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The devastating social, emotional and economic consequences of human aggression are laid bare nightly on newscasts around the world. Aggression is
principally mediated by neural circuitry comprising multiple areas of the prefrontal cortex and limbic system, including the orbitofrontal cortex (OFC),
anterior cingulate cortex (ACC), amygdala and hippocampus. A striking characteristic of these regions is their structural asymmetry about the midline
(i.e. left vs right hemisphere). Variations in these asymmetries have been linked to clinical disorders characterized by aggression and the rate of
aggressive behavior in psychiatric patients. Here, we show for the first time that structural asymmetries in prefrontal cortical areas are also linked to
aggression in a normal population of early adolescents. Our findings indicate a relationship between parent reports of aggressive behavior in adoles-
cents and structural asymmetries in the limbic and paralimbic ACC and OFC, and moreover, that this relationship varies by sex. Furthermore, while there
was no relationship between aggression and structural asymmetries in the amygdala or hippocampus, hippocampal volumes did predict aggression in
females. Taken together, the results suggest that structural asymmetries in the prefrontal cortex may influence human aggression, and that the
anatomical basis of aggression varies substantially by sex.
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The pervasive nature of human aggression has made it the focus of

nearly a century of intensive research, prompting a range of theories

variously emphasizing its cognitive, behavioral, social, ethological and

neurophysiological underpinnings (e.g. Dollard et al., 1939; Lorenz,

1958; Bandura, 1973; Davidson et al., 2000). Neurophysiological the-

ories have typically attributed aggression to reduced thresholds for

activating negative affect (e.g. anger, distress, agitation) combined

with inappropriate responses to the negative consequences of behaving

aggressively (Davidson et al., 2000). Consistent with this account,

significant relationships have been found between aggression and the

structure and function of neural systems involved in behavioral con-

trol, learning, emotion processing, emotion regulation and affective

style (Grafman et al., 1996; Soderstrom et al., 2000; Dougherty et al.,

2004; Raine, 2008; Motzkin et al., 2011; Juárez et al., 2013). This work

has particularly emphasized the orbitofrontal cortex (OFC) and anter-

ior cingulate cortex (ACC) (Birbaumer et al., 2005), as well as the

amygdala and hippocampus (Critchley et al., 2000; Raine et al.,

2004; Bufkin and Luttrell, 2005).

Although there is general agreement that the structure and function

of prefrontal and limbic regions are associated with aggression, the

exact nature of the relationship remains elusive. In particular, it is

unclear whether aggression-related differences are found bilaterally

or limited to a single hemisphere. For example, increased bilateral

OFC activity has been observed among populations characterized by

aggression (e.g. Goyer et al., 1994; Juhasz et al., 2001; Coccaro et al.,

2007), and individuals who report high levels of trait aggression show

elevated bilateral ACC activation (Eisenberger et al., 2007). Aggression

has also been linked to bilateral changes (Tonkonogy, 1991;

Woermann et al., 2000) in amygdala volume and reduced bilateral

hippocampal volumes in females with borderline personality disorder

(Schmahla et al., 2003) and in male adolescents with conduct disorder

(Huebner et al., 2008; Fairchild et al., 2011). On the other hand, a

recent meta-analysis found only reduced right-hemisphere OFC

and ACC volumes in violent, antisocial and psychopathic individuals

(Yang and Raine, 2009), while other studies have shown increased

hippocampal activity only in the right hemisphere in these individuals

(e.g. Raine et al., 1998).

One potential source of variability in previous studies might be due

to their focus on absolute size or activity in each hemisphere, rather

than on relative differences between the hemispheres (i.e. asymme-

tries). Structural asymmetries are a prominent feature of many parts

of the brain at the level of both gross anatomy and cellular structure

(Toga and Thompson, 2003), and have been functionally linked to key

systems such as language (Foundas et al., 1996) and motor control

(Zilles et al., 1996). Thus, it is plausible to conjecture that a prominent

human behavior such as aggression might also be linked to underlying

structural asymmetries. Asymmetries are also of theoretical interest

because they may be linked to early neurodevelopmental processes,

rather than those that occur as the result of later environmental factors

that are more likely to act similarly on both hemispheres (Bilder et al.,

1999; Raine et al., 2004).

To date, studies that have linked aggression to brain morphology

have focused on clinical samples of individuals who are likely to be

aggressive, such as those with anti-social personality disorder, as there

is no ‘aggressive disorder’ per se. Structural asymmetries have been

shown in frontal and limbic areas in schizophrenia (Keshavan et al.,

2002), anti-social personality disorder (Chesterman et al., 1994) and

psychopathy (Raine et al., 2004). In addition, several studies have

shown evidence for asymmetrical brain activity in relevant areas,
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such as the frontal lobes (Forbes et al., 2006), amygdalae and hippo-

campi (Raine et al., 1997). Structural asymmetries have not yet been

examined in aggressive adolescents. However, it may be useful and

more parsimonious to consider previous findings of volumetric differ-

ences in only one hemisphere that have been found in males with

conduct disorder (e.g. lesser right but not left insula volumes,

Fairchild et al., 2011; lesser left but not right amygdala volumes,

Sterzer et al., 2007) as being due to hemispheric asymmetries.

Although previous research has focused on samples of clinical

groups that are likely to be aggression, aggression also exists in the

normal, non-clinical, population. Recently, Walhovd et al. (2012)

found that brain morphology, including thinner left prefrontal and

supramarginal areas, was related to conduct problems (including,

but not limited to, aggression) in a normal sample of youth.

Although this work is suggestive, it remains unclear whether structural

asymmetries in frontal and limbic areas are linked to normal levels

of human aggression in the absence of comorbid pathology. This

question is a critical focus of the current study.

Our emphasis on understanding normal levels of aggression

that occur in the community outside of a clinical context was a key

motivator in our choice of an early adolescent sample. Early adoles-

cence is a time when aggression begins to approach adult levels, and yet

predates the development of many comorbid problems (e.g. incarcer-

ation, substance use, psychiatric conditions) that often accompany

aggressive behavior. These problems frequently occur in adult samples

conventionally used to study neural correlates of aggression, thus

raising questions about whether comorbid symptoms or other life

experiences might moderate observed brain–behavior relationships

(Yang and Raine, 2009). By using an early adolescent sample, we

aimed to minimize these ambiguities.

Our choice of an adolescent sample was also motivated by the fact

that little is known about how aggression is linked to neuroanatomy

in this age group. Adolescence is a particularly critical period in the

social, emotional and neural development that shapes adult behavior.

Many studies have suggested that there is a rapid increase in the

frequency of physical aggression at this age (Farrell et al., 2005;

Karriker-Jaffe et al., 2008). This has been suggested to parallel the

onset of puberty and to reflect an increased desire to establish dom-

inance in social groups, which is thought to be the main goal of overtly

aggressive behavior such as hitting, kicking and taunting (e.g. Pepler

and Craig, 2005). More worrisome, the increase in physical aggression

in early adolescence is thought to set the stage, in some individuals,

for more serious violence in late adolescence (Loeber and Hay, 1997;

Tolan et al., 2000), and thus open the door to comorbid problems such

as incarceration. Viewed from this perspective, it is clear that under-

standing neural correlates of aggression in this early adolescence may

provide important clues about the foundations of overt aggression

later in life.

A second issue of key importance to us was the impact of sex dif-

ferences on structural correlates of aggression. Unlike past studies,

which have often used exclusively single-sex samples, our participants

comprised approximately equal numbers of males and females. This

allowed us to directly compare structural correlates of aggression

across sex using identical imaging techniques and behavioral measures.

Such comparisons are crucial in light of abundant evidence that

aggression differs significantly between the sexes. For example, it is

well documented that males show greater overt displays of aggression,

such as hitting, than females across the lifespan (Archer, 2004;

Vazsonyi and Keiley, 2007). In addition, there is evidence for sex

differences in the developmental trajectories of aggression (Bjorkqvist

et al., 1992), in anatomical correlates of defiant behavior and irritable

temperament (Boes et al., 2008), and in associations between aggres-

sion and other social, emotional and behavioral problems (Crick and

Grotpeter, 1995). Hess and Hagen (2006) found that faced with an

attack on their character, adolescent females preferentially retaliated

with relational aggression, while males chose both overt and relational

aggression (see also Bjorkqvist et al., 1992; Salmivalli et al., 2000;

Archer, 2004 for evidence that females begin to prefer relational

aggression during early adolescence). Finally, neurophysiological evi-

dence suggests there is a relationship between the duration of adoles-

cent conflicts with parents and ACC asymmetry in boys, but not girls

(Whittle et al., 2008). In light of this evidence, this study investigated

whether differences in aggression might be reflected in variations in

volume or structural asymmetry across sex.

MATERIALS AND METHODS

Participants

We performed magnetic resonance imaging (MRI) scans on a sample

of 153 early adolescent individuals (72 female) selected from a larger

sample of 2479 grade six students in Melbourne, Australia. Participants

were recruited as part of an ongoing research program investigating

the relationship between adolescent temperament, brain development

and risk for psychopathology. Participants were chosen to reflect the

full range of resiliency and risk for aggression on the basis of an

in-school temperament screening consisting of the Early Adolescent

Temperament Questionnaire (Ellis and Rothbart, 2001). To this end,

equal numbers of adolescents were selected across the following ranges

of scores on two higher order factors of the EATQ-R (negative affect-

ivity and effortful control): 0–1 s.d. above and below the mean, 1–2 s.d.

above and below the mean, 2–2.5 s.d. above and below the mean and

>2.5 s.d. above and below the mean. Of 425 selected adolescents,

153 agreed to participate in the MRI component of the study. No

differences between participants who agreed to the MRI and those

who were selected but declined were observed on temperament (nega-

tive affectivity, t[412]¼ 0.58, P¼ 0.56; effortful control, t[412]¼ 0.32,

P¼ 0.75 or sex, �2[1]¼ 0.54, P¼ 0.46). Handedness was established

using the Edinburgh Handedness Inventory (Oldfield, 1971). No par-

ticipants evidenced current or past case level axis I depressive, sub-

stance use or eating disorder, established using The Schedule for

Affective Disorder and Schizophrenia for School-Aged Children:

Epidemiologic Version (Orvaschel, 1995). Demographic information

can be found in Table 1.

Measurement of aggression

As part of a larger battery of measures, a parent (80% mothers) com-

pleted the overt aggression scale from the Social Behavior Scale (Crick,

1996), which is a four-item measure assessing physical aggression (e.g.

Table 1 Demographic information

Males Females Total sample

Age (years) 12.66 (0.47) 12.58 (0.43) 12.62 (0.45)
11.36–13.59 11.40–13.69 11.36–13.69

Handedness, proportion right (%) 87.50 92.30 90.83

Neighborhood socioeconomic status 14.44 (5.17) 15.29 (4.16) 14.83 (4.74)
2–20 2–20 2–20

Ethnicity (%)
Australian 92.62 91.42 92.06
Mixed-Australian 3.69 2.86 3.31
European 2.46 1.43 1.99
Chinese 1.23 1.43 1.32
Indonesian 0 1.43 0.66
Indian 0 1.43 0.66

Numbers in brackets represent 1 s.e.m.
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hitting, kicking). Items are rated on a five-point scale ranging from

1¼ ‘almost never’ to 5¼ ‘almost always’. We chose this scale because it

provides a brief measure that is free of non-aggressive items often

found in other scales, such as over confidence. It also has a wealth

of evidence attesting to its reliability (e.g. Chronbach’s alpha of 0.94 in

a normative sample of school children; Crick, 1996) and validity (e.g.

correlates with other measures of behavior problems more strongly

than mood problems; e.g. Crick, 1996) across a variety of ages, cultures

and clinical and normative samples (e.g. Tomada and Schneider, 1997;

Prinstein et al., 2001; Little et al., 2003). As in previous studies, we

found that participants were, on an average, occasionally aggressive,

with males (mean¼ 132; s.d.¼ 0.52) significantly more aggressive

than females [(mean¼ 1.26; s.d.¼ 0.30), t(1, 124)¼ 2.24, P < 0.03

and d¼ 0.34].

Neighborhood socioeconomic status

Postcode data for participants’ residences were used to provide an

estimate of neighborhood disadvantage using the Socioeconomic

Indexes for Areas (SEIFA) scale of Advantage/Disadvantage, a compos-

ite of 31 variables pertaining to neighborhood disadvantage including

income, unemployment, occupation and education. The Australian

Bureau of Statistics reports that the SEIFA index has good validity

based on analyses using the Australian Census (Trewin, 2001).

Image acquisition

MRI scans were performed on a 3-T scanner at the Brain Research

Institute, Austin and Repatriation Medical Centre, Melbourne,

Australia, using a gradient echo volumetric acquisition sequence

(repetition time¼ 36 ms; echo time¼ 9 ms; flip angle¼ 358; field of

view¼ 20 cm2; pixel matrix¼ 410� 410) to obtain 124 T1-weighted

contiguous 1.5 mm thick slices (voxel dimensions¼ 0.4883�

0.4883� 1.5 mm).

Image pre-processing

Images were transferred to a SGI/Linux workstation for morphometric

analysis. Image pre-processing was carried out using tools from the

FMRIB software library (http://www.fmrib.ox.ac.uk/fsl/). Each three-

dimensional scan was stripped of all non-brain tissue (Smith, 2002)

and aligned to the MNI 152 average template (six-parameter rigid

body transform with trilinear interpolation) using FLIRT (Jenkinson

and Smith, 2001). This registration served to align each image axially

along the anterior commissure-posterior commissure (AC-PC) plane

and sagittally along the interhemispheric fissure without any deform-

ation. Images were resampled to 1 mm3.

Morphometric analysis

Regions of interest (ROIs) were defined and quantified based on pre-

vious techniques developed and published in the Melbourne

Neuropsychiatry Centre (see below). All ROIs were traced using the

software package ANALYZE (Mayo Clinic, Rochester, USA; http://

www.mayo.edu/bir/). Brain tissue was segmented into grey matter,

white matter and cerebrospinal fluid using an automated algorithm,

as implemented in FAST (Zhang et al., 2001). An estimate of whole

brain volume (WBV) was obtained by summing grey and white matter

pixel counts (i.e. WBV included cerebral grey and white matter, the

cerebellum, and brainstem, but not the ventricles, cisterns or cerebro-

spinal fluid). ACC and OFC estimates were based on grey matter pixel

counts contained within the defined ROIs. Amygdala and hippocam-

pus estimates were based on total voxels within the defined ROI.

Amygdala and hippocampus

The guidelines for tracing the amygdala and hippocampus were

adapted from those described by Velakoulis et al. (1999, 2006).

Differences in method, which were adopted in efforts to maximize

reliability for the current data set, relate to marking the anterior

boundary of the amygdala and the boundary between the amygdala

and hippocampus. The anterior boundary of the amygdala was identi-

fied as the section posterior to the most posterior of either the point

where the optic chiasm joins, or the point where the lateral sulcus

closes to form the endorhinal sulcus. Watson et al.’s (1992) protocol

was used to separate the amygdala from the hippocampus (Figure 1).

Anterior cingulate cortex

The boundaries of the ACC have been described in detail by Fornito

et al. (2006). This protocol demarcates limbic and paralimbic portions

of the ACC (ACCL and ACCP, respectively) regions by taking into

account individual differences in morphology of the cingulate (CS),

paracingulate (PCS) and superior rostral sulci. Briefly, the anterior

ACCL contained all grey matter in the gyrus bound by the callosal

sulcus and the CS. The ACCP contained all grey matter in the gyrus

bound by the CS and PCS, except in cases where the PCS was absent,

for which the ACCP contained only the grey matter on the upper bank

of the CS. A PCS was considered present if there was a clearly identi-

fiable sulcus running dorsal and parallel to the CS for more than or

equal to three consecutive sagittal slices that was at least 20 mm in

length.

Orbitofrontal cortex

The boundaries of the OFC were based on a previously published

method (Riffkin et al., 2005). A line through the AC-PC was used to

define the superior boundary of the OFC. The posterior boundary was

marked by a coronal plane passing through the most posterior aspect

of the olfactory sulcus in each hemisphere. All images were manually

edited, using the pencil and edit tools in the ANALYZE software, to

eliminate subcortical tissue and artifacts related to the eye sockets and

nasal bones (Figure 2).

Data analysis

We computed brain volumes for the ACCL, ACCP, OFC, hippocam-

pus and amygdala (corrected for WBV) and then for each region

created: (i) total volumes by adding left and right hemisphere volumes

and (ii) asymmetry indexes by subtracting right hemisphere from left

hemisphere volumes. Total volumes and asymmetry indexes were used

to predict adolescent aggression using hierarchical linear regression

models. Demographic information (age and neighborhood socioeco-

nomic status) and sex were entered in the first block of the regression.

The total volume or asymmetry index was entered in the second block

and the interaction between sex and total volume or sex and asym-

metry index was computed and entered in the third block. For signifi-

cant main or interactive effects, follow-up correlations between brain

region volume and aggression were performed separately by hemi-

sphere (and/or sex) to determine the basis of the sex difference or

hemispheric imbalance.

RESULTS

As shown in Table 2, asymmetries in all frontal regions (ACCL, ACCP,

OFC) predicted adolescent aggression, whereas total volumes did not.

Reduced (left–right) OFC asymmetry predicted aggression for both

sexes, and for this region aggression was associated with greater right

OFC volume, r¼ 0.16, P < 0.05 (and no association with left OFC

volume, P > 0.19). However, in the ACCL and ACCP, follow-up tests
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showed that asymmetries significantly predicted aggression only for

male adolescents. For the ACCL, aggression was linked to increased

(left–right) asymmetry, which was driven by an association between

aggression and greater left volumes (r¼ 0.27, P < 0.03); for the ACCP,

aggression was linked to reduced (left–right) asymmetry, which was

driven by associations between aggression and greater right (r¼ 0.27,

P < 0.03) and smaller left (r¼�0.24, P < 0.05) volumes. In both cases,

these relationships were absent in females (all Ps > 0.64).

As shown in Table 3, neither hippocampal nor amygdala asymme-

tries significantly predicted adolescent aggressive behavior. However,

Fig. 1 Example of manual delineation of bilateral amygdalae (light blue) and hippocampi (purple) on a coronal MR image.

Fig. 2 Example of manual delineation of the OFC (blue), ACCL (yellow) and ACCP (red) on a mid-sagittal MR image.
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total hippocampal volume-predicted adolescent aggression. There was

a significant hippocampus� sex interaction, and follow-up tests

showed that the link between total hippocampal volume and aggres-

sion was significant for females (r¼ 0.40, P < 0.002) but not males

(P > 0.54). Further correlational tests for females indicated that both

the left (r¼ 0.46, P < 0.001) and right (r¼ 0.37, P < 0.004)

hippocampal volume significantly predicted aggression. Notably,

amygdala volume did not predict aggression in either sex.

DISCUSSION

These findings indicate that aggression in a non-clinical sample is

strongly linked to structural asymmetries in the OFC and ACC that

previously have been shown to play a role in impulse control, emo-

tional regulation and activation of negative affect (Critchley et al.,

2000). Thus, as in multiple domains where structural asymmetries

are associated with lateralization of neural function (Powell et al.,

2006), it would seem that functional and neurochemical asymmetries

thought to play a role in aggressive behavior have structural correlates.

These new findings further buttress arguments for the critical role of

frontal areas in the regulation of normal human aggressive impulses

(Critchley et al., 2000), and refute suggestions that comorbid

symptoms and life experiences are the chief determinants of frontal

and limbic differences observed between aggressive patient populations

and normal-matched controls (Yang and Raine, 2009).

Our results fit well with an emergent pattern uniquely linking ACC

asymmetries with male aggression and disorders characterized by

aggression. For example, asymmetries like those shown here have

also been found in males with schizophrenia (Yücel et al., 2001,

2002). Similarly, as noted earlier, previous work by our group with

this sample has shown a strong relationship between the duration of

adolescent conflicts with parents and ACC asymmetry uniquely in boys

(Whittle et al., 2008). On the other hand, the implication of the link

between OFC asymmetries in boys and aggression is less clear. For

example, the increased size of the right OFC relative to the left is

consistent with findings from patients with a history of borderline

personality disorder, but opposite to that reported in teenagers with

first presentation of the disorder (Chanen et al., 2008). This is some-

what surprising given that one might expect first-presentation sufferers

to be more similar to our own sample of adolescents without a psy-

chiatric condition than long-term sufferers. It would seem, then, that

further work is thus needed to understand how OFC asymmetries are

reflected in aggressive behavior.

Unlike frontal areas, asymmetries in the hippocampus and amygdala

were unrelated to aggression. Instead, only increased hippocampal vol-

umes predicted aggression, and this relationship was obtained only

in females. Interestingly, this finding is the opposite of that shown

in previous clinical literature, which linked borderline personality

disorder with reduced hippocampal volumes in female patients

(Schmahla et al., 2003). It also fails to replicate previous evidence for

the presence of hippocampal asymmetries in jailed male psychopaths

(Raine et al., 2004). Tentatively, we suggest that differences between

our results and earlier work may reflect our use of an early adolescent

non-clinical population, and that previous evidence for hippocampal

asymmetries in criminal psychopaths reflected a link with comorbid

symptoms rather than aggression per se.

At first glance, our failure to find a link between amygdala volumes

and aggression also seems surprising. The amygdala has conventionally

been linked to individual differences in processing of negative emo-

tions and emotional dysregulation (Minzenberg et al., 2007) that can

lead to aggressive behavior. In addition, past research has demon-

strated reduced amygdala volume in patients with borderline person-

ality disorder relative to normal controls (Driessen et al., 2000;

Schmahla et al., 2003; van Elst et al., 2003; Nunes et al., 2009). On

the other hand, we have shown elsewhere that amygdala volumes were

larger in normal adolescents who showed increased durations of

aggressive episodes during conflicting interactions with their mothers

(Whittle et al., 2008). In sum, then, the relationship between volumet-

ric changes in the amygdala and aggression remains unclear. It may be

that such a link is found only in patient populations such as those

with borderline personality disorder, and thus is related to the non-

aggressive behaviors that are specific to such clinical populations. Such

differences would not be observable in our community-based sample

of young adolescents. Alternatively, it could be that structural changes

are related to other types of aggression (e.g. relational), but not to

overt aggression. This is clearly an issue that requires further

investigation.

A key issue that remains to be addressed concerns how sex differ-

ences observed here are linked to aggressive behavior. For males, our

findings suggest that increased overt aggression is linked to a reversal

of the normal pattern of ACC asymmetries characterized by leftward

asymmetry of the ACCP and rightward asymmetry of the ACCL (Yücel

et al., 2001). Generally speaking, greater lateralization of brain function

seems to confer advantages to tasks suited to more localized (i.e.

intra-hemispheric) brain function (Toga and Thompson, 2003) via

Table 2 Summary of hierarchical regressions predicting adolescent aggression with
adolescent ‘frontal’ brain volume/asymmetry measures

Predictors and
dependent
variables

� t (P) �F (P) (for
the final
model)

�R2 (R2)

ACCL total 0.16 1.45 (0.15) 1.15 (0.34) 0.004 (0.030)
ACCL total� sex �0.12 �1.07 (0.29) 0.005 (0.037)
ACCL asymmetry 0.25 2.24 (0.02)* 1.84 (0.10) 0.005 (0.031)
ACCL asymmetry� sex �0.23 �2.06 (0.04)* 0.027 (0.058)
ACCP total �0.003 0.031 (0.97) 0.77 (0.61) �0.003 (0.024)
ACCP total� sex �0.019 �0.17 (0.86) �0.009 (0.024)
ACCP asymmetry �0.41 �3.78 (0.001)*** 3.63 (0.004)** 0.039 (0.064)
ACCP asymmetry� sex 0.30 2.76 (0.007)** 0.079 (0.109)
OFC total 0.056 0.52 (0.60) 0.81 (0.54) 0.001 (0.027)
OFC total� sex 0.001 0.007 (0.99) �0.006 (0.027)
OFC asymmetry �0.22 �1.94 (0.05)* 1.49 (0.20) 0.007 (0.033)
OFC asymmetry� sex 0.18 1.53 (0.13) 0.016 (0.048)

Statistically significant results highlighted in bold (*P < 0.05, **P < 0.01, ***P < 0.001). Hierarchical
linear regression models used with standardized variables. Neighborhood economic status, sex and
age entered at first step as covariates. Brain volume entered in second step, brain volume by sex
interaction entered at third step. Brain volumes used have all been corrected by whole brain volume.
Beta weight reported is the standardized coefficient.

Table 3 Summary of hierarchical regressions predicting adolescent aggression with
adolescent ‘limbic system’ brain volume/asymmetry measures

Predictors and
dependent
variables

� t (P) �F (P) (for
the final
model)

�R2 (R2)

Hippocampus total 0.28 2.20 (0.03)* 1.89 (0.10) 0.004 (0.028)
Hippocampus total� sex �0.27 �2.19 (0.03)* 0.025 (0.057)
Hippocampus asymmetry 0.17 1.52 (0.13) 1.21 (0.31) 0.009 (0.035)
Hippocampus asymmetry� sex �0.08 �0.77 (0.44) 0.007 (0.039)
Amygdala total �0.01 �0.09 (0.93) 1.43 (0.22) 0.007 (0.033)
Amygdala total� sex 0.16 �1.44 (0.15) 0.014 (0.047)
Amygdala asymmetry �0.07 �0.61 (0.54) 0.84 (0.52) �0.003 (0.024)
Amygdala asymmetry� sex 0.08 0.78 (0.44) �0.005 (0.028)

Statistically significant results highlighted in bold (*P < 0.05). Hierarchical linear regression models
used with standardized variables. Neighborhood economic status, sex and age entered at first step as
covariates. Brain volume entered in second step, Brain volume by sex interaction entered at third
step. Brain volumes used have all been corrected by whole brain volume. Beta weight reported is the
standardized coefficient.
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decreased interhemispheric information exchange and/or from inter-

hemispheric inhibition (Luders et al., 2003). Thus, the observed rever-

sal in asymmetries may reflect a disruption to the patterns of inter- or

intra-hemispheric neural function that are normally recruited to pro-

mote non-aggressive behavior. Another possibility is suggested by stu-

dies that have linked reduced leftward asymmetry in the ACCP and

poorer cognitive performance (Fornito et al., 2008). This finding opens

up the possibility that abnormal development of the ACC in males may

bias them toward increased overt aggression in place of more sophis-

ticated social strategies that would likely depend heavily on ACC func-

tioning (Carter et al., 2000; Sanders et al., 2002).

As noted earlier, the relationship between increased hippocampal

volume and aggression in our female sample was the opposite of

that seen in earlier studies with both male psychopaths (Laakso

et al., 2001) and females with borderline personality disorder (Nunes

et al., 2009). Nevertheless, in formulating a hypothesis to explain the

impact of increased hippocampal volume on female aggression, it is

useful to consider the putative roles of the hippocampus in aggression

suggested in these earlier reports. In particular, Raine et al. (2004) have

linked changes in hippocampal structure to disruption of a fron-

tal–hippocampal circuit that is critical for emotional regulation, fear

learning and an appreciation of cues that may lead to avoidance of

punishment. If we assume that structural changes can also produce

enhanced functioning in some circumstances, then it is possible that an

enlarged hippocampus might be indicative of increased efficiency in

this circuit. In turn, this might imply that females with an enlarged

hippocampus use aggression more often because they are better able to

avoid the punishments that are usually administered in response to this

behavior.

Another question to be considered is the potential origins of

individual differences in brain structure and asymmetry. Distally, the

structural changes seen here may reflect genetically linked neuro-

developmental changes. Consistent with this proposition, recent

research suggests that lateralization and aggression are intimately

linked across diverse vertebrate species (Rogers, 2002). Moreover, sev-

eral genes have been directly implicated in aggression associated with

antisocial personality disorder (Meyer-Lindenberg et al., 2006; Raine,

2008). However, the genetic origins of the asymmetries obtained here

cannot be definitively demonstrated because they are based on differ-

ences in regional volumes, which may be influenced by a variety of

environmental factors (Weinberger and McClure, 2002). In light of

this caveat, it may be useful for future work to search for morpho-

logical differences between the left and right ACC that can be confi-

dently attributed to pre- or peri-natal neurodevelopmental influences

(Armstrong et al., 1995).

While the present work has provided a window into the structural

correlates of overt aggression in the brains of young adolescents, the

results must be considered in light of some limitations. One such

limitation is the correlational nature of our results, which renders us

unable to determine causal relationships between structure and aggres-

sion. Another limitation of our work is that we focused exclusively on

overt aggression. Thus, we cannot speak to the issue of how structural

characteristics observed here might be related to other forms of

aggression, such as relational aggression, which also increase in fre-

quency in this age group (Karriker-Jaffe et al., 2008). This is clearly an

important area for future investigation. It might also be argued that

our choice of young adolescent participants limits our ability to gen-

eralize our findings to other age groups, particularly because of the

significant neuroanatomical changes that occur in early adolescence

(Giedd et al., 1999; Lenroot and Giedd, 2006). While this may be

true, we think that the increasing prevalence of physical aggression

in this age group, along with the evidence that this forms the beha-

vioral foundation for more serious violence in later years, makes

understanding the anatomical underpinnings of young adolescent ag-

gression particularly crucial to delineating the development aggression

into adulthood. Finally, it must be noted that this study represents a

snapshot of adolescent brain structure. Longitudinal data are of great

importance, and we are currently following up this sample in order to

begin to examine developmental associations.

In conclusion, we have shown that structural asymmetries in the

ACC and OFC can be linked to overt aggressive behavior in young

adolescents, and that these associations vary with sex. This opens up

many new research questions aimed at discovering the functional sig-

nificance of these structural differences for both normal and abnormal

levels of human aggression. Such work will likely be closely linked with

establishing the source of asymmetries at genetic, environmental and

cellular levels and the implications of these asymmetries for diverse

displays of human aggression. This future research will be particularly

important to develop a comprehensive view of the origins of aggres-

sion, incorporating its origins from a complex network of cognitive,

behavioral, social, ethological and neurophysiological factors. The pre-

sent findings here provide one piece of evidence about the biological

origins of this important human behavior. It remains to be shown how

structural brain asymmetries are intertwined with other factors in

yielding aggression.
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