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Abstract: Self and emotions are key motivational factors of a person strivings for health and wellbeing. Understanding neural mechanisms supporting the relationship between these factors bear
far-reaching implications for mental health disorders. Recent work indicates a substantial overlap
between self-relevant and emotion information processing and has proposed the medial prefrontal
cortex (MPFC) as one shared neural signature. However, the precise cognitive and neural mechanisms
represented by the MPFC in investigations of self- and emotion-related processing are largely
unknown. Here we examined whether the neural underpinnings of self-related processing in the
MPFC link to positive or negative emotions. We collected fMRI data to test the distinct and shared
neural circuits of self- and emotion-related processing while participants performed personal (self,
friend, or stranger) and emotion (happy, sad, or neutral) associative matching tasks. By exploiting
tight control over the factors that determine the effects of self-relevance and emotions (positive:
Happy vs. neutral; negative: Sad vs. neutral), our univariate analysis revealed that the ventral part of
the MPFC (vmPFC), which has established involvement in self-prioritisation effects, was not recruited
in the negative emotion prioritisation effect. In contrast, there were no differences in brain activity
between the effects of positive emotion- and self-prioritisation. These results were replicated by both
region of interest (ROI)-based analysis in the vmPFC and the seed- to voxel functional connectivity
analysis between the MPFC and the rest of the brain. The results suggest that the prioritisation
effects for self and positive emotions are tightly linked together, and the MPFC plays a large role in
discriminating between positive and negative emotions in relation to self-relevance.
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1. Introduction
Over the past decade, our knowledge about the effects of self- and emotion-relevance
on a wide range of cognitive processes has grown substantially. In particular, self-related
disorders are typically associated with the dysfunction of the affective aspects of the
self [1,2]. Interest in this topic is growing because it bears far-reaching implications for
neuropsychiatric [3], neurological [4], and neurodevelopmental disorders [5].
It has long been recognised that self-referential and emotional processes are closely intertwined [6–10]. A particularly strong body of evidence came from studies demonstrating
a synchronised activity between the medial prefrontal cortex (MPFC) as a ‘core’ part of the
default mode network (DMN) involved in self-referential processing and the insula, part of
the salience network, which has been associated with the processing of both self-relevant
and emotion information [11,12]. In light of these findings, the interplay between these
two areas may be critical for forming and evaluating personal and contextual meanings of
emotional information.
Recent trends in cognitive sciences parallel stimulus encoding mechanisms in terms
of self-referential and emotion benefits on the facilitation of cognitive processes [13]. This
work suggested a substantial overlap between different processing stages of self-referential
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and emotion information and proposed the MPFC as one of the neural signatures of the
shared mechanisms. Indeed, several neuroimaging studies demonstrated the MPFC to be
more active when individuals engage in self-referential processing within an emotional
context (e.g., self-evaluation of positive and negative words or judging trait adjectives in
terms of their personal relatedness) [14–20].
However, despite the general agreement that the MPFC plays a key role in processing
self-related information in the affective domain, the question about how the MPFC handles
the shared mechanisms in investigations of self- and emotion-related processing is poorly
understood. For example, some studies reported that the effect of self (vs. other) elicited
enhanced activity in the MPFC, but this effect was determined by the degree of selfrelatedness of words (high or low) while remaining independent of words of emotional
valence (positive or negative) [14,15,17]. These findings, however, have not been replicated
in a study using an almost identical experimental task because the results could not
dissociate whether the activity in the MPFC was due to the main effect of self vs. otherreference or to an interaction of self-reference and valence [21]. In contrast, a recent study
that investigated the neural basis of emotional content in self-referential processing by
using a personality attribution task and transcranial magnetic stimulation (rTMS) applied
to the MPFC did not find the effect of the rTMS along the self-other dimension but only
along the affective dimension [22]. The authors suggested that the MPFC plays a pivotal
role in a cortical network that supports affective referential reasoning with a crucial function
related to negative attribute processing. The lack of consistency across these studies can
be partly attributed to a common confound whereby healthy individuals are motivated to
establish the positivity of self by cognitively elaborating and emphasising positive features
of the self while dissociating it from any potentially negative features. The tendency
to evaluate positive traits as more self-descriptive than negative ones [23], making it
challenging to investigate negatively-valenced attributes [24], and confounds self-relevance
with emotional valence.
Moreover, it is important to note that the limitations of experimental paradigms in previous studies, probing the effects of valence on the processing of self-relevant information,
do not allow for unambiguous conclusions about the precise cognitive mechanisms represented by the MPFC. One emerging point of evidence from recent neuroimaging studies is
that the MPFC is involved in the self-positivity bias. In a series of fMRI studies, Beer and
colleagues [25] reported that the degree to which participants showed self-positivity bias
was associated with activity within the MPFC. Furthermore, the activation pattern within
this region and its functional connectivity differed depending on an emotional connotation
of self-relevance (positive or negative) [26]. Using a new paradigm in which the valence
was varied by whether a statement sentence has a neutral, positive, or negative outcome
and self-relevance was varied by changing the subject of a sentence from a person’s name
to ‘you’; another team observed a significant effect of self-relevance in the positive, but
not the neutral or negative sentences in the MPFC [27]. This self-positivity effect has been
linked to downstream processes related to the construction and maintenance of the selfpositivity bias [28]. Although these findings are intriguing, it is not easy to address the
precise cognitive processes linked to the MPFC.
In sum, it is not clear whether the neural underpinnings of self-related processing
reflect positive or negative feelings and emotions. We looked into the issue by using
an experimental design with tight control over the factors that determine the effects of
self-relevance and emotions to overcome the limitations in previous studies. Our experimental design stems from an associative matching procedure in which a basic stimulus (e.g., simple geometric shapes) is associatively tagged to personally significant information (e.g., ‘self’, ‘friend’, or ‘stranger’) or emotionally valenced information (e.g.,
‘happy’, ‘sad’, or ’neutral’). Previous studies using this paradigm demonstrated that immediately after these associations are formed, participants favour the shapes associated
with self [29–35] and emotional information [36,37]. These findings provide evidence that
perceptual judgments can be enhanced by tagging external stimuli (i.e., shapes) with an
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internal self-concept or emotion representations (i.e., referred to by personal labels or
emotional cues). Current trends in neuroscience suggested that this empirical operationalisation of self-relevance could be linked to specific functional or neural processes and is
used as a model of how we make inferences about ourselves [38,39]. Neuroimaging studies
using the associative matching procedure reported replicated effects associated with selfrepresentation (self > other) in the MPFC and the posterior temporal sulcus (pSTS) [40,41].
The effects observed in the MPFC in these studies are in line with previous research suggesting that the key functions of the MPFC are to reflect representations of ourselves (for
review, see [24]).
By exploiting the advantages of the associative matching procedure, we aimed to
test whether the effects of self-relevance overlap with the effects of positive and negative
emotions in the MPFC. Participants performed two separate associative matching tasks,
one on personal associations and the other on emotion associations. These tasks followed
the same experimental design differing only in the stimuli association (person or emotion)
we manipulated. Participants were required to judge whether a displayed shape—item
stimulus matched or mismatched learned associations in each task. We hypothesised that
if positive attributes of self-related stimuli are the driver of self prioritisation, no significant
differences will be found by contrasting the effects of self (over others) and positive emotion
(over neutral emotion). We tested this hypothesis in three ways. First, we compared the
effects of self and emotions using both the whole brain analysis and region of interest
(ROI)-based analysis over the MPFC. Second, we assessed the differences in functional
connectivity between the MPFC as a ‘core self’ network [39] and the rest of the brain by
contrasting these effects. And third, we controlled the effect of valence by contrasting the
effects of self and negative emotion.
2. Methods
2.1. Participants
A total of 21 young Caucasian adults aged between 21–26 (10 males, age M = 23.6,
SD = 2.8, range 20–26) were recruited via a mail list across colleges in Oxford. Participants
reported no use of psychotropic medications or past diagnoses for psychiatric, neurological disorders and have normal or corrected-to-normal vision size. As a part of the
pre-screening procedure, participants performed the Mood and Anxiety Symptom Questionnaire (MASQ), a 77-item self-report questionnaire that assesses depressive, anxious, and
mixed symptomatology [42]. Only participants with low scores on each of the 5 subscales
were invited to the scanning session (see Supplementary Materials, Prescreening).
Previous fMRI study [41] using the associative matching task in a sample of 16 participants reported a strong effect size dz = 0.64 (paired-sample t-test = 3.21, df = 15, Cohen’s
d = 1.65) of the effect of self > other in the ventromedial prefrontal cortex (vmPFC) for the
whole-brain analysis and Cohen’s d for Psychophysiological Interaction analyses (PPIs)
from 1.58 to 2.02. In the present study, we increased the sample size by 30% to ensure
that the current sample has adequate power to detect the differences between conditions,
connectivity, and links between connectivity and behaviour.
This experiment was approved by the Central University of Oxford Research Ethics
Committee (CUREC). All participants provided written informed consent.
2.2. Task and Stimuli
Participants performed two shape-label matching tasks based on personal relevance
and emotional valence (Figure 1A). In the personal task, participants were asked to learn
three associations between neutral geometrical shapes and personal labels (e.g., diamond—
me, square—friend, and circle—stranger). They were required to make a judgment of
whether the display contained an associated (matched) or re-paired (mismatched) shapelabel combination (e.g., diamond—stranger, me—square) by pressing corresponding buttons on an MRI compatible response box. In the emotion task, participants learned associations between neutral geometrical shapes and schematic faces displaying happy, sad, and
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Six geometric shapes (circle, hexagon, square, rectangle, diamond, and triangle) were
randomly assigned to three conditions in each task. A stimulus display contained a fixation cross (0.7° × 0.7°) on the centre of the screen with a shape (covering 3.5° × 3.5° of a
visual angle) and label (or a schematic face) covering 1.76°/2.52° × 1.76° (3.5° × 3.5°) of a
visual angle on either side of the fixation. The distance between the shape and label
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remained for 1000 ms or until the participant responded (Figure 1C). Trials were separated
by a jittered interstimulus interval (ranging between 2500–6000 ms). There were 5 runs
of 72 trials in each task. The number of trials in the main runs was determined by two
previous neuroimaging studies using the associative matching procedure [40,41]. The order
of the tasks (PEPEPEPEPE or EPEPEPEPEP) was balanced across participants. Prior to each
run, a short instruction reminded participants about their upcoming task. Presentation
software (http://www.neurobs.com) was used to present and control the stimuli and
collect behavioural measures.
2.3. fMRI Data Acquisition and Pre-Processing
fMRI data were acquired on a 3T scanner (Prisma; Siemens) using a 32-channel phasedarray head coil. Functional images were acquired with a gradient echo T2*-weighted
echo-planar sequence (TR 2040 ms, TE 30 ms, flip angle 80, 64 × 64 matrix, field of view
19.22 mm, voxel size 3 × 3 × 3 mm, parallel imaging GRAPPA, bandwidth = 1628 Hz/Px,
PE = 2, and interleaved slice ordering). A total of 36 axial slices (3 mm thick, no gap) were
sampled for whole-brain coverage. Imaging data were acquired in 10 separate 180-volume
runs of approximately 5 min 10 s each. Whole-head anatomical images were acquired at
the beginning of each scanning session using the following parameters: 192 × 192 matrix,
voxel size 1 × 1 × 1 mm; TR = 1900 ms, TE = 3.97 ms, and bandwidth = 200 Hz/Px.
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For univariate analysis, the imaging data were pre-processed using SPM12 (www.fil.
ion.ucl.ac.uk/spm). Functional images were realigned, unwarped, slice-timing corrected,
and co-registered to the participant’s T1 scan, resliced to a 2 mm3 voxel size, and smoothed
with a 8-mm FWHM kernel. To account for positive correlations common in the fMRI
data and the assumptions made about variance, the serial correlations were estimated
with a ReML (restricted maximum likelihood) algorithm using an autoregressive, AR(1),
model during parameter estimation. Positive autocorrelation, if ignored, could deflate the
estimate of the residual variance and inflate statistical inference [44]. To reduce inter-subject
anatomical variability, a high-dimensional diffeomorphic registration (DARTEL) [45] was
performed to create an anatomical template at the group level. First, echo-planar images
(EPI) were segmented for the brain tissues using the unified segmentation procedure (the
‘new segment’ function) [46]. Flow fields were calculated and subsequently applied to
the native grey matter image of each participant. The affine transformation from the
group template to the brain template implemented in SPM12 (ICBM152) was computed
and applied to each individual grey matter segmentation. The group template was then
normalised to the MNI space (Montreal Neurological Institute).
For functional connectivity analyses, we used the default pre-processing pipeline implemented in CONN [47] (functional realignment, unwarping, slice-timing correction,
structural segmentation and normalisation, functional normalisation, outlier detection, and
smoothing). Functional images were co-registered and resliced to a voxel size of 2 mm3 ,
normalised to the MNI brain template, and smoothed with an 8 mm isotropic Gaussian
kernel. The default pipeline also included head motion artefact detection with the Artifact
Detection Toolbox (ART). No images demonstrating head motions of more than 0.9 mm
were found in our data. Another set of nuisance regressors were removed from the data
using the component-based noise correction technique (CompCor [48]). With CompCor,
noise ROIs are defined within the white matter and cerebrospinal fluid (CSF) masks individually for each participant. Then, the signal from the noise ROIs is decomposed with
a principal component analysis (PCA), and the resulting component time courses were
regressed out from the data. As CompCor addresses potential confounding effects without
the risk of artificially introducing anticorrelations into the functional connectivity estimates,
global signal regression was not applied to the data. As additional denoising options, we
used detrending to remove any linear terms within each functional session and despiking
to reduce the influence of potential outlier scans that were not detected by ART. The main
effect of the task (i.e., direct BOLD signal changes associated with the presence/absence
of a task) was also regressed out by entering the condition main effects as confounds in
the pre-processing step. Finally, a standard temporal band-pass filter (0.008 to 0.09 Hz)
was applied on the time series to restrict the analysis further to signal fluctuations that
characterise the task-based fMRI BOLD frequency band.
2.4. Data Analysis
Behavioural data. In each task, we measured accuracy and response times. Here we
report data analysis for matched trials only (full data analyses are presented in Supplementary Materials). A one-way repeated measures ANOVA was carried out to examine
the effect of stimuli on the response time in each task. We also assessed RT advantages
for self-associations compared to stranger-associations in the personal task (self-bias), and
RT advantages for happy-and sad-associations (happy- and sad-bias) compared to neutral
emotional expression associations in the emotion task.
fMRI data univariate analysis. The data were modelled using the general linear model
(GLM) implemented in SPM12. First, individual fMRI time series for personal and emotion
runs were regressed onto a single fixed-effect general linear model. For the personal runs,
the regressors of interest represented matched trials for self, friend, and stranger. For
the emotion runs, the regressors of interest were happy, sad, and neutral expressions.
Mismatch trials assigned to different response buttons were of no interest for these analyses
but included in the general model to account for the model’s BOLD signal variance. The
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single-subject hemodynamic responses were modelled by convolving delta-stick functions
aligned to each condition’s onset with a first-order canonical hemodynamic response
function [49]. Stimulus onsets were defined relative to the acquisition of the middle slice.
The 6 motion-correction parameters were included in the design matrix to regress out
motion-related fluctuations in the BOLD signal. Two temporal derivatives (one controlling
for a small shift in the HDR pick, the second controlling for duration dispersion for the
pick) [50] were entered as regressors of no interest. Several contrasts were performed
at the first-level analysis. Individual contrast maps were entered into a random effect
analysis [51] for group statistical interference. The results were assessed with an false
discovery rate (FDR)-corrected cluster-wise threshold of p < 0.05 based on an uncorrected
voxel-wise threshold of p < 0.001 and an extended threshold of 30 contiguous voxels. All
anatomical coordinates are reported in MNI coordinates.
ROI-based analysis in the MPFC. To test the brain activity in the MPFC associated with
biased responses (self vs. others, happy/sad vs. neutral) in each task, we conducted ROI
analyses based on the portion of the MPFC where the effect of self has been established by
prior studies [41,52] and confirmed in the univariate analysis of the current study.
fMRI data functional connectivity analysis. To enhance the interpretability of the univariate analysis and test the hypothesis that the differences between self and emotion biases
may be associated with changes in the functional connectivity, we used seed-based connectivity (SBC) analysis. All SBC analyses were performed using CONN v.19b. SBC maps
represent the level of functional connectivity between a seed and every voxel or location in
the brain. The mean time-series averaged across all voxels within each seed was used as
a regression parameter and correlated with all other voxels in the brain in seed-to-voxel
connectivity analyses. Before the SBC analyses, BOLD time-series were pre-processed
and denoised separately for each run (as described in Section 2.3), then concatenated and
normalised to build the BOLD time-series at each voxel and the average BOLD time-series
within a seed.
The SBC maps were computed as the Fisher-transformed bivariate correlation coefficients between a seed BOLD time-series and each voxel BOLD time-series. These individual
maps were entered into the second-level analysis, where group-level differences in functional connectivity between self and emotion biases were tested. False discovery rate
(FDR) corrections were applied to all function connectivity maps [53]. The second-level
analysis was performed using paired-sample t-tests to compare self and happy/sad biases,
with a cluster defining the threshold of p < 0.001 uncorrected (cluster size k > 30). Results
significant at an FDR-corrected cluster level threshold of p < 0.05 are reported.
3. Results
3.1. Behavioural Performance
Accuracy. Participants were accurate in both tasks (Figure 2). A one-way repeated
measures ANOVA revealed a significant main effect of stimulus in the personal task
(F(2,40) = 3.62, p = 0.04). Post hoc t-tests with adjustment for multiple comparisons using
the Holm method indicated that this effect was driven by a significantly higher accuracy
for shapes associated with the self, compared to friend (t (20) = 2.58, p = 0.04, MD = 0.03,
95% CI [0.01, 0.04]). In the emotion task, the main effect of the stimulus was non-significant
(F(2,40) = 0.02).
Reaction time (RT). Only correct responses were used for reaction time analyses. Participants were faster (F(2,40) = 27.62, p < 0.001) in responding to stimuli associated with self
and friend compared to stranger (t(20) = −7.32, p < 0.001, MD = −88.24, 95% CI [−100.1;
−72.71]; t (20) = −4.78, p < 0.001, MD = −57.66, 95% CI [−82.98; −32.33] respectively). The
difference between self and friend was also significant (t(20) = −2.54, p = 0.02, MD = −30.58,
95% CI [−60.37,−2.84]). In the emotion task, reaction times for happy and sad associations
were faster compared to associations with neutral emotional expressions (F(2,40) = 29.70,
p < 0.001; t(20) = −6.83, p < 0.001, MD = −69.38, 95% CI [−84.93, −47.35]); t(20) = −6.51,
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p < 0.001; t(20) = −6.83, p < 0.001, MD = −69.38, 95%CI [−84.93, −47.35]); t(20) = −6.51, p <
0.001, MD = −66.14, 95% CI [−82.97; −47.78]). The difference between happy and sad associations were not significant (t(20) = −0.32, p = 0.75) (Figure 2).
RT advantages. To quantify the effects of personal relevance and emotions, we calculated RT advantages (gains) for self and friend compared to stranger ([RTstranger—
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RTself], [RTstranger—RTfriend]) and for happy and sad emotional expressions compared
to neutral ([RTneutral—RThappy], [RTneutral—RTsad]) (Figure 2). The RT advantage for
self was significantly greater compared to friend (t(20) = 2.70, p = 0.01, MD = 39.39.98, 95%
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Figure 2. Accuracy, reaction times and RT advantages in personal (raw A) and emotional (raw B) tasks. Error bars
represent ± SEM. * p < 0.05.
Figure 2. Accuracy, reaction times and RT advantages in personal (raw A) and emotional (raw B) tasks. Error bars represent ± SEM. * p < 0.05.

RT advantages. To quantify the effects of personal relevance and emotions, we calculated RT advantages (gains) for self and friend compared to stranger ([RTstranger—RTself],
In parallel to our main hypothesis that self-positivity is an inherent property of self
[RTstranger—RTfriend]) and for happy and sad emotional expressions compared to neutral
at the neural level, we also explored the associations between prioritisation effects of self,
([RTneutral—RThappy], [RTneutral—RTsad]) (Figure 2). The RT advantage for self was
positive, and negative emotions at the behavioural level. Multiple regression analysis was
significantly greater compared to friend (t(20) = 2.70, p = 0.01, MD = 39.39.98, 95% CI [8.95,
carried out to test whether the magnitude of the prioritisation effects for positive and neg69.62]). The difference between RT advantage for happy and sad emotional expressions
ative emotions could predict the magnitude of self-prioritisation. Using the enter method,
was non-significant (t(20) = 0.29).
it was found that the prioritisation of positive and negative emotions explained a signifiIn parallel to our main hypothesis that self-positivity is an inherent property of self
cant amount of self-prioritisation variance (F(2,20) = 9.04, p = 0.002, R2 = 0.50). The analysis
at the neural level, we also explored the associations between prioritisation effects of self,
showed that negative emotion did not predict the effect of self (Beta = 0.18, 95% CI estipositive, and negative emotions at the behavioural level. Multiple regression analysis
mated based on 5000 bootstrapping replicates [−0.11, 0.43], t = 1.40, p = 0.18). However, RT
was carried out to test whether the magnitude of the prioritisation effects for positive
advantages for positive emotion did significantly predict the magnitude of self-prioritisaand negative emotions could predict the magnitude of self-prioritisation. Using the enter
tion (Beta = 0.42, 95% CI estimated based on 5000 bootstrapping replicates [0.17, 0.69], t =
method,
it was found that the prioritisation of positive and negative emotions explained
3.43, p = 0.003) (for full report, see Supplementary Material).
a significant amount of self-prioritisation variance (F(2,20) = 9.04, p = 0.002, R2 = 0.50).
The
showed
3.2.analysis
Univariate
fMRI that negative emotion did not predict the effect of self (Beta = 0.18,
95% CI estimated based on 5000 bootstrapping replicates [−0.11, 0.43], t = 1.40, p = 0.18).
First, we tested whether the present study could replicate previous evidence for selfHowever, RT advantages for positive emotion did significantly predict the magnitude of
bias effects in the vmPFC and STS. The whole-brain result of the contrast [self > stranger]
self-prioritisation (Beta = 0.42, 95% CI estimated based on 5000 bootstrapping replicates
[0.17, 0.69], t = 3.43, p = 0.003) (for full report, see Supplementary Materials).
3.2. Univariate fMRI
First, we tested whether the present study could replicate previous evidence for selfbias effects in the vmPFC and STS. The whole-brain result of the contrast [self > stranger]
confirmed the results of previous studies showing that shapes associated with the self elicit
greater activity in the vmPFC (k = 213, Z = 4.03, x/y/z = −6/52/−4), the right superior
temporal gyrus (R-STG, k = 204, Z = 4.93, x/y/z = 58/−8/−14), and the right angular
gyrus (R-AG, k = 138, Z = 3.90, x/y/z = 52/−50/18) compared to shapes associated with
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d = −0.54, pholm = 0.04). The difference between friend and stranger was non-significant
(MD = −0.30, pholm = 0.15). In contrast, no main effect of Stimulus was found in the dmPFC
(F(2,40) = 1.50, p = 0.23). In the emotion task, the data indicate a main effect of Stimulus
in
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the vmPFC (F(2,40) = 3.33, p = 0.046, η2 = 0.14). However, post hoc analysis did not reveal
marginally significant differences between happy and neutral (MD = −0.84, t = −2.29, pholm
= 0.08) and happy and sad (MD = −0.80, t = −2.18, pholm = 0.08), and in addition, there was
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We also assessed whether the brain could discriminate between shape-label associations with happy, sad, and neutral emotional expressions. The results of these contrast
are displayed in Table 1. No voxels for the reversed contrasts (i.e., [neutral > happy],
[neutral > sad]) survived the thresholds.
Second, we performed four contrasts to examine the effects of (i) self-bias [self > stranger]
vs. happy-bias [happy > neutral] and (ii) self-bias [self > stranger] vs. sad-bias [sad > neutral]. The results showed that the effects of self-bias did not differ from the effects of
happy-bias (no significant clusters survived the threshold) for either [self-bias > happybias] and [happy-bias > self-bias]. Contrasting self-bias with sad-bias yields a large cluster
in the vmPFC (x/y/z = −6/52/−4, k = 429, Z = 4.19) (Figure 3B). The opposite contrast
(sad-bias > self-bias) showed an activation in three clusters (left parietal inferior lobule
(L-IPL, x/y/z = −40/−38/40, k = 765, Z = 4.81); the left frontal middle gyrus (L-FMG,
x/y/z = −24/−2/44, k = 349, Z = 4.13) with a small portion expanding to the frontal
superior gyrus and precentral gyrus; and the left frontal gyrus pars triangularis (L-IFG-Tri,
x/y/z = −50/28/28, k = 366, Z = 3.88)) (Figure 3C).

Brain Sci. 2021, 11, 264

9 of 16

Table 1. Significant clusters for contrasts in the emotion task.
Contrast

Label

x

y

z

k

Z

happy > neutral

Precentral_L
Parietal_Inf_l

−26
−40

−22
−38

64
40

289
543

3.67
4.65

sad > neutral

Frontal_Inf_Tri_L
Supp Motor Area_L
Frontal Sup_2_L
Frontal_Inf_Tri_R

−54
−2
−24
46

14
2
0
16

28
62
64
22

421
141
306
207

4.49
4.31
4.09
3.93

False discovery rate (FDR)-corrected at cluster level p < 0.05, height threshold p < 0.001, and uncorrected, extended
threshold at 30 voxels.

3.3. The Effects of Personal and Emotion Associations in the MPFC
To test whether there was increasing (self > friend > stranger) or a decreasing
(self < friend < stranger) activity in the vmPFC, a region of interest (ROI) in the vmPFC
was created based on the group-level whole-brain analysis for contrast [self > stranger]
(Figure 3A). Beta-values were extracted from each participant/condition beta maps, averaged across voxels, and submitted to analyses of variance. To control for the results in the
vmPFC, we also selected an ROI in the dorsomedial prefrontal cortex (dmPFC). The involvement of the dmPFC in social evaluative judgements and emotional processing [54,55]
are well-established findings. Furthermore, recent studies emphasised some resemblance
between the vmPFC and dmPFC in the processing of social and emotional information and
questioned a strict functional distinction between these regions during emotional valence
processing [56]. Having a functionally similar ROI in the dmPFC as a control provides a
unique opportunity here to test whether the effects of personal- and emotion-relevance
are specific to the vmPFC. The dmPFC ROI was defined as a 7 mm sphere centred at
x/y/z = −6/44/18 [41,54] containing 207 voxels (see details in Supplementary Materials).
A one-way ANOVA was carried out separately for each task, and each ROI on means
beta-values. In the vmPFC, there was a main effect of Stimulus (F(2,40) = 7.88, p = 0.001,
η2 = 0.28) (Figure 4). Post hoc analyses revealed greater activity for the self compared
to stranger (MD = −0.81, Cohen’s d = −0.86, pholm < 0.001) and friend (MD = −0.51,
Cohen’s d = −0.54, pholm = 0.04). The difference between friend and stranger was nonsignificant (MD = −0.30, pholm = 0.15). In contrast, no main effect of Stimulus was found
in the dmPFC (F(2,40) = 1.50, p = 0.23). In the emotion task, the data indicate a main
effect of Stimulus in the vmPFC (F(2,40) = 3.33, p = 0.046, η2 = 0.14). However, post
hoc analysis did not reveal marginally significant differences between happy and neutral (MD = −0.84, t = −2.29, pholm = 0.08) and happy and sad (MD = −0.80, t = −2.18,
pholm = 0.08), and in addition, there was no difference between sad and neutral (MD = 0.04,
pholm = 0.92). A main effect of conditions in the emotion task was non-significant in the
dmPFC (F(2,40) = 1.63, p = 0.21).
3.4. Seed-To Voxel Functional Connectivity
To further examine self and emotional biases, we tested whether the differences at a
cluster level (Figure 3B,C) also reflect differences in functional connectivity between these
clusters and the rest of the brain. Although our primary interest focused on the vmPFC,
four ROIs were created based on the results of the univariate analysis for contrasts [selfbias > sad-bias] and [sad-bias > self-bias]. All ROIs were created using the utility of Marsbar
software (http://marsbar.sourceforge.net/about.html). These ROIs were entered as seeds
in a seed-driven functional connectivity analysis to estimate maps showing temporal
correlations between the BOLD signal from each seed and that at every brain voxel [47].
Separate analyses were performed for each seed. Response time advantages were entered
as continuous regressors within the general linear model at the second level analysis to
account for the magnitude of behavioural biases to self and happy/sad associations.
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clusters and the rest of the brain. Although our primary interest focused on the vmPFC,
four ROIs were created based on the results of the univariate analysis for contrasts [selfbias > sad-bias] and [sad-bias > self-bias]. All ROIs were created using the utility of Marsbar software (http://marsbar.sourceforge.net/about.html). These ROIs were entered as
seeds in a seed-driven functional connectivity analysis to estimate maps showing temporal correlations between the BOLD signal from each seed and that at every brain voxel
[47]. Separate analyses were performed for each seed. Response time advantages were
entered as continuous regressors within the general linear model at the second level analysis to account for the magnitude of behavioural biases to self and happy/sad associations.
For the contrast [self-bias > sad-bias], the vmPFC seed was positively correlated to
clusters of voxels within the left insula (L-Ins) and negatively to the right frontal inferior
opercular (R-fIO), the right cuneus (R-Cun), and the left occipital middle gyrus (L-OCCMid) (Figure 5, Table 2).
Table 2. Significant clusters for differences in functional connectivity between the vmPFC and the
rest of the brain for self-biases compared to sad-biases.

Left Insula *
Right frontal inferior opercular *
Right cuneus *
Left occipital middle gyrus

x
−28
46
24
−14

y
16
−04
−96
−90

z
16
04
10
14

k
187
103
61
48

t-Value
9.31
−5.72
−5.51
−5.44

* The results
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even
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threshold
of FDR
withpp p<
0.001.
Figure
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For the contrast [sad-bias > self-bias], none of these three seeds (Figure 3C) showed
4. Discussion
connectivity
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For the contrast
[sad-bias
> self-bias],
none of these three seeds (Figure 3C) showed
connectivity
the threshold.
Recentlydifferences
emerging above
literature
have revealed overlapping neural effects of self-relevance and positive emotions, suggesting that these two effects may be inherently related
[13,22,24,27,28]. In the present study, we developed this line of inquiry and tested the neural underpinning of self and emotion biases generated by a common experimental procedure [29,30]. Our results support the hypothesis that self-positivity is a key property of
self-processing by three findings.
First, the patterns of reaction time performance were qualitatively similar in personal
and emotional tasks. In both tasks, items ‘tagged’ with important social information (self,
positive, and negative emotions) gained processing priority. These results are in line with
previous behavioural studies that reported a consistent advantage for self-related stimuli
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Table 2. Significant clusters for differences in functional connectivity between the vmPFC and the
rest of the brain for self-biases compared to sad-biases.

Left Insula *
Right frontal inferior
opercular *
Right cuneus *
Left occipital middle gyrus

x

y

z

k

t-Value

−28

16

16

187

9.31

46

−04

04

103

−5.72

24
−14

−96
−90

10
14

61
48

−5.51
−5.44

* The results remained significant even with more conservative threshold of FDR with p < 0.001.

4. Discussion
Recently emerging literature have revealed overlapping neural effects of selfrelevance and positive emotions, suggesting that these two effects may be inherently
related [13,22,24,27,28]. In the present study, we developed this line of inquiry and tested
the neural underpinning of self and emotion biases generated by a common experimental
procedure [29,30]. Our results support the hypothesis that self-positivity is a key property
of self-processing by three findings.
First, the patterns of reaction time performance were qualitatively similar in personal
and emotional tasks. In both tasks, items ‘tagged’ with important social information (self,
positive, and negative emotions) gained processing priority. These results are in line with
previous behavioural studies that reported a consistent advantage for self-related stimuli
(compared to stranger-associations) [32–35] and emotionally valenced stimuli (compared to
neutral emotional expression) [36,37,57]. An interesting finding in the present study is that
the magnitude of positive but not negative emotion biases could predict the magnitude of
the self-prioritisation effect. While preferential processing of positive emotional information
in relation to self-relevance is now well-documented in the literature, it is debated as
to what extent these two types of preferential processing relate to each other [52,58].
Our finding indicates that, in healthy participants with no negative mood symptoms,
prioritising positive emotion is congruent with prioritising self-relevant information. It
echoes previous research suggesting that the influence of negative emotion is different from
that of positive emotion on the degree of the self-reference effect, specifically, that negative
emotional processing, but not positive, weakened the degree of self-reference effects [37,59].
Although intriguing, this finding should be taken with caution. One previous study
using a similar experimental paradigm reported no correlation between self and emotion
biases [36]. It should be noted that our experimental design differed from the previous
study in three ways that could magnify the self-positivity bias. Specifically, (i) we used
validated representations of facial expressions instead of schematic faces; (ii) we tested
responses to associations with positive, negative, and neutral emotions (in contrast to the
previous study [36] where participants were asked to form associations with very happy,
happy and neutral emotions); and (iii) we controlled for mood and anxiety/depression
symptoms in our sample. The discrepancies between our and previous results highlight
an important direction for future research in testing the extent to which the magnitude of
self-positivity bias can be enhanced.
Second, our univariate analysis revealed no differences in brain activation between
the effects of self and positive emotion prioritisation. However, separately, each effect
(self > stranger, happy > neutral) triggered responses in areas previously reported in the
literature. In particular, we replicated the effect of self in the MPFC (vmPFC) and the
STS/Angular gyrus reported in studies using the associative matching procedure [40,41]
and other experimental paradigms to generate a robust self-prioritisation effect [60]. The
prioritisation effect for happy emotion in our study elicited activation in the area implicated
in the processing of positive emotions and, particularly, smiling faces [61,62]. Thus, the
absence of the differences between self and positive emotion is unlikely to result from the
lack of these effects per se. One possible explanation may reflect an overlapping effect
of self and positive emotion in the MPFC and, particularly, in its the ventral part—the
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well-known region for its contribution in self-referential processing, emotion regulation,
and social cognition [13,39,63].
The results of our ROI analysis support this explanation by demonstrating larger effect
sizes for self and happy emotion in the vmPFC. Moreover, the analysis also indicates that
the overlapping effect may be specific to the vmPFC. Differential involvements of the MPFC
in various self-referential and emotional tasks are some of the most frequently observed
in functional imaging studies [56,63]. A new finding here is that both self and positive
emotion associations yielded equivalent biased responses compared to friend/stranger
and neural/sad emotions in the vmPFC, which is part of the default mode network.
In contrast, a neighbouring region, the dmPFC, whose contribution to social cognition
is also well documented [28,54,56], did not show substantial changes in activity across
conditions in personal and emotional tasks. If this finding is confirmed in following up
studies, it may indicate that the ventral MPFC plays a role in integrating self-relevant and
positive emotional processes by incorporating emotional biasing signals into self-referential
processes through the interactions between the DMN and salience network.
Our results indicate that the ventral part of the MPFC, which has established involvement in self-prioritisation effects, was not recruited in the negative emotion prioritisation
effect. This finding is in line with previous neuroimaging studies in healthy subjects [28]. It
is worth mentioning that neuroimaging work in individuals with mood disorders (which
are typically characterised by elevated self-negative ruminations) indicated the opposite
involvement of the MPFC [64,65]. For example, in a study where participants were asked to
remember parts of their lives related to positive (happiness) and negative (anger) feelings,
changes in the oxyhemoglobin in the bilateral PFC during silent recall of negative episodes
were significantly larger than those during the silent recall of positive episodes [65]. These
findings may open an interesting avenue for future investigations about whether the noninvolvement of the MPFC in the prioritisation of negative emotion can serve as an indicator
of self-positivity.
Third, our functional connectivity analysis with the vmPFC as a seed did not reveal
differences in connectivity between the self and positive emotion effects. A seed-to-voxel
analysis with implemented advanced tools for removing potential confounding effects is
susceptible to detecting small signal changes [66]. As such, we would detect the differences
in synchronised activity between the MPFC and the rest of the brain if prioritisation of self
and positive emotion recruit distinct neural networks. However, we did not observe the
differences even with a lower threshold. Comparing self and negative biases demonstrated
increased coupling between the MPFC and the left insula, right frontal opercular, right
cuneus, and left middle occipital gyrus. This finding is in line with a vast body of works
investigating neural mechanisms involved in the processing of self-relevant information.
For example, it was suggested that co-activation between the insula involved in the salience
network and areas involved in the DMN (such as the MPFC) is crucial in constituting the
self and assigning self-specificity to stimuli [67]. This suggestion is supported by evidence
from a meta-analysis showing the recruitment of the right IFG and the left insula during selfspecific conditions [68] and in a study using both internally and externally cued conditions
in a self-referential task [16]. Interestingly, a recent line of research raised the question of
the specific engagement of DMN areas in self-referential processing, and more generally,
how the flow of external information to DMN subregions is regulated. The most prominent
finding in this work indicated that self-referential processing elicited information flow from
the fronto-parietal areas to support task-specific information processing [69]. For example,
ROI-based analysis in a recent fMRI study showed that the activity in the vmPFC negatively
correlated with the activity in the dorsolateral prefrontal cortex (DLPFC) in self-referential
judgments [40]. Our functional connectivity results of anticorrelation between the MPFC
and fronto-parietal areas (right frontal opercular, and right cuneus) support this work.
Taken together, our data demonstrate distinct and non-overlapping neural properties supporting the prioritisation of self-relevant information and negative emotion.
Nevertheless, we did not find differences between self-prioritisation and positive emotion-
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prioritisation. This raises the question of what brain mechanisms may support the selfpositivity effect? One emerging theory of emotions posits how we process emotions is
deeply rooted in predictions that our brain constructs for incoming emotional information [70,71]. Therefore, the meaning of incoming emotional information is partly predetermined by the content of representations that the brain has formed about a concept of an
emotional category. A positive concept of self is inherently associated with happiness [72].
This creates the possibility that seeing a correct pairing associated with happy emotion triggers representations associated with happiness and, as a consequence, activates the most
strong representation in the MPFC—about the self. This explanation echoed converging
lines of evidence [14,15,25,73] that the MPFC is not likely to be related to emotional content
per se but is due to the self-referential processing of emotional stimuli.
In contrast, seeing a shape associated with a sad expression may trigger representations of a concept formed about negative emotions (e.g., sadness). When representations
of negative emotions are not linked to the self, they may recruit a different brain network
such as the frontal and parietal areas found in the present study, which are known to relate
to sadness [74] and negative emotions in general [75,76]. However, it is important to note
that our experimental design included only happy and sad emotions and therefore, does
not allow for a firm conclusion about the whole range of negative emotions.
We also cannot exclude an alternative explanation for the self-positivity bias. Seeing a
positive emotional expression can be rewarding. The link between happy emotions and
reward as motivational factors is well-documented in behavioural, electrophysiological,
and neuroimaging studies [77]. There is also evidence for similarity in behavioural and
neural effects of self and reward. For example, an enhanced response to reward and the
self [78] has been repeatedly observed in conjunction with elevated neural activations
in cortical midline structures such as the vmPFC [79]. Although the literature provides
mixed findings of whether reward, self, and emotion processing overlap [78,80], we cannot
exclude the possibility that the interplay between these three systems determines the
self-positivity bias in the present study.
In conclusion, we report that the prioritisation effects for self and positive emotions
was shown to be tightly linked together through the MPFC, and that the MPFC played a role
in discriminating between positive and negative emotions in relation to self-relevance. We
propose that the experimental framework of associative matching could provide a useful
means of systematically mapping self-prioritisation and emotion prioritisation effects.
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shapes and labels, Table S3: The effects of Stimulus on Response Times, Table S4: Comparison RT
advantages, Figure S3: Residuals vs. Predicted and Q-Q Plot Standardized, Table S5: Cluster for
contrast happy > neutral above the threshold, Figure S4: Activation results for the whole-brain
univariate analyses for contrasts [happy > neutral], Table S6: Clusters for contrast sad > neutral above
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Woźniak, M.; Knoblich, G. Self-prioritization of fully unfamiliar stimuli. Q. J. Exp. Psychol. 2019, 72, 2110–2120. [CrossRef]
Reuther, J.; Chakravarthi, R. Does self-prioritization affect perceptual processes? Vis. Cogn. 2017, 25, 381–398. [CrossRef]
Stolte, M.; Humphreys, G.W.; Yankouskaya, A.; Sui, J. Dissociating Biases towards the Self and Positive Emotion. Q. J. Exp.
Psychol. 2017, 70, 1011–1022. [CrossRef]
Sui, J.; Ohrling, E.; Humphreys, G.W. Negative mood disrupts self- and reward-biases in perceptual matching. Q. J. Exp. Psychol.
2016, 69, 1438–1448. [CrossRef] [PubMed]
Sui, J. Self-Reference Acts as a Golden Thread in Binding. Trends Cogn. Sci. 2016, 20, 482–483. [CrossRef]
Sui, J.; Gu, X. Self as Object: Emerging Trends in Self Research. Trends Neurosci. 2017, 40, 643–653. [CrossRef]
Sui, J.; Rotshtein, P.; Humphreys, G.W. Coupling social attention to the self forms a network for personal significance. Proc. Natl.
Acad. Sci. USA 2013, 110, 7607–7612. [CrossRef] [PubMed]
Yankouskaya, A.; Humphreys, G.; Stolte, M.; Stokes, M.; Moradi, Z.; Sui, J. An anterior–posterior axis within the ventromedial
prefrontal cortex separates self and reward. Soc. Cogn. Affect. Neurosci. 2017, 12, 1859–1868. [CrossRef]
Watson, D.; Weber, K.; Assenheimer, J.S.; Clark, L.A.; Al, E. Testing a tripartite model: I. Evaluating the convergent and
discriminant validity of anxiety and depression symptom scales. J. Abnorm. Psychol. 1995, 104, 3–14. [CrossRef]
Wong, D.L.; Baker, C.M. Pain in children: Comparison of assessment scales. Pediatr. Nurs. 1988, 14, 9–17. [PubMed]
Glaser, D.; Friston, K. Covariance Components; Elsevier: Amsterdam, The Netherlands, 2007; pp. 140–147.
Ashburner, J. A fast diffeomorphic image registration algorithm. NeuroImage 2007, 38, 95–113. [CrossRef]
Ashburner, J.; Friston, K.J. Unified segmentation. NeuroImage 2005, 26, 839–851. [CrossRef] [PubMed]
Whitfield-Gabrieli, S.; Nieto-Castanon, A. Conn: A Functional Connectivity Toolbox for Correlated and Anticorrelated Brain
Networks. Brain Connect. 2012, 2, 125–141. [CrossRef]
Behzadi, Y.; Restom, K.; Liau, J.; Liu, T.T. A component based noise correction method (CompCor) for BOLD and perfusion based
fMRI. NeuroImage 2007, 37, 90–101. [CrossRef]
Friston, K.; Stephan, K.; Lund, T.; Morcom, A.; Kiebel, S. Mixed-effects and fMRI studies. NeuroImage 2005, 24, 244–252. [CrossRef]
Pernet, C.R. Misconceptions in the use of the General Linear Model applied to functional MRI: A tutorial for junior neuro-imagers.
Front. Neurosci. 2014, 8, 1. [CrossRef] [PubMed]
Friston, K.; Holmes, A.; Price, C.; Büchel, C.; Worsley, K. Multisubject fMRI Studies and Conjunction Analyses. NeuroImage 1999,
10, 385–396. [CrossRef]
Heinzel, A.; Northoff, G. The Relationship of Self-Relatedness and Emotional Processing. J. Conscious. Stud. 2014, 21, 30–48.
Chumbley, J.R.; Friston, K.J. False discovery rate revisited: FDR and topological inference using Gaussian random fields.
NeuroImage 2009, 44, 62–70. [CrossRef] [PubMed]
Mitchell, J.P.; Macrae, C.N.; Banaji, M.R. Dissociable Medial Prefrontal Contributions to Judgments of Similar and Dissimilar
Others. Neuron 2006, 50, 655–663. [CrossRef]
Nitsche, M.A.; Ekoschack, J.; Epohlers, H.; Ehullemann, S.; Epaulus, W.; Ehappe, S. Effects of Frontal Transcranial Direct Current
Stimulation on Emotional State and Processing in Healthy Humans. Front. Psychiatry 2012, 3, 58. [CrossRef]
Nejati, V.; Majdi, R.; Salehinejad, M.A.; Nitsche, M.A. The role of dorsolateral and ventromedial prefrontal cortex in the processing
of emotional dimensions. Sci. Rep. 2021, 11, 1–12. [CrossRef]
McIvor, L.; Sui, J.; Malhotra, T.; Drury, D.; Kumar, S. Self-referential processing and emotion context insensitivity in major
depressive disorder. Eur. J. Neurosci. 2021, 53, 311–329. [CrossRef] [PubMed]
Beer, J.S. Exaggerated Positivity in Self-Evaluation: A Social Neuroscience Approach to Reconciling the Role of Self-esteem
Protection and Cognitive Bias. Soc. Pers. Psychol. Compass 2014, 8, 583–594. [CrossRef]
Fan, W.; Zhong, Y.; Li, J.; Yang, Z.; Zhan, Y.; Cai, R.; Fu, X. Negative Emotion Weakens the Degree of Self-Reference Effect:
Evidence from ERPs. Front. Psychol. 2016, 7, 1408. [CrossRef]

Brain Sci. 2021, 11, 264

60.
61.
62.
63.
64.

65.
66.
67.
68.
69.

70.
71.
72.
73.
74.

75.
76.
77.
78.
79.
80.

16 of 16

D’Argembeau, A. On the Role of the Ventromedial Prefrontal Cortex in Self-Processing: The Valuation Hypothesis. Front. Hum.
Neurosci. 2013, 7, 372. [CrossRef]
Wild, B.; Erb, M.; Bartels, M.; Grodd, W. Why are smiles contagious? An fMRI study of the interaction between perception of
facial affect and facial movements. Psychiatry Res. Neuroimaging 2003, 123, 17–36. [CrossRef]
Todd, R.M.; Lee, W.; Evans, J.W.; Lewis, M.D.; Taylor, M.J. Withholding response in the face of a smile: Age-related differences in
prefrontal sensitivity to Nogo cues following happy and angry faces. Dev. Cogn. Neurosci. 2012, 2, 340–350. [CrossRef]
Hiser, J.; Koenigs, M. The Multifaceted Role of the Ventromedial Prefrontal Cortex in Emotion, Decision Making, Social Cognition,
and Psychopathology. Biol. Psychiatry 2018, 83, 638–647. [CrossRef]
Scalabrini, A.; Vai, B.; Poletti, S.; Damiani, S.; Mucci, C.; Colombo, C.; Zanardi, R.; Benedetti, F.; Northoff, G. All roads lead to
the default-mode network—global source of DMN abnormalities in major depressive disorder. Neuropsychopharmacol. 2020, 45,
2058–2069. [CrossRef]
Compare, A.; Brugnera, A.; Adorni, R.; Sakatani, K. Effects of Positive and Negative Mood Induction on the Prefrontal Cortex
Activity Measured by Near Infrared Spectroscopy. Single Mol. Single Cell Seq. 2016, 923, 151–157. [CrossRef]
Posse, S.; Ackley, E.; Mutihac, R.; Zhang, T.; Hummatov, R.; Akhtari, M.; Chohan, M.O.; Fisch, B.; Yonas, H. High-Speed Real-Time
Resting-State fMRI Using Multi-Slab Echo-Volumar Imaging. Front. Hum. Neurosci. 2013, 7, 479. [CrossRef] [PubMed]
Uddin, L.Q.; Nomi, J.S.; Hébert-Seropian, B.; Ghaziri, J.; Boucher, O. Structure and Function of the Human Insula. J. Clin.
Neurophysiol. 2017, 34, 300–306. [CrossRef] [PubMed]
Qin, P.; Northoff, G. How is our self related to midline regions and the default-mode network? NeuroImage 2011, 57, 1221–1233.
[CrossRef] [PubMed]
Soch, J.; Deserno, L.; Assmann, A.; Barman, A.; Walter, H.; Richardson-Klavehn, A.; Schott, B.H. Inhibition of Information Flow
to the Default Mode Network During Self-Reference Versus Reference to Others. Cereb. Cortex 2016, 27, 3930–3942. [CrossRef]
[PubMed]
Barrett, L.F. The theory of constructed emotion: An active inference account of interoception and categorization. Soc. Cogn. Affect.
Neurosci. 2016, 12, 1–23. [CrossRef]
Hoemann, K.; Devlin, M.; Barrett, L.F. Comment: Emotions Are Abstract, Conceptual Categories That Are Learned by a Predicting
Brain. Emot. Rev. 2020, 12, 253–255. [CrossRef]
Cohn, M.A.; Fredrickson, B.L.; Brown, S.L.; Mikels, J.A.; Conway, A.M. Happiness unpacked: Positive emotions increase life
satisfaction by building resilience. Emotion 2009, 9, 361–368. [CrossRef] [PubMed]
Phan, K.; Taylor, S.F.; Welsh, R.C.; Ho, S.-H.; Britton, J.C.; Liberzon, I. Neural correlates of individual ratings of emotional salience:
A trial-related fMRI study. NeuroImage 2004, 21, 768–780. [CrossRef] [PubMed]
Arias, J.A.; Williams, C.; Raghvani, R.; Aghajani, M.; Baez, S.; Belzung, C.; Booij, L.; Busatto, G.; Chiarella, J.; Fu, C.H.; et al. The
neuroscience of sadness: A multidisciplinary synthesis and collaborative review. Neurosci. Biobehav. Rev. 2020, 111, 199–228.
[CrossRef]
Wager, T.D.; Kang, J.; Johnson, T.D.; Nichols, T.E.; Satpute, A.B.; Barrett, L.F. A Bayesian Model of Category-Specific Emotional
Brain Responses. PLoS Comput. Biol. 2015, 11, e1004066. [CrossRef] [PubMed]
An, S.; Han, X.; Wu, B.; Shi, Z.; Marks, M.; Wang, S.; Wu, X.; Han, S. Neural activation in response to the two sides of emotion.
Neurosci. Lett. 2018, 684, 140–144. [CrossRef]
Banich, M.T.; Floresco, S. Reward systems, cognition, and emotion: Introduction to the special issue. Cogn. Affect. Behav. Neurosci.
2019, 19, 409–414. [CrossRef]
Enzi, B.; De Greck, M.; Prösch, U.; Tempelmann, C.; Northoff, G. Is Our Self Nothing but Reward? Neuronal Overlap and
Distinction between Reward and Personal Relevance and Its Relation to Human Personality. PLoS ONE 2009, 4, e8429. [CrossRef]
Northoff, G.; Hayes, D.J. Is Our Self Nothing but Reward? Biol. Psychiatry 2011, 69, 1019–1025. [CrossRef]
Yankouskaya, A.; Bührle, R.; Lugt, E.; Stolte, M.; Sui, J. Intertwining personal and reward relevance: Evidence from the
drift-diffusion model. Psychol. Res. 2018, 84, 32–50. [CrossRef]

