
Brain and Behavior

ORIGINAL ARTICLE

Brain Reactivity and Vulnerability to Social Feedback
Following Acute Stress in Early Adolescence
Zeynep Celen1,2 Ryan J. Murray1 Mariana Magnus Smith3 Sondes Jouabli1 Vladimira Ivanova1
Eleonore Pham1 Zoe Schilliger4,5 Patrik Vuilleumier2 Arnaud Merglen3 Paul Klauser4,5
Camille Piguet1,3

1Department of Psychiatry, Faculty of Medicine, University of Geneva, Geneva, Switzerland 2Department of Neurosciences, Faculty of Medicine, University of
Geneva, Geneva, Switzerland 3Division of General Pediatrics, Geneva University Hospitals and Faculty of Medicine, University of Geneva, Geneva,
Switzerland 4Centre for Psychiatric Neuroscience, Department of Psychiatry, Lausanne University Hospital and the University of Lausanne, Lausanne,
Switzerland 5Service of Child and Adolescent Psychiatry, Department of Psychiatry, Lausanne University Hospital and the University of Lausanne, Lausanne,
Switzerland

Correspondence: Zeynep Celen (zeynep.celen@unige.ch)

Received: 15 March 2024 Revised: 9 October 2024 Accepted: 26 October 2024

Funding: This work has been funded by a grant awarded to C.P., A.M., P.K. by the Leenaards Foundation, and the NCCR Synapsy (financed by the Swiss
National Science Foundation, grant number 51NF40-158776). Ernst and Lucie Schmidheiny Foundation has granted Z.C. a scholarship.

Keywords: adolescent | feedback valence | fMRI | psychosocial stress

ABSTRACT
Introduction: Early adolescence is a time of high psychosocial stress exposure and high stress reactivity, associated with the
development of mental disorders. Understanding how the brain reacts to acute and social stressors during this period might help
us detect and protect those at risk.
Methods:We used functional magnetic resonance imaging to investigate acute social stress reactivity in non-clinical adolescents
between ages 13 and 15 years (N = 61) with a range of depression scores (Beck Depression Inventory scores 0–32). Participants
underwent amodifiedMontreal Imaging Stress Task (MIST)with psychosocial stress condition consisting of two parts: acute stress
(challenging maths) followed by social feedback (positive or negative), separated by brief recovery periods. The test condition was
compared to a non-stressful control. We examined brain responses to social feedback relative to the acute stressor and feedback
valence.
Results: Psychosocial stress produced differential activation in the paracingulate gyrus, insula, and deactivation in the ventral
striatum. Receiving social feedback, compared to acute stress, activated cortical midline regions such as the medial prefrontal
cortex and posterior cingulate cortex. Positive feedback increased activity in frontal pole andmiddle frontal gyruswhereas negative
feedback did not show any differential response in the whole group. However, participants with depressive symptoms reacted with
higher activation in the posterior cingulate cortex to negative feedback.
Conclusion: We show that social feedback after an acute stressor activates regions involved in self-referential processing, with
positive feedback eliciting generally higher activation and negative feedback impacting only individuals with vulnerable mood
traits during early adolescence.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly
cited.
© 2024 The Author(s). Brain and Behavior published by Wiley Periodicals LLC.

Brain and Behavior, 2024; 14:e70154
https://doi.org/10.1002/brb3.70154

1 of 11

https://doi.org/10.1002/brb3.70154
https://orcid.org/0000-0002-1227-6587
https://orcid.org/0000-0002-5322-6527
https://orcid.org/0000-0001-9756-3472
https://orcid.org/0009-0001-1806-7428
https://orcid.org/0009-0002-7245-4346
https://orcid.org/0009-0003-3193-0008
https://orcid.org/0000-0003-2327-869X
https://orcid.org/0000-0002-8198-9214
https://orcid.org/0000-0001-5654-8428
https://orcid.org/0000-0003-0284-4947
https://orcid.org/0000-0003-4317-0918
mailto:zeynep.celen@unige.ch
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/brb3.70154


1 Introduction

Adolescence is a developmental period with many physical
and physiological changes (Casey, Duhoux, and Cohen 2010).
Increased and prolonged plasticity in several brain regions creates
high vulnerability to the effects of stress exposure (Tottenhamand
Galván 2016). During this phase of development, the reactivity
to salient environmental cues (for review: Somerville, Jones,
and Casey 2010) and acute stress (Dahl and Gunnar 2009;
Stroud et al. 2009) is generally increased. In addition, there is a
heightened exposure to social stress relative to childhood (Spear
2000). These characteristics progressively attenuate with age,
as the instability of emotional states, more pronounced during
early adolescence (EA), decreases in late adolescence with the
concurring development of cognitive control regions such as the
prefrontal cortex (PFC) (Larson et al. 2002). However, this period
may have an enduring influence on health as epidemiological
studies indicate that one-third of all lifelong mental illnesses
begin by the age of 14, and more than half by the age of 24 (Solmi
et al. 2022).

Research on the neural correlates of acute stress reactivity and
the effects of psychosocial stress in young adolescents is still in
its infancy. Acute stress results from physical or psychological
events that may last for a short period of time, but can induce
persistent increases in cardiovascular response and negative
emotions (Feldman et al. 1999). Adaptive recovery from acute
stress is linked to positive affective traits (Bostock et al. 2011).
In adolescents, failure of acute stress response systems might
be associated with self-harming or suicidal behavior (Miller
and Prinstein 2019). At the neural level, acute psychosocial
stress in adolescents reduces responses to positive experiences
in prefrontal cortical areas and insula, and blunts reward-related
activity in the striatum (Lincoln et al. 2019). A similar effect
is seen with acute physical stress, such as cold stressor, which
reduces ventral striatal activity (Burani et al. 2021). Psychobio-
logical and behavioral components of the stress response in late
adolescence/young adults are known to be regulated by several
brain regions in the PFC and inferior parietal lobule (Wheelock
et al. 2016), regions that terminate their maturation during the
second decade of life (Sydnor et al. 2021).

Psychosocial stress stemming from social interaction and eval-
uation, especially involving peers, is a frequent event for ado-
lescents. This is a period when the influence of peers exceeds
that from family (Barnes et al. 2007), where peer relationships
become complex, salient, and important (Brown and Larson
2009). Adolescents are sensitive to negative feedback in general
(Heffer and Willoughby 2020) and young adults with depressive
symptoms recall negative social feedback more (Xie et al. 2022).
Increased reactivity to social and emotional cues is a notable
feature of adolescence (Casey et al. 2019), as seen in increased PFC
activity to social evaluation (Somerville et al. 2013). Altered neural
processing of social feedback, either a blunted response to reward
or increased reactivity to exclusion, might in turn be related to
vulnerability to depression (Kujawa and Burkhouse 2017).

Some studies that focus on social feedback show that receiving
either negative or positive social evaluation activates regions
of the salience network, such as dorsal anterior cingulate cor-
tex (dACC) and anterior insula (AI), irrespective of valence

(Dalgleish et al. 2017). Perini et al. (2018) showed that dACC
and AI are related to the salience of being judged by others,
rather than social pain. Negative peer feedback processing has
been associated with activation in medial PFC, amygdala, and
striatum, as well as dACC and AI (Rappaport and Barch 2020).
Some of these responses might reflect a dispositional risk of
depression (Pagliaccio et al. 2023).

Recently, more attention has been directed toward positive
emotions and the effects of positive valence. Receiving positive
feedback results in higher activation in the medial and ventrolat-
eral PFC (Davis et al. 2023). Thinking about positive memories
safeguards against the detrimental effects of acute stressors and
enhances mood (Speer and Delgado 2017). Positive feedback,
when compared to negative, results in better learning in adoles-
cents and especially in children, when compared to adults (van
Duijvenvoorde et al. 2008; Zhuang, Feng, and Liao 2017). Ventral
striatum activity after a correct response peaks in adolescence
compared to childhood and adulthood (Satterthwaite et al. 2012).
Even though EA might be a turning point toward learning more
from negative feedback (Peters et al. 2014; van Duijvenvoorde
et al. 2008) and subregions of striatal activation during negative
feedback begin to correlate with learning performance in late
adolescence (Peters and Crone 2017), neural reactivity to positive
feedback remains a relatively understudied area of research.

The goal of our studywas to investigate the brain reactivity toward
social feedback after an acute stressor and identify neuralmarkers
of potential vulnerability to maladaptive stress regulation. We
adopted a modified MIST previously used by our group with
adults (Murray et al. 2021, 2022) to test the effects of acute
stress, social feedback, and feedback valence, more specifically in
adolescents. We hypothesize that test conditions should recruit
brain regions related to salience, attention, and emotion. In
addition, social feedback in itself, relative to the preceding stress
event, should produce brain responses specific to reacting to
psychosocial information while the valence of social feedback
should elicit differential effects. Specifically, negative feedback
may activate regions similar to those previously reported for
social feedback in adolescents (Corr et al. 2020) whereas positive
feedback might engage circuits of positive emotions, even after
exposure to an acute stressor, an issue not previously explored
in this age period. Moreover, we ask whether there is a rela-
tionship between brain activity patterns to feedback valence and
depression symptoms, as vulnerability to depression is increased
in adolescence (Platt, Kadosh, and Lau 2013), especially from age
15 onwards (Hankin et al. 1998). Altogether, our results shed light
on factors that may help detect individual vulnerabilities and
design appropriate socio-behavioral and therapeutic approaches
toward youth who undergo a challenging developmental period.

2 Materials andMethods

2.1 Participants

A total of 70 adolescents between the ages 13 and 15 years were
recruited as a part of a larger study, Mindfulteen (Piguet et al.
2022). Inclusion criteria were chosen to have a large variability
regarding anxiety range, therefore included subjects presenting
anxiety disorders without comorbidities or remitted depressive

2 of 11 Brain and Behavior, 2024



TABLE 1 The sample demographics of the participants in the fMRI analysis.

N = 61(35 F, 26 M) Mean SD Range

Age (years) 13.84 0.86 13–15
STAI-C state 29.71 4.59 20–49
STAI-C srait 36.24 7.17 23–50
BDI 9.52 7.31 0–32
Education grade (80% middle school; 20% post-mid school)
Parental work status
Paternal 57.4% executive professional, 18% office worker, 16.4% other, 3.3% unemployed,

4.9% n.a.
Maternal 62.3% executive professional, 21.3% office worker, 14.8% other, 2% unemployed,

1.6% n.a.
Ethnicity 75% Caucasian
Puberty (47 yes/14 no)
Handedness (52 right/9 left)
Actively doing sports (51 yes/10 no)
Health issues (53 none/8 yes)
Medication (57 none/4 yes)

Substance/alcohol dependence (61 none)
Social phobia (5 yes/13 SC/43 none)
General anxiety (7 yes/2 SC/52 none)
Separation anxiety (2 in the past/59 none)
Major depressive episode (11 in the past/50 none)
Severity (3 SC/3 light/5 moderate)

Note: Possible max STAI-C score 60, possible max BDI score 63.
Abbreviation: BDI, Beck Depression Inventory; n.a., data not available; SC, subclinical; SD, standard deviation; STAI-C, State Trait Anxiety Scale for Children;

episodes. Informed consent was obtained from participants and
parents when necessary. The ethical protocol was approved
by the Geneva Regional Research Ethical Committee (CCER
2019-01731). One participant dropped out, another could not be
scanned; out of the 68 scanned participants, 7 had to be excluded
due to MRI recording issues (Supporting Information Material),
hence we report the results of 61 subjects (35 females and 26
males).

Participants completed the State-Trait Anxiety Inventory Scale for
Children (STAI-C) (Spielberger 1983; Spielberger et al. 1973) for
trait and state anxiety and the Beck Depression Inventory (BDI)
(Beck and Beamesderfer 1974) to measure depressive symptoms.
Sample demographics are in Table 1. In addition, due to the wide
range of BDI scores, the sample was divided, in an exploratory
manner, in function of their depressive symptoms. For the BDI,
we used the conventional cut-off score of 9, assigning them
into two groups: “no depressive symptoms” (BDI < 10) and
“depressive symptoms” (BDI≥ 10) (Beck, Steer, and Carbin 1988).
Group differences in task performance and self-reports were
analyzed using Welch’s two-sample t-test on R version 4.1.0 (R
Core Team 2021).

2.2 MRI Task

We updated the modified MIST previously used by our group
(Murray et al. 2021). The task consisted of two runs with six
trials in each run and lasted around 25 min. There were eight
test trials with four positive and four negative feedbacks and four
control trials with neutral feedback, pseudorandomized into six
lists to counterbalance the order of conditions. Each trial began
with a jittered fixation cross, followed by a 5-s information screen
signifying whether the trial is evaluated (test) or not-evaluated
(control). Test trials continued with an acute stressor of five
time-restricted, age-appropriate challenging mental calculation
questions. Participants answered with a button box, by moving
the cursor freely from 0 to 10 and confirming their answer. The
calculations were followed by a feedback screen for 8 s that
displayed a social ranking (“your ranking among 35 students
is:”); followed by a low number (high-performance ranking) for
positive feedback and a high number (low-performance ranking)
for negative feedback (Figure 1). Control trials had a series of five
simple calculations with the same limited time bar, followed by a
neutral feedback with no social ranking. All trials were followed
by a 90-s resting recovery period.
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FIGURE 1 This is an adapted version of the MIST with the test condition consisting of acute stress (five challenging mental calculations) and
social feedback presented consecutively. The feedback screen includes a social ranking (low ranking as in figure with a high number or high ranking for
positive runs with a low number) and social feedback (negative as in figure or positive). Each condition is preceded by an information screen signifying
whether performance will be evaluated (test) or not (control), followed by a 90-s recovery period.

Before entering the scanner, participants practiced the task using
the keyboard on a computer, answering simple calculations
under time limitations and receiving neutral feedback. Theywere
instructed that the task would be harder than the practice, and
that it would include evaluated runs where their accuracy and
speed would be compared against a group of peers.

2.3 Behavior

Wecollected calculation accuracy and response time data for each
trial using EPRIME and analyzed using paired t-tests using R
version 4.1.0 and R studio (R Studio Team, 2021).

Participants filled in questionnaires, before entering the scanner
and after exiting the scanner, reporting their stress level before,
during, and after the task. The answers were given on a Likert
scale from 0 to 5 (0: calm; 5: stressed). Data were analyzed using
linear mixed models with the subject as a random factor. Group
differences in task performance and self-reports were analyzed
using Welch’s two-sample t-test.

2.4 Physiology

Heart rate (HR) during fMRI was recorded using an MRI-
compatible pulse oximeter, with Biopac Systems (Santa Barbara,
CA). Data were analyzed on Biopac Systems Acknowledge Soft-
ware (Biopac Systems, version 4.4; Biopac Systems Inc., Goleta,
CA) and transformed using FIR High Pass filter fixed at 0.5 Hz.
HR was calculated between a window of 40–180 BPM with 1%–
5% of the peak noise rejection. Due to hand movement in the
scanner and poor recording, we only retained data from 44
subjects that were of quality for analysis. A 90-s resting period
HR was analyzed by splitting into three 30-s time bins to observe
the change over time. Linear mixed models with subject as a
random variable was used to look at themain effects of condition,
time and their interaction, group differences were analyzed with
two-sample t-test.

2.5 MRI Data Acquisition and Analysis

MRI data acquisition, image preprocessing and first-level analysis
are summarized in Supporting Information Material.

2.5.1 Group-Level Analysis

First, the test condition was compared to the control (acute
stress and social feedback against the control calculation and
neutral feedback). In addition, the two successive parts of the
test condition were compared to each other: social stress (social
feedback) and acute stress (challenging maths). These contrast
analyses resulted in strong activations and are reportedwith FWE
< 0.05 cluster-forming threshold with an extent threshold k > 10.

Valence of social feedback was analyzed by comparing positive
and negative feedback. All feedback analyses were performed
after applying an exclusive incongruencymask to account for any
confounding effect due to a possible sense of mismatch between
calculation performance and feedback received after each set of
calculations (seeMurray et al. 2021). These results are FWE< 0.05
corrected at the cluster level, with a standard uncorrected cluster-
forming threshold of p < 0.001 (Woo, Krishnan, andWager 2014).
For more details please refer to Supporting Information Material
Methods.

Analyseswere conductedwith SPM12 (https://www.fil.ion.ucl.ac.
uk/spm/). Brain images were rendered using MRIcroGL (www.
nitrc.org/projects/mricron). MNI coordinates of peaks were
labelled using Harvard–Oxford cortical and subcortical maps of
FSLeyes (McCarthy 2023).

2.5.2 Covariate Analysis and Two-Group Analysis

We correlated brain activity during feedback valence (Positive
FB > Negative FB and Negative FB > Positive FB) with clinical
scores (STAI state, STAI trait, and BDI) conducting covariate
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FIGURE 2 Participants reported their stress levels before entering
the scanner, during the task (reported after leaving the scanner) and after
leaving the scanner. Answers were given on a Likert scale (0 = calm;
5 = stressed). Participants reported significantly more stress during the
task compared to before and after (p < 0.001).

analysis. To investigate group differences, two-sample t-tests were
used on SPM 12, with the contrasts Positive FB>Acute Stress and
Negative FB > Acute Stress and Positive FB > Negative FB.

3 Results

3.1 Behavior

Accuracy was lower (M = 63.48%) and reaction time longer
(M = 6102.4 ms) during test calculations compared to control
(M = 95.74%; M = 2847.02 ms; paired samples t-test, accuracy:
t(60) = −15.47, p < 0.001; speed: t(60) = 29.84, p < 0.001),
validating the challenging nature of these conditions. Participants
in the depressive symptoms group scored significantly lower
accuracy during test calculations than the no symptoms group
(Mdepsym = 57.27,Mnosym = 66.99; t(42)=−2.18, p= 0.03), however,
there were no group differences in reaction time or in the control
calculation performance.

Self-reported stress levels were significantly affected by time
(p < 0.001): participants reported more stress during the task
(post-MRI questionnaire) (β = 1.393, SE = 0.157, t(120) = −8.85,
p < 0.001) (Figure 2) and lower stress levels before (β = 0.344,
SE = 0.157, t(120) = 2.19, p = 0.03) and after the MRI (β = 1.738,
SE = 0.157, t(120) = 11.04, p < 0.001). There was a trend, but
no significant difference between groups regarding self-reported
stress before (t(38) = 1.73, p = 0.09;Mdepsym = 1.59,Mnosym = 1.03)
and during (t(51) = 1.85, p = 0.07; Mdepsym = 3.0, Mnosym = 2.4)
the task, and no trend or significant difference after the task
(t(35) = 0.63, p = 0.53;Mdepsym = 1.0,Mnosym = 0.82).

3.2 Physiology

To assess changes in autonomic state during the recovery periods,
we analyzed the mean HR within 30-s intervals during the
90-s rest period after each condition. There was a significant

interaction of time and condition (p = 0.002). Follow-up pairwise
contrasts showed that both valences of the test conditions elicited
a higher HR than the control condition in the first 30 s. There was
no main effect of condition, but a main effect of time reflecting a
sharp decrease in HR between 30 and 60 s and no further change
within the last 30 s (30–60 s: ***p < 0.001; 30–90 s: ***p < 0.001;
60–90 s: p = 0.18), indicating sufficiency of the recovery period.
There were no significant differences in HR between the two
valences nor were there any group differences inmeanHR during
the recovery period (Figure S1).

3.3 Neuroimaging Results

3.3.1 Psychosocial Stress

The test conditions compared to control revealed activation
clusters in the left middle frontal gyrus, left IFG, paracingulate
gyrus, and bilateral insula while it produced deactivation in
nucleus accumbens and left supramarginal gyrus. For figure and
full list of coordinates, please refer to Supporting Information
Material (Figure S2; Table S2).

Within the test condition (Figure 3), the delivery of social
feedback (Positive FB and Negative FB) relative to the stressful
math task itself, increased activity in midline brain structures
including posterior cingulate gyrus (PCC) and medial prefrontal
cortex (MPFC), as well as in bilateral angular gyrus and parts of
the cerebellum. The acute stress math task, on the other hand,
activated the bilateral superior parietal lobule, right superior and
middle frontal gyri, as well as the bilateral insula, relative to social
feedback (Table S3).

3.3.2 Valence of Feedback

Positive feedback (Positive FB > Negative FB) increased activity
in the right frontal pole, right precentral gyrus, right superior
parietal lobule, right superior, and middle frontal gyrus, plus
bilateral precentral gyrus (Figure 4, for list of coordinates:
Table 2). Negative feedback, on the other hand, yielded no
significant activity relative to positive feedback.

3.3.3 Valence of Feedback and Depressive Symptoms

As our participants showed a diverse range of depression scores
across the whole group, we split them into two groups where
39 (19 F) had BDI scores lower than 10, that is, “no depressive
symptoms” (BDI < 10). The remaining 22 participants (16 F)
were assigned to the group of “depressive symptoms” with their
BDI scores ranging from 10 to 32 (possible maximum 63) (Beck,
Steer, and Carbin 1988). A whole brain analysis of the contrast
Positive FB > Negative FB showed no significant difference
between groups, whereas negative compared to positive feedback
produced significant increases in several clusters for the group
with depressive symptoms, with the largest effect observed in
the posterior cingulate cortex (Figure 5; Table S4). We found
no differences between groups in how they respond to social
feedback compared to acute stress in either valance (Table S5).
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FIGURE 3 Whole-brain analysis of BOLD signal during social feedback (blue) and acute stress math task (red) within the test condition. Red
represents clusters active during acute stress (calculation) compared to the presentation of (positive or negative) feedback about performance. Regions
such as insula, superior parietal gyrus, angular gyrus, andmiddle frontal gyrus aremore active during acute stress (red clusters). Midline structures such
as medial superior frontal gyrus and posterior cingulate gyrus are active during social feedback (blue green clusters). For full list of significant clusters
and coordinates, see Supporting Information Material (Table S3). Cluster-forming threshold of FWE < 0.05 with k > 10; bar above shows t-values; z-axis
coordinates are noted on top of the respective axial brain slice.

FIGURE 4 Whole brain analysis of BOLD signal during positive feedback in the all participants (Positive FB > Negative FB). Peaks indicated in
figure from left to right: frontal pole (z-axis=−3), middle frontal gyrus (z-axis= 43) and superior parietal lobule (x-axis= 24). Cluster-forming threshold
p < 0.001 uncorrected, cluster corrected at FWE < 0.05. For full list of activations, please refer to Table 2. Upper bar represents T values.
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TABLE 2 Cluster activations and peaks during valence of social feedback.

MNI coordinates

Brain region Side k T x y z

Positive FB > Negative FB (five clusters)
Frontal pole R 4544 4.58 22 51 −3
Frontal pole R 4.31 29 51 1
Frontal pole R 4.26 35 56 8
Precentral gyrus R 2416 4.53 17 −24 68
Precentral gyrus R 3.87 18 −26 59
Precentral gyrus R 3.71 13 −30 64
Superior frontal gyrus R 4253 4.43 23 3 46
Middle frontal gyrus R 4 40 18 43
Middle frontal gyrus R 3.88 30 2 57
Lateral occipital cortex (LOC)—superior division R 4357 4.4 19 −73 50
Precuneous/LOC R 4.09 11 −68 53
Superior parietal lobule R 3.9 24 −55 48
Precentral gyrus L 1708 4.38 −19 −31 57
Precentral/postcentral gyrus L 3.94 −12 −34 60
Postcentral gyrus L 3.89 −22 −32 69

Negative FB > Positive FB (no clusters)

Note:All results have a cluster-forming threshold of p < 0.001 and are FWE < 0.05 corrected at the cluster level. An exclusive incongruence mask (for coordinates:
Table S1) is used to account for possible sense of incongruency between performance and the predetermined feedback received.

4 Discussion

The current study examined the neural correlates of acute
psychosocial stress in EA, using an adapted MIST. We found
adolescents recruit attention and salience-related regions during
the cognitively challenging, stressful phase of the task itself,
including insula and dorsolateral superior frontal gyrus, while
they activate anterior–posterior midline structures when receiv-
ing social feedback about their performance, includingMPFCand
PCC. Furthermore, social feedback produced differential brain
responses according to both the valence of feedback and indi-
vidual psychological characteristics. Positive feedback after acute
stress activated right prefrontal areas including frontal pole and
middle frontal gyrus, across all participants regardless of mood,
while negative feedback elicited stronger activity in posterior cin-
gulate cortex only in participants with higher depression scores.

Brain regions most commonly activated in various stress-
induction paradigms are the bilateral insula and the inferior
frontal gyrus (for review Berretz et al. 2021). This has been
observed for both physiological and psychological stressors
(Kogler et al. 2015). Likewise, we found that our test condition
compared to the control condition activated both insula and left
IFG. The latter region has also been linked to working memory
and semantic processing (Liakakis, Nickel, and Seitz 2011), which
are components engaged by the calculation task. In addition, we
found a strong deactivation of the ventral striatum that might
accord with the stressful nature of the test condition, reflecting
reduced signals of motivation and reward. Psychosocial stressors

that demand goal-directed behavior and emotion regulation have
already been linked to deactivation of the ventral striatum (Kogler
et al. 2015), and reward-related responses in adolescents are
blunted during stress (Lincoln et al. 2019). Together with the
significant self-reported stress levels and increased HR during
the evaluated condition, these results confirm that our modified
MIST version functions as an effective stressor within this age
group.

Evaluative social feedback (when compared to the preceding
acute stressor of time-limited math calculations) recruited the
medial PFC, angular gyri, and PCC—areas central for self-
reflective processing (Johnson et al. 2002). These regions are
known to be part of the default mode network, typically engaged
when individuals focus on internally directed tasks, including
social inferences considering the perspective andmental states of
others (Buckner, Andrews-Hanna, and Schacter 2008; Thornton,
Weaverdyck, and Tamir 2019). Moreover, the MPFC in adoles-
cents encodes social value (Kumar et al. 2019); connectivity
between MPFC and PCC strengthens during adolescence (Fan
et al. 2021). Acute stressor of challenging math calculation, on
the other hand (relative to the subsequent social feedback) evoked
bilateral AI activation. Insula is involved in responses to salience,
homeostatic incongruence, and cognitive challenge (Gasquoine
2014). The AI is sensitive to the salience of the self-relevance of
feedback, rather than to social feedback itself (Perini et al. 2018).
In line with this, we find that insula activation during evaluated
conditions reflects the cognitively challenging, acute stress phase
of the task, rather than the social aspect.
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FIGURE 5 PCCactivation during negative feedback, in participants
with depressive symptoms. Two group t-test between the groups (Depres-
sive Symptoms > No Symptoms), comparing the contrast (Negative
FB > Positive FB). Cluster-forming threshold uncorrected p < 0.001,
cluster corrected at FWE < 0.05. Upper bar represents T values.

Adolescence is an important period for shifts in self-concept
with high sensitivity to social comparison (Butterfield, Grad-
Freilich, and Silk 2023). Self-concept is susceptible to becoming
more negative in EA (Cole et al. 2001), and teacher/peer approval
correlates with self-esteem during this period (Harter 1990). In
our task, participants were exposed to an evaluative comparison
to (virtual) peers after a stressful task, and received different
(positive or negative) feedbacks after the same cognitive and
psychosocial challenge, allowing us to dissociate evaluative from
performative sources of stress. We found that positive feedback
produced activations compatible with positive emotions, as simi-
lar responses in right frontal pole were observed, together with
the putamen, in motivation for rewards (Mizuno et al. 2008).
Transcranial stimulation of right PFC increases motivation and
willingness to exert effort in young adults (Soutschek et al. 2018)
whereas lower grey matter volume in this region is reported in
depressed adolescents (Shad, Muddasani, and Rao 2012). These
data accord with the notion that positive feedback induces long-
term motivation in adults (Burgers et al. 2015) and suggest
that positive feedback in stressful conditions may encourage
motivation and willingness to go on, unlike negative feedback.

We also found activation of the superior parietal gyrus during
positive feedback compared to negative feedback, a region that

is part of the dorsal attention network (Corbetta and Shulman
2002). Precentral gyrus was also active during positive feedback,
typically linked to both voluntary movement and overt attention
(Bhattacharjee et al. 2021). These effects might reflect an increase
in attentional processes and accord with the broaden-and-build
theory of affect-driven changes in cognition (Fredrickson 2001).
This theory states that positive emotions broaden momentary
thought–action repertoires, scopes of attention, cognition and
action, where one learns from the environment and becomes
motivated to explore (Fredrickson 2001; Fredrickson and Brani-
gan 2005). Conversely, according to this theory, negative emotions
narrow this scope, giving way to more fixed action tendencies
such as fight or flight (Fredrickson and Branigan 2005). In line
with this, healthy and anxious youth are quick to focus their gaze
and attention to negative social feedback given by peers (Rosen
et al. 2019). Overall, differential brain activations seen during
positive feedback in our study could point toward more adaptive
and beneficial outcomes of stress regulation after exposure to a
challenging evaluated situation.

We exposed participants to similar levels of challenge before
delivering either positive or negative feedback. Under these
conditions, we did not observe any differential impact of negative
feedback across the whole group. Contrary to our expectations,
negative feedback did not activate frontal or limbic regions
involved in emotion regulation, as described in previous studies
using negative valanced MIST (Corr et al. 2020; Dedovic et al.
2005; Pruessner et al. 2008). Although behavioral reactivity to
negative feedback decreases in EA, reflecting greater cogni-
tive control with development (Dobbelaar et al. 2023); neural
responses tend to show higher reactivity to negative feedback or
social rejection during this age period, with strong recruitment of
insula (Masten et al. 2009). In our paradigm, different test con-
ditions were pseudorandomized, followed by written feedback
only (no oral feedback), and separated by brief rest intervals. This
might prevent accumulation effects of successive trials, and the
preceding stressor phasewas notmore intense before the negative
than the positive feedback, in contrast to some versions of MIST.
This might explain the lack of differential increase to negative
evaluation as it might align with the adolescents’ self-concept
and expectation of doing poorly on the task and thus evoke no
distinctive responses after negative feedback.

Remarkably, a differential effect of negative feedback was
observed in the subgroup with higher depressive symptoms.
Despite the lesser saliency of negative feedback, compared to
the original MIST, participants with mild to moderate depressive
scores showed selectively higher activation in the PCC, as well
as in the left frontal cortex and cerebellum, when receiving
negative feedback. Cortical midline structures implicated in self-
processing such as PCC are known to have an important role
in the development of major depressive disorder (for review
Butterfield, Grad-Freilich, and Silk 2023). Healthy adolescents
deactivate self-referential regions such as PCC and precuneus, in
response to negative social stimuli, and activate more extensively
during positive stimuli that relates to their self-concept (Butter-
field, Grad-Freilich, and Silk 2023). In line with this, negative
feedback might enhance self-related processing after challenging
task conditions in the more vulnerable, though clinically healthy,
adolescents.
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The age rangewe chose encapsulating the average age for puberty
is a time of immense change for both boys and girls (Brix et
al. 2019). It is further complicated by puberty stage and inter-
individual variability. We did not do any analysis regarding sex
differences due to the small sample size, especially with the group
split according to depressive symptoms. We know that there
are sex-dependent differences in brain white matter and stress
response in this group (Schilliger et al. 2024). Regarding feedback,
it is quite possible that there will be differences in how boys and
girls respond. Theymight be exposed to different types of stressors
due to the changes in their physiology, social interactions, and
accordingly their shaping of copingmechanisms (Rew et al. 2012).
However, an investigation with larger samples, and additional
information on pubertal stage and menstrual cycle is needed to
answer this specific question.

5 Conclusions

In sum, during EA, negative feedback might enhance the ten-
dency for increased self-referential processing, especially in vul-
nerable individuals reporting subclinical depressive symptoms.
On the other hand, positive feedback after an acute stress might
recruit brain regions linked to positive experience, motivation,
and attention, which could encourage healthy development and
learning. We suggest that more research should be focused on
positive feedback, especially in stress-related contexts, which
could shed new light on the regulation of psychosocial stress
and, in turn, modify evaluative processes in a way that could
benefit and protect this vulnerable period of neural and mental
development.

Author Contributions

Zeynep Celen: investigation, writing–original draft, methodology, visu-
alization, formal analysis, conceptualization, writing–review and editing.
Ryan J. Murray: writing–review and editing, methodology, investiga-
tion. Mariana Magnus Smith: project administration, writing–review
and editing, investigation. Sondes Jouabli: writing–review and editing,
investigation. Vladimira Ivanova: investigation, writing–review and
editing. Eleonore Pham: investigation, writing–review and editing. Zoe
Schilliger: investigation, writing–review and editing, formal analysis.
PatrikVuilleumier: writing–review and editing, supervision,methodol-
ogy. ArnaudMerglen: funding acquisition, writing–review and editing,
conceptualization. Paul Klauser: writing–review and editing, fund-
ing acquisition, conceptualization. Camille Piguet: conceptualization,
funding acquisition, writing–review and editing, supervision.

Acknowledgments

The authors would like to thank the Brain and Behaviour Laboratory of
University of Geneva and Mr. Bruno Bonet, Dr. Frédéric Grouiller, Dr.
Damien Marie, Ms. Céline Gaignot for their endless operational support
for data collection. The authors would also like to acknowledge Dr.
Ben Meuleman for their support in statistical analysis and Dr. Sylvain
Delplanque for his help in physiological data analysis.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Peer Review

The peer reviewhistory for this article is available at https://publons.com/
publon/10.1002/brb3.70154.

References

Barnes, G.M., J. H.Hoffman, J.W.Welte,M. P. Farrell, andB.A.Dintcheff.
2007. “Adolescents’ TimeUse: Effects on SubstanceUse,Delinquency and
SexualActivity.” Journal of YouthandAdolescence 36: 697–710. https://doi.
org/10.1007/s10964-006-9075-0.

Beck, A. T., and A. Beamesderfer. 1974. “Assessment of Depression: The
Depression inventory.” In Psychological Measurements in Psychophar-
macology, edited by P. Pichot and R. Olivier-Martin, 267–267. Oxford,
England: S. Karger. https://doi.org/10.1159/000395074.

Beck, A. T., R. A. Steer, and M. G. Carbin. 1988. “Psychometric Properties
of the Beck Depression Inventory: Twenty-Five Years of Evaluation.”
Clinical Psychology Review 8, no. 1: 77–100. https://doi.org/10.1016/0272-
7358(88)90050-5.

Berretz, G., J. Packheiser, R. Kumsta, O. T. Wolf, and S. Ocklenburg. 2021.
“The Brain Under Stress—A Systematic Review and Activation Likeli-
hood Estimation Meta-Analysis of Changes in BOLD Signal Associated
WithAcute Stress Exposure.”Neuroscience andBiobehavioral Reviews 124:
89–99. https://doi.org/10.1016/j.neubiorev.2021.01.001.

Bhattacharjee, S., R. Kashyap, T. Abualait, S.-H. Annabel Chen, W.-K.
Yoo, and S. Bashir. 2021. “The Role of Primary Motor Cortex: More
than Movement Execution.” Journal of Motor Behavior 53, no. 2: 258–274.
https://doi.org/10.1080/00222895.2020.1738992.

Bostock, S., M. Hamer, A. J. Wawrzyniak, E. S. Mitchell, and A. Steptoe.
2011. “Positive Emotional Style and Subjective, Cardiovascular and Corti-
sol Responses to Acute Laboratory Stress.” Psychoneuroendocrinology 36,
no. 8: 1175–1183. https://doi.org/10.1016/j.psyneuen.2011.02.009.

Brix, N., A. Ernst, L. L. B. Lauridsen, et al. 2019. “Timing of Puberty
in Boys and Girls: A Population-Based Study.” Paediatric and Perinatal
Epidemiology 33, no. 1: 70–78. https://doi.org/10.1111/ppe.12507.

Brown, B. B., and J. Larson. 2009. “Peer Relationships in Adolescence.”
In Handbook of Adolescent Psychology, edited by R. M. Lerner and L.
Steinberg, adlpsy002004. Hoboken, NJ: John Wiley & Sons. https://doi.
org/10.1002/9780470479193.adlpsy002004.

Buckner, R. L., J. R. Andrews-Hanna, and D. L. Schacter. 2008. “The
Brain’s Default Network.” Annals of the New York Academy of Sciences
1124, no. 1: 1–38. https://doi.org/10.1196/annals.1440.011.

Burani, K., A. Gallyer, J. Ryan, C. Jordan, T. Joiner, and G. Hajcak. 2021.
“Acute Stress Reduces Reward-Related Neural Activity: Evidence From
the Reward Positivity.” Stress 24, no. 6: 833–839. https://doi.org/10.1080/
10253890.2021.1929164.

Burgers, C., A. Eden, M. D. van Engelenburg, and S. Buningh. 2015.
“How Feedback Boosts Motivation and Play in a Brain-Training Game.”
Computers in Human Behavior 48: 94–103. https://doi.org/10.1016/j.chb.
2015.01.038.

Butterfield, R. D., M. Grad-Freilich, and J. S. Silk. 2023. “The Role of
Neural Self-Referential Processes Underlying Self-Concept in Adolescent
Depression: A Comprehensive Review and Proposed Neurobehavioral
Model.”Neuroscience&Biobehavioral Reviews 149: 105183. https://doi.org/
10.1016/j.neubiorev.2023.105183.

Casey, B. J., S. Duhoux, and M. M. Cohen. 2010. “Adolescence: What Do
Transmission, Transition, and Translation Have to Do With It?” Neuron
67, no. 5: 749–760. https://doi.org/10.1016/j.neuron.2010.08.033.

9 of 11

https://publons.com/publon/10.1002/brb3.70154
https://doi.org/10.1007/s10964-006-9075-0
https://doi.org/10.1159/000395074
https://doi.org/10.1016/0272-7358(88)90050-5
https://doi.org/10.1016/j.neubiorev.2021.01.001
https://doi.org/10.1080/00222895.2020.1738992
https://doi.org/10.1016/j.psyneuen.2011.02.009
https://doi.org/10.1111/ppe.12507
https://doi.org/10.1002/9780470479193.adlpsy002004
https://doi.org/10.1196/annals.1440.011
https://doi.org/10.1080/10253890.2021.1929164
https://doi.org/10.1016/j.chb.2015.01.038
https://doi.org/10.1016/j.neubiorev.2023.105183
https://doi.org/10.1016/j.neuron.2010.08.033


Casey, B. J., A. S. Heller, D. G. Gee, and A. O. Cohen. 2019. “Development
of the Emotional Brain.” Neuroscience Letters 693: 29–34. https://doi.org/
10.1016/j.neulet.2017.11.055.

Cole, D. A., S. E. Maxwell, J. M. Martin, et al. 2001. “The Development
of Multiple Domains of Child and Adolescent Self-Concept: A Cohort
Sequential Longitudinal Design.” Child Development 72, no. 6: 1723–1746.
https://doi.org/10.1111/1467-8624.00375.

Corbetta, M., and G. L. Shulman. 2002. “Control of Goal-Directed and
Stimulus-Driven Attention in the Brain.” Nature Reviews Neuroscience 3:
201–215. https://doi.org/10.1038/nrn755.

Corr, R., A. Pelletier-Baldelli, S. Glier, J. Bizzell, A. Campbell, and A.
Belger. 2020. “Neural Mechanisms of Acute Stress and Trait Anxiety in
Adolescents.” NeuroImage: Clinical 29: 102543. https://doi.org/10.1016/j.
nicl.2020.102543.

Dahl, R. E., and M. R. Gunnar. 2009. “Heightened Stress Responsiveness
and Emotional Reactivity During Pubertal Maturation: Implications
for Psychopathology.” Development and Psychopathology 21, no. 1: 1–6.
https://doi.org/10.1017/S0954579409000017.

Dalgleish, T., N. D. Walsh, D. Mobbs, et al. 2017. “Social Pain and Social
Gain in the Adolescent Brain: A Common Neural Circuitry Underlying
Both Positive and Negative Social Evaluation.” Scientific Reports 7: 42010.
https://doi.org/10.1038/srep42010.

Davis, M. M., H. H. Modi, H. V. Skymba, et al. 2023. “Thumbs Up
or Thumbs Down: Neural Processing of Social Feedback and Links to
Social Motivation in Adolescent Girls.” Social Cognitive and Affective
Neuroscience 18, no. 1: nsac055. https://doi.org/10.1093/scan/nsac055.

Dedovic, K., R. Renwick, N. K. Mahani, V. Engert, S. J. Lupien, and J. C.
Pruessner. 2005. “The Montreal Imaging Stress Task: Using Functional
Imaging to Investigate the Effects of Perceiving and Processing Psychoso-
cial Stress in the Human Brain.” Journal of Psychiatry and Neuroscience
30, no. 5: 319–325.

Dobbelaar, S., M. Achterberg, A. C. K. van Duijvenvoorde, M. H.
van IJzendoorn, and E. A. Crone. 2023. “Developmental Patterns and
Individual Differences in Responding to Social Feedback: A Longitudinal
fMRI Study From Childhood to Adolescence.” Developmental Cognitive
Neuroscience 62: 101264. https://doi.org/10.1016/j.dcn.2023.101264.

Fan, F., X. Liao, T. Lei, et al. 2021. “Development of the Default-Mode
Network During Childhood and Adolescence: A Longitudinal Resting-
State fMRI Study.” NeuroImage 226: 117581. https://doi.org/10.1016/j.
neuroimage.2020.117581.

Feldman, P. J., S. Cohen, S. J. Lepore, K. A. Matthews, T. W. Kamarck,
and A. L. Marsland. 1999. “Negative Emotions and Acute Physiological
Responses to Stress.” Annals of Behavioral Medicine 21, no. 3: 216–222.
https://doi.org/10.1007/BF02884836.

Fredrickson, B. L. 2001. “The Role of Positive Emotions in Positive
Psychology: The Broaden-and-Build Theory of Positive Emotions.”Amer-
ican Psychologist 56: 218–226. https://doi.org/10.1037/0003-066X.56.3.
218.

Fredrickson, B. L., and C. Branigan. 2005. “Positive Emotions Broaden
the Scope of Attention and Thought–action Repertoires.” Cognition &
Emotion 19, no. 3: 313–332. https://doi.org/10.1080/02699930441000238.

Gasquoine, P. G. 2014. “Contributions of the Insula to Cognition and
Emotion.” Neuropsychology Review 24, no. 2: 77–87. https://doi.org/10.
1007/s11065-014-9246-9.

Hankin, B. L., L. Y. Abramson, T. E. Moffitt, P. A. Silva, R. McGee, and
K. E. Angell. 1998. “Development of Depression From Preadolescence to
Young Adulthood: Emerging Gender Differences in a 10-Year Longitudi-
nal Study.” Journal of Abnormal Psychology 107, no. 1: 128–140. https://doi.
org/10.1037/0021-843X.107.1.128.

Harter, S. 1990. “Developmental Differences in the Nature of Self-
Representations: Implications for the Understanding, Assessment, and
Treatment of Maladaptive Behavior.” Cognitive Therapy and Research 14,
no. 2: 113–142. https://doi.org/10.1007/BF01176205.

Heffer, T., and T. Willoughby. 2020. “Sensitivity to Negative Feed-
back Among Children and Adolescents: An ERP Study Comparing
Developmental Differences Between High-Worriers and Low-Worriers.”
Cognitive, Affective, & Behavioral Neuroscience 20, no. 3: 624–635. https://
doi.org/10.3758/s13415-020-00791-8.

Johnson, S. C., L. C. Baxter, L. S. Wilder, J. G. Pipe, J. E. Heiserman, and
G. P. Prigatano. 2002. “Neural Correlates of Self-Reflection.” Brain 125, no.
8: 1808–1814. https://doi.org/10.1093/brain/awf181.

Kogler, L., V. I. Müller, A. Chang, et al. 2015. “Psychosocial Versus
Physiological Stress—Meta-Analyses on Deactivations and Activations
of the Neural Correlates of Stress Reactions.” NeuroImage 119: 235–251.
https://doi.org/10.1016/j.neuroimage.2015.06.059.

Kujawa, A., and K. L. Burkhouse. 2017. “Vulnerability to Depression in
Youth: Advances From Affective Neuroscience.” Biological Psychiatry:
Cognitive Neuroscience and Neuroimaging 2, no. 1: 28–37. https://doi.org/
10.1016/j.bpsc.2016.09.006.

Kumar, P., A. Pisoni, E. Bondy, et al. 2019. “Delineating the Social Valua-
tion Network in Adolescents.” Social Cognitive and Affective Neuroscience
14, no. 11: 1159–1166. https://doi.org/10.1093/scan/nsz086.

Larson, R. W., G. Moneta, M. H. Richards, and S. Wilson. 2002. “Con-
tinuity, Stability, and Change in Daily Emotional Experience Across
Adolescence.” Child Development 73, no. 4: 1151–1165. https://doi.org/10.
1111/1467-8624.00464.

Liakakis, G., J. Nickel, and R. J. Seitz. 2011. “Diversity of the Inferior
Frontal Gyrus—AMeta-Analysis of Neuroimaging Studies.” Behavioural
Brain Research 225, no. 1: 341–347. https://doi.org/10.1016/j.bbr.2011.06.
022.

Lincoln, S. H., A. Pisoni, E. Bondy, et al. 2019. “Altered Reward Processing
Following an Acute Social Stressor in Adolescents.” PLOS One 14, no. 1:
e0209361. https://doi.org/10.1371/journal.pone.0209361.

Masten, C. L., N. I. Eisenberger, L. A. Borofsky, et al. 2009. “Neural
Correlates of Social Exclusion During Adolescence: Understanding the
Distress of Peer Rejection.” Social Cognitive and Affective Neuroscience 4,
no. 2: 143–157. https://doi.org/10.1093/scan/nsp007.

McCarthy, P. 2023. FSLeyes (1.9.0). Zenodo. https://doi.org/10.5281/
zenodo.8376979.

Miller, A. B., andM. J. Prinstein. 2019. “Adolescent Suicide as a Failure of
Acute Stress-Response Systems.” Annual Review of Clinical Psychology 15,
no. 1: 425–450. https://doi.org/10.1146/annurev-clinpsy-050718-095625.

Mizuno, K., M. Tanaka, A. Ishii, et al. 2008. “The Neural Basis of
Academic Achievement Motivation.” NeuroImage 42, no. 1: 369–378.
https://doi.org/10.1016/j.neuroimage.2008.04.253.

Murray, R. J., K. Apazoglou, Z. Celen, et al. 2021. “Maladaptive Emotion
Regulation Traits Predict Altered Corticolimbic Recovery FromPsychoso-
cial Stress.” Journal of Affective Disorders 280: 54–63. https://doi.org/10.
1016/j.jad.2020.09.122.

Murray, R. J., K. Gentsch, E. Pham, et al. 2022. “Identifying Disease-
Specific Neural Reactivity to Psychosocial Stress in Borderline Personality
Disorder.” Biological Psychiatry: Cognitive Neuroscience and Neuroimag-
ing 7, no. 11: 1137–1148. https://doi.org/10.1016/j.bpsc.2021.11.015.

Pagliaccio, D., P. Kumar, R. A. Kamath, D. A. Pizzagalli, and R. P.
Auerbach. 2023. “Neural Sensitivity to Peer Feedback and Depression
Symptoms in Adolescents: A 2-Year Multiwave Longitudinal Study.”
Journal of Child Psychology and Psychiatry 64, no. 2: 254–264. https://doi.
org/10.1111/jcpp.13690.

Perini, I., P. A. Gustafsson, J. P. Hamilton, R. Kämpe, M. Zetterqvist, and
M. Heilig. 2018. “The Salience of Self, Not Social Pain, Is Encoded by
Dorsal Anterior Cingulate and Insula.” Scientific Reports 8, no. 1: 6165.
https://doi.org/10.1038/s41598-018-24658-8.

Peters, S., B. R. Braams, M. E. J. Raijmakers, P. C. M. P. Koolschijn, and E.
A. Crone. 2014. “The Neural Coding of Feedback Learning Across Child
and Adolescent Development.” Journal of Cognitive Neuroscience 26, no.
8: 1705–1720. https://doi.org/10.1162/jocn_a_00594.

10 of 11 Brain and Behavior, 2024

https://doi.org/10.1016/j.neulet.2017.11.055
https://doi.org/10.1111/1467-8624.00375
https://doi.org/10.1038/nrn755
https://doi.org/10.1016/j.nicl.2020.102543
https://doi.org/10.1017/S0954579409000017
https://doi.org/10.1038/srep42010
https://doi.org/10.1093/scan/nsac055
https://doi.org/10.1016/j.dcn.2023.101264
https://doi.org/10.1016/j.neuroimage.2020.117581
https://doi.org/10.1007/BF02884836
https://doi.org/10.1037/0003-066X.56.3.218
https://doi.org/10.1080/02699930441000238
https://doi.org/10.1007/s11065-014-9246-9
https://doi.org/10.1037/0021-843X.107.1.128
https://doi.org/10.1007/BF01176205
https://doi.org/10.3758/s13415-020-00791-8
https://doi.org/10.1093/brain/awf181
https://doi.org/10.1016/j.neuroimage.2015.06.059
https://doi.org/10.1016/j.bpsc.2016.09.006
https://doi.org/10.1093/scan/nsz086
https://doi.org/10.1111/1467-8624.00464
https://doi.org/10.1016/j.bbr.2011.06.022
https://doi.org/10.1371/journal.pone.0209361
https://doi.org/10.1093/scan/nsp007
https://doi.org/10.5281/zenodo.8376979
https://doi.org/10.1146/annurev-clinpsy-050718-095625
https://doi.org/10.1016/j.neuroimage.2008.04.253
https://doi.org/10.1016/j.jad.2020.09.122
https://doi.org/10.1016/j.bpsc.2021.11.015
https://doi.org/10.1111/jcpp.13690
https://doi.org/10.1038/s41598-018-24658-8
https://doi.org/10.1162/jocn_a_00594


Peters, S., and E. A. Crone. 2017. “Increased Striatal Activity in Adoles-
cence Benefits Learning.” Nature Communications 8, no. 1: 1983. https://
doi.org/10.1038/s41467-017-02174-z.

Piguet, C., P. Klauser, Z. Celen, R. James Murray, M. Magnus Smith, and
A. Merglen. 2022. “Randomized Controlled Trial of a Mindfulness-Based
Intervention in Adolescents From the General Population: The Mindful-
Teen Neuroimaging Study Protocol.” Early Intervention in Psychiatry 16,
no. 8: 891–901. https://doi.org/10.1111/eip.13235.

Platt, B., K. C. Kadosh, and J. Y. F. Lau. 2013. “The Role of Peer Rejection
in Adolescent Depression.” Depression and Anxiety 30, no. 9: 809–821.
https://doi.org/10.1002/da.22120.

Pruessner, J. C., K. Dedovic, N. Khalili-Mahani, et al. 2008. “Deactivation
of the Limbic System During Acute Psychosocial Stress: Evidence From
Positron Emission Tomography and Functional Magnetic Resonance
Imaging Studies.” Biological Psychiatry 63, no. 2: 234–240. https://doi.org/
10.1016/j.biopsych.2007.04.041.

Rappaport, B. I., and D. M. Barch. 2020. “Brain Responses to Social
Feedback in Internalizing Disorders: A Comprehensive Review.” Neuro-
science and Biobehavioral Reviews 118: 784–808. https://doi.org/10.1016/j.
neubiorev.2020.09.012.

Rew, L., C. Principe, and D. Hannah. 2012. “Changes in Stress and
CopingDuring Late Childhood and Preadolescence.” Journal of Child and
Adolescent Psychiatric Nursing 25, no. 3: 130–140. https://doi.org/10.1111/j.
1744-6171.2012.00336.x.

Rosen, D., R. B. Price, C. D. Ladouceur, et al. 2019. “Attention to Peer
Feedback Through the Eyes of AdolescentsWith a History of Anxiety and
Healthy Adolescents.” Child Psychiatry & Human Development 50, no. 6:
894–906. https://doi.org/10.1007/s10578-019-00891-8.

R Core Team. 2021. R: A Language and Environment for Statistical
Computing. Vienna, Austria: R Foundation for Statistical Computing.
https://www.R-project.org/.

Satterthwaite, T. D., K. Ruparel, J. Loughead, et al. 2012. “Being Right Is
Its Own Reward: Load and Performance Related Ventral Striatum Acti-
vation to Correct Responses During a Working Memory Task in Youth.”
NeuroImage 61, no. 3: 723–729. https://doi.org/10.1016/j.neuroimage.2012.
03.060.

Schilliger, Z., Y. Alemán-Gómez, M. Magnus Smith, et al. 2024. “Sex-
Specific Interactions Between Stress Axis and Redox Balance are Associ-
ated With Internalizing Symptoms And Brain White Matter Microstruc-
ture in Adolescents.” Translational Psychiatry 14, no. 1: 1–11. https://doi.
org/10.1038/s41398-023-02728-4.

Shad, M. U., S. Muddasani, and U. Rao. 2012. “Gray Matter Differences
Between Healthy and Depressed Adolescents: A Voxel-Based Morphom-
etry Study.” Journal of Child and Adolescent Psychopharmacology 22, no.
3: 190–197. https://doi.org/10.1089/cap.2011.0005.

Solmi, M., J. Radua, M. Olivola, et al. 2022. “Age at Onset of Mental
Disorders Worldwide: Large-Scale Meta-Analysis of 192 Epidemiological
Studies.” Molecular Psychiatry 27, no. 1: 281–295. https://doi.org/10.1038/
s41380-021-01161-7.

Somerville, L. H., R. M. Jones, and B. Casey. 2010. “A Time of Change:
Behavioral and Neural Correlates of Adolescent Sensitivity to Appetitive
and Aversive Environmental Cues.” Brain and Cognition 72, no. 1: 124.
https://doi.org/10.1016/j.bandc.2009.07.003.

Somerville, L. H., R. M. Jones, E. J. Ruberry, J. P. Dyke, G. Glover,
and B. Casey. 2013. “Medial Prefrontal Cortex and the Emergence of
Self-Conscious Emotion in Adolescence.” Psychological Science 24, no. 8:
1554–1562. https://doi.org/10.1177/0956797613475633.

Soutschek,A., P. Kang, C. C. Ruff, T. A.Hare, and P.N. Tobler. 2018. “Brain
Stimulation Over the Frontopolar Cortex Enhances Motivation to Exert
Effort for Reward.” Biological Psychiatry 84, no. 1: 38–45. https://doi.org/
10.1016/j.biopsych.2017.11.007.

Spear, L. P. 2000. “The Adolescent Brain and Age-Related Behavioral
Manifestations.” Neuroscience and Biobehavioral Reviews 24, no. 4: 417–
463. https://doi.org/10.1016/s0149-7634(00)00014-2.

Speer, M. E., and M. R. Delgado. 2017. “Reminiscing About Positive
Memories Buffers Acute Stress Responses.” Nature Human Behaviour 1,
no. 5: 0093. https://doi.org/10.1038/s41562-017-0093.

Spielberger, C. D. 1983. State-Trait Anxiety Inventory for Adults. https://
doi.org/10.1037/t06496-000.

Spielberger, C. D., C. D. Edwards, J.Montouri, andR. Lushene. 1973. State-
Trait Anxiety Inventory for Children. https://doi.org/10.1037/t06497-000.

Stroud, L. R., E. Foster, G. D. Papandonatos, et al. 2009. “Stress Response
and the Adolescent Transition: Performance Versus Peer Rejection Stres-
sors.” Development and Psychopathology 21, no. 1: 47–68. https://doi.org/
10.1017/S0954579409000042.

Sydnor, V. J., B. Larsen, D. S. Bassett, et al. 2021. “Neurodevelopment
of the Association Cortices: Patterns, Mechanisms, and Implications for
Psychopathology.”Neuron 109, no. 18: 2820–2846. https://doi.org/10.1016/
j.neuron.2021.06.016.

Thornton, M. A., M. E. Weaverdyck, and D. I. Tamir. 2019. “The Social
Brain Automatically Predicts Others’ Future Mental States.” Journal of
Neuroscience 39, no. 1: 140–148. https://doi.org/10.1523/JNEUROSCI.1431-
18.2018.

Tottenham, N., and A. Galván. 2016. “Stress and the Adolescent Brain:
Amygdala-Prefrontal Cortex Circuitry and Ventral Striatum as Devel-
opmental Targets.” Neuroscience and Biobehavioral Reviews 70: 217–227.
https://doi.org/10.1016/j.neubiorev.2016.07.030.

van Duijvenvoorde, A. C., K. K. Zanolie, S. A. R. B. Rombouts, M. E. J.
Raijmakers, and E. A. Crone. 2008. “Evaluating the Negative or Valuing
the Positive? Neural Mechanisms Supporting Feedback-Based Learning
Across Development.” Journal of Neuroscience 28, no. 38: 9495–9503.
https://doi.org/10.1523/JNEUROSCI.1485-08.2008.

Wheelock, M. D., N. G. Harnett, K. H. Wood, et al. 2016. “Prefrontal
Cortex Activity Is Associated With Biobehavioral Components of the
Stress Response.” Frontiers in Human Neuroscience 10: 583. https://doi.
org/10.3389/fnhum.2016.00583.

Woo, C.-W., A. Krishnan, and T. Wager. 2014. “Cluster-Extent Based
Thresholding in fMRI Analyses: Pitfalls and Recommendations.” Neu-
roImage 91: 412–419. https://doi.org/10.1016/j.neuroimage.2013.12.058.

Xie, H., L. Mo, S. Li, J. Liang, X. Hu, and D. Zhang. 2022. “Aberrant
Social Feedback Processing and Its Impact onMemory, Social Evaluation,
and Decision-Making Among Individuals With Depressive Symptoms.”
Journal of Affective Disorders 300: 366–376. https://doi.org/10.1016/j.jad.
2022.01.020.

Zhuang, Y., W. Feng, and Y. Liao. 2017. “Want More? Learn Less:
Motivation Affects Adolescents Learning From Negative Feedback.”
Frontiers in Psychology 8: 76. https://doi.org/10.3389/fpsyg.2017.00076.

Supporting Information

Additional supporting information can be found online in the Supporting
Information section.

11 of 11

https://doi.org/10.1038/s41467-017-02174-z
https://doi.org/10.1111/eip.13235
https://doi.org/10.1002/da.22120
https://doi.org/10.1016/j.biopsych.2007.04.041
https://doi.org/10.1016/j.neubiorev.2020.09.012
https://doi.org/10.1111/j.1744-6171.2012.00336.x
https://doi.org/10.1007/s10578-019-00891-8
https://www.R-project.org/
https://doi.org/10.1016/j.neuroimage.2012.03.060
https://doi.org/10.1038/s41398-023-02728-4
https://doi.org/10.1089/cap.2011.0005
https://doi.org/10.1038/s41380-021-01161-7
https://doi.org/10.1016/j.bandc.2009.07.003
https://doi.org/10.1177/0956797613475633
https://doi.org/10.1016/j.biopsych.2017.11.007
https://doi.org/10.1016/s0149-7634(00)00014-2
https://doi.org/10.1038/s41562-017-0093
https://doi.org/10.1037/t06496-000
https://doi.org/10.1037/t06497-000
https://doi.org/10.1017/S0954579409000042
https://doi.org/10.1016/j.neuron.2021.06.016
https://doi.org/10.1523/JNEUROSCI.1431-18.2018
https://doi.org/10.1016/j.neubiorev.2016.07.030
https://doi.org/10.1523/JNEUROSCI.1485-08.2008
https://doi.org/10.3389/fnhum.2016.00583
https://doi.org/10.1016/j.neuroimage.2013.12.058
https://doi.org/10.1016/j.jad.2022.01.020
https://doi.org/10.3389/fpsyg.2017.00076

	Brain Reactivity and Vulnerability to Social Feedback Following Acute Stress in Early Adolescence
	1 | Introduction
	2 | Materials and Methods
	2.1 | Participants
	2.2 | MRI Task
	2.3 | Behavior
	2.4 | Physiology
	2.5 | MRI Data Acquisition and Analysis
	2.5.1 | Group-Level Analysis
	2.5.2 | Covariate Analysis and Two-Group Analysis


	3 | Results
	3.1 | Behavior
	3.2 | Physiology
	3.3 | Neuroimaging Results
	3.3.1 | Psychosocial Stress
	3.3.2 | Valence of Feedback
	3.3.3 | Valence of Feedback and Depressive Symptoms


	4 | Discussion
	5 | Conclusions
	Author Contributions
	Acknowledgments
	Conflicts of Interest
	Data Availability Statement
	Peer Review

	References
	Supporting Information


