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Abstract

This study investigated behavioral and neural correlates underlying social feedback processing and subsequent aggressive behaviors
in childhood in two age cohorts (test sample: n=509/n =385 and replication sample: n=354/n=195, 7-9 years old). Using a previously
validated Social Network Aggression Task, we showed that negative social feedback resulted in most behavioral aggression, followed
by less aggression after neutral and least aggression after positive feedback. Receiving positive and negative social feedback was asso-
ciated with increased activity in the insula, medial prefrontal cortex and ventrolateral prefrontal cortex. Responding to feedback was
associated with additional activation in the dorsolateral prefrontal cortex (DLPFC) following positive feedback. This DLPFC activation
correlated negatively with aggression. Furthermore, age analyses showed that older children showed larger reductions in aggression
following positive feedback and more neural activation in the DLPFC when responding to positive feedback compared to younger
children. To assess the robustness of our results, we examined these processes in two independent behavioral/functional magnetic
resonance imaging samples using equivalence testing, thereby contributing to replicable reports. Together, these findings demonstrate
an important role of social saliency and regulatory processes where regulation of aggression rapidly develops between the ages of 7
and 9years.
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Introduction

Middle childhood, the developmental phase from ~7 to 10 years
of age (DeFries et al., 1994), is an important period marked by
rapid developmental changes in social competencies needed for
developing adaptive social relations. For example, children more
often experience and respond to social evaluations of peers. Prior
research in adults and children showed that social rejection can
lead to aggressive, retaliatory responses (Chester et al., 2014;
Achterberg et al,, 2017). An unanswered question, however, is
how feedback processing and subsequent aggressive responses
develop during childhood and which neural processes are
involved. This study examined behavioral and neural responses to
social feedback and subsequent aggression in middle childhood,
using a test-replication design to optimize reliable and robust
analyses.

Neural correlates of social feedback processing

In prior studies, functional magnetic resonance imaging (fMRI)
was used to specifically focus on neural activity when partici-
pants received social feedback (Gunther Moor et al., 2010; Guyer
et al., 2012; Achterberg et al., 2017, 2018). The medial prefrontal
cortex (MPFC), anterior insula (AI) and anterior cingulate cortex
(ACC) showed enhanced activation during both positive and neg-
ative feedback compared to neutral feedback in prior studies in
adults (Achterberg et al., 2016) and children (Achterberg et al.,
2017, 2018, 2020). These regions have often been identified as
regions involved in not only social cognition tasks, such as social
evaluation and self-other referential processing (Blakemore and
Mills, 2014; Apps et al., 2016; Yoon et al., 2018; Crone et al., 2020),
but also in nonsocial tasks, such as cognitive control, attentional
processes and memory (e.g. Menon and Uddin, 2010; Euston et al.,
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2012). In social feedback paradigms, the MPFC, Al and ACC might
be specifically responsive to feedback that is salient (both pos-
itive and negative). Activation related to positive feedback has
been reported in the ventral striatum, dorsolateral prefrontal
cortex (DLPFC) and supplementary motor area (SMA), in adults
(Achterberg et al., 2016), children and adolescents (Gunther Moor
et al., 2010; Guyer et al., 2012; Achterberg et al.,, 2017, 2018). In
contrast, negative feedback has been associated with activity in
the superior MPFC (Achterberg et al., 2016, 2018), although it is
not consistently observed across studies (Guyer et al., 2012). Dur-
ing negative feedback processing, enhanced DLPFC activation has
been associated with subsequent aggression reduction (Riva et al.,
2015; Achterbergetal., 2016, 2018). Given that replicability of fMRI
findings in childhood is still relatively understudied and task-
based fMRI shows low test-retest reliability (Elliott et al., 2020), the
first aim of this study was to replicate previously observed neural
responses to social feedback and the relation to individual differ-
ences in aggression in a large sample of children aged 7-9years
(Open Science Collaboration, 2015; Schmidt, 2016; van I[Jzendoorn
and Bakermans-Kranenburg, 2021).

Neural correlates of responding to social
feedback

The Social Network Aggression Task (SNAT; Achterberg et al,
2016) has been developed to study the effects of receiving social
feedback on subsequent aggressive responses. In this task, partic-
ipants first received social peer feedback and were subsequently
instructed to respond by sending a noise blast toward the peer
giving the feedback. Negative feedback consistently resulted in
the longest noise blasts compared to positive and neutral feed-
back, in adults and children (Chester et al., 2014; Achterberg et al.,
2016, 2017, 2018). Supplementary Table S1 shows an overview of
previous findings in studies using the SNAT.

A still unexplored question of this study is which neural pro-
cesses underlie these responses to social feedback in childhood.
In adults, studies on neural activity during aggression following
negative feedback show mixed results. For example, aggression
following high (vs low) provocation, i.e. reactive aggression, has
been associated with increased activation in the insula, ACC,
MPFC, DLPFC, ventrolateral prefrontal cortex (VLPFC) (Krdmer
et al., 2007; Lotze et al., 2007; Dambacher et al., 2015; Repple et al.,
2017), ventral striatum (Buades-Rotger et al., 2016; Chester and
DeWall, 2016) and orbitofrontal cortex (OFC; Repple et al., 2017).
On the other hand, increased aggression or punishment of unfair
offers in an Ultimatum Game has also been related to decreased
OFC and ventral MPFC activation (Mehta and Beer, 2010; White
etal., 2014; Beyer et al., 2015; Gilam et al., 2015). Additionally, to our
knowledge, only two prior studies investigated neural activation
during forced aggressive responses following positive feedback.
These studies reported increased activation in the DLPFC during
responses to positive compared to negative feedback in the SNAT
(van de Groep et al., 2021, 2022). Therefore, the second aim of
our study was to investigate neural activity during responses to
positive, neutral and negative social feedback.

In the SNAT, where participants are instructed to always send
a noise blast, increased DLPFC activation following positive feed-
back (van de Groep et al., 2021) may possibly reflect inhibitory pro-
cesses. DLPFC activation has previously been related to impulse
control in nonsocial contexts (Durston et al.,, 2002; Blasi et al.,
2006), and we hypothesize that it might play a similar role
when responding to social feedback. Therefore, we additionally
aimed to study whether individual differences in DLPFC activation
following positive (us negative) feedback were related to decreased
aggressive responses following positive feedback.

The current study

The current study tested the two processes of feedback processing
and responding in the Leiden Consortium on Individual Develop-
ment (L-CID), which consists of two independent age cohorts with
overlapping time points in middle childhood (Crone et al., 2020),
allowing for direct replication of our analyses. The experimental
SNAT was used to measure neural activation on two events: the
social feedback event, when participants received social feedback,
and the noise blast event, when participants responded to social
feedback by sending a noise blast.

Our first aim (i) was to replicate previously reported valence
effects on neural activity during social feedback processing in the
Al, MPFC, VLPFC and DLPFC (Achterberg et al., 2020) and related
brain-behavior correlations. We hypothesized that DLPFC activa-
tion following rejection was related to lower levels of aggression
following negative feedback (Achterberg et al., 2018, 2020).

Our second novel aim (ii) was (a) to investigate valence effects
on neural activity during responses to social feedback and (b) to
test whether individual differences in neural activity were mean-
ingfully related to behavioral aggression. We expected that more
DLPFC activation following positive feedback relative to nega-
tive feedback would be related to decreased aggressive responses
following positive feedback.

Finally, we performed two exploratory analyses (iii). During
childhood, the cognitive processes that are important for con-
trolling behavior are still developing (Crone and Steinbeis, 2017).
These developmental changes might already be noticeable dur-
ing the course of middle childhood since this period is marked
by a rapid development in regulatory skills (Zelazo and Carlson,
2012; Achterberg et al., 2020). Therefore, we (a) explored age dif-
ferences in aggression regulation between 7- and 9-year olds to
investigate how feedback processing and subsequent aggression
develop during childhood. Additionally, to further explore which
children might be most prone to aggression following negative
feedback, we (b) tested whether parental reported inhibitory con-
trol moderated the relation between activation in the affective
salience network (Al and MPFC) during feedback and behav-
ioral aggression, such that increased neural sensitivity to social
feedback would be related to more reactive aggression only for
children with low levels of inhibitory control (Chester et al,
2014).

Methods
Participants

This study was part of the cohort sequential longitudinal twin
study ‘L-CID’ (Euser et al., 2016; Crone et al., 2020). Children in the
early childhood cohort (ECC) were followed from 3 to 9years of
age, whereas children in the middle childhood cohort (MCC) were
followed from 7 to 13 years (Crone et al., 2020). The present study
focused on the first visit of the MCC (test sample) and the fifth
visit of the ECC (replication sample), which were lab visits includ-
ing MRI scans. The overlap in age (7-9years old) between cohorts
allowed for a replication within the same study and for replica-
tion of effects that were previously reported by Achterberg et al.
(2018, 2020) on the MCC data.

In the MCC, data were collected in 2015-16. Data and
characteristics of the test sample were previously reported in
Achterberg et al. (2018). Our behavioral test sample consisted
of 509 participants (mean age: 7.95+0.67years, 51% girls).
In total, 124 participants were excluded from MRI analyses
(Supplementary Figure S1), resulting in an MRI test sample of 385
participants (mean age: 7.99 4+ 0.68 years, 53% girls).
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Table 1. Demographic characteristics
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Test sample (MCC)

Replication sample (ECC)

Behavioral MRI Behavioral MRI
N 509 385 354 195
Girls (%) 50.9 53.0 53.1 57.4
Age (s.d) 7.95 (0.67) 7.99 (0.68) 8.00 (0.62) 8.08 (0.62)
Age range 7.02-9.68 7.02-9.68 6.93-9.62 7.02-9.49
Left-handed (%) 12.8 12.2 13.4 12.3
IQ (s.d) 103.62 (11.77) 104.03 (11.84) 103.24 (10.69) 103.21 (10.74)
1Q range 72.50-137.50 72.50-137.50 75.0-130.0 77.50-130.0
Caucasian (%) 91 92 95
SES low-middle-high (%) 9-45-46 8-43-49 5-35-60 2-33-65

Note. SES = socioeconomic status, based on parental education at T1.

In the ECC, data were collected in 2019. Our behavioral
replication sample consisted of 354 participants (mean age:
8.00+0.62years, 53.1% girls). In total, 159 participants were
excluded from MRI analyses (Supplementary Figure S1), result-
ing in an MRI replication sample of 195 participants (mean age:
8.08 4+ 0.62years, 57.4% girls). Sample characteristics are pre-
sented in Table 1. Prior to the first visit, informed consent was
obtained from both parents. The study was approved by the
Dutch Central Committee on Research Involving Human Subjects
(CCMO).

Measures
Social Network Aggression Task

Feedback effects and subsequent aggressive responses were mea-
sured using the SNAT, which has been validated as a reliable
measure of aggression following social feedback (Achterbergetal.,
2016, 2017). Participants filled out a personal profile at home and
sent this back a week before the lab visit. During the lab visit,
participants received feedback from peers on whether they liked
the answers on their profiles. This feedback could be positive
(a green thumb up), neutral (a gray circle) or negative (a red thumb
down). Subsequently, participants had to imagine sending a noise
blast toward the peer who had given the feedback by pressing a
button with their right index finger. They could decide the inten-
sity of the noise blast by pressing the button for a longer duration
(Figure 1A), which was used as a measure of behavioral aggres-
sion. Participants were specifically instructed to imagine sending
the noise blast to reduce the amount of deception used in the task.
Participants did not know that peers in the tasks were not real but
were morphed photographs from an existing database. Each pho-
tograph was presented with positive, neutral or negative feedback.
The order of trials was pseudo-randomized.

The SNAT consisted of 60 trials (three blocks of 20 trials) in
the test sample. In the replication sample, we shortened the MRI
session, based on findings that scan quality decreases with the
increasing length of the scanning procedure (Achterberg and van
der Meulen, 2019). Since we found comparable main effects in
the MCC data when analyzing two us three blocks of the SNAT, we
chose to include 40 trials (two blocks of 20 trials) in the replication
sample.

Inhibitory control (Temperament in Middle Childhood
Questionnaire)

To measure inhibitory control, the subscale Inhibitory Control
of the parental reported version of the Temperament in Middle
Childhood Questionnaire was used (Simonds et al.,, 2007). The
primary caregiver, who spent the most time with the children

at the start of the study, completed the questionnaire for both
twin children separately. This subscale consisted of eight ques-
tions (e.g. ‘My child can stop him/herself from doing things too
quickly’) that were answered on a five-point scale (1 ='extremely
untrue’, 5 =‘extremely true’). Cronbach’s alpha was 0.67. A mean
score over the seven items was computed, such that higher scores
indicate more inhibitory control.

MRI data acquisition

MRI scans were acquired on a Philips Ingenia 3.0 Tesla MR system,
using a standard whole-head coil. Participants from both sam-
ples were scanned using the same MRI scanner. Foam inserts were
added within the head coil to minimize head motion. Participants
viewed the SNAT on a screen that was placed behind the scanner
and could be viewed through a mirror on the head coil. Func-
tional MRI scans were collected using T2*-weighted echo-planar
imaging (EPI). The first two volumes were discarded to allow for
equilibration of T1 saturation effects [field of view (FOV)=220
(anterior-posterior, a-p) x 220 (right-left, r-1) x 111.65 (foot-head,
f-h) mm; repetition time (TR)=2.2 s, echo time (TE)=30ms;
flip angle (FA)=80°; sequential acquisition; 37 slices; voxel
size =2.75x2.75x 2.75]. In the test sample, the SNAT consisted of
three blocks (block 1: 148 volumes, block 2: 142 volumes and block
3: 141 volumes; Achterberg et al., 2018). In the replication sam-
ple, the SNAT consisted of two blocks (block 1: 148 volumes and
block 2: 142 volumes). The modification between the two samples
was introduced to decrease the total scan time (Achterberg and
van der Meulen, 2019). In between blocks, scanning was paused to
give the participant a small break. Additionally, a high-resolution
3D T1 scan was collected as anatomical reference [FOV =224
(a-p) x 177 (r-1) x 168 (f~h) mm; TR=9.72ms; TE=4.95ms; FA=28";
140 slices; voxel size =0.875x 0.875 x 0.875 mm].

MRI data analyses

fMRI preprocessing

fMRI data were analyzed using Statistical Parametric Mapping
software (SPM, Wellcome Department of Cognitive Neurology,
London). We used SPMS8 for consistency with the previously pub-
lished study. First, images were corrected for slice timing acqui-
sition and rigid body motion. Functional volumes were spatially
normalized to T1 templates using 12-parameter affine trans-
form mapping and nonlinear transformation involving cosine
basis functions. Templates were based on the Montreal Neu-
rological Institute (MNI) 305 stereotaxic space (Cocosco et al.,
1997). Due to missing 3D T1 data, data of five participants in
the test sample were normalized to an EPI template. Volumes
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Fig. 1. SNAT. (A) Schematic representation of a trial with negative social feedback. (B) Noise blast duration for each feedback condition in the original
sample (solid line) and replication sample (dotted line). Error bars represent standard errors.

of each participant were resampled to 3x3x3 mm voxels.
Data were spatially smoothed using a 6 mm full-width-at-half-
maximum isotropic Gaussian kernel. For all participants, transla-
tional movement parameters were calculated. Participants were
included in the first-level analysis when they had at least two
runs of fMRI data with <3 mm maximum motion in every direction
(x,y,2) (in line with the original study of Achterberg et al., 2018).
We included detailed information on motion parameters and
small spikes (i.e. motion between 0.9 and 3mm in any volume)
in Supplementary Table S8. Most participants showed a limited
number of small spikes [participants with small spikes in >10%
of volumes in test sample: n=2 (10.8% and 13.4%); in replication
sample: n=4 (12.4-19.0%); Supplementary Figure S4]. Moreover,
the results did not differ between participants with small spikes
and participants without small spikes (see sensitivity analyses
in the Supplementary Results). Thus, we allowed this minimal
amount of motion in order to weigh up against the possible extra
loss of trials (Siegel et al., 2014).

First-level analyses

We analyzed individual participant’s data using a general linear
model in SPM8. Two events were convolved with the hemody-
namic response function (HRF) to model the fMRI time series. The
onset of feedback delivery was modeled as the feedback event,
with a zero duration and with valence of the feedback as sep-
arate regressors (‘positive’, ‘neutral’ and ‘negative’). The start of
the noise blast was modeled as the noise blast event, with the
HRF modeled for the length of the noise blast duration and with
noise blast following positive, neutral and negative feedback as
separate regressors (Achterberg et al., 2018; van de Groep et al.,
2021, 2022). Trials on which participants did not respond in time
were marked as invalid and excluded from analysis. Six motion
regressors were added to the model as covariates of no interest.
We used the least-squares parameter estimates (PEs) of height of
the best-fitting canonical HRF for each condition in pairwise con-
trasts. The resulting subject-specific contrast images were used in
the group-level analyses.

Second-level analyses

To investigate feedback effects on neural responses during the
social feedback event, we performed a full-factorial analysis of

variance (ANOVA) with three levels (feedback: ‘Positive’, ‘Neutral’
and ‘Negative’) on data of the replication sample. The whole-
brain analyses of the test sample were previously reported in
Achterberg et al. (2018). We calculated the ‘Negative > Positive’
and ‘Positive > Negative’ contrasts and investigated activation that
was specific to both positive and negative feedback (compared
to neutral feedback) by performing a conjunction analysis (of
the contrasts ‘Negative > Neutral’ and ‘Positive > Neutral’) with the
‘logical AND’ strategy. This strategy requires activation in both
contrasts to be individually significant (Nichols et al., 2005).

In addition, we investigated feedback effects on neural
responses during the noise blast event by performing a full-
factorial ANOVA with three levels (noise after feedback:
‘PositiveNoise’, ‘NeutralNoise’ and ‘NegativeNoise’). These whole-
brain analyses were conducted in both samples since they were
not previously reported. We explored the following contrasts:
‘PositiveNoise > NegativeNoise' (and vice versa), ‘PositiveNoise >
NeutralNoise’ (and vice versa) and ‘NegativeNoise > NeutralNoise’
(and vice versa).

All results were family-wise error (FWE) cluster-level corrected
(Prweee <0.05) with an initial voxel-wise threshold of P<0.005
(uncorrected) (Achterberg et al., 2020). We report coordinates
for local maxima in MNI space. The results of the whole-
brain analyses are reported in the Supplementary material.
Untresholded statistical maps of the whole-brain contrasts are
available on Neurovault (Gorgolewski et al., 2015) via https://neu-
rovault.org/collections/GMFZUABO/.

Region of interest analyses

For the social feedback event, we used the regions of inter-
est (ROIs) that were previously used in Achterberg et al. (2020):
bilateral Al, bilateral VLPFC, dorsal MPFC and left DLPFC. PEs
(average beta values) for each participant in the replication
sample were extracted from the contrasts ‘Positive > Fixation’,
‘Neutral > Fixation’ and ‘Negative > Fixation'.

For the noise blast event, we based our ROIs on whole-
brain activation in the test sample and used the same ROIs
in our replication sample. In the test sample, clusters of acti-
vation from the whole-brain contrasts were extracted using
SPM8’s MarsBar toolbox (Brett et al., 2002). Based on a pri-
ori hypotheses, we selected the following five regions: the
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bilateral Al and bilateral VLPFC (from the ‘AllNoise > Fixation’
contrast), the bilateral MPFC and bilateral OFC (from the
conjunction contrasts of ‘NegativeNoise > NeutralNoise’ and ‘Pos-
itiveNoise > NeutralNoise’) and the bilateral DLPFC (from the
conjunction contrasts of ‘PositiveNoise>NegativeNoise’ and
‘NeutralNoise > NegativeNoise’). These clusters of activation were
masked with regions from the Automated Anatomical Labeling
atlas (Tzourio-Mazoyer et al., 2002) to construct our final ROIs
(see https://osfio/tc83e/ for the 3D NIfTI files). For both sam-
ples, PEs for each participant were extracted from the contrasts
of ‘PositiveNoise > Fixation’, ‘NeutralNoise >Fixation’ and ‘Nega-
tiveNoise > Fixation'.

Statistical analyses

Outliers were defined as Z-scores of <-3.29 or >3.29 on each
variable, and these data points were excluded from subsequent
analyses. No outliers were observed in the behavioral data. In the
ROI data, maximally 2% of the data were defined as outliers.

Confirmatory analyses

Valence effects.  To test the effects of feedback conditions
on noise blast duration and ROI activation during feedback
and noise blast, we used a linear mixed model approach in R
(R Core Team, 2013) using the Ime4 package (Bates et al., 2015).
Data were fitted on the average noise blast duration (for behav-
ioral analyses) and the average PEs (for ROI analyses on the
feedback and noise blast events) for each feedback condition
(positive, neutral and negative). The use of linear mixed mod-
els allowed us to add two random factors to our model: ChildID
to account for the nesting of feedback conditions within chil-
dren and FamilyID to account for the nesting of children within
families. Note that our participants were twins, who shared the
same family environment within a twin pair. Feedback condi-
tion was added as a fixed effect (three levels: positive, neutral
and negative) and sex as a covariate, including interaction effects
with conditions. Thus, we defined our linear mixed model in R
as follows: Noise blast duration/ROI ~ Condition x Sex + (1|Chil-
dID) + (1|FamilyID). We inspected the results with type III ANOVA’s
using Satterthwaite’s method. Significant main effects were post
hoc inspected using least-square means with Kenward-Roger
corrected degrees of freedom and Bonferroni-adjusted P-values
(Achterberg et al., 2020). In an additional analysis, we tested for
valence effects on nucleus accumbens activation during noise
blast (see Supplementary Results and Supplementary Figure S2).

In sensitivity analyses, we checked whether the addition of a
random slope of condition on the family level changed the results.
We defined this model in R as follows: ROI~ Condition x Sex +
(1/ChildID) + (1+ Condition|FamilyID) and checked whether the
model fit increased compared to the original model, using log-
likelihood tests with the anova function in R. For models on ROI
activation during the feedback event, adding a random slope did
not increase model fit (all P>0.05). For models on ROI activation
during the noise blast event, adding a random slope did increase
the model fit (all P<0.05). For this event, we report the results of
the linear mixed models with a random slope in Supplementary
Tables S6 and S7.

Since the L-CID study included a randomized controlled trial,
~40% of the families received an intervention to promote posi-
tive parenting and sensitive discipline (VIPP-SD; Euser et al., 2016,
2021) between T2 and T3 (Crone et al,, 2020). As a sensitivity
check, we repeated our replication analyses in the control group of
the VIPP-SD. In an additional sensitivity analysis, we checked for
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possible intelligence quotient (IQ) effects by adding IQ as a covari-
ate to the linear mixed models. In both analyses, the results did
not meaningfully differ from the results described in the paper
(Supplementary material).

Brain-behavior analyses. To test whether we could replicate
the finding that increased DLPFC activation during feedback was
related to shorter noise blasts following negative feedback, we
used the DLPFC ROI from the whole-brain regression on the test
sample reported in Achterberg et al. (2020). Using least-square
regressions, we specifically tested whether DLPFC activation (PE)
in this ROI during the feedback event (‘Negative — Neutral’) nega-
tively predicted noise blast duration (A negative —neutral) in the
independent replication sample.

For the noise blast event, we performed a whole-brain regres-
sion in the test sample (‘PositiveNoise — NegativeNoise’) with the
difference in noise blast duration following positive and nega-
tive feedback as a regressor (A positive —negative). The results
were FWE voxel-level corrected with Ppyg < 0.05. For our replica-
tion analysis, we tested whether DLPFC activation (PE) in this ROI
during the noise blast event (‘PositiveNoise — NegativeNoise') pre-
dicted noise blast duration (A positive —negative) in the replica-
tion sample. Activation in the left and right DLPFC was correlated,
r=0.91, P<0.001, so we used the mean score in the replication
analysis. Because twins are nested in families, the assumption
of homoscedasticity is violated. To correct this violation, we used
heteroscedasticity-consistent standard errors (HCSE) estimators
(Hayes and Cai, 2007) in our regression analyses.

Equivalence testing. To investigate replication effects, we used
equivalence testing in R (TOSTER package 0.3.4; Lakens, 2017) in
addition to null-hypothesis significance testing for effects that
we could not replicate. Equivalence testing tests whether the
hypothesis that replication effects are large enough to be consid-
ered meaningful, i.e. the smallest effect size of interest (SESOJ,
Lakens et al., 2018), is rejected. For our replication analyses, we
defined the SESOI as the lower boundary of the confidence inter-
val of the effect in the test sample (Perugini et al., 2014; Lakens
et al., 2018).

Exploratory analyses

In exploratory analyses, we tested for age effects and for modera-
tion effects by inhibitory control. For these analyses, we combined
data from both samples to increase power.

Age effects.  First, we tested for age effects on feedback
processing and subsequent responses in middle childhood
(behavioral: n=863, MRL: n=580). We added age (rounded to
two decimal places, grand mean-centered) to our linear mixed
models in R, including interaction effects of age and feedback
condition. Because we combined two samples, we controlled
for cohort (MCC or ECC) in our analyses. Thus, our linear
mixed model in R was defined as follows: Noise blast dura-
tion/ROI ~ Condition x Age + Condition x Sex + Condition x Cohort
+ (1/ChildID) + (1|FamilyID). In sensitivity analyses, we added a
random slope of condition on family level to the linear mixed
model to check whether this increased model fit and changed
the results. This linear mixed model in R was defined as follows:
ROI~ Condition x Age + Condition x Sex + Condition x Cohort ~ +
(1/ChildID) + (1 + Condition|FamilyID). Again, model fit increased
only for linear mixed models on ROI activation during the noise
blast event.
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Fig. 2. Neural activation (PEs) during the feedback event for each feedback condition in four ROIs in the test sample (solid lines) and replication
sample (dotted lines). Error bars represent standard errors. (A) Activation in the Al (B) Activation in the MPFC. (C) Activation in the VLPFC. (D)

Activation in the DLPFC.

Moderation inhibitory control. To test whether inhibitory con-
trol moderated the association between MPFC/AI activation dur-
ing feedback and subsequent noise blast duration, we performed
two moderation analyses (n=549).

Moderation analyses were performed using the PROCESS
macro (version 3.5) in R (Hayes, 2017). First, we performed
a moderation analysis with Al activation during feedback
(‘Negative - Neutral’) as an independent variable, noise blast
duration (A negative—neutral) as a dependent variable and
inhibitory control as a moderator. Next, we performed a sec-
ond moderation analysis with MPFC activation during feedback
(‘Negative —Neutral’) as an independent variable, noise blast
duration (A negative-neutral) as a dependent variable and
inhibitory control as a moderator. To control for sample effects,
cohort (MCC or ECC) was added as a covariate in both analyses.

Results

Behavioral results

Valence effects

ECC replication sample.  Replicating prior findings, we found a
main effect of social feedback condition on noise blast duration,
F(2708) =490.76, P<0.001 (Figure 1B). Mean noise blast duration
was the longest following negative feedback, followed by shorter
noise blasts following neutral and shortest following positive
feedback (all pairwise comparisons, P<0.001). Additionally, the
model revealed a sex effect [F(1179.86) =9.55, P=0.002], indicat-
ing longer noise blast durations for boys than girls.

Neural activation during feedback

Valence effects

ECC replication sample. ~ We replicated previously reported
valence effects on neural activation during feedback (Figure 2;

Supplementary Tables S2 and S3). The differences that were
found compared to the test sample were nonequivalent to zero
(Supplementary material).

Brain-behavior analyses

ECC replication sample. =~ We observed a significant nega-
tive correlation between noise blast duration following negative
(us neutral) feedback and DLPFC activation during negative feed-
back (vs neutral feedback), r=-0.16, P=0.023 (HCSE-corrected;
Figure 4A). This effect was specific to noise blast duration follow-
ing negative vs neutral feedback and negative vs positive feed-
back, as no correlations were found between DLPFC activation
and noise blast duration following positive, negative or neutral,
or positive vs neutral feedback (Table 2).

Neural activation during noise blast

Noise blast neural activation has not been reported previously for
any of the cohorts; therefore, we first report the results of the MCC
test sample and then the results of the ECC replication sample.

Valence effects

MCC test sample. In all five ROIs of the noise blast event,
we found a main effect of feedback condition on neural acti-
vation (Figure 3). However, patterns of activation differed
between ROIs (see Supplementary Table S5 for post hoc test
statistics). For the MPFC [F(2752.55)=13.75, P<0.001] and OFC
[F(2756.53)=11.67, P<0.001], activation during the noise blast
event was lower following neutral compared to negative feed-
back (P<0.01) and lower following neutral compared to posi-
tive feedback (P <0.003). For MPFC activity, we also observed an
interaction effect of condition and sex, F(2752.55) =3.89, P=0.02,
indicating stronger condition effects for girls than for boys. For
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Table 2. Correlation analyses between DLPFC activation during feedback and subsequent noise blast duration in the test and replication

sample
Noise blast Noise blast Noise blast Noise blast
duration nega- duration nega- duration duration Noise blast Noise blast
tive — neutral tive — positive negative positive - neutral duration positive duration neutral
DLPFC? replication  r -0.16 -0.12 -0.02 -0.09 -0.11 -0.08
sample
p 0.023 0.032 0.809 0.179 0.119 0.354
DLPFC® test T -0.06 —-0.09 0.00 -0.02 -0.01 0.01
sample
p 0.249 0.124 0.955 0.695 0.899 0.852

Note. P-values are corrected with HCSE estimates.

@DLPFC ROI from whole-brain regression (with the difference in noise blast duration negative — neutral as a regressor) of Achterberg et al. (2020).
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Fig. 3. Neural activation (PEs) during the noise blast event for each feedback condition in five ROIs in the test sample (solid lines) and replication
sample (dotted lines). Error bars represent standard errors. (A) Activation in the MPFC. (B) Activation in the OFC. (C) Activation in the VLPFC. (D)

Activation in the DLPFC. (E) Activation in the Al

the DLPFC [F(2757.79 =43.83, P<0.001], VLPFC [F(2745.60) =29.73,
P<0.001] and Al [F(2748) =22.89, P<0.001], activation following
negative feedback was significantly lower than following neu-
tral feedback (all P<0.01) and positive feedback (all P<0.001).
For the DLPFC and VLPFC, but not Al, activation following neu-
tral feedback was also lower compared to positive feedback
(both P<0.001).

ECC replication sample. =~ We repeated the ROI analyses in
the replication sample and found similar patterns of activation
(Figure 3) in all five ROIS [MPFC: F(2386.74) = 6.04, P=0.003; OFC:
F(2383.42)=6.69, P=0.001; DLPFC: F(2381.04) =25.90, P<0.001;
VLPFC: F(2378.81)=20.79, P<0.001; Al F(2381.45)=29.14,
P<0.001]. However, some differences were found compared to
the original sample. For the MPFC, the difference between neg-
ative feedback and neutral feedback was no longer significant,
P=0.181. Equivalence testing against raw equivalence bounds
of -0.01 and 0.01 revealed that this effect was statistically
nonequivalent to zero, t(191) =3.03, P=0.999. For OFC activation,
the difference between positive feedback and neutral feedback

was no longer significant, P=0.191. Equivalence testing against
equivalence bounds of —0.04 and 0.04 again revealed that this
effect was nonequivalent to zero, t(189)=1.23, P=0.890. Finally,
the difference between DLPFC activation in the positive and neu-
tral feedback conditions was no longer significant, P=1. Equiva-
lence testing against equivalence bounds of -0.04 and 0.04 was
nonsignificant, t(189) =-0.76, P=0.224. Post hoc statistics are pre-
sented in Supplementary Table S5. The results were comparable
using linear mixed models with a random slope of condition
(Supplementary Tables S6 and S7).

Brain-behavior analyses

MCC test sample. A whole-brain regression analysis with
noise blast duration (negative —positive) as a regressor resulted
in increased activation in several areas, including the left and
right DLPFC (Figure 4B). Specifically, we found a negative relation
between DLPFC activation during the noise blast and noise blast
duration. A post hoc correlation analysis showed that more DLPFC
activation during the noise blast was associated with shorter
noise blasts, r =-0.45, P <0.001 (HCSE-corrected; Table 3).
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Table 3. Correlation analyses between DLPFC activation during noise blast and noise blast duration in the test and replication sample

Noise blast Noise blast Noise blast Noise blast
duration posi- duration nega- duration duration Noise blast Noise blast
tive — negative tive - neutral negative positive -neutral duration positive duration neutral
DLPFC? replication r -0.31 -0.46 -0.51 -0.30 -0.23 -0.44
sample
P <0.001 <0.001 <0.001 <0.001 0.001 <0.001
DLPFC?® test r -0.45 -0.42 -0.37 -0.26 -0.37 -0.34
sample
P <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Note. P-values are corrected with HCSE estimates.

@DLPFC ROI from whole-brain regression (with the difference in noise blast duration positive - negative as a regressor) in the original sample (MCC).

ECC replication sample.  Using the DLPFC from the whole-
brain regression in the test sample as ROI, we replicated
the significant negative relation between noise blast dura-
tion (positive —negative) and activation in the DLPFC, r=-0.31,
P<0.001 (HCSE-corrected; Figure 4C). Additional correlation anal-
yses, however, revealed that this DLPFC activation was also nega-
tively related to noise blast duration following positive vs neutral
and negative vs neutral feedback (all P <0.001; Table 3).

Exploratory analyses
Age effects

We explored age-related effects, by testing the effects of age
on the valence effects on noise blast duration and ROI activa-
tion. There was a significant main effect of age on noise blast
duration, F(1436.73) = 8.38, P=0.004, n?, = 0.02, indicating higher
mean noise blast duration for younger children. The results
also revealed an interaction effect between age and feedback
condition, F(21726)=23.27 P<0.001, n?,=0.03, such that noise
blast duration following negative feedback increased and noise
blast duration following positive feedback decreased with age
(Figure SA).

We did not find any age effects on DLPFC, VLPFC, MPFC and AI
activation during feedback (all P>0.251).

During the noise blast, the results revealed a main effect
of age on activation in the DLPFC [F(1325.03)=12.33, P<0.001,

n2p:0.04], VLPFC [F(1305.54=10.28, P=0.001, W]ZP:O.O3], MPEC
[F(1297.98)=4.38, P=0.037, v?,=0.01] and AI [F(1332.56) = 6.30,
P=0.012, n?,=0.02], indicating increased activation for older
children. In four ROIs, there was a significant interaction
between condition and age [DLPFC: F(21137.65)=11.02, P<0.001,
nzp =0.02; VLPFC: F(21123)=9.16, P<0.001, nzp =0.02; MPEC:
F(21140.72)=4.58, P=0.010, nzp:0.0l; Al: F(21120.37)=4.73,
P=0.009, nzp:0.0l]. These interactions demonstrated that acti-
vation during aggression following positive feedback significantly
increased with increasing age (all P <0.001), whereas activa-
tion during aggression following negative and neutral feedback
remained stable (all P>0.085; Figure 5B). The results were com-
parable when using linear mixed models with a random slope
of condition, with the exception that the main and interac-
tion effects of the MPFC were no longer significant [main effect
of age: F(1328.57)=3.75, P=0.077, nzp =0.01; interaction effect:
F(2423.29)=2.59, P=0.076, w2, =0.01]. Thus, these results were
less robust and should be interpreted with caution.

Moderation inhibitory control

To test whether inhibitory control moderated the relation
between MPFC/AI activation and noise blast duration, we per-
formed two moderation analyses. The results showed that there
were no moderation effects of inhibitory control (Supplementary
material). In sensitivity analyses, we checked whether the results
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Fig. 5. Age effects for each feedback condition. (A) Age effects on noise blast duration: older children show more behavioral differentiation between
feedback conditions. (B) Age effects on DLPFC activation during noise blast: older children show increased activation following positive feedback.

Similar relations were found for MPFC, VLPFC and insula activation.

were similar using data of the Stop-Signal Task as a behavioral
proxy of inhibitory control (Williams et al., 1999). Again, we did
not find moderation effects (Supplementary Results).

Discussion

This study examined the behavioral and neural mechanisms
of feedback processing and subsequent aggressive responses in
middle childhood, using a test-replication design. Specifically,
our study answered three main questions. First, we replicated
the behavioral and neural findings on feedback processing of
Achterberg et al. (2020). Behaviorally, negative social feedback
resulted in aggressive responses, which is a consistent finding
in children (Achterberg et al., 2017, 2018) and adults (Chester
et al., 2018). fMRI analyses revealed most activation in the Al and
MPFC during positive and negative feedback and in the VLPFC
during negative feedback, confirming prior work showing that
these regions respond to socially salient events (Dalgleish et al.,
2017; Achterberg et al., 2018) and rejection (Eisenberger et al.,
2003). Second, in two independent samples, we consistently found
valence effects during responses to social feedback. The MPFC
and OFC showed the most activation following positive and neg-
ative feedback, and the DLPFC, VLPFC and Al showed the least
activation following negative feedback. Third, we observed brain—
behavior relations during feedback and aggressive behavior: more
DLPFC activation during negative feedback processing was related
to less subsequent aggression, whereas more DLPFC activation
during the noise blast event was generally related to less aggres-
sion (independent of the valence of the feedback). Age analyses
revealed that older children showed less aggression in general and
differentiated more in noise blasts following positive and nega-
tive feedback. Moreover, we found age effects in brain activation
during the noise blast, but not during social feedback processing.
That is, older children showed more neural activation during the
noise blast following positive feedback. These findings indicate
that responses to social feedback show developmental changes
from middle to late childhood.

A novel question in this study was to examine the neural
responses during responses to social feedback. Given that few
studies incorporated a condition in which participants received
positive feedback before being instructed to send a noise blast,
it is interesting to note that in our study, sending noise blasts
following positive feedback resulted in a wide network of acti-
vation, including the DLPFC, VLPFC and Al These findings are in
line with a recent study by van de Groep et al. (2021), who also
reported increased activation in several regions including the lat-
eral PFC when responding to positive compared to neutral and
negative feedback. Possibly, responses to positive feedback might
result in more cognitive control and intentional inhibition ten-
dencies (Filevich et al., 2012) compared to negative and neutral
feedback, especially in the SNAT paradigm where participants
were instructed to always send a noise blast. Indeed, noise blast
duration was the shortest following positive feedback. Activation
in lateral prefrontal regions, ACC and SMA has previously been
linked to inhibitory control and executive functioning (Schel et al.,
2014; Crone and Steinbeis, 2017), and this network seems to be in
place already in middle childhood (Engelhardt et al., 2019). Prior
studies showed that inhibition is a multi-dimensional construct
(Ridderinkhof et al., 2014) and theoretical reviews distinguished
between stimulus-driven and intentional inhibition, which were
associated with separable neural networks (Filevich et al., 2012;
Schel et al., 2014). Possibly, the current paradigm relied most
on intentional inhibition processes. Alternatively, however, acti-
vation in these regions following positive feedback could also
be indicative of increased confusion when having to respond
aggressively to positive feedback or a contradiction of feelings
of fairness. Indeed, the insula and lateral prefrontal cortex were
previously found to be involved in responding to conflicting infor-
mation (Kim et al, 2010; Zaki et al., 2010) and in normative
decision-making (Buckholtz, 2015; Feng et al., 2015). Interestingly,
in our study, the VLPFC and Al showed differential effects of
feedback conditions during the feedback and noise blast events,
which may suggest a flexible role in both signaling for social
saliency (Dalgleish et al., 2017) and emotion regulation following
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threat (Zhao et al., 2021), as well as in inhibitory control pro-
cesses (Nelson and Guyer, 2011; Swick et al., 2011). However, we
did not use the exact same ROIs during the feedback and noise
blast events, and thus these comparisons should be interpreted
with caution.

Additionally, we examined brain-behavior relations between
aggression and DLPFC activation. First, we replicated the finding
that more DLPFC activation during negative (us neutral) feedback
was related to less aggression (Achterberg et al., 2020). This corre-
lation was specific to DLPFC activation in the negative feedback
condition, which could fit with studies on the role of the DLPFC in
emotion regulation and reappraisal of negative events (Ochsner
et al., 2012; Silvers and Guassi Moreira, 2019). During the noise
blast event, specificity analyses revealed that more DLPFC acti-
vation was related to less aggression in general. The DLPFC has
been found to play an important role in response inhibition in
nonsocial contexts, such as in no-go paradigms (Durston et al.,
2002; Blasi et al., 2006), and our findings suggest a similar role for
the DLPFC in inhibitory control in a social context. Together, these
brain-behavior relations reveal a robust regulatory mechanism in
middle childhood.

In line with the notion that middle childhood is character-
ized by a rapid development in cognitive control functioning
(Zelazo and Carlson, 2012), we observed age effects on behavioral
aggression and neural activation during the noise blast event.
Behaviorally, older children were less aggressive and showed more
differentiation in aggression following negative and positive feed-
back. On a neural level, effects were most pronounced in the
positive feedback condition, such that older children showed
more activation in the DLPFC, VLPFC, Al and MPFC when respond-
ing to positive feedback. Prior studies also revealed a decrease
in aggression from middle to late childhood (Chen et al., 2011),
with the largest decreases in responses following positive feed-
back (Achterberg et al,, 2020). Sensitivity to social evaluation
and the importance of social belonging increase in adolescence
(Somerville, 2013), which might cause older children to more often
refrain from forced aggression following positive feedback. On
the other hand, inhibitory control functions are still developing
during childhood, which might possibly explain why we found
increases in neural activation during aggression following positive
feedback, but not in neural activation during feedback itself. In
an exploratory moderation analysis, we tested the interaction of
these two processes in predicting aggressive outcomes. However,
we did not find any moderating effects of inhibitory control on the
relation between neural social sensitivity and subsequent aggres-
sion in childhood, as was previously reported in adults (Chester
et al., 2014). Possibly, these mechanisms work differently in child-
hood when executive functions are still rapidly developing. Given
that cognitive control functions continue to develop and social
sensitivity peaks in adolescence (Somerville, 2013), an interest-
ing direction for future research would be to explore whether
the interaction of these processes is predictive of aggression in
adolescence (Lickley and Sebastian, 2018).

This is the first study investigating neural mechanisms of both
social feedback evaluation and subsequent responses in middle
childhood, using a well-validated experimental task (Achterberg
et al., 2016, 2017). By including two large independent samples,
we investigated the robustness and replicability of these mecha-
nisms in middle childhood, which is still a relatively understudied
phase in terms of neural development. Previously, it has been
indicated that neuroimaging results often include false-positive
results (Eklund et al., 2016), possibly because of power issues
(Button et al., 2013; Turner et al., 2018). Also, Elliott et al. (2020)

showed that task-based fMRI often shows low test-retest reliabil-
ity and may often not be suitable to test for individual differences
in small samples. However, the large sample sizes in our study
compensated for these issues and may have increased the chance
of replicating meaningful brain-behavior relations.

There were some limitations that should be considered as
well when interpreting the results. First, there were differences
between the two samples, such as the date of testing (2015 vs
2019), the number of trials or possible familiarity effects with the
study (in the replication sample), which may have contributed
to differences in results between the samples, such as smaller
condition effects on ROI activation in the replication sample.
However, since one might not expect to exactly replicate prior
findings, we used equivalence testing to test whether a result
would have been meaningful in the original study (Lakens et al.,
2018). Indeed, all non-replicable effects in the replication sample
were nonequivalent to zero and therefore still considered mean-
ingful. Thus, by and large our study did not show non-replicability
of the original results and revealed some robust behavioral and
neural effects on a group level and in individual differences anal-
yses. An interesting approach for future studies would be to use
correspondence testing, in which difference tests and equivalence
testing are combined into one framework (Steiner and Wong,
2018). Second, since participants were instructed to always send
a noise blast, it is difficult to discover whether some children
would rather have refrained from aggression or would have acted
prosocially when receiving positive feedback. Children who show
both self-protective as well as prosocial behaviors were previ-
ously found to show decreased externalizing behaviors over time
(Dobbelaar et al., 2021). To further disentangle these possible
motives and relations to developmental outcomes, future studies
might include both an aggressive and prosocial response option,
such as a noise blast measure that can both be increased and
decreased. In keeping with prior studies, we modeled the HRF of
the noise blast event as the duration of the noise blast length
(van de Groep et al., 2021, 2022). Adding a prosocial response
option could also help in overcoming the issue that noise blast
events for the three feedback conditions were modeled with dif-
ferent noise blast durations and might help shed light on the
specific function of the DLPFC when responding to social feed-
back. Another possibility to keep conditions comparable is to
let participants select a specific intensity of the noise blast (e.g.
Kradmer et al., 2007; Chester et al., 2018). Third, in our exploratory
analyses, we tested for age effects cross-sectionally on a relatively
narrow age range. To fully investigate developmental processes,
it is necessary to investigate changes in within-subject behavior
longitudinally during a broader developmental period. The period
from childhood to adolescence might be specifically important in
the context of aggression regulation, given the changes in emo-
tional reactivity and cognitive control (Somerville, 2013; Crone
and Steinbeis, 2017; Yoon et al., 2018; Achterberget al., 2020). How-
ever, our findings on a relatively small age range already revealed
developmental effects on aggression regulation, confirming the
importance of middle childhood in social cognitive development.

In conclusion, our results highlight the importance of the
affective salience network and prefrontal regions in social feed-
back processing and subsequent responses in middle childhood.
This phase is marked by an increase in social experiences, dur-
ing which aggressive responses following peer rejection may lead
to a negative spiral of even more peer rejection (Lansford et al,,
2010). Thus, it is a crucial period to learn to regulate aggressive
impulses. Our findings point toward the DLPFC as a flexible reg-
ulatory mechanism in both emotion regulation and inhibitory
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behavior. Although we note developmental effects in these pro-
cesses, our results reveal a core neural basis for social evaluation
and aggression already in middle childhood. Together, these find-
ings aid to our understanding of why some children are more
prone to aggression than others.
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