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Abstract 

Antisocial behavior is highly prevalent in young and adult populations worldwide and constitutes a 

major public health problem due to the huge burden on the individual as well as the significant 

economic burden on society. A better understanding of the underlying neurobiological mechanisms of 

antisocial behavior is warranted to improve current diagnostics (e.g. early detection of children at risk) 

and effective prevention/treatment programs. So far, neuroimaging studies have indicated neural 

atypicalities in youths with antisocial behavior; however, the direction and location of these brain 

alterations vary across studies. These ambiguities are most likely caused by the heterogeneity of the 

young samples with antisocial behavior studied, especially regarding sex, clinical diagnoses, and the 

presence of callous-unemotional traits.  

 

The central aim of this dissertation was to further the neuroscientific knowledge of antisocial behavior 

in children and adolescents by investigating the underlying structural and functional neurobiological 

characteristics, with an extra focus on possible sex differences and callous-unemotional traits. First, 

we examined the current neuroimaging literature, through meta-analyses, with the purpose of 

overcoming the heterogeneity of antisocial behavior and generating a common ñoverlappingò pattern 

of structural and functional atypicalities in youths with antisocial behavior. Secondly, the relation 

between callous-unemotional traits and brain structure was investigated separately for sex and 

independently of psychiatric comorbidities. Thirdly, this work investigated the white matter integrity 

within a homogenous group of girls with conduct disorder ïthe severe variant of antisocial behaviorï 

in comparison to typically developing peers. 

 

This work expands our current knowledge on the structural and functional neural correlates in children 

and adolescents with antisocial behavior in several ways. For one, our meta-analytic results indicate a 

consistent pattern of gray matter reductions and hypoactivations in brain areas within the prefrontal 

and limbic cortex. These findings fit a recently proposed neurobiological model that connects 

alterations within similar brain regions with the behavioral dispositions of antisocial behavior (e.g. 

dysfunctions in empathy, emotional learning, and decision making). Secondly, we observed a positive 

relation between callous-unemotional traits and bilateral insula volume in a large international 

population of typically developing boys, but not in girls, independent of psychiatric disorders. This 

demonstrates that callous-unemotional traits have a sex-specific neurobiological basis beyond 

psychiatric samples. Thirdly, this work presents novel findings of white-matter integrity alterations in 

the body of the corpus callosum of girls with antisocial behavior, indicating possible reduced 

interhemispheric processing and consequent emotion processing abilities. In short, the present thesis 

provides original findings regarding the neurobiology of antisocial behavior in youths and emphasizes 

the importance of callous-unemotional traits and sex differences. Our results encourage future studies 

to further investigate the developmental trajectories and potential neural markers of antisocial behavior 

in order to enhance early detection and improve intervention programs, which could ultimately reduce 

antisocial behavior and delinquency in our society. 
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Chapter 1. General Introduction 

 1.1.  Antisocial behavior in children and adolescents 

Antisocial behavior is one of the most common psychiatric problems in young and adult populations 

worldwide and causes a huge burden for the individual and the society as a whole. Examples of 

antisocial behaviors are theft, bullying, truancy, physical cruelty to animals and people, sexual 

aggression, and destruction of property. Antisocial behavior can commence at an early age in 

childhood. Young children are especially prone to develop poor social functioning skills and this in 

turn often leads to social exclusion affecting social relationships and family life, which continues 

throughout adulthood. Besides social difficulties, antisocial behavior also negatively impacts other 

aspects of the individualôs life, such as an academic and occupational career. Not only does antisocial 

behavior cause personal distress for the child, it also affects the families, the communities, and the 

society as a whole. For example, children with antisocial behavior increase the societal expenses with 

a tenfold by using the resources of child mental health and juvenile justice organizations (Bardone et 

al., 1998; Pedersen & Mastekaasa, 2011; Scott et al., 2001). Also, children with antisocial behavior 

have a higher risk to develop an antisocial personality disorder during adulthood which extensively 

increases their burden throughout life (StormȤMathisen & Vaglum, 1994). So far, a few studies have 

shown that family and parenting interventions have beneficial effects for the juvenile delinquents such 

as reducing institutionalization and criminal activity (Woolfenden, Williams, & Peat, 2002). 

Nevertheless, the general treatment success rates are limited and remain modest. Comprehensive 

treatment could potentially reduce the antisocial behavior by 12-25% but appears unable to normalize 

the behavior completely. A better understanding of the underlying neurobiological mechanism of 

antisocial behavior could explain this modest treatmentôs efficacy and assist the development of 

innovative interventions. Improving the existing treatments or developing new methods is necessary to 

prevent and reduce antisocial behavior and delinquency in our society. 

 

Antisocial behavior in children and adolescents can be subdivided into several clinical diagnoses 

depending on the behavioral symptoms and severity as is described in the diagnostic and statistical 

manual of mental disorders (DSM-5; (APA, 2013)). Till the age of 18, youths with antisocial behavior 

symptoms generally receive a disruptive behavior disorder (DBD) diagnosis, an umbrella term for two 

sub-diagnoses: oppositional defiant disorder and conduct disorder. Oppositional defiant disorder 

(ODD) is the less severe form of DBD and usually identified in early childhood. Typical symptoms 

that belong to ODD are angry and irritable mood, defiant and noncompliant behavior, or 

vindictiveness. Children and adolescents with ODD easily lose their temper, deliberately annoy others, 

or refuse to comply with rules or authority; this behavior can cause substantial impairment in the 

childôs educational and social functioning. Twenty-five percent of children with an ODD diagnosis 

will ultimately also develop conduct disorder (Tolan & Leventhal, 2013). In contrast to ODD, children 
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with conduct disorder (CD) display severer features such as aggression and violence in their behavior; 

for example, physical aggression to people and animals, property destruction, deceitfulness, theft, and 

serious violation of societal norms and rules (DSM-5 312.8;(APA, 2013)). These children frequently 

bully and fight with others, engage in shoplifting or mugging, or vandalize property. The estimated life 

time prevalence of conduct disorder corresponds to 7% in girls and 12% in boys (Nock et al., 2006). 

Not only is conduct disorder a more severe variant of antisocial behavior in youths, it is also the most 

stable variant functioning as a key precursor for an antisocial personality disorder (ASPD) in 

adulthood (Lahey et al., 2005). Another indicator for the severity of the antisocial behavior is the 

presence of psychopathic traits such as lack of remorse, pathological lying, and callousness (Frick & 

White, 2008).  

 

1.2.  Behavioral dispositions and risk factors in antisocial behavior 

In the last few decades, researchers intensively investigated the behavioral dispositions and etiology of 

antisocial behavior. Impulsivity, fearlessness and lack of empathy are the most commonly observed 

behavioral dispositions underlying antisocial behavior (Cloninger & Svrakic, 1997; Eysenck, Milton, 

& Simonsen, 1998; Lahey, Waldman, & McBurnett, 1999; Quay, 1993). Based on these behavioral 

abnormalities several theoretical neuropsychological explanations emerged. An oversensitive (i.e. 

hyperactive) behavioral activation system may explain impulsivity (Gray & McNaughton, 1982), and 

an abnormal cognitive control and emotion regulation system could lead to dysfunctional inhibition of 

behavior. Insensitivity to punishment, poor decision making, and hyperresponsiveness to reward are 

all mechanism linked with fearlessness (Blair et al., 2006; Byrd, Loeber, & Pardini, 2014; Fairchild et 

al., 2009b; Pujara et al., 2014). Difficulties in emotion recognition or altered moral reasoning are 

proposed as underlying mechanisms for the lack of empathy in antisocial behavior (Blair et al., 2001; 

Blair & Lee, 2013). Various risk factors for developing antisocial behavior exist and are classified as 

biological predispositions and environmental factors. Biological predispositions are present at birth 

and comprise genetic, neural, endocrine, and psychophysiological factors. Early genetic studies 

investigating twins and adopted children estimated an important magnitude (~56%) of genetic 

influences on the development of antisocial behavior (Eley, Lichtenstein, & Stevenson, 1999; 

Ferguson, 2010; Rhee & Waldman, 2002). Several candidate genes (e.g. COMT, MAOA, and 5-HTTT 

genes) function as potential risk factors to develop antisocial behavior (Caspi et al., 2002; Ficks & 

Waldman, 2014; Retz et al., 2004; Thapar et al., 2005). These discovered genes likely interact with 

each other through complex regulation pathways that most probably involve numerous genes that yet 

have to be identified. Even though a genetic base is evident, still maltreatment exposure is equally 

important in the development of antisocial behavior. For example, a reduced activity of the X-

chromosomal MAOA gene enhances the risk for developing antisocial behavior, however, only in 

combination with familial maltreatment and till a certain extend of trauma exposure (Caspi et al., 

2002; Kim-Cohen et al., 2006; Nilsson et al., 2007). These findings indicate a complex interplay of 
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genetic and environmental factors in regards to the developmental trajectory of antisocial behavior. 

Due to the close interaction between genes and hormones, it is not surprising that hormonal 

-testosterone and cortisol- levels may function as such biological risk factors (Alink et al., 2008; van 

Honk et al., 2010) for review: (Hawes, Brennan, & Dadds, 2009; van Goozen et al., 2007)). Also on a 

psychophysiology, level robust indicators such as low heartrate and atypical heartrate variability exist 

for antisocial behavior in children and adolescents (Ortiz & Raine, 2004; Raine, Venables, & 

Mednick, 1997). In addition to these multitude of biological factors also the individualôs temperament 

should be mentioned as an significant factor, since children with increased novelty-seeking behavior 

and less harm-avoidance are at risk to develop conduct disorder (Schmeck & Poustka, 2001). Besides 

these biological aspects the trajectory of antisocial behavior is also influenced by environmental 

factors such as familial and societal life experiences. Family dysfunction, harsh parenting, and 

emotional neglect are a few examples that could obstruct the normal development of prosocial 

behavioral skills in young children, such as recognition of social cues, empathy, and self-control 

(Lansford et al., 2003; Pardini, Lochman, & Powell, 2007; Schaffer, Clark, & Jeglic, 2009; Schwartz 

et al., 2000). Negative life experiences (e.g. neighborhood violence, poverty, and social peer conflicts 

(Vitaro, Brendgen, & Tremblay, 2000)) strongly correlate with parental socio-economic status and 

induce aggression-oriented behavioral schemes, e.g. strong emotional reactions and wrong cognitive 

interpretations (Lahey et al., 1999). In sum, a multitude of factors from womb to adulthood may 

initiate and/or affect the developmental trajectories of antisocial behavior in youths. 

 

1.3.  Neurobiological basis of antisocial behavior 

The improvement of neuroimaging techniques, i.e. magnetic resonance imaging (MRI), in the last 

three decades provided neuroscientists the ability to non-invasively investigate the neural phenotype of 

youths with antisocial behavior. Consequently, a rapid increase in neuroimaging studies on the 

psychopathology of antisocial behavior laid the foundation for its possible neural correlates (Dolan & 

Fullam, 2009; Finger et al., 2008; Kiehl et al., 2001; Sterzer et al., 2007; Yang et al., 2009a). The 

amygdala is, for example, one of main brain areas that is numerously linked to antisocial behavior, this 

is not surprising since normal amygdala functioning is crucial for behaviors (such as emotional 

processing, empathy, and fear response) that are disrupted in individuals with antisocial behavior 

(Blair, 2003; Ledoux & Schiller, 2009). Therefore, amygdala dysfunction is recognized as one of the 

key characteristics in the symptomatology of antisocial disorders (Albein-Urios et al., 2013; Blair, 

2003, 2008b; Jones et al., 2009; Marsh et al., 2008).  

 

Other important brain areas that are often linked with antisocial behavior in youths are the insula, the 

cingulate cortex, and the prefrontal cortex. The involvement of the insula is not unexpected, since this 

brain structure plays an important role in emotional behavior (i.e. emotion processing, emotion 

recognition, and empathy) often disrupted in youths with antisocial behavior (Decety et al., 2009; 
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Decety, Skelly, & Kiehl, 2013; Fairchild et al., 2014; Lockwood et al., 2013; Passamonti et al., 2010; 

Rubia et al., 2009). The insula not only plays a role in the evaluation, experiencing, or expression of 

internally generated emotions, but is especially associated with disgust and anger (Lindquist et al., 

2012; Phan et al., 2004; Phillips et al., 1997). Similarly, the anterior part of the cingulate cortex (ACC) 

is also an essential brain structure involved in emotional processing and empathy, and additionally for 

response inhibition (Dalwani et al., 2011; Lockwood et al., 2013; Stadler et al., 2007; Sterzer et al., 

2005). Not only is the ACC part of the emotion processing network (Botvinick, 2007; Etkin et al., 

2006), but the ACC is also involved in executive functioning e.g. regulating cognitive and emotional 

processes (Botvinick, 2007; Ridderinkhof et al., 2004). The amygdala, insula, and ACC all belong to 

the limbic system located beneath the cerebrum on both sides of the thalamus. This system supports a 

variety of functions essential for human behavior such as memory, social cognition, motivation, 

emotional responses, and regulation of the autonomic nervous that needs interconnections between 

numerous brain structures system (Rajmohan & Mohandas, 2007); the ACC for example connects 

with various brain areas located within as well outside the limbic system, e.g. the insula and the 

prefrontal cortex (Derbyshire, 2000; Vogt, 2005). The prefrontal cortex, a neocortical structure that is 

most developed in primates and humans, is responsible for cognitive control, by means of attention, 

decision-making, and behavior regulation, over the simple and more automatic behaviors (Miller & 

Cohen, 2001). Previous neuroimaging studies have indicated strong correlations between the altered 

regions within the prefrontal cortex and antisocial behavior (Beyer et al., 2014; Blair, 2004; Decety et 

al., 2013; Ermer et al., 2012; Liu et al., 2014; Loeber et al., 2000; Potegal, 2012; Raine et al., 2000). It 

is evident that the increased, though still limited, amount of neuroimaging studies provided significant 

insight into the neuronal dispositions of antisocial behavior in children and adolescents.  

 

Recently a cognitive neurobiological model of antisocial behavior in youths, with a particular focus on 

psychiatric traits, has been proposed (Blair, 2013). This model includes two core cognitive 

impairments, i.e. reduced emotional empathy and dysfunctional decision making, and connects these 

with several brain regions that are frequently implicated in antisocial behavior: the amygdala, the 

ventromedial prefrontal cortex (vmPFC), the dorsomedial prefrontal cortex (dmPFC), the striatum, and 

the anterior insula (see Figure 1.). According to the model, the underlying cause of reduced empathy is 

the dysfunctional processing of social distress cues (e.g. fearful facial expressions); these cognitive 

characteristics are linked with reduced amygdala responses -and possible lack of attention- to such 

cues. Impaired processing of social distress cues is also proposed to negatively affect social 

(reinforcement) learning, which is associated with anterior insula and vmPFC dysfunction. For 

example, observing distress cues from others (e.g. pain or other emotional reactions) diminishes an 

aggressive response in typical individuals. According to the model inadequate processing and/or 

associating of these distress cues reduces such empathic responding, as is commonly observed in 

youths with antisocial behavior. Dysfunctional decision making, the second core impairment in this 
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model is likely caused by a disrupted association between reinforcements (either reward or 

punishment) and an individualôs action. Blairôs model (2013) suggests that the abnormalities in 

reinforcement learning are twofold. First, youth with antisocial behavior are more insensitive to 

reinforcements due to a lower prediction error (difference between expected and received outcome), a 

process that involves the amygdala, vmPFC, and striatum. Secondly, these youths have a poorer 

representation of the expected reward of an action, which is linked to abnormal activity within the 

anterior insula and dmPFC. Overall, this neurobiological model has described a detailed theoretical 

relationship between the behavioral and neuronal characteristics of youths with antisocial behavior. 

  

 

Despite the accumulated evidence of atypical brain structure and function in youths with antisocial 

behavior, the brain regions that are commonly affected are still not objectively determined. This is 

mainly due to the ambiguity of current neuroimaging findings: For example, studies not only differ 

regarding the set of altered brain regions observed, but also in the direction of these alterations 

-increases or decreases- even within the same brain regions. The main reason for these 

inconsistencies are likely the different inclusion criteria applied, especially considering the clinical 

definitions of antisocial behavior, age, and sex of the participants included. In the following sections, 

we will review the evidence of the neuroimaging studies investigating antisocial behavior in youths in 

more depth. 

 

1.4. Structural brain correlates 

To date, magnetic resonance imaging (MRI) is the most frequently used technique in psychopathology 

research to investigate anatomical features of the human brain in relation to psychological disorders or 

abnormal behaviors. Depending on the specific disorder and study aim, researchers investigate either 

gray matter, white matter, cerebrospinal fluid, or a combination of these (see Box 1. for an overview of 

brain anatomy). Structural MRI images allow researchers to compute the morphometry of the brain in 

terms of gray matter density, gyrification, cortical thickness, white matter tracts, total brain volume, or 

Figure 1. A schematic neurobiological 

model of brain regions implicated in youths 

with antisocial behavior. 

Dysfunctions within the amygdala, the 

striatum, the ventromedial prefrontal cortex 

(vmPFC), the dorsomedial prefrontal cortex 

(dmPFC), the anterior insula, and the 

striatum are linked with impairments in 

emotional empathy and/or decision-making.  

 
 

Picture is an adapted version from Blair (2013) Nature 
Reviews Neuroscience. 
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the amount of cerebrospinal fluid. The subsequent sections provide an overview of the techniques and 

outcome of previous neuroimaging studies investigating the gray and white matter structural correlates 

of antisocial behavior in youths. 

 

Box 1. Anatomy of the human brain. 

 

In the neuroimaging work field, the human brain is roughly subdivided into 

three distinct types of tissues: gray matter, white matter and cerebrospinal 

fluid/meninges (see image: a typical structural MRI scan). Gray matter 

consists of abundant neuron cell bodies, dendrites, and small blood 

capillaries for oxygen and glucose transportation; this tissue covers the 

brain (cortex) as a thin layer with sulci and gyri. White matter primarily 

consists of the long-range neuronal axons that connect with other 

neuronal cell bodies located throughout the brain. Myelin is a fatty white 

substance that protects and nurtures the axons by surrounding them; it is 

also the source for the white color and thus the name of this type of brain 

tissue. Cerebrospinal fluid and the meninges surround all brain tissues and 

ventricles to protect against injuries, pathogens, and waste accumulation. 

 

1.4.1 Gray matter alterations  

Voxel-based morphometry (VBM) has become the most popular computational imaging technique, 

due to its simplified approach and automated algorithm, for investigating gray matter morphometry in 

antisocial behavior (Alegria, Radua, & Rubia, 2016; Ashburner & Friston, 2000; Baker et al., 2015; 

Lagopoulos, 2007; Wright et al., 1995). This sensitive technique distinguishes the different types of 

brain tissue on a voxel-level from T1-weighted anatomical 3D MRI images and can compute two 

output quantities for gray matter: its volume and its density. The VBM application consists of three 

general processing steps, the first step starts with spatial normalization; each individual brain is 

transformed to a standardized template, this can be either a customized group template or a more 

generic template available online (for a more detailed overview about VBM see Ashburner & Friston, 

2000). During normalization, a non-linear-registration algorithm morphs each voxel within the brain to 

the standardized template by stretching and compressing the global brain regions embodying that 

voxel. The second step consists of segmenting the earlier normalized brain data into three tissue types 

(e.g. gray matter, white matter, and cerebrospinal fluid). This segmentation step classifies each voxel 

based on their gray-scale color intensity and their location, i.e. the likelihood of a tissue type at a given 

location, and outputs segmented images containing values that indicate the probability of belonging to 

the specific tissue type the so-called tissue density. The third step is spatially data smoothing, this 

advances the normalization and enhances the normal distribution of the data, thus increasing the power 

of the forthcoming parametric statistical analyses. During smoothing the intensity of every voxel is 

replaced by the weighted average of its neighboring voxels. After these crucial VBM processing steps 

the statistical analysis starts using the general linear model (GLM) followed by voxel-wise standard 

gray matter 

white matter 

cerebrospinal fluid 



Chapter 1.  General Introduction 

 

9 

 

parametric (e.g. t-test, F-tests) or nonparametric (e.g. permutation test) statistical testing, hereby a 

correction for multiple comparisons is necessary to correct for the numerous voxel-by-voxel analyses 

(Friston et al., 1995). In sum, VBM is a useful technique that can infer about disorder-specific gray 

matter atypicalities.  

 

A less frequently used method to measure gray matter in youth with antisocial behavior is surface-

based morphometry (SBM); this technique measures the thickness and folding of the gray matter using 

specialized geometric models. First, SBM extracts the cortical surface of the brain (i.e. segmentation 

and skull-stripping) by stripping the outer cortexôs layer away and creating a cortex volume with two 

surfaces: the gray/white surface (adjoins white matter structures) and pial surface (adjoins the pia 

mater) (Dale, Fischl, & Sereno, 1999; Fischl, 2012; Fischl & Dale, 2000; Fischl et al., 2002; Fischl, 

Sereno, & Dale, 1999). The subsequent step is the deformation of the extracted surfaces using 

triangular tessellation to inflate or flatten the cortexôs surface in order to compute the morphometrical 

features of the brain. In this manner the surface area, the thickness, and the curvature of the cortex can 

be calculated (Fischl et al., 1999). The following step is spatial normalization; just as with VBM this is 

also a crucial step in SBM for the acquirement of accurate results when performing group comparison 

analyses. Similar to VBM, SBM uses a high-dimensional non-linear registration algorithm, but instead 

of using the imageôs intensities SBM uses the surface curvature. In this way the major sulcal and gyral 

patterns are used as homologous anatomical regions for the alignment to a specialized surface-based 

atlas (Dale et al., 1999). After normalization a smoothing step is applied to the flattened 2D surface of 

cortex allowing a more precisely smoothing and thus improving the biologically meaningfulness, 

subsequently similar statistical analyses as mentioned for VBM can be applied here for group 

comparison. 

 

The increased usage of VBM and SBM techniques has broadened our knowledge of cortical 

alterations in children and adolescents with antisocial behavior. The majority of neuroimaging studies 

have utilized VBM to investigate antisocial behavior, these studies have frequently reported reduced 

gray matter density, especially in frontal and temporal brain regions (Cope et al., 2014; Dalwani et al., 

2011; Dalwani et al., 2015; De Brito et al., 2011; De Brito et al., 2009; Ermer et al., 2013; Fahim et 

al., 2011; Fairchild et al., 2013a; Fairchild et al., 2011; Huebner et al., 2008; Kruesi et al., 2004; 

Michalska et al., 2015; Sarkar et al., 2013; Sterzer et al., 2007; Stevens & Haney-Caron, 2012). 

Likewise, studies using SBM have provided additional evidence of reduced thickness and atypical 

curvature of the cortex within similar brain regions involved in emotion processing, reward and 

empathy, i.e. the orbitofrontal cortex, insula, and amygdala (Fahim et al., 2011; Hyatt, Haney-Caron, 

& Stevens, 2012; Wallace et al., 2014). However, some VBM studies had opposing results observing 

gray matter increases in the anterior cingulate and prefrontal cortices (Dalwani et al., 2011; De Brito et 

al., 2011; De Brito et al., 2009), or were unable to identify any gray matter deviations from typically 
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developing youths (Hummer et al., 2015; Michalska et al., 2015). Although many studies indicated 

gray matter atypicalities in youths with antisocial behavior, still the direction and location of these 

alterations vary across studies and are likely caused by the differences in inclusion criteria applied to 

compose young samples with antisocial behavior. 

 

1.4.2. White matter alterations 

Several neuroimaging techniques exists nowadays to investigate the volume, density, or the 

microstructural properties of white-matter structures (i.e. white matter fiber tracts), thus far two 

techniques have been used to investigate antisocial behavior in youth (Baker et al., 2015; Waller et al., 

2017). One method is the previously mentioned voxel-based-morphology (VBM) technique which 

computes the volume and density of white brain matter with identical processing steps for gray matter 

as described within the previous section. The other more frequently applied technique is diffusion 

tensor imaging (DTI). This technique is based on the three-dimensional displacement of water 

molecules throughout the brain, which is assessed through specially designed multiple-directional 

diffusion-weighting gradient pulses. The basic concept behind DTI is that water molecules diffuse 

differently depending on the microstructural barriers within each brain tissue; for example, white 

matter forces the water molecules to flow along the direction of their fiber tracts (Beaulieu, 2002; 

Chenevert, Brunberg, & Pipe, 1990; Douek et al., 1991; Moseley et al., 1990). DTI translates the 

diffusion within each voxel into tensors, i.e. a matrix describing the diffusionôs features, and these 

tensors help to characterize the microstructure of white matter fiber tracts. This translation is not only 

technically and competitively demanding but requires many steps for data processing (Basser, 

Mattiello, & LeBihan, 1994a, 1994b; Soares et al., 2013). Diffusion weighted imaging is highly 

susceptible to artifacts, therefore the first general preprocessing step is to remove or at least reduce 

commonly encountered artifacts such as magnetic susceptibility distortions or eddy currents, i.e. 

electrical currents resulting from the rapid switching of the diffusion weighting gradients. Several 

different computational programs, for example DTIprep and FMRIB, exist to automatically recognize 

and correct aforementioned artifacts in the diffusion weighted images (Jenkinson et al., 2012; Oguz et 

al., 2014). After data preprocessing, the DTI tensors need to be estimated: mathematical equations 

describe and calculate the tensor for each voxel based on the voxelôs eigenvectors (diffusion direction) 

and eigenvalues (diffusion magnitude). Several types of tensors exist, each indicating a distinct 

features of the measured diffusivity: mean diffusivity (diffusion magnitude), fractional anisotropy 

(anisotropic fraction of diffusivity), axial diffusivity (diffusion magnitude of fastest diffusion 

direction), and radial diffusivity (diffusion magnitude of transverse direction) (Basser and Pierpaoli, 

1996; Vilanova et al., 2006; Jones, 2008; Abe et al., 2010; Chanraud et al., 2010). Subsequently, 

specialized algorithms transform and combine the tensor of every single voxel into a global diffusion 

map, this allows within- and between-group comparison (Abe et al., 2010; Chanraud et al., 2010; 

Jones, 2008; Pierpaoli & Basser, 1996; Vilanova et al., 2006). During the final step these diffusion 
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maps are normalized for statistical analysis. The type of normalization depends on the predetermined 

statistical method. Two statistical methods that are typically applied in DTI are voxel-based analysis 

(VBA) and tract-based spatial statistics (TBSS). VBA runs statistical analysis on a voxel-by-voxel 

basis where registration algorithms normalize the diffusion maps to a standard space followed by a 

standardized smoothing step. Whereas TBSS estimates a mean skeleton-tensor structure that 

represents the centers of all common fiber tracts of the investigated participant group (Andersson, 

Jenkinson, & Smith, 2007; Smith et al., 2006). This TBSS skeleton is then used for the normalization 

of each individual brain, smoothing is not necessary in this method.  

 

Another DTI method that should be shortly mentioned is fiber tractography, here the diffusion maps of 

fractional anisotropy are used to build up individual 3D fiber tracts (Basser & Pajevic, 2000; Jones, 

Horsfield, & Simmons, 1999; Mori et al., 1999; Mori et al., 2002; Wedeen et al., 2012). In this 

method, mathematical algorithms follow the tensor directions within specific diffusion maps to 

reconstruct probable fiber tracts between two a-priori chosen brain regions, or so-called seeding points 

(Le Bihan et al., 2001). Researchers have hypothesized that the uncinate fasciculus is most likely 

disrupted in antisocial behavior, since this fiber tract interconnects the amygdala and prefrontal areas 

commonly affected in antisocial behavior (Blair, 2013; Marsh et al., 2011a). Therefore, DTI-based 

studies in youths and adults with antisocial behavior have mainly focused on the fiber consistency and 

microstructural integrity of the uncinate fasciculus and found atypicalities within this tract (Breeden et 

al., 2015; Motzkin et al., 2011; Sarkar et al., 2013; Sobhani et al., 2015; Sundram et al., 2012; Zhang 

et al., 2014a). The ability to non-invasively estimate brain structural connectivity by investigating 

individual tracts have led fiber tractography to become a more popular method nowadays. 

 

To date, a handful of VBM studies and numerous DTI studies investigating white matter structure 

have led to ambiguous results in children and adolescents with antisocial behavior (for review see 

(Baker et al., 2015; Waller et al., 2017). For instance, one VBM study reported decreased white matter 

volume within the frontal, temporal and limbic regions of boys with antisocial behavior compared to 

their typically developing peers (De Brito et al., 2011), while another was unable to observe white 

matter differences at all (Stevens & Haney-Caron, 2012). This trend of ambiguity continues in DTI 

studies investigating the integrity, mostly through fractional anisotropy, of white matter tracts in 

youths with antisocial behavior. A majority of DTI studies observed increased or decreased white 

matter integrity in numerous fiber tracts comprising the corpus callosum, corona radiata, superior 

longitudinal fasciculus, fronto-occipital fasciculus, uncinate fasciculus, stria terminalis, and cerebellar 

peduncle (Breeden et al., 2015; Haney-Caron, Caprihan, & Stevens, 2014; Passamonti et al., 2012; 

Zhang et al., 2014b), while some found no white matter alterations (Beyer et al., 2014; Finger et al., 

2012; Hummer et al., 2015). Furthermore, different aspects of antisocial behavior, for instance 

psychopathic traits, callous unemotional traits, and conduct disorder symptoms, assumingly correlate 
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with two DTI measures namely fractional anisotropy (FA) and axial diffusivity (AD), (Breeden et al., 

2015; Decety, Yoder, & Lahey, 2015; Haney-Caron et al., 2014; Pape et al., 2015). However, also 

here the correlational direction varies between these studies. These inconsistencies in white matter 

alterations and correlations may result from differences in DTI methods or analysis approaches 

applied, small sample sizes, group heterogeneity, or differences in the age of the participants tested. 

Zhang and colleagues (2014a) observed sex differences within the uncinate fasciculus of youth with 

antisocial behavior; indicating sex as another important factor that could explain the ambiguous 

findings within the DTI literature, since past studies included only male or mixed-gender groups to 

investigate antisocial behavior. To date it is unclear, whether the previously identified white matter 

alterations in boys with antisocial behavior are also present in girls with antisocial behavior. Two 

studies, one using a region of interest approach, the second based on post-hoc examinations of adult 

females with a prior diagnosis of antisocial behavior provide first evidence about potentially unique 

white-matter characteristics in girls with antisocial behavior (Lindner et al., 2016; Zhang et al., 2014a). 

However, no study to date has investigated whole-brain white matter alterations in young girls with 

antisocial behavior using DTI. 

 

1.5.  Functional brain correlates 

Functional magnetic resonance imaging (fMRI) has become the leading research technique for 

mapping brain activity, and therefore this subchapter will solely focus on this technique by describing 

its underlying theory and examining the neural correlates observed in youths with antisocial behavior 

to date. The principle of fMRI is based on the hemodynamic responses ïchanging oxygen levels in the 

bloodï throughout the brain as an indirect measure of neural activity. This principle is called the blood 

oxygenation level-dependent (BOLD; also called T2
*
 parameters) contrast and is measured with 

radiofrequency pulses and rapidly changing magnetic fields in the MRI scanner (Lee et al., 2010; 

Logothetis & Pfeuffer, 2004). The BOLD contrast is based on the concentration of deoxygenated and 

oxygenated hemoglobin, the protein in red blood cells that transports oxygen, in the blood. High 

concentrations of deoxyhemoglobin molecules have paramagnetic features that induces magnetic field 

inhomogeneities which in turn decreasing the BOLD contrast (Ogawa et al., 1990; see Logothetis & 

Wandell, 2004 for a more entailed description of this technique). Active neurons get an overshoot of 

oxygenated hemoglobin supply that, in contrast to deoxygenated hemoglobin, increases the BOLD 

contrast. In this way fMRI can record brain activity with a temporal resolution of a few seconds 

covering the whole brain, producing images with a spatial resolution of a few millimeters.  

 

Analyzing fMRI images comprises the following three general phases: preprocessing, model 

specification, and statistical analysis. Additionally, each phase consists of numerous standardized steps 

that can be implemented using brain-imaging-analysis software (e.g. FSL, SPM, BrainVoyager). The 

goal of the preprocessing phase is to correct for artifacts caused by head movements or magnetic 
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inhomogeneities (i.e. realignment, unwarping, and/or slice time correction), and normalize each 

individual brain to a standardized brain template to improve statistical analysis (i.e. coregistration, 

segmentation, normalization, and smoothing). The following phase consists of designing a general 

linear model that predicts the brain activity during the employed fMRI paradigm. For an accurate 

model, the implementation of essential parameters extracted from the paradigm is a necessity, such 

parameters are the MRI sequence settings, the hemodynamic response model, timing parameters, 

regressors, and covariates. The last phase consists of setting up the statistical design consisting of the 

general linear model followed by voxel-wise standard parametric or nonparametric statistical testing. 

As it true for all neuroimaging techniques, also here correcting for multiple comparisons is essential 

for an accurate interpretation of the final results (Friston et al., 1995; Holmes et al., 1996). It is 

important to note that the outcome of fMRI studies is highly dependent on the quality of the designed 

fMRI paradigm, model specification, and statistical analysis involved. Therefore, a full and detailed 

methodological description in fMRI publications is a necessity for the reproducibility of the results 

(Poldrack et al., 2008). 

 

The behavioral aspects of antisocial behavior in youths encompasses merely higher-order processes, as 

a result functional MRI studies have mainly focused on unconscious/conscious processes that involve 

emotion processing, empathy, decision making, moral judgement, or avoidance learning. A multitude 

of neuroimaging studies have indicated altered brain activity in youths with antisocial behavior 

compared to their typically developing peers (Baker et al., 2015). Brain regions involved in emotion 

processing (e.g. amygdala, anterior cingulate cortex, and insula) and executive control (e.g. several 

regions within the prefrontal cortex) are frequently found to have altered activation patterns during 

paradigms using emotional stimuli (Dotterer et al., 2017; Fairchild et al., 2014; Hwang et al., 2016; 

Jones et al., 2009; Klapwijk et al., 2015; Lozier et al., 2014; Marsh et al., 2008; Passamonti et al., 

2010; Sebastian et al., 2014; White et al., 2012) or empathy aspects (Decety et al., 2009; Lockwood et 

al., 2013; Marsh et al., 2013b; Sebastian et al., 2012). Neuroimaging studies investigating the poor 

decision-making and avoidance-learning characteristics in antisocial behavior have found atypical 

neural activation during reward and punishment paradigms (BubenzerȤBusch et al., 2015; Cohn et al., 

2013; Finger et al., 2011; Finger et al., 2008; Gatzke-Kopp et al., 2009; Rubia et al., 2009), and 

decision making tasks (Crowley et al., 2010; Klapwijk et al., 2016; Sakai et al., 2017; Sharp, Burton, 

& Ha, 2011; van den Bos et al., 2014; White et al., 2016). Impaired moral judgement may result from 

impairments in emotional empathy and decision-making, and is repeatedly linked with dysfunctional 

amygdala, frontal cortex areas (Blair, 2007a; Glenn & Raine, 2014; McColgan, Rest, & Pruitt, 1983; 

Moll et al., 2005; Van der Velden et al., 2010), and temporal regions in youth with antisocial behavior 

(Harenski, Harenski, & Kiehl, 2014; Harenski et al., 2010; Marsh et al., 2011a). In sum, the 

accumulation of fMRI studies provides strong evidence for atypical brain functioning within a wide 

variety of brain areas in youths with antisocial behavior, however, the direction and location of these 
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atypicalities vary between studies. This indicates once more the importance of investigating the 

consistency and stability of these fMRI findings of past studies. 

 

A correct processing and interpretation of distress-related cues, for example facial expressions, are a 

necessity in social human behavior for eliciting affective behavior and empathy, and inhibiting 

aggression towards others; behaviors that are often impaired in antisocial behavior (Blair et al., 2005; 

Blair, 2013; Marsh et al., 2011b). Dysfunctional recognition and processing of facial expressions (e.g. 

fearful and sad) have been observed in adolescents with antisocial behavior (Fairchild et al., 2010; 

Fairchild et al., 2009a); these deficiencies are associated with altered neural activation patterns, 

especially within the amygdala, the prefrontal cortex, and the insula (Fairchild et al., 2014; Herpertz et 

al., 2008; Passamonti et al., 2010; Sterzer et al., 2005). Additionally, psychopathic characteristics such 

as callous unemotional traits could mediate the effect on the neural activation pattern in antisocial 

behavior. For example, studies observed reduced amygdala activation in adolescents with both 

conduct disorder and callous unemotional traits (Jones et al., 2009; Lozier et al., 2014; Marsh & Blair, 

2008a). In contrast, adolescents with conduct disorder and low on callous unemotional traits exhibit 

increased neuronal activation within the amygdala as a response to negative emotional stimuli 

(Sebastian et al., 2014; Viding et al., 2012b) (Han et al., 2011). Research has suggested that a 

dysfunctional amygdala in healthy individuals cause recognition impairments of facial expressions 

(Adolphs et al., 1994; Adolphs et al., 1995). Moreover, these recognition impairments are linked to a 

lack of attention to the eye region: instructing to focus on the eyes abolished earlier observed 

recognition impairments, unfortunately, its effect on amygdala activity was not measured (Adolphs et 

al., 2005). The eye region is proven to be crucial for the recognition and thus processing of facial 

expressions (Baron-Cohen 1997; Eisenbach 2011); Consequently, Dadds and colleagues (2006) have 

hypothesized that the facial-expression-recognition deficits observed in individuals with antisocial 

behavior could be a result of reduced attention to the eyes. Indeed, young children (4- to 8-year old) 

and adolescents (till 15 years) with antisocial behavior and elevated callous-unemotional traits had 

reduced attention to the eyes of static pictures or during real life (parental play) interaction (Dadds et 

al., 2014; Dadds et al., 2008; Dadds et al., 2011; Dadds et al., 2006). Redirecting the attention to the 

eye abolished the impaired facial-expression recognition within these young samples (Dadds et al., 

2008; Dadds et al., 2006). So far, the neural underpinnings of these attentional deficits within 

antisocial behavior populations have not been thoroughly investigated. Only two functional 

neuroimaging studies have found a relation between neural correlates, callous-unemotional traits, and 

attention to the eye region (Han et al., 2011; Sebastian et al., 2014). However, both studies 

manipulated the patientôs eye gaze indirectly, by means of a fixation point or a mask, to the eye region 

of pictures with different facial expressions. To date, no study has investigated the direct correlation 

between the patientôs natural eye gaze (e.g. voluntary attention to the eye region) and neural activation 

patterns in antisocial behavior.  
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1.6 Neural correlates of callous-unemotional traits 

Children and adolescents with antisocial behavior form a highly heterogeneous population 

behaviorally, thus researchers proposed meaningful subtypes of antisocial behavior (Fairchild et al., 

2011; Frick, 2009; Frick & Marsee, 2006; Kruesi et al., 2004; Moffitt et al., 2008). In particular, 

callous-unemotional traits are a potential quantitative indicator for the severity (e.g. more delinquency 

and aggression) and persistence of antisocial behavior (Frick & White, 2008). Callous-unemotional 

traits reflect a lack of empathy, reduced guilt combined with a shallow affect, or limited prosocial 

emotions. Nowadays, callous-unemotional traits are also implemented as an additional specifier to the 

diagnosis of conduct disorder within the DSM-5 labeled as óLimited Prosocial Emotionsô (APA, 2013; 

Fairchild et al., 2013b; Pardini, Frick, & Moffitt, 2010). Behaviorally, callous-unemotional traits have 

been associated with reduced empathy and increased reward sensitivity, punishment insensitivity, and 

thrill seeking behavior in young populations with and without a diagnosis of antisocial behavior 

(Centifanti & Modecki, 2013; Chabrol et al., 2012; Frick et al., 2003; Frick et al., 1994; Jones et al., 

2010; Kimonis et al., 2008; Pardini & Byrd, 2012; Pardini, Lochman, & Frick, 2003). Recent studies 

investigating the neurobiology of callous-unemotional traits have most commonly linked areas of the 

limbic and threat system to the variability in callous-unemotional traits. Elevated levels of callous-

unemotional traits have frequently been linked with gray matter alterations in the paralimbic and 

limbic brain areas, studies found either a negative (Cohn et al., 2016; Cope et al., 2014; Rogers & De 

Brito, 2016; Sauder et al., 2012; Sebastian et al., 2016; Wallace et al., 2014) or positive correlation 

(De Brito et al., 2009; Fairchild et al., 2013a). Functional neuroimaging studies suggest that callous 

unemotional traits are also negatively correlated with amygdala activity (Viding, Fontaine, & 

McCrory, 2012a) and connectivity between the anterior cingulate and the insula (Yoder, Lahey, & 

Decety, 2016). Additionally, one meta-regression study found a negative correlation between callous-

unemotional traits and putamen gray matter volume (Rogers & De Brito, 2016). Evidently, these 

studies indicate an important connection between callous-unemotional traits and neurobiological 

correlates in youths with antisocial behavior. However, it remains open whether this correlation is 

driven by the presence of antisocial behavior, or whether callous-unemotional traits only modulate the 

brain structure within antisocial behavioral populations. 

 

1.7.  Gaps in knowledge 

To date, most evidence for neural correlates in antisocial behavior is based on individual 

neuroimaging studies that suffer from small sample sizes and low reliability, e.g. low statistical power. 

Furthermore, the findings of these studies are to some extent ambiguous: studies identified both hypo- 

and hyperactivations within the same brain regions (e.g. the amygdala) or observed a completely 

different set of altered brain regions. These inconsistencies are likely caused by different inclusion 

criteria applied, especially considering the clinical definitions of antisocial behavior, age, and sex of 

the participants included. The consistency and robustness of previous neuroimaging findings are of 
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importance to evaluate which brain areas are repeatedly affected throughout the literature; such brain 

regions can be identified with an activation likelihood estimation (ALE) meta-analysis ïa statistical 

techniqueï specialized for analyzing neuroimaging data (Eickhoff et al., 2009; Turkeltaub et al., 2002; 

Turkeltaub et al., 2012). Therefore, the first aim  of this thesis is to aggregate and investigate the 

robustness of all structural and functional neuroimaging studies conducted in youths with antisocial 

behavior using an ALE meta-analysis (see chapter 2).  

 

Neuroimaging studies have suggested a significant correlation between callous-unemotional traits and 

neurobiological -functional and structural- correlates in youths with antisocial behavior. However, it 

remains open whether this correlation is driven by the presence of antisocial behavior, or whether 

solely callous-unemotional traits modulate the brain structure within antisocial behavioral populations. 

In order to bridge this gap, the second aim of this thesis is to investigate callous-unemotional traits in 

typically developing youths free from ïand thus independent ofï any psychiatric disorder. 

Furthermore, since most studies have focused solely on males, the variations in callous-unemotional 

traits and brain structure will be investigated for boys and girls separately (see chapter 3). 

 

Besides gray matter alterations also the white matter appears to differ between the brains of youths 

with and without antisocial behavior. DTI studies have observed white matter alterations within 

several white matter tracts. However, these studies have mostly focused on boys or mixed-gender 

samples, and thus it is unclear whether the previously identified white matter alterations are also 

present in girls with antisocial behavior. No study to date has investigated whole-brain white matter 

alterations in girls with antisocial behavior using DTI. Therefore, the third aim  of the present work 

aims at bridging this gap in knowledge by comparing white matter tracts in girls with antisocial 

behavior compared to typically developing controls (see chapter 4).   

 

In the last decennia studies investigating young samples with antisocial behavior have associated 

dysfunctional recognition and processing of facial expressions with altered neural activation patterns. 

Studies have proposed that reduced attention to the eye region could be the cause of such impairments. 

Interestingly, when the attention is redirecting to the eye region these recognition impairments are 

abolished. So far two fMRI studies have found alterations in amygdala activity when manipulating 

attention to the eye via fixation point or mask in youth with antisocial behavior. Nevertheless, no study 

has investigated the direct correlation between the natural eye gaze and neural activation in antisocial 

behavior. Therefore, the fourth aim  of this thesis is to investigate the neural underpinnings of facial-

expression processing and its relationship with eye gaze, using a modified facial-expression paradigm 

in combination with real-time eye-tracking. Real-time eye tracking allows researchers not only to 

measure eye-gaze patterns, such as fixations and saccades, but also the possibility to control the task 

compliance/performance of the participants (see chapter 5). 
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Nowadays scientists are becoming more aware of their responsibility and the importance of good 

communication of science to the general public. A poor understanding of the basics of science may 

force the public to make uninformed decisions, ultimately leading to negative consequences, such as 

mistrust or misunderstanding of scientists and their research. Therefore, our fifth  aim was to raise 

awareness about antisocial behavior and the importance of neuroscientific research in youths by 

translating the results from our meta-analysis project to the general public using accessible language, 

attractive illustrations, and popular examples (see chapter 6). 

 

1.8.  Thesis Aims 

 

(1)  Aggregate all structural and functional neuroimaging studies conducted in adolescents with 

aggressive or antisocial behavior to date.  

(a)   Conduct a systematic literature review of neuroimaging findings in adolescents with 

antisocial behavior.  

(b)   Perform meta-analyses to examine gray matter volume reductions as well as functional 

alterations during emotion processing tasks in adolescents with antisocial behavior.  

(c)   Identify potential overlaps in brain structural and functional alterations in adolescents with 

antisocial behavior.  

 

 

(2)   Investigate callous-unemotional traits in typically -developing boys and girls without 

antisocial behavior. 

(a)   Investigate variations in callous-unemotional traits and brain structure for typically 

developing males and females. 

 

 

(3)   Investigate the white matter in female adolescents with antisocial behavior. 

(a)   Investigate white matter alterations in females on a whole brain level and within a priori 

defined regions of interest to allow comparability to past studies and data in males. 

 

 

(4)  Investigate the neural underpinnings of facial-expression processing in youths with 

antisocial behavior, and its relationship with eye gaze to the eye region. 

 

 

(5)  Translate neuroscience and neuroimaging results to the general public.  

(a)   Translate the findings of our meta-analysis to children and adolescents. 

(b)   Explain the neuroimaging technique and importance of neuroscience research. 
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Chapter 2. Structural and functional alterations in right dorsomedial 

prefrontal and left insular cortex co-localize in adolescents 

with aggressive behavior: an ALE meta-analysis. 
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Abstract 

Recent neuroimaging work has suggested that aggressive behavior (AB) is associated with structural 

and functional brain abnormalities in processes subserving emotion processing and regulation. 

However, most neuroimaging studies on AB to date only contain relatively small sample sizes. To 

objectively investigate the consistency of previous structural and functional research in adolescent AB, 

we performed a systematic literature review and two coordinate-based activation likelihood estimation 

meta-analyses on eight VBM and nine functional neuroimaging studies in a total of 783 participants 

(408 [224AB/184 controls] and 375 [215 AB/160 controls] for structural and functional analysis 

respectively). We found 19 structural and eight functional foci of significant alterations in adolescents 

with AB, mainly located within the emotion processing and regulation network (including 

orbitofrontal, dorsomedial prefrontal and limbic cortex). A subsequent conjunction analysis revealed 

that functional and structural alterations co-localize in right dorsomedial prefrontal cortex and left 

insula. Our results are in line with meta-analytic work as well as structural, functional and connectivity 

findings to date, all of which make a strong point for the involvement of a network of brain areas 

responsible for emotion processing and regulation, which is disrupted in AB. Increased knowledge 

about the behavioral and neuronal underpinnings of AB is crucial for the development of novel and 

implementation of existing treatment strategies. Longitudinal research studies will have to show 

whether the observed alterations are a result or primary cause of the phenotypic characteristics in AB. 
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Introduction  

Aggressive behavior (AB), as observed in social disorders such as DBD (including conduct (CD) and 

oppositional defiant disorder (ODD)), is characterized by a repeated pattern of antisocial behavior and 

severe aggression, where the basic rights of others, major age-appropriate norms or societal rules are 

violated (R. J. Blair, Leibenluft, & Pine, 2014). Such problems can cause significant impairment in 

social, academic, or occupational functioning (Association, 2013; Scott, Knapp, Henderson, & 

Maughan, 2001). Clinical and subclinical forms of AB are observed in up to 14% of all girls and 16% 

of all boys (Ravens-Sieberer et al., 2008). The negative impact of aggression-related problems reaches 

beyond a patientôs family, ultimately affecting society as a whole (e.g. school-dropouts, delinquency, 

teen-pregnancies, substance abuse or difficulties integrating into work life (Bardone et al., 1998; 

Pedersen & Mastekaasa, 2011; Scott et al., 2001)). Early conduct problems are key precursors of 

persistent AB and thus also predictive for ODD, CD and antisocial personality disorder in adulthood 

(Lahey, Loeber, Burke, & Applegate, 2005). Neurodevelopmental theories (Frick & Viding, 2009; 

Gao, Glenn, Schug, Yang, & Raine, 2009; Glenn & Raine, 2008) and longitudinal studies (Vloet, 

Konrad, Huebner, Herpertz, & Herpertz-Dahlmann, 2008) are in line with these behavioral 

observations, suggesting that the presence of early brain alterations in individuals with aggressive 

behavior may heighten the risk for long-lasting social impairments (McEwen, 2003; Raine & Yang, 

2006). In the current paper we particularly focus on adolescents with aggressive behavior (AB), 

hereby summarizing neuroimaging research in youths with either conduct problems, CD or ODD.  

 

In recent years structural (e.g. voxel-based/surface-based) and functional (e.g. fMRI/PET) 

neuroimaging techniques have grown into powerful tools to investigate the neuronal basis of the 

human brain in typically developing individuals as well as patients. It has been demonstrated that both, 

brain structure and function, may be modified by experience (Maguire et al., 2000; Schmidt-Wilcke, 

Rosengarth, Luerding, Bogdahn, & Greenlee, 2010). Activation-dependent structural plasticity can 

even occur after as little as seven days of training (Draganski et al., 2004; Driemeyer, Boyke, Gaser, 

Buchel, & May, 2008) and it is suggested to play a key role in human adaptation to environmental 

changes and disease. Even though neuroimaging evidence points toward a neuronal basis of AB (R. J. 

Blair, 2003; Raine & Yang, 2006), the overall number of research studies within this population 

remains relatively scarce. Furthermore, it has to be noted that AB characteristics as seen in CD and/or 

ODD are considered heterogeneous in respect to their pathologies. CD and ODD are frequently 

associated with comorbidities such as attention-deficit hyperactivity disorder (ADHD) or anxiety 

(Loeber, Burke, Lahey, Winters, & Zera, 2000)). These comorbid disorders can differ in their 

pathophysiological mechanisms, some of them seem exclusive on a biological level making it possible 

that different developmental trajectories with varying neurobiological bases lead to the clinical 
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manifestations of AB (Crowe & Blair, 2008). The vagueness of the group definition within many of 

the current studies on AB is thus bound to impact general conclusions drawn from it. 

 

Even though the total number of studies is still limited, neuroanatomical and functional variations in 

youths with AB have been reported with increased frequency since the advent of modern 

neuroimaging. In particular, brain structure in AB has been investigated using voxel-based 

morphometry (VBM), diffusion tensor imaging (DTI) or surfaced-based morphometry. VBM studies 

for example have revealed differences in gray and white matter volume in brain regions including the 

amygdala, insula, orbitofrontal and dorsomedial prefrontal cortex (e.g. (De Brito et al., 2009; 

Fairchild, Hagan, et al., 2013; Fairchild et al., 2011; Sterzer, Stadler, Poustka, & Kleinschmidt, 2007)) 

when comparing adolescents with AB and typically developing controls. Similarly, studies using 

surface-based morphometry (Hyatt, Haney-Caron, & Stevens, 2012; Wallace et al., 2014) or DTI 

(Finger et al., 2012; Haney-Caron, Caprihan, & Stevens, 2014; Li, Mathews, Wang, Dunn, & 

Kronenberger, 2005; Passamonti et al., 2012; Sarkar et al., 2013; Zhang et al., 2014a; Zhang, Zhu, et 

al., 2014) provide evidence for structural alterations and/or impaired connectivity within brain regions 

involved in emotion processing, reward and empathy. Functional neuroimaging studies corroborate the 

structural neuroimaging literature. Cognitive paradigms employed in the investigation of AB have 

focused on disturbances in the emotion processing and regulation network of the brain. These tasks 

particularly target emotion processing/regulation (Herpertz et al., 2008; Jones, Laurens, Herba, Barker, 

& Viding, 2009; Lockwood et al., 2013; Marsh et al., 2008; Mathews et al., 2005; Passamonti et al., 

2010; Sebastian et al., 2014; Stadler et al., 2007; Sterzer, Stadler, Krebs, Kleinschmidt, & Poustka, 

2005; White et al., 2012), empathy (Decety, Michalska, Akitsuki, & Lahey, 2009; Lockwood et al., 

2013; Marsh et al., 2013), theory of mind (Sebastian et al., 2012), passive avoidance (Finger et al., 

2011), decision making (Dalwani et al., 2014; White et al., 2013) or executive functioning (Mathews 

et al., 2005; Rubia et al., 2008; White et al., 2012). Overall, studies point towards aberrant brain 

function in AB in key areas of social cognition and emotion, including prefrontal (orbitofrontal, 

dorsolateral and medial prefrontal cortex), limbic (e.g. amygdala, anterior insula, cingulate cortex) and 

temporal cortices.  

 

Despite increasing evidence about the uniformity of atypical brain structure and function in AB, it has 

yet to be objectively determined which brain regions are commonly affected. Functional and structural 

neuroimaging studies are crucial for the understanding of the phenotype and etiology of AB. However, 

most results and interpretations are based on individual neuroimaging studies and present various 

limitations (e.g. small sample sizes, low reliability, dependency on task chosen (Eickhoff et al., 2009; 

Raemaekers, du Plessis, Ramsey, Weusten, & Vink, 2012; Stark & Squire, 2001)). Furthermore, very 
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few imaging studies have yet investigated brain structure and function in the same population. 

Activation likelihood estimation (ALE) meta-analyses allow the identification of consistent findings of 

brain activation and structure across multiple data sets. Hereby, ALE quantitatively investigates 

communalities between reported foci based on modelling them as probability distributions centered 

around the corresponding coordinates. The resulting probability maps mirror the likelihood of 

morphological change and/or activation on a voxel-wise level across an entire set of studies (Eickhoff 

et al., 2009). ALE has been successfully applied in meta-analyses of various neuropsychiatric 

disorders to date (Fusar-Poli et al., 2011; Glahn et al., 2008; Kollndorfer et al., 2013; Linkersdorfer, 

Lonnemann, Lindberg, Hasselhorn, & Fiebach, 2012; Schwindt & Black, 2009) and provides a 

promising tool for a more unified investigation of pathophysiologic changes in disease. 

 

Therefore, the present paper intends to close this gap in research and aims to aggregate all structural 

and functional neuroimaging studies conducted in adolescent AB to date. In a first step, we planned to 

conduct a systematic literature review of neuroimaging findings in adolescents with AB. Secondly two 

separate meta-analyses looking at gray matter volume reductions as well as hypoactivations during 

emotion processing tasks in AB were carried out. Finally, we decided to run a conjunction analysis to 

identify potential overlaps in deviant brain structure and function in adolescents with AB.  

 

Method 

Participants 

We decided to focus our analysis on adolescents with aggressive behavior (AB) in general as opposed 

to a specific clinical diagnosis. By including both community samples and clinical samples in the 

present meta-analyses we adhere to the heterogeneity in juvenile aggression. This heterogeneity is 

further reflected by different behavioral symptoms of aggression and antisocial tendencies, such as 

oppositional behavior, impulsive hot-tempered quarrels or premeditated violent acts, the presence of 

callous unemotional/psychopathic traits or co-morbid conditions in CD and ODD patients. All studies 

were conducted during childhood and/or adolescence and share the communality of aggression and 

antisocial tendencies within the populations studied. Thus, AB as defined here may be considered an 

umbrella term for children and adolescents with a range of subclinical and clinically relevant 

symptoms of pathological aggression. 

 

Study Selection 

For the structural and functional neuroimaging meta-analyses we used PubMed and Google Scholar to 

systematically search for neuroimaging literature in AB. Literature searches were conducted and 

reviewed by several research team members (NMR, WMM, LVF, ET) and adhered to the Preferred 
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Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines and the revised 

Quality Of Reporting Of Meta-analyses (QUOROM) statement (Moher, Liberati, Tetzlaff, Altman, & 

Group, 2009). Our main search (see Figure 1) conducted through PubMed included the following key 

words: ñconduct disorderò, ñconduct problemsò, ñdisruptive behavior disorderò, ñoppositional 

defiant disorderò and ñaggressionò, each in combination with methodologically relevant terms 

including ñVBMò, ñfMRIò and/or ñneuroimagingò. Moreover, a number of review articles published 

on conduct disorder, antisocial behavior and aggression in adolescents were considered (e.g. 

(Anderson & Kiehl, 2014; R. J. Blair, 2010; Cappadocia, Desrocher, Pepler, & Schroeder, 2009; 

Dolan, 2010; Fairchild, van Goozen, Calder, & Goodyer, 2013; Viding & McCrory, 2012; Vloet et al., 

2008)). Finally, additional publications were explored by searching the reference list of the articles 

obtained to assure integration of all data available. Studies were included in our meta-analyses if the 

following criteria were given: (I ) included at least one clinical group with described aggressive 

behavior, (II ) in combination with a healthy control sample, (III ) conducted during adolescence, (IV ) 

reported whole brain gray matter volume alterations or whole brain functional neuroimaging data, (V) 

results are described using a standard reference space (Talairach or MNI) and (VI ) the same threshold 

was used throughout the whole brain analysis. All structural studies included employed a standard 

VBM analysis protocol. In both meta-analysis of structural and functional brain alterations in 

adolescents with AB versus controls, no studies providing results based on a priori region-of-interest 

analysis only were included (since they violate the assumption, under the null hypothesis, that the 

likelihood of locating activated foci is equal at every voxel). Similarly, no animal studies or case 

reports were included in any meta-analysis and only studies from peer-reviewed journals that are 

written in English were considered. Data is current up to July 2015. 

 

Of the 1021 studies identified through our systematic review (see Figure 1), we screened 930 (after 

removal of duplicates) and consequently assessed the full texts of 173 articles. 156 studies had to be 

excluded from the functional or structural meta-analysis in adolescents with AB, because they did not 

meet the criteria listed above (for detailed exclusion reasons, see Figure 1). Looking more closely at 

our review on structural research studies in AB revealed that only five studies reported on gray matter 

volume increases in AB (four reported de- and increases, one study only reported increases). Therefore 

we did not conduct a separate meta-analysis for gray matter volume increases in AB. Consequently, 
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Figure 1. Systematic literature research. Literature research according to the Preferred Reporting 

Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines and the revised Quality Of 

Reporting Of Meta-analyses (QUOROM) statement (59) resulting in 17 neuroimaging studies 

included in the current meta-analyses. 

 

 

eight studies were included in our meta-analysis about gray matter volume reductions, together 

reporting data from 408 research participants (224 AB, 184 typically developing controls=TD), and 50 

foci of gray matter volume decreases in youths with AB (Table 1, (Dalwani et al., 2011, 2015; De 

Brito et al., 2009; Fahim et al., 2011; Fairchild, Hagan, et al., 2013; Fairchild et al., 2011; Huebner et 

al., 2008; Stevens & Haney-Caron, 2012)).  
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Table 1. Characteristics of the studies in adolescents with AB included in the current structural meta-

analysis. 

       # First author Year Method  Diagnosis [N] Sex [m/f] Average age and 

[range] in years 

1 Huebner 2008 VBM CD, early-onset [23] 

TD [23] 

[23/0] 

[23/0] 

CD, early-onset: 14.5 

TD: 14.2 

[12-17] 

2 De Brito 2009 VBM CP/CU+ [23] 

TD [25] 

[23/0] 

[25/0] 

CP/CU+: 11.5 

TD: 11.8 

[10-13] 

3 Dalwani 2011 VBM CP+SUD [25] 

TD [19] 

[25/0] 

[19/0] 

CP+SUD: 16.6 

TD: 16.6 

[14-18] 

4 Fahim 2011 VBM DBD [22; 

11CD/11ODD] 

TD [25] 

[22/0] 

[25/0] 

DBD: 8.4 

TD: 8.4 

5 Fairchild  2011 VBM CD, early-onset [36] 

CD, late-onset [27] 

TD [27] 

[36/0] 

[27/0] 

[27/0] 

CD, early-onset: 17.7 

CD, late-onset: 17.9 

TD: 18.5 

[16-21] 

6 Stevens 2012 VBM CD [24] 

TD [24] 

[19/5] 

[16/8] 

[16/8] 

CD: 15.7 

TD: 16.0 

[12-18] 

7 Fairchild  2013 VBM CD [22] 

TD [20] 

[0/22] 

[0/20] 

CD: 17.6 

TD: 17.2 

[14-20] 

8 Dalwani 2015 VBM CP [22]TD[21] [0/22][0/21

] 

CP: 16.7 

TD: 16.1 

[14-18] 

CD = Conduct disorder. DBD = Disruptive behavior disorder. CU+ = with high callous-unemotional traits . 

SUD = Substance use disorder. TD = Typically developing subjects. VBM = Voxel-based morphometry 

    

 

Our systematic literature review of functional neuroimaging studies in youths with AB identified 

experiments targeting emotion processing (Herpertz et al., 2008; Jones et al., 2009; Lockwood et al., 

2013; Marsh et al., 2008; Mathews et al., 2005; Passamonti et al., 2010; Sebastian et al., 2014; Stadler 

et al., 2007; Sterzer et al., 2005; White et al., 2012), empathy (Decety et al., 2009; Lockwood et al., 

2013; Marsh et al., 2013), theory of mind (Sebastian et al., 2012), passive avoidance (Finger et al., 

2011), decision making (Dalwani et al., 2014; White et al., 2013) or executive functioning (Mathews 

et al., 2005; Rubia et al., 2008; White et al., 2012). We decided to restrict our functional meta-analysis 

to tasks only including emotionally loaded and visually presented stimuli (e.g. tasks of emotion 

processing and empathy). In case of sample overlap, the study with the highest subject number 
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meeting all other criteria listed above was selected. In case of comparisons between AB and TD in 

more than one contrast, only foci from the contrast putting the highest demand on emotion processing, 

were included. The majority of studies indicated hypoactivations in AB. Only six studies  

 

Table 2. Characteristics of the studies in adolescents with AB included in current functional meta-

analysis. 

# First author  Year Stimuli   Diagnosis [N] Sex  Average age and 

      [m/f]  [range] in years 

1 Sterzer 2005 Pictures with 

neutral or strong 

negative affective 

valence (IAPS). 

  CD [13] 

TD [14] 

 [13/0] 

[14/0] 

CD: 12.9 

TD: 12.7 

[9-15] 

2 Passamonti 2010 Pictures of angry, 

sad and neutral 

faces. 

  CD, early-onset [27] 

CD , .late-onset [25] 

TD [23] 

[27/0] 

[25/0] 

[23/0] 

CD, early-onset: 

17.7 

CD, late-onset: 17.1 

TD: 17.8 

[16-21] 

3 Marsh 2011 Emotional words 

(categorization 

task). 

  CD/ODD+PT [14] 

TD [14] 

[8/6] 

[11/3] 

CD/ODD+PT: 14.4 

TD: 13.5 

4 White 2012 Pictures of fearful 

and neutral faces. 

  CD/ODD+PT [15] 

TD [17] 

[12/3] 

[9/8] 

CD/ODD+PT: 15.7 

TD: 14.5 

[10-17] 

5 Lockwood  2013 Pictures of others in 

pain or no pain. 

  CD [37] 

TD [18] 

[37/0] 

[18/0] 

CD: 14.1 

TD: 13.7 

[10-16] 

6 Marsh 2013 Pictures of others in 

pain or no pain. 

  CD/ODD+PT [14] 

TD [21] 

[8/6] 

[15/6] 

CD/ODD+PT:  15.4 

TD: 14.3 

[10-17] 

7 Fairchild 2014 Pictures of 

emotional or 

neutral faces. 

  CD [20] 

TD [20] 

[0/20] 

[0/20] 

CD: 17.0 

TD: 17.6 

8 O'Nions 2014 Cartoons (affective 

picture series) 

  CP/CU+ [16] 

TD [16] 

[16/0] 

[16/0] 

[16/0] 

CP/CU+: 14.2 

TD: 13.5 

[10-16]  

9 Sebastian 2014 Pictures of fearful 

and calm facial 

expressions. 

  CP/CU+ [17] 

CP/CU- [17] 

TD [17] 

[17/0] 

[17/0] 

[17/0] 

CP/CU+: 14.0 

CP/CU-: 14.5 

TD: 13.5 

[10-16] 

CD = Conduct disorder. CP = Conduct problems. ODD = Oppositional defiant disorder. PT = with psychopathic 

traits. CU+ = with high callous-unemotional traits. CU- = with low callous-unemotional traits . TD = Typically 

developing subjects. 
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that fulfilled all other criteria listed above reported hyperactivations in AB compared to TD. 

Therefore, we did not conduct a separate meta-analysis on functional overactivations in AB. 

Consequently nine studies suggesting hypoactivations in adolescents with AB compared to TD were 

selected (Table 2; (Fairchild et al., 2014; Lockwood et al., 2013; Marsh et al., 2013; Marsh et al., 

2011; O'Nions et al., 2014; Passamonti et al., 2010; Sebastian et al., 2014; Sterzer et al., 2005; White 

et al., 2012)). Together the selected studies report data from 375 research participants (215 AB, 160 

TD) and describe 58 foci of hypoactivation in AB compared to TD. 

 

ALE meta-analysis procedure 

We conducted two separate meta-analyses on gray matter volume alterations and functional 

hypoactivations in adolescents with AB. Data analysis was carried out using the revised version of the 

ALE approach for coordinate-based meta-analysis of neuroimaging data (Ginger ALE software, 

version 2.3; available from http://brainmap.org/ale/ (Eickhoff, Bzdok, Laird, Kurth, & Fox, 2012; 

Eickhoff et al., 2009; Laird et al., 2005; Turkeltaub et al., 2012)). In short, this new approach 

implements a random-effects model, a quantitative uncertainty model to determine the FWHM and an 

exclusive gray matter mask (for further details, see also (Eickhoff et al., 2012; Eickhoff et al., 2009; 

Laird et al., 2005; Stark & Squire, 2001; Turkeltaub et al., 2012)). Most importantly, instead of testing 

for an above-chance clustering between foci, the revised ALE algorithm assesses above-chance 

clustering between experiments. The spatial relationship between foci in a given experiment is now 

assumed to be fixed and ALE results are assessed against a null distribution of random spatial 

association between experiments. Prior to running any analyses, coordinates reported in Talairach 

space were transformed to MNI space using the tal2icbm algorithm (Laird et al., 2010; Lancaster et 

al., 2007). The here employed revised ALE approach identifies areas of convergence of activation 

across various experiments, minimizing the within-groups effects (approach by Turkeltaub and 

colleagues (Turkeltaub et al., 2012)). Each focus is represented as a center for 3D Gaussian probability 

distributions, where the standard deviation depends on group size (capturing spatial uncertainty) rather 

than single time points. First, the probabilities of all activation foci in a given experiment are 

combined for each voxel, which is represented in modelled activation maps (fMRI) or modelled 

anatomical maps (VBM). Secondly, the ALE method combines all modelled maps (fMRI and VBM 

separately) on a voxel-by-voxel basis to form an ALE image containing all unthresholded voxel ALE 

values. In the last step, this ALE image is tested against the null hypothesis under the assumption that 

all activated voxels are homogeneously distributed in the brain, independent of the experiments. This 

null-hypothesis model (a distribution map made by multiple permutations of random voxel activation) 

was created using a random-effects statistical method and tested against the original ALE image 

according to the selected significance threshold. Therefore, the null distribution is constructed 
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reflecting a random spatial association between different studies. Comparing the ñtrueò ALE score to 

this distribution allows a focused inference on convergence between studies while preserving the 

relationship between individual foci within each study. Critically, this change from fixed- (foci-based) 

to random-effects (testing between study effects) inference in ALE analysis allows generalization of 

the results to the entire population of studies from which the analyzed ones were drawn. This more 

conservative approach with an increased specificity (Eickhoff et al., 2012; Eickhoff et al., 2009) does 

also accommodate the idea of convergence across heterogeneous studies. We used a statistical 

threshold of p<0.05 False Discovery Rate (FDR) corrected for multiple comparisons and a minimum 

cluster size of 500mm
3
. ALE maps are overlaid onto a standard brain in MNI space (Colin27 available 

at http://www.brainmap.org/ale/) using the Multi-image Analysis GUI (Mango available at 

http://ric.uthscsa.edu/mango/mango.html) and clusters were anatomically labelled by cross-referencing 

the Talairach Daemon (Lancaster et al., 1997; Lancaster et al., 2000) and aal (Tzourio-Mazoyer et al., 

2002). In order to further investigate possible overlaps between the structural (VBM) and functional 

(fMRI) meta-analysis in adolescent AB, a formal conjunction analysis was performed by multiplying 

binarized versions of the individually thresholded ALE maps. 

 

Results 

Our meta-analysis of structural neuroimaging studies in adolescents with AB revealed 19 clusters of 

significant convergence between the studies (see Table 3; Figure 2). The largest clusters were found 

in the right inferior frontal lobe (inferior frontal/precentral gyrus), right precuneus and left-

hemispheric insula. Further smaller clusters were found bilaterally in the frontal (e.g. dorsolateral and 

medial frontal gyrus), parietal (e.g. precuneus) and temporal lobe (e.g. middle/superior temporal 

gyrus) as well as the cerebellum (e.g. culmen). Our meta-analysis of functional hypoactivation in 

adolescents with AB revealed 8 clusters of significant convergence between the studies with the 

largest clusters in the right middle/superior frontal gyrus, left thalamus and basal ganglia, as well as 

left-hemispheric insula (see Table 3, Figure 2). Beyond others, further clusters included the right 

anterior cingulate, left middle temporal gyrus and right amygdala. 
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Figure 2. Neuronal alter-

ations in adolescents with 

aggressive behavior (TD>AB): 

Results from an ALE meta-

analysis. 2-D axial slices 

displaying the thresholded 

and binarized ALE maps of 

significant overlap (P<0.05, 

FDR-corrected) in studies of 

structural (green) and 

functional (red) alterations 

in adolescent AB (TD>AB) 

as well as a conjunction 

analysis (blue) overlaid on 

the Colin T1-template in 

MNI space. Z-slices 

depicting the results range 

from z=21 to 120 and are 

displayed in neurological 

view using the Multi-image 

Analysis GUI (Mango 

available at http://ric.uthscsa.edu/mango/mango.html). 
 

 

Table 3. Results of the structural and functional ALE-meta analyses and conjunction analysis of 

structure and functional alterations in adolescents with AB 

#  Region BA H Volume 
Local Maxima 

   x          y           z                         

 

Structural Meta-Analysis (TD>AB)        

1 inferior frontal/precentral gyrus, 13, R 1952 54 16 10  

 insula 44 , 45   62 20 6  

     56 26 16  

2 subcallosal gyrus, putamen,  34 R 1672 26 4 -16  

 lateral globus pallidus, amygdala    22 4 -8  

     14 10 -12  

3 inferior frontal gyrus 45, 47 R 1304 52 26 -10  

4 insula 13 L 1144 -38 8 8  

     -38 4 -2  

5 middle/superior frontal gyrus 9,8 R 1112 34 48 30  

     40 38 30  

6 middle/inferior frontal gyrus 10,46 L 1040 -36 48 -2  

     -46 48 2  

7 putamen, claustrum  R 688 34 2 -2  

8 thalamus  R 560 20 -30 8  

9 subcallosal/middle frontal gyrus, 

cingulate 

25 R 528 10 14 -22  

10 cingulate/middle frontal gyrus 32 L 528 -10 24 42  

11 claustrum  L 520 -24 20 8  

12 claustrum, insula  R 520 32 14 10  

13 subcallosal/parahippocampal 

gyrus, amygdala 

34 L 512 -30 4 -18  

14 culmen, declive  R 512 4 -58 -16  
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15 caudate  R 512 10 14 2  

16 thalamus  L 512 -8 -16 15  

17 inferior frontal gyrus 47 R 504 46 26 -30  

18 middle temporal gyrus 37 R 504 54 -68 12  

19 superior frontal gyrus 9 R 504 18 56 20  

#  Region BA H Volume 
Local Maxima 

   x             y          z                              

Functional Meta-Analysis (TD>AB)           

1 middle/superior frontal gyrus, 8, 9,  R/L 3728 14 44 30 

 

anterior cingulate gyrus 10, 32 

  

8 36 28 

     

22 48 22 

     

32 50 14 

     

0 36 24 

2 thalamus, lentiform nucleus, 

 

L 1944 -6 -12 -4 

 

putamen, medial globus 

pallidus 

   

-26 -8 -12 

 

amygdala 

   

-16 -8 -4 

3 claustrum, insula 13 L 1896 -28 20 0 

     

-38 20 12 

4 middle frontal gyrus,  11, 24 R 1328 12 30 -20 

 

anterior cingulate 

   

4 30 -14 

5 inferior/middle temporal gyrus 21 L 1288 -48 -8 -26 

6 amygdala, parahippocampal  28 R 1224 30 -4 -28 

 

gyrus  

   

20 -2 -30 

7 claustrum, putamen, insula 13 R 776 28 20 0 

     

30 24 -2 

8 superior, middle frontal gyrus 9 R 552 14 60 16 

        Conjunction: Structural (TD>AB) ž Functional (TD>AB)  
  

1 
superior frontal gyrus 

(dmPFC) 
9 R 128 16 58 18 

2 claustrum, insula 

 

L 8 -26 20 4 

3 claustrum, insula   L 8 -28 18 6 

All x, y, z-coordinates represent local maxima in MNI space. AB=Aggressive Behavior. 

Volume=Volume (mm3). TD=Typically developing controls. H=Hemisphere. BA= Brodmann areas. 

R=Right. L=Left. 

 

 

A formal conjunction analysis using the thresholded ALE maps from the structural and functional 

meta-analysis discovered three areas of regional overlap (Table 3, Figure 3). The biggest area of 

functional and structural overlap (128mm
3
) in adolescents with AB was identified within the right 

dmPFC. Additionally, the analysis exposed two smaller, close-lying clusters of convergence with a 

peak in the left claustrum, extending into the insular cortex.  
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Figure 3. Structural and functional neuroimaging findings in youths with AB co-localize in right 

dorsomedial prefrontal cortex (dmPFC) and left insular cortex. 2-D slices displaying the thresholded 

and binarized ALE maps of significant overlap (P<0.05, FDR-corrected) in studies of structural 

(green) and functional (red) alterations in adolescents with AB (TD>AB) as well as a conjunction 

analysis (blue) overlaid on the Colin T1-template in MNI space. The upper-row including left cut-out 

as well as right surface-model highlight the right dmPFC where structural and functional alterations 

co-localize. The lower-row including left cut-out as well as right surface-model illustrate left insular 

cortex/claustrum where structural and functional alterations overlap.   

 

 

Discussion 

To our knowledge, the current work provides the first quantitative summary of functional 

hypoactivations and gray matter volume reductions in adolescents with AB by summarizing findings 

of eight structural and nine functional neuroimaging studies in a total of 783 participants (408 [224 

AB/184 TD] and 375 [215 AB/160 TD] for structural and functional analysis respectively). Our 

findings indicate 19 structural and eight functional foci of significant alterations in AB, mainly located 

within the emotion processing and regulation network of the human brain (including orbitofrontal, 

dorsolateral/medial prefrontal cortex and limbic brain regions; for reviews on emotion processing and 

regulation see also (Lindquist, Wager, Kober, Bliss-Moreau, & Barrett, 2012; Ochsner, Silvers, & 

Buhle, 2012; Rubia, 2011)). Conjunction analysis reveal that functional and structural alterations in 

AB overlap in three areas, with the largest cluster centered in the right dmPFC and two smaller 

clusters that encompass the left insula. 
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In the following sections we will review structural and functional neuroanatomical evidence derived 

from healthy participants as well as those with aggressive behavior (e.g. conduct problems, CD, ODD) 

for the key areas implicated here (orbitofrontal and dorsomedial prefrontal cortex, insula, cingulate 

cortex, amygdala). 

 

Orbitofrontal and Dorsomedial Prefrontal Cortex 

Our findings identify prefrontal brain regions including orbitofrontal and dorsomedial prefrontal 

cortex as main locations of aberrant brain function and structure in youths with AB. Furthermore, an 

overlap in the foci representing structural and functional changes that co-localize in AB is centered in 

the right dmPFC. While the orbitofrontal as well as the dorsomedial prefrontal cortex can be 

differentiated based on quantitative as well as qualitative markers (Zald, 2007), both have equally been 

suggested in emotion processing and working memory/inhibitory control (Golkar et al., 2012). The 

medial prefrontal cortex in particular has been implicated in emotional self-regulation (Davidson, 

Jackson, & Kalin, 2000), general self-referential activities (D'Argembeau et al., 2007) and emotion-

related decision making (Euston, Gruber, & McNaughton, 2012). Meta-analytic evidence suggests a 

more generic role of the dmPFC in emotion processing (e.g. appraisal, evaluation, experience, 

response), non-specific to a particular emotion (Phan, Wager, Taylor, & Liberzon, 2002). In addition, 

lesion, neurophysiological and neuroimaging evidence have linked the orbitofrontal and dorsomedial 

prefrontal cortex to stimulus-reinforcement association learning (Bechara, Damasio, & Damasio, 

2000). The ability to rapidly decode and readjust values of different input signals is likely to be crucial 

to emotional behavior and may ultimately influence emotional learning. It has been suggested that the 

observed deficits in decision making may directly result from aberrant emotion processing as for 

example observed after frontal brain damage (Bechara et al., 2000). Research has for instance 

demonstrated that aberrant self-monitoring abilities may be responsible to preclude the generation of 

social emotions typically associated with the resolution of social mistakes (Beer, John, Scabini, & 

Knight, 2006). Finally, a whole line of evidence (e.g. (Beyer, Munte, Gottlich, & Kramer, 2014; R. J. 

Blair, 2003; Potegal, 2012)) has linked the prefrontal cortex to aggression. In its extreme, antisocial 

personality disorder and psychopathy are exemplary for individuals displaying increased aggressive 

behavior and studies of both have linked structural (Ermer, Cope, Nyalakanti, Calhoun, & Kiehl, 

2012; Raine, Lencz, Bihrle, LaCasse, & Colletti, 2000) and functional (Decety, Skelly, & Kiehl, 2013; 

Liu, Liao, Jiang, & Wang, 2014) changes to the prefrontal cortex.  

 

Insula 

Both our functional and structural AB meta-analysis have found significant clusters of hypoactivations 

or altered brain structure within the insula. In addition to that, two smaller clusters reached 
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significance in the left insular cortex during our conjunction analysis, mapping structural and 

functional alterations in youths with AB. The insula or insular cortex is part of the cerebral cortex 

forming the base of the lateral sulcus (or sylvian fissure (Gasquoine, 2014)). From a 

neurodevelopmental perspective it is the first region of the cortex to develop and differentiate around 6 

weeks of fetal life (Afif, Bouvier, Buenerd, Trouillas, & Mertens, 2007). The insula is bi-directionally 

connected to various brain regions, including the orbitofrontal cortex, anterior cingulate, 

supplementary motor areas, parietal and temporal cortices, but also to subcortical structures such as 

the amygdala, basal ganglia and thalamus (Dupont, Bouilleret, Hasboun, Semah, & Baulac, 2003; 

Gasquoine, 2014). Connectivity to and from the insula is divided, in that the anterior part of the insula 

has greater connectivity with the frontal lobe, while posterior parts are more strongly connected to the 

parietal lobe. Neuroimaging evidence has suggested that the insula may play a key role in the 

awareness of bodily sensations and affective feelings (A. D. Craig, 2009; Lindquist et al., 2012). 

Meta-analytic data supports this idea, and suggests that the insula is a key player in the evaluation, 

experience or expression of internally generated emotions (Phan et al., 2002). Particularly the left 

insula, along with frontal and temporal brain regions, is associated with anger (Lindquist et al., 2012). 

Furthermore, an emotion-specific role of the insula for disgust (Phillips et al., 1997) has been 

discussed. However, the majority of neuroimaging findings and meta-analytic reviews to date support 

a generic role of the insula in emotional behavior (e.g. (Lindquist et al., 2012; Phan, Wager, Taylor, & 

Liberzon, 2004)).  

 

Atypical neuronal functioning of the insula (e.g. during tasks of emotion processing and empathy) are 

linked to AB (e.g. (Decety et al., 2013; Lockwood et al., 2013)). However, so far, both hyper- (Decety 

et al., 2009; Fairchild et al., 2014) and hypoactivations (Lockwood et al., 2013; Passamonti et al., 

2010; Rubia et al., 2009) are observed during tasks of empathy, face or pain processing. In 

psychopathy particularly fear conditioning has been linked to aberrant insula activation (Birbaumer et 

al., 2005). Functional atypicalities within the insula are further observed in borderline personality 

disorder (Koenigsberg et al., 2009), schizophrenia (Manoliu et al., 2013), depression (Manoliu et al., 

2014) or anorexia nervosa (Bar, Berger, Schwier, Wutzler, & Beissner, 2013). Gray matter volume 

alterations within the insula are associated with various psychiatric conditions beyond antisocial 

populations (e.g. (Ermer et al., 2012; Sterzer et al., 2007)), including bipolar disorder (Selvaraj et al., 

2012), schizophrenia (Glahn et al., 2008), drug dependence (Garavan, 2010), major depression (Bora, 

Fornito, Pantelis, & Yucel, 2012) or anorexia nervosa (Nunn, Frampton, Fuglset, Torzsok-Sonnevend, 

& Lask, 2011).Therefore, the neuronal and structural alterations within the insula may reflect a 

characteristic of psychiatric conditions per se (Gasquoine, 2014).  
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Cingulate Cortex 

The cingulate cortex showed functional as well as structural foci of significance in each of our two 

meta-analyses individually. Cytoarchitectonically, the cingulate gyrus may be divided into four 

functionally independent but interconnected subregions, including the anterior cingulate cortex 

(emotion), the midcingulate cortex (response selection), the posterior cingulate cortex (personal 

orientation), and the retrosplenial cortex (memory formation and access) (Vogt, 2005). Overall the 

cingulate cortex has been implicated in the regulation of cognitive as well as emotional processes 

(Phan et al., 2002; Vogt, 2005) (e.g. processing of acute pain (Shackman et al., 2011) or affective 

stimulus material (Vogt, 2005)), most likely through an interaction with the prefrontal cortex, anterior 

insula, premotor area, the striatum and cerebellum (Derbyshire, 2000; Vogt, 2005). We here 

particularly identified regions within the bilateral anterior cingulate as foci of interest through both our 

functional and structural meta-analysis. While dorsal aspects of the anterior cingulate have been linked 

to tasks of executive functioning (Botvinick, 2007; Ridderinkhof, Ullsperger, Crone, & Nieuwenhuis, 

2004), the anterior part of the cingulate is part of the emotion processing network (Botvinick, 2007; 

Etkin, Egner, Peraza, Kandel, & Hirsch, 2006). It is further suggested that the cingulate gyrus may 

serve as a transition and/or interaction zone between affective and cognitive processing (Phan et al., 

2002). 

 

Studies in AB and antisocial personality disorder have found both gray and white matter increases as 

well as decreases within the cingulate (e.g. (De Brito et al., 2009; Fahim et al., 2011; Wu, Zhao, Liao, 

Yin, & Wang, 2011; Yeh et al., 2009)); the developmental pathway within this region thus still needs 

further assessment. Hypoactivation in AB within the cingulate has been reported during tasks of 

emotion processing (Stadler et al., 2007; Sterzer et al., 2005), empathy (Dalwani et al., 2011; 

Lockwood et al., 2013), response inhibition (Zald, 2007) and sustained attention (Rubia et al., 2009). 

Similarly, individuals with antisocial personality disorder or psychopathic tendencies show reduced 

activation within the cingulate during tasks of emotion processing and conflict resolution, as for 

example observed in moral decision making (Glenn, Raine, & Schug, 2009; Prehn et al., 2013), 

deception (Jiang et al., 2013), frustration (Pawliczek et al., 2013) and emotion processing (Kiehl et al., 

2001). 

 

Amygdala 

Both our functional and structural meta-analyses have identified the right and left-hemispheric 

amygdala as significant foci of interest, even though this area has not reached significance in our 

conjunction analysis. The amygdala is crucial for the perception and encoding of emotionally loaded 

stimulus material and has been suggested as the brain locus of fear (e.g. detection, generation, 
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maintenance of fear and coordination of response in the danger of such) (LeDoux, 2000; Lindquist et 

al., 2012). To summarize the existing fMRI evidence, neuronal activation within the amygdala has 

been observed in healthy individuals in tasks that include arousing stimulus material (e.g. emotionally 

loaded images (Garavan, Pendergrass, Ross, Stein, & Risinger, 2001; Irwin et al., 1996), facial 

expressions (Morris et al., 1998; Vuilleumier, Armony, Driver, & Dolan, 2001; Whalen et al., 1998) or 

words (Hamann, Ely, Hoffman, & Kilts, 2002; Kensinger & Schacter, 2006)), during tasks of empathy 

(Baron-Cohen et al., 1999; Carr, Iacoboni, Dubeau, Mazziotta, & Lenzi, 2003), moral reasoning (Luo 

et al., 2006) or when processing potential threats (Phelps et al., 2001)). A range of tasks investigating 

amygdala responses to different evocative stimulus material led to the suggestion that increased 

activation within the amygdala may particularly mirror affective processing under acute danger or 

threat, rather than fear per se (Phan et al., 2002). Furthermore, neuronal activation is thought to mirror 

dispositional affective style (Davidson & Irwin, 1999; Phan et al., 2002), whereby increased amygdala 

activity correlates with affective reactivity to negative stimuli. Interestingly, amygdala activation in 

response to emotionally loaded stimuli may be attenuated by task demand (K. S. Blair et al., 2007; 

Etkin et al., 2006; Mitchell et al., 2007) or comorbid anxiety and depression symptoms (Sterzer et al., 

2005). For example, concurrent goal-directed processing can disrupt amygdala activation that is 

evoked by emotional images (K. S. Blair et al., 2007). This is in line with meta-analytic evidence 

indicating that studies employing a cognitive task during affect processing are less likely to 

demonstrate amygdala activation (Phan et al., 2002).  

 

Because of its role in aversive conditioning, instrumental learning and fear processing, the amygdala is 

often chosen as a region of interest in investigations targeting AB, antisocial personality disorder or 

psychopathy (R. J. Blair, 2003). Amygdala dysfunction is suggested to be one of the core features in 

the symptomatology of antisocial disorders (e.g. (R. J. Blair, 2003; Dolan & Fullam, 2009; Sebastian 

et al., 2014; Sterzer et al., 2005)). Structurally, the amygdala is altered in AB similarly as in antisocial 

personality disorders and psychopathy (e.g. (Boccardi et al., 2011; M. C. Craig et al., 2009; Sterzer et 

al., 2007)). Finally, it is to note that the amygdala is strongly interconnected with the orbitofrontal 

brain regions and alterations in the connectivity between these two centers have been reported in AB 

and psychopathy (e.g. connectivity between key regions of the emotion processing and regulation 

network (e.g. (R. J. Blair, 2007; van Honk & Schutter, 2006), for a further discussion see following 

section). 

 

Structure-Function Relationship and Connectivity Findings 

While neuroplasticity is known to potentially range from synaptic plasticity to more complex changes 

(e.g. shrinkage in cell size, neural or glial cell genesis, spine density or even changes in blood flow or 
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interstitial fluid (May et al., 2007)), the neurophysiological basis of experience-induced neuroplasticity 

is still a matter of extensive research (Schmidt-Wilcke et al., 2010). Some studies indicate that 

functional and structural measures of plasticity may be related. For example it could be hypothesized 

that experience-related gray matter volume changes correspond to task-specific processing, or, more 

precisely, synaptic remodeling within specific processing areas (Ilg et al., 2008). Another possibility 

may be that impaired connectivity between key regions leads to the functional alterations observed. 

For example researchers have argued that the social and emotional deficits seen in AB may be 

mediated by impaired connectivity between the emotion processing and regulation network (R. J. 

Blair, 2007; van Honk & Schutter, 2006). These system-specific deficits may be observed by diffusion 

tensor imaging and tractography measurements. For example, the uncinate fasciculus is a white-matter 

tract connecting the amygdala and neighboring anterior temporal lobe with the orbitofrontal cortex and 

it thus may be involved in facilitating empathy, emotion regulation and socio-cognitive processes 

(Von Der Heide, Skipper, Klobusicky, & Olson, 2013). Such models would for example explain why 

local changes in brain structure cannot always be inferred from purely functional models. For 

example, in individuals with reactive aggression aberrant amygdala activity but intact amygdala 

structure is observed (Bobes et al., 2013). In such cases it is possible that impaired fiber connections 

(e.g. reduced functional anisotropy in the uncinate fasciculus) to and from this area cause the neuronal 

differences observed (Bobes et al., 2013). In line with evidence in AB (Bobes et al., 2013) significant 

differences in the fractional anisotropy (FA) measures of the uncinate fasciculus have been 

demonstrated in adolescents with conduct disorder (Passamonti et al., 2010; Sarkar et al., 2013) as 

well as in adult psychopathy (M. C. Craig et al., 2009; Motzkin, Newman, Kiehl, & Koenigs, 2011). 

Similarly, studies of intrinsic connectivity (resting state) explore functional networks that are non-

stimulus driven and may inform about the basic functional brain architecture while implicating 

anatomical connectivity of the regions involved (Buckner, Krienen, Castellanos, Diaz, & Yeo, 2011). 

In individuals with antisocial personality disorder this intrinsic connectivity between highly 

interconnected brain centers is disrupted (Tang, Jiang, Liao, Wang, & Luo, 2014).  

 

Independent of the precise neurophysiological nature of structure-function associations, our results 

have indicated co-localized structural and functional deficits in right dmPFC and left insular cortex. 

Based on todayôs structure-function knowledge we thus hypothesize that decreased synaptic density 

may have led to a co-localized decrease within the BOLD response measured through fMRI. However, 

it has to be noted that here we only investigate co-localized structure-function findings that are based 

on gray matter volume reductions and functional hypoactivations in AB. This limitation (no volume 

increases or hyperactivity investigated) is due to the nature of the existing neuroimaging evidence, 

with only five studies reporting gray matter volume increases and six studies providing evidence for 
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functional hyperactivations in individuals with AB. Further studies comparing adolescents with AB 

compared to controls are needed in order to examine functional hypoactivations and gray matter 

volume increases more extensively. Furthermore, only longitudinal research studies will be able to 

show the precise developmental trajectory of these alterations in detail. 

 

Limitations  

Meta-analytic approaches such as the current one have a number of limitations in need for discussion. 

The presented analyses are first of all limited by the detail and quality of the original research studies. 

This includes problems of variations within the significance threshold of data reported, insufficient 

information on possible coordinate transformations and variation in group sizes. Additionally, even 

though psychosocial factors have been significantly linked to brain structure in AB, none of the studies 

to date systematically studied the influence of these within their designs. Furthermore, only a small 

number of studies to date have examined brain structure and function in youths with AB on a whole 

brain level. We decided that a more stringent inclusion criterion is beneficial over the absolute number 

of studies entering the analyses, especially in regards to the attempt to truly capture the neuronal and 

structural phenotype of adolescents with AB. The number of studies entering each analysis therefore is 

on the lower limit. Contrast analyses are ideally contain a minimum of 15 studies in each dataset to 

obtain sufficient statistical power (http://brainmap.org/ale/ (Eickhoff et al., 2012; Eickhoff et al., 2009; 

Laird et al., 2005; Turkeltaub et al., 2012)). Therefore, the current analysis runs the risk of being 

under-powered. 

 

Most of the studies included here consisted of only, or majority of, male participants (see Tables 1, 2). 

Some of the included study designs considered sex-matched clinical and control groups, while others 

applied a gender covariate within their design (e.g. (Stevens & Haney-Caron, 2012; Wallace et al., 

2014)). Two VBM (Dalwani et al., 2015; Fairchild, Hagan, et al., 2013) and one fMRI (Fairchild et al., 

2014) study included only female participants. These studies were nevertheless included in the current 

meta-analyses because the structural alterations observed in girls with CD broadly overlapped with 

those previously reported in male samples only (Fairchild, Hagan, et al., 2013). But while the current 

population included mirrors the occurrence of AB in the general population (e.g. higher number of 

males with AB (Loeber et al., 2000)), research has shown that it may be crucial to differentiate clinical 

cases based on gender in future research studies (e.g. (Berkout, Young, & Gross, 2011)). Specifically, 

to determine possible gender related differences of structural and functional characteristics in 

individuals with AB, a comparison between meta-analyses of studies examining females and those 

examining males separately would have been of interest, but was not possible due to the small number 

of studies that are available for each group individually. 
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Another potential caveat is the fact that clinical and subclinical forms of aggressive behavior are often 

associated with comorbid diagnoses, most prominently attention-deficit hyperactivity disorder 

(ADHD; reported in up to 69% of CD patients (Klein et al., 1997)) and anxiety (Loeber et al., 2000). 

To date there is no neuroimaging evidence investigating pure diagnosis of clinical manifestations of 

aggressive behavior (e.g. CD or ODD) (Banaschewski et al., 2005). Researchers argue whether 

aggressive behavior in combination with ADHD even posits a distinct subtype or not (Banaschewski 

et al., 2003) and common neurobiological pathways are considered (Banaschewski et al., 2005). 

Overall it can be concluded that neuroimaging research studies on aggressive behavior in children and 

adolescents to date are characterized by diverse approaches in regards to the sample selection and 

definition, all of which have their justification and pitfalls (Sterzer & Stadler, 2009). Ultimately, only 

a comparison of both, pure and comorbid groups will be able to inform about the specificity and 

predictive value of either definition. Here we included adolescents with clinical and subclinical forms 

of aggressive behavior, most of which have comorbid ADHD symptoms (e.g. (Dalwani et al., 2011; 

De Brito et al., 2009; Fairchild et al., 2014; Fairchild, Hagan, et al., 2013; Fairchild et al., 2011; 

Huebner et al., 2008; Lockwood et al., 2013; Marsh et al., 2013; Marsh et al., 2011; O'Nions et al., 

2014; Passamonti et al., 2010; Sebastian et al., 2014; Sterzer et al., 2005; Wallace et al., 2014; White 

et al., 2012). Many of the included studies report no differences in results when controlling for ADHD 

(through exclusion or a covariate within the study design; (Fairchild et al., 2014; Marsh et al., 2013; 

O'Nions et al., 2014; Passamonti et al., 2010; Sebastian et al., 2014; Sterzer et al., 2005; White et al., 

2013)).  

 

Similar problems are IQ differences, drug use or socioeconomic status, all of which are a characteristic 

of populations with aggressive behavior. Studies included in the current meta-analysis have all 

matched their participants according to IQ measures (Fahim et al., 2011; Fairchild et al., 2014; 

Fairchild et al., 2011; Huebner et al., 2008; Lockwood et al., 2013; Marsh et al., 2013; Marsh et al., 

2011; O'Nions et al., 2014; Passamonti et al., 2010; Sebastian et al., 2014; Stevens & Haney-Caron, 

2012; White et al., 2012) or used IQ as a covariate within their study design (Dalwani et al., 2011; De 

Brito et al., 2009; Fairchild, Hagan, et al., 2013; Hyatt et al., 2012; Sterzer et al., 2005; Wallace et al., 

2014). Drug use and socio-economic status were controlled for in some, but not all, studies and further 

research is needed using a more careful sample characterization in order to inform about the impact of 

these variables on brain structure and function.  

 

It is also to consider that the diagnosis of conduct disorder (clinical manifestation of AB) may 

encompass at least two clinically relevant subgroups. While the first group exhibits callous-

unemotional traits (e.g. reduced guilt, callousness, uncaring behavior and reduced empathy) and 
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heightened risk of persistent antisocial behavior, the second group is characterized by heightened 

threat sensitivity and reactive aggression (R. J. Blair et al., 2014; Euler et al., 2014). Callous-

unemotional traits are highly heritable (Viding, Seara-Cardoso, & McCrory, 2014), expressed as early 

as at two years of age (Waller et al., 2012) and are predictive of the most severe and persistent variant 

of conduct disorder (Dandreaux & Frick, 2009; Rowe et al., 2010). Studies also indicate that this 

severity may significantly impact the neuronal alterations observed (Ducharme et al., 2011; Fairchild 

et al., 2014; Fairchild et al., 2011; Passamonti et al., 2010). To summarize, while we were unable to 

constrain the current meta-analysis based on potential subtypification and gender variables, these 

factors may pose an exciting view on data analysis strategies and interpretations for future studies. For 

all the reasons noted, the current results have to be interpreted with caution. However, multimodal 

neuroimaging methods combining two or more functional (fMRI and/or EEG) and structural (MRI 

and/or DTI) approaches are suggested to provide a more sensitive measure in comparison to unimodal 

imaging for disease classification (Sui, Huster, Yu, Segall, & Calhoun, 2014). Furthermore, we think 

that the confounding variables discussed here have influenced the functional and structural meta-

analyses similarly.  

 

Overall, we could demonstrate that structural and functional alterations in adolescents with AB co-

localize within key regions of the emotion processing and regulation network (e.g. prefrontal and 

insular cortex). Thus, our current analysis, using an activation likelihood estimation approach, 

provides an important step towards a more focused method of neuroimaging in AB. Future studies 

need to determine whether the here identified convergent clusters of neuronal and structural alterations 

may be applicable for clinical purposes (for example an improved pathophysiological description of 

individuals with AB) or whether a further specification (e.g. based on subtypes and gender) may be 

needed. However, the coordinates presented here can serve as non-independent regions of interest for 

future studies in AB, conduct disorder or in individuals with AB or antisocial/psychopathic tendencies.  

 

Summary and conclusion 

Aggressive behavior constitutes a major issue of public health and increased knowledge about the 

behavioral and neuronal underpinnings of AB are crucial for the development of novel and 

implementation of existing treatment strategies. However, single site studies often suffer problems of 

small sample size and thus power issues. Quantitative meta-analysis techniques using activation 

likelihood estimations as implemented here offer a unique opportunity to investigate consistency of 

results between several studies investigating the same research question and population. We have 

implicated several brain regions of the emotion processing and regulation network to show 

hypoactivations and gray matter volume reductions in adolescents with AB (including prefrontal brain 
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regions, amygdala, insular and cingulate cortex) and demonstrated that functional and structural 

alterations in AB co-localize within right dmPFC and left insular cortex. 

 

Overall, we are in line with meta-analytic work as well as structural, functional and connectivity 

findings that make a strong point for the involvement of a network of brain areas responsible for 

emotion processing and regulations. This network is impacted in individuals with AB and antisocial 

personality disorder/psychopathy. However, much still needs to be investigated. For example, study 

findings differ in regards to hypo- or hyperactivations and gray matter volume reductions or increases 

in different regions of the emotion processing and regulation network. Due to power constraints, the 

current meta-analysis only investigated hypoactivations and gray matter volume reductions in youths 

with AB and no hyperactivations or increases in brain structure. Future studies implementing 

longitudinal designs may be able to shed more light on the developmental pathway as well as onto 

typical and atypical trajectories within the regions reported. Such longitudinal designs will further 

allow the investigation of the bidirectional influence of biological and psychosocial influences in AB. 
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Abstract 

Aggressive and antisocial behaviors are common reasons for referral to youth mental health services, 

and result in adverse psychological, clinical and societal consequences. However, aggressive and 

antisocial youths are heterogeneous with respect to etiology, behavior, treatment responsiveness and 

neurobiology. Callous-unemotional traits differentiate meaningful subgroups, and callousness has 

been linked to neuroanatomical correlates in clinical samples. Nevertheless, it is unknown whether 

callous-unemotional traits are associated with neuroanatomical correlates within normative 

populations without clinical forms of aggression. Here we investigated the relationship between 

callous-unemotional traits and gray matter volume using voxel-based morphometry in typically-

developing boys and girls (N=189). Whole-brain multiple regression analyses controlling for site, total 

intracranial volume and age were conducted in the whole sample and in boys/girls individually. 

Results revealed that callous-unemotional traits were positively correlated with bilateral anterior insula 

volume in boys, but not girls. Insula volume explained 19% of the variance in callous-unemotional 

traits for boys. Our results demonstrate that callous-unemotional traits have a neurobiological basis 

beyond psychiatric samples. This association was sex-specific, underlining the importance to consider 

sex in future research designs. Longitudinal studies will need to determine whether these results 

persist over time and whether neural correlates of callous-unemotional traits are predictive of future 

psychiatric vulnerability. 
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Introduction  

Aggressive and antisocial behavior during childhood and adolescence are amongst the most common 

reasons for a childhood referral to mental health services (Kazdin et al., 2006). While the prevalence 

of aggressive and antisocial behavior is higher in boys than girls, for both genders adverse 

psychological, clinical and societal consequences may result (Kessler et al., 2012). Clinically, severe 

aggression and antisocial behaviors in youths are subsumed under the term disruptive behavior 

disorders (DBD), which includes oppositional defiant and conduct disorder (American Psychiatric 

Association, 2013). Notably, children and adolescents with DBD form a very heterogeneous group in 

regard to etiology, associated behavioral symptoms, developmental trajectories, future risk for 

impairment or response to treatment (Moffitt et al., 2008). Thus devising a meaningful approach to 

subtyping antisocial behavior has been of long-lasting clinical interest (Frick et al., 2014). Various 

procedures have been adapted, including the distinction between proactive and reactive aggression, 

childhood- or adolescent-onset conduct problems, socialized versus under-socialized youths or high 

versus low callous-unemotional (CU) traits (see also Diagnostic and Statistical Manual of Mental 

Disorders (DSM-III to DSM-5) (Kruesi et al., 2004; Frick et al., 2006; Fairchild et al., 2011; American 

Psychiatric Association, 2013)). Overall, behavioral, genetic and neurobiological data indicate the 

potential of CU-traits in explaining heterogeneity within antisocial populations (Frick et al., 2006; 

Bezdjian et al., 2011; Rogers and De Brito, 2016). This was likewise recognized within the latest 

version of the DSM-5 by an additional specifier to the diagnosis of conduct disorder termed óLimited 

Prosocial Emotionsô (American Psychiatric Association, 2013). However, to date there is only little 

evidence focusing on the neurobiological correlates of CU-traits in typically-developing youths and no 

study has yet focused on sex-specific effects by studying males and females individually. 

 

Descriptively, CU-traits are defined by lack of empathy, reduced guilt or limited prosocial emotions 

(Blair, 2013; Fairchild et al., 2013). In DBDs high CU-traits are indicative for the development of 

particularly severe, persistent and treatment-resistant forms of aggression (Frick and White, 2008). 

While CU-traits have most commonly been studied in clinical populations that display antisocial 

behavior (i.e. DBD) there is increasing evidence for the relevance of CU-traits in community samples 

without clinical levels of antisocial behavior (Frick et al., 2006; Kumsta et al., 2012; Viding and 

McCrory, 2012). Children who experienced early deprivation have for example been shown to display 

high levels of CU-traits in the absence of antisocial behavior. CU-traits in youths without DBD have 

again been related to antisocial behavior (subclinical levels), impairments affecting peer relationships, 

prosocial behavior, hyperactivity increased risk-taking and reduced emotional responsiveness in some 

studies (Frick et al., 2003; Barker et al., 2011; Kumsta et al., 2012; Viding and McCrory, 2012). 

Emotion processing deficits in high CU-community youths are not consistently reported though and it 














































































































































