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Abstract
This longitudinal study examined the neurodevelopmental correlates of aggression in children, focusing on structural brain
properties. A community sample of 110 (60 females) children participated at age 8 years and again at age 10 years. Brain
structure was assessed by using magnetic resonance imaging (MRI), and parents reported on child aggression using the Child
Behavior Checklist. Analyses examined the relationship between aggression and development of volume of subcortical regions,
cortical thickness, and subcortical-cortical structural coupling. Females with relatively high aggression exhibited reduced right
hippocampal growth over time. Across males and females, aggression was associated with amygdala- and hippocampal-cortical
developmental coupling, with findings for amygdala-cortical coupling potentially indicating reduced top-down prefrontal control
of the amygdala in those with increasing aggression over time. Findings suggest that aggressive behaviors may be associatedwith
alterations in normative brain development; however, results were not corrected for multiple comparisons and should be
interpreted with caution.
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Aggression that begins in childhood and persists throughout
youth is associated with numerous aversive outcomes later in
life, including strained interpersonal relationships and in-
creased victimization, increased suicide, criminal activity,
and spousal abuse (Huesmann, Eron, Lefkowitz, & Walder,
1984; Schwartz, McFadyen-Ketchum, Dodge, Pettit, & Bates,
1999; Zhang et al., 2012). Understanding the neurobiological
correlates of aggression in children is valuable in identifying

its mechanisms and thus may contribute to early detection and
prevention efforts. Studying aggression in a community sam-
ple may provide novel insights into the ways neural circuits
are associated with behavior without the confounding influ-
ence of psychiatric disorders or injury (Thijssen et al., 2015).

Neuroimaging studies have most consistently demonstrat-
ed that aggression is associated with structural abnormalities
within the amygdala and hippocampus, and frontal regions,
including the orbitofrontal cortex (OFC), dorsolateral prefron-
tal cortex (dlPFC), and anterior cingulate cortex (ACC). First,
the amygdala plays a critical role in processing emotionally
salient events, emotional learning and responding, and in au-
tonomic and behavioral fear mediation (Cardinal, Parkinson,
Hall, & Everitt, 2002; Lombardo et al., 2001). Aggression
therefore is believed to be associated with amygdala structure
via dysfunction in processes involved in regulating defensive
behaviors, and those that evoke negative affective reactions
(Gregg & Siegel, 2001; LeDoux & Pine, 2016; Potegal, 2012;
Siever, 2008). Several studies have shown associations be-
tween aggression and decreased amygdala volume in healthy
children and adults, as well as in populations with increased
rates of aggressive behavior, such as those with conduct dis-
order (CD), antisocial personality disorder (ASPD), and other
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psychopathology (Fairchild et al., 2011; Huebner et al., 2008;
Pardini, Raine, Erickson, & Loeber, 2014; Thijssen et al.,
2015).

The hippocampus has been suggested to play an im-
portant role in aggression (Gregg & Siegel, 2001; Guillot,
Roubertoux, & Crusio, 1994; Prior, Schwegler, Marashi,
& Sachser, 2004; Sluyter, van Oortmerssen, de Ruiter, &
Koolhaas, 1996). Hippocampal structure is thought to be
associated with aggression given its critical roles in emo-
tional regulation and fear learning (Raine et al., 2004).
Prior work has found aggression to be associated with
reduced hippocampal volumes in a range of adult popula-
tions, including adult males and adults with borderline
personality disorder (Nunes et al., 2009; Pardini et al.,
2014; Zetzsche et al., 2007). However, there have been
mixed findings in children and adolescents, with both null
findings and positive associations (Thijssen et al., 2015;
Visser et al., 2013).

The structures of the frontal lobe serve an important
role in the regulation of aggression as well (Ameis
et al., 2014; Potegal, 2012). The OFC, along with the
dlPFC and ACC, are thought to play key roles in emo-
tional and behavioral regulation via projections from the
amygdala and other areas in the anterior temporal lobe
(Schoenbaum, Setlow, Saddoris, & Gallagher, 2003).
Aggressive behavior has thus been linked to aberrant
frontal lobe structure and function, notably the failure to
appropriately regulate negative affective states (Potegal,
2012; Siever, 2008). Of note, two meta-analyses including
community and psychiatric samples of aggressive youth
and adults identified the OFC and ACC as areas of con-
sistently reduced volume and function (Raschle, Menks,
Fehlbaum, Tshomba, & Stadler, 2015; Yang & Raine,
2009).

Furthermore, aggressive behavior has been associated
with a dysfunction in the circuitry between limbic struc-
tures and the frontal lobe, where the amygdala in par-
ticular triggers affective responses, and the structures of
the frontal lobe cognitively inhibit these urges in con-
sideration of social context and moral reasoning
(Davidson, Putnam, & Larson, 2000; Potegal, 2012;
Siever, 2008). As such, it is relevant to consider how
the structure of these regions covary in relation to ex-
pressions of aggressive behavior. Indeed, structural dif-
ferences have been identified in the subcortical-
prefrontal circuit in studies with children and adoles-
cents with externalizing disorders, in adolescents with
psychopathic traits, and in healthy children who exhibit
high levels of aggression (Ameis et al., 2014; Bos
et al., 2018; Sarkar et al., 2012).

Relatively little research has examined the neurological
correlates of aggression in children, and those that have often
use a sample with a mean age above 10 years old, potentially

failing to capture critical changes in the brain in earlier child-
hood (Ameis et al., 2014; Ducharme et al., 2011; Visser et al.,
2013; Walhovd, Tamnes, Østby, Due-Tønnessen, & Fjell,
2012). No other research to our knowledge has longitudinally
examined the association between brain morphology and ag-
gression using a community sample of children in this age
range. This strategy allows for the investigation of potential
deviation from neurotypical development of the amygdala,
hippocampus, structures of the prefrontal cortex, and patterns
of limbic-prefrontal coupling in aggressive children. Prior re-
search has demonstrated that longitudinal investigation of
brain development is critical in revealing the neurobiological
mechanisms of behavioral and mental health problems in chil-
dren and adolescents and may uncover important insights that
are not possible with cross-sectional research (Bos et al., 2018;
Dennis, Humphreys, King, Thompson, & Gotlib, 2019;
Whittle, Vijayakumar, Simmons, & Allen, 2019). Indeed,
one prior study found that increased aggression was related
to decreases in hippocampal volume, and positive develop-
mental coupling of the amygdala and prefrontal cortex, from
late childhood into adolescence (Bos et al., 2018).
Interestingly, results were specific to aggression, and did not
replicate using other externalizing variables (i.e., rule-break-
ing). While externalizing behaviors more broadly, which in-
clude both aggressive and rule-breaking behaviors, have been
linked to alterations in brain development in children (Ameis
et al., 2014; Muetzel et al., 2018), prior research has demon-
strated specific effects (Bos et al., 2018). Thus, it is important
to distinguish the specific neurobiological associations of the
distinct facets of externalizing behaviors.

The present study investigated whether baseline and
change in aggression, measured by the aggressive behavior
subscale of the Child Behavior Checklist for Ages 6-18
(CBCL), predicted growth of the amygdala, hippocampus,
prefrontal cortex, as well as subcortical-prefrontal structural
coupling, in a large community-based sample of children
over a period of 2 years (8–10 years of age). Given norma-
tive increases in amygdala and hippocampal volumes, and
normative decreases in prefrontal thickness across child-
hood and adolescence, we hypothesized that relatively high
and increasing levels of aggression in children would be
associated with reductions in amygdala and hippocampal
volume, and reductions in prefrontal thinning, from ages 8
to 10 years (Bos et al., 2018; Herting et al., 2018; Wierenga
et al., 2014). We also hypothesized that increased positive
maturational coupling between the amygdala and prefrontal
structures would be associated with increased aggression
based on prior research (Bos et al., 2018). We investigated
sex as a moderator in all analyses given past research show-
ing sex differences in both aggressive behavior and brain
development (Perry & Ostrov, 2018: Visser et al., 2013).
Finally, we investigated rule-breaking and attention prob-
lems to assess specificity of findings.

402 Cogn Affect Behav Neurosci (2021) 21:401–411



Methods

Participants

The present sample was derived from the Families and
Childhood Transition Study conducted in Melbourne,
Australia. Participants included a community sample of
children recruited from metropolitan neighborhoods with-
in the higher tertile of socioeconomic disadvantage, the
procedures of which are described in detail elsewhere
(Simmons et al., 2017). Socioeconomic disadvantage
was estimated using the Socio-Economic Indexes for
Areas Index of Relative Socio-Economic Disadvantage
(IRSD) scale. Genetic ancestry was obtained from DNA
as described in Simmons et al. (2017). Children were
invited to participate in two waves of data collection, ap-
proximately 18 months apart. Of relevance to the current
study, at both waves, data collection involved a structural
Magnetic Resonance Imaging (MRI) brain scan and the
completion of the CBCL by a parent (Achenbach &
Ruffle, 2000). At both waves, exclusion criteria included
children who had a history of head trauma or loss of
consciousness, a history of developmental or intellectual
disorders, and those with MRI contraindications. Written
consent from a parent/guardian and verbal assent from
children were attained at both waves.

Of the 163 children who participated in the larger longitu-
dinal study, 155 had aggressive behavior data (measured with
the CBCL aggressive behavior subscale, see below), 153
completed an MRI scan at Time 1 (T1) and 129 of these
completed an MRI scan at Time 2 (T2). After accounting for
poor quality MRI scans (n = 7) and missing aggression data (n
= 6), the final sample for imaging analyses comprised 110
children (60 females) who had available data at both waves.
See Table 1 for demographic data. Our sample for imaging
analyses did not significantly differ from the total sample (n =
163) in age, sex, neighborhood disadvantage, or aggression
scores (all p > 0.05).

Materials

Aggressive Behaviors

A parent (mothers in most cases) report of children’s aggres-
sion was obtained by using the CBCL at each time point. The
CBCL has been recognized to have good psychometric prop-
erties, including demonstrated validity and reliability
(Nakamura, Ebesutani, Bernstein, & Chorpita, 2008). The
CBCL aggressive behavior subscale demonstrates excellent
clinical agreement with the diagnosis of disruptive behavior
disorders including CD and ODD (Bellina et al., 2012). The
aggressive behavior subscale contains 18 items scored on a 3
point Likert scale consisting of 0 = “Not true (as far as you
know)”; 1 = “Somewhat or sometimes true”; and 2 = “Very
true or often true.” While the aggressive behavior subscale
was of primary interest for this study, rule breaking and atten-
tion problems subscales were also used to test specificity of
effects. The attention problem subscale was utilized as a mea-
sure of generally disruptive and impulsive behavior, con-
structs which both somewhat overlap with CBCL externaliz-
ing subscales (Achenbach & Rescorla, 2001). CBCL subscale
T-scores were used in all analyses. Note that use of raw CBCL
subscale scores yielded very similar results.

Image acquisition

At each time point, imaging data were collected using a 3
Tesla Siemens TIM Trio scanner (Siemens, Erlangen,
Germany) at the Murdoch Children’s Research Institute in
Melbourne, Australia. At both baseline and follow-up, chil-
dren underwent a mock scan in a replica MRI prior to the
commencement of the real scan. During the mock scan, chil-
dren received information about the real MRI scan and were
monitored for indications of anxiety as well as the ability to
remain still. For actual scanning, children were laid in a supine
position in a 32-channel head coil. Structural T1-weighted
images had the following parameters, repetition time =

Table 1 Demographic information for imaging sample (N = 110)

Wave 1 Wave 2

Mean SD Range Mean SD Range

Age (yr) 8.45 0.33 8.00- 9.06 9.98 0.35 9.41-10.82

CBCL aggression subscale 50.00 10.00 40.39- 95.41 50.00 10.00 41.93-95.66

SESa 40.31 24.00 1-95 - - -

European (%) Asian (%)

Ancestry 94 6

Note. CBCL aggression subscale values represent t-scores.
a Socio-Economic Indexes for Areas Index of Relative Socio-Economic Disadvantage (IRSD) scale. Scale reflects percentile, with higher scores
indicating lower disadvantage.
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2,530 msec; echo time1 = 1.74 msec, echo time2 = 3.6 msec,
echo time3 = 5.46 msec, echo time4 = 7.32 msec; flip angle =
7°, field of view = 256 × 256 mm. A total of 176 contiguous
slices 1.00-mm thick slices (voxel dimensions = 1.0 mm3)
were obtained.

Procedure

Image processing

We focused on cortical thickness given that it is the pri-
mary driver of volumetric changes across development
(Tamnes et al., 2017). Cortical thickness was estimated
at each wave using the output from the longitudinal
stream of FreeSurfer, version 5.3 (http://surfer.nmr.mgh.
harvard.edu/). This process involves the creation of an
average template onto which an unbiased image is
recons t ructed and segmented for each subject .
Additionally, the hippocampus and amygdala volumes
were estimated by using FreeSurfer’s automated
segmentation. Visual inspection of all longitudinally
processed images was completed by a trained researcher
blind to participant characteristics to ensure the
satisfactory segmentation of gray/white matter and im-
prove output quality. Manual corrections were made
where there was improper segmentation on four or more
image slices (29% of time point 1 images, 36% of time
point 2 images). Note that the need for manual correction
was not related to aggression scores either at baseline (p =
0.112) or follow-up (p = 0.202). Images were analyzed on
an SGI/Linux workstation.

Subcortical analyses

Left and right amygdala and hippocampus were investi-
gated as separate hypothesis-driven ROIs. Linear regres-
sion models were used to assess whether aggression at
baseline, as well as change in aggression scores, predict-
ed change (i.e., development) in hippocampus and amyg-
dala volumes using R 3.5.2 software. Change in aggres-
sion scores and development in each ROI volume was
quantified as symmetrized percent change (SPC). The
annual rate of change was adjusted for average values
across time. Sex effects were tested by including a main
effect and an interaction with aggression variables. All
models included socioeconomic status (SES, based on
IRSD score), genetic ancestry, and intracranial volume
(ICV) as covariates of noninterest. A bootstrapping pro-
cedure was performed (100 iterations) on models, which
included interactive effects. Significant results were de-
termined by using a 95% confidence interval based on
bootstrap replicates.

Cortical and amygdala-cortical coupling analyses

Analyses were conducted in FreeSurfer’s Query, Design,
Estimate, and Contrast (QDEC) application to investigate
whether baseline/change in aggression was associated with
change in (i.e., development of) cortical thickness and wheth-
er sex moderated effects in follow-up analyses. To investigate
whether baseline/change in aggression was associated with
coupling of subcortical (amygdala and hippocampus) and cor-
tical thickness development, interaction effects of baseline/
change in aggression by amygdala volume SPC (or hippocam-
pal volume SPC) were examined. The moderating role of sex
also was examined in models. Models examining interaction
effects also included all lower-order terms of relevance. In
addition, all models included SES and genetic ancestry as
covariates of no interest. Change in cortical thickness was
quantified as SPC. For all models, cluster-based correction
for multiple comparisons was performed using a cluster-
defining threshold of p < 0.001, and a cluster-level threshold
of p < 0.05, implemented using Monte Carlo simulation
(10,000 permutations).32

Where significant effects were found in subcortical, corti-
cal, and coupling analyses, simple slopes analyses were per-
formed to understand the nature of the association between
aggression and age-related changes in brain structure/cou-
pling. Slopes were plotted at high and low levels (+1 SD
and −1 SD from the mean/ CBCL subscale t-scores 40 and
60, respectively) of the relevant variables in order to under-
stand the nature of interaction effects. Note that while analyses
were run with continuous CBCL values (due to the dimen-
sional nature of behavioral problems like aggression), simple
slopes analyses allowed us to make inferences about relatively
higher versus lower levels of problems (Walton, Ormel, &
Krueger, 2011). For both subcortical ROI and whole brain
thickness analyses, discriminant validity was evaluated by ex-
amining the main effects of both rule-breaking and attention
problem CBCL subscale (baseline and change) scores, as well
as their interactions with sex.

Before running analyses, all data were checked for statisti-
cal outliers, and a Winsorizing technique was used to replace
11 extreme brain volume values (>3 SD of the sample mean).

Results

See Supplementary Figures S1 and S2 for an illustration of the
range and changes in aggression scores from baseline to fol-
low-up.

Subcortical analyses

There were no main effects of baseline aggression, aggression
change, or sex moderated effects on left hippocampus
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development or left or right amygdala development (all p-
values > 0.05).
A significant two-way sex by baseline aggression interac-

tion effect for right hippocampus development was found
(Table 2). Follow-up analyses in each sex showed that the
baseline aggression effect on right hippocampus development
was significant in females (B = −0.062, SE = 0.020, p = 0.004)
but not males (B = 0.019, SE = 0.026, p = 0.475). For females,
simple slopes analyses revealed significant age-related hippo-
campal development in those with low levels of aggression,
but not in those with high levels of aggression. See Figure 1
for an illustration of the effect in females (and Table 3 for
simple slopes statistics). See Supplementary Figure S3 for
an illustration of the nonsignificant effect in males.
Conversely, there were no effects of change in aggression
(either main or sex moderated effects) on right hippocampus
development (all p values > 0.05). A post-hoc test was per-
formed to investigate whether hippocampal development was
related to aggression at follow-up (and whether this associa-
tion was moderated by sex); this analysis revealed nonsignif-
icant effects (all p values > 0.05).

To examine the specificity of this finding to aggression,
follow-up analyses were run to investigate whether baseline
rule breaking or attention problems were associated with right
hippocampal development. There were no significant main or
sex moderated effects (all p values > 0.05).

Cortical and amygdala-cortical coupling analyses

There were no effects of baseline aggression or aggression
change (either main effects or sex moderated effects) on
change in cortical thickness in the left or right hemisphere.
However, left amygdala development interacted with aggres-
sion change to predict development of thickness in the left
lateral frontal cortex, temporal cortex, and precuneus
(Table 4; Fig. 2). Simple slopes analyses showed that for all
cortical regions, for children with relative reductions in ag-
gression over time, low amygdala volume development (but
not high amygdala volume development) was associated with
reduced cortical thickness with age (see Fig. 2b for an

illustration of pars orbitalis effects). That is, children with
relative reductions in aggression over time exhibited positive
left amygdala-cortical developmental coupling (both amygda-
la and cortical regions exhibited greater reductions in size over
time).

Regarding the hippocampus, left hippocampal develop-
ment interacted with baseline aggression to predict develop-
ment of thickness in left frontal, parietal, temporal, and poste-
rior cingulate regions (Table 5; Fig. 3). Simple slopes analyses
showed that for all cortical regions, for children with relatively
high baseline aggression, low hippocampal volume develop-
ment (but not high hippocampal volume development) was
associated with reduced cortical thickness with age (see Fig.
3b for an illustration of lateral orbitofrontal effects). That is,
children with high baseline aggression exhibited positive left
hippocampal-cortical developmental coupling.

To examine the specificity of these findings to aggression,
follow-up analyses were run to investigate whether baseline/
change in rule breaking or attention problems were associated
with developmental coupling of the left amygdala, left hippo-
campus, and cortical thickness. Change in both rule breaking
and attention problems were both associated with develop-
mental coupling of the left amygdala, and baseline rule break-
ing was associated with developmental coupling of the left
hippocampus; however, the cortical regions implicated did
not overlap with those implicated in aggression results (see
Supplementary Material).

Discussion

In the present study, we investigated the neurodevelopmental
correlates of aggressive behavior in a community-based sam-
ple of 110 children, aged 8 to 10 years. We found that aggres-
sive behavior was associated with the development of the right
hippocampus in females and the developmental coupling of
the amygdala and hippocampus with frontal, temporal, and
parietal cortices across males and females. Specifically, fe-
males with relatively low levels of aggressive behavior at
baseline showed growth in the right hippocampus over time,
whereas females with relatively high levels of aggressive be-
havior did not. Children with relatively low levels of aggres-
sive behavior across time showed positive developmental cou-
pling of amygdala and cortical structure over time.

Table 2 Regression of right hippocampal development on baseline
aggression

Effect Standard Error p value

Aggression 0.026 0.024 0.281

Sex 3.94 0.170 0.022*

SES 0.006 0.007 0.431

T1 ICV <0.001 <0.001 0.413

Ancestry 0.050 0.672 0.941

Aggression x Sex -0.077 0.033 0.023*

Table 3 Simple slopes analysis of right hippocampal development and
baseline aggression in females

Aggression Slope Standard error p value

−1 SD 52.645 11.014 <0.001

+1 SD 6.924 11.428 0.567
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Conversely, children with relatively high levels of aggressive
behavior at baseline showed positive developmental coupling
of the hippocampus and cortical structure over time.
Development of the left hippocampus and bilateral amygdala
were not associated with aggressive behaviors. Results were
not corrected for multiple comparisons.

The only other study, to our knowledge, to examine longi-
tudinally the relationship between hippocampal development
and aggression in healthy children similarly identified a neg-
ative relationship, such that relatively decreased growth of the
hippocampus was related to higher levels of aggression at
baseline (Bos et al., 2018). Although no sex effects were
found, this difference may in part be explained by the age of
their sample, which ranged from 8 to 25 years old. Two prior
cross-sectional studies have investigated the relationship be-
tween aggression and hippocampal volume in healthy chil-
dren and have found either no relationship or increased hip-
pocampal volume (Thijssen et al., 2015, Visser et al., 2013).
However, these studies did not capture development and thus

were unable to address potential age-related hippocampal
effects.

Of note, we found that baseline aggression predicted hip-
pocampal development, but hippocampal development did
not predict levels of aggression at follow-up. This finding
lends some support to an interpretation of aggression levels
affecting brain development (and not vice versa), although it is
possible that unmeasured variables contribute to both patterns
of aggression and brain development.

In interpreting our sex effects for hippocampal develop-
ment, it is important to note that physical aggression in girls
at this age range is a relatively deviant social behavior (Fite,
2018).Interestingly, thehippocampusisastructureimportant
in navigating normative social behavior (Rubin, Watson,
Duff,&Cohen,2014).Theseprocessesareconducted largely
via relational memory, flexible cognitions, and the ability to
learn from consequences (Rubin et al., 2014). Although cau-
salityisnotpossiblewithlongitudinalresearch, thesechanges
in brain development may be interpreted through a Hebbian

Fig. 1 Association between aggression and right hippocampal development in females. Simple slopes are plotted for + and −1 standard deviation from
the mean for aggression score and age. *Significant slope (p < 0.05)

Table 4 Left hemisphere regions whereby thickness development was predicted by left amygdala development and moderated by aggression change

Max Size(mm^2) TalX TalY TalZ CWP Region

−5.457 528.37 −40.1 29.6 16.3 0.01740 Rostral middle frontal

−4.824 522.96 −7.0 −40.0 25.9 0.01890 Isthmus cingulate

-4.136 752.70 -5.8 -64.3 40.8 0.00140 Precuneus

-4.052 1230.70 -41.2 -10.4 -31.4 0.00010 Inferior temporal

-3.788 726.08 -34.4 48.4 -9.9 0.00180 Pars orbitalis

-3.517 1528.35 -9.6 38.0 43.9 0.00010 Superior frontal

-3.154 800.63 -42.7 -28.0 6.7 0.00090 Transverse temporal

-2.826 679.18 -51.9 -3.1 -13.3 0.00330 Superior temporal
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lens. Specifically, the more that girls engage in aggressive
behavior, for whatever reason, the less they utilize the ad-
vanced social capabilities of the hippocampus. The less that
girls utilize thehippocampus (i.e., relationalmemory, inhibi-
tionof aggressive responsesbasedon learned information) in

their social interactions, theweaker these neural associations
become. Consequently, development of the underutilized
hippocampus may be slowed compared to non-aggressive
girls, who regularly call upon the hippocampus to navigate
social relationships.

Fig. 2 a Left hemisphere regions whereby thickness development was
predicted by left amygdala development and moderated by aggression
change. b Developmental coupling of left pars orbitalis thickness and
left amygdala volume in children with relative reductions (left) versus
increases (right) in aggression over time (see Supplementary Figure S7
for plots of raw data). Only the age slope for children with relative

aggression reductions and relatively more left amygdala volume devel-
opment is not significant. Simple slopes are plotted for + and −1 standard
deviation from the mean for amygdala development and age. Note that
the pattern was identical for all cortical regions implicated. SPC = sym-
metrized percent change

Table 5 Left hemisphere regions whereby thickness development was predicted by left hippocampal development and moderated by baseline
aggression

Max Size(mm^2) TalX TalY TalZ CWP Region

4.618 504.67 −40.7 −40.9 -15.0 0.02570 Fusiform

4.317 948.13 −5.7 −31.4 34.9 0.00010 Posterior cingulate

4.264 1115.07 −49.8 −41.6 28.2 0.00010 Supramarginal

4.230 997.14 −34.5 −76.9 24.4 0.00010 Inferior parietal

3.593 487.76 −33 34.9 -8.4 0.03190 Lateral orbitofrontal

3.358 652.76 −44.8 −59.6 3.0 0.00410 Middle temporal

2.664 691.71 −7.7 37.4 28.3 0.00310 Superior frontal

2.530 567.58 −43.8 28.4 26.5 0.01120 Rostral middle frontal
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Regarding our failure to find associations between aggres-
sion and amygdala development, it is notable that other stud-
ies using community samples of children have found no asso-
ciation between bilateral amygdala volume and aggression or
externalizing disorders (Ameis et al., 2014, Visser et al.,
2013). Thijssen et al. (2015), conversely, was the first study
to report an association between aggression and smaller amyg-
dala volume in healthy children. Similar reductions in amyg-
dala volume have been found in children with CD, psycho-
pathic symptoms, and other externalizing psychopathology
(Fairchild et al., 2011; Huebner et al., 2008; Pardini et al.,
2014). Together, this leads us to speculate that abnormalities
in amygdala volume as related to aggression are a result of
comorbid affective or rule-breaking symptoms that would not
be present in a community sample.

However, positive developmental coupling of the amygda-
la with frontal, temporal, and parietal cortex was identified in
children with relatively low, but not high, levels of aggression.
Only one longitudinal study to date has examined the relation-
ship between subcortical-cortical maturational coupling and

youth externalizing behaviors (Bos et al., 2018). While it did
not identify synchronous development of the amygdala and
cortical structures in those with low levels of aggression, it is
likely that the differences in findings can be largely attributed
to coupling occurring beyond the age range found in the
current study. Furthermore, the mean CBCL aggression
score of the sample from Bos et al. (2018) was lower than in
the current study, potentially truncating the ability to capture
development of youth who show high levels of aggressive
behaviors. Similarly, the only other study to our knowledge
to investigate amygdala-cortical structural coupling specifical-
ly in relation to behavioral problems found that positive
amygdala-OFC coupling was associated with lower external-
izing problems in children and adolescents (Ameis et al.,
2014). However, they did not find developmental (i.e., age)
associations. Our finding of positive developmental coupling
of the amygdala and prefrontal cortex in particular being as-
sociated with relatively lower aggression in males is some-
what consistent with previous work in an adolescent sample
(Vijayakumar et al., 2017), where low levels of internalizing

Fig. 3 a Left hemisphere regions whereby thickness development was
predicted by left hippocampal development and moderated by baseline
aggression. b Developmental coupling of left lateral orbitofrontal cortex
thickness and left hippocampal volume in children with relative
reductions (left) versus increases (right) in aggression over time (see
Supplementary Figure S4 for plots of raw data). Only the age slope for

children with high baseline aggression and relatively more left hippocam-
pal volume development is not significant. Simple slopes are plotted for +
and −1 standard deviation from the mean for hippocampal development
and age. Note that the pattern was identical for all cortical regions impli-
cated. SPC = symmetrized percent change
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symptoms were found to be associated with positive develop-
mental coupling between amygdala volume and prefrontal
cortical thickness (Pozzi et al., 2019). Positive developmental
coupling of these regions could indicate better affect regula-
tion, potentially via top-down prefrontal control of the
amygdala.

Positive developmental coupling of the amygdala and pre-
frontal cortex (i.e., greater reductions in cortical thickness com-
bined with less increase in amygdala volume) has been found to
be normative in previous work (Vijayakumar et al., 2017). Taken
together, these results offer support for the existence of a norma-
tive pattern of positive coupling where the amygdala, which
elicits aggressive responses, and cortical regions, including the
prefrontal cortex, which cognitively moderates those urges, are
synchronous in level of development. Therefore, developmental
asynchrony may indicate poorer individual outcomes in terms of
ability to make socially appropriate decisions.

In a pattern opposite to that of the amygdala, we found that
children with relatively high, but not low, levels of aggression
exhibited positive left hippocampal-cortical developmental cou-
pling. The only longitudinal study to date exploring this relation-
ship in the context of youth externalizing behaviors identified
stronger hippocampal-ACC coupling in children with low, but
not high, aggression scores (Bos et al., 2018). However, this
study identified opposite patterns for other subcortical regions.
In this, the authors call upon future research to examine whether
maturational coupling in relation to externalizing behaviors is
regionally specific. In interpreting our finding, it is important to
appreciate the heterogeneity of the limbic system. While the
amygdala has both afferent and efferent connections with the
PFC, hippocampal connections are primarily efferent (Godsil,
Kiss, Spedding, & Jay, 2013). Unlike literature illustrating the
anatomical and functional ties between the amygdala and the
structures of the PFC, research in support of robust cortico-
hippocampal associations is wanting. While research suggests
the importance of hippocampal-PFC connectivity for cognition
and emotion regulation, a comprehensive review of the role of
the hippocampus in “conflict processing” points to the idea of a
relatively autonomous hippocampus—one that has innate inhib-
itory abilities (Godsil et al., 2013; Ito & Lee, 2016). As such,
further research is needed to understand the structural coupling of
the hippocampus with the PFC (and other cortical regions) in
relation to aggression and other behaviors.

Some limitations should be noted. First, we did not correct for
multiple comparisons, and as such, our findings may be subject
to Type I error. However, given the absence of longitudinal
imaging studies of aggression in children, our study represents
an important contribution, and one that future studies should aim
to replicate. Future longitudinal research would particularly ben-
efit from extending the time frame of data collection, greater than
the 18 months in the current study, in order to track changes that
occur outside of the current age range. Another limitation regards
the use of the CBCL aggressive behavior subscale, which was

largely unable to capture relational aggression, as the majority of
the items reflected either physical or verbal aggression, or were
not able to be differentiated into a single subtype of aggression.
Similarly, it could be argued that the CBCL aggressive behavior
subscale encompasses constructs other than aggression, includ-
ing disruptive and affective symptoms. While these items may
seemingly contradict some definitions of aggression, the CBCL
remains a widely used, validated, and reliable scale with excel-
lent clinical utility and demonstrated ability in significantly
predicting all disruptive behavior disorders (Bellina et al., 2012;
Gomez, Vance, & Gomez, 2014). Furthermore, our findings
were specific to aggression, with null or different patterns of
results found for rule-breaking and attention problems. In addi-
tion, we were unable to differentiate between proactive and reac-
tive aggression using the CBCL, which has meaningful biolog-
ical correlates, including impacts on amygdala structure (Pardini
et al., 2014). Of note, observational measures of aggression
would be of considerable value in future research (Ostrov &
Hart, 2012). Finally, FreeSurfer version 5.3 was unable to esti-
mate cerebellum volume using automated segmentation proce-
dures. Future neuroimaging studies utilizing FreeSurfer should
heed subsequent software updates.

To our knowledge, our study is the first structural im-
aging study to investigate aggression in nonclinical youth
of this age range longitudinally. We tentatively suggest
that aggression may predict attenuations in right hippo-
campal growth in females, whereas increases in aggres-
sion with age occur in parallel with attenuation of positive
amygdala-prefrontal coupling in children. According to
Moffitt’s theory of life-course-persistent aggression, chil-
dren that exhibit high levels of aggression early in life are
likely to persist throughout the lifespan and predict future
psychological, social, and legal consequences (Moffitt,
1993). Thus, it is of the utmost importance that aggressive
behaviors are addressed early on to prevent attenuation in
normative brain development as well as adverse conse-
quences later in life.

Future studies should investigate aggression and brain de-
velopment across both early childhood and adolescence in
order to represent fully the rapidly changing social environ-
ments, as well as age-related brain development, across youth.
Future studies also should investigate brain development-
aggression associations using validated and reliable measures
of physical, relational, and verbal aggression, as well as pro-
active and reactive aggression. Separating aggression into dis-
tinct constructs will illuminate the relationship between each
distinct form and function of aggression without the con-
founding influence of disruptive or affective symptoms.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.3758/s13415-021-00871-3.
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