

  brainsci-11-01312




brainsci-11-01312







Brain Sci. 2021, 11(10), 1312; doi:10.3390/brainsci11101312




Article



The Self and Its Right Insula—Differential Topography and Dynamic of Right vs. Left Insula



Andrea Scalabrini 1,*,†[image: Orcid], Angelika Wolman 2,3,*,†[image: Orcid] and Georg Northoff 2,4,5,6[image: Orcid]





1



Department of Psychological, Health and Territorial Sciences (DiSPuTer), G. d’Annunzio University of Chieti-Pescara, Via dei Vestini 33, 66100 Chieti, Italy






2



The Royal’s Institute of Mental Health Research, Brain and Mind Research Institute, Ottawa, 145 Carling Avenue, Rm. 6435, Ottawa, ON K1Z 7K4, Canada






3



School of Psychology, University of Ottawa, 136 Jean-Jacques Lussier, Ottawa, ON K1N 6N5, Canada






4



Centre for Neural Dynamics, Faculty of Medicine, University of Ottawa, Roger Guindon Hall 451 Smyth Road, Ottawa, ON K1H 8M5, Canada






5



Mental Health Centre, Zhejiang University School of Medicine, Tianmu Road 305, Hangzhou 310013, China






6



Centre for Cognition and Brain Disorders, Hangzhou Normal University, Tianmu Road 305, Hangzhou 310013, China









*



Correspondence: andrea.scalabrini@unich.it (A.S.); rwolman@hotmail.de (A.W.)






†



These authors equally contributed to this work.









Academic Editor: Dang Khoa Nguyen



Received: 31 August 2021 / Accepted: 28 September 2021 / Published: 2 October 2021



Abstract

:

Various studies demonstrate a special role of the right compared to the left anterior insula in mediating our self. However, the neural features of the right insula that allow for its special role remain unclear. Presupposing a spatiotemporal model of self—“Basis model of self-specificity” (BMSS)—we here address the following question: what spatial-topographic and temporal-dynamic features render neural activity in the right insula to be more suitable in mediating self-specificity than the left insula? First, applying fMRI, we demonstrate that the right insula (i) exhibits higher degrees of centrality in rest, and (ii) higher context-dependent functional connectivity in a self-specific task among regions of distinct layers of self (intero-, extero-proprioceptive, and mental). Second, using EEG in rest and task, we show that the right insula shows longer autocorrelation window (ACW) in its neural activity than both left insula and other regions of the different layers of self. Together, we demonstrate special topographic, i.e., high functional connectivity, and dynamic, i.e., long ACW, neural features of the right insula compared to both left insula and other regions of the distinct layers of self. This suits neural activity in the right insula ideally for high functional integration and temporal continuity as key features of the self including its intero-, extero-proprioceptive, and mental layers.
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1. Introduction


The self is a key feature of our mental life that allows integrating various inputs including intero-, extero-, and proprioceptive [1,2]. Besides cortical midline structures [3,4,5,6], one key region is the insula. Several studies observed the predominant involvement of the right rather than left insula during self-referential tasks or stimuli [7,8,9,10,11,12,13,14]. The key role of the right insula for self-reference has been hypothesized early on by Craig who, based on anatomical differences, suggested the right insula to preferentially mediate the self [15,16]. What are the neural features that render the right insula more suitable than the left insula to process self-specificity? Addressing this yet open question is the main goal of our study.



A recent large-scale imaging/fMRI meta-analysis by Qin et al. [17] confirmed the key role of the right insula for the self. They observed especially the right insula, together with left insula, dorsal anterior cingulate cortex, thalamus, and parahippocampus, to be involved in mediating the interoceptive self, that is, the self that is recruited during tasks requiring interoceptive awareness like the awareness of one’s own heartbeat. The role of the insula was not limited to the interoceptive self though. They also observed the right insula, together with left insula, interior frontal gryus, premotor cortex, temporo-parietal junction (TPJ), and medial prefrontal cortex (MPFC), to be recruited in other studies of self like extero- proprio-ceptive self about the outer boundaries of the own body (see also [18]). Finally, the right insula was also observed in the typical studies on mental or cognitive self-reference using trait adjectives (and related paradigms) that strongly recruit the DMN, i.e., cortical midline structure.



Together, these observations suggest that especially the right insula provides the “glue” or connection between different layers of self, interoceptive, proprioceptive, and mental by means of which it can be distinguished from familiarity. Together, these findings describe hierarchical model of self [17] showing how regions of the interoceptive self were also included in the other layers like extero-proprioceptive and mental self where they were complemented by additional regions extending the topography of the self.



The goal of our study is to address the following question: what renders neural activity in the right insula special compared to the left insula such that the former can provide the “glue” or connection between the different layers of self? For that purpose, we investigate spatial topography and temporal dynamic of right vs. left insula with respect to those regions mediating the different layers of self. Our first specific aim was to analyse spatial topography of right vs. left insula in fMRI rest and task states by a network model approach and task context dependent functional connectivity of all those regions implicated in the Qin et al. [17] meta-analysis on self. Given that the self is suggested to serve an integrative role on neural [17] and cognitive [1] grounds, we hypothesized higher degrees of centrality and context-dependent functional connectivity (as measure of functional integration during a self-related vs. non self-related task) of the right insula to the rest of the brain’s self-specific regions compared to the left insula.



Our second specific aim was to analyse the temporal features of the right vs. left insula with respect to the self. That was investigated in an EEG data set applying resting state and a morphed self-face task. We focused specifically on the Intrinsic Neural Timescales (INT; also called temporal receptive window; TRW [19]) defined as the duration of the brain to integrate information [20] and is known to mediate input processing and, more specifically temporal integration or segregation of different inputs [21,22,23]. The longer the time windows of the neural activity of a region, the more inputs at multiple distant points in time can be summed and pooled together under the umbrella of one temporal window and subsequently elicit one (rather than multiple) neural activity change, i.e., task-related activity [24].



These timewindow lengths can be quantified via the autocorrelation window (ACW). By correlating the signal with temporally shifted versions of itself, one can measure the moment when the correlation decays below a certain value, usually when r < 0.5. This threshold can be reached earlier (shorter window) or later (longer window) in time. Shorter ACW reflect faster neural fluctuations while longer ACW are linked to slower fluctuations. Hence, the ACW can give insight in the intrinsic neural timescales.



Given the role of the insula and the right insula in particular in mediating integration of intero- and exteroceptive inputs [15,16], we assume longer INT, i.e., longer ACW, in the right insula than the left insula. Intero- and exteroceptive, proprioceptive, and even internal cognitive/mental inputs may be temporally integrated to a higher degree by the longer time windows of the right insula (than the shorter ones of the left insula). This suits the right insula ideally to provide the “dynamic or temporal glue” or connection between the three layers of self [17].




2. Materials and Methods


Our investigation comprised different steps and methods. First, we focused on an fMRI sample to investigate the spatial topography of right vs. left insula. Secondly we focused on an EEG to investigate the temporal dynamic of right vs. left insula. Moreover, we further investigated the role of right vs. left insula in different states, that are the resting- and the task-state in both fMRI and EEG.



2.1. fMRI


2.1.1. fMRI Sample


The fMRI sample was constituted by 32 right-handed male participants (age 21–33; mean = 25.4; standard deviation = 2.82). They are the same as those included in previous studies (for more detail see [8,9]). All participants had normal or corrected-to-normal vision capabilities. None of the participants reported a history of neurological or psychiatric disease, or substance abuse. Written informed consent was obtained from all participants after full explanation of the study procedure, in line with the Declaration of Helsinki. The Ethics Committee for Biomedical Research of the provinces of Chieti and Pescara approved the experimental protocol.




2.1.2. Resting State fMRI


A total of 32 subjects completed resting state fMRI acquisition (2 resting state of 6 min each, eyes open and fixation cross).




2.1.3. Task fMRI


In total, 21 out of the 32 participants (age 21–30; mean = 24.9; standard deviation = 2.45) also completed task fMRI acquisition. During the task fMRI runs (8 runs of 7.8 min each), a wooden table was placed on the participant’s legs. An inanimate target (mannequin hand) and an animate target (the hand of another volunteer who was standing next to the scanner) were both placed next to the participant’s hand. The participant completed a series of active touch and no-touch trials. Active touch was performed through an object to avoid the direct physical sensation of touching the different targets, that is, the hand of a volunteer (animate target) or a mannequin hand (inanimate target; for more details on the task see [8]). For the purpose of our investigation, we focused specifically on active touch trials and on animate and inanimate conditions. The different targets were used as a proxy of self-relatedness and non-self relatedness (respectively) since our previous findings [8] showed, at a behavioral and neuronal level, how the active touch towards the animate stimuli is featured by higher degree of self-relatedness vs. lower degree of self-relatedness as linked with the inanimate target. Thus, our task showed the intimate link between actively touch another animate target and self-relatedness.




2.1.4. fMRI Data Acquisition and Preprocessing


For each participant, BOLD contrast functional imaging was performed with a Philips Achieva scanner (Andover, MA, USA) at 3 T at the Institute of Advanced Biomedical Technologies, Chieti, Italy. An initial T1-weighted anatomical (3D TFE pulse sequence) was acquired with the following parameters: field of view = 240 mm; voxel size = (1 mm × 1 mm × 1 mm); TR 8.1; TE 3.7. Two resting-state fMRI runs (number of fMRI frames/run: 180) and 8 task fMRI runs (number of fMRI frames/run: 235) were acquired in a single fMRI session (T2* weighted EPI sequence with TR = 2000 ms; TE = 35 ms; 31 slices; slice thickness = 3.5 mm; in-plane voxel size = 2.875 × 2.875; field of view = 230 mm; flip angle = 90°). Preprocessing procedures of the fMRI data were implemented in Analysis of Functional NeuroImages software (AFNI; [25]; http://afni.nimh.nih.gov/afni accessed on 28 August 2021) including: (1) slice timing correction; (2) rigid body correction/realignment within and across runs. Six head motion parameters, 3 translational and 3 rotation parameters, were estimated and frame-wise realignment was performed using AFNI’s 3dvolreg command. After the estimated motion parameters were visually inspected, participants with head motion larger than ±2 mm translation or ±2.5° rotation were eliminated [26]; (3) co-registration with high-resolution anatomical images; (4) spatial normalization into Talairach stereotactic space; (5) resampling to 3 × 3 × 3 mm3 voxels; and (6) regression of linear and nonlinear drift (equivalent to a high-pass filtering of 0.0067 Hz), head motion and its first-order temporal derivative, and mean time series from the white matter (WM) and cerebrospinal fluid (CSF) to control for non-neural noise [27]. The WM and CSF masks were eroded by one voxel [28] to minimize partial voluming with gray matter; (7) spatial smoothing with an 8 mm fullwidth at half-maximum isotropic Gaussian kernel.




2.1.5. Definition of Regions/Nodes of Interest (ROIs)


In order to investigate the spatial configuration of the three layers of self [17] in spontaneous activity of the brain (during resting state fMRI) regions of interest (ROIs) were taken from each layer of self of the hierarchical model proposed recently by Qin et al. [17] i.e., (a) the interoceptive self; (b) the extero- proprio-ceptive self and (c) the mental self (see Figure 1 for a list of regions included in each layer of self). All the regions were created with a 10 mm diameter (spherical) centered using the coordinates reported in [17]. According to our aim we focused especially on the role of right anterior insula (vs. the role of left anterior insula).




2.1.6. Resting State Analysis


The same preprocessing steps described above were performed on resting state data with the addition of temporal band-pass filtering (0.01 < f < 0.1 Hz) to reduce low-frequency drift and high-frequency respiratory/cardiac noise [29,30]. Given the methodological issues recently raised [19,31,32], global signal regression (GSR) was not included in the preprocessing of the resting state fMRI data. In graph theory, a complex system is modelled as a “graph”, which is defined as a set of “nodes” (each ROI) linked by “edges” (regularized partial correlations between pairs of nodes controlling for all other nodes in the network). To investigate the relationship between the different regions-nodes of each layer of self [17] a network approach analysis (performed in JASP) was used in order to investigate Closeness (the inverse of the sum of all shortest paths from the node of interest to all other nodes), Betweenness (the number of shortest paths that pass through the node of interest), Degree (nodal strength: the sum of the absolute input weights of that node. In general, a higher Degree measure indicates that this node has a central role in the network). We used EBICglasso technique (computing a sparse gaussian graphical model with the graphical lasso [33]. Tuning parameter was set at 0.5 using the Extendend Bayesian Information criterium (EBIC) this 0.5 indicate that more parsimonious models with fewer edges are preferred—This method provides a network of partial correlation coefficients with a limited number of spurious edges [34,35]. Centrality indices are plotted using standardized z-scores in order to facilitate interpretation.




2.1.7. Task Functional Connectivity—gPPI


The generalized procedure of psychophysiological interactions [36] was used to calculate the condition-specific FC of regions of interest. According to our aim we used as seed regions for the gPPI the right anterior insula (MNI; Cmass x = 40, y = 19, z = −6) and the left anterior insula (MNI; Cmass x = −40, y = 19, z = −6) (see Figure 2). The gPPI procedure consisted in the following steps: (1) physiological seeds were obtained extracting the mean activity from non-zero voxels included in each ROI; (2) psychological variables for each regressor were created as vectors with the same temporal length as the seeds, and with a binary value of 1 or 0 for each TR, depending if the condition represented by the regressor was or was not active at that TR; (3) for each seed, extracted activity was deconvolved with a standard gamma function, and (4) multiplied with the psychological vector of each regressor; (5) each resulting vector, for each condition+, was re-convolved with the gamma function, and used as a PPI regressor. Nuisance regressors for motion, WM, and CSF were also included in the model. At the single subject level, a general linear model was performed for each ROI. At the group level, a whole brain measures 2 × 2 × 2 ANOVA with factors seed-ROI (levels: right and left anterior insula) target (levels: self-related and non self-related) and valence (levels: pleasant and unpleasant) was run in AFNI to study the context-dependent FC (βfc) of each ROI. Results were corrected via Monte Carlo simulation (using 3dClustSim), setting a threshold of p < 0.005 and a cluster size >40 voxels, to obtain a corrected significance level of α < 0.05. Post-hoc analysis focused predominantly on the comparison between right anterior insula and left anterior insula specifically for the self-related context-dependent FC in accordance with our hypotheses.





2.2. EEG


2.2.1. EEG Sample


Twenty-seven participants were recruited. None of them had current or a history of psychiatric or neurological disorders and normal or corrected-to-normal vision. We excluded two participants due to technical problems while EEG recordings and one subject due to extreme results. Our final sample consists of 24 subjects (14 women, 10 men) with a mean age of 22.33 years (SD: 4.49, range: 19 to 36). Written informed consent was obtained. The study was approved by the local Ethics committee (REB # 2018054).




2.2.2. Resting State


For the EEG recordings, participants performed 7 min of resting state with eyes open, fixing a screen with a black cross on a grey background.




2.2.3. Stimuli


Our paradigm uses the well-known face-morphing technique [37,38,39,40,41]. Prior to the EEG recordings, pictures were taken from each of the participants with a Samsung A50 phone. Participants were asked to show a neutral facial expression, mouth closed. The pictures were then prepared in the free and open-source graphics editor GIMP (2.10.12) [42]. All faces were turned in black and white and cut in an oval circle, remaining only the eyes, nose and mouth areas on a black background. Then, each face was morphed with a same-sex and same-race face from the NimStim facial pictures set [43]. In addition, a same-sex famous face was morphed with an unknown face. Morphings were realized with the Abrosoft Fantamorph 5 Software [44] in 1% steps (from 0% to 100% self-face or 0% to 100% famous face).




2.2.4. Morphing Task


Pictures were presented in a continuous manner to create the experience of a morphed movie between the two faces. A total of four morphing conditions were created based on the order and the identity depicted on the pictures: Self-conditions: (1) from ‘self’ to ‘other’ face, (2) from ‘other’ to ‘self’ face. Control conditions: (3) from ‘famous’ to ‘unknown’ and (4) from the ‘unknown’ to the ‘famous’ face. The order of presentation was randomized.



Participants were instructed to press a key when they stop to see the first face and to give a second keypress when they started to see the second face. To ensure that the moment of the keypress was time-independent, we randomly varied the movie length between 10 to 15 s. In addition, the intertrial interval was jittered between 4 to 6 s (Figure 3a). In total there were 200 trials, 50 trials per condition in 8 blocks. But for the purpose of these analyses, we only used 7 min of continuous recording that were extracted from the second block. Also, we were interested in the general activity in task, therefore we do not distinguish between the conditions in future analyses.




2.2.5. EEG Data Acquisition and Preprocessing


EEG data was recorded using Ag/AgCl electrodes through a 64-channel Brain Vision Easycap (according to the International 10–20 System) referenced to the right mastoid. The data was sampled at 1000 Hz with DC recording. The EEG data preprocessing was performed using the EEGLAB toolbox for MATLAB (R2017b; [45], RRID:SCR_007292). The data was downsampled to 500 Hz and filtered with a low-pass filter at 50 Hz and a high-pass filter at 1 Hz. With a customer script, noisy channels (defined as 4 interquartile above or below each channels mean) have been determined and spherically interpolated before re-referencing to the average. Further, artifacts were removed using independent component analysis (ICA) performed using the EEGLAB software creating 64 independent components. Next, we used MARA implementation to automatically reject noisy components [46].




2.2.6. ROIs and Source Localization eLORETA


We defined our ROIs for the EEG analysis based on six main regions implicated in the three layers of the self as emphasied in the meta-analysis of Qin et al. [17] (Figure 4a). These regions are the insula, the temporo-parieto-occipital junction (TPOJ), the anteromedial prefrontal cortex (amPFC), the premotor cortex (PMC), the perigenual anterior cingulate cortex (pACC) and the posterior cingulate cortex (PCC). As a control, we also included the primary motor, primary visual, primary auditory and primary somatosensory cortex. Regions were defined according to the Glasser parcellations [47].



Exact Low Resolution Electromagnetic Tomography (eLORETA, [48]) was performed by estimating the virtual-channel source for each region of the Glasser atlas in FieldTrip [49]. The output is a timeseries of estimated source level activity for each region. We investigated the right and left insula separately while averaging the right and left parts of the other regions (See Supplementary Table S1). On these timeseries, we calculated ACW.




2.2.7. Autocorrelation Window


The autocorrelation window (ACW) is defined as full-width-at-half-maximum of the temporal autocorrelation function of a time series and plays an important role in information integration [50,51]. It was calculated in python 3 using the autocorrelation function with the statmodels package on the regional activity extracted via eLORETA. The ACW is in units of s, that is to say, an ACW of 0.06 s indicates that the correlation between the estimated timeseries with itself is correlated with an r = 0.5 at a temporal shift of 0.06 s.




2.2.8. Statistical Analysis


Due to multiple measures per subject on different brain regions in two different states (rest and task state), we computed repeated measures ANOVA with a Greenhouse-Geisser correction when sphericity was violated. Helmert contrasts for either the right or left insula against all other regions, in resting as well as in task state, mark the special role of the insula. Analyses were run in R and JASP.






3. Results


3.1. Resting State fMRI Analysis


In order to estimate the centrality of the insula in the spontaneous activity of the brain, we applied a network analysis approach using as nodes of each network the ROIs related to the three different layers of self, as recently proposed by [17], i.e., (a) interoceptive self, (b) extero-ceptive self, (c) mental self (See Figure 1a–c).



For the intero-ceptive self network as shown in Figure 1a, we can observe that the nodes showing stronger Degree (nodal strength) are the dorsal anterior cingulate cortex, the thalamus, the left insula, and the superior temporal gyrus. The stronger Betweenness is represented by the thalamus while the stronger Closeness is represented by both right and left anterior insula.



For the extero- proprio-ceptive self network as shown in Figure 1b, we can observe that the nodes showing stronger Degree (nodal strength) are right insula, inferior parietal lobule, and the medial prefrontal cortex. The stronger Betweenness and Closeness is represented by superior parietal lobule, inferior parietal lobule and medial prefrontal cortex. As it can be observed in this layer of self, right insula showed a significant higher degree of centrality in comparison with left insula.



For the mental self network as shown in Figure 1c, we can observe the central role of right insula together with posterior cingulate cortex for all three measures Degree (nodal strength), Betweenness and Closeness. As it can be observed left insula did not show any significant centrality role within this network.



Altogether these findings show the increasing “integrative role” (higher centrality metrics reflect how connected and potentially relevant a node is within a network) of the right insula over the increased hierarchical layer of self: (a) the right insula shows a significant closeness centrality role (i.e., the average distance of a node to all the other nodes in the network) together with the left insula (showing also higher DC) in the interoceptive layer of self; (b) the right insula shows a strong degree (nodal strength) in the exteroceptive layer of self (i.e., the sum of the absolute value of the edge weights) and (c) the right insula has a prominent role in all the three measures of centrality (degree, closeness and betweenness) in the mental layer of self while the left anterior insula does not show a central role in the network. To put it simple, the centrality of the right vs. the left insula already in resting state fMRI increases together with the hierarchical increase of self-processing showing the most prominent role within the mental self-network.




3.2. Task Context-Dependent Functional Connectivity


To evaluate the context-dependent connectivity (self-related context and non self-related context), gPPI was performed using as seed a right and a left anterior insula regions of interests. This allowed to identify voxel clusters whose functional connectivity with the seeds ROIs was significantly modulated by the different contexts during the task. At a group level no significant effects were found for the factor valence, and for the interaction between target and valence for both seed ROIs. Thus, we focused our investigation on seed ROI level (right and left anterior insula) and on the target level (self-related context and non self-related context). A repeated measures ANOVA showed highly significant differences between seed ROIs (F = 48.505, p = 0.02, α < 0.05) indicating that the right anterior insula is more connected with pACC. Post-hoc analysis revealed a significant difference (t = 5.64; p = 0.02, α < 0.05) between right and left anterior insula FC during the context of self-related processing with right AI > left AI for regions like PACC (MNI x = 8, y = −41; z = −9) and right caudate nucleus, middle right insula (MNI x = 40 y = 11; z = −13) and left middle temporal gyrus while left > right in regions like left cerebellum cortex (MNI x-40, y-58 z-32). No significant difference with the same threshold were found between right and left insula for the non self-related context (See Figure 2).



In sum these gPPI findings show the increased context dependent FC between Right Anterior Insula (but not Left AI) and typical self regions like pACC during self-related processing (vs. non self-related). This confirms the functional integrative role of the right AI in self-specific task.




3.3. Temporal Analyses in EEG


In order to estimate the length of the INTs in the insula, we compared the ACW on the estimated activity in the left and right Insula in resting state (Figure 3b). Results indicate a highly significant difference (t(24) = 5.21, p < 0.001) with a longer ACW in the right (m = 0.048, SD = 0.017) compared to the left insula (m = 0.029, SD = 0.009).



Does this difference in the INT remain in comparison to other self-related and unisensory areas? A repeated measures ANOVA showed highly significant differences between regions (F(4.7, 108.21) = 5.26, p = 0.0003). A Helmert contrast revealed significant differences in ACW for the right (p < 0.001) and left (p < 0.001) insula compared to the self and unisensory regions (Figure 3c). Interestingly, the left insula is significantly shorter than the other self- and unisensory regions. This confirms our hypothesis of longer INT in the right insula in resting state. Does this difference between right and left insula maintain in a self-task? And does the right insula maintain the longer INT compared to the other regions in the task?



To answer this question, we ran a repeated measures ANOVA between left and right insula in task and can confirm a significant difference between these two regions (F (1, 23) = 6.224, p = 0.020; Figure 4b). Next, we investigated the left and right insula in the context of the other regions (Figure 4c) and found a significant effect of the region (F (1.07, 24.65) = 64.327, p < 0.001). Helmert contrasts confirm that the right (p < 0.001) but not the left insula (p = 0.239) is significantly longer compared to the unisensory or self [17] regions. This confirms the special role of the right insula.





4. Discussion


We here investigated the neural topography and dynamic of right and left insula with respect to those regions implicated in the different layers of self. Our main findings are: (i) significant higher degree (nodal strength and other network-related measures) of the right anterior insula than left insula over the hierarchical layers of self; (ii) higher context dependent functional connectivity between right anterior insula (vs. left) and other regions implicated in the context of self-related processing; (iii) significantly longer temporal windows, i.e., autocorrelation window, in the neural activity of the right anterior insula than the left anterior insula during both rest and self-specific task; (iv) significantly longer autocorrelation window during a self-specific task in right anterior insula compared to the other regions implicated in the three layers of self. Together, our findings show special topographic and dynamic features in the neural activity of the right insula compared to both left insula and other self-specific regions. This renders neural activity in the right insula highly suitable to serve as topographic and dynamic glue or node for integrating different layers of self.



4.1. From Functional Connectivity over Functional Integration to Spatial Nestedness of Self


Using resting state fMRI, we show that the right anterior insula exhibits increasing centrality indices over the three hierarchical layers of self in comparison with all other regions implicated. Our findings extend previous imaging studies that demonstrate strong recruitment of the right anterior insula during self-referential tasks [6,7,8,9,10,11,14,17,52]. These studies usually demonstrate the conjoint recruitment of right/left anterior insula with the cortical midline structures (CMS) and potentially other regions implicated in self. Our findings provide the topographic substrate of such conjoint activation of right (and left) insula and CMS: this, as we propose, is due to the increasing centrality and functional connectivity of the right insula to other regions like the CMN over the hierarchical self-networks. Intriguingly our findings don’t deny the role of the left insula, which showed significant centrality indices especially for the intero-ceptive self processing network. This might be in line with the fact that many studies on self-referential tasks [6,7,8,9,10,11,14,17,52] usually demonstrate the conjoint recruitment of right and left anterior insula together with the CMS.



High centrality and functional connectivity mean that the right insula integrates the activity of the other regions of the self-networks. Functional connectivity allows for functional integration, that is, the degree to which a region pools or sums the activity of other regions within its own neural activity [53,54]. The high degree of functional integration enables the right insula to integrate interoceptive, exteroceptive, proprioceptive, and cognitive/mental information from the three layers of the self-networks. That, in turn, allows for an intrinsic link or connection between the three layers of self-specific information which are thereby spatially or topographically nested within each other [17]. We hypothesize that the right insula’s key role in constituting spatial nestedness on the neuronal level, i.e., among the three layers of self-networks may also be manifest on the psychological level: self-specific interoceptive information may be contained and nested within the layer of self-specific proprio- and exteroceptive information which, in turn, may be nested and contained within the even more extended layer of self-specific mental or cognitive information. That remains to be investigated though. If true, spatial nestedness may provide a shared feature of neural and mental levels of self, i.e., their “common currency” [20,21].




4.2. From Autocorrelation Window over Temporal Integration to Temporal Continuity of Self


Our second main finding consists in the observation of longer INT in the right insula compared to the left insula and the other regions implicated in the three layers of self. This was already present during the resting state and carried over to the task states during the processing of self-specific information, i.e., the own face. The involvement of longer INT in right insula complements recent resting state findings that show a relationship of ACW and self-consciousness: the longer the ACW in the resting state, the higher degree of self-consciousness [55] and the better self-specificity of information is integrated and preserved across different temporal delays [56].



INT are key in the temporal integration and segregation of inputs at different points in time [22,23,24]. The longer the time windows of the neural activity of a region, the more inputs at different even distant points in time can be lumped and pooled together under the umbrella of one temporal window and subsequently elicit one (rather than multiple) neural activity change, i.e., task-related activity [57]. The right insula’s longer ACW may thus suit ideally to integrate, i.e., pool and sum different inputs occurring at different points in time: the different time points of intero-, extero, and proprioceptive and cognitive/mental inputs are subsumed within one temporal window on the basis which they induce one integrated (rather than two or several parallel) activity change within the right insula.



How is such high degree of temporal integration on the neural level manifest on the psychological level of self? Neuronally, different inputs at distinct time points are integrated within the neural activity of the right insula and the regions of the three layers of self-specific networks. Temporal integration of different time points’ inputs in neural activity means that those temporally distinct inputs are connected to each other within the duration of the integrating temporal window. This constitutes temporal continuity between the originally temporally distinct inputs. The long time windows of right insula compared to both left insula and other self-specific regions suit it ideally for constituting a high degree of temporal continuity among the three distinct layers of self, i.e., interoceptive, extero-proprioceptive, and mental/cognitive. Such temporal continuity may amount to what is described by the concept of personal identity [58,59]. Temporal continuity may thus provide a shared feature of neural and psychological levels of self/personal identity, i.e., their “common currency” [20,21]. Figure 5 resumes the roles of the right insula (glue between the three layers of the self) with its spatial (upper row) and temporal (lower row) processes.




4.3. Methodological Limitations


One limitation is that we did not recruit the same subjects for fMRI and EEG. Moreover, different paradigms like self-related/animate vs. non-self-related/inanimate and self-enfacement were run in fMRI and EEG respectively. While this is clearly a limitation, it can also be taken as litmus test for the validity of our findings. Despite different paradigms and different subjects, both modalities show analogous converging findings, the topographic and dynamic specialness of right insula compared to left insula.



Yet another limitation is that we did not go into detail about the neuro-anatomical differentiations within the insula itself. This concerns anterior and posterior as well as dorsal and ventral parts of the insula [60,61,62]. Instead, we here focused only on mainly the anterior insula as this is the region of interest we obtained from the Qin et al. [17] meta-analyses. Particularly in EEG is to consider that the insula is a deeply located structure and the recorded activity may be contaminated by the temporal and frontoparietal opercula.



One can also argue that we here focused only on those regions implicated in the three layers of the self-networks defined by Qin et al. [17]. This carries the advantage that we can really make specific assumption of the right insula with respect to specifically the three layers of the self-networks. While the disadvantage consists in the fact that we cannot make any assumptions about the particular role of the right insula for the brain’s global activity and its topography [63]. That was not our aim, though, as our focus was mainly on the special role of the right insula for the self. Moreover, another limitation is represented by the fact that those a priori defined regions are dysbalanced in terms of laterality. For instance, for the exteroceptive-self layer 9 regions on 14 (64%) are located on the right side of the brain while for the mental-self only 3 regions on 12 (25%) are located at the right side of the brain. However, in both cases right anterior insula showed higher centrality indices when compared to the left one. Considering the intrinsic limitation represented by the laterality disbalance and the different number of regions/nodes for each network that might affect the analysis, this seems to tentatively suggest that nor the prevalence of right regions in exteroceptive-self processing network nor the prevalence of left regions in mental-self processing network affect the role of right insula within the networks.



Furthermore, the fMRI sample is composed only by men. This limits the generalizability of our findings and leave open the question whether there are functional brain differences between males and females across the different networks. Future research needs to confirm these data on other samples including both men and women to further support our interpretations and extend the generalizability of our findings.



Finally, we did not directly investigate familiarity. We can only infer from the Qin et al. study that the key difference between self-specificity and familiarity consists in the absence of the right/left insula in familiarity. One major psychological difference between familiarity and self-specificity is that only the latter but not the former involves the own body including intero- and proprioceptive feelings/sensations. Given its role in interoceptive and proprioceptive processing as well as intero-exteroceptive integration [15,16,64,65,66], the right insula may be key in yielding a particular feeling or subjective experience, a sense of self, whereas such feeling is not present in familiarity.





5. Conclusions


What renders neural activity in the right rather than left anterior insula more suitable to take on a special role in mediating self-specificity? We here show that neural activity in the right insula exhibits special topographic and dynamic features compared to the left insula. The right insula shows higher degree of functional integration with respect to other regions implicated in the different layers of self. Moreover, the right insula exhibits longer time windows in its neural activity than both the left insula and the other regions of the different layers of self. Together, these findings suggest higher degrees of both functional and temporal integration in the neural activity of the right insula. This suits the right insula ideally to serve as topographic and dynamic node or glue between the distinct layers of self ensuring their high degrees of spatial nestedness and temporal continuity.
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Figure 1. Resting state network analyses of the Three Layers Model of Self. (a) Interoceptive processing level; (b) exteroceptive processing; (c) mental self-processing. Blu lines indicate positive relation between nodes. Red lines indicate negative relation between nodes. The thickness of the lines indicates the degree of relation between nodes. 
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Figure 2. Task context-dependent functional connectivity—Generalized Psychophysiological Interaction—gPPI. 
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Figure 3. Autocorrelation calculated on the estimated activity per region in resting state. (a) Morphing task. Depicted is a schematic representation of the first condition ‘self to other’. Identity and order of faces vary depending on condition; (b) Longer ACW were found in the right Insula compared to the left insula; (c) The insula in comparison to primary sensory and motor regions as well as the regions implicated in the three layers model of the self. p-values are Bonferroni-corrected post hocs. Aud = primary auditory cortex, InsLE = left Insula, InsRI = right Insula, mot = primary motor cortex, mPFC = medial prefrontal cortex, pACC = perigenual anterior cingulate cortex, PCC = posterior cingulate cortex, premot = premotor cortex, sens = primary somatosensory cortex, TPOJ = temporo-parieto-occipital junction, vis = primary visual cortex. 
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Figure 4. Autocorrelation calculated on the estimated activity per region in task state. (a) ROIs for the EEG study. Graph reproduced from Qin et al. (2020) with the kind permission of the authors; (b) Comparison of the left and right insula task state.; (c) Raincloud plots of ACW in task state in all ROIs. p-values represent Helmert contrasts. Aud = primary auditory cortex, InsLE = left Insula, InsRI = right Insula, mot = primary motor cortex, mPFC = medial prefrontal cortex, pACC = perigenual anterior cingulate cortex, PCC = posterior cingulate cortex, premot = premotor cortex, sens = primary somatosensory cortex, TPOJ = temporo-parieto-occipital junction, vis = primary visual cortex. 
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Figure 5. Visual representation of spatial and temporal mechanisms of the three layers of self. The left part of the figure shows that the glue (drops) provided by the right anterior insula joins all the networks, e.g., interoceptive- exteroceptive- and mental-self processing in accordance with Qin et al. 2020. The right side of the figure highlights the key role of right anterior insula for functional/spatial and temporal integration in our fMRI and EEG findings. Overall, this figure represents how neuronal data might translate in spatio-temporal mechanism and psychological manifestation of self. 
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