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Abstract

Physical pain may lead to aggressive behavior in a social context. However, it is unclear whether this is related to changes of social
information processing. Thus, this study aimed to investigate the neural mechanisms underlying pain-induced aggression using func-
tional magnetic resonance imaging. In the experiment, 59 healthy participants were recruited: 31 were treated with topical capsaicin
cream (pain group) and 28 with hand cream (control group). Participants completed a social network aggression task, during which
they underwent two phases: feedback processing and attack exerting. The results revealed that participants in the pain group exhib-
ited more aggression than those in the control group. During the feedback-processing phase, physical pain reduced brain activation
in the right insula, left orbitofrontal cortex and anterior cingulate cortex, which typically exhibited stronger activation in response to
negative (and positive) vs neutral social feedback in the control group. However, during the attack-exerting phase, pain did not signif-
icantly alter the activation of the dorsolateral prefrontal cortex. These findings suggest that pain increased aggression, while before
that, it suppressed brain activities of the salience network involved in the process of salient social information and the value system
associated with the value representation of social events.
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produced more desire to aggress (Riva et al., 2011). These findings
demonstrated an increased effect of pain on aggressive behavior
and prompted us to further explore how physical pain increases
aggression.

Aggression is defined as any behavior directed toward another
individual with a proximate intent to cause harm (Anderson and
Bushman, 2002). A social information processing (SIP) model

Introduction

As an aversive stimulus, pain inevitably leads to negative conse-
quences among individuals. For example, individuals with pain
are more likely to experience negative affects including anxi-
ety, depression and anger (Gatchel et al., 2007). Patients with
chronic pain were found to exhibit several cognitive deficits, such
as disturbances in attention allocation, low performance in the

episodic memory task and worse decision-making in economic
games (Apkarian et al., 2004). Furthermore, in recent years, much
attention has been devoted to the negative impact of pain on
social behaviors, in particular, aggression. For example, acute pain
induced by inserting a hand into ice-cold water increased the
likelihood of hurting an available target (Berkowitz, 1993). It was
also found that recalling an experience of social or physical pain

was developed to explain individuals’ aggressive behaviors, which
suggests that individuals with disruptive behavioral problems
perceive, interpret and make decisions about social information
in ways that increase their likelihood of engaging in aggression
(Dodge and Crick, 1990). This indicates that processing social cues
has a prominent impact on aggressive behavior. For example, a
previous study reported that individuals who exhibited hostile
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attribution toward ambiguous social-emotional information were
more likely to engage in aggression (Coccaro et al., 2016). However,
several studies have reported the potential consequences of phys-
ical pain on SIP. For example, adolescents with chronic pain may
interpret non-supportive social information from close friends as
distressing (Forgeron et al., 2011). Similarly, participants exposed
to painfully cold water (i.e. acute pain) reported more feelings
of being ignored or excluded (Riva et al., 2011). Thus, we specu-
lated that pain may affect aggression within a social situation by
changing the processing of social information.

How might SIP be affected by physical pain and, thus, lead
to increased aggression? One possible explanation is that pain
exaggerates the experience of SIP. More specifically, individuals
experiencing pain respond more negatively to negative informa-
tion and more positively to positive information and, thus, exhibit
stronger aggressive behavior specifically toward a target who pro-
vides negative feedback in a social context. Another possibility
is that physical pain may cause a negative shift in SIP. This
assumption is based on the pain overlap theory (Eisenberger and
Lieberman, 2004), which posits that social and physical pain have
similar psychological responses and shared neurological under-
pinnings (Eisenberger et al., 2010; Riva et al.,, 2011). Thus, we
assume that individuals who experience physical pain implicitly
carry a similar effect to social pain and, consequently, exert more
aggression toward both negative and positive feedback. In fact, a
recent study reported that valence ratings of pain-related, neg-
ative and positive words became more negative after a painful
electrical prime was applied (Brodhun et al., 2021).

To better understand the underlying neural mechanisms by
which physical pain affects SIP and subsequent aggressive behav-
ior, we considered three brain areas. First, the salience network
plays a central role in the detection of salient stimuli in the envi-
ronment, thus contributing to the processing of negative social
information. It mainly consists of the anterior insula and the
anterior cingulate cortex (ACC) (Goulden et al., 2014). Second, the
value representation system plays an important role in evaluating
both positive and negative social information. The orbitofrontal
cortex (OFC) is implicated in representing the value of nearly
all reward types, such as food, money and social rewards (Levy
and Glimcher, 2012), and is also involved in punishments such
as money loss (O'Doherty et al., 2001; Elliott et al., 2010). Third,
regarding the key brain regions associated with aggressive behav-
ior, the dorsolateral prefrontal cortex (DLPFC) in the executive
functioning network should be considered (Goulden et al., 2014).
Many studies have reported increased DLPFC activity in associ-
ation with a high inhibitory control ability and a low degree of
aggression (Choy et al., 2018; Van de Groep et al., 2021). For exam-
ple, Van de Groep et al. (2021) reported that higher activity in the
DLPFC when receiving negative social feedback is likely to inhibit
subsequent noise blast aggression.

The present study aimed to unveil the mechanisms by which
pain influences SIP before affecting aggressive behavior by per-
forming a functional magnetic resonance imaging (fMRI) exper-
iment. In this experiment, capsaicin cream was used to induce
physical pain in one-half of the participants. Next, participants
completed a modified social network aggression task (SNAT)
(Achterberg et al., 2016), in which they received social feedback
(positive, neutral or negative) and responded to it by giving an
electric shock as an index of aggression. The brain activities
of social feedback and subsequent aggressive behaviors were
recorded in both the pain and control groups. It was hypothesized
that behaviorally, individuals in the pain group would exhibit
more aggression. We further examined two possibilities for how

Table 1. Demographics of the pain and control groups

Item Control group Pain group
Gender 13 male,15 female 16 male, 15 female
Age 21.0+1.6 212423
Aggression trait 1.5640.41 1.5440.54

Table 2. Subjective pain assessment in the pain and control
conditions

Application Omin 25min The end
Hand cream 0.25 (0.80) 0.21 (0.50) 0.21 (0.50)
Capsaicin 0.26 (0.51) 4.42 (2.45) 3.35 (2.50)

SIP is affected at the neural level. First, if pain has an exagger-
ation effect, we would observe stronger brain activation of the
salience network and the value representation system in the pain
group when responding to social information of positive or nega-
tive valence. For the second possibility, if pain has a negative shift
effect, we would observe decreased brain activation in the pain
group in both the salience network and the value representation
system when responding to all types of social information. These
brain regions may have been predominantly involved in physical
pain processing and, consequently, limited resources were allo-
cated to SIP. Under painful conditions, individuals may devote
more attention to their pain; as such, the ability to process social
information is diminished. In parallel, we examined whether an
increase in aggression due to pain would be associated with a
decrease in inhibitory control function by reducing the activity
of the DLPFC.

Methods
Participants

This study initially recruited 63 healthy Chinese students as paid
volunteers. Then, a total of 59 participants were involved in data
analysis (30 females, 29 males; age: M=21.1years, s.d. =2.0), as
two participants were excluded due to excessive head motion dur-
ing the fMRI scanning and another two due to void data (i.e. they
did not respond to any trial). The participants were divided into
two groups [31 in pain condition (male: 16; female: 15) and 28
in control condition (male: 13; female: 15)] with age and gen-
der being matched between groups (Table 1). The Buss—Perry
Aggression Questionnaire was used to measure the participants’
aggression traits (Buss and Perry, 1992) prior to the task. No sig-
nificant difference was observed between the two groups for the
personality trait of aggression [t (57)=0.16, P=0.877, Table 1].
All participants self-reported no history of psychiatric illness or
chronic pain disorders. This study was approved by the University
Committee on Human Research Protection of East China Normal
University. All participants signed their informed consent.

Pain induction and assessment

The procedure of pain induction was the same as what we
reported in our previous studies (Wang et al., 2018, 2020). It was
a safe and noninvasive paradigm based on the heat/capsaicin
sensitization model (Modir and Wallace, 2010). In the painful
treatment, 0.1ml of Capzasin-HP cream (0.1% capsaicin) was
applied to a 2x2cm? area on the volar side of the dominant
forearm. In the non-painful control treatment, hand cream was
administrated to the same area. The area was then covered with



Start Trial

Peer Feedback

500 ms
25003ms

Neutral Feedback

Positive Feedback

Negative Feedback

Fixation

3000-5000 ms

Y. Wangetal. | 3

Electric Shock
Fixation
+

+

5000 ms
0-11550 ms

Initial Stage
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plastic film to ensure skin contact and accumulate body heat to
produce heat allodynia. After applying the cream, we asked par-
ticipants to wait for 25min until the capsaicin produced stable
moderate painful feelings.

Pain sensation was assessed using a subjective numerical pain
rating with an 11-point visual analog scale (0 corresponds to
‘no pain at all’ and 10 corresponds to ‘worst imaginable pain’)
(Carlsson, 1983; Huang et al., 2013). Participants were asked to
rate the intensity of pain three times: right after the cream was
applied, 25min after pain induction and at the end of the task
when they came out of the fMRI scanner. Meanwhile, the emo-
tional states were also assessed 25 min after pain induction by the
positive and negative affect schedule (Crawford and Henry, 2004).
The pain group and the control group showed no differences in
positive emotion [t (57)=1.20, P=0.236] and negative emotion
[t (57)=0.53, P=0.599] after having capsaicin or hand cream on
the forearm for 25min, suggesting that the pain induction by
capsaicin did not affect participants’ emotional states.

Stimuli and procedure

A modified SNAT was used to induce participants’ aggressive
behavior. The SNAT consisted of two stages. The first stage was
conducted at least 1 week before fMRI scanning. The participants
were asked to fill out a resume and upload a photo of themselves.
Then, participants were presented with resumes and photos of
another 30 college students and evaluated their resumes with
three types of feedback (positive: I like your resume; negative:
I dislike your resume and neutral: neither like nor dislike). Mean-
while, they were informed that their resumes were also evaluated
with the same criteria by those 30 individuals. Unbeknownst to
participants, their resumes were not judged by others, and pho-
tos of 30 students were actually taken from an existing database
(Taiwanese Facial Expression Image Database; Chen and Yen,
2007).

During the second stage, participants came to the laboratory
and underwent an fMRI scanning. We modified the SNAT by ask-
ing participants to give an electric shock instead of a noise blast.
It would overcome the shortcoming of a noise blast being inter-
vened by the fMRI machine noise. We also believed that the

electric shock seemed more deterrent and aggressive. During the
experiment, participants were first given a mild electric shock and
asked to rate its intensity and likability. The purpose was to make
participants vividly feel the intensity of the electric shock that
they would exert on others during the fMRI scanning. After that,
either capsaicin cream or hand cream was applied to them. Partic-
ipants were then asked to fill out the demographic questionnaire.
Thirty minutes after pain treatment, participants entered into the
fMRI scanner. The fMRI scanning consisted of four runs of 15 ran-
domly ordered trials. The total 60 trials were made up of 20 trials
for each type of social feedback (positive, neutral and negative)
from the 30 students who had pretended to judge the participants’
resumes. Figure 1 displays an overview of one modified SNAT trial.
Each trial started with a fixation screen of 500ms, followed by
the social feedback for 2500 ms (feedback-processing phase). After
a fixation screen jittered between 3000 and 5000 ms, a bar with
the intensity of the electric shock appeared on the screen, which
was presented for a total of 5000 ms (attack-exerting phase). Dur-
ing this period, participants could exert an electric shock ranging
from 0 (no shock) to 10 (the highest imaginable intensity of shock)
by pressing two buttons (turn up and turn down). The intensity of
the electric shock was initialized as 0. It would go higher if the par-
ticipants pressed the button ‘right arrow’, and it would go down
by pressing the ‘left arrow’. According to their reaction, we cal-
culated that the minimum of validness reached 75.93% (see the
response of each participant in Supplementary Table S1). After
that, another fixation screen jittered between 0 and 11550ms
was presented. Thus, each run took 280s, and the total scan-
ning (including T1 image acquisition time) of each participant was
~25min.

fMRI acquisition and preprocessing

Image acquisition was performed on a 3T Siemens scanner at
the Shanghai Key Laboratory of Magnetic Resonance of East
China Normal University. Functional images were acquired by
using a T2-weighted, echo-planar imaging sequence [repetition
time (TR)=2000ms, echo time (TE)=30ms, flip angle (FA)=90°,
slice thickness=4mm, field of view (FOV)=224x224mm?
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and voxel size=3.5x3.5x4 mm?]. High-resolution anatomi-
cal images were acquired by using a T1-weighted sequence
(TR=440ms, TE=2.51ms, FA=090°, slice thickness=3mm,
FOV =220 x 220 mm? and voxel size =0.69 x 0.69 x 3.75 mm?).

Functional image preprocessing was carried out using,
Statistical =~ Parametric Mapping 12  (SPM12; https://
www.fil.ion.ucl.ac.uk/spm) a toolbox run on the software MAT-
LAB. The first eight images of each run of the scan were excluded
to account for T1-stabilization effects. For each participant, the
functional images were slice-timing corrected and realigned to
the first image, followed by normalization to the Montreal Neu-
rological Institute (MNI) template, and then spatially smoothed
by a Gaussian kernel with an isotropic of 6 mm full width at half
maximum.

During preprocessing, artifact time points were identified
as time points for which there was (i) 2mm or more com-
posite motion relative to the previous time point or (i) a
fluctuation in the global signal that exceeded a threshold of
three standard deviations from the mean global signal. It
was conducted via the Artifact Detection Tools (ART tool-
box; https://www.nitrc.org/projects/artifact_detect/). Participants
were dropped if 10% or more of the time points collected were
identified as artifact time points. This criterion resulted in drop-
ping two participants from the sample.

fMRI data analysis
Confirmatory region of interest analyses

Region of interest (ROI) analysis was conducted to examine the
effect of pain on the neural activity of SIP and subsequent
aggressive behavior within the social context. For the feedback-
processing phase, five ROIs were predefined, as they were selected
from the previous study (Achterberg et al., 2016) which adopted a
similar experimental task. It included the left insula (-33, 23, -2),
right insula (36, 17, -11), ACC (6, 35, 16), left OFC (-33, 20,
-14) and right OFC (45, 29, -2). For the attack-exerting phase,
two ROIs were predefined and selected similarly (Seeley et al,
2007). They were the left DLPFC (-32, 44, 16) and the right DLPFC
(44, 36, 20). These ROIs were defined as spheres with a radius
of 9mm centered at those MNI coordinates using the MarsBaR
toolbox (http://marsbar.sourceforge net). Beta values of different
conditions were extracted, respectively, for the two phases. These
values were then subjected to repeated-measure Analysis of vari-
ance (ANOVA) with Feedback (positive, neutral and negative) and
treatment (pain and control) using the SPSS 23 (IBM Corporation,
Armonk, NY, USA).

Exploratory whole-brain analyses

Whole-brain statistical analyses were performed on participants’
fMRI data using a general linear model. At the first level, the fMRI
time series were modeled and convolved with the hemodynamic
response function. We established two models separately for the
two phases. For the feedback-processing phase, the event of social
feedback was identified with the onset and a duration of 2500 ms
and then modeled with three regressors as the neutral, positive
and negative feedback. Similarly, for the attack-exerting phase,
the event of aggression was identified with the onset and a dura-
tion of 5000ms and then modeled with separate regressors for
attack after receiving neutral, positive and negative feedback. For
the second-level analysis, the first-level contrastimages were sub-
jected to an ANOVA of Feedback (neutral, negative or positive) and
Treatment (pain and control). After that, t-tests with respect to

the contrast of negative uvs neutral and positive vs neutral feed-
back were conducted in the pain group and the control group,
respectively. Significant brain activations were determined by a
voxel threshold of P<0.001 and a spatial extent threshold of k > 20.

Results
Behavioral results

A manipulation check was performed on whether capsaicin
induced substantial pain intensity (Table 2). Subjective pain
intensities showed no significant difference at the onset of
capsaicin/hand cream application [0.26 vs 0.25; t (57)=0.05,
P=0.963]. Then, the pain group reported a higher degree of pain
intensity than the control group 25min after the application
[4.42 vs 0.21;t (57)=8.92,P < 0.001] and at the end of the fMRI
scanning [3.35 vs 0.21; t (57)=6.53, P < 0.001]. The pain inten-
sity ratings were not significantly different between the beginning
and the end of fMRI scanning [t (30) =-1.95, P=0.061] although it
showed a slight reduction from 4.42 to 3.35. It demonstrated that
the pain induction was successful as participants applied with
capsaicin experienced sustained pain during the experiment.

To evaluate to what extent individuals’ aggressive behavior
would be modulated by pain, a three-way mixed ANOVA was
performed on the degree of aggression with the independent
variables Feedback (within-subject factor: neutral, positive and
negative), Treatment (between-subject factor: pain and control)
and Sex (between-subject factor: male and female). The results
showed a significant main effect of Feedback [F (2, 110) =182.49,
P <0.001], indicating that individuals exhibited more aggressive
behavior after receiving negative social feedback compared with
two other types of social feedback. The main effect of Treatment
was significant [F (1, 55) =4.94, P =0.030], as participants showed
more aggressive behavior in the painful condition relative to the
control condition (3.40 vs 2.47, Figure 2A). The main effect of Sex
was also significant [F (1, 55) = 4.38, P=0.041], showing that males
had more aggression than females. However, the triple interac-
tion was not significant [F (2, 110) = 1.14, P =0.325], nor did other
two-way interactions (P>0.05). These results indicated that pain
would increase aggression, regardless of types of feedback and
gender. In addition, Pearson correlation analysis showed a sig-
nificantly positive correlation between the total attack value and
the averaged pain intensity during scanning (r=0.40, P=0.002,
Figure 2B). It suggested that the increased aggression was related
to pain intensity.

Brain activities during feedback-processing
phase

To examine the effect of pain on brain activities associated with
SIP during the feedback-processing phase, ANOVAs of Feedback
(positive, neutral and negative) and Treatment (pain and con-
trol) were performed on beta values of five predefined brain
regions (the left insula, right insula, left OFC, right OFC and
ACC; Figure 3). Significant main effects of Feedback were found
at brain regions in the left insula [F (2, 114)=10.94, P<0.001],
right insula [F (2, 114) =9.25, P<0.001], left OFC [F (2, 114)=13.35,
P<0.001] and right OFC [F (2, 114)=14.68, P<0.001], except
for the ACC [F (2, 114)=0.62, P=0.543]. It revealed that com-
pared with neutral social feedback, negative and positive social
feedback induced stronger brain activations. Significant main
effects of Treatment were found in two regions: the right insula
[F (1,57)=6.05, P=0.017] and the ACC [F (1, 57) =4.68, P=0.035].
Itindicated that pain generally decreased the activations of these
two regions during the SIP phase.
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We found a significant interaction between Feedback and
Treatment in three regions: the right insula [F (2, 114)=3.22,
p=0.044], the ACC [F (2, 114)=3.88, P=0.023] and the left OFC
[F (2, 114)=4.52, P =0.013]. For the right insula, post hoc anal-
ysis (Sadik correction) indicated that in the control group, the
beta values in the conditions of negative and positive feedback
were significantly higher than those in the conditions of neutral
feedback (negative vs neutral: 0.64 vs 0.21, P<0.001; positive us
neutral: 0.48 vs 0.21, P =0.031), whereas these differences were
not observed in the pain group (negative vs neutral: 0.27 vs 0.12,
P =0.344; positive us neutral: 0.07 vs 0.12, P=0.946). The left OFC
showed a similar pattern, as dissociated brain activities were only
observed in the control group (negative vs neutral: 0.52 vs 0.05,
P<0.001; positive vs neutral: 0.33 vs 0.05, P=0.007) but not in
the pain group (negative vs neutral: 0.26 vs 0.08, P=0.148; pos-
itive vs neutral: -0.01 vs 0.08, P=0.669). For the ACC, however,
a marginally significant difference was observed in the control
group (negative vs neutral: 0.12 vs -0.14, P = 0.058; positive vs neu-
tral: 0.04 vs —0.14, P=0.333) but not in the pain group (negative
us neutral: —0.26 vs -0.15, P=0.644; positive vs neutral: —0.29
us -0.15, P=0.454). These findings implied that distinguished
representations of different social feedback were eliminated
by pain.

Correlation analysis was conducted to examine the relation-
ship between brain activation of SIP and subsequent aggressive
behavior. Interestingly, we found a significant positive correla-
tion between the beta value of the left OFC and the subsequent
attack value in the neutral feedback condition (r =0.35, False Dis-
covery Rate (FDR) P<0.05; Supplementary Table S2; Figure 3F).
The mediation analyses were also performed, but there were not
any significant mediation effects on the brain activities in the
feedback-processing phase (Supplementary Table S3).

Whole-brain analysis was further conducted to explore other
potential brain areas that would carry the effects of pain. In the
control group, the contrast (negative >neutral feedback) resulted
in brain activations not only in the bilateral insula, ACC and
OFC but also in the right cuneus, left inferior frontal gyrus,
paracingulate cortex, occipital cortex and superior parietal lob-
ule (Figure 3G; Table 3). The contrast (positive > neutral feedback)
also resulted in brain activations of the OFC, lingual gyrus and
occipital cortex (Figure 3H; Table 3). However, there were no sig-
nificant brain activations in the pain group under these contrasts
(Figure 3G and H). These findings revealed along with the ROI

results that the painful situation may diminish the differentiated
brain responses associated with different types of social feed-
back. But unfortunately, when we performed an analysis of the
interaction effects of Feedback (either negative vs control or pos-
itive us control) and Treatment, it resulted in no significant brain
activations.

Brain activities during the attack-exerting phase

Similarly, ROI analysis was also conducted to examine the effect
of pain on aggression in the attack-exerting phase. Beta val-
ues of the ROIs including the left DLPFC and the right DLPFC
were, respectively, subjected to an ANOVA of Feedback (posi-
tive, neutral and negative) and Treatment (pain and control).
The main effect of Feedback was significant in both the left
DLPFC [F (2, 114) =5.29, P=0.006, Figure 4A] and the right DLPFC
[F (2, 114)=4.18, P=0.018, Figure 4B|. However, the main effect of
the Treatment was not significant [left DLPFC: F (1, 57)=0.57,
P=0.452; right DLPFC: F (1, 57)=0.46, P=0.499], nor did the inter-
actions of Feedback and Treatment [left DLPFC: F (2, 114)=0.18,
P=0.836; right DLPFC: F (2, 114) =0.06, P =0.940].

Correlation analysis was also conducted to examine the
relationship between these brain activations and aggressive
behavior. We found significant positive correlations between
the bilateral DLPFC and attack values to the positive feedback
(left DLPFC: r=0.608, FDR P<0.05; right DLPFC: r=0.405, FDR
P<0.05; Supplementary Table S2) for the whole sample. Mean-
while, both the pain and control groups showed the same
pattern of these brain-behavior correlations (Supplementary
Table S2). There was no significant mediation effect of the bilat-
eral DLPFC within the effect of pain on aggression (Supplementary
Table S3).

Furthermore, whole-brain analysis was also conducted on the
contrasts for the attack-exerting phase. The contrast of negative
us neutral resulted in brain activations in the dorsomedial pre-
frontal cortex (DMPFC) and other prefrontal regions in the control
group (Figure 4C, Table 4) but not in the pain group. Meanwhile,
the contrast of positive vs neutral also resulted in the medial pre-
frontal cortex (MPFC) activations in the control group (Figure 4D,
Table 4) but again, no significant difference of brain activations
was found in the pain group. However, the interaction of Feedback
(either negative vs control or positive vs control) and Treatment
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respectively. Color bar denotes the t-value of the contrast.

resulted in no significant brain activations. These results sug-
gested that pain may not change brain activations associated with
action performed during the attack-exerting phase.

Discussion

The present study investigated how physical pain influenced
aggressive behavior and attempted to reveal its underlying neural
mechanisms by examining the prior brain activations associated
with SIP. Behavioral results revealed that participants in the pain
group exhibited more aggression than those in the control group.

Table 3. Whole-brain activation for Feedback ‘negative > neutral’
and ‘positive >neutral’ in the control group during the feedback-
processing phase

Brain region t-value Peak coordinates Cluster
Negative >neutral
Right cuneus 6.05 13 -9 20 88
Left insula 5.68 -33 21 -8 90
Lateral occipital cortex 5.46 -50 -70 -8 69
Inferior frontal gyrus 5.16 —-47 21 8 22
OFC 5.13 38 28 -8 201
Right insula 4.80 31 18  -16
Middle occipital gyrus 4.77 48 -70 12 102
Paracingulate cortex 4.50 -1 18 48 47
Lateral occipital cortex 4.34 -8 -67 64 24
Superior parietal lobule  4.32 -47 42 56 24
Intraparietal sulcus 412 -33 -49 40 23
Positive > neutral
Lingual gyrus 7.26 3 -70 0 399
Middle occipital lobe 6.70 48  -63 -8 263
OFC 5.88 38 21 -20 86

Note: Threshold: P<0.001 (uncorrected) at the cluster level.

This was a general increase, regardless of the type of social feed-
back they received. The fMRI results revealed that, during the
feedback-processing phase, physical pain reduced brain activa-
tion in the right insula, ACC and left OFC, which typically exhib-
ited stronger activation in response to negative—and positive—us
neutral social feedback in a non-painful state. However, during
the attack-exerting phase, the ROI analysis revealed that pain did
not significantly alter activation in the DLPFC. These findings sug-
gest that pain increases aggression after the suppression of brain
activities related to SIP.

During the feedback-processing phase, we found a significant
interaction between Feedback and Treatment in the right insula,
ACC and left OFC. The right insula and the left OFC shared the
same pattern, with higher activation when receiving both nega-
tive and positive feedback than when receiving neutral feedback
in the control group. This was consistent with a previous study
reporting enhanced insular activity in response to negative and
positive feedback relative to neutral feedback (Achterberg et al,,
2016). The insula is regarded to be one of the core nodes of the
salience network. Its core function is postulated to detect salient
stimuli (especially for negative events, but also to respond to posi-
tive events) and initiate appropriate control signals (Goulden et al.,
2014; Menon and Uddin, 2010). Meanwhile, the OFC is regarded
to be a core region of the valuation system because it was found
to play a predominant role in encoding information values and
guiding decisions (Northoff et al., 2000; Padoa-Schioppa and Cai,
2011; Groman et al., 2019). Interestingly, stronger activation in the
right insula and the left OFC when processing negative and pos-
itive feedback was eliminated by physical pain. Moreover, OFC
activities in response to neutral feedback in our study were posi-
tively correlated with subsequent attack values. Thus, the findings
imply that pain affects SIP mainly by decreasing brain activities
in the salience network and the value system, which may have an
impact on subsequent attacking behavior.

The ACC was also influenced by pain, as evidenced by the
main effect of treatment and a significant interaction effect. We
found that ACC activity generally decreased when responding to
all types of feedback in a painful state. The ACC has been regarded
to be another key hub in the salience network but is specialized in
processing negative affect, pain and cognitive control (Shackman
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of the contrast.

et al,, 2011). We speculated that the ACC may be occupied to
process the unpleasantness of pain itself, which then results in
a decreased representation of social information.

How would pain increase aggressive behavior while suppress-
ing prior brain activities related to SIP? As painful events automat-
ically capture an individual’s attention (Eccleston and Crombez,
1999), it is likely that those experiencing the pain condition can-
not allocate sufficient cognitive resources to other salient stimuli
in the environment, such as the positive and negative feedback in
our study. As we have discussed, decreased ACC activity toward
salient feedback occurred at the cost of processing physical pain,
which may also be the case for the right insula and the left OFC. To
this end, our results support the second hypothesis (i.e. negative

shift effect of pain) but not the first (i.e. exaggeration effect of
pain). More specifically, individuals experiencing physical pain
implicitly carry a similar effect of social pain and, consequently,
exert more aggression toward both negative and positive feed-
back. As Eisenberger et al. (2010) reported, participants exposed
to endotoxins exhibited increased feelings of social disconnection
(Eisenberger et al., 2010). Taken together, the results of the cur-
rent study support the assertion that physical pain can aggravate
negative social experiences.

During the attack-exerting phase, we found greater activation
of the DLPFC and DMPEC in the contrast of negative vs neutral
conditions, especially in the control group. The DLPFC is recog-
nized as a key brain region for executive function, which plays a
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Table 4. Whole-brain activation for Feedback ‘negative > neutral’
and ‘positive >neutral’ in the control group during the attack-
exerting phase

Brain region t-value Peak coordinates Cluster
Negative >neutral
DMPEC 6.00 6 49 40 217
Medial prefrontal cortex  5.47 -12 21 60
Middle frontal gyrus 478 41 25 48 63
Superior frontal gyrus 4.37 6 18 64 36
Inferior frontal gyrus 4.33 41 35 -8 22
Inferior parietal lobule 4.17 55 -46 52 30
Positive > neutral
Medial prefrontal cortex — 4.55 -19 39 52 25

Note: Threshold: P<0.001 (uncorrected) at the cluster level.

role in down-regulating aggressive behavior (Wagner et al., 2001).
Previous studies have reported an association between DLPFC
activity in response to negative feedback and subsequent aggres-
sive behavior (Achterberg et al.,, 2016, 2020; Van de Groep et al.,
2021). For example, it was found that increased DLPFC activity
after receiving positive feedback leads to decreased aggression,
indicating a potential role for the DLPFC in inhibiting control of
aggression (Van de Groep et al., 2021). However, DLPFC activa-
tion in our study was probably unaffected by pain, which indi-
cates that the increased aggression caused by pain was not likely
related to a modulated function of the DLPFC (such as inhibi-
tion of control or other potential functions). On the contrary, the
DMPFC has been identified as an important region engaged in cog-
nitive processing to regulate emotions (Buhle et al., 2013; LeWinn
et al., 2018). Thus, in our study, higher DMPFC activities respond-
ing to negative and positive social feedback compared to neutral
feedback may help manage the emotions raised by social feed-
back. However, because we found no significant interaction effect
of brain activation, the function of the DMPFC was also unlikely to
be affected by pain. Therefore, we conclude thatincreased aggres-
sive behavior is largely determined once the social information is
processed, but not at the attack-exerting stage.

Meanwhile, the results of the present study suggest the poten-
tial roles of other brain networks in pain-induced social aggres-
sion. Previous studies have found that the mentalizing network
(temporoparietal junction, cuneus and medial prefrontal cortex)
plays an important role in this social-aggressive context (e.g. Beyer
et al., 2014; Chester et al,, 2018). We observed greater cuneus
activity in the feedback-processing phase and greater DMPFC
activity in the attack-exerting phase when responding to nega-
tive feedback in the control group. However, whole-brain results
did not reach a significant threshold when comparing pain treat-
ments. Moreover, other brain regions, such as the ventromedial
prefrontal cortex (VMPFC), which plays a role in emotion regula-
tion (Gilam et al., 2018), and the ventrolateral prefrontal cortex
(VLPFC), which plays a role in self-regulatory processes (Chester
et al., 2018), may also contribute to this process. However, these
issues warrant further investigation.

The current study contributes to a better understanding of how
pain affects aggression in two ways. First, it provides behavioral
evidence from a social context to support the increased effect of
pain on aggression (Berkowitz, 1993; Riva et al.,, 2011). The pain
group exhibited higher aggression than the control group, and
the total attack value was positively correlated with pain inten-
sity. Second, this work highlights the role of SIP in pain-induced
aggressive behavior, which supports the SIP model (Dodge and
Crick, 1990). Decreased right insula, left OFC and ACC activities in

the painful condition indicated that physical pain may decrease
the detection and evaluation of salient social events, which in turn
may contribute to subsequent aggressive behaviors.

The current work extends the social effects of pain. In recent
years, some researchers have proposed that pain is complex,
comprising sensory, emotional, cognitive and social components
(Williams and Craig, 2016). In accordance with this novel insight,
a growing research effort in psychology and neuroscience has
focused on the impact of pain on social behaviors. For exam-
ple, physical pain has been found to promote prosocial behaviors,
such as cooperation and trust, implicating the evolutionarily
adaptive significance of pain (Bastian et al., 2014; Ferris et al., 2016;
Wang et al., 2018, 2019). The present study further extended the
pain effect from prosocial behaviors to one type of negative social
behavior (i.e. aggressive behavior). This may help explain why
individuals with chronic pain exhibited low quality of social life
and impaired social relationships (Forgeron et al., 2010; Hadi et al.,
2019).

This study had some limitations. First, we only examined
physical pain induced by capsaicin in the experimental settings.
Whether the findings can be replicated among other types of pain
(e.g. mechanical pain, laser heat and cold) should be verified. For
chronic pain in particular (e.g. low back pain and postherpetic
pain), the effect could even be altered because the motivation of
patients with chronic pain is relatively decreased instead of being
enhanced among those with acute pain (Navratilova and Porreca,
2014). Moreover, it would be intriguing to compare the effects of
physical and social pain (e.g. social rejection, exclusion and loss).
These speculations warrant further investigation, particularly in
real-life situations. Second, we focused only on aggressive behav-
iors toward strangers. Previous research has found that social
closeness is an important determinant of the impact of social
feedback on aggression (Sip et al., 2015). Therefore, future research
could take group membership into account by telling the partici-
pants that social feedback is from their friends or strangers. Third,
we failed to find any mediation effect of the brain activities of SIP
on the effect of pain on subsequent aggressive behavior. Thus,
whether increased aggression is causally related to modulated
brain activity requires further investigation.

In summary, our research demonstrates an increased effect
of pain on aggression. Before that, pain suppresses brain activ-
ities of the salience network that is involved in the process of
salient social information and the value system that is associ-
ated with the value representation of social events. This study
provides novel insights for understanding the impact of physi-
cal pain on SIP, which may lead to subsequent negative social
behavior. These findings support the negative shift hypothesis,
in which physical pain has an effect similar to that of social
pain.
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