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SUMMARY

Positive emotions determine individual well-being and sustainable social relationships. Here, we examined
the neural processes mediating upregulation of positive social emotions using functional magnetic reso-
nance imaging in healthy female volunteers. We identified brain regions engaged in upregulation of positive
social emotions and applied a parametric empirical Bayes approach to isolate modulated network connec-
tivity patterns and assess how these effects relate to individual measures of social perception. Our findings
indicate that upregulation of positive social emotions shapes the functional interplay between affective valu-
ation and cognitive control functions. We revealed a selective increase of bilateral posterior ventrolateral pre-
frontal cortex (VIPFC) activity and attenuation of activity in right anterior vIPFC under control influences from
more superior prefrontal regions. We also found that individual perception of sociality modulates connectivity
between affective and social networks. This study expands our understanding of neural circuits required to

balance positive emotions in social situations and their rehabilitative potential.

INTRODUCTION

Positive emotions support psychological resilience, individual
and societal well-being, and sustainable relationships.'™
Conversely, a lack of positive attitude to social events, known
as social anhedonia, affects social functioning and may
contribute to neuropsychiatric conditions, including schizo-
phrenia, post-traumatic stress, and depressive disorders.*™®
The recent COVID-19 pandemic and associated restrictions
led to higher social anxiety” and radically altered interpersonal
interactions that typically support social-emotional well-being.?°

Previous research on emotion regulation suggests that
decreasing response to negative emotions requires inhibiting
prepotent appraisal of a stimulus in favor of an alternative reap-
praisal, and that these processes are associated with activation
of ventrolateral prefrontal cortex (vIPFC),'°~'® which is thought to
play an inhibitory role across several other tasks.'*"'® The pre-
frontal control system may also suppress overactive pleasure,
a process that might lead to depression in people with mood dis-
orders due to inappropriate activation. Accordingly, depressed

patients who demonstrate less downregulation of positive emo-
tions show quicker and better recovery from anhedonia in
response to antidepressant treatment, associated with lower
activity in rvIPFC, relative to patients with more persistent anhe-
donia who may exert stronger inhibition of positivity.'” On the
other hand, transcranial magnetic stimulation (TMS) studies re-
ported that suppression of rvIPFC activity can lead to more
negative appraisal, whereas its activation can lead to less nega-
tive appraisal during regulation of negative emotions.'® Likewise,
activation of rvIPFC is associated with more positive social eval-
uation, '® relief of social pain, and increased reward.'® However,
the engagement of vIPFC in successful generation and regula-
tion of negative emotions is also dependent on positive media-
tors, including nucleus accumbens/ventral striatum and subge-
nual anterior cingulate cortex (sgACC) that is associated with
greater reappraisal success, and negative mediators such as
amygdala, associated with lower reappraisal success.'? In
sum, the exact role of rvIPFC in emotion regulation remains un-
resolved. It is unclear whether this region primarily mediates
regulation processes by suppressing negative affect, enhancing
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positive affect, or dampening instead both positive and negative
emotions. More generally, the involvement of VIPFC (in tandem
with homologous regions in left hemisphere) during reappraisal
of negative emotions might be related to more demanding con-
trol goals compared to upregulation of positive emotions, as well
as to differences between approach and avoidance processes
modulated by regulation strategies.'®

Unlike emotion self-regulation where the regulator and the
target are the same person, social regulation of emotions refers
to process where an individual attempts to regulate the
emotional response of another individual(s).?° Nonetheless,
both social regulation and self-regulation of emotions in social
situations may recruit similar brain structures,?°° including in-
teractions between higher-order regions for cognitive control
and affective networks.?’ It is well-established that a key neural
mechanism of emotion regulation is the top-down influence from
prefrontal cortices onto emotion generating system, primarily
onto amygdala.>**® Amygdala plays a central role in conscious
and unconscious emotion processing and essentially acts to
extract the meaning of social signals.?®® In addition, sgACC
transfers information from limbic to cognitive control sys-
tem,??=" supports social processing,**** and promotes positive
social emotion regulation.?’*' Other crucial brain regions for the
regulation of positive social emotions include ventromedial pre-
frontal cortex (vmPFC),>' a key part of affective, social, and
reward processing systems® % whereas dorsomedial (dmPFC)
and lateral prefrontal cortices are implicated in more general
cognitive control systems,’®®” and engaged in positive social
emotion upregulation along with superior frontal gyrus (SFG)
adjacent to dmPFC.?"*!

However, the regulation of positive and positive social emotions
remains much less studied as compared to negative emotion
regulation,'%*>*" which limits our mechanistic understanding of
emotion regulation processes. Moreover, growing evidence sug-
gests that different emotion regulation goals and different levels of
stimulus valence may involve both common and distinct brain
structures.?>“° Recent research also indicates that cognitive up-
and downregulation of emotions involves activation of partly
similar brain regions including, among others, bilateral vIPFC
and dorsomedial PFC (dmPFC).?"*%*? Activation of vVIPFC was
primarily observed during reappraisal of negative emotions,’'~"®
and most recently, during reappraisal regardless of valence,
also known as anterior inferior frontal gyrus involved in inhibitory
control.***® However, it remains unclear whether vVIPFC modu-
lates positive social emotion regulation network.

To address these open questions, we used functional MRI
(fMRI) experiments requiring active self-engagement in positive
social situations and upregulation. By focusing on vIPFC as a
key region, we studied activation in positive social situations
compared to viewing neutral social situations and applied dy-
namic causal modeling (DCM) to probe for the interplay between
this region and other brain areas implicated in emotion regula-
tion. Distinct alternative models were examined to unveil how
vIPFC mediates affective and control processes during positive
social upregulation. To enable robust behavioral and fMRI ana-
lyses of individual data, we acquired two fMRI runs per partici-
pant and introduced rest periods between regulatory trials.
Unlike structural and resting state functional connectivity, our
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effective connectivity analysis allowed us to investigate causal
influences between interconnected brain areas together with
their modulation by contextual factors and stimuli, through
group-level DCM analysis and parametric empirical Bayes
(PEB).“5%" We hypothesized that vVIPFC would be more active
during positive social upregulation if it directly acts to increase
positive affect. Alternatively, vIPFC should be either less active
or show no change if it mediates a more general suppression
of affect regardless of valence, as suggested by previous
research on reappraisal of negative emotions.'? In addition, pos-
itive emotion upregulation in social situations should recruit other
regions implicated in affective processing, social cognition, and
cognitive control, which might interact with vIPFC through either
attenuating or enhancing modulatory influences according to the
exact role of this region in affective and control processes. We
therefore hypothesized selective connectivity changes in DCM
results. Thus, we expected that vIPFC might exert direct influ-
ences onto limbic and affect valuation regions, receive modula-
tory inputs from other cognitive control regions, and show
context-dependent modulations of these connections during
the positive social emotion upregulation task. Given that vIPFC
(de)activation was not explicitly disambiguated during upregula-
tion of positive emotions in the past literature, we had no hypoth-
esis about the sign of these interactions. In addition, we hypoth-
esized that connectivity strength between vIPFC and other brain
regions could be predicted by individual perception of sociality in
emotion eliciting situations. Since positive social upregulation is
associated with prosocial behavior,'®'%%8°9 ynderstanding
neural processes controlling positive social emotion upregula-
tion may help better assessing and preventing dysregulations
that can lead social exclusion on mood and well-being.

RESULTS

We investigated attenuation processes in positive social emotion
upregulation and the role of rvIPFC in this regulation in a group of
healthy female volunteers using two whole-brain fMRI experi-
ments. We modeled PEB variations of endogenous connectivity
and contextual modulations of positive social emotion regulation
network with individual sociality scores as covariates, and specif-
ically investigated the functional interplay of activated bilateral
posterior ventrolateral prefrontal cortex (pvIPFC) and deactivated
right anterior vIPFC (arvIPFC) with positive social emotion regula-
tion network and the influence of individual social perception.

Behavioral ratings and questionnaire scores

For the first experiment, behavioral results were reported else-
where?" but did not distinguish valence from (non-)sociality rat-
ings. For the second experiment (Figure 1), participants reported
good adherence to the experimental protocol (ability to focus:
3.7 = 1.9) and moderate vividness of imagery (2.1 + 2.7). Partic-
ipants did not increase positive affect after compared to before
the experiment (Figure 2A, Table S1; PANAS-P, before: 56.4 +
12.4, after: 56.7 + 13.4, paired one-tailed t-test, tig = 0.13,
p = 0.89), but showed a trend decrease in negative affect
(PANAS-N, before: 20.5 + 3.1, after: 19.4 + 2.3, paired one-tailed
t-test, t19=1.72, p = 0.051). This lack of increase in positive affect
and trend reduction of negative affect is consistent with past
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research using similar duration and intensity of positive social
stimuli.?" Participants consistently rated positive social pictures
with higher valence, arousal, and sociality scores, confirming
that positive social situations were perceived as more pleasant
and socially engaging interactions than the neutral social situa-
tions in our dataset (Figure 2A; valence: positive, 7.33 + 0.53;
neutral, 5.49 + 0.39; paired t-test, t;9 = 19.55, p < 0.001; arousal:
positive, 6.46 + 1.03; neutral, 4.93 + 1.15, paired t-test, tig =
17.69, p < 0.001; sociality: positive, 6.31 + 0.98; neutral, 4.86 +
1.00; paired t-test, t1g = 9.80, p < 0.001). We also found signifi-
cant correlations between scores of positive and neutral pictures
(Figure 2B; valence, r = 0.62, p = 0.004; arousal, r = 0.94,
p < 0.001; sociality, r = 0.78, p < 0.001). There were no correla-
tions between sociality and valence (positive, r = 0.21,
p = 0.37; neutral, r = 0.28, p = 0.23) or arousal (positive,
r = 0.33, p = 0.16; neutral, r = 0.35, p = 0.13) scores. In line
with prior work, we did not find associations between avoidance
attachment style scores and valence ratings of social situa-
tions.”" Interestingly, we observed a significant positive correla-
tion between avoidance attachment style (ECR-AVS) scores and
sociality scores of social neutral images (Figure 2C, r = 0.71,
adjusted p = 0.037, FDR correction across all questionnaires
and behavioral ratings applied, n = 300, g < 0.05). Higher avoi-
dant attachment scores were associated with higher individual
sociality ratings of neutral social situations (not positive), sug-
gesting that participants who tend to feel uncomfortable with in-
timacy treated neutral social scenes as more socially engaging
relative to non-avoidant participants.

Brain activity associated with positive social emotion
upregulation

For the first experiment, the main effect of upregulation (upregula-
tion vs. viewing) revealed activations in SFG, and the main effect
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of positive social stimuli (positive social vs. neutral nonsocial) re-
vealed, among other brain areas, activations in dmPFC, vmPFC,
sgACC, and bilateral amygdala. The specific effect of upregulating
positive social emotions compared to passive viewing of positive
social pictures was associated with increased activity of SFG and
dmPFC (Table S2, details reported elsewhere®"). This experiment
did not reveal arvIPFC (de)activation when comparing other upre-
gulation and passive viewing conditions.

For the second experiment, blocks with upregulation of posi-
tive social emotion (in comparison to passive viewing of neutral
social pictures) activated a widespread network including bilat-
eral SFG, dmPFC, bilateral amygdala, vmPFC, left anterior
insula, inferior frontal gyrus (IFG/pvIPFC), thalamus/caudate,
hippocampus, putamen, superior temporal sulcus, and superior
parietal lobule (Figure 3A, Table S2, upregulate positive
social > view neutral social). Conversely, this comparison was
also associated with significant decrease in arvIPFC, as well as
inferior parietal lobule, superior and middle temporal gyri, and
medial regions overlapping with default mode network (Fig-
ure 3A, Table S2, view neutral social > upregulate positive so-
cial). The upregulation of positive social emotion in comparison
to fixation also shared similar effects than those in the first exper-
iment, with activation in dmPFC, vmPFC, sgACC, pvIPFC, and
left temporoparietal junction (TPJ), among other areas (Figure 3B,
Table S2, upregulate positive social > fixation). These results
therefore reject the hypothesis that arvIPFC would be activated
stronger during positive social upregulation as compared to
neutral social situations. Instead, bilateral pvIPFC was activated
and arvIPFC was deactivated. Consistently with previous find-
ings on selective processing of social stimuli,>” we did not find
any functional lateralization of amygdala activity (comparing indi-
vidual contrast images with their flipped counterparts) but
observed a specialization of the superficial part of amygdala
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Figure 1. Design of a functional run in experiment 2

upregulation

social positive pictures 3 x6 s

During two functional runs, alternating blocks of neutral and positive social pictures were presented via MR-compatible monitor (17.6 min run duration). Each run
included five trials that comprised four upregulation blocks interleaved with five passive viewing blocks of 18 s each, followed by a 46 s fixation period (3 social
pictures per block with 6 s display duration). Participants were instructed to passively look at neutral social situations (blue frame; passive viewing) or imagine
experiencing positive social situations from a first-person perspective and feel positive about it (green frame; emotion upregulation). For illustrative purposes, we
used social pictures found via Google search engine under the Creative Common Zero license.
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Figure 2. Psychometric scores and correlations between behavioral characteristics
(A) Emotion regulation (during experiment 2) did not increase positive mood but showed a trend-level decrease in negative mood. Positive social pictures
were rated significantly higher than neutral social pictures in valence, arousal, and sociality. For average values, we reported the mean and standard deviation

(SD). * indicate statistical significance (p < 0.05).

(B) Higher individual scores of positive social images were associated with higher scores of social neutral images, indicating high consistency of social scene

ratings within a participant. * denote significant Pearson correlations (p < 0.05).

(C) Higher attachment avoidance scores were associated with higher sociality scores of neutral social pictures, suggesting that participants who seek inde-
pendence and tend to experience discomfort from intimacy perceived neutral social scenes as more convenient for social interaction (while this relation was not
significant for positive social scenes, r = 0.58, p = 0.15). * Survived FDR correction for multiple comparisons (across all questionnaires and behavioral ratings,

n =300, q < 0.05).

activity during upregulation of positive social emotions
(Table S8). In addition to superficial part of amygdala, elicited
activation in basolateral complex in upregulation condition
related to fixation could be associated with social perception.*”

Regression analyses revealed that individual sociality scores of
neutral social pictures correlated negatively with upregulation
vs. neutral viewing activity in bilateral amygdala (Figure 3C,
r=-0.69, adjusted p = 0.005; FDR-corrected for multiple compar-
isons across ROls, n = 6, q < 0.05). The cognitive reappraisal
(ERQ-R) scores were also negatively correlated with upregulation
activity vs. neutral viewing in bilateral amygdala and sgACC (Fig-
ure 3D, amygdala: r = —0.61, adjusted p = 0.014, sgACC: r =
—0.63, adjusted p = 0.014; FDR-corrected for multiple compari-
sons across ROls, n = 6, q < 0.05). Despite the BDI scores being
relatively low (mean + SD, 3.9 + 3.3), they correlated negatively
with upregulation activity in pvIPFC (Figure S1, r = —0.58, adjusted
p = 0.043, FDR-corrected for multiple comparisons across ROls,
n=26,q<0.05).

Effective connectivity in positive social emotion
upregulation

To further investigate regulation processes modulated by rviIPFC
and identify network parameters associated with subjective soci-
ality ratings, we performed an effective connectivity analysis using
hierarchical PEB framework. We specifically focused on disentan-
gling the functional roles of activated pvIPFC and deactivated
arvIPFC during positive social emotion upregulation (Table S2),
given the known reappraisal role of bilateral pvIPFC regardless of
valence,’®*® its engagement in reappraisal of negative emo-
tions,'®"® regulation of social emotions,'® and inhibitory con-
trol.***° Thus, we defined key network nodes including bilateral
pvIPFC, arvIPFC, vmPFC, sgACC, bilateral SFG that included
dmPFC, and bilateral amygdala. Positive and negative DCM PEB
connectivity strengths indicate excitatory and inhibitory influ-
ences, respectively. Negative self-connectivity of nodes indicates
decreased self-inhibition (i.e., disinhibition), expressed in terms of
the log-scaled self-inhibitory prior —0.5*exp(A; ).
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When considering PEB variations of endogenous connectiv-
ity, we found a highly interconnected network (Figure 4A, model
with sociality covariate of positive pictures). The strongest
excitatory influence was exerted from sgACC onto pvIPFC
and from pvIPFC onto SFG. Interestingly, pvIPFC had positive
outgoing endogenous connections with all other nodes of the
model except arvIPFC. Conversely, arvIPFC received a single
selective attenuating influence from pvIPFC and exerted an
excitatory influence onto pvIPFC and SFG. We also examined
the PEB variations of endogenous connectivity with sociality
covariate of neutral pictures, which revealed a network archi-
tecture generally similar to model variations with the sociality
covariate of positive pictures (Figure S2A). They differed in
additional inhibitory connection of vmPFC onto arvIPFC and
lack of sgACC onto AMY endogenous positive connectivity.
An inhibitory influence of vmPFC onto arvIPFC suggests that
in presence of deactivation of arvIPFC, more active regulatory
processes were required to evaluate neutral social situations,
assign affective values to these situations, and assess their
personal self-relevance.

We then determined contextual PEB variations of this network
related to positive social upregulation demands. The effect of
emotion upregulation task was such that AMY and sgACC posi-
tively modulated affective valuation in vmPFC, which in turn
positively modulated pvIPFC and SFG (Figure 4B). Furthermore,
SFG strongly attenuated arvIPFC, which in turn positively modu-
lated sgACC and pvIPFC. Thus, we confirmed our hypothesis
that rvIPFC areas exerted direct influences onto limbic and affec-
tive systems and were contextually modulated by emotion upre-
gulation demands via attenuating connectivity from cognitive
control system (i.e., SFG). However, we also observed distinct
interactions between pvIPFC and arvIPFC with the rest of the
network. When considering PEB variations of contextual con-
nectivity models with sociality covariate of neutral pictures,
emotion upregulation task modulated not only SFG onto arvIPFC
inhibitory influence, but also outgoing arvIPFC onto SFG con-
nectivity (Figure S2B).
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Figure 3. Brain activations and their associations with sociality and cognitive reappraisal scores in experiment 2
(A) Upregulation of positive social emotions compared to passive viewing of neutral social situations was associated with increased (red scale) activity in SFG,
vmPFC, pvIPFC and bilateral amygdala, as well as decreased (blue scale) activity in arvIPFC and DMN (FWE, p < 0.05). For illustration purposes, activation maps

were threshold at FWE p < 0.05.

(B) In upregulation contrasted to fixation we additionally observed significant activations in sgACC (FWE, p < 0.05). For illustration purposes, activation maps were

threshold at p < 0.005 unc.

(C) Higher sociality scores of neutral social pictures predicted lower and negative changes in bilateral amygdala activity during positive social emotion upre-
gulation, indicating that individuals with stronger ability to socialize in neutral social content exhibited lower emotional responses.

(D) Higher cognitive reappraisal scores predicted lower and negative activity changes in bilateral amygdala and sgACC during upregulation, indicating that
individuals with higher reappraisal preferences showed lower emotional responses.

(C and D) * survived FDR correction for multiple comparisons (across ROls, n = 6, q < 0.05).

We also examined how these functional networks were modu-
lated by the individual social perception of positive scenes.
Although individual ratings of positive social and neutral social
pictures were correlated, we estimated two separate PEB varia-
tions of endogenous connectivity and their contextual modula-
tions using sociality ratings of neutral and positive social pictures
as distinct covariates, respectively. When considering PEB var-
iations of endogenous connectivity, sociality ratings of positive
pictures were positively associated with endogenous connectiv-
ity from SFG onto vmPFC, vmPFC onto pvIPFC, and from AMY
onto pvIPFC and arvIPFC (Figure 4C; for neutral pictures, see
Figure S2). In parallel, they were negatively associated with the
endogenous connectivity from sgACC onto AMY and pvIPFC,
pvIPFC onto vmPFC, and from SFG onto pvIPFC. Sociality rat-
ings of positive and neutral pictures also modulated disinhibition
self-connectivity of AMY and arvIPFC nodes. These data confirm
our hypothesis that connectivity strength between arvIPFC and
AMY engaged in socio-affective processes could be predicted
by individual traits making sociality effects complementary to
the effects of regulation. When considering contextual PEB var-
iations related to upregulation demands, we found significant
negative association between sociality ratings of positive pic-
tures and contextual connectivity from vmPFC onto AMY during
emotion upregulation (Figure 4B, dashed line). In comparison to
positive pictures, models of endogenous connectivity with

sociality covariate of neutral pictures were characterized with
additional positive associations between sociality scores and
connectivity from SFG onto sgACC, AMY onto vmPFC, and
negative associations between sociality scores and connectivity
from sgACC onto vmPFC (Figure S2C). Distinctively from social-
ity perception of positive scenes, this network had no associa-
tions for connectivity from SFG and vmPFC onto pvIPFC, and
from sgACC onto AMY. The negative association between
contextual modulation of connectivity from vmPFC onto AMY
and sociality ratings was not found for neutral social pictures.

Finally, for fully connected DCM models, we post-hoc illus-
trated a positive association between individual sociality ratings
of positive pictures and arvIPFC disinhibition self-connectivity
(Figure 4D, one-tailed Pearson r = 0.49, p = 0.013 unc.), and a
positive association with endogenous connectivity strength
from AMY onto arvIPFC (Figure 4E, one-tailed Pearson
r = 0.38, p = 0.047 unc.). We also plotted the only significantly
negative contextual modulation by social perception, namely
connectivity from vmPFC onto AMY (Figure 4F, one-tailed Pear-
sonr = —0.53, p = 0.008 unc.).

DISCUSSION

Regulation of positive and positive social emotions remains
much less studied as compared to negative emotion regulation.

iScience 28, 111909, February 21, 2025 5
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Figure 4. Effective connectivity underlying positive social emotion upregulation

To evaluate directional connections between nodes, we varied PEB models of endogenous and contextual modulation connectivity with sociality scores of
positive social pictures as covariates. The numbers and thickness of the arrows indicate BMA values (cyan arrows for negative and black arrows for positive
connectivity strengths).

(A) The group average endogenous connectivity revealed a highly interconnected network. The pvIPFC showed positive connections with all the other network
nodes except arvIPFC, and arvIPFC received a single attenuating influence from pvIPFC and exerted an excitatory influence onto pvIPFC and SFG.

(B) The emotion upregulation task positively modulated connectivity from AMY and sgACC onto vmPFC, which positively modulated pvIPFC and SFG. Moreover,
SFG attenuated arvIPFC, which in turn positively modulated sgACC and pvIPFC, indicating highly selective changes in the interplay between control processes
mediated by pvIPFC and arvIPFC. lllustrative brain activity waveforms were scaled proportionally to the contrast-to-noise-ratio of the corresponding nodes
(average CNR estimated for upregulate positive vs. view neutral contrast; 0.19 for bilateral AMY, 0.45 for bilateral pvIPFC, 0.36 for bilateral SFG and dmPFC,
—0.24 for arvIPFC, and 0.31 for vmPFC). Dashed line denotes significant negative association between sociality ratings of positive pictures and contextual
connectivity from vmPFC onto AMY during emotion upregulation, illustrated on this panel for simplicity.

(C and D) Higher sociality scores of positive social pictures were associated with significantly increased disinhibition of arvIPFC and AMY, indicating increased
sensitivity of these nodes to social content. In addition, sociality scores were associated with several endogenous connectivity strengths, including modulation of
connectivity between pvIPFC and arvIPFC and the rest of the network, indicating that socio-affective processes could be predicted by individual traits. We
showcased that sociality scores of positive pictures correlated positively with (D) magnitude of disinhibition of arvIPFC,

(E) connectivity strength from AMY onto arvIPFC, and negatively with (F) contextual connectivity from vmPFC onto AMY during positive social upregulation.
(A-C) * denote parameters with posterior probability (Pp) > 0.95 (strong evidence). (D-F) * denote significant post-hoc one-tailed Pearson correlations (p < 0.05
unc.).

Despite suggested similarity between negative and positive  cognitive reappraisal,’®'>“° social processing,® and positive

emotion regulation processes, e.g., on generic reappraisal role  social emotion upregulation.'®?"*" These involved limbic sys-
of activated bilateral pvIPFC,*>*® there is growing evidence tem (e.g., AMY, sgACC), higher-order prefrontal regions impli-
that different emotion regulation goals and emotional valence cated in executive control and social cognition (e.g., SFG,
may involve distinct brain structures.?>“° The present study pro-  dmPFC), and affect generation (e.g., vmPFC). As expected in
vides new insights into the neural mechanisms underlying posi-  both experiments, upregulation of positive social emotions was
tive social emotion upregulation from a first-person perspective  associated with significant activations of dmPFC and adjacent
and the role of rvIPFC in this regulation in a group of healthy fe-  bilateral SFG regions implicated in cognitive control of emotions

male volunteers using whole-brain fMRI. and social processing. Expectedly, SFG, dmPFC, vmPFC, TPJ,

sgACC and bilateral amygdala were more active during upregu-
Brain (de)activation related to positive social emotion lation of positive social emotions as compared to fixation base-
upregulation line. Higher cognitive reappraisal scores predicted lower and

Upregulation of positive emotions in positive social situations as  negative activity changes in bilateral amygdala and sgACC dur-
compared to viewing neutral social scenes confirmed an ing upregulation, suggesting that participants with larger
engagement of several brain regions typically implicated in emotion reappraisal capability also show lower recruitment of
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emotion generation regions during positive social emotion
upregulation.?’-*!

We also identified activation in bilateral pvIPFC, in line with
prior studies on reappraisal of positive and negative emo-
tions**** and inhibitory control.***° Interestingly, participants
who scored lower on BDI showed greater bilateral pvIPFC acti-
vation, which is consistent with patients in depression compared
to healthy controls during reappraisal of negative emotions. '

Identified deactivation of arvIPFC suggests distinct functional
rvIPFC subdivisions and more general role in attenuating affect
as reflected by increased recruitment for negative downregula-
tion and additionally reduced recruitment for positive social up-
regulation. Functional segregation of rvIPFC was recently sug-
gested in meta-analytic study,*> where arvIPFC and pvIPFC
were assigned to different co-activation groups implicated in
response inhibition or executive control and appraisal or lan-
guage processing during emotion regulation, respectively.
Although it was suggested that these two networks support
mainly the regulatory processes specific to reappraisal of nega-
tive emotions, perhaps due to the permanent literature shift to-
ward negative emotion regulation. %%+

Implications of arviPFC attenuation for mediation of
affective appraisal

Self-referential positive social emotion upregulation revealed
strong interconnections between prefrontal and limbic systems,
which agrees with previous studies on positive social emotion
regulation®’®" and reappraisal of negative emotions.'®'? Criti-
cally, contextual modulation of endogenous connectivity by
emotion upregulation highlighted the key functional interplay of
arvIPFC with affective valuation, cognitive control, and social
emotion regulation network. This was evidenced by strongly
attenuated contextual connectivity from SFG onto arvIPFC and
positively modulated contextual connectivity from arvIPFC
onto pvIPFC and sgACC. While functional role of SFG (dmPFC
and adjacent SFG) is generally thought to mediate cognitive con-
trol during social emotional appraisal and introspection,®*>* to
evaluate social information,>*°° to situate oneself in social con-
texts,”>>” and to maintain a goal-relevant regulation strategy,”” it
also appears to be crucially engaged during positive social
emotion upregulation.”’ Notably, we revealed direct interactions
between SFG and pvIPFC but contextual modulation form SFG
onto arvIPFC. Since rvIPFC is positively engaged in reappraisal
of negative emotions and response inhibition,'*** deactivation
of arvIPFC in positive upregulation of emotions in positive social
situations in comparison to passive viewing of neutral social sit-
uations and its selective connectivity pattern with pvIPFC and
SFG could be explained by distinctive roles of rvIPFC subdivi-
sions in effect attenuation processes.

Excitatory influence of arvIPFC onto sgACC suggests its medi-
atory role in gatekeeping processes between limbic and prefron-
tal cortices in social cognition®?***> and positive social emotion
upregulation.?’*" Moreover, higher cognitive reappraisal scores
predicted lower activity changes in bilateral amygdala and
sgACC, indicating that individuals with stronger preference for
reappraisal as an emotion regulation strategy exhibit lower pos-
itive emotional response and weaker connectivity changes be-
tween limbic and prefrontal cortices.®' This is well in line with
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findings on negative stimuli®®°° and downregulation of negative

emotions,®*°" suggesting a coupling between preference to re-
appraise and amygdala responsivity irrespective of valence.
Observed contextual modulation during positive social emotion
upregulation is largely consistent with prefrontal-subcortical
interactions modulated by reappraisal success during negative
emotion upregulation.®® Specifically, authors observed positive
correlation of negative emotion upregulation success with
coupling of IFG (like pvIPFC) and amygdala, dmPFC and sgACC
and amygdala, vmPFC and IFG, and negative correlation of upre-
gulation success with coupling between IFG and dmPFC. Interest-
ingly, they also found reversed correlation pattern between vmPFC
and IFG during negative emotion downregulation (via distancing
from negative situations). Therefore, for emotion upregulation
regardless of valence, vmPFC was found positively associated
with pvIPFC, while reappraisal of negative emotions reversed
this dependency, confirming a key role of pvIPFC in regulation of
positive social emotions as in regulation of negative emotions®
and in regulation of social emotions on a regulator side.?®
Notably, we did not reveal direct interactions between vmPFC
and arvIPFC regions but between vmPFC and pvIPFC, as well as
contextual connectivity from vmPFC onto pvIPFC. Widespread
endogenous connectivity pattern of pvIPFC and contextual con-
nectivity from vmPFC and arvIPFC onto pvIPFC could reflect its
mediatory role in positive social emotion regulation processes.
This finding is consistent with positive effective connectivity be-
tween vmPFC and left IFG (i.e., pvIPFC) in upregulation of aver-
sive stimuli.®> Additionally, positive social upregulation task
modulated affective appraisal through the excitatory influence
of sgACC and AMY onto vmPFC, which was further translated
to SFG and pvIPFC. This is consistent with the known mediatory
role of vmPFC in prefrontal-subcortical connectivity.'??!6%64
The role of vmPFC is also central in regulation of social emotions,
connecting social engagement with affective and reward sys-
tems,®**58 as it computes mainly affective valuations and is
modulated by both sociality and valence dimensions,®*°® as-
signing and updating the subjective value of stimuli.*”>°

Implications of arvIPFC attenuation and sociality
perception for mediation of social appraisal

Bilateral amygdala plays a prominent role in evaluating social
cues and facial expressions.?**%?8 Here, lower individual social-
ity scores of neutral social pictures predicted higher activation in
bilateral amygdala during emotion upregulation. This suggests
that participants with larger emotion upregulation capability
and greater recruitment of emotion generation regions might
perceive neutral social situations as less suitable for social inter-
action, which fits with the notion that amygdala activity is modu-
lated by sociality dimension.*?:%°:¢”

Our endogenous connectivity models revealed significant as-
sociations between connectivity strength and perceived sociality
of positive and neutral social pictures. Specifically, higher indi-
vidual sociality scores were associated with reduction in self-in-
hibition inputs for bilateral AMY and arvIPFC, and with higher
positive connectivity from AMY onto arvIPFC and pvIPFC. This
suggests increased sensitivity of these regions to activity in the
rest of the network mediated by the perception of sociality in
positive social situations.®®
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For sociality covariates of neutral pictures, we identified nega-
tive associations for connectivity from SFG onto arvIPFC as
compared to connectivity from SFG onto pvIPFC for positive pic-
tures. This indicates specific top-down regulatory processes in
social situations reflected in inverse coupling between putative
attenuation processes mediated by arvIPFC and/or pvIPFC
and individual perception of sociality of social situations. The
coupling between sociality perception and arvIPFC disinhibition
complements prior findings that increases or decreases of
rvIPFC activity by TMS distinctively modulate emotions and pro-
social behavior,'® while TMS-induced activation of rvIPFC im-
proves positive memory regarding social feedback.'®

Individual perception of sociality mediated connectivity from
SFG onto pvIPFC and vmPFC and reciprocal connectivity be-
tween pvIPFC and vmPFC in positive social situations as well
as connectivity from SFG onto arvIPFC, vmPFC and sgACC
and from pvIPFC onto vmPFC in neutral social situations, which
indicates that attenuation processes are integrated in both the
affective valuation of social situations and cognitive control pro-
cesses. Accordingly, a mediatory role of vmPFC and rvIPFC was
also suggested by TMS-induced activation of rvIPFC which
demonstrated attenuated activity in amygdala and insula but
enhanced coupling of prefrontal-subcortical areas via vmPFC
during the reappraisal of negative social exclusion.®®

Conclusions

Contrary to common observations of rvIPFC activation during re-
appraisal of negative emotions, we identified an increase of bilat-
eral pvIPFC activity and specific decrease of arvIPFC activity
during the upregulation of positive social emotions, as compared
to passive viewing of neutral social situations. Our findings sug-
gest that arvIPFC function might be attenuated during the effort-
ful self-engaged positive social emotion upregulation, and that
perception of sociality of positive and neutral social situations
also modulates these processes. We show evidence that upre-
gulation of positive social emotions involves attenuation pro-
cesses that modulate the network interplay between several
brain regions implicated in affective and social appraisal, and
cognitive control processes. This knowledge advances our un-
derstanding of neural circuits related to balancing upregulation
of positive emotions in social situations and explores the rehabil-
itative potential of modulating different parts of this network.

Limitations of the study

There were several limitations to the current study design. The
all-female sample limits our ability to generalize the results and
examine potential sex differences. However, female participants
may show stronger emotional responses and larger regulation
effects in both PFC and subcortical areas, as compared to
males, particularly for positive emotions and reappraisal.®®"°
This gender selection served to optimize the sensitivity of our
measures. In addition, we focused on a realistic scenario of ther-
apeutic relevance engaging oneself in positive social emo-
tions.?"*""""2 However, our data were collected across two
separate experiments. Because the first experiment allows con-
trasting upregulation and passive viewing of positive social situ-
ations, the second experiment included only the upregulation of
positive social pictures versus passive viewing of neutral social
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pictures,'? allowing to most effectively capture upregulation ef-
fects for social stimuli.”®> Nevertheless, the current design does
not allow for determining whether the observed effects are due
to emotional valence, context type, or their interaction, which
has been done elsewhere.’>*° Qur findings motivate future
research revisiting balanced positive, neutral, and negative so-
cial study designs to shed more light on specificity of emotion
regulation processes.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Deposited data

Group level fMRI contrasts OSF repository https://osf.io/8tvec/
Single subject DCM OSF repository https://osf.io/8tvec/
Individual ROl masks OSF repository https://osf.io/8tvec/
Single subject raw data Federal Research Center of Fundamental N/A

and Translational Medicine

Software and algorithms

MATLAB R2021b MathWorks, Natick, MA https://www.mathworks.com/products/
matlab.html
Statistical Parametric Mapping (SPM12, Wellcome Trust Center for Neuroimaging https://www fil.ion.ucl.ac.uk/spm/

v7771), including DCM 12.5

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Participants

We used previously published fMRI data®’ from twenty-three healthy participants (11 female, mean + SD age, 27.7 + 6.2 years, White
cohort), denoted as the first experiment, and newly collected data of twenty-one healthy females aged between 18 and 55 who were
recruited for a single day study, denoted as the second experiment. One subject was excluded from new data due to excessive head
movements in fMRI session, leaving a sample of 20 participants (mean + SD age, 37.1 + 8.4 years, White cohort). For the second
experiment, we recruited only female participants, because prior work suggests they show stronger emotional responses and larger
regulation effects in both PFC and subcortical areas, as compared to males, particularly for positive emotions and reappraisal.®®°
They reported no history of neurological, psychiatric, or addictive disorders as well as no contraindications to MR imaging, were free
of any psychotropic medication, and had normal or corrected-to-normal vision.

Informed consent and ethics approval

The first experiment was approved by the ethics committee at the University of Geneva, Geneva, Switzerland.”' The second exper-
iment was approved by the ethics review board of the Federal research center of fundamental and translational medicine, Novosi-
birsk, Russian Federation (approval number 28/1). All participants gave written informed consent prior to the study and received a
monetary compensation.

METHOD DETAILS

Stimuli

For both experiments, a set of social pictures was collected from the International Affective Pictures System (IAPS),”* Nencki
Affective Picture System (NAPS),”® Open Affective Standardized Image Set (OASIS),’® Complex Affective Scene Set
(COMPASS),”” Socio-Moral Image Database (SMID),”® Geneva Affective Picture Database (GAPED),”® and EMOMadrid data-
base® (901 in total). Pictures were classified as social based on presence of people and faces as a part of the scene.®® Pictures
were resized to fit the screen resolution of display monitor; no additional cropping and color correction was performed. To ac-
count for relative biases in valence and arousal scores between different image databases, we matched their scores given pre-
defined categories with uniform emotional response, e.g., weddings, happy babies, team sports, smiling adults, etc. Using
linear regression model, we examined the association between median valence and arousal scores of each category and re-
coded original scores to those in IAPS. We did not include extreme positive content to avoid ceiling effects. The order of image
presentation for fMRI scans and behavioral ratings was pseudo-randomized per participant. For average values, we reported
the mean and standard deviation (SD).

For the first experiment, stimuli details are listed elsewhere (positive social pictures, n = 112, normative valence 6.97 + 0.68, arousal
4.97 + 0.82; neutral nonsocial pictures, n = 112, normative valence 5.21 + 0.60, arousal 3.61 + 0.96).”' For the second experiment,
stimuli were assigned to positive social pictures (n = 369, normative valence 7.13 + 0.34, arousal 4.97 + 0.65) or neutral social pictures
(n =420, normative valence 5.32 + 0.78, arousal 4.35 + 0.48). Social pictures were used for fMRI sessions and behavioral ratings of
valence, arousal, and sociality after fMRI. Pictures used for fMRI and behavioral sets did not overlap.
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Stimuli selected for the fMRI set in the second experiment comprised a series of different pseudo-randomized 120 positive social
(group average; normative valence = 7.11 + 0.01, arousal = 4.94 + 0.03) and 150 neutral social pictures (group average; normative
valence =5.35 + 0.01, arousal = 4.28 + 0.03). Positive and neutral social pictures were significantly different on the subject level (two-
sample one-tailed t-test, p-values <0.001), which was also confirmed on the trial level (two-sample one-tailed t-test; valence p-values
<0.001; arousal p-values <0.015). For positive and neutral social between-subject stimuli randomizations, we minimized the differ-
ence in valence (two-sample two-tailed t-test; positive p-values >0.76, neutral p-values >0.72) and arousal (two-sample two-tailed
t-test; positive p-values >0.50, neutral p-values >0.23).

Stimuli selected for the behavioral rating sets (30 pictures each; group average; positive social normative valence = 7.15 + 0.03,
arousal = 5.06 + 0.04, neutral social normative valence = 5.27 + 0.03, arousal = 4.46 + 0.04) were also pseudo-randomized and had
significant difference in valence between sets (two-sample one-tailed t-test; p-values <0.001) and in arousal between neutral and
positive pictures (two-sample one-tailed t-test, p-values <0.002). For both categories, we minimized between-subject difference
in valence (two-sample two-tailed t-test; positive social p-values >0.38; neutral social p-values >0.66) and arousal (two-sample
t-test; positive social p-values >0.62; neutral social p-values >0.50). Social pictures from behavioral and fMRI picture sets did
not differ in valence (two-sample t-test; positive p-values >0.37; neutral p-values >0.34) and arousal (two-sample t-test; positive
p-values >0.13; neutral p-values >0.13).

Each picture was repeated a limited number of times per group (median [quartiles] = 6 [3 10]). For individual picture sets, the mean
normative valence and arousal was significantly greater for positive than neutral social pictures (two-sample one-tailed t-test;
valence p-values <0.001, arousal p-values <0.002). There was no significant difference in valence and arousal between fMRI and
behavioral picture sets (p-values >0.13).

Experimental paradigm

The first experiment was set as a 2 x 2 factorial design based on the factors stimuli (positive-social vs. neutral nonsocial scenes) and
task (passive viewing vs. effortful emotion upregulation).?’ For design efficiency and stronger signal to noise, we did not manipulate
valence and content of pictures separately,”>°® because this study did not aim at dissecting these two factors but focused on pos-
itive aspects of social interactions only.>’ We acquired two functional runs (11.3 min run duration) consisting of two emotion upre-
gulation or passive viewing epochs randomized across subjects (alternating seven blocks of positive social and neutral nonsocial
pictures per epoch, 4 pictures per block, 6s picture display duration).

Because the first experiment allows contrasting upregulation and passive viewing of positive social pictures, in the second experiment
we included only the critical experimental condition with upregulation of positive social pictures, and a reference baseline condition with
passive viewing of neutral social pictures,'? allowing our analysis to most effectively capture upregulation effects for social stimuli.” Our
experimental design is particularly different from previous factorial studies®**° by balanced passive viewing of neutral social scenes and
fixation baseline. We contrasted blocks of positive social upregulation and neutral social viewing in two subsequent fMRI runs (Figure 1;
17.6min run duration). Both runs consisted of five trials alternating four emotion regulation blocks with five passive viewing (3 pictures per
block with 18s display duration) plus a fixation cross presented for 48s. For both experiments during positive social upregulation blocks,
subjects were asked to imagine active and enjoyable interactions with people depicted in social pictures from a first-person perspective.
During neutral social viewing blocks, subjects were asked to passively look at neutral social pictures. Stimuli and tasks were indicated by
different picture frame colors. The stimuli were presented on the screen of an MR-compatible monitor visible through a mirror attached to
the head coil. All participants were instructed to breathe steadily and remain as still as possible.

After fMRI runs of the second experiment, participants performed a behavioral rating task with two picture sets (60 pictures in total),
using valence and arousal scores on a continuous scale of self-assessment manikins.®' For sociality ratings, they evaluated how
much socially engaging or interacting they felt about depicted scenes using customized manikins representing incremental increases
in sociality. Care was taken to ensure that participants did not make their rating depending on the number of people in the scene, for
example if there is only one person, they could base their rating on how easily they could interact with that person in this scene. Un-
derstanding of the task was ensured and response time was not limited.

To assess personality traits that may influence changes in brain activity and connectivity, participants were asked to complete the
Emotion Regulation Questionnaire (ERQ),?” Beck Depression Inventory-Il (BDI),?* Hospital Anxiety and Depression Scale (HADS),**
State-Trait Anxiety Inventory (STAI),®® Revised Social Anhedonia Scale (RSAS),%® Snaith-Hamilton Pleasure Scale (SHAPS),%”
Ruminative Response Scale (RRS),?® Experiences in Close Relationships questionnaire (ECR),%° Behavioral Inhibition and Activation
Systems Scales (BIS/BAS),”° and Rotter’s Internal-External Locus of Control Scale (LCS).”"

To test whether emotional state changes after upregulation fMRI session, we measured the Positive and Negative Affect Schedule
(PANAS)*? before and after this session. To assess compliance with instructions and strategy details, we asked participants to rate
whether they were focused or absentminded, and whether their imagery was vivid or not (Likert scale from —5 to +5).

MRI data acquisition

The first experiment was performed on a 3T MRI scanner (Trio Tim, Siemens Medical Solutions, Erlangen, Germany) equipped with a
32-channel head coil at the Brain and Behavior Laboratory (University of Geneva). Functional images were acquired with a whole-
brain single-shot gradient-echo T2*-weighted EPI sequence (TR/TE = 2050/35ms, flip angle = 75°, matrix 120 x 120, 32 slices, voxel
size 2 x 2 x 2mm?®, GRAPPA, iPAT = 3).
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For the second experiment, MRI recordings were performed on a 3T MRI scanner (Ingenia, Philips, Best, the Netherlands) equip-
ped with a 16-channel head coil at the International Tomography Center SB RAS. A T1-weighted structural image was acquired at the
beginning of the scanning session using 3D turbo field echo sequence with TR/TE = 7.7/3.8ms, flip angle = 8°, matrix 288 x 288, 181
slices, and voxel size = 0.87 x 0.87 x Tmm®. Functional T2*-weighted images (528 scans per run) were obtained with a single-shot
gradient-echo EPI sequence with TR/TE = 2000/35ms, flip angle = 90°, matrix 112 x 112, 31 slices, voxel size 2 x 2 x 3mm?, 9
dummy scans, and parallel imaging (SENSE) factor = 3. The EPI protocol was configured to maximize brain coverage and to ensure
optimal signal quality for sgACC and bilateral amygdala.®" We also acquired a double-echo gradient-echo static magnetic field map
(TEq = 7ms, TE, = 10ms, flip angle = 70°, voxel size = 2.5 x 2.5 X 2.5mm3).

fMRI data preprocessing

For both experiments, the conventional fMRI data processing was performed using SPM12 (Wellcome Trust Center for Neuroimag-
ing, Queen Square, London, UK) and MATLAB (Mathworks, Inc.). The functional images were spatially realigned to the first scan of
each run, corrected for slice-timing and geometric distortions,*® co-registered to the individual structural image, normalized to the
standard MNI structural template with an isotropic 2mm?® voxel size and smoothed with an isotropic Gaussian kernel with 6mm full-
width-at-half-maximum (FWHM) using DARTEL.%*

QUANTIFICATION AND STATISTICAL ANALYSIS

GLM analysis

First-level fMRI analysis for the first experiment is described in detail elsewhere.?’ Similarly for the second experiment at the single-
subject level, we specified a general linear model (GLM) with a separate regressor for each trial of passive viewing and emotion up-
regulation conditions, implemented in SPM12. For two functional runs the fixed-effect model was applied. We modeled regressors as
boxcar functions convolved with the canonical hemodynamic response function (HRF), 6 head movement covariates to capture re-
sidual motion artifacts, and removed scans with excessive head motion (framewise displacement >0.9).°>:°° The data were high-pass
filtered with a conventional 0.008Hz cut-off.

For the second experiment whole-brain group-level analysis, a flexible factorial ANOVA was performed with a random factor
‘subject’ and fixed factor ‘condition’ (trial-based individual contrasts). As contrasts of interest, we computed upregulate positive
vs. view neutral and upregulate positive vs. fixation. Statistical maps were corrected for multiple comparisons using whole brain fam-
ily-wise error correction (FWE, p < 0.05).

Dynamic causal modeling
Definition of individual regions of interest
For DCM estimations, we defined group and individual ROIs. Group ROIls were defined within corresponding anatomical structures
and served as reference areas within which individual functional peaks of activity were located.“® Group ROIs did not overlap. Group
bilateral amygdala ROls were defined anatomically based on the AAL3 atlas®” because it is a small region for which a spherical ROI
would have likely included non-amygdala voxels in proximity. Group sgACC ROI was defined as an anatomically referenced 16 x
27 x 12mm? box centered at [0,14,-12] with the addition of a Brodman Area 25.98 To localize other key network nodes, we used
8mm spheres centered on ROI peak coordinates at the group level (FWE, p < 0.05). Group vmPFC ([-2, 56, —18]), SFG (left, [-16,
54, 38]; right, [16, 50, 44]; central dmPFC: [-2, 58, 36]), and pvIPFC (left, [-56, 24, 12]; right, [58, 28, 4]) maxima were defined using
upregulate positive > view neutral contrast. For group arvIPFC, we used peak coordinates [46, 41, —4] defined as the intersection
between view neutral > upregulate positive contrast and bilateral vIPFC maps extracted from Neurosynth database (association
tests, entry “inhibitory control” and “ventrolateral prefrontal”). The group arvIPFC ROl is in good agreement with emotion regulation
studies'® and in relatively close proximity yet different from more posterior inferior frontal gyrus areas involved in reappraisal of pos-
itive and negative emotions*®*® and inhibitory control.***>

For DCM node time-series extraction, individual ROls were defined as spheres of 6mm radius centered on the peaks located within
corresponding group ROlIs using individual contrast maps exceeded a liberal statistical threshold (p < 0.05 unc.). Individual sgACC
ROI was defined as a small rectangle around individual peak using upregulate positive > fixation contrast. In case of absence of in-
dividual maximum, we used a group ROI mask. Individual sgACC and bilateral amygdala ROIs were restricted by corresponding
group masks.
PEB DCM analysis
For the second experiment, to model functional networks engaged during the task, we applied bilinear Dynamic Causal Modeling
(DCM). DCM is a Bayesian framework that evaluates directional interactions between different brain areas (i.e., effective connectivity)
and the impact of experimental tasks on these interactions. DCM combines biologically plausible neurovascular model with neuronal
model to predict observed fMRI time-series and estimate model parameters using Variational Bayes under a fixed-form Laplace
scheme.®®'%° Functional brain network was modeled as endogenous bidirectional connectivity between the DCM model nodes
and self-connectivity of nodes (matrix A), plus modulatory inputs onto the endogenous connections related to contextual factors
(i.e., engaging actively in the depicted situations, matrix B) and external inputs (i.e., presentation of stimuli, matrix C). Non-diagonal
elements of matrices A and B indicate the rate of change in response of one region that is caused by activity in another region without
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external perturbations or modulated by contextual factors, respectively (in Hz). Positive connectivity strength describes excitatory
influences, while negative value represents inhibitory influences. The diagonal elements refer to self-inhibition processes.

To infer the effective connectivity parameters at the first and second level analyses, we used the Parametric Empirical Bayes (PEB)
framework as implemented in SPM12.%” This hierarchical approach allows estimations of the fully connected DCM models using
network node time-series and evaluations of the nested (reduced) network models using Bayesian model reduction (BMR).

At the first level, we estimated individual fully connected bilinear DCM models of six key nodes. Based on previous
research'#?122:31:40 and current findings, six ROIs centered around the individual functional activity peaks referenced to the corre-
spondent anatomical structures and group ROls were considered as key nodes of emotion regulation and social behavior network.
These nodes included arvIPFC, bilateral posterior ventrolateral prefrontal cortex (pvIPFC), bilateral amygdala (AMY), dmPFC along
with adjacent bilateral superior frontal gyrus (SFG), sgACC, and vmPFC. For each individual ROl average time-series, we regressed
out head motion parameters, linear trend, and constant term using GLM, and high-pass filtered with 0.008Hz cutoff. We averaged
bilateral SFG, pvIPFC and AMY time-series across left and right hemispheres.?'"'°" For fully connected DCM models, the external
stimuli influenced all six model nodes (i.e., picture presentation conditions), as well as contextual modulations (i.e., emotion regula-
tion condition) influenced bidirectional connections and not self-inhibitory.

At the second level, we identified the PEB network models and their parameters that describe group average endogenous
connections and their contextual modulations for emotion regulation processes, as well as network architectures associated with
individual sociality scores applied as covariates. In the PEB framework, this was accomplished by comparing the evidence of the
reduced models with certain combinations of parameters switched off, which could be derived analytically from the full model using
Bayesian Model Reduction (BMR).*” Specifically, network models varied separately for endogenous connections between nodes
(i.e., comparing evidence for reduced endogenous connectivity models, matrix A) and contextual modulations of functional coupling
strengths between nodes (i.e., comparing evidence for reduced contextual connectivity models, matrix B). We used an automatic
model search over all possible reduced network models to identify parameters that did not contribute to the model evidence.
Bayesian Model Averaging (BMA) over 256 best models from the last iteration of the model search procedure was used to reveal
the most plausible endogenous connections and contextual modulations, respectively. The posterior probability (Pp) for each
PEB parameter was calculated by comparing the evidence of all models which had the corresponding connectivity parameter
switched on, versus all models which had that parameter switched off. The Pp > 0.95 corresponds to the strong evidence.

Analyses of the behavioral and psychometric data

For the second experiment, we performed a cross-correlation analysis of behavioral ratings and psychometric scores using Pearson
correlation. We also investigated associations between individual brain activity, connectivity, psychometric scores, and behavioral
ratings with focus on sociality scores of neutral and positive social pictures. For ROI activity estimates, we extracted whole-brain
GLM contrast betas (“upregulate positive social - view neutral social pictures”, “upregulate positive social - fixation”). For ROl con-
nectivity estimates, we performed the follow-up correlations for illustration purposes. The statistical significance was corrected for
multiple comparisons using false discovery rate (FDR, p < 0.05). For average values, we reported the mean and standard devia-

tion (SD).
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