showing that the resting state activity facilitates subsequent social task performance activity (49).

In sum, evidence from both task performance and resting state highlights the role of the two SC-related resting state networks to construct the understanding of ourselves and others. What is less known, however, is how the functional organization of these social brain networks changes in the transition from rest to the performance of a social task, either in terms of the reconfiguration of each network's architecture and in terms of the dynamic interactions between both networks. Thus, the present study was designed to address this question by looking at the changes that occur in the transition from resting state to task performance within each network (changes in the connectivity between its nodes), as well as the changes in the interplay between the DMN—as a top-down mentalizing brain network—and the SN—as a bottom-up affective processing network. Importantly, the social task under study includes a self and close other (intimate partner) condition. The great emotional proximity with the target should influence the configuration of the networks under study due to the known anatomical overlap between self and close other processing (50). For example, the MPFC, a DMN region known to be particularly active when thinking about the self (51), is also active when thinking about a close other, particularly the ventral portion (52). Likewise, Courtney and Meyer (53), in their work about how the brain organizes representations of others based on their proximity to the self, reported a self-other overlap in the main DMN's nodes, such as MPFC and PCC/precuneus.

In terms of the interplay between the DMN and the SN, once most real social situations require both emotional sharing and mental state understanding abilities, it should be expected a significant cross-network interaction during the performance of socio-cognitive tasks, as demonstrated by previous studies (54, 55). For example, a study by Meyer et al. (56) found significant FC between the MPFC and dACC and insula in situations where participants observed a friend experiencing social exclusion compared to a stranger. In the same line, Kanske et al. (8) demonstrated that the two networks appeared to interact during the performance of a social task. Specifically, they found that during highly emotional situations, the AI inhibited the TPJ activity—a DMN's region involved in the cognitive representation of both self and other's internal states and self-other distinction (57, 58)—which, according to the authors, may indicate that in situations where empathizing and mentalizing are required, the former ability may be prioritized over the latter.

In the present study, we used two complementary approaches to analyze the pattern of FC: independent component analysis (ICA), a purely data-driven method that provides information about whole-brain functional networks (59, 60), to analyze each network's pattern of FC across the different conditions, and ROI-to-ROI correlation analysis, a method used to characterize the connectivity between pairs of predefined regions of interest (ROIs) (61), to study the interplay between the networks. To the best of our knowledge, this is the first study to use an ROI-to-ROI approach to study the FC between the DMN and the SN across different brain states. Here, we consider the SN to be mainly composed by the AI and dACC (24) and the DMN to be mainly composed by the MPFC, PCC/precuneus, and TPJ (32, 35).

Regarding the FC of the DMN across conditions, we hypothesize that the spatial maps of the DMN extracted using ICA will present the traditional nodes composing the network in the three blocks (Rest, Self, and Other). Due to the nature of the social task, which requires a clear mentalizing content, the FC of the DMN may even increase in the transition from rest to task, that is, the mentalizing regions traditionally composing the network, namely MPFC, PCC/precuneus, and TPJ, will exhibit greater FC in the Self and Other conditions in comparison to Rest.

In what concerns the SN, we also hypothesize that we will be able to observe the typical functional connectivity map of this network during Rest, Self, and Other processing. Moreover, due to the role of the SN, namely the AI and ACC nodes, for self-interoceptive processes and for the integration of physiological changes and bodily sensations, we expect to find a greater FC in these regions in the Self condition.

Regarding the interplay between networks, we expect to observe an increased connectivity between the DMN and the SN main nodes, in the Self and Other conditions, in comparison to the Rest condition. This is based on previous evidence suggesting that large-scale brain networks increase their integration as a response to task complexity (55). Additionally, we expect an increased FC between the ventral nodes of the DMN and the areas of the SN, during the Self condition in comparison to the Other condition, based on previous evidence showing an increased interplay between ventral areas of the DMN and the SN in self related processing (8, 13, 62).

Finally, in terms of how the FC of these two social brain networks relates with self-reported scores on the affective and cognitive dimensions of SC, we anticipate that the connectivity within the DMN will be positively correlated with the scores in the cognitive dimension and that the connectivity within the SN will be associated with the scores in the affective dimension.



MATERIALS AND METHODS


Participants

Thirty-eight (17 females) Caucasian subjects who reported to be in a committed monogamous romantic relationship for at least 1 year participated in this study. The participants were recruited through a snowball sampling method. Prior to any procedure, inclusion and exclusion criteria were assessed during a preliminary screening interview conducted over the telephone. The inclusion criteria were as follows: age between 20 and 50 years old; right-handed; no prior or concurrent diagnosis of any neurological or psychiatric disorder; not dependent on alcohol and/or drugs in the last year; and ability to attend a magnetic resonance imaging (MRI) screening session (e.g., absence of metallic implants, pregnancy, etc.). The majority of the participants had college degrees (78.95%), and their ages ranged from 23 to 39 years old (M = 31.08, SD = 4.73; for males: M = 31.57, SD = 8.32; and for females M = 30.47, SD = 8.58). The mean duration of the relationship was 7.89 years (SD = 3.98, range = 1–15 years). Regarding relationship status, 31.58% were married couples, 36.84% were living together, and 31.58% were dating.



Self-Report Measures

Before the experiment, participants completed a set of self-report measures of empathy and dyadic adjustment. In this study, we focused on the Portuguese version of the Interpersonal Reactivity Index for Couples (IRIC) to assess socio-cognitive skills in the context of the relationship. This instrument, initially developed by Péloquin and LaFountaine (5), and adapted to Portuguese by Coutinho et al. (63), is a modified version of the Interpersonal Reactivity Index (IRI) (64), that assesses cognitive and emotional empathy in the context of intimate relationships. It contains 13 items evaluated on a five-point Likert scale, divided into two subscales. The dyadic perspective taking subscale (PT) is composed of six items that measure the tendency to adopt the partner's points of view spontaneously. The dyadic empathic concern subscale (EC) comprises seven items and focuses on the feelings of sympathy and concerns oriented toward the partner in unfortunate situations.

The IRIC (α = 0.82) total score varies between 0 and 52, with higher scores indicating higher perceived dyadic empathy abilities. The score of PT (α = 0.85) ranges between 0 and 24, and the score of EC (α = 0.67) ranges between 0 and 28. Detailed participants' scores can be found in Table 1.


Table 1. Participants' IRIC total scores and respective subscales scores.
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Experimental Procedure

After the first screening to assess the inclusion in the study, the goals and procedures of the study were explained to the participants, who signed a written informed consent before the beginning of the experiment. This study belongs to a large research project about social cognition in the context of romantic interaction, which was approved by the Institutional Review Board of the University of Minho and complied with the principles expressed in the Declaration of Helsinki (with the amendment of Tokyo 1975, Venice 1983, Hong Kong 1989, Somerset West 1996, Edinburgh 2000).

The experiment started with each participant completing a sociodemographic form and the self-report measures. Then, after ensuring all the security measures, each participant went on an fMRI scanning session at a clinical hospital in Oporto. While being scanned, the participants performed a social task described below. The total experimental procedure time lasted 45 min.



Image Acquisition

Structural (T1) and functional (T2*) images were acquired with a clinically approved 3 Tesla MRI scanner (Siemens Magnetom Skyra, Erlangen, Germany) in one imaging session per participant. Each session included one MPRAGE T1 scan (192 sagittal slices) with the following parameters: repetition time (TR) = 2,000 ms; echo time (TE) = 2.33 s; flip angle (FA) = 7°; field of view (FoV) = 256 mm; slice gap = 0 mm; pixel size = 0.8 × 0.8 mm2; and slice thickness = 0.8 mm and one functional blood oxygen level depend (BOLD) sensitive echo-planar imaging (EPI) sequence (375 volumes; 39 axial slices) with the subsequent imaging parameters: TR = 2,000 ms; TE = 29 ms; FA = 90°; FoV = 1,554 mm; matrix size = 64 × 64; pixel size = 3 × 3 mm2; and slice thickness = 3 mm. During this sequence, the synchronization between the experimental paradigm and the acquisition for each TR was ensured using the Lumina 3G Controller. Additionally, before the experimental task, a 7-min resting state functional (T2*) scan (210 volumes; 39 axial slices) was acquired following the same EPI parameters. During the resting state/task free acquisition, participants were instructed to keep their eyes closed, to remain awake but relaxed and motionless as possible, doing nothing in particular.



Socio-Cognitive Task

Each participant watched a set of short videos (20 s) of his/her romantic partner expressing emotional content. While watching the video vignettes, participants were asked to either focus on their own experience (Self condition) or on their partner's experience (Other condition). These videos, containing negative and positive emotional content toward the partner (i.e., the participant), were extracted from a previously video-recorded interaction task in the lab [details regarding this interaction task can be found in Coutinho et al. (65, 66)]. In this interaction, participants shared things that they either liked (positive content) or disliked (negative content) about their partner and vice versa.

The task was composed of two blocks, one for each condition, and each block contained 22 trials. Each trial was composed of a fixation cross (during 5 s); instructions in accordance with each referent block (for example, the instruction for the Other block was “In the next movie focus on how your partner is feeling.”); during (3 s); video (during 20 s); and behavioral response (during 4 s). An example of a trial in the Other condition is displayed in Figure 1. The behavioral response (which aimed to ensure that participants were focusing on their own and on the partner's experience) required them to choose among one of three options, dependent on the emotional impact of the video: “Bad” for any kind of negative state or emotion, “Neutral” in the absence of any positive or negative state or emotion, or “Good” in any kind of positive state or emotion.


[image: Figure 1]
FIGURE 1. Example of a trial on the Other condition.


The stimuli were displayed in a pseudo-randomized order. The blocks were also displayed in a randomized order across participants. The total duration of the task was 1,364 s (24 min). More detailed information regarding this task can be found in Esménio et al. (50, 67).



Data Analysis
 
Independent Component Analysis

Before data processing, all images were visually inspected to ensure the absence of head motion artifacts and any brain lesion. All imaging was preprocessed using the advanced edition of the Data Processing Assistant for Resting-State fMRI 5.1 (DPARSF; http://rfmri.org/DPARSF) (68), according to the following steps: removal of the first five volumes (10 s) to ensure signal stabilization and participant adjustment to scanner noise; slice-timing correction using the middle slice as a reference; motion correction using rigid body alignment of each volume to the mean image of the acquisition and motion scrubbing (volumes in which Frame-wise Displacement [FD] > 0.5 and DVARS > 0.5% change in the BOLD signal were “scrubbed,” or removed entirely from the data; mean group FD was 0.14 for resting, 0.15 for the Self, and 0.17 for the Other condition) to correct for movement artifacts and related susceptibility artifacts; rigid-body registration of the mean functional image to the T1 and segment using Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra (DARTEL) (69); normalization to the MNI space by DARTEL; smoothing with a Gaussian kernel of 8-mm full-width at half-maximum (FWHM) to decrease spatial noise; and band-pass temporal filtering (0.01–0.08 Hz), applied to the resting state functional images, and high-pass temporal filtering (128 s), applied to the images acquired during task performance, to remove low-frequency noise from the data.

The final images were visually inspected, and we excluded one participant due to head motion higher than 2 mm in translation and 2° in rotation for the resting state analysis, two participants due to technical problems, and one due to abnormal activation patterns/noise, for the task analysis.

Group spatial independent component analysis (ICA) was carried out to search for common spatial patterns among subjects, both during resting state and task performance, using the Group ICA v4.0c of fMRI Toolbox (GIFT; http://mialab.mrn.org/software/gift/).

The ICA consisted of extracting the individual spatial independent maps and their related time courses (70) separately for each task condition and resting state. The dimensionality reduction of the functional data and computational load was performed with principal component analysis (PCA). The estimated number of independent components (ICs) was twenty, for each subject, based on a good trade-off between preserving the information in the data while reducing its size (70, 71). ICA calculation was then performed using the iterative Infomax algorithm (72). The ICASSO tool was used to control the ICA reliability. Twenty computational runs were made on the dataset, during which the components were being recomputed and compared across runs, and the robustness of the results was ensured (73).

The ICs were obtained, and each voxel of the spatial map was expressed as a t statistic map, which was finally converted to a z statistic that characterizes the degree of correlation of the voxel signal with the component time course, providing a measure of the FC within each network. Then, the ICs were sorted, visually inspected, and spatially matched using the DMN and SN templates provided by FIND Lab (http://findlab.stanford.edu/functional_ROIs.html). We selected the IC that showed the highest spatial overlap with the provided templates to represent each network. The DMN's correlation values were 0.52 (Rest), 0.53 (Self), and 0.52 (Other), and the SN's correlation values were 0.56 (Rest), 0.26 (Self), and 0.35 (Other).

For the group analysis (second-level analysis), the general linear model (GLM) from Statistical Parametric Mapping 12.0 (SPM12; Wellcome Department of Cognitive Neurology, London, UK; http://www.fil.ion.ucl.ac.uk) was used. The individual DMN's and SN's z maps from each condition were included in the same group (three groups for each network, across all the conditions), and a one-sample t-test (p < 0.05 whole brain FWE corrected and extent threshold k = 10 voxels) was performed to confirm the global pattern of connectivity of the DMN and SN in the three conditions. A one-way ANOVA (p < 0.05 whole brain FWE corrected and extent threshold k = 10 voxels) was subsequently performed to compare the FC differences across the three conditions: Rest, Self, and Other. Subsequently, post-hoc t-tests were conducted to further analyze the specific differences between pairs of conditions. The resulting statistical maps were masked using the DMN and SN templates, and anatomical labeling was assigned by a combination of visual inspection and Anatomical Automatic Labeling atlas (AAL) (74).



ROI-to-ROI Analysis

To study the interplay between the DMN and the SN, we performed an ROI-to-ROI analysis using the CONN functional connectivity toolbox version 20.b (https://www.nitrc.org/projects/conn) (75). First, all imaging was preprocessed following the same steps described above in the ICA section. Second, we performed the ROI-to-ROI analysis (first-level analysis using GLM and applying no weight) using the DMN's and the SN' s seeds (radius of 10 mm) from the CONN database, namely the MPFC (x = 1, y = 55, z = −3), PCC/precuneus (x = 1, y = −61, z = 38), and left (x = −39, y = −77, z = 33) and right (x = 47, y = −67, z = 29) TPJ (for the DMN); and the dorsal ACC (x = 0, y = 22, z = 35) and left (x = −44, y = 13, z = 1) and right AI (x = 47, y = 14, z = 0) (for the SN) as source and target seeds. The ROI-to-ROI analysis consisted of extracting the BOLD signals from each ROI and correlated them with all the other ROIs. The correlation coefficients were converted to z-values using Fisher's transformation to improve normality. Then, a second-level analysis was performed using a one-sample t-test to ensure that the selected seeds were connected between each other in the three conditions, followed by a one-way ANOVA to test the FC differences between conditions. Finally, to further analyze the specific differences between conditions, we performed post-hoc t-tests between pairs of conditions. All results were considered significant at p < 0.05 whole brain FWE corrected.



Correlation Analysis With IRIC

The multiple regression (with positive and negative correlations) was performed, using the IC of each network at rest, to identify which areas of the DMN and the SN were associated with IRIC total, cognitive, and affective scores. Results were considered significant at p < 0.05 corrected for multiple comparisons using the Monte Carlo correction and a minimum cluster size of 54 for the DMN and 35 for the SN (determined over 1,000 Monte Carlo simulations using the AlphaSim program distributed with the REST software tool [http://restingfmri.sourceforge.net/] with the following input parameters: individual voxel probability threshold = 0.05, cluster connection radius = 3 mm, Gaussian filter width [FWHM] = 8 mm, and mask set to the DMN and SN templates). The resulting statistical maps were also presented using the DMN's and SN's templates as masks, and only the typical network regions were reported. Anatomical labeling was assigned by a combination of visual inspection and AAL.





RESULTS


DMN's and SN's Functional Connectivity in Rest, Self, and Other Conditions

At a group level, both the DMN's and the SN's spatial maps presented the traditional connectivity patterns associated with each network in the three conditions (results shown in Figure 2).


[image: Figure 2]
FIGURE 2. Group-level spatial patterns of the DMN and the SN in the three conditions. p < 0.05 FWE corrected, extent threshold k = 10 voxels.


The results from the one-way ANOVA revealed a significant effect of each condition when compared to the other two, both for the DMN's and SN's functional connectivity (FC), as can be observed in Table 2. Specifically, post-hoc t-tests for the DMN showed an increased FC for the Self in comparison to the Rest condition on anterior and posterior regions, namely on the ventral anterior cingulate cortex (ACC), frontal medial orbital cortex (FMO), posterior cingulate cortex (PCC)/precuneus, and cuneus. An anterior and posterior DMN increased FC on the Other condition compared to the Rest was also observed on the FMO, PCC/precuneus, and left lingual/parahippocampal gyrus. On the other hand, the Rest condition only presented increased FC on anterior regions, specifically on the left superior frontal gyrus (SFG) when compared to the Self condition, and on the bilateral SFG and right superior medial frontal gyrus (SMFG) when compared to the Other condition. No significant differences were found between the DMN's connectivity on the Self and Other conditions.


Table 2. Condition dependent differences of the DMN and SN's functional connectivity.

[image: Table 2]

Post-hoc t-tests for the SN revealed an increased FC on the Self condition compared to the Rest on the bilateral middle and superior frontal regions, while on the supplementary motor area (SMA) and the superior temporal pole, the Rest condition presented higher FC compared to the Self. On the Self condition, when compared to the Other, increased FC was observed on the right SFG, anterior insula (AI), left middle frontal gyrus (MFG), and dorsal ACC (dACC). On the contrary, on the Other condition, increased FC was found on the bilateral SMA. When comparing the Rest and Other conditions, an increased FC on the AI, dACC, SMA, and on the left MFG was found on the Rest condition. On the opposite, on the Other condition, increased FC was verified on the SMA and the left SFG. Detailed results and MNI coordinates can be found in Figure 3 and Table 3.


[image: Figure 3]
FIGURE 3. Differences in the connectivity of the DMN and the SN between pairs of conditions. p < 0.05 FWE corrected, extent threshold k = 10 voxels.



Table 3. Differences in the DMN and SN'S functional connectivity between conditions.
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Interplay Between DMN and SN in Rest, Self, and Other Conditions

The results from the ROI-to-ROI correlation analysis showed an interplay between both networks in the three conditions. Furthermore, the results revealed significant increased connectivity between the ROIs of the DMN and the ROIs of the SN in both the Self and Other conditions in comparison to the Rest condition, specifically between the temporoparietal junction (TPJ) and both SN nodes, AI and dACC; between the PCC/precuneus and AI and dACC; and between the medial prefrontal cortex (MPFC) and AI. Additionally, the results show an increased intranetwork FC between the DMN nodes left TPJ and the MPFC in the task-dependent conditions when compared to the resting state. Inversely, the results revealed increased FC between the right AI and left AI, between the dACC, and AI and between the MPFC and dACC in the Rest condition, compared to the Self and Other conditions. When comparing the Self and Other conditions, no significant results were observed. Detailed results can be found in Figure 4 and Table 4.


[image: Figure 4]
FIGURE 4. Graphical representation of the ROI-to-ROI contrast showing the nodes with increased FC in the Self and Other conditions (blue lines) compared to the Rest and increased FC in the Rest condition (red lines) compared to the Self and Other.



Table 4. ROI-to-ROI results showing functional connectivity differences between the Rest and the Self and Other conditions.
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Association Between DMN's and SN's FC and Self-Report Measures

Regarding the correlations between the DMN's connectivity and the participant's social cognitive scores, we found that the total IRIC scores, as well as the cognitive subscale of IRIC (perspective taking), were positively correlated with the FC in the SMFG (r = 0.46; r = 0.53), whereas for the affective subscale (empathic concern), the correlation was negative, with increased FC in the ventral ACC (r = −0.59) and right precuneus (r = −0.51) being associated with lower scores in the affective domain (see Figure 5).


[image: Figure 5]
FIGURE 5. Correlations between DMN and SN functional connectivity and IRIC scores. p < 0.05 corrected for multiple comparisons, extent threshold of k = 54 voxels for DMN and k = 35 for SN. IRIC, Interpersonal Reactivity Index for Couples; PT, dyadic perspective taking subscale; EC,dyadic empathic concern subscale.


When considering the SN, the significant correlations with IRIC were negative, with increased FC in the right MFG (r = −0.50; r = −0.53), right dACC (r = −0.44), left SMFG (r = −0.40), and left SFG (r = −0.38) associated with decreased cognitive scores.

Detailed results and MNI coordinates can be seen in Figure 5 and Table 5.


Table 5. Correlations between DMN and SN functional connectivity and IRIC scores.
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DISCUSSION

In the present study, we aimed to analyze the functional connectivity (FC) of the DMN and the SN, both during resting state and during the performance of a social-cognitive task toward a romantic close other. This task included a Self condition in which participants had to elaborate on their own experience and an Other condition in which they elaborated on their partner's experience. Thus, we compared the FC patterns of these two social cognition (SC) related networks in the three conditions—Rest condition, Self condition, and Other condition—using independent component analysis (ICA). In addition, we looked at the interplay between both networks across the three conditions to better understand how the dynamic interaction across the socio-cognitive (DMN) and socio-affective (SN) functional brain systems changes in the transition from rest to a social task—using an ROI-to-ROI correlational analysis.

In terms of the DMN's connectivity pattern, accessed via ICA, we found that the main nodes of the network were functionally connected in the three conditions. As expected, and considering the key role of the DMN as a mentalizing system, we found that the FC pattern changed in the transition from resting state to self and other processing, presenting increased connectivity on its anterior and posterior nodes, namely on the medial prefrontal cortex (MPFC) and posterior cingulate cortex (PCC)/precuneus during task performance in comparison to rest. These results are consistent with the metanalysis by Alcalá-López and colleagues (15) in which an increase in the strength of the DMN's intranetwork connectivity during the performance of social tasks when compared to resting state had also been reported. In the same line, a recent work by Wang and colleagues (76) on the structural and functional connectome of the social mentalizing network reported an increase in the FC of areas such as the dorsal and ventral MPFC, the temporoparietal junction (TPJ), and the precuneus when the demands of the mentalizing task increased. Furthermore, during the Other condition, increased FC on the lingual/parahippocampal gyrus was observed compared to the Rest condition. This increased connectivity in hippocampal regions during task performance may reflect the retrieval of memories of past experiences (77, 78) needed for the task in the Other condition in which subjects may have evoked specific episodic memories related to the content depicted by their romantic partner in the video vignettes.

Interestingly, the results revealed no differences in the DMN's connectivity between the Self and Other conditions, and the observed increased connectivity on the MPFC and PCC/precuneus both during the Self and Other is consistent with the results found by Courtney and Meyer (53), in which the authors reported a self-other overlap in these DMN's nodes. Overall, these findings confirm the well-known relationship between the DMN and our ability to infer internal states, either our own or those of others (41, 46, 47), in the particular case of the present study, the internal states of our romantic partner.

The SN also presented its typical pattern of FC across the three conditions. As anticipated, the observed main difference suggested a more limited FC in key nodes of the SN such as the dorsal anterior cingulate cortex (dACC) and the anterior insula (AI) on the Other condition compared to the Rest and Self conditions. Higher connectivity on these conditions suggests that either when left to think freely (Rest condition) or explicitly told to think about their internal states (Self condition), the emotional circuits subserved by the SN seem to display greater FC, which aligns with our hypothesis and the well-known association between the SN and self-referential interoceptive processes (28, 78). Moreover, a parallel for this evidence could be drawn based on the work by Cheng et al. (13), in which subjects watched painful situations and had to imagine them from a self, loved one, and stranger perspective. Although the three perspectives were related to a neural pain processing network, activation in the AI and ACC showed a gradient decline from the self to close other (to the stranger).

Having characterized and compared the functional architecture of the DMN and SN on the three different conditions, we proceeded to analyze the interplay between them. Using an ROI-to-ROI approach to see how the nodes of the DMN interact with the ones from the SN, we intended to better understand the integration between cognitive and emotional dimensions of SC during rest and during the performance of a social task. As hypothesized, our results pointed to an interplay between the two networks in the three conditions. Importantly, both self and other processing conditions showed a higher FC between the main DMN nodes—MPFC, PCC/precuneus, and TPJ—and the nodes of the SN—AI and dACC—when compared to rest, pointing to an increased functional interaction between both networks when the subjects were actively involved in the social task. This increased connectivity suggests the need for a greater integration between affective or bottom-up and cognitive or top-down dimensions during the active engagement in a social processing task. Likewise, in a review on the types of brain network organization that occurs in the context of SC, Schurz and colleagues (55) concluded that increased network integration indicated more effortful and controlled processing. Shine and collaborators (79) also found that network integration was higher in a theory of mind task (Social Animations) when compared to passive rest, leading the authors to conclude that large-scale brain networks increase their integration as a response to task complexity (80).

Previous studies have suggested that certain regions, such as the PCC (62) or the TPJ (50), tend to display increased connectivity when processing information related to the other, whereas areas such as the MPFC (49) and the AI (62) tend to show higher FC when processing self-related information. In a study of functional activation by our research team (50), in which Self and Other were also contrasted, the results revealed a self-other overlap with activations on regions such the inferior frontal and orbital gyrus, superior and inferior temporal gyrus, PCC/precuneus, fusiform gyrus, thalamus, and inferior occipital gyrus. On the other hand, the results also showed higher activations on the superior temporal gyrus and insula on the Self condition compared to the Other and, inversely, higher activations on the caudate nucleus, fusiform gyrus, middle occipital gyrus, inferior and middle temporal gyrus, supramarginal, and angular gyrus on the Other condition compared to the Self. Thus, based on these results, we expected increased FC between the selected seed regions in the Self condition in comparison with the Other condition; however, no differences were found in terms of the internetwork connectivity when comparing the conditions.

Surprisingly, we observed increased FC between the TPJ and the AI, both in the Self and Other conditions, as opposed to the Rest. The TPJ allows for rapid switching between one's own perspective and the perspective of others with whom we are relating (81), and as suggested by Qin et al. (82), connectivity between the insula and TPJ could serve the association between internal and external aspects of the self, which could serve as the basis for further co-representation of social information pertaining to both self and other. In a study where subjects observed strangers and close others experiencing a painful stimulus, Cheng et al. (13) found negative connectivity between the right TPJ and the right AI in the stranger perspective. The authors also found that the closer the relationship between the observer and the target, the greater the right TPJ deactivation and the higher the activation in the AI, which led them to conclude that the TPJ deactivation may reflect the increased self-other blending that characterizes empathic processes toward close others. The same process of inclusion of the other in the self may have influenced our results in which the target was an intimate other, leading us to infer that if we had included another experimental condition in which the target was a distant or nonfamiliar other, we would find a higher FC between the TPJ and the AI, and this difference would be more pronounced for the distant other in comparison with the Self or close Other condition.

Inversely, the SN main nodes—AI and dACC—displayed greater FC between each other in the Rest Condition, compared to the other two conditions, which highlights the role of these regions as the core nodes of the network (23, 24). This result may lead us to hypothesize that due to the unconstrained nature of the resting state instructions, subjects may have been more focused on processing their own interoceptive and somatic states, which may have required a higher integration of the two main nodes of the SN traditionally linked with interoceptive processing.

Additionally, it was only in the Rest condition that we observed an increased connectivity between the MPFC and the dACC, suggesting the existence of a stronger coupling between these two nodes of the DMN and SN at rest. This is in accordance with our hypothesis, which in turn was based on the known integration between ventral areas of the DMN and the SN during several psychological processes that may be present at rest, such as self-referential and interoceptive processing as mentioned above (13, 62). It is also in accordance with the putative modulatory role for the SN in regulating the DMN activation (21).

Finally, the greater involvement of the DMN in the cognitive route of social processing and of the SN in the affective route was confirmed by the results of the correlational analysis between their FC patterns at rest and self-perceived empathic abilities, in that the DMN was positively associated with IRIC cognitive scores and negatively associated with affective scores, whereas the SN was negatively associated with cognitive IRIC scores. This adds to a previous work of our research team (44), in which the superior MPFC was positively associated with higher scores in the cognitive domain and negatively associated with higher scores in the affective domain.

In conclusion, this study provided some insights into the configuration of two key social networks across different brain states (resting vs. social task toward a close significant other). Taken together, our findings showed that both intra- and internetwork connectivity increased from resting to task, supporting the need for a higher integration between different social brain areas during the active processing of social information. On the other hand, the focus on the other's experience revealed limited connectivity within key SN nodes such as the AI and the dACC, emphasizing the connection between this network and self-referential processing.



LIMITATIONS AND FUTURE DIRECTIONS

The present work used two complementary functional connectivity methods to describe the relationship between the nodes of the DMN and the SN. FC methods are based on the correlations between the brain region's BOLD signal fluctuations over time, and despite its utility and extensive use in the literature, they can be complemented by other approaches. One of those complementary methods is dynamic functional connectivity, which, contrarily to FC that is based on the assumption of stationarity, addresses the temporal component (fluctuations) of spontaneous BOLD signals (60, 83). On the other hand, despite the ability of traditional FC methods to detect consistent spatiotemporal relationships between different brain regions, they do not assess the direct influence that one brain region exerts over another. This can be done through effective connectivity analysis (84) that, as showed in our previous work (67), considers how the information flows through the brain regions of a given network as well as between networks (85). For example, the knowledge of the information flow between socio-affective and socio-cognitive networks will clarify if these networks are hierarchically related, with the ability to abstract mental state attributions being dependent on the ability to simulate the other state.

The relative homogeneity of our sample in terms of age, relationship duration, and marital functioning may also be seen as a possible limitation of the present work, limiting the generalization of our findings to similar samples of relatively young and healthy couples. This may be important considering that variables such as the duration of the participants' relationship and the associated level of interpersonal closeness may modulate the overlap between self and other neural representations. For example, Cheng et al. (13) found that the closer the participants were with their partner, the greater the deactivation in the right TPJ and the lesser the self-other overlap. Likewise, López-Solà et al. (29) found that greater interpersonal closeness between partners predicted greater vicarious pain responses. Thus, future studies should measure [using questionnaires such as the Inclusion of the other in the self scale (86)] or experimentally manipulate relationship factors that may modulate the cognitive and affective routes of SC toward close others.

Finally, and although this study may have implications for couples' research, it would be interesting to examine the existence of similar connectivity patterns in other human dyads, such as parent–child or therapist–patient exchanges.
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