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Highlights

e Anticipatory interoceptive signals increase during unexpected social rejection.

e Negative HEP modulations reflect larger interoceptive signals in uncertainty.

e Key brain allostatic-interoceptive network hubs found via intracranial recordings.

e Exteroceptive signals are modulated by anticipation of reward-related outcomes.

e Findings inform models of allostatic interoception in social stress.
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Abstract

Anticipating social stress evokes strong reactions in the organism, including interoceptive
modulations. However, evidence for this claim comes from behavioral studies, often with
inconsistent results, and relates almost solely to the reactive and recovery phase of social
stress exposure. Here, we adopted an allostatic-interoceptive predictive coding framework
to study interoceptive and exteroceptive anticipatory brain responses using a social
rejection task. We analyzed the heart-evoked potential (HEP) and task-related oscillatory
activity of 58 adolescents via scalp EEG, and 385 human intracranial recordings of three
patients with intractable epilepsy. We found that anticipatory interoceptive signals
increased in the face of unexpected social outcomes, reflected in larger negative HEP
modulations. Such signals emerged from key brain allostatic-interoceptive network hubs, as
shown by intracranial recordings. Exteroceptive signals were characterized by early activity
between 1-15 Hz across conditions, and modulated by the probabilistic anticipation of
reward-related outcomes, observed over distributed brain regions. Our findings suggest that
the anticipation of a social outcome is characterized by allostatic-interoceptive modulations
that prepare the organism for possible rejection. These results inform our understanding of
interoceptive processing and constrain neurobiological models of social stress.

Introduction

Social rejection is a form of social stress that constitutes one of the most primal painful
experiences, eliciting bodily responses comparable to those of physical damage (Chae et
al., 2022; Eisenberger, 2012, 2015). Social interactions are critical during adolescence and
lay the groundwork for later social functioning (Blakemore and Mills, 2014; Orben et al.,
2020). Positive social interactions protect against mental health problems and promote
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brain health and resilience, but they become risk factors for the development of affective
disorders in the presence of bullying, loneliness, and/or social rejection (Orben et al., 2020),
promoting abnormal brain maturation (Raufelder et al., 2021; Tyborowska et al., 2018) and
adult psychopathology (Laceulle et al., 2019). The anticipation of a social outcome
(acceptance or rejection) has been related to interoception (i.e., sensing or perceiving
signals about physiological body states (Tsakiris and Critchley, 2016)), as accurate sensing
of somatic signals can guide cognition and socioemotional behavior to face rejection (e.g.,
when an invitation to a date is expected to be declined, accurate information about the
current state of the organism is needed to exercise efficient self-regulation, so as not to
under/overreact to the response to the invitation) (Durlik et al., 2014; Wu et al., 2021), with
relevant mechanisms being further modulated by the frequency of previous favorable
outcomes (Billeke et al., 2015; Billeke et al., 2020; Billeke et al., 2014). Nevertheless,
evidence on this phenomenon comes from behavioral studies limited to the counting of
heartbeats during the anticipation of public speaking (Durlik et al., 2014; Stevens et al.,
2011; Wu et al., 2021), often with inconsistent results. For instance, Durlik et al. (2014)
showed that participants evidenced increased interoceptive accuracy during speech
anticipation, while Stevens et al. (2011) reported that both low and high anxiety groups did
not. To address these issues, here we proposed an allostatic-interoceptive approach
(Kleckner et al., 2017; Migeot et al., 2022) to assess brain correlates of social outcomes
anticipation.

Allostatic-interoceptive predictive coding frameworks propose that the brain integrates
organismic and environmental signals to anticipate possible scenarios and generate adaptive
responses (Nord and Garfinkel, 2022; Petzschner et al., 2021; Quigley et al., 2021;
Schulkin and Sterling, 2019, Sterling, 2014). Specifically, this process is indexed by the
allostatic interoceptive network, a large-scale brain network that modulates visceromotor
and interoceptive processes multimodally, including regions such as the anterior cingulate,
insular, and prefrontal cortex (Kleckner et al., 2017). The anticipation triggered by
interoceptive (Durlik et al., 2014; Wu et al., 2021) and exteroceptive (Peters et al., 2017)
information during social outcomes might be adaptive; for instance, seeking a new social
group after being rejected by another. Social rejection modulates interoception (Durlik et
al., 2014; Durlik and Tsakiris, 2015; Stevens et al., 2011; Wu et al., 2021) and increases
allostatic load (i.e., progressive wear and tear in the body from chronic exposures to
environmental stressors, demanding repetitive energy relocation processes to attend those
demands) (Larrabee Sonderlund et al., 2019). Critically, a combined allostatic-interoceptive
approach to the anticipation of social rejection would help to characterize the interoceptive
and exteroceptive processes involved in social rejection.

Here, we develop an interoceptive and exteroceptive approach to brain anticipatory
responses (Vanhollebeke et al., 2022) using a social rejection task. We assessed the heart-
evoked potential (HEP), an EEG measure of interoception elicited by cardiac signals and
regulated by the ability to feel the body (Coll et al., 2021). Also, the HEP indexes allostatic
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processing associated with anticipation and coping with uncertainty, operationalized in
terms of prediction inferences (i.e., expected activity) and prediction errors (i.e., degree of
mismatch between the prediction of expected activity over the actual activity) (Birba et al.,
2022; Migeot et al., 2022; Tumati et al., 2021). Then, we evaluated the exteroceptive
underlying oscillatory activity in the relevant alpha (Hofmann, 2006; Hofmann et al., 2005)
and delta (Poppelaars et al., 2018; Poppelaars et al., 2021) bands. Despite the body of EEG
research on social rejection, commonly employing tasks aimed at inducing social stress by
receiving likability judgments (for a meta-analysis, see Vanhollebeke et al. (2022)), no
study has investigated its interoceptive and exteroceptive anticipatory processes.

An adapted version of a social rejection task (Somerville et al., 2006) allowed us to
compare cardiac and stimulus-related changes (HEP and oscillatory modulations,
respectively) during the anticipation of the response when inviting someone to join a social
network. Also, intracranial EEG recordings (IEEG) allowed us to further examine its
spatiotemporal correlates with the best resolution available, overcoming the limitation of
other neuroimaging techniques (Chennu et al., 2013; Hesse, 2022; Hesse et al., 20164a;
Mikulan et al., 2018b) and providing a unique characterization of the neural basis of the
anticipation of social rejection. Concerning interoceptive signals, we hypothesized that the
larger the uncertainty about the social outcome, the greater the allostatic processing,
reflected in larger HEP modulations (Birba et al., 2022; Legaz et al., 2022; Tumati et al.,
2021). Also, based on the neurocognitive organismic preparatory process evoked under
uncertainty (Peters et al., 2017), we expect interoceptive signals to arise from key allostatic
interoceptive network regions (e.g., insula and anterior cingulate cortex) (Kleckner et al.,
2017). As regards exteroceptive signals, we hypothesize that the larger the uncertainty
about the social outcome, the greater the oscillatory power in low-frequency bands
(Hofmann, 2006; Hofmann et al., 2005; Poppelaars et al., 2018; Vanhollebeke et al., 2022)
from relevant frontotemporal regions (e.g., prefrontal cortex, precuneus, and anterior
cingulate cortex) (Rappaport and Barch, 2020). By employing EEG measures accompanied
by spatiotemporal neuroanatomical correlates with better signal-to-noise ratio (IEEG), this
approach may illuminate the brain dynamics of the anticipatory phase of social rejection.

Materials and Methods
Participants

We recruited 58 adolescents as part of a larger ongoing protocol. All of them volunteered
and assented following parental authorization and informed consent. One participant was
discarded due to poor signal-to-noise ratio in his EEG recordings, resulting in a final
sample of 57 (31 female) participants between the ages of 8 and 18 (12.96 + 3.52). Normal
cognitive functioning was verified in each participant through two psychological
assessment sessions and interviews with their tutors. This was followed by the social
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rejection task, performed while EEG and electrocardiographic (ECG) signals were
recorded. The study was approved by the local institutional review board and performed in
accordance with the Declaration of Helsinki.

The study also included three patients with intractable epilepsy who were offered surgical
intervention to alleviate their condition. They were all part of an ongoing iIEEG protocol
(Birba et al., 2017; Garcia-Cordero et al., 2017; Garcia et al., 2020; Hesse et al., 2016b;
Hesse et al., 2019; Mikulan et al., 2018a). Subject one was a 29-year-old male, subject two
was a 32-year-old male, and subject three was a 49-year-old female. They had been
suffering from drug-resistant epilepsy since they were 16, 10, and 14 years old,
respectively, and none of them had a history of drug or alcohol abuse. All of them were
implanted with 385 depth electrodes and monitored 24 hours a day, for seven days. During
this time, each participant completed an adapted version of the experimental task used in
the EEG study. Patients 2 and 3 also underwent ECG recordings while they performed the
task, enabling assessment of the intracranial HEP (iHEP) (Garcia-Cordero et al., 2017; Park
et al., 2018). All subjects gave written informed consent in accordance with the Declaration
of Helsinki, and the study was approved by the local institutional review board.

Experimental design

The social rejection task was designed and executed on Presentation® software (Version

18.0, Neurobehavioral Systems, Inc., Berkley, CA, www.neurobs.com). It consisted of an
initial setup phase followed by the actual task. Instructions were provided orally and then
recapped on screen.

Stimuli comprised portraits of students who did not attend the participants’ schools. Photos
were shot at the students’ schools with a Panasonic AG-HMCA40P digital camera, 150 cm
from the face, against a white background. As in the original design of the social rejection
task (Somerville et al., 2006), participants were also photographed (though their photos
were not included as stimuli) and led to believe that students from other schools would be
forming impressions of them. Participants chose the photo they liked most and would
upload to a social network. The luminosity and contrast of the photos were treated to gain
uniformity. After an initial screening, three sets of 120 photos were obtained pertaining to
age groups 8-10, 12-14, and 16-18 years old. A validation was then conducted with an
independent preliminary sample composed of 30 participants, 10 from each age group.
These subjects were asked to rank each person’s likeability and propensity to be invited
into a social network, on a scale from 1 to 7. After visual inspection of the photos and
descriptive analysis of the responses, three final sets (100 per age group) were obtained
excluding photos of poor technical quality or those that attained > 10% of potential
invitations.
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During the setup phase, subjects were presented with 100 pictures of age-appropriate faces
(50% female). They were instructed to select 50 of those pictures as if they were people
that would invite to be part of their social network. According to the monitor size, around
20 faces were presented simultaneously and organized in five pages. Arrows at the left and
right sides of the screen allowed the subject to navigate back and forth between the pages of
pictures. A counter of how many “people” the subject had selected was displayed on the top
of the screen. When the subject had selected 50 faces, the setup phase ended, and the task
started.

Each trial of the task (Figure 1) began with a blank screen (1000 ms), followed by a
fixation cross (200 ms). Stimulus onset occurred after a random time interval (between 300
and 500 ms). A picture of one of the 100 faces presented during setup was shown along
with an indication of whether the participant had invited that person to his/her social
network (green check) or not (red cross). The subject then guessed whether their invite
would be accepted or not by pressing pre-assigned keyboard buttons. After 2000 ms,
feedback on their guess (i.e., actual acceptance or rejection of the invite) was presented
during 1000 ms. To assure a sufficient number of triais per condition each picture was
presented twice, resulting in a total number of 200 trials presented in two blocks of 100
trials each.

The social rejection task allows to measure the anticipatory, reactive and recovery phases of
social stress exposure (Vanhollebeke et al., 2022). Here, to focus on our aims (i.e.,
anticipation) and avoid excessive complexity in the statistical design, we analyzed the
anticipatory phase only. The task comprises four conditions during this phase (Figure 1).
First, Acceptance/Rejection trials are based on the guessed response, meaning that the
participant anticipates an acceptance or rejection of the invite, respectively. Second,
Compatible/Incompatible trials are determined by the coincidence or discrepancy between
the choice and guessed response, respectively, based on the level of uncertainty on the
assumption of reciprocity of the invite (i.e., anticipating to receive the same outcome
reported in the choice phase, thus, expecting to be accepted by those invited and rejected by
those who were not). Third, Rejection-guessed trials are further subdivided into Compatible
and Incompatible trials. Finally, Acceptance-guessed trials are subdivided into Compatible
and Incompatible trials. Because by design the task trial types were dynamically generated
according to the participants’ guess to induce uncertainty by manipulating the incidence of
Acceptance and Rejection trials, we assessed the equivalence of trial type count per
condition (Figure 1, Supplementary material 1). Additionally, we measured heart-rate
variability (HRV) to control for potential cardiac artifacts when comparing among
conditions (Figure 1, Supplementary material 2).

INSERT FIGURE 1 HERE
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Figure 1. Social Rejection Task. Left: Sequence of screens presented during a single trial
with their associated display duration. The time interval between Guess and Feedback
corresponds to the anticipatory phase. Upper Right: Trial count percentages. Contrasts
between conditions revealed that Acceptance trials were more frequently presented to
subjects during the task, and within these, Compatible ones were more frequent; whereas
Rejection trials presented a higher frequency for Incompatible ones (Supplementary
material 1). Lower Right: heart rate variability (ms) for each condition. Contrasts between
conditions did not show significant differences between either of them (Supplementary
material 2). **p <.001, * p <.05; HRV: heart rate variability; SOA: stimulus onset
asynchrony.
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Signal preprocessing

EEG were acquired using a Biosemi 64 + 8 system (Biosemi, Amsterdam, the Netherlands)
at a 2048 Hz sampling rate. Electrodes were placed in a cap according to the 10/20 system.
The reference was set to mastoids during acquisition, and then it was re-referenced offline
to the average of all electrodes. Signals were down-sampled offline to 512 Hz and band-
pass filtered from 0.1 Hz to 40 Hz. Signals acquired during the setup phase were discarded.
Channels with poor signal-to-noise ratio were visually identified and subsequently
interpolated using spherical interpolation. Then, eye movements, blinks, and heart artifacts
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were corrected with independent component analysis (Kim and Kim, 2012). All EEG
preprocessing steps were performed on Matlab (Higham and Higham, 2016) using custom
scripts and EEGLab (Delorme and Makeig, 2004).

HEP

To analyze HEP-related modulations during the task, preprocessed EEG signals were
segmented in epochs locked to the R peak, with a temporal duration that included 200 ms
prior to the R waveform onset to 800 ms after (Birba et al., 2022; Couto et al., 2014; Legaz
et al., 2020), within the Anticipatory phase (2000 ms pre-feedback). This time window (-
200 to 800) was utilized based on prior studies to circumvent two sources of confounding
factors: the cardiac artifact occurring within the 0-200 ms range and the potential
contamination from subsequent heartbeats in later windows (>800 ms) (Kern et al., 2013;
Park et al., 2014). Trials that were more than 2.5 standard deviations away from the mean
probability distribution were discarded, and the remaining ones were, once again, visually
inspected to remove those with poor signal-to-noise ratio (Salamone et al., 2020). Finally,
they were baseline corrected considering the time interval from -200 ms to 0 ms and grand
averaged for each subject and condition separately.

Because HEP is a negative deflection mainly reflected in central and frontal electrodes
around 200-600 ms post R waveform onset (peak) (Garcia-Cordero et al., 2016; Muller et
al., 2015; Pollatos et al., 2016; Pollatos and Schandry, 2004), we assessed modulations in
frontocentral electrodes (26 electrodes: Fpl, AF7, AF3, F7, F5, F3, FT7, FC5, FC3, Fpz,
AFz, F1, Fz, F2, FC1, FCz, FC2, Fp2, AF4, AF8, F4, F6, F8, FC4, FC6, FT8) in this time
interval. Moreover, subsets within this pool of electrodes were examined to obtain more
specific insights into left (9 electrodes: Fpl, AF7, AF3, F7, F5, F3, FT7, FC5, FC3), central
(8 electrodes: Fpz, AFz, F1, Fz, F2, FC1, FCz, FC2), and right (9 electrodes: Fp2, AF4,
AF8, F4, F6, F8, FC4, FC6, FT8) regions of interest (ROI) (Couto et al., 2015; Garcia-
Cordero et al.; 2016; Yoris et al., 2018; Yoris et al., 2017). Statistical comparisons were
performed to compare different conditions via point-by-point Monte Carlo permutation
tests (5000) with bootstrapping (Rosenblad, 2009) and False Discovery Rate (FDR)-
corrected in every ROL. Significantly different consecutive time points between conditions
(Acceptance vs Rejection, Compatible vs Incompatible, Rejection-Compatible vs
Rejection-Incompatible, Acceptance-Compatible vs Acceptance-Incompatible) were
considered as such (p < .05) if sustained differences (30 ms) were present. In addition,
topoplots of the mean difference between conditions in HEP modulation during the time
interval considered (200-600 ms) were obtained for each ROI.

Oscillations
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Anticipatory oscillatory activity in different conditions were derived from time-frequency
charts. First, artifact-free preprocessed signals were segmented in epochs spanning 2500 ms
pre-feedback per trial. Then, time-frequency charts were computed using the newtimef.m
function from EEGLab (Delorme and Makeig, 2004) employing Fourier Fast Transform
with Hanning tapers, a window size of 500 ms, window-centered, and a step of 9 ms
(overlap of 99.1%). The charts were baseline corrected by subtracting the mean baseline
oscillatory activity from -2500 ms to -2000 ms pre-feedback (that is, 500 ms before the
guess). Statistical analyses were performed through Monte Carlo permutation tests (2000)
with bootstrapping (Rosenblad, 2009) and FDR correction to test for significant
modulations against baseline (p < .05). This procedure was performed for every condition
(Acceptance, Rejection, Compatible, Incompatible, Rejection-Compatible, Rejection-
Incompatible, Acceptance-Compatible, Acceptance-Incompatible), and for the same ROIs
included in HEP analyses previously described. Topoplots reflecting the difference in
oscillatory activity between conditions were obtained to account for the spatial domain.

We performed additional analyses considering the oscillatory activity in the frequency
range of 1-15 Hz given that it has been implicated in social rejection dynamics (Hofmann,
2006; Hofmann et al., 2005; Poppelaars et al., 2018), as corroborated by our time-frequency
charts. First, for every ROI, we averaged the oscillatory modulation between 1 and 15 Hz
and performed statistical comparisons using point-by-point Monte Carlo permutation tests
(5000 permutations) with FDR correction to examine differences (p < .05 sustained for 150
ms) between the conditions of interest (Acceptance vs Rejection, Compatible vs
Incompatible, Rejection-Compatible vs Rejection-Incompatible, Acceptance-Compatible vs
Acceptance-Incompatible). Then, we examined time-frequency clusters using FieldTrip
(Oostenveld et al., 2011). Time-frequency charts were averaged in both time (from -2000
ms to 0 ms) and frequency (1 - 15 Hz). Cluster-based Monte Carlo permutation tests (2000
permutations) were performed between conditions including all recorded electrodes. A
channel’s activity was considered significant if it had at least two neighboring channels, as
estimated by radial distance, with statistically significant modulations (p < .05). Significant
channels were identified in the time-frequency topoplots.

IEEG
Signal acquisition and preprocessing

IEEG signals were acquired through a video-SEEG monitoring system (Micromed) with
semi-rigid, multi-lead electrodes implanted in each patient. The electrodes (DIXI Medical
Instruments) had a diameter of 0.8 mm and consisted of 5, 10, or 15 2 mm wide contact
leads, interspaced by 1.5 mm within each electrode. Overall, 383 contact sites were
available across subjects (126, 145, and 113 sites for Subjects 1, 2, and 3, respectively).
The recordings were sampled at 512 Hz. ECG recordings were registered only in Subjects 2

10
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and 3 through two adhesive electrodes placed in lead-11 positions. Post-implantation MRI
and CT scans were obtained for each patient. These were affine registered and normalized
using a standardized protocol (Stolk et al., 2018) based on the FieldTrip (Oostenveld et al.,
2011) toolbox that runs under Matlab (Higham and Higham, 2016). Montreal Neurological
Institute (MNI) coordinates of each contact site were obtained from the MRIcron software
(Rorden and Brett, 2000), and their corresponding brain region was located using the
cuizuFindStructure function found in the SPM12 toolbox
(http://www.fil.ion.ucl.ac.uk/spm/) (Ashburner and Friston, 1997). We used the normalized
location of the electrode contact sites to an MNI coordinate space to examine the patients’
results in a common space (Foster et al., 2015; Parvizi and Kastner, 2018) and were
visualized through BrainNet Viewer (Xia et al., 2013) toolbox (downloaded from
www.nitrc.org), that runs under Matlab (Higham and Higham, 2016).

Data were bandpass filtered between 0.1 Hz to 200 Hz and a Notch filter at 50 Hz and its
harmonic frequencies (100 Hz and 150 Hz) was applied using EEGLab’s (Delorme and
Makeig, 2004) default settings. Then, channels were discarded if one or more of the
following conditions were met: they exhibited pathological or artefactual waveforms under
visual inspection; signal values did not exceed five times the signal mean; consecutive
signal samples did not exceed five standard deviations (SD) from the gradient’s mean;
contact sites were located in white matter or epileptogenic zones as identified by expert
epilepsy neurologists (MCG, JCA, WS) (Foster et al., 2015; Garcia et al., 2020; Hesse et
al., 2016b; Hesse et al., 2019; Parvizi and Kastner, 2018). The remaining channels were
referenced to the mean to further remove noise within the recordings. After signal
preprocessing, 103, 92, and 70 electrodes remained in Subject 1, Subject 2, and Subject 3,
respectively.

iIHEP

Subjects 2 and 3 partook in IHEP analyses because ECG recordings were unavailable for
Subject 1. Epochs were obtained following the same steps applied to EEG signals, except
that all electrodes were explored individually. R-wave onset peaks were identified and
signals were segmented into epochs (-200 ms to 800 ms relative to onset) and baseline
corrected. The IHEP (Garcia-Cordero et al., 2017) does not follow the negative polarity
inversion observed in the HEP (i.e., the greater the interoceptive modulation, the larger the
negative voltage), as the sources represent different dipoles with non-homogenous
distributions.

Statistical comparisons between conditions were made via point-by-point Monte Carlo
permutation tests (5000 permutations) with bootstrapping (Rosenblad, 2009) and FDR
correction in every electrode from Subjects 2 and 3. Significantly different consecutive
time points between conditions (Acceptance vs Rejection, Compatible vs Incompatible,

11
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Rejection-Compatible vs Rejection-Incompatible, Acceptance-Compatible vs Acceptance-
Incompatible) were considered as such (p < .05) if sustained differences (30 ms) were
present in the same direction throughout the epoch. Results were plotted in circular graphs
using the package Circlize (Gu et al., 2014) that runs in R software (R Core Team, 2021).

Oscillations

To study anticipatory iIEEG oscillatory activity, preprocessed signals were segmented into
epochs (2500 ms pre-feedback). Then, electrodes were grouped by region within each
subject and the averaged epochs were transformed into the time-frequency domain,
following the same steps described for the EEG signals. From the resulting time-frequency
charts, several frequency ranges were considered: delta (1-4 Hz), theta (4-8 Hz), alpha (8-
13 Hz), beta (13-30 Hz), gamma (30-80 Hz), and high-frequency oscillations (80-120 Hz).
Within these ranges, time-frequency signals were averaged and statistical comparisons
were performed using point-by-point Monte Carlo permutation tests (5000 permutations)
with FDR correction to examine differences (p < .05 sustained for 150 ms in the same
direction throughout the epoch) between the conditions of interest (Acceptance vs
Rejection, Compatible vs Incompatible, Rejection-Compatible vs Rejection-Incompatible,
Acceptance-Compatible vs Acceptance-Incompatible). Results were plotted in circular
graphs using the package Circlize (Gu et al., 2014) that runs in R software ( R Core Team,
2021).

Results

EEG: Interoceptive signals were modulated by unexpected anticipations

First, when contrasting Acceptance vs Rejection trials, no differences were found in HEP
considering frontal electrodes (5000 permutations, bootstrapping, FDR, p <.05) (Figure 2,
first row).

Second, relative to Compatible trials, Incompatible ones showed larger negative HEP
modulations around 350 ms to 550 ms in left frontal electrodes (5000 permutations,
bootstrapping, FDR, p <.05) (Figure 2, second row).

Lastly, Rejection-Incompatible trials yielded larger negative HEP modulations than
Rejection-Compatible trials in left frontal electrodes around 350 to 500 ms (5000
permutations, bootstrapping, FDR, p < .05) after Guess (Figure 2, third row).

As expected, interoceptive anticipation was modulated by the degree of predictability but
not acceptance. These effects were null for anticipation within Acceptance trials.

12
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EEG: Oscillatory power was modulated by anticipation in early, low-frequency bands

Time-frequency charts revealed early activity in the low-frequency band of 1-15 Hz, during
approximately the first 400 ms after Guess for Acceptance and Rejection conditions relative
to baseline (2000 permutations, bootstrapping, FDR, p <.05) at frontal electrodes.
Averages in that frequency range showed significant differences (2000 permutations,
bootstrapping, FDR, p < .05) between conditions, with greater event-related spectral
perturbation (ERSP) during Acceptance trials. In addition, mean time-frequency topoplots
for the subtraction between conditions showed differences in frontal and central electrodes,
as reflected by significantly clustered electrodes (2000 permutations, p < .05) (Figure 2,
first row).

As for the Acceptance and Rejection trials, time-frequency charts presented an early low
frequency-activity at 1-15 Hz after Guess for Compatible and Incompatible conditions
relative to baseline (2000 permutations, bootstrapping, FDR, p <.05) at left frontal
electrodes. However, averages in that frequency range failed to present significant
differences (2000 permutations, bootstrapping, FDR, p <.05) between conditions.
Similarly, no significant clusters were found (2000 permutations, p < .05) for mean time-
frequency topoplots at left frontal electrodes, nor in any other (Figure 2, second row).

Again, early, low-frequency modulations were present for Rejection-Compatible and
Rejection-Incompatible conditions (2000 permutations, bootstrapping, FDR, p < .05)
relative to baseline at left frontal electrodes. Frequency averages (1 - 15 Hz) showed
significant differences (2000 permutations, bootstrapping, FDR, p < .05) between
conditions throughout most of the Anticipatory phase. Contrastingly to HEP results, in this
case, larger effects were associated with Rejection-Incompatible trials. In addition, mean
time-frequency topopiots for the subtraction between conditions showed differences in
frontal electrodes, particularly in left ones, as reflected by significantly clustered electrodes
(2000 permutations, p < .05) (Figure 2, third row).

In summary, early activity in the frequency band of 1-15 Hz was present across conditions,
presenting incremented ERSP during Acceptance (versus Rejection) and Incompatible-
Rejection (versus Compatible-Rejection) trials at central- and left-frontal electrodes.

INSERT FIGURE 2 HERE

Figure 2. EEG results. Left column: Pre-feedback HEP. Grey-colored portions represent
sustained (30 ms) significant differences between conditions (5000 permutations, FDR, p <
.05), while obscured panels reflect non-significant results in the time window considered.
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Topoplots illustrate the average subtraction of HEP between conditions in their respective
significant difference time window. Middle columns: Time-frequency charts. Non-
significant modulations (2000 permutations, bootstrapping, FDR, p < .05) relative to
baseline were masked with value 1. Obscured panels reflect a non-significant difference
between averages (right column). Right column: Average oscillations within the 1-15 HZ
frequency range. Grey-colored portions indicate significant differences between conditions
sustained at least over 150 ms (5000 permutations, bootstrapping, FDR, p <.05). Topoplots
present the subtraction of average time-frequency (-2000 to 0 ms) between conditions.
Black circles illustrate electrodes included in the calculation of the time-frequency charts,
while magenta circles represent those included in significant frequency clusters (2000
permutations, cluster-based analysis, p < .05), and black circles with magenta borders were
both included in the time-frequency chart analyses and presented significant differences in
the cluster analysis. Obscured panels reflect non-significant findings (1-15 Hz). ERSP:
event-related spectral perturbation.
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IEEG: Signals related to anticipation emerged from interoceptive hubs

To study anticipatory effects with a greater spatial and oscillatory resolution, IEEG
recordings of two patients were analyzed (Subjects 2 and 3, Figure 3).
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IHEP: Results were obtained by statistically comparing conditions of interest (5000
permutations, bootstrapping, FDR, p < .05) during the Anticipatory phase (after Guess
through to Feedback). In the case of the contrast between Acceptance vs Rejection trials,
larger effects for Acceptance in precentral and middle temporal areas were observed and no
significant effects were found for Rejection trials. Comparison between Compatible and
Incompatible trials revealed differences in frontal and limbic areas (superior frontal and
anterior cingulate cortex), the insula, and parietal regions (inferior parietal and postcentral
lobules). Within Rejection trials, Compatible vs Incompatible ones were discriminated in
the left inferior frontal cortex, as well as frontal (right inferior frontal cortex), insula, and
parietal regions (postcentral cortex). Acceptance trials presented a significant effect only
for Compatible trials within the anterior cingulate cortex.

Time-frequency: Comparisons (5000 permutations, bootstrapping, FDR, p < .05) between
conditions showed that Acceptance trials were associated with lower frequency ranges
(delta, theta, alpha) mostly in frontal, limbic, and insular regions concerning Rejection trials
that modulated higher frequencies (beta, gamma, hfo) in distributed brain regions (frontal,
limbic, insular, parietal and temporal areas). As to Compatible vs Incompatible effects
(5000 permutations, bootstrapping, FDR, p < .05), Compatible trials showed greater
modulations at higher frequencies (beta, gamma, and hfo) mostly in temporal areas, while
Incompatible trials at lower frequencies (delta, alpha, beta, gamma) in frontal, insular, and
temporal regions. Noticeably, insular modulations were present for both conditions at
different frequency bands (gamma for Compatible and alpha for Incompatible). Finally,
both Acceptance (Compatible vs Incompatible) and Rejection (Compatible vs
Incompatible) patterns were distributed from conditions in both spatial and frequency
domains (2000 permutations, bootstrapping, FDR, p < .05).

In summary, iHEP resuits replicated those of HEP by showing that interoceptive signals
were mostly modulated by uncertainty in key interoceptive hubs. Contrarily, intracranial
exteroceptive signals were distributed across conditions, frequency bands, and cortex
regions.

INSERT FIGURE 3 HERE

Figure 3. iEEG results. Upper row: Electrode localization. Subjects are color-coded. Black
color represents contact sites that were discarded during preprocessing. Middle row: HEP
results. Circular plots represent conditions (upper semi-circle) and contact sites that
presented a significant heart-evoked potential (5000 permutations, FDR, p < .05) result in
any condition sustained for at least 30 ms. Bottom row: Average oscillations for regions
that presented significant differences (5000 permutations, bootstrapping, FDR, p <.05)
between conditions in the same direction for at least 150 ms. Circular plots represent
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frequency ranges (upper semi-circle) and brain regions with significant modulations in any
frequency range (lower semi-circle). Links are color-coded according to the condition with
larger modulation effects. HEP: heart-evoked potential; L: left; R: right; See Table 1 for
brain regions abbreviations.
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Table 1. Abbreviations used to reference brain regions in Figure 3.

Lobe Abbreviation Region
SF Superior frontal
SFO Superior frontal — orbital
SMA Superior motor area
FSO Frontal superior orbital
MFS Medial frontal — frontal superior
Frontal - -
MFC Medial frontal — cingulum
MFR Medial frontal — rectus
IFM Inferior frontal — frontal mid
MF Middle frontal
IF Inferior frontal
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FIT Inferior frontal - triangular
IFO Inferior frontal — orbital
PC Precentral
PCO Precentral — Rolandic operculum
PTC Postcentral
Limbic AC Anter?or cingulate
PH Parahippocampal
Insula IN Insula
Parietal MA Supr{?\margi_nal —angular
IP Inferior parietal lobule
STR Superior temporal — Rolandic
operculum
Temporal STO Superior temporal — orbital
MT Middle temporal
IT Inferior temporal
SO Superior occipital
MO Middle occipital
Occipital PCN Precuneus
CAL Cuneus — calcarine
CN Cuneus

Summarizing, anticipatory interoceptive signals increased during Incompatible trials,
reflected in larger negative HEP modulations. Also, within Rejection trials, Incompatible
ones yielded larger negative HEP modulations than Compatible trials. These signals
emerged from frontal and limbic areas, the insula, and parietal regions, as shown by
intracranial recordings. Anticipatory exteroceptive signals were characterized by the
presence of early activity between 1-15 Hz indiscriminately across conditions, with greater
ERSP during Acceptance (versus Rejection) and Incompatible-Rejection (versus
Compatible-Rejection) trials, observed over distributed conditions, frequency bands, and
brain regions

Discussion

This study characterized anticipatory interoceptive and oscillatory brain activity during
social rejection. The results are consistent with an allostatic-interoceptive predictive coding
framework (Kleckner et al., 2017; Migeot et al., 2022; Nord and Garfinkel, 2022;
Petzschner et al., 2021; Quigley et al., 2021; Schulkin and Sterling, 2019; Sterling, 2014),
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posing that the brain regulates the body’s internal milieu to prepare the organism for an
eventual environmental challenge: a social rejection. As hypothesized, interoceptive signals
were modulated by the level of uncertainty during the anticipation of the social outcome
(unexpected social outcomes). Convergently, such signals emerged from key brain
allostatic-interoceptive network hubs, as shown by iHEP modulations. On the other hand,
exteroceptive signals were modulated by the anticipation of reward-related outcomes and
observed over distributed regions. These findings may provide new insights for the study of
the allostatic-interoceptive system and the development of more integrative social stress
models.

Larger negative HEP modulations were present when the anticipation of feedback to the
invite was uncertain. Enhancement of interoceptive processing has been observed during
the anticipation of a social outcome (Durlik et al., 2014; Stevens et al., 2011; Wu et al.,
2021), and our results expand those findings by informing the electrophysiological activity
underlying the interoceptive processing under social uncertainty. Interestingly, when
extending this result by exploring the interaction between Accepted/Rejected and
Compatible/Incompatible conditions, the HEP modulation was larger when the feedback
was Incompatible only during Rejection-guessed trials. This result is consistent with the
findings of Durlik et al. (2014), who showed that interoceptive processing enhancement
during anticipation of public speaking is positively correlated with fear of negative
evaluations. Moreover, this finding could be interpreted under the negative expectancy bias
effect (Cao et al., 2015; Gu et al., 2020; van der Molen et al., 2018), which describes a
cognitive distortion characterized by the salience of the anticipation of negative outcomes
during social interactions. Such cognitive distortion can be accompanied by a mismatch
bias, which occurs when the positive evaluation of a peer evokes the anticipation of being
negatively viewed by that peer (Smith et al., 2018). Arguably, sending the invite to a
likable or popular peer would increase the salience of rejection, which would increase
interoceptive processing. In summary, we showed that the enhancement of interoceptive
processing is modulated by the uncertainty and valence of the social outcome, reflected in
larger negative HEP modulations when guessing rejection and being uncertain about the
social outcome. Our results further characterize interoceptive processing during the
anticipation of a social outcome, which could be helpful to elucidate the inconsistent results
in the field regarding the effect of social stress on interoceptive processing (Durlik et al.,
2014; Stevens et al., 2011; Wu et al., 2021).

Early activity in the low-frequency band of 1-15 Hz was prominent across conditions. We
replicated the previous involvement of low-frequency oscillatory activity during
anticipation of social outcomes, linked with inhibitory control elicited by social stress
(Hofmann, 2006; Hofmann et al., 2005; Vanhollebeke et al., 2022). Moreover, we found
that the oscillatory activity was more prominent during Accepted vs. Rejected trials. This
result is in line with evidence showing that oscillatory activity is systematically prominent
when expecting a reward (e.g., acceptance of the invite) versus no reward (e.g., rejection of
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the invite) (Alicart et al., 2015; Byrne et al., 2022; Fryer et al., 2021; Glazer et al., 2018;
Gruber et al., 2013; Manssuer et al., 2022; Pornpattananangkul and Nusslock, 2016),
explained by preparatory attentional relocation processes (Pornpattananangkul and
Nusslock, 2016) and motivated-learning by feedback (Gruber et al., 2013). Further, when
exploring the interaction between Accepted/Rejected and Compatible/Incompatible
conditions, we found that Incompatible-Rejected trials displayed larger modulation. This
result aligns with reward anticipation literature by interpreting Incompatible-Rejected trials
as the anticipation of a near-miss event, described as situations where the probability of a
negative outcome is very close to that of a favorable reward-related outcome (Alicart et al.,
2015; Fryer et al., 2021). Then, Incompatible-Rejection, versus Compatible-Rejection
trials, would increase the oscillations as the possibility of the acceptance of the invite is still
motivationally present despite guessing rejection, versus resigning by anticipating the
rejection. Convergently, low-frequency oscillatory activity is predominantly present during
near-miss events (Alicart et al., 2015; Fryer et al., 2021). On the other hand, the difference
between Incompatible vs. Compatible conditions would ot be expected when guessing
Acceptance, because the possibility of a favorable reward-related outcome (e.g., the
acceptance of the invite) is anticipated in both scenarios. Thus, the occurrence of this
outcome would be framed as probable rather than a near-miss event. In summary, our
results contribute to the characterization of the oscillatory activity linked to the anticipation
of a social outcome. Here, for the first time, we compared anticipatory oscillatory activity
between different levels of uncertainty and valence, while most studies focus on the
reactive and recovery phases, and evoked rather than oscillatory activity (Glazer et al.,
2018; Meyer et al., 2021; Vanhollebeke et al., 2022).

Theoretical models and interpretations about interoceptive processing involved in the
anticipation of a social outcome are controversial and often presented with inconsistent
results. A novel allostatic-interoceptive predictive coding framework (Kleckner et al., 2017;
Migeot et al., 2022; Nord and Garfinkel, 2022; Petzschner et al., 2021; Quigley et al., 2021,
Schulkin and Sterling, 2019; Sterling, 2014) might illuminate the phenomenon. We found
that social rejection consistently engaged regions of the allostatic-interoceptive network
(Kleckner et al., 2017), corroborating previous HEP source localization studies (Birba et
al., 2022; Legaz et al., 2020; Pollatos et al., 2005) by showing that HEP signals originated
in key allostatic-interoceptive network hubs (as reflected by intracranial recordings), such
as the anterior cingulate, insular, and prefrontal cortex. Contrarily, exteroceptive signals
originated in distributed regions across the cerebral cortex, congruently with areas
associated with reward processing, such as the frontal, centro-parietal, parieto-occipital, and
temporal cortex regions (Glazer et al., 2018; Meyer et al., 2021). Thus, our results have
relevant theoretical implications in further describing the allostatic-interoceptive process
involved in the anticipation of a social outcome, characterized by a regulation of the body’s
internal milieu to prepare the organism for a social rejection.

19



Journal Pre-proof

Our study focuses on the anticipation of social rejection, bearing relevant implications to
the development of the social stress framework. Theory-guided models of social stress can
be extended with the allostatic interoceptive framework to study reactive and recovery
phases and other forms of social stress (e.g., devaluating social comparison, hypervigilance
of negative social cues). Also, our findings are aligned with and could potentially
contribute to related emerging frameworks, such as the social allostasis model of loneliness
(Mathew et al., 2020; Quadt et al., 2020; Saxbe et al., 2019) and the impact of social
disparity on allostatic load (Ribeiro et al., 2018; Ribeiro et al., 2019). Future studies should
incorporate relevant social stress measures, such as perceived social support (Bobba-Alves
et al., 2022), and inter/intra-variability in stress resilience (Rao and Androulakis, 2019).
Relatedly, considering the cross-cultural variability (Quesque et al., 2022) in social
cognition domains (e.g., emotion recognition (Mdéller et al., 2022), theory of mind (Wang et
al., 2022)), in social rejection sensitivity (Lou and Li, 2017; Sato et al., 2014), future
studies should account for potential cultural differences in the perception of social
rejection.

Some limitations and future directions of this work must be acknowledged. First, the age of
the participants varied considerably, involving different stages of development. Indeed,
interoceptive ability changes across the lifespan, for instance, decreasing during
adolescence and being associated with brain maturational processes (Murphy et al., 2017).
Nevertheless, contrary to related studies reporting similar age ranges (Smith et al., 2018),
we employed age-appropriate faces from 8-10, 12-14, and 16-18 years old as stimuli, thus
matching the age of the participant and the set of stimuli presented. Also, we assessed the
potential confounding of age-effects in the HEP modulations and oscillatory activity. No
significant impact of age was observed on the reported metrics (Supplementary Material
3 and 4). Second, although intracranial measures provide a unique approach compared to
other non-invasive methods, they are only obtained from adult epileptic patients, who
considerably differed in terms of age from the EEG sample and present caveats in terms of
potential pathophysiological processes. Nevertheless, we have controlled this limitation by
taking several cautious measures (Hesse, 2022): (i) we followed standard analysis protocols
and performed a careful individual visual inspection of the iEEG channels, discarding those
that presented pathological or artefactual waveforms, excessive power, and/or were placed
in white matter or epileptogenic zones; (ii) we replicated the effects found in the EEG
sample, even when the results could be confounded by brain maturational processes
(Murphy et al., 2017); (iii) and guided our hypothesis and analysis from a non-invasive
neuroimaging framework (Birba et al., 2022; Kleckner et al., 2017), thus suggesting that
despite the limitations our conclusions are well-founded. Finally, we did not include
behavioral and self-report measures assessing relevant factors during the anticipation of the
social outcome, such as the level of uncertainty and its relationship with anxiety, thus
precluding a direct assessment of the degree of uncertainty induced by the social rejection
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task and the influence of confounding variables. Even though the employment of the HEP
during noncardiac monitoring tasks has been systematically reported in the literature as a
reliable and validated measure of interoceptive processing (Coll et al., 2021), suggestively
associated with organismic processes to cope with uncertainty (Tumati et al., 2021), and
recent meta-analytical evidence shows no evidence for an association between anxiety and
interoceptive processing (Adams et al., 2022), future studies should implement behavioral
designs (e.g., (Durlik et al., 2014; Durlik and Tsakiris, 2015; Stevens et al., 2011; Wu et al.
2021)) accompanied by self-report and EEG measures.

Conclusions

Our study suggests that the anticipation of a social outcome is characterized by allostatic-
interoceptive processing focused on preparing the organism to face social rejection. Results
provide a novel approach for the study of the allostatic-interoceptive system and to advance
the development of more integrative social stress models, which may involve multiple
levels of functioning to study normal and dysfunctional social behavior.
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