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ABSTRACT

Reactive aggression in response to perceived threat or provocation is part of humans’ adaptive behavioral repertoire. However, high levels of aggression can lead to
the violation of social and legal norms. Understanding brain function in individuals with high levels of aggression as they process anger- and aggression-eliciting
stimuli is critical for refining explanatory models of aggression and thereby improving interventions. Three neurobiological models of reactive aggression — the
limbic hyperactivity, prefrontal hypoactivity, and dysregulated limbic-prefrontal connectivity models — have been proposed. However, these models are based on
neuroimaging studies involving mainly non-aggressive individuals, leaving it unclear which model best describes brain function in those with a history of aggression.

We conducted a systematic literature search (PubMed and Psycinfo) and Multilevel Kernel Density meta-analysis (MKDA) of nine functional magnetic resonance
imaging (fMRI) studies (eight included in the between-group analysis [i.e., aggression vs. control groups], five in the within-group analysis). Studies examined brain
responses to tasks putatively eliciting anger and aggression in individuals with a history of aggression alone and relative to controls.

Individuals with a history of aggression exhibited greater activity in the superior temporal gyrus and in regions comprising the cognitive control and default mode
networks (right posterior cingulate cortex, precentral gyrus, precuneus, right inferior frontal gyrus) during reactive aggression relative to baseline conditions.
Compared to controls, individuals with a history of aggression exhibited increased activity in limbic regions (left hippocampus, left amygdala, left parahippocampal
gyrus) and temporal regions (superior, middle, inferior temporal gyrus), and reduced activity in occipital regions (left occipital cortex, left calcarine cortex).

These findings lend support to the limbic hyperactivity model in individuals with a history of aggression, and further indicate altered temporal and occipital

activity in anger- and aggression-eliciting conditions involving face and speech processing.

1. Introduction

Unplanned aggressive behavior that occurs following perceived
provocation is referred to as reactive aggression (Anderson and
Bushman, 2002). It is distinct from proactive aggression, which is pre-
meditated and instrumentally motivated (Dodge, 1991)(Raine et al.,
2006). While reactive aggression is an adaptive human response in
specific circumstances, it can also violate societal and legal norms. It
accounts for more violent offenses than proactive aggression (Strobel
et al., 2011; White et al., 2013) and can have severe repercussions on
victims (World Health Organization, 2007).

High levels of reactive aggression can be a sign of emotional or
cognitive problems, including a poor ability to regulate negative emo-
tions (Roberton et al., 2012) and poor executive functioning (Giancola,
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1995; Ishikawa and Raine, 2003; Séguin, 2009). High levels of reactive
aggression can also be a symptom of personality and psychiatric disor-
ders (Lane et al., 2011; Ogilvie et al., 2011) as they are frequently
observed in Antisocial and Borderline Personality Disorders (BPD)
(Azevedo et al., 2020; Soloff and Chiappetta, 2017), psychopathy (Blair,
2008) and Intermittent Explosive Disorder (IED) (Coccaro et al., 2007a;
Mccloskey et al., 2016). Research on the factors that might predispose
individuals to engage in reactive aggression is thus critical to advance
interventions aimed at reducing this problem.

1.1. Proposed neurobiological mechanisms of reactive aggression

Neuroimaging studies of individuals with no documented history of
aggression (controls) indicate that aggressive responses to provocation-
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based tasks are associated with increased activation in the amygdala
(Buades-Rotger et al., 2016; Lotze et al., 2007). The amygdala is a limbic
region that plays a pivotal role in processing emotionally salient stimuli
(Cardinal et al., 2002; Rodrigues et al., 2009). It is highly interconnected
with cortical regions such as the orbitofrontal cortex (OFC) and dorso-
lateral prefrontal cortex (DLPFC) (Schoenbaum et al., 2003). Both the
OFC and the DLPFC receive inputs from the amygdala and other medial
temporal regions to integrate affective information (Liu et al., 2011),
which supports emotion regulation (Banks et al., 2007; Berboth and
Morawetz, 2021; Ghashghaei and Barbas, 2002). Thus, the brain areas
putatively implicated in reactive aggression belong to a broader neural
circuit of cortical and subcortical regions involved in emotion genera-
tion and regulation (Kober et al., 2008; Ochsner and Gross, 2014).

Animal studies have indicated that reactive aggression can be
mediated by an acute threat response circuit involving projections from
the amygdala to the hypothalamus and from the hypothalamus to the
periaqueductal gray (PAG; Lin et al., 2011; Nelson and Trainor, 2007).
This circuit is also implicated in human reactive aggression in response
to threat, frustration, and social provocation (Blair, 2004). Consistently,
functional magnetic resonance imaging (fMRI) studies in human con-
trols have shown that activity in the amygdala, hypothalamus, and PAG
increases with greater threat proximity (Mobbs et al., 2007, 2009).
Additional studies have mimicked social provocation by employing
laboratory-based models of reactive aggression, whereby participants
could retaliate against punishments from opponents (e.g., removing
points during a competitive game; Cherek et al., 1997; Taylor, 1967).
These studies have shown that a similar neural circuitry is involved in
the acute threat response and in impulsive retaliation following provo-
cation (Sanfey et al., 2003; Strobel et al., 2011). However, when
examining neural responses to emotional provocation in individuals at
risk of engaging in reactive aggression (e.g., with chronic irritability),
enhanced amygdala activation but not enhanced hypothalamus or PAG
activation was observed (Hazlett et al., 2012; Thomas et al., 2013). This
distinct pattern of brain activity suggests that those at risk of reactive
aggression may process provocation differently from controls, possibly
displaying a reduced threat response.

Previous fMRI studies have also found that non-aggressive in-
dividuals select higher punishments for their opponents during high
relative to low provocation conditions, and that this is positively
correlated with enhanced activation in the medial prefrontal cortex
(PFC) and anterior cingulate cortex (Kramer et al., 2007, 2011). This
enhanced PFC activation may reflect cognitive processing of the prov-
ocation as well as a reappraisal of negative emotions (Etkin et al., 2011;
Golkar et al., 2012). In contrast, individuals with a history of problem-
atic anger and aggression have been found to show reduced activity in
the PFC during reactive aggression following potentially aggression-
eliciting tasks (Coccaro et al., 2007a; da Cunha-Bang et al., 2017;
Mccloskey et al., 2016). Additionally, reactive aggression has been
associated with reduced limbic-prefrontal connectivity (Davidson et al.,
20005 Siever, 2008). Given its relevance for emotion regulation (Banks
et al., 2007; Berboth and Morawetz, 2021; Ghashghaei and Barbas,
2002), reduced limbic-prefrontal connectivity may imply deficits in
downregulating negative emotions (Coccaro et al., 2007a; da Cunha-
Bang et al., 2017; Siep et al., 2019).

Some neuroimaging studies have examined differences in brain
function between individuals with and without a history of aggression.
One fMRI study of emotional information processing found that partic-
ipants with IED exhibited greater amygdala activity, diminished OFC
activity, and decreased connectivity between these regions compared to
controls during angry faces processing, a mild variant of a threatening/
provocative task (Coccaro et al., 2007a). Evidence of disrupted
amygdala-OFC connectivity during angry faces processing in partici-
pants with IED vs. controls has been replicated (Mccloskey et al., 2016).
In response to provocation, individuals with a history of violent
offending (vs. non-aggressive controls) have been found to exhibit
greater activity in the amygdala and striatum (da Cunha-Bang et al.,
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2017), as well as reduced amygdala-PFC and striatal-PFC connectivity
(Siep et al., 2019), all of which might reflect poor regulation of
emotional responses (Davidson et al., 2000; Siever, 2008).

Based on a qualitative review of prior neuroimaging studies, reactive
aggression appears to be associated with amygdala hyperactivity (Coc-
caro et al., 2007a; da Cunha-Bang et al., 2017; Mccloskey et al., 2016),
PFC hypoactivity (Coccaro et al., 2007a; Dougherty et al., 2004; Raine
et al., 1998), and dysregulated limbic-PFC connectivity (Coccaro et al.,
2007a; Mccloskey et al., 2016; Siep et al., 2019), with notable differ-
ences between those with a history of aggression and controls that
require further examination. One systematic review supported the
cortico-limbic model of reactive aggression, but did not find strong ev-
idence for amygdala hyperactivity and OFC hypoactivity (Fanning et al.,
2017). However, this review only included studies involving non-
aggressive individuals. Therefore, it remains unclear what activation
patterns would exist in individuals with a history of aggression. Another
systematic review reported two meta-analyses: one focused on studies of
cognitive tasks in individuals with psychiatric disorders characterized
by aggression compared to controls, and one on studies of aggression-
eliciting tasks in non-aggressive controls (Wong et al., 2019). The first
found reduced activity in the precuneus, a region involved in cognitive
function, in the psychiatric sample (Cavanna and Trimble, 2006b). The
second meta-analysis found activation in the right postcentral gyrus
during aggression-eliciting tasks, but no activation in regions associated
with emotion generation and regulation (e.g., amygdala and PFC), in the
control sample. The present systematic review and meta-analysis thus
aimed to address the outstanding question of whether brain activity
patterns differ between individuals with a history of aggression and
controls during putatively aggression-eliciting tasks.

2. Methods and materials

To promote transparency and minimize risk of bias, we pre-
registered our protocol on PROSPERO on February 2, 2021
(CRD42021211242).

2.1. Study selection

We conducted our systematic review (January 30th-March 18th,
2021) using PubMed (Medline) and APA Psycinfo (Ovid) advanced
search builder. The following search criteria and keywords were used:
(“aggression” or “aggressive”) with (“reactive” or “expressive” or “hos-
tile” or “impulsive” or “violent” or “explosive” or “anger” or “angry” or
“overt” or “emotional”) paired with (“fMRI[tw]” or “functional magnetic
resonance imaging”), for entries dating January 1990-March 18th, 2021.
We used Covidence (covidence.org) to organize, manage, and detect
duplicate citations. We followed the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses (PRISMA) guidelines for systematic
review (Moher et al., 2009). Two authors (MN, PP) reviewed and
screened titles, abstracts, and full texts according to pre-defined selec-
tion criteria, and independently coded information on included sources
in a data extraction matrix. Conflicts were resolved through discussion
and involving other authors (NJ, MCS). The number of records identi-
fied, included, and excluded in the process are depicted in Fig. 1.

2.2. Inclusion/exclusion criteria
We included studies that met the following criteria:

1. Peer-reviewed, in English;

2. Reported original data from participants aged 216 yr. We chose this
age threshold as it corresponds to the age of consent to participate in
research in Canada (Tri-Council Policy Statement: Ethical Conduct
for Research Involving Humans; TCPS 2), where the current study
was carried out. Moreover, the conventional 18+ threshold is sub-
optimal from a brain development standpoint (Johnson et al., 2009),
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444 references imported for
screening as 444 studies

l

309 studies screened against
title and abstract

l

49 studies assessed for full- 40 studies excluded

text eligibility e 24 unsuitable participants
(no history of aggression)

e 4 unsuitable study design

l e 1 unsuitable participants
(age)
9 studies included e 11 no brain imaging data
available

135 duplicates removed

260 studies excluded

Fig. 1. PRISMA flowchart illustrating the literature search and study selec-
tion process.

as it does not reflect timing of the brain rewiring process (Arain et al.,
2013);

3. Reported whole-brain thresholded results in a standard anatomical
space. Studies that used only a region-of-interest approach were
excluded;

4. Examined brain activity during aggression-eliciting paradigms,
namely, paradigms that have been found to evoke reactive aggres-
sion outside the scanner and/or to be a proxy for aggression in the
scanner. Studies using resting-state paradigms and/or cognitive
paradigms with no anger or aggression-eliciting component were
excluded;

5. Involved participants with a history of aggression and a non-
aggressive control group. Studies involving only non-aggressive
participants were excluded.

We considered as participants with a history of aggression those who
met at least one of the following criteria:

1. Have a Diagnostic and Statistical Manual of Mental Disorders (5th
ed.,; DSM-5; American Psychiatric Association, 2013) or Interna-
tional Classification of Diseases and Related Health Problems (11th
ed.,; ICD-11; World Health Organization, 2019) psychiatric diagnosis
that specifies patterns of behavior disregarding and violating the
rights of others (e.g., Antisocial Personality Disorder, IED, Conduct
Disorder) with documented history of overtly harming others; and/
or

2. Have been charged with, convicted, or incarcerated for aggressive
behavior, against persons or property; and/or

3. Scored above a normative threshold on a standardized behavioral
assessment of aggression, whether clinician-rated or standardized
psychometric measures (e.g., Buss and Perry Aggression Question-
naire; (Buss and Perry, 1992).

2.3. Data synthesis

A quantitative analysis was conducted to compare brain activation
during aggression-eliciting paradigms in the at-risk and control groups.
This included stratifying brain activation patterns according to condi-
tion (aggression-eliciting vs. control) and participant group (aggression
vs. controls), and conducting a coordinate based meta-analysis.

2.3.1. Coordinate based meta-analysis: multi-level kernel density analysis
We conducted a multilevel kernel density analysis (MKDA), which
summarizes evidence of activation from the included studies for X (left-

Progress in Neuropsychopharmacology & Biological Psychiatry 119 (2022) 110596

right), Y(posterior-anterior), and Z (inferior-superior) peak coordinates
in Montreal Neurological Institute (MNI) space (Wager et al., 2009). We
chose this method because the alternative, Activation Likelihood Esti-
mation (ALE), treats all peak coordinates across studies as independent
units of analysis and, thus, increases the risk of the results being driven
by a subset of studies showing the same activation peaks (Kober et al.,
2008).

In MKDA, the unit of analysis is the sample size-weighted proportion
of studies that report activation differences in a spatial location, which
increases generalizability. MKDA summarizes evidence for activation in
a local neighborhood around each voxel in a standard brain atlas, and
reports coordinates in reference to a statistical contrast map (SCM) of
activated brain regions for each study (Wager et al., 2009). Consistency
and specificity across studies is analyzed in the neighborhood of each
voxel, and consistency is determined by how many SCMs are activated
near a voxel (Wager et al., 2007). A 3D histogram of peak locations is
constructed and smoothed with a spherical indicator function of radius;
this convolution occurs within each SCM and results in the creation of
contrast indicator maps (CIMs). Weighted CIMs are thresholded based
on the maximum proportion of activated comparison maps under the
null hypothesis distribution, where the distribution of contiguous re-
gions of activation in the CIMs are randomly and uniformly distributed
throughout the brain (Fig. 2). Sample size is also considered, as the
precision of the estimates from each study is proportional to the square
root of the study sample size (Wager et al., 2009). Lastly, 5000 Monte
Carlo simulations were performed to compare the observed density map
to a null distribution of density maps created by identifying clusters of
activated voxels for each SCM and then randomizing cluster centers
within gray matter in the standard brain.

2.3.2. Software, data, and code availability

We performed analyses in MATLAB v.R2021a using the MKDA
toolbox developed by Tor Wager (https://github.com/canlab/CanlabCo
re). Our code is publicly available on the Open Science Framework
(http://0sf.io/CG94W). To identify activated brain regions associated
with the generated MNI coordinates, we used Neurosynth (https
://neurosynth.org/locations/).

3. Results
3.1. Participants

Our systematic literature review included 9 studies involving 230
individuals with a history of aggression and 235 controls. Tables 1-3
report information on demographic and clinical characteristics (Tables 1
& 2), offense histories, and antisocial behavior assessments (Table 3).
(See Table 4.)

The aggression and control groups were matched for demographic
characteristics Participants with a history of aggression were aged 17-
44 yr, controls were 17-47 yr. All studies included adults only, except for
one involving participants <18 years of age (Klapwijk et al., 2016;
M = 17, SD = 1.2). All participants completed secondary education,
except for the one study involving older adolescents (Klapwijk et al.,
2016). Three studies involved both females and males (Coccaro et al.,
2007b; Herpertz et al., 2017; Mccloskey et al., 2016), five involved
males only (Klapwijk et al., 2016; Lee et al., 2009; Schienle et al., 2017;
Seok and Cheong, 2020; Tonnaer et al., 2017) and one was comprised of
females only (Krauch et al., 2018). Half reported ethnicity, with ~70%
of participants being Caucasian (Coccaro et al., 2007b; Mccloskey et al.,
20165 Schienle et al., 2017; Tonnaer et al., 2017). One study included
only Asian participants (Lee et al., 2009).

Seven out of nine studies involved participants with a history of
aggression and a psychiatric disorder, including BPD (Herpertz et al.,
2017; Krauch et al., 2018), IED (Coccaro et al., 2007b; Mccloskey et al.,
2016; Seok and Cheong, 2020), Conduct Disorder (Klapwijk et al.,
2016), or multiple disorders (Tonnaer et al., 2017). Seven studies
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Fig. 2. Monte Carlo null hypothesis activation proportion and thresholding for aggression vs. control group (2A) and control vs. aggression group (2B). Null hy-
pothesis activation proportion: The weighted proportions of comparison, namely the maximum proportion of activated comparison maps under the null hypothesis,
are plotted on the x axis. Null hypothesis cluster sizes: The largest cluster of contiguous voxels, which is important for extent-based thresholding, is reported on the x
axis. Observed activation proportions: the maximum density value (height threshold) across all studies following each Monte Carlo iteration is presented on the x
axis. In Fig. 2A, p < .05 MKDA height-corrected represents a height threshold of 0.28 and includes 1030 voxels; p < .001 represents a height threshold of 0.17 and
extent threshold of 350 (includes 1104 significant voxels); p < .01 represents a height threshold of 0.10 and extent threshold of 1926 (includes 0 significant voxels);
p < .05 represents a height threshold of 0.07 and extent threshold of 2858 (includes 0 significant voxels). In Fig. 2B, p < .05 MKDA height-corrected represents a
height threshold of 0.46 and includes 369 voxels; p < .001 represents a height threshold of 0.24 and extent threshold of 896 (0 significant voxels); p < .01 represents
a height threshold of 0.23 and extent threshold of 902 (0 significant voxels); p < .05 represents a height threshold of 0 and extent threshold of 231,202 (0 sig-

nificant voxels).

reported information on comorbid conditions, which included person-
ality disorders, affective disorders, and substance disorders (Coccaro
et al., 2007b; Herpertz et al., 2017; Klapwijk et al., 2016; Krauch et al.,
2018; Mccloskey et al., 2016; Schienle et al., 2017; Tonnaer et al., 2017).
Three studies reported that some participants were receiving psycho-
tropic medication (antidepressants, most commonly; (Coccaro et al.,
2007b; Krauch et al., 2018; Tonnaer et al., 2017).

Four studies reported that participants had criminal offense histories,
including attempted manslaughter or murder, assault, or domestic

violence (Klapwijk et al., 2016; Lee et al., 2009; Schienle et al., 2017;
Tonnaer et al., 2017). An assessment of antisocial behaviors was con-
ducted in each of the included studies, by means of the Lifetime History
of Aggression (Coccaro et al., 1997), Buss and Perry Aggression Ques-
tionnaire (Buss and Perry, 1992), Reactive-Proactive Aggression Ques-
tionnaire (Raine et al., 2006), Anger Rumination Scale (Sukhodolsky
et al., 2001), or State-Trait Anger Expression Inventory (Spielberger,
2010). The aggression groups scored higher than normative values on all
these measures, and significantly higher than their respective control
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Table 1
Demographic characteristics of participants.
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Study Sample size Age in years Sex/Gender Ethnicity Education in years
M (SD) Females Males (n) % of the total M (SD)
(n)
Total AG HC AG CG AG CG AG CG AG CG AG CG
Coccaro et al., 20 10 10 34.30 30.90 5 5 5 5 50% White, 30% AA, 10%  70% White, 20% 15.60 13.40
2007 (7.30) (5.60) ASA, 10% Other AA, 10% ASA (1.30) (1.00)
Herpertz et al., 112 56 56 28.42 29.39 33 30 23 26 N/R N/R 11.26 11.97
2017 (7.23) (6.52) (3.59) (1.31)
Klapwijk et al., 65 32 33 16.8 (1.2) 17.20 0 0 32 33 15.6% White, 84.4% 72.7% White, N/R N/R
2016 (1.2) Other 27.3% Other
Krauch et al., 106 54 52 21.02 21.59 54 52 0 0 N/R N/R N/R N/R
2018 (0.85) (3.59)
Lee et al., 2009 23 10 13 43.80 47.08 0 0 10 13 100% AS 100% AS 10.70 9.85
(5.10) (6.25) (4.11) (2.04)
Meccloskey et al., 40 20 20 33.2 (N/ 32.8 (N/ 8 8 12 12 60% White, 30% AA, 10%  60% White, 30% 15.00 15.90
2016 R) R) AS AA, 10% AS (1.70) (1.90)
Schienle et al., 35 17 18 34.82 37.89 0 0 17 18 100% White 100% White 11.18 11.78
2017 (12.54) (9.21) (2.07) (1.73)
Seok and Cheong, 30 15 15 28.53 28.60 0 0 15 15 N/R N/R N/R N/R
2020 (2.36) (4.40)
Tonnaer et al., 34 16 18 35.81 34.39 0 0 16 18 100% White 100% White N/R N/R
2017 (7.17) (13.37)

Note. AG = Aggression group; CG = Control group. AA = African American, AS = Asian, ASA = Asian American, Other = Not specified. Sex/Gender = Three studies
measured gender (Coccaro et al., 2007a; Mccloskey et al., 2016; Seok and Cheong, 2020), two measured sex (Herpertz et al., 2017; Krauch et al., 2018), and four did
not specify (Klapwijk et al., 2016; Lee et al., 2009; Schienle et al., 2017; Tonnaer et al., 2017).

groups.
3.2. Tasks

fMRI tasks aimed at eliciting aggression included script-driven-
imagery tasks (Herpertz et al., 2017; Krauch et al.,, 2018; Tonnaer
et al., 2017), a personal-space intrusion task (Schienle et al., 2017), an
anger-eliciting task (Klapwijk et al., 2016), and viewing emotional im-
ages (Coccaro et al., 2007b; Lee et al., 2009; Mccloskey et al., 2016) and
videos (Seok and Cheong, 2020). During script-driven-imagery tasks,
participants listened to audiotapes and were asked to imagine the scenes
as vividly as possible to provoke an intense emotional response. We
compared conditions that likely elicited aggression (e.g., “anger induc-
tion”, “anger engagement”) to neutral conditions. In the personal-space
intrusion task, participants viewed static or “approaching” neutral faces,
where pictures were enlarged to the point where only the mouth and
eyes were visible, creating the impression of an invasion of personal
space (Schienle et al., 2017). We compared the approaching condition to
the static face condition. In the anger-eliciting task, participants read the
responses of a fictional opponent following an unfair distribution of
tokens (Klapwijk et al., 2016). We compared angry responses (poten-
tially aggression-eliciting) to happy responses (baseline). In the implicit
emotion processing task, participants viewed faces expressing emotions
and had to identify their gender (Coccaro et al., 2007a). We compared
the angry face viewing condition (potentially aggression-eliciting) to
rest (blank screen; no neutral face condition available). In the explicit
emotion processing task, participants had to identify the emotional
valence of neutral, positive, or negative faces; we compared angry vs.
neutral faces. During the passive viewing of images tasks, participants
viewed neutral, positive, and aggressive pictures, the latter involving
violent pictures with female victims or images depicting general
aggressive threats (e.g., person pointing a gun). The task involving
passive viewing of video clips included anger-related and neutral clips;
for these, we contrasted the anger—/aggression-related and neutral
conditions.

3.3. Multi-level kernel density analysis (MKDA) results

Information was available from five studies for the within-group
analysis (Herpertz et al., 2017; Klapwijk et al., 2016; Krauch et al.,

2018; Mccloskey et al., 2016; Schienle et al., 2017) and from eight
studies for the between-group analysis (Coccaro et al., 2007b; Herpertz
et al., 2017; Klapwijk et al., 2016; Krauch et al., 2018; Lee et al., 2009;
Mccloskey et al., 2016; Seok and Cheong, 2020; Tonnaer et al., 2017).
We considered significant voxels those >95th percentile value under the
null hypothesis (threshold derived from Monte Carlo simulations)
(Kober and Wager, 2010). This generated the final regions of activated
contrast indicator maps. Herpertz et al. (2017) had the largest sample
size (N = 112) and thus the greatest influence on the analysis.

Fig. 3 depicts the final map of significant results generated after the
weighted average of the contrast indicator maps was compared and
thresholded with the maximum proportion of activated comparison
maps under the null hypothesis distribution. Peak brain activations are
denoted (Tables 5 & 6).

Between-group MKDA indicated sets of regions that were more
strongly activated in the aggression vs. control group, comprising a total
of 2134 voxels (Table 5). These included the left hippocampus, left
amygdala, left parahippocampal gyrus, right superior temporal sulcus,
right inferior temporal gyrus and middle temporal gyrus. The clusters
are shown in Fig. 3A with coordinates (—30, —12, —26) representing the
first set of clusters. Between-group MKDA also indicated regions that
were more strongly activated in the controls vs. aggression group,
comprising a total of 727 voxels (Table 6). These regions included the
left occipital cortex, left medial occipital cortex, left lingual gyrus of the
occipital lobe, left calcarine cortex and left V2. The clusters are shown in
Fig. 3B, with coordinates (—22, —73, 4) representing the first set of
clusters.

We further conducted within-group MKDA in the two groups sepa-
rately. In the aggression group, multiple regions activated more in the
aggression-inducing vs. control conditions, comprising a total of 2513
voxels (Supplement Table 1). These regions included the right/left su-
perior temporal gyrus, right inferior frontal gyrus, right middle frontal
gyrus, right precentral gyrus, occipital pole, SMA, posterior cingulate
cortex (PCC) and precuneus. The clusters are shown in Supplement
Fig. 1A, with coordinates (56, —18 -1) representing the first cluster. In
the control group, a few regions activated more in the aggression-
eliciting conditions relative to the control conditions, comprising a
total of 989 voxels (Supplement Table 2). These regions included the
right/left superior temporal sulcus, left cuneus, left calcarine, right
premotor cortex, and left inferior occipital gyrus. The clusters are shown
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Table 2
Clinical characteristics of participants (aggression group).

Psychiatric assessment

Study Psychiatric Primary Diagnostic Secondary psychiatric Psychotropic Medication type Psychotherapy Psychotherapy
diagnosis? psychiatric assessment diagnosis medication (Y/ type type
(Y/N) diagnosis N)
(Coccaro Y IED IED-M, SCID- 5/10 had life history of other Y N = 2 subjects N/R N/R
et al., 1, SIDP-IV Axis-I disorders: childhood received
2007b) ADHD and cannabis abuse, antidepressants
full remission (n = 1), 8 weeks prior to
specific phobia-animal type scan

(n = 1), MDE and alcohol
dependence, full remission
(n=1), GAD (n = 1),
alcohol abuse, full remission
m=1

10/10 had current Axis II
PD: not otherwise specified
(n = 6), borderline (n = 1),
narcissistic (n = 1),
obsessive compulsive

(n = 1), paranoid and
narcissistic (n = 1)

(Herpertz Y BPD SCID-1, IPDE Current Affective Disorders N N/A N/R N/R
et al., (n = 20), Lifetime
2017) Substance-Associated

Disorders (n = 11), Current
Anxiety Disorders (n = 31),
Current PTSD (n = 15),
Current Somatoform
Disorders (n = 5), Current
Eating Disorders (n = 20),
Current Adjustment
Disorder (n = 6), Current
Antisocial PD (n = 4),
Avoidant PD (n = 17)

(Klapwijk Y CD K-SADS-PL, Current Axis-I Disorders: N N/A N/R N/R
et al., DSM-IV-TR ADHD (n = 8)
2016)
(Krauch Y BPD SCID-I, IPDE Current Affective disorders Y N = 4 patients in N/R N/R
et al., (n = 21), Lifetime Substance adolescent group
2018) Ass. Disorders (n = 7), took
Current Anxiety disorders antidepressants

(n = 20), Current PTSD
(n=9), Current Somatoform
Disorders (n = 5), Current
Eating Disorders (n = 17),
Current Antisocial PD

m=1
(Lee et al., N N/A BDI N/A N/R N/R N/R N/R
2009)
(Mccloskey Y IED SCID-I, SIDP- 12/20 had current Axis-I N/R N/R N/R N/R
et al., I\ disorders: PTSD (n = 3),
2016) alcohol abuse (n = 3),
anxiety disorder NOS
(n = 3), depressive disorder
NOS (n = 2), ADHD (n = 1),
adjustment disorder (n = 1).
20/20 had current PD: NOS
(n = 15), compulsive
(n = 3), paranoid (n = 2),
avoidant (n = 2)
(Schienle N N/A SCID-I Current Axis-II PD: ASPD N/R N/R N/R N/R
et al., (n=5)
2017)
(Seok and Y IED SCID-I, SCL- N N N/A N N/A
Cheong, 90-R
2020)
(Tonnaer N N/A Semi- Substance dependence Y Psychotropic N/R N/R
et al., structured (n = 13), Depressive episode medications, mostly
2017) interviews past (n = 5), PTSS (n = 8), antidepressants
based on Antisocial PD (n = 9), BPD n=9)
DSM-IV (n = 3), Other PD (n = 4)

Note: IED = Intermittent Explosive Disorder, BPD = Borderline Personality Disorder, CD = Conduct Disorder, MDE = Major Depressive Episode, GAD = Generalized
Anxiety Disorder, PD = Personality Disorder, ASPD = Antisocial Personality Disorder, ADHD = Attention Deficit Hyperactivity Disorder, PTSD = Post Traumatic Stress
Disorder, NOS = Not Otherwise Specified, IED-M = IED-IR Interview Module (Coccaro et al., 2007a), SCID-I = Structured Clinical Interview for DSM Diagnoses for Axis
I disorders (First et al., 1995), SCID-II = Structured Clinical Interview for DSM Diagnoses for Axis II disorders (First et al., 1997), SIDP-IV = Structured Interview for the
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Diagnosis of DSM-IV Personality Disorder for Axis II disorders (Pfohl et al., 1997), IPDE = International Personality Disorder Examination IPDE (Loranger, 1997), K-
SADS-PL = Kiddie Schedule for Affective Disorders and Schizophrenia (Kaufman et al., 1997), DSM-IV-TR = Diagnostic and Statistical Manual of Mental Disorders
(First et al., 2004), BDI = Depression Inventory (Beck et al., 1996), SCL-90-R = Symptom Check List-90-Revised (Derogatis and Unger, 2010). N/R = Not reported, N/

A = Not applicable.

Table 3
Offense histories and assessments of antisocial behavior.

Offense Records Antisocial Behavior Assessment

Author Offense Offense Assessment Aggression Control
history type measure(s) group group
(Y/N) M (SD) M (SD)

Coccaro N/R N/R LHA 21.5(2) 5.3 (2.6)
et al.,
2007

Herpertz N/R N/R AQ 70.67 43.74
etal., (13.69) (7.53)
2017

Klapwijk Y Violent RPQ 16.8 (10.1) 8.1 (3.2)
et al., crime
2016

Krauch N N/A AQ 61.94 42.36
et al., (14.42) (7.96)
2018

Lee et al., Y Spouse STAXI-I 19.10 16.15
2009 battering (5.28) (3.13)

Mccloskey N/R N/R LHA 16.9 (4.5) 4.5 (3.2)
et al.,
2016

Schienle Y Violent PCL-R 17.8 (8.3) 1.67
et al., crime (1.54)
2017

Seok and N/R N/R LHA 11.67 4.73
Cheong, (3.64) (3.41)
2020

Tonnaer Y Violent RPQ 21.9 (8.7) 6.0 (4.3)
etal., crime
2017

Note: LHA = Lifetime History of Aggression scale (Coccaro et al., 1997),
AQ = Buss and Perry Aggression Questionnaire (Buss and Perry, 1992),
RPQ = Reactive-Proactive Questionnaire (Raine et al., 2006), STAXI-I = State-
Trait Anger Expression Inventory (Spielberger, 2010), PCL-R = Hare Psychop-
athy Checklist-Revised (Hare, 2003).

in Supplement Fig. 1B, with coordinates (49, —30, —1) representing the
first cluster.

4. Discussion

4.1. Neural responses to elicited aggression in individuals with a history of
aggression relative to controls

Our between-group MKDA analysis included eight studies (Coccaro
et al., 2007b; Herpertz et al., 2017; Klapwijk et al., 2016; Krauch et al.,
2018; Lee et al., 2009; Mccloskey et al., 2016; Seok and Cheong, 2020;
Tonnaer et al., 2017) and revealed greater left limbic activation (left
amygdala, left hippocampus, left parahippocampal gyrus), greater
temporal activation (superior, middle, and inferior temporal gyrus), and
decreased left occipital activation (left occipital cortex and left calcarine
cortex) during aggression-eliciting conditions (vs. baseline) in the
aggression group relative to the control group.

4.1.1. Expanding the amygdala hyperactivity model of reactive aggression

The finding of increased limbic activation in individuals with a his-
tory of aggression relative to controls provides support for and extends
the amygdala hyperactivity model of reactive aggression (Davidson
et al., 2000; Siever, 2008). This is in contrast with a previous meta-
analysis (Wong et al., 2019), which did not find abnormalities in
limbic activation in individuals with high trait aggression. This
discrepancy might be due to the nature of the tasks examined. Instead of

cognitive tasks, in the current study, we selected tasks focused on
emotion generation and regulation in response to perceived provocation
or anger elicitation, which might explain greater limbic involvement.

Our results further expand on the amygdala hyperactivity model of
reactive aggression by suggesting that other limbic areas that have
received less attention, namely the hippocampus and parahippocampal
gyrus, are also implicated. The hippocampus is embedded in the tem-
poral lobe, on the posterior part of the limbic lobe (Anand and Dhikav,
2012) and is mainly involved in episodic memory (Buzsaki and Moser,
2013; Squire, 1992), but also in emotion regulation and emotional
memory processing (Briihl et al., 2014; Ruiz et al., 2014). Structural
abnormalities in the hippocampus, such as exaggerated asymmetry,
have been associated with impulsive and disinhibited behaviors (Raine
et al., 2004). Disruption of the PFC-hippocampal circuitry has been
linked with affect dysregulation and impulsive disinhibited behavior
(Gregg and Siegel, 2001; LeDoux, 1996; Raine et al., 2004). Therefore,
the hippocampus may play a role in modulating aggressive responses
(LeDoux, 1996). Our findings support this possibility and motivate
further work examining the role of the hippocampus in reactive
aggression. For instance, enhanced hippocampus and parahippocampal
gyrus activation in individuals with a history of aggression during
provocation might reflect enhanced recall of associative memories
related to aggression (Takahashi et al., 2002). Future studies could
address this possibility by examining differences between individuals
with a history of reactive aggression and controls in mnemonic perfor-
mance while processing aggression-eliciting stimuli.

Our results further hint at the importance of amygdala-hippocampal
coupling. These regions display bi-directional functional relationships
during encoding of emotional events (Richardson et al., 2004) and
contribute to forming semantic representations of emotionally-valanced
stimuli (Canli et al., 2000; Mégevand et al., 2017). The hippocampus
forms episodic representations of the emotional significance of events,
which influence amygdala responses when emotional stimuli are next
encountered (Phelps, 2004).

Our findings also suggested left hemispheric lateralization in in-
dividuals with a history of aggression. The left amygdala appears to be
involved in specific and sustained stimulus evaluation, whereas the right
amygdala is preferentially engaged in the automatic detection of
emotional stimuli (Glascher and Adolphs, 2003; Wright et al., 2001).
Thus, it is possible that individuals with high levels of aggression engage
in a more detailed analysis of the aggression-eliciting stimuli. Abnor-
malities in left amygdala-hippocampal coupling have been associated
with deficits in the perception of social cues, including facial expressions
(Schulze et al., 2016). In particular, a meta-analysis found increased left
amygdala and left hippocampus activation during the processing of
negative emotional stimuli in those with BPD (Schulze et al., 2016).
Since most participants with a history of aggression in our meta-analysis
had psychiatric disorders, the enhanced amygdala-hippocampus co-
activation might also be a distinctive feature of reactive aggression in
the context of psychiatric conditions, but this warrants further study.

4.1.2. No support for the limbic-prefrontal model of reactive aggression
Our results did not provide direct support for the PFC hypoactivity
model of reactive aggression (Coccaro et al., 2007b; Davidson et al.,
2000; Mccloskey et al., 2016). However, we did not assess functional
connectivity, and thus did not test models that focus on interactions
between amygdala and PFC regions in the control of aggressive re-
sponses. Limbic-PFC models conceptualize reactive aggression as a
failure in top-down control systems (i.e., PFC) to inhibit aggressive re-
actions largely generated in the limbic system (Siever, 2008). Consistent
with this, prior studies observed amygdala hyperactivity and PFC
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Table 4
Functional magnetic resonance imaging (fMRI) tasks.
Study Task Stimuli Design Conditions
Active Control
Coccaro Implicit emotion processing ~ Ekman and Friesen set (Ekman and Block Angry face viewing Rest (blank
et al., 2007 Friesen 1976) gray-screen)
Herpertz Listening to harsh Four script phases (baseline, anger Order of presentation of aggression Harsh interpersonal Baseline
etal, 2017  interpersonal rejectionsand  induction, other-directed aggression, and auto-aggression scripts were rejection script, and (neutral script)
physical aggression toward relaxation) pseudo-randomized. All scripts other-directed aggression
others randomly ordered. script
Klapwijk Receiving opponent’s angry ~ Written emotional reactions from Block Reading angry emotional Reading happy
etal., 2016  reaction following unfair opponents (angry, disappointed, reaction emotional
distribution of tokens happy) reaction
Krauch et al., Listening to harsh Four script phases (baseline, anger Order of presentation of aggression Harsh interpersonal Baseline

2018

interpersonal rejections and
physical aggression toward
others

induction, other-directed aggression,
relaxation)

Lee et al., Passive viewing of images Neutral, positive, “aggressive-threat”
2009 (i.e., depicting violence), and
“aggressive-women” (i.e., depicting
violence against women) images
Mccloskey Emotion expression Ekman and Friesen set (Ekman and
etal., 2016  identification task Friesen 1976)
Schienle Passive viewing of Approaching and static images of
etal, 2017  approaching neutral facial neutral male or female silhouette
expressions
Seok and Passive viewing of video Anger and neutral video clips from
Cheong, clips movies, dramas or news
2020
Tonnaer Anger Articulated Thoughts ~ Happy, neutral, anger audio tapes
etal, 2017  during Simulated Situations

(ATSS) paradigm

rejection script, and
other-directed aggression

and auto-aggression scripts were (neutral script)

pseudo-randomized. All scripts

randomly ordered. script

Block Aggression images Neutral images
viewing viewing

Block Angry face Neutral face

Event-related Approaching Static

Block Anger clips viewing Neutral clips
viewing

Condition presentations were Anger engagement Neutral

counterbalanced & order of audio- engagement

tape situation was randomized

hypoactivity in violent offenders (da Cunha-Bang et al., 2017, 2018),
and decreased attenuation of amygdala reactivity by the PFC in
aggressive individuals with BPD (Mancke et al., 2015; Schulze et al.,
2016). Since our aggression group displayed abnormal occipital acti-
vation (as discussed below), one possibility is that PFC areas influenced
amygdala activity indirectly, through modulation of other regions
directly connected to it, namely perceptual areas in the occipital cortex
(Ochsner et al., 2002). Indeed, regions like the DLPFC, implicated in the
reappraisal of negative emotion through attenuation of amygdala re-
sponses (Hariri et al., 2000; Pessoa et al., 2002), have sparse direct
connections to the amygdala (McDonald, 1998). Future functional
connectivity studies are needed to elucidate this possibility.

Although prefrontal activation was not observed in our between-
group analyses, our within-group analysis found enhanced activation
in the right inferior frontal gyrus (IFG), the right posterior cingulate
cortex (PCC) and the precuneus in individuals with a history of
aggression, but not in controls. The right inferior frontal gyrus (IFG) is
part of the PFC and is an essential component of response inhibition
(Aron et al., 2004; Logan et al., 1997; Suda et al., 2020). Since aggres-
sion has been linked to response inhibition deficits (Hoaken et al., 2003;
Pawliczek et al., 2013), enhanced right IFG activity in individuals with a
history of aggression might reflect an effort to inhibit aggressive re-
sponses, which is particularly relevant as participants had to presumably
refrain from exhibiting aggressive behaviors in the scanner. Further,
previous studies involving non-aggressive individuals have shown that
enhancing right IFG activity through brain stimulation improves inhi-
bition in a stop signal task (Jacobson et al., 2011). Future research could
explore whether stimulating this area also enhances response inhibition
in individuals with high levels of aggression.

The PCC and precuneus are part of the default mode network (DMN;
Gusnard and Raichle, 2001; Utevsky et al., 2014) and represent some of
the most metabolically active brain regions at-rest and during cognitive
tasks (Gur et al., 2009; Pfefferbaum et al., 2011). The PCC integrates
information across cortical networks (Hagmann et al., 2008), supporting
behavioral regulation in changing environments (Leech et al., 2012;
Pearson et al., 2011). The precuneus is a regulatory region strongly

interconnected with the fronto-parietal network (FPN; Cavanna and
Trimble, 2006a, 2006b), and its disrupted activation has been observed
in high trait aggressive individuals (Wong et al., 2019). Activation of the
PCC and precuneus in individuals with a history of aggression during the
processing of anger-inducing stimuli may thus reflect ineffective DMN
suppression, or an increased effort to suppress behavioral responses to
provocation. However, it should be noted that no between group dif-
ferences were found in the IFG, PCC, and precuneus.

4.2. Novel findings: role of temporal and occipital regions in reactive
aggression

Our finding of greater activation in the superior temporal gyrus, right
inferior temporal gyrus and middle temporal gyrus in individuals with a
history of aggression relative to controls is novel. The temporal lobe is
involved in speech, sound, and visual affect processing (Furl et al., 2010;
Goghari et al., 2011; Haxby et al., 2000). In particular, the superior
temporal gyrus is involved in social cognition (Bigler et al., 2007)
through its role in processing auditory information (e.g., spoken words;
Zevin, 2009) and visual information (e.g., eye and body movements;
Allison et al., 2000; Haxby et al., 2000). The superior temporal gyrus is
also one of the main sites of high-level sensory information convergence
(Bruce et al., 1981). Since half of the studies involved viewing faces or
videos, and half involved listening to anger-eliciting scripts or audio-
tapes, activation of these regions in both groups seems intuitive. At least
two factors might explain group differences. First, social information
processing may be compromised in those with high levels of aggression
(Coccaro et al., 2016a) who frequently display a hostile attribution bias
(Bailey and Ostrov, 2008; Crick, 1995). Therefore, greater superior
temporal gyrus activation in this group might reflect sensitivity to anger-
provoking social cues (Jones, 2012; Lee et al., 2009; Morland et al.,
2012). Second, given evidence of direct projections from the superior
temporal gyrus to the hippocampal entorhinal cortex (Amaral et al.,
1983), this result may also reflect differences in the acquisition of new
emotionally salient memories (Suzuki and Amaral, 2004; van Strien
et al., 2009). Although functional neuroimaging studies have not found
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Table 5
Peak activations in aggression >control groups during aggression-eliciting
relative to control conditions.
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Fig. 3. Proportion of activated CIMs (significant
regions) in the at aggression vs. control group
(3A) and in the control vs. aggression group (3B).
Regions depicted in yellow: significant at p < .05
MKDA-height corrected (representing threshold
0.28 with 1030 voxels in 3A and threshold 0.46
with 369 voxels in 3B). In those regions, the
proportion of SCMs activated within r mm of the
voxel was greater than would be expected by
chance. Regions depicted in orange: significant
at p < .05 cluster-extent corrected with primary
alpha levels of 0.001 (representing threshold
0.17 with 1104 significant voxels in 3A. 3B has
no orange regions because there are 0 significant
voxels at threshold 0.24. Those regions were
large enough in size to expect that we would only
see such a cluster in the brain by chance 5% of
the time (Kober and Wager, 2010; Wager et al.,
2007). In those regions, MKDA was extent-based
thresholded, meaning that the largest set of
contiguous voxels was saved at each Monte Carlo
simulation, and cluster extent threshold value
was determined as the 95th percentile of these
values across each iteration (in this case: 1, 350,
1926, 2858 for 3A, and 1, 896, 902, 231,202 for
3B; Kober and Wager, 2010). (For interpretation
of the references to colour in this figure legend,
the reader is referred to the web version of this
article.)

0.28350.3779

0.4587 0.6880

Table 6
Peak activations in control>aggression groups during aggression-eliciting rela-
tive to control conditions (overall analysis).

Cluster  x y z k Brain region Cluster  x y z k Brain region
(voxels) (voxels)
A) Overall analysis 1 -22 -73 4 358 Left occipital cortex, left medial

1 -30 -12 —-26 515 Left hippocampus/amygdala (
Regenbogen et al., 2017)

Left parahippocampal gyrus (Clark
et al., 2017)

Left hippocampus/amygdala (Pecina
et al., 2014)

Left parahippocampal gyrus (Zijlstra
et al., 2009)

Right superior temporal sulcus/
middle temporal gyrus (Nilsson

et al., 2013)

Right middle temporal gyrus/
superior temporal sulcus (Corradi-
Dell’Acqua et al., 2014)

Right middle temporal gyrus (
Straube et al., 2010)

Right middle temporal gyrus and
inferior temporal gyrus (Hsu et al.,
2015)

Right middle temporal gyrus (
Hentze et al., 2016)

« -32 -16 -30 121
« -28 -8 —-28 178
“ -30 -14 22 216

2 52 2 —22 515

“ 52 2 —28 100

-« 52 -4 —-20 104

B) Additional regions at extent threshold: stringent and size >10
1 -26 -2 —24 74 Left amygdala (von dem Hagen
et al., 2014)

occipital cortex (Tabbert et al., 2005;
Zimmer and Macaluso, 2007)

Left lingual gyrus (Mulukom et al.,
2013)

Left calcarine cortex (Dulas and Duarte,
2011)

Left V2 (Kupers et al., 2011)

« —22 -76 0 150

« -22 =72 8 208

evidence of temporal lobe dysfunction associated with reactive aggres-
sion, there is evidence suggesting that individuals with temporal lobe
epilepsy engage in recurrent episodes of interictal affective aggression
(Falconer, 1973). Anatomical MRI studies on patients with temporal
lobe epilepsy and IED found left temporal lesions and amygdala atrophy
in subgroups of aggressive patients (van Elst et al., 2000).

To our knowledge, decreased activation in the left occipital cortex in
individuals with a history of aggression relative to controls has not been
previously noted. As such, this too is a novel finding of the current work.
The occipital lobe is the visual processing area of the brain; it is impli-
cated in object and face recognition, visuospatial processing, and visual
memory formation (Rehman and Al Khalili, 2021). Prior research indi-
cated that the amygdala facilitates perception and attention to
emotionally salient stimuli through projections to the visual stream
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(Tamietto and de Gelder, 2010) and by modulating activation in higher
sensory processing areas (Wendt et al., 2011). Our results suggest that
the mechanism by which the amygdala facilitates perception of
aggression-eliciting stimuli through its modulation of visual streams
might be dysregulated in individuals with a history of aggression, and
connectivity analyses are required to directly assess this.

4.3. Limitations

Our meta-analysis is limited by the possibility of publication bias
(and, thus, false positive results; Mlinaric et al., 2017; Sedgwick, 2015)
and by the small number of studies. Studies were characterized by small
samples (potentially under-powered) and substantial variation in ana-
lyses parameters (Schuit et al., 2015). MKDA adjusts for some of these
biases by ensuring that larger and more rigorous studies exert the
highest effects. Meta-analytic methods including small-sample adjust-
ments, profile likelihood, or hierarchical Bayesian models (Cornell et al.,
2014) are recommended. Although the average sample size of the
studies included in our meta-analysis was higher than what is typically
observed in the fMRI literature (51 vs. 13 participants; Button et al.,
2013), we did not have sufficient power to examine potential modera-
tors such as task type, psychiatric comorbidities, medication status, and
fMRI methodology. Furthermore, participants were mostly male (58%)
white (70%) young adults (Mdn = 32 years old), which challenges
generalizability to other groups.

The included studies were heterogenous in how they defined the
aggression groups. Four studies involved violent offenders with Anti-
social Personality Disorder (Schienle et al., 2017; Tonnaer et al., 2017),
Conduct Disorder (Klapwijk et al., 2016), or no psychiatric diagnoses
(Lee et al., 2009), and five studies involved participants with IED or
BPD, both characterized by reactive aggression (Coccaro et al., 2007b;
Herpertz et al., 2017; Krauch et al., 2018; Mccloskey et al., 2016; Seok
and Cheong, 2020). All participants displayed high levels of aggression
at psychometric assessments (Buss and Perry, 1992; Coccaro et al.,
1997). We cannot be certain that all participants had a history of
engaging exclusively in reactive aggression following a provocation,
versus proactive aggression or both. For example, antisocial personality
traits predict higher levels of both forms of aggression (Lobbestael et al.,
2013). It would therefore be beneficial if studies reported specific ac-
counts of participants’ aggression history.

The included studies were also heterogeneous in terms of partici-
pants’ diagnoses, substance use history, and medication status. In-
dividuals with IED have been shown to display significantly lower gray
matter volume than healthy and psychiatric controls (i.e., with no
aggressive behavior) in the amygdala, OFC, ventral medial prefrontal
cortex, anterior cingulate cortex, and insula (Coccaro et al., 2016b).
Lower gray matter volume in these regions may be a characteristic of
impulsively aggressive individuals and may account for dysregulated
socio-emotional processing in response to potentially aggression-
eliciting stimuli. Studies on structural brain abnormalities in BPD have
also found gray matter volume reduction in the amygdala (Minzenberg
et al., 2008; Riisch et al., 2003), DLPFC, hippocampus, and OFC (de
Araujo Filho et al., 2014; O’Neill et al., 2013). Moreover, five of the
included studies involved participants with a history of alcohol and
substance use (Coccaro et al., 2007b; Herpertz et al., 2017; Krauch et al.,
2018; Mccloskey et al., 2016; Tonnaer et al., 2017) and three involved a
small number of participants taking antidepressants (Coccaro et al.,
2007b; Krauch et al., 2018; Tonnaer et al., 2017). Morphometric studies
in individuals with alcohol and cocaine use disorders showed reduced
gray matter volume in some of the regions found to differ between in-
dividuals with a history of aggression and controls in the current study,
namely amygdala and superior temporal gyrus (Demirakca et al., 2011;
Sim et al., 2007), which suggests that substance use may have influenced
our results.

Across all studies, individuals with a history of aggression scored
significantly higher than controls in antisocial behavior assessments.

10
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One previous study found different structural brain features in in-
dividuals with life-long/persistent antisocial behavior compared to in-
dividuals with adolescence-limited antisocial behavior and non-
antisocial behavior (Carlisi et al., 2021). Specifically, the persistent
group exhibited lower gray-matter volumes in subcortical regions such
as the amygdala, hippocampus, brain stem, cerebellum and thalamus. As
such, potential brain structure abnormalities associated with persistent
antisocial behavior may also partly underlie our findings. However,
given that IED, BPD, substance use disorders, and life-long antisocial
behavior share similar morphometric abnormalities, particularly in the
amygdala, we do not expect the heterogeneity to fundamentally affect
brain responses. Additionally, we cannot assume that reduced gray
matter in a specific region directly relates to altered functioning in this
region (Mars et al., 2018; Poldrack, 2010).

A key limitation of the examined literature is that paradigms
currently used in fMRI research to study reactive aggression target
proxies of reactive aggression, rather than reactive aggression per se; as
such, they likely lack external validity and experimental realism
(Tedeschi and Quigley, 1996). Novel protocols should thus be developed
to more effectively study the neural basis of reactive aggression. For
example, more realistic tasks could combine virtual reality (VR) and
fMRI (Beck et al., 2007; Reggente et al., 2018). Exploring the use of VR
to elicit aggression will require specific safety protocols to minimize
ethical and safety concerns (Lavoie et al., 2021). Alternative devices that
are less sensitive to motion, such as electroencephalogram (EEG) or
functional near-infrared spectroscopy (fNIRS) could also be used (Duan
et al., 2020; Wiswede et al., 2011).

5. Conclusions

These findings lend support to the limbic hyperactivity model of
reactive aggression and further implicate differential temporal and oc-
cipital activity in anger- and aggression-eliciting situations that involve
face, visual, and speech processing. Future studies can advance our
understanding of reactive aggression by examining potential partici-
pant- and task-related moderators, functional connectivity, and specific
hypotheses derived from our findings.
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