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Abstract
Youth antisocial behavior (AB) is an important public health concern impacting perpetrators,
victims, and society. Functional neuroimaging is becoming a more common and useful modality
for understanding neural correlates of youth AB. Although there has been a recent increase in
neuroimaging studies of youth AB and corresponding theoretical articles on the neurobiology of
AB, there has been little work critically examining the strengths and weaknesses of individual
studies and using this knowledge to inform the design of future studies. Additionally, research on
neuroimaging and youth AB has not been integrated within the broader framework of
developmental psychopathology. Thus, this paper provides an in-depth review of the youth AB
functional neuroimaging literature with the following goals: 1. to evaluate how this literature has
informed our understanding of youth AB, 2. to evaluate current neuroimaging studies of youth AB
from a developmental psychopathology perspective with a focus on integrating research from
neuroscience and developmental psychopathology, as well as placing this research in the context
of other related areas (e.g., psychopathy, molecular genetics), and 3. to examine strengths and
weaknesses of neuroimaging and behavioral studies of youth AB to suggest how future studies can
develop a more informed and integrated understanding of youth AB.
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A long history of research on children and adolescents has emphasized multiple pathways in
the development and maintenance of antisocial behavior (AB) (e.g., Frick & White, 2008;
Loeber & Dishion, 1983; Loeber & Stouthamer-Loeber, 1998; Moffitt et al., 2008; Moffitt,
Caspi, Dickson, Silva, & Stanton, 1996). This heterogeneous group of behaviors, including
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physical and sexual aggression, destruction of property, theft, and violation of serious
societal rules, has been of particular interest to researchers and the general public because of
the large cost to society through their negative impact on perpetrators and victims, the
chronic nature and trajectory of AB, and the difficulty in preventing and treating AB
(Colman et al., 2009; Odgers et al., 2007; Scott, Knapp, Henderson, & Maughan, 2001).
Theories on the etiology of AB from a wide array of disciplines have emphasized the
contributions of biological (e.g., neural, hormonal, genetic) and/or environmental (e.g.,
parenting, poverty, peers) mechanisms, with recent nuanced views emphasizing the complex
interplay between these domains of influence (e.g., D’Onofrio, Rathouz, & Lahey, 2011;
Guo, 2011; Kendler, 2011b; Reiss, 2005; Rutter, 1997; Sameroff, 2010).

In the past two decades, advances in neuroscience and related biological sciences (e.g.,
molecular genetics) have furthered our ability to measure specific biological processes
involved in psychopathology (e.g., Bogdan, Hyde, & Hariri, 2012; Cole, 2009; Rutter &
Dodge, 2011; Stoltenberg & Burmeister, 2000). Improvements in, and greater accessibility
of, neuroimaging techniques such as functional magnetic resonance imaging (fMRI) have
made studies incorporating these techniques more practical in larger samples, which have
increased our understanding of the brain’s role in psychopathology (e.g., Dolan, 2008;
Hariri, 2009). Recently, research has been initiated that applies functional neuroimaging to
the study of AB in both adults and children that can directly address biological theories of
AB. For example, studies have linked dysfunction in several brain areas to adult
psychopathy (e.g., Yang & Raine, 2008) using a variety of different fMRI paradigms to
probe the neural correlates of specific behaviors implicated in psychopathy. Recent studies
involving adolescents (Jones, Laurens, Herba, Gareth, & Viding, 2009; Marsh et al., 2008)
have linked callous-unemotional (CU) traits (a downward extension of the interpersonal and
affective components of the adult psychopathy construct) and AB to specific brain
mechanisms, and have integrated these findings within the context of both developmental
psychology and neuroscience. The existing studies of neural functioning in youth with AB
share several important strengths that can inform our understanding of the neural correlates
of AB, but also limitations that could be improved upon in future work. In this vein, the
current paper seeks to integrate theory and research from basic neuroscience and
developmental psychopathology and suggest future directions for studying the
neurobiological mechanisms involved in the development of youth AB. Relevant work from
forensic psychology, biological psychiatry, and genetics is incorporated with the goal of
integrating converging findings across disciplines so that each area can inform the other.

While several authors have written recent reviews on similar topics (e.g., the neurobiology
of psychopathy, the neurobiology of aggression in children: Blair, Peschardt, Budhani, &
Pine, 2006a, 2006b; Glenn & Raine, 2008; Kiehl, 2006; Sterzer & Stadler, 2009; Yang &
Raine, 2008), most of these reviews have been written more narrowly with the primary goal
of describing an author’s theory of neural mechanisms involved in AB, with less emphasis
on a critical examination of the reviewed studies’ methods and results. In contrast, the goals
of the current review are as follows: (1) to provide a broad and in-depth literature review of
the functional neuroimaging literature as it relates to youth AB with the goal of evaluating
how this literature has informed our understanding of youth AB at the neural and behavioral
level; (2) to evaluate the current neuroimaging studies of youth AB from a developmental
perspective with an eye towards integrating research from neuroscience and concepts from
developmental psychopathology, as little work has examined how behavioral and
neuroimaging studies inform each other and how the integration of these studies may
highlight areas for future research; (3) to examine strengths and weaknesses of
neuroimaging and behavioral studies of youth AB to suggest how future studies can develop
a more informed and integrated understanding of youth AB; and (4) to examine how other
relevant literatures (i.e., structural MRI of youth AB, neuroimaging in psychopathy,
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neurotransmitter and genetics approaches, findings from normative adolescents) can inform
current and future functional neuroimaging studies of youth AB.

This paper will begin by exploring definitions of AB and both developmental and
measurement issues in the study of youth AB, describing important considerations in
undertaking and evaluating neuroimaging studies, reviewing central tenets of developmental
psychopathology that bear on understanding youth psychopathology, and providing an
overview of brain areas implicated in youth AB. Studies that have used functional
neuroimaging approaches to study youth AB will then be reviewed with an emphasis on
their strengths and limitations, and a brief section on how structural MRI findings in this
population fit in with functional findings. Next, relevant theoretical and empirical literature
from other fields (e.g., adult psychopathy, molecular genetics) will be reviewed as they
relate to youth AB with an emphasis on brain areas and plausible biological mechanisms
involved in youth AB. Finally, the paper concludes with suggestions for intervention and
empirical approaches to further integrate biological and environmental interactions in the
study of AB.

Throughout, several themes will be emphasized. First, youth AB is a complex set of
behaviors and subtypes or specific behaviors need to be targeted, especially those that have
already been extensively characterized behaviorally (e.g., CU traits, age of onset). However,
results should not be generalized beyond these specific groups as their etiology may be
distinct. Second, specific details of studies are critical to interpreting results: fMRI task and
stimuli, behavioral measures used, age, and characteristics of the sample being studied will
influence observed findings. Third, neuroimaging studies of youth AB alone can highlight
correlations between brain function and behavior but can best advance our understanding
when integrated with work at the molecular and cellular level and/or at the broad behavioral
and developmental level. Studies that propose differential functioning models with testable
hypotheses will advance the field. For example, models that separate similar behavior and
can specify different underlying neural correlates have the potential to lead to a more
nuanced understanding of the etiology of youth AB across and within potential subtypes.
Moreover, advances in neuroimaging of youth AB may help test questions that have been
left unanswered by behavioral work and similarly, integrating between neuroimaging and
behavioral work can help to elucidate the strengths and weaknesses of each approach.

Youth Antisocial Behavior
Definition and theories of youth AB

AB can be described by a host of terms in children, adolescents, and adults including legal
definitions (delinquency), broad behavioral definitions (externalizing behavior problems),
and specific types of behaviors (aggression). In the Diagnostic and Statistical Manual of
Mental Disorders, Fourth Edition (DSM-IV; American Psychiatric Association, 1994) and
recent fifth edition (American Psychiatric Association, 2013), youth AB is categorized into
oppositional-defiant disorder (ODD) and conduct disorder (CD), with ODD focused more
on less severe forms of age-inappropriate angry and oppositional behaviors, and CD focused
more on severe aggression and behaviors that involve inflicting pain on others (e.g.,
initiating fights, sexual assault), denying the rights of others (e.g., stealing), and status
offences (Hinshaw & Lee, 2003). When these behaviors are persistent in adults, they are
categorized as Antisocial Personality Disorder (APD), with APD requiring a prior diagnosis
of CD. These disorders are quite common: a recent study has estimated the lifetime
prevalence of CD in the United States to be 9.5% of the population (12% among males, and
7% among females), with a median age of onset of 11.6 years (Nock, Kazdin, Hiripi, &
Kessler, 2006).
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Within both child and adult antisocial populations, a wide heterogeneity of symptoms is
prevalent often causing researchers to either subdivide these behaviors or study individual
behaviors. For example, aggression and AB have been studied widely and can be divided
into proactive versus reactive subtypes (Vitaro, Brendgen, & Barker, 2006), rule breaking
versus aggressive behaviors (Burt, 2012), and overt versus covert behaviors (Loeber &
Stouthamer-Loeber, 1998). In adults, a major distinction has been made between criminality
(and the related diagnosis of APD) and a more severe form of personality disorder called
psychopathy. Psychopathy involves a parasitic and antisocial lifestyle as well as affective
and interpersonal deficits, such as lack of empathy, guilt, and remorse, along with superficial
charm, conning, and manipulativeness (Kiehl, 2006).

There also appears to be heterogeneity even within a single diagnostic class (e.g., CD) based
on presenting symptoms (e.g., in DSM-IV, only 3 of 13 items are needed for a diagnosis of
CD, creating multiple clusters of symptoms) (e.g., Loeber & Stouthamer-Loeber, 1998), age
of onset of symptoms (Moffitt, 1993a), and the presence of other related traits such as
callousness (Frick & Ellis, 1999). This heterogeneity may lead to conflicting findings and
increased measurement error in studying AB if there are subgroups with different underlying
etiologies (e.g., those that start earlier or those that also have callous-unemotional traits).
There are several meaningful ways to divide groups of antisocial youth and we briefly
consider these strategies and their benefits and limitations before considering the fMRI
literature that is based on these subtyping schemes.

Age of Onset
Some researchers have proposed to subdivide youth by age of AB onset: “early starters”
(before age 10) and “late starters” (Aguilar, Sroufe, Egeland, & Carlson, 2000; Moffitt,
1993a). In correlational studies, early starting problems have been linked to neurocognitive
deficits (Moffitt, 1993b), familial risk such as coercive parenting (Patterson, Reid, &
Dishion, 1992), difficult temperament (e.g., high levels of negative emotionality,
fearlessness), high levels of ADHD symptoms (Moffitt, Caspi, Harrington, & Milne, 2002),
and a chronic and escalating trajectory of behavior (Shaw & Gross, 2008). Later starting AB
has been correlated with deviant peer association (Dishion, Patterson, Stoolmiller, &
Skinner, 1991), fewer proximal family risks, and a less elevated and less chronic trajectory
of AB (Moffitt et al., 2002).

These behavioral studies inform hypotheses to be tested by neuroimaging studies. For
example, it has been theorized (Moffitt, 1993a) that because of the relative dearth of risk
factors for adolescent onset AB, late starters may have fewer biological correlates of AB
relative to early starters. Additionally, based on the high level of environmental risk seen in
early starters and emerging literature linking early maltreatment to behavioral,
physiological, and neural changes in children indicating a heightened reactivity to threat
(Cicchetti & Rogosch, 2001; Dannlowski et al., 2012; Fries, Ziegler, Kurian, Jacoris, &
Pollak, 2005; Pollak & Tolley-Schell, 2003; Pollak, Vardi, Putzer Bechner, & Curtin, 2005),
we would expect neuroimaging studies of early starting youth to find differences in neural
reactivity to threat. Whereas this subtyping scheme has direct implications for neural studies
and is used widely through its inclusion in the DSM-IV (American Psychiatric Association,
1994), it should be noted that authors have recently questioned the usefulness of this
approach on statistical grounds (Walters & Ruscio, 2012), in comparison to other subtyping
approaches (e.g., physical aggression versus non-aggressive rule breaking) (Burt, Donnellan,
Iacono, & McGue, 2011), and in relation to several biological studies demonstrating few
differences between early and late starters (Fairchild, van Goozen, Stollery, & Goodyer,
2008; Fairchild, Van Goozen, Calder, Stollery, & Goodyer, 2009; Fairchild, van Goozen,
Stollery, et al., 2009; Fairchild, van Goozen, Stollery, Brown, et al., 2008).
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Callous-Unemotional (CU) Traits
A second emphasis in the study of AB, particularly neuroimaging studies of youth AB, has
focused on the presence or absence of CU traits, with CU traits posited to be important in
the etiology and course of AB for a subgroup of youth (Frick, Cornell, Bodin, et al., 2003;
Frick & White, 2008). The presence of CU traits is now part of the diagnosis of AB
disorders in the recently published DSM-5 (Moffitt et al., 2008; Pardini, Frick, & Moffitt,
2010), classified as “limited prosocial emotions” (American Psychiatric Association, 2013).
CU traits are linked to the shallow affect and lack of empathy seen in adult psychopathy and
can be seen theoretically as a downward extension of affective and interpersonal
components of the psychopathy construct in youth. CU traits have been shown to predict a
more severe course of AB that is more stable and linked to other affective and learning
deficiencies in youth (Frick & White, 2008), especially those that would imply specific
neural deficiencies (e.g., difficulty recognizing fearful facial expressions, perseveration in
learning paradigms) (Blair, Colledge, Murray, & Mitchell, 2001; Marsh & Blair, 2008).
Moreover, AB has been shown to be more highly heritable in the presence of CU traits
(Fontaine, Rijsdijk, McCrory, & Viding, 2010; Viding, Blair, Moffitt, & Plomin, 2005;
Viding, Jones, Paul, Moffitt, & Plomin, 2008), further emphasizing the need to explore
neural correlates of this subgroup. Finally, as CU traits in youth and psychopathy in adults
have been associated with high levels of proactive ABs (Cornell et al., 1996; Frick, Cornell,
Barry, Bodin, & Dane, 2003), examining proactive (e.g., instrumental, planned) versus
reactive (e.g., in response to a perceived or actual threat) AB may represent another
overlapping way of subdividing patterns of AB with implications for neural functioning
(Bezdjian, Tuvblad, Raine, & Baker, 2011; Stadler, Poustka, & Sterzer, 2010).

Although a majority of the neuroimaging studies to be reviewed focus on groups of AB+CU
+ youth, there are several points to consider in evaluating research on CU traits, particularly
neuroimaging of CU traits as it compares to adult psychopathy. First, CU traits have been
shown to be stable during middle childhood and from adolescence to adulthood to some
extent (Blonigen, Hicks, Krueger, Patrick, & Iacono, 2006; Frick, Kimonis, Dandreaux, &
Farell, 2003). However, few studies have followed children with CU traits into adulthood
and those that have, have found CU to be predictive of Antisocial Personality Disorder
(Loeber, Burke, & Lahey, 2002) but not necessarily adult psychopathy. There is also some
evidence that a substantial number of children initially high on CU traits decrease in these
“traits” (or behaviors) through this period of development (Frick, Kimonis, et al., 2003). For
example, in a study examining trajectories of CU traits and AB in an earlier age period
(from age 7–12), 13% of children were found to be decreasing from high to low levels of
CU, whereas only 5% had stable high CU (with 7% increasing CU), meaning that more
youth are desisting on measures of CU “traits” than those that are stably high or even
increasing in CU traits across this earlier age period (Fontaine, McCrory, Boivin, Moffitt, &
Viding, 2011). These studies beg the questions: 1) In studying AB adolescents with high CU
are we really studying adolescents who will go on to be adult psychopaths? 2) How much
should the study of CU during childhood and adolescence be guided by the literature on
adult psychopathy? 3) How persistent are CU traits across childhood and adolescence (and
into adulthood) and how can we distinguish those who persist from those who desist from
these behaviors or “traits”, especially from a neurobiological point of view? 4) How
homogenous and stable is the group of youth with AB and CU traits? Are CU traits really
“traits” (Waller, Gardner, & Hyde, 2013)? Fundamentally, much of the emerging
neuroimaging literature on youth with AB and CU traits assumes that CU traits in
adolescence are an early form of psychopathy; however, very little empirical data has tested
this relationship longitudinally.

Second, beyond stability and developmental concerns, it also is not clear whether CU traits
during childhood and adolescence should be conceptualized as a continuous dimension or a
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dichotomous trait. In the adult literature, psychopathy is often viewed as important only
above a specific extreme threshold (e.g., PCL-R; Kotler & McMahon, 2005) and is typically
measured in a dichotomous manner (Blonigen et al., 2006; Koenigs, Baskin-Sommers,
Zeier, & Newman, 2011). Behavioral studies typically employ continuous measures of CU
traits and less typically use cut-off scores in reporting associations, but recent neuroimaging
studies have used only extreme groups (Jones et al., 2009; Marsh et al., 2008) despite having
no standard cut point for establishing risk status on CU traits in children. Whereas the
imaging studies reviewed here could imply that the extreme group may be biologically
distinct, the lack of clarity about the conceptualization and measurement of the underlying
construct makes interpreting these neuroimaging studies more difficult (for a discussion of
similiar issues in adult psychopathy neuroimaging see Koenigs et al., 2011). This issue also
has implications for informing intervention research, as recommendations would vary
depending on whether neural differences in CU youth are present only when partitioned
dichotomously versus examined continuously.

Important behavioral constructs not addressed in the neuroimaging literature
Just as it is important to note the limitations of constructs like CU traits that are widely used
in neuroimaging studies, it is equally important to note what is not addressed in the
neuroimaging literature but has been important in behavioral studies of youth AB. The first
major omission is that the majority of neuroimaging studies of youth AB have focused on
CU traits, very few on age of onset, and none on constructs such as proactive versus reactive
aggressive behaviors (Vitaro, Gendreau, Tremblay, & Oligny, 1998), aggression versus rule
breaking (Burt, 2012) or covert versus overt behaviors (Loeber & Stouthamer-Loeber,
1998), all of which have been shown to be valid approaches for subtyping this
heterogeneous group. Moreover, although many assume that there is high overlap in youth
who are early starters, high on CU traits, and more seriously and proactively aggressive,
there is little prospective empirical evidence supporting the assumed overlap of all of these
schemes for classifying AB youth. At best, those high on CU traits have been shown to be
both proactive and reactively aggressive, whereas those low on CU traits have been shown
to be mainly reactively aggressive (Bezdjian et al., 2011; Cornell et al., 1996; Frick, Cornell,
Bodin, et al., 2003).

A second major omission is that no neuroimaging studies have examined neural reactivity in
relation to Social Information Processing (SIP), a well-researched construct in relation to
youth aggressive behavior. Dodge and others have proposed a theory of SIP that posits a
series of steps in both interpreting and acting in social situations (e.g., interpretation of
social cues, response evaluation) that are presumed to be proximal mechanisms that underlie
children’s social behavior generally and aggression specifically (Dodge, 1993). A wealth of
research supports evidence that aggressive boys display social information processing
deficits (Dodge & Schwartz, 1997), particularly hostile attribution biases and response
generation (Dodge & Schwartz, 1997; Orobio de Castro, Veerman, Koops, Bosch, &
Monshouwer, 2002), including interpreting neutral faces as hostile (Dadds et al., 2006).
Although SIP mechanisms have been found to be critical to understanding response to threat
in aggressive youth, no neuroimaging studies to date have examined patterns of neural
reactivity to threat in relation to SIP biases. This line of research could be quite fruitful in
understanding the role of threat and reward in youth AB from a behavioral and neural level.
For example, in one study reactively aggressive children demonstrated a greater history of
maltreatment, slightly earlier onset of problems, and more difficulties in encoding (hostile
attribution bias) and problem solving relative to their proactively aggressive peers (Dodge,
Lochman, Harnish, Bates, & Pettit, 1997). In contrast, proactively aggressive children
displayed differences in anticipating positive outcomes of aggressing (rather than hostile
attribution bias), suggesting the possibility of different cognitive and neural mechanisms

Hyde et al. Page 6

Dev Rev. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



involved in these two overlapping but distinct forms of aggression (in relation to CU traits,
see also Stickle, Kirkpatrick, & Brush, 2009). As such, reactive aggression could be
associated with exaggerated response to threat or even neutral situations interpreted as
threatening (hostile attribution bias), whereas proactive AB could be associated with poor
evaluation of the outcomes of aggression (reward processing). This literature suggests that
reactively aggressive youth would show exaggerated neural response to threat (or even
neutral/ambiguous stimuli) in relevant neural regions, whereas proactively aggressive youth
would be more likely to demonstrate greater response in neural regions associated with
reward.

In summary, within the broad group of ABs, researchers have employed multiple ways of
subdividing youth, theoretically leading to more homogenous groups that are likely to have
distinct etiologies, which is particularly important when examining biological components
of etiology. Two of these grouping methods, early versus late starting AB and the presence
or absence of CU traits, are especially relevant for neuroimaging studies of youth with AB
because most neuroimaging studies of youth AB have focused on these subgroups and these
subtypes are the focus of diagnostic classification systems (i.e., the DSM). However,
although these approaches have advantages, there are certainly limitations worth noting
(e.g., the lack of replicated longitudinal research linking CU traits and adult psychopathy)
when evaluating neuroimaging studies employing these constructs.

Overview of Developmental and Neuroimaging Methods
As the focus of this review is to bring together perspectives from multiple disciplines to
provide a multi-faceted lens through which to evaluate current studies and suggest future
directions for the study of youth AB, we first examine important points to consider within
developmental and neuroimaging studies. We start with an overview of considerations from
developmental psychopathology, provide a brief overview of important considerations in
interpreting fMRI studies, and then describe the brain areas of focus in this review.

Developmental Psychopathology Considerations
During the past quarter century a developmental psychopathology perspective (Sroufe &
Rutter, 1984) has greatly changed the way clinical researchers approach the study of child
psychopathology through an emphasis on constructs from developmental science and
systems theory (Sameroff, 1995). Specifically, this approach suggests a greater appreciation
of the multiple influences on adaptive and maladaptive child behavior, incorporating how
biological and environmental forces impact children in a dynamic and transactional manner
throughout development (Cicchetti, 1993; Cummings, Davies, & Campbell, 2000; Rutter,
1997; Sameroff, 2000; Sroufe & Rutter, 1984). As one goal of this review is to integrate
these ideas and approaches into theory and interpretation of the present studies, several
points of emphasis in developmental psychopathology that are important to consider are
summarized briefly below.

Age and Developmental Stage—Aggression in a two-year old and a 15-year old are
quite different phenomena. Aggression during the toddler years is normative and is not
likely to be as destructive as it is in older children (Loeber & Hay, 1997; Tremblay et al.,
1999). The developmental tasks and roles of youth are also different at different stages. For
example, the relative influence of parenting and peers on child AB is likely to change as a
function of youth’s developmental stage, with peers exerting an increasingly large influence
as children approach adolescence (Dishion & Patterson, 2006; Shaw, Bell, & Gilliom,
2000). Therefore, a finding that a certain brain area is linked to AB at age 17 may tell us
relatively little about the development of AB for a preschool child, as the following factors
may vary as a function of developmental status: the presentation of AB (e.g., temper
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tantrums versus robbery), the influence of different environmental factors (e.g., parents
versus peers), and the connections between and within brain areas (Casey, Tottenham,
Liston, & Durston, 2005), especially as there are pronounced changes in myelination and
development of the prefrontal cortex (PFC) that occur during adolescence (Durston et al.,
2006; Giedd, 2008). Moreover, when considering risk factors for AB that may affect brain
functioning (e.g., harsh parenting, neighborhood violence), it is important to consider that
these risks may have different effects on the brain and the expression of these effects in
terms of behavior may differ by age and developmental stage (Tottenham & Sheridan,
2009). This issue is broadly important to all behavioral studies, but we focus on it in relation
to functional neuroimaging in particular because much of the extant literature has not been
longitudinal in nature and includes a broad age range of participants spanning multiple
development periods (e.g., 10 to 18 years).

Heterotypic Continuity—The underlying “phenotype” of problem behavior may present
as different behaviors at different ages. For example, developmental models of AB
emphasize early opposition and aggression that may then lead to later delinquent behaviors,
which may then escalate to more serious violent offenses (Loeber, 1982; Loeber &
Stouthamer-Loeber, 1998). Although these behaviors are different, they may be the
changing presentation of the same underlying phenotype (e.g., the same brain circuitry, the
same extreme dimension of temperament or personality).

Heterogeneity within Diagnostic Class—As emphasized previously, AB encompasses
a wide array of behaviors. This heterogeneity may represent a broad but connected
phenotype or it may represent related but distinct patterns of behavior with similar or
dissimilar precursors. For example, some researchers have attempted to separate proactive
and reactive aggression or “hot” versus “cold” behaviors (Dadds, Allen, et al., 2012; Kim,
Nordling, Yoon, Boldt, & Kochanska, 2013; Vitaro et al., 1998). However, as these
behaviors are highly statistically correlated it is often difficult to determine if many youth
actually are distinctly reactive or proactive (Vitaro et al., 2006). New imaging techniques
may therefore be an important means of identifying subgroups of individuals based on
differences in biology within an otherwise heterogeneous group. Moreover, these
approaches illustrate how using a person-centered approach (e.g., using developmental
trajectories, separating by extremes scores on CU traits) to analyzing data can help delineate
subgroups within those who appear similar at one point on one measure (e.g., two
adolescents high on aggression at age 15 but one started at age 5 and the other at age 14)
(Nagin & Tremblay, 2001; Shaw, Hyde, & Brennan, 2012).

Comorbidity—Childhood disorders are highly comorbid (Costello, Foley, & Angold,
2006). In particular, AB diagnosed as conduct disorder (CD) is highly comorbid with
ADHD, depression, learning disabilities, and substance use disorders (Hinshaw & Lee,
2003). This comorbidity may reflect the overlap of symptoms in multiple disorders,
underlying shared etiology or broader phenotype, shared genetic loading, and/or shared
environmental risk (Banaschewski et al., 2005; Kendler, Aggen, & Patrick, 2013; Krueger &
Markon, 2006). However, the presence of comorbidities makes design and interpretation of
any clinical study difficult. For example, in most samples of boys with CD, the prevalence
of ADHD will be quite high. If neural differences are found between a group of boys high
on CD versus controls, the differences could reflect a difference specific and etiological to
CD, a difference specific and etiological to a third variable (i.e., the high rate of ADHD in
the CD sample) and/or a difference linked and etiological to broad externalizing behaviors
(shared biological etiological factors to both ADHD and CD). This issue is particularly
important in the case of ADHD, as studies have demonstrated that ADHD (even with no
overlapping CD) is correlated with several neurobiological differences not seen in controls
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(Arnsten & Rubia, 2012; Durston, 2003; Rubia, 2011). Again, delineating subgroups of boys
(those comorbid versus those with pure CD) is likely to have very important and practical
implications. Additionally studies that emphasize how general versus specific their findings
are (e.g., linked to CU traits only in CD and not in ADHD) will be helpful in defining the
shared versus unique aspects to disorders within the externalizing spectrum (Lahey, Van
Hulle, Singh, Waldman, & Rathouz, 2011).

Dimensional and Categorical Phenotypes—A developmental psychopathology
perspective emphasizes the importance of understanding behavior as both categories (e.g., in
diagnostic groups) and dimensions (Blonigen et al., 2006; Markon & Krueger, 2005). This
point is especially important as increasing evidence mounts supporting the hierarchical and
dimensional nature of psychopathology (Krueger & Markon, 2011; Ofrat & Krueger, 2012).

Complex Paths: Equifinality, Multifinality, Risk and Resilience—Children can
arrive at the same developmental outcome (e.g., being arrested as an adolescent) from many
different pathways (equifinality), and children with the same initial risk factors may show
vastly different trajectories and outcomes (multifinality; Cicchetti & Rogosch, 1996). These
concepts, along with the understanding that outcomes are probabilistic, are critically
important in understanding the role of biology in behavior. Interactions with a complex
social environment can dramatically change the impact of biologic risk, leading to
multifinality (e.g., Hankin et al., 2011). For example, a child high on daring traits and
testosterone has been shown to be at greater risk for delinquency in low income and
dangerous neighborhoods (Dabbs & Morris, 1990; Trentacosta, Hyde, Shaw, & Cheong,
2009), but under different conditions these same “risk” factors may lead him to become a
competent firefighter (Fannin & Dabbs, 2003). Moreover, it is important to understand that
the interaction of these risks occur across the multiple levels of influence on the child (e.g.,
from city to neighborhood to familial risk: Bronfenbrenner & Ceci, 1994).

In contrast, multiple and different constellations of risk can influence the formation of the
same behaviors, an example of equifinality. For example, a child exposed to early abusive
parenting and a child with early warm parenting but later deviant peer affiliation may both
exhibit the same symptoms of conduct disorder in adolescence. Similarly, a child that shows
high neural reactivity to threat and a child with low levels of neural reactivity to threat may
both exhibit AB but with different underlying etiologies (i.e., one characterized by high
levels of reactive aggression and one with high levels of proactive aggression).

The brain itself can also be seen as probabilistic, and understanding biological differences
between groups only helps us understand vulnerabilities towards certain behaviors. For
example, studies of the serotonin system and the amygdala have shown that serotonin
signaling and increased amygdala activity to threat are linked to trait anxiety and risk for
depression (Fakra et al., 2009; Hariri et al., 2005; Monk, Klein, et al., 2008). However, most
people with both increased amygdala activity to threat and with “risk” alleles in genes
affecting the serotonin system are not clinically depressed or anxious (Dannlowski et al.,
2007; Hyde, Manuck, & Hariri, 2011). These risk factors reflect one small part of a complex
probabilistic chain, or perhaps, one small part of a very complex etiological chain for which
we currently have an incomplete description, much less an understanding. Moreover, these
risk factors may only be relevant or pathological in certain environments as demonstrated by
a wealth of studies indicating the conditional and interactive nature of biological and
environmental risk (Rutter et al., 1997; Sameroff, 2000), studies of gene by environment (G
x E) interactions (Belsky et al., 2009; Caspi et al., 2002; Caspi et al., 2003; Jaffee et al.,
2005; Manuck, 2009), and studies demonstrating that environments may moderate brain-
behavior relationships (Hyde, Manuck, et al., 2011). One person may have several genes
that put him/her at risk for AB, but in a protective environment these genes may not bias the
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system enough to play a role in pathology. Similarly, some genes or neural phenotypes may
make individuals more or less susceptible to harsh or positive environments (Belsky &
Pluess, 2009; Ellis & Boyce, 2011; Masten, 2001; Masten & Coatsworth, 1998). An
appreciation of equifinality and multifinaliy, as well as risk and resilience, emphasizes that
any one neurobiological correlate in isolation may not be meaningful for all children, may
only matter in certain contexts, and may be a correlate of many different behaviors. These
considerations also have important ethical implications, as findings about predictors of
youth AB should not be seen as static and unchangeable because of their “biological” nature.
Importantly, much of the behavioral and neuroimaging studies of youth AB are correlational
in nature, and thus cannot be viewed as causal in nature either (Jaffee, 2011; Kendler,
2011a; O’Connor & Rutter, 1996; Rutter, 2000).

In sum, by applying a developmental psychopathology approach, we can better appreciate
the nuances of studying youth within a complex system in which biology and the
environment are constantly interacting (Hyde, Bogdan, & Hariri, 2011; Meaney, 2010). This
appreciation of development, different pathways to pathology and health, and the
complexity of diagnosis can all inform our evaluation and understanding of the
neuroimaging research aimed at understanding youth AB.

Neuroimaging Considerations
fMRI—There are several ways to measure neurobiological activity and this review primarily
focuses on fMRI studies because of various strengths that make it suitable to addressing
questions of functional neurobiology: fMRI balances temporal and spatial resolution and is
specific to tasks over brief periods of time. Thus, fMRI approaches create the possibility of
making inferences that are specific to relatively small brain areas across relatively short time
spans while also probing the interaction between brain areas. Although fMRI is focused on
in this review, the best approach is to seek converging evidence across multiple methods
(e.g., structural MRI - sMRI, lesion studies, animal studies). Other approaches (i.e., sMRI
studies of youth AB, studies of adult psychopaths, genetic and neurotransmitter findings,
findings from normative adolescents) are considered throughout this review where
applicable but certainly not in an exhaustive manner.

An fMRI scanner is able to sample the entire brain every few seconds, giving a time series
of BOLD (Blood Oxygen Level-Dependent) responses – a signal which reflects changes in
regional neuronal activity (Lee et al., 2010; Logothetis & Pfeuffer, 2004). Understanding
basic properties of fMRI is important because it underscores the role of contrast, task, and
stimuli in the interpretation of fMRI findings.

Contrast, task, and stimuli—Most fMRI studies are focused on examining a contrast of
one condition within a task to another. The brain is constantly active and using oxygen, thus
the BOLD signal at any one point in time may be difficult to interpret unless compared to
activity at another point in time. If two similar stimuli are contrasted (fearful versus neutral
faces) then the difference in BOLD signal can be interpreted as the change in brain activity
in response to the differences between the stimuli. Note that task characteristics (e.g.,
labeling the gender of faces vs. labeling their affect) and specific features of stimuli (e.g.,
width of the pupils) all affect neural responses (Demos, Kelley, Ryan, Davis, & Whalen,
2008; Lieberman et al., 2007). Thus, even tasks and stimuli (e.g., pictures of scary or gross
scenes, angry faces) that may tap into theoretically similar constructs (e.g., distressing and
threatening stimuli) may engage the brain differently.

Limitations—Finally, it is also important to note some general limitations of fMRI in
drawing conclusions from neuroimaging studies of youth AB. First, fMRI studies on
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humans are typically correlational. Without being able to actually manipulate the brain,
conclusions cannot be causal. This observation reflects a broad issue within most of
developmental psychopathology, as well as sMRI and non-randomized clinical data, as most
of these studies are also limited by their correlational nature. Second, while much research
has been aimed at understanding the BOLD signal, it is still not clear whether these changes
in blood flow represent input or output of the particular brain area (Lee et al., 2010;
Logothetis & Pfeuffer, 2004).

In sum, evaluating the strengths, weaknesses, and validity of the task, stimuli, and contrast
(as well as the imaging modality) is critically important in understanding neuroimaging
studies of youth AB. Moreover, just as the “devil is in the details” in terms of evaluating
neuroimaging approaches, the details (e.g., subtype of AB measured, developmental stage of
participants) in understanding the development of youth AB are equally important as we
apply findings from behavioral and neuroscience approaches to youth AB.

Overview of Brain Areas Implicated in Youth AB
Before reviewing individual studies, we first describe several of the brain areas that have
been regions of interest (ROIs) within neuroimaging studies (for a brief review see Sterzer
& Stadler, 2009) from both an anatomical and systems perspective to help understand how
they may be implicated in youth AB (see Figure 1). Second, we briefly describe several
overarching theories and hypotheses put forward in the field of AB that underline which
areas of the brain are likely to be implicated in youth AB and why.

Understanding brain areas implicated in youth AB—The amygdala has been a
primary structure of interest in AB and psychopathology more broadly. The amygdala is a
subcortical structure and a major hub connecting both subcortical and cortical areas
(LeDoux, 2000). It is thus important in many disparate processes such as regulating arousal
and emotion, responding to threat, and learning from the environment (e.g., fear
conditioning) (Cardinal, Parkinson, Hall, & Everitt, 2002; Whalen & Phelps, 2009). The
prefrontal cortex (PFC) has also been broadly implicated in youth AB, as well as theories of
inhibition and aggression more generally (Anderson, Bechara, Damasio, Tranel, & Damasio,
1999; Best, Williams, & Coccaro, 2002; Blair, 2004). The PFC is composed of structurally
and functionally distinct areas (Fuster, 2008): The orbitofrontal cortex (OFC) and
ventromedial PFC (vmPFC) are junctures that integrate converging information from areas
of emotion (amygdala), memory (hippocampus), and higher-order sensory processing and
relay this information on to the dorsolateral and dorsomedial PFC (dlPFC, dmPFC) (Fuster,
2001; Wood & Grafman, 2003). Moreover, these areas (OFC, vmPFC) have a role in
sensory integration, representing affective values of reinforcers, and decision making
(Cardinal et al., 2002; Finger et al., 2011; Kringelbach, 2005). Dorsal and lateral areas
(dlPFC, dmPFC) are involved in the execution of movement and planned behaviors (and
executing long-term goals), as well as the integration of sensory information and working
memory (Wood & Grafman, 2003). In terms of connections and the stream of information,
the amygdala is poised to relay initial information from primary sensory and visceromotor
inputs to medial and orbitofrontal regions (e.g., OFC), which in turn send information on to
dmPFC and dlPFC. The OFC is thus integral for monitoring internal states and motivations
and relaying that information on to more dorsal and lateral regions for behavioral action
(Forbes & Grafman, 2010). In turn, prefrontal regions, including medial PFC and perigenual
anterior cingulate cortex (ACC; see below), are critically involved in providing negative
feedback to the amygdala through excitatory projections which regulate the amygdala’s
impact on arousal.
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While such distributed circuitry is critical for complex behavioral responses, it is also
important to note that local circuitry within each of these regions plays an important role in
shaping behavior, particularly within the amygdala (e.g., intra-amygdala circuitry including
the basolateral complex, central nucleus and intercalated cell masses is critical for fear
conditioning) (Cardinal et al., 2002; Davis, Johnstone, Mazzulla, Oler, & Whalen, 2010;
LeDoux & Sciller, 2009; Whalen et al., 2001). A recent theory of psychopathy has
emphasized the importance of differential responses within two major subregions of the
amygdala (Moul, Killcross, & Dadds, 2012), a point not addressed by any current studies of
youth AB, though shown to be important in studies of AB in adults (Carré, Fisher, Manuck,
& Hariri, 2012; Gopal et al., 2013).

Another important structure in processing information about emotional states and shifting
contingencies in the environment is the ACC (Devinsky, Morrell, & Vogt, 1995). The ACC
has a role in error detection and correction (monitoring when outcomes differ from what was
expected) (Botvinick, Cohen, & Carter, 2004), with dorsal regions implicated in cognitive
processing (top-down and bottom up processing) and ventral regions implicated in assessing
the salience of emotion and motivational information (Bush, Luu, & Posner, 2000). It is
important to note that the ACC has dense connections with the amygdala and prefrontal
areas noted above (particularly the OFC) (Mega, Cummings, Salloway, & Malloy, 1997),
and many of these areas (e.g., portions of the ACC and PFC, the amygdala) are extremely
rich in serotonergic projections (Varnäs, Halldin, & Hall, 2004). Finally, in regard to youth
AB, it is important to consider the role of other brain areas such as the insula and ventral
striatum. The insula has been implicated in integrating interoceptive states into conscious
feelings, decision making, and empathy and pain recognition in others (Craig, 2009; Decety
& Jackson, 2006; Naqvi & Bechara, 2009), and thus may be important in understanding
empathy deficits seen in youth AB. The ventral striatum has been linked to reward and
motivation (Berridge & Robinson, 2003; Kable & Glimcher, 2007) and is anatomically
linked to structures such as the amygdala, hippocampus, and medial prefrontal cortex
(Cardinal et al., 2002; Pierce & Kumaresan, 2006).

Not surprisingly, given the interconnections between these areas, many authors have
grouped these brain regions together by function. For example, the amygdala, OFC, and
insula have been proposed as critical for recognizing emotions in others (Adolphs, 2002).
More broadly, the amygdala, ACC and OFC have been implicated in implicit social
cognitive processes (Forbes & Grafman, 2010), and all of the areas reviewed in this section
are likely critical to navigating a social world through their role in emotion, social cognition,
and moral judgment (Forbes & Grafman, 2010), as well as reward processing. These roles
are important for understanding youth AB, as these behaviors typically involve harming
others and violating social norms, and pursuing behaviors with high risk and reward.

Overarching theories of neural function in AB and psychopathy
Psychopathy: Paralimbic dysfunction—In regards to adult psychopathy and violence
more broadly, some authors (Davidson, Putnam, & Larson, 2000; Kiehl, 2006) have pointed
out that the array of brain areas implicated in adult psychopathy and violence are not simply
random areas but part of a distributed “paralimbic” network crucially involved in emotion
processing and learning. These areas include the OFC, insula, anterior and posterior
cingulate, amygdala, parahippocampal gyrus, temporal pole and anterior superior temporal
gyrus. As Kiehl (2006) proposed, these areas have been grouped by neuroanatomists into a
paralimbic cortex based on their cytoarchitectural similarities, and are all broadly implicated
in emotion which is seen as both lacking and primary to psychopathy. However, as others
have pointed out, it is not clear if all of these structures are dysfunctional or if, based on
their interconnectivity, one or two dysfunctional areas may be causing disruption across the
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entire circuit (Glenn & Raine, 2008). Regardless, this line of thinking would suggest we
would see dysfunction in these brain areas in AB+CU+ youth to the extent to which CU
traits are an indicator of early psychopathy and these areas of dysfunction are specific to
psychopathy and not broad AB.

Psychopathy: Emotion, AB, and Lying—Raine and colleagues have focused on
specific brain areas associated with particular deficits seen in psychopathy by dividing core
deficits into three major categories - emotion, AB, and lying - each with corresponding brain
deficits (Glenn & Raine, 2008; Raine, 2002; Raine & Yang, 2006; Yang & Raine, 2008).
Emotional deficits are seen to arise from dysfunction in the OFC, amygdala, hippocampus,
ACC, and insula. AB is connected to problems with impulsivity, attention selection, and
response inhibition, which may be the result of dysfunction in the ACC, OFC, dlPFC, and
superior temporal gyrus. Pathological lying is seen as being connected to differences in the
ACC, OFC, and vlPFC (Raine & Yang, 2006; Spence et al., 2004; Yang et al., 2007).

Reactive versus Instrumental Aggression in Children—Blair and colleagues have
proposed similar models to those above, however Blair has specifically emphasized the
OFC-amygdala connection in adult and child psychopathy and how a violence inhibition
mechanism may go awry in psychopaths (Blair, 2003, 2004). This model implies that
genetic variability disrupts neural systems (e.g., OFC, amygdala) that impair the ability to
form stimulus-reinforcement associations early in life. Genetic influences alter these
stimulus-reinforcement associations as a function of contingency change, disrupting the
typical effects of socialization efforts (e.g., parenting) and leading to later forms of extreme
aggression and psychopathy (Blair, Peschardt, et al., 2006a). This model, based on a wealth
of behavioral work, predicts that youth with AB and CU traits should have specific deficits
in identification and reactivity to fearful faces due to amygdala dysfunction (Blair, 1999;
Blair et al., 2001), as well as deficits in stimulus-reinforcement learning and reinforcement
expectancies (Blair et al., 2004; Blair, 2004) due to OFC (and amygdala) dysfunction (Blair,
2007a).

Beyond identifying specific structures involved in AB+CU+, Blair and colleagues also offer
a model in which childhood aggression is divided into proactive and reactive aggression
with putatively different origins (Crowe & Blair, 2008). Proactive aggression is viewed as
the result of innate brain differences that result in an inability to learn resulting in both
blunted emotion and deficient cost calculation. In contrast, reactive aggression is thought to
be mediated by threat circuitry (including 5-HT and cortisol functioning) that may be
disrupted through experience (e.g., child abuse) and/or biology (e.g., genetic differences in
the amygdala or 5-HT signaling, poor PFC regulation of threat circuitry) (Blair, Peschardt,
et al., 2006b; Crowe & Blair, 2008). This theory is worth noting in reviewing studies of
youth AB because it proposes differential biological correlates for different subtypes of AB
with testable hypotheses that can be born out through more studies of children using
functional imaging.

Direct Evidence – Functional Neuroimaging in Youth
The Amygdala

The amygdala has emerged as a focus of research on youth with AB for several reasons.
First, as noted above, the amygdala has been implicated in emotional learning, fear response,
memory consolidation, and general arousal (LeDoux & Sciller, 2009). Deficits in each of
these processes have been correlated with AB (Glenn & Raine, 2008). Second,
neuroimaging studies of antisocial adults have implicated the amygdala in this disorder
(Birbaumer et al., 2005; Kiehl et al., 2001). Third, children and adults with AB and related
disorders such as psychopathy display various psychophysiological differences that are
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similar to patients with amygdala lesions (Blair, Peschardt, et al., 2006a) and several
psychophysiological studies of adult and youth AB have implicated differences in amygdala
functioning (van Goozen, Fairchild, Snoek, & Harold, 2007).

Thus, there has been a recent explosion of studies that have explored the link between
amygdala functioning and youth AB using fMRI paradigms that generally contrast negative
stimuli to neutral stimuli (see Table 1)1. These studies have helped inform our
understanding of youth AB and also demonstrate the utter complexity and nuance of the
literature. Therefore we spend much of the review considering this set of studies as a model
for issues affecting the broad evaluation of neuroimaging studies of youth AB.

Early Studies—For the most part researchers have proceeded with the general hypothesis
that children with AB (particularly those with CU traits) will show less amygdala reactivity
than controls to negative as compared with neutral stimuli, consistent with a deficiency in
general and threat-related arousal. Two early studies painted a mixed picture using pictures
from the International Affective Picture System (IAPS). First, Sterzer and colleagues (2005)
initially found no differences in amygdala functioning when comparing a group of CD
adolescent boys with controls (age 9–15), but did find lesser right dorsal ACC activity to a
task contrasting negative to neutral pictures (Lang, Greenwald, Bradley, & Hamm, 2007).
However, when the authors controlled for the high degree of anxiety/depression symptoms
in the sample, they found that the CD group displayed less left amygdala reactivity to the
negative/neutral contrast than the control group (Sterzer et al., 2005). In a follow-up study,
differences in dorsal ACC activity were also found to be attributed to differences in novelty
seeking (Stadler et al., 2007), consistent with literature implicating dorsal ACC deficits and
poor error processing in impulsivity and novelty seeking (Fineberg et al., 2009). In a second
related study, boys (age 12–17) with CD displayed greater left amygdala reactivity than
controls to a paradigm contrasting negative and neutral IAPS images (Herpertz et al., 2008).

More recent studies—After these studies using IAPS pictures, several similar studies
emerged focusing on response to facial affect. In two studies with very similar methods
(Jones et al., 2009; Marsh et al., 2008), boys (ages 10–12 and 10–17 respectively) high on
both AB and CU traits were found to have less right amygdala reactivity than controls in a
task contrasting fearful to neutral/calm faces. Most recently, a study of older adolescents
(age 16–21) within a larger sample (n = 75) of both early and late starting AB, found less
bilateral amygdala reactivity (and decreased activity across many other related areas
including the OFC, vmPFC, and insula among others) in tasks contrasting angry faces to
neutral faces and sad faces to neutral faces (Passamonti et al., 2010) but found that CU traits
were not correlated to amygdala response.

Beyond IAPS pictures and affective faces, studies have been using other paradigms to
explore the neural correlates of emotional processing in youth AB. For example, in a study
examining the role of media violence exposure (measured by self-report of TV and video
game violence seen over the past year) (Kronenberger et al., 2005), a group of youth with
AB (age 13 – 17) were compared to control youth while undergoing an emotional Stroop
task (Kalnin et al., 2011). Youth high on AB who had also been exposed to high levels of
media violence, demonstrated less reactivity within the right amygdala, rostral ACC and
posterior superior frontal gyrus.

1Note we have excluded one paper from the text of this review because its methods and results were not described in sufficient detail
to evaluate or present (e.g., no contrasts were used in the statistical model, no table was provided with results and statistics,
coordinates, or cluster size) (Qiao, Xie, & Du, 2012).
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Using a very different type of stimulus, the role of empathy (Decety, 2010) was probed in a
group of adolescents with early starting CD who were compared to healthy controls (Decety,
Michalska, Akitsuki, & Lahey, 2009). Participants watched animations of other people
experiencing pain caused by accident or on purpose and people not experiencing pain.
Whereas both groups displayed increases in activity in brain areas associated with pain
(Jackson, Rainville, & Decety, 2006), the AB group showed even greater activation when
contrasting accidental pain to no pain animations in limbic and frontal regions (amygdala,
temporal pole, striatum). When contrasting pain caused on purpose versus pain caused by
accident, the CD group showed greater activation in some areas (e.g., insula) and lesser
activation in frontal areas (dlPFC and right superior frontal gyrus). Additionally,
connectivity analyses implicated decreased coupling between the left amygdala and PFC
areas, and aggressive CD symptoms and dimensions of daring and sadism were positively
correlated with activity in the amygdala.

Studies examining moderators of outcome—At this point, the empirical literature
was quite murky. Across a variety of tasks and groups of youth, studies had either
demonstrated decreased (Jones et al., 2009; Kalnin et al., 2011; Marsh et al., 2008;
Passamonti et al., 2010; Sterzer et al., 2005) or increased (Decety et al., 2009; Herpertz et
al., 2008) amygdala reactivity to a variety of tasks involving negative emotion (with a
particular emphasis on affective faces). Thus, the most recent studies in this area have
examined possible moderating factors to explain conflicting findings. These studies have
proceeded on the hypotheses that the presence or absence of CU traits and aspects of
attention to the task may all affect the direction of results.

Heterogeneity and subgroups: In attempting to understand possible divergent effects
between CU+ (e.g., Jones et al., 2009; Marsh et al., 2008) and CU− AB youth (e.g., Decety
et al., 2009; Herpertz et al., 2008), Viding and colleagues (2012) demonstrated that
adolescent boys (age 10–16) high on conduct problems but low on CU traits (AB+CU−) had
a greater response to pre-attentively presented fear faces (relative to calm faces) than healthy
controls or youth high on conduct problems and callous traits (AB+CU+ who had the lowest
amygdala reactivity) and callousness scores were negatively correlated with amygdala
response. These results suggest that AB youth without CU traits may show an opposite
pattern of amygdala reactivity than those with CU traits (see also Posner et al., 2011).
Moreover, the study suggests that AB youth low on CU may be hypersensitive to emotional
faces, even when presented below awareness (Viding, Fontaine, & McCrory, 2012).

In a study addressing that AB youth (particularly those with CU) demonstrate deficits in
affective but not cognitive theory of mind tasks (Jones, Happé, Gilbert, Burnett, & Viding,
2010), boys (age 10 – 16) high on AB were found to have less reactivity in the amygdala
and anterior insula to animations eliciting affective versus cognitive theory of mind
(Sebastian et al., 2012). Within the AB group, the authors found statistical suppression
effects, whereby AB was positively correlated, and callousness was negatively correlated,
with amygdala reactivity but only when controlling for the overlap of these two variables
(i.e., AB and CU traits) (see also Feilhauer, Cima, Korebrits, & Kunert, 2011). Though this
study and the one described before it (Viding, Sebastian, et al., 2012) come from a similar
sample and suggest divergent relationships between AB+CU−, AB+CU+ and amygdala
reactivity, they support similar but distinct models of amygdala reactivity in youth AB: one
in which CU is a moderator (AB+CU+ youth are low on amygdala reactivity; AB+CU−
youth are high on amygdala reactivity) and one in which the divergent relationship between
AB and CU traits with amygdala reactivity is statistically suppressed (only when
dimensional overlapping variance is accounted for do these variables predict the outcome)
(MacKinnon, Krull, & Lockwood, 2000; Paulhus, Robins, Trzesniewski, & Tracy, 2004).
Regardless, both suggest that the prevalence of CU traits within a sample may have
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profound impacts on the effects observed and that those with CU traits versus those without
may have distinct and divergent neurobiological profiles.

Task effects: Given the evidence already presented that hypoactivity in the amygdala may
be specific to AB+CU+ youth, two recent studies from White, Blair and colleagues has
explored whether aspects of the neuroimaging task may affect amygdala reactivity in AB
+CU+ youth. In the first study, the authors aimed to test the effect of attentional load on
amygdala reactivity to fearful versus neutral faces. Research and theory in the field has
debated whether emotion deficits (and amygdala hyporeactivity) are primary deficits that
lead to many of the symptoms of psychopathy (Blair, 2003, 2007a) or whether these
emotion deficits may be secondary to aberrant attentional control (e.g., paying attention to
irrelevant information that distracts from important emotion information) (Newman &
Baskin-Sommers, 2011). Using a task that asks subjects to determine if lines flanking
emotional faces were parallel or not, with increasingly ambiguous lines leading to greater
attentional load, the authors found that, in a group of adolescents (age 10 – 17), under low
but not high attentional load youth with AB and “psychopathic traits” (measured by total
scores on the Antisocial Process Screening Device (APSD) a commonly used parent and
child report measure containing factors measuring CU traits, narcissism, and impulsivity)
showed lower amygdala reactivity than controls and this response in the AB group was
correlated with CU traits (White, Marsh, et al., 2012). This study emphasizes that the
attentional demands of the task may affect the results seen and suggests that results in many
of the initial studies in this area may have demonstrated differences in AB+CU+ youth
(lower amygdala reactivity) because attentional demands were quite low.

Consistent with an emphasis on attention and work underscoring abnormal attention to the
eyes (attention that is crucial for emotion recognition) in youth AB, particularly those with
CU (Dadds, Allen, et al., 2012; Dadds, El Masry, Wimalaweera, & Guastella, 2008; Dadds,
Jambrak, Pasalich, Hawes, & Brennan, 2011; Dadds et al., 2006), a recent study examined
the effect of cued eye gaze task (a probe appeared on a congruent or incongruent side as eye
gaze) using fear, angry, and neutral faces in a sample of adolescents (age 10 – 17 years) with
or without AB and “psychopathic traits” (White, Williams, et al., 2012). Using this task, the
authors found reduced recruitment/activation of what they labeled an “endogenous attention
orienting network” (superior parietal lobule, inferior parietal sulcus) in the AB youth, but
they did not observe the hypothesized hypoactivity in amygdala reactivity to fear (or angry)
versus neutral faces in AB youth. This outcome suggests that aspects of an emotional faces
task can modulate whether deficits in amygdala reactivity are seen in AB+CU+ youth.

Issues in Interpretation—Although the results from these studies appear to address a
relatively straightforward question of the role of amygdala reactivity in youth AB, they
demonstrate the complexity of the question. Moreover, beyond their value for addressing
this research question, the comparison between these studies illustrates many of the issues
present in studying the neural correlates of youth AB. Given the complexity inherent in
comparing these studies, we consider a few points before drawing conclusions.

Who is being studied?: A primary issue in the study of youth AB is the heterogeneity of
this group. An advantage of several studies (Jones et al., 2009; Marsh et al., 2008; White,
Marsh, et al., 2012; White, Williams, et al., 2012) was that youth were selected to be both
high on AB and CU traits, theoretically leading to a more homogeneous group being
studied. While this sub-typing is very helpful in interpretation, when used in small extreme-
group comparisons it leads to two main disadvantages: the inability to partition the
contribution of AB versus CU traits and the inability to test whether these differences exist
only at the extreme versus dimensionally throughout the population. CU traits were assessed
because of similar findings in adult psychopaths; however, in these studies there is no way
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to know whether amygdala hyporeactivity is related directly to the presence of CU or AB.
For example one study now suggests that CU versus non-CU AB youth may have entirely
divergent patterns of amygdala reactivity (Viding, Fontaine, et al., 2012) and that amygdala
hyporeactivity is specific to CU traits rather than AB more broadly; whereas another study
suggests that amygdala hyporeactivity is not specific to those high on CU traits but is
associated more specifically with the severity of AB (Passamonti et al., 2010). Studies that
are larger and have dimensional measures of AB and CU could disentangle the relative
contribution of AB versus CU traits in driving amygdala reactivity.

As several studies did not measure CU traits (Decety et al., 2009; Herpertz et al., 2008;
Kalnin et al., 2011), it is difficult to know how to compare their findings to those that did
measure CU traits, especially given that 2 of the 4 studies demonstrated increased, while the
other 2 studies demonstrated decreased, amygdala reactivity to a variety of tasks in youth
with AB. Though both the Passamonti and Herpertz studies measured age of onset in
subtyping youth AB, the two studies found opposite results (i.e., lesser versus greater
amygdala reactivity in those with AB respectively). Moreover, all studies had small samples
sizes (i.e., Ns ranges from 13 to 52 in the AB group), causing worry about the ability to
replicate modest effects.

Interestingly, the study by Passamonti and colleagues (2010) addresses some of the
limitations in this literature: the sample size was larger (approximately 25 in each group),
the study examined early-onset versus adolescent-onset AB, and CU traits were measured
continuously. In this study, CU traits were not correlated with any dimensions of brain
activity, suggesting that CU may not be driving individual differences in neural function.
However, it should be noted that both AB groups were higher on CU traits and thus could
still be considered AB+CU+. A great advantage of this study was that the authors examined
differences between early and later onset AB, finding few differences in neural reactivity.
Both groups demonstrated similar under-reactivity to the tasks in many brain areas but the
early-onset group did show even greater reduced response in the amygdala to the sad versus
neutral contrast. This study demonstrates how two subgroups of AB youth (early versus late
onset) with different sets of risk factors show similar but not identical patterns of neural
reactivity (i.e., equifinality).

A final critical point is sample selection. Ultimately a sample is used to generalize to a
population, but it is unclear to what extent the populations represented by each study
overlap. For example, the following four studies each differ in the type of participants and/or
the methods used to identify participants: the Jones et al. (2009) study is a community
sample of twins selected from a larger sample by scores on behavior scales; the Marsh et al.
(2008) study is a community sample but it is unclear how the subjects were recruited to find
youth high on CU traits; the Herpertz et al. (2008) study contrasts clinic versus community
recruited youth; and the Sterzer et al. (2005) study contrasts inpatient youth versus
community youth (see Table 1). Clearly these studies are not contrasting groups that are
equivalent and thus any differences in findings may be due to any number of third variables
associated with differences in the samples being compared (e.g., level of depressive
symptoms, education, IQ, environmental adversity) or even simple differences in AB
symptom severity. These differences in sample characteristics also affect how findings may
be generalizable and compared to existing behavioral studies.

This point is underscored when examining the Passamonti et al. (2010) study. A clear goal is
made within this study to evaluate the early versus late starting models of youth AB to
determine if these groups differ in respect to neural reactivity. The antisocial adolescents
(and young adults – up to age 21) were recruited from schools, pupil referral units, and
youth offending services, with the healthy control group recruited from schools and

Hyde et al. Page 17

Dev Rev. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



colleges. In and of itself, this recruitment strategy calls into question what population this
sample represents, how appropriate it is for an evaluation of a theory based on representative
population studies (Moffitt, 1993a), and in how many ways the healthy controls may differ
from the AB youth based on differences in recruitment methods. Moreover, an examination
of the average IQ of the early-onset AB group (i.e., mean IQ = 101.6) makes clear that these
youth are not of the same population studied in epidemiological samples where IQ has often
been shown to be below average (Moffitt et al., 1996). Thus, it is important to consider
sampling approaches when evaluating any study of youth AB, but particularly within these
small neuroimaging studies. As fMRI becomes less expensive, representative, or at least
high risk samples, may be included more often, allowing for better inference between
sample and population and the ability to exclude or control for other important third
variables.

Comorbidity: A similar issue to sample selection is dealing with co-occurring
psychopathology (Banaschewski et al., 2005). For example, the Marsh study directly
addressed this issue by including a CU+/AB+ group who were comorbid for ADHD in
addition to an ADHD-only comparison group. This comparison was important, as ADHD
has been associated with differences in neural functioning in fronto-striatal structures (Bush,
Valera, & Seidman, 2005; Durston, 2003; Rubia, 2011) and there is a high level of
comorbidity between ADHD and CD (Banaschewski et al., 2005). The Sterzer and
Passamonti studies addressed comorbidity in a different way by statistically controlling for
depression/anxiety and ADHD symptoms (and the Blair and White studies generally exclude
all those with internalizing disorders). Interestingly, in the Sterzer study by controlling for
possible confounding internalizing symptoms, new findings emerged (less amygdala
reactivity only when controlling for internalizing symptoms) that may be the result of
statistical suppression (also seen in the Sebastian et al., 2012 study). In the case of
depression and/or anxiety, the overlap with AB may affect fMRI results given that some
studies of child and adult anxiety and depression have found greater amygdala reactivity to
similar emotional faces paradigms (Monk, Klein, et al., 2008; Monk, Telzer, et al., 2008), as
have studies of ADHD+AB+ youth (Posner et al., 2011). While AB itself could be linked to
lesser amygdala reactivity, an adolescent with comorbid depression or ADHD could have a
different pattern of neural reactivity and there may also be subgroups of youth who
demonstrate AB due to underlying or comorbid depression (which may have shared or
separate neural correlates) (Cole & Carpentieri, 1990; Davidson, Pizzagalli, Nitschke, &
Putnam, 2002; Monk, Klein, et al., 2008). This problem illustrates the broader issue in the
study of youth AB of defining who to study: If a study excludes those with comorbid
conditions, they may exclude much of the sample of AB youth, thus lessening the study’s
generalizability. However if comorbidity is not addressed, it remains unclear whether
findings can really be linked specifically to AB. Approaches such as those used in the Marsh
study can be particularly helpful: defining a more homogenous subgroup at risk for worse
outcomes (CU+/AB+) while also identifying contrast groups that may address issues of
comorbidity (i.e., the ADHD group). Eventually neuroimaging itself may help address this
problem if different subtypes or different diagnostic groups are found to have different brain
correlates.

Task stimuli: As illustrated by some of the most recent studies (White, Marsh, et al., 2012;
White, Williams, et al., 2012), even minor changes in similar tasks can have dramatic effects
on the outcome. Thus it is difficult to assess how these studies with various tasks fit
together. Given that amygdala differences have been seen across a variety of tasks, are
differences in amygdala reactivity in AB youth simply a function of arousal and are any
tasks that elicit arousal comparably useful and analogous? Or, is there something unique
about faces (particularly fear faces) (Marsh & Blair, 2008) or highly negative pictures that
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may bear on our understanding of AB? For example, emotional faces, which are ubiquitous
in our lives and are conditioned to various emotions, may drive amygdala reactivity because
of their ecological conditioning to threat and emotion, whereas IAPS pictures and an
emotional stroop as relatively novel stimuli may drive amygdala through novelty and more
general arousal to gross or disturbing images (see Hariri & Whalen, 2011 for a more lengthy
explanation of how differnt types of stimuli may drive amygdala reactivity in different
ways).

The Passamonti and White studies further demonstrate the complexity of interpreting even a
relatively “simple” task. In past studies in which emotional faces have been employed as
stimuli within a very simple task (often asking for the gender of the face) (Jones et al., 2009;
Marsh et al., 2008), authors have assumed that the affective faces (rather than the neutral
faces) were driving differences in neural response. However, in the Passamonti et al. (2010)
study the authors found that for angry versus neutral faces, the difference in the AB group
was driven by greater response to neutral faces (versus baseline) rather than lesser response
to angry faces (when contrasted to neutral faces) (see also Bobes et al., 2012). Response to
sad versus neutral faces was driven by differential activation (relative to baseline) to both
types of faces. These results emphasize that even neutral faces may be differentially
processed in youth high on AB possibly because neutral faces are relatively novel (we see
them less often than emotional faces), have been shown to be perceived as non-neutral
(representing emotion) in youth with psychopathology and AB (Dadds et al., 2006; Rich et
al., 2006), and have been shown to produce different levels of amygdala reactivity at
different ages across childhood and adolescence (Somerville, Fani, & McClure-Tone, 2011).
Though the effect of neutral faces is at odds with theory in the field (Blair, 2007a; van Honk
& Schutter, 2007), it is consistent with a recent study finding greater amygdala reactivity to
neutral faces in a group of chronically violent adult men (Pardini & Phillips, 2010).
However, it is also difficult to interpret the different group responses to neutral faces in the
Passamonti study because they were compared to a relatively non-informative baseline (a
fixation cross) that differed in a number of ways from the faces. Moreover, the effect of the
neutral faces was only present when presented in the same block as angry but not sad faces.
Thus, future studies need to examine the effect of all faces and not assume that neutral faces
are a comparable “baseline” condition.

Beyond the effects of neutral faces, both studies from White and colleagues emphasize the
effects of attention on neural response: in one study high attentional load made the AB+CU+
youth amygdala hypoactivation disappear (White, Marsh, et al., 2012) and in another study
the AB+CU+ group did not demonstrate any differences in amygdala reactivity compared to
healthy controls (White, Williams, et al., 2012) possibly due to the high attentional demands
of the task. Thus, even minor differences in task may lead to divergent effects, especially
differences that engage attention away from the face.

More broadly than task effects, it is important to consider Dadds and colleagues’ (2008)
work in regards to attention to facial emotion processing in youth AB and its implication for
neuroimaging (Dadds, Allen, et al., 2012). Extensive work has demonstrated that youth with
AB and CU traits have deficits in processing and identifying facial emotions (particularly
fear faces) (Blair et al., 2001; Marsh & Blair, 2008) generally hypothesized to emerge from
amygdala dysfunction in relation to reactions to these faces (e.g., Blair, 2003; Dadds &
Rhodes, 2008). However, several studies (Dadds, Allen, et al., 2012; Dadds et al., 2008;
Dadds et al., 2011; Dadds et al., 2006) have shown that differences in eye gaze (e.g., youth
high on AB and CU look much less at the eyes when viewing faces) underlie this emotion
recognition deficit. As attention to the eyes is critical to emotion recognition and amygdala
response to emotional faces (Adolphs et al., 2005; Morris, DeBonis, & Dolan, 2002) and
ultimately to developing empathy for others (Dadds, Allen, et al., 2012), it could be that
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youth high on AB and CU show decreased amygdala reactivity to emotional face paradigms
in fMRI studies because they look at the eyes less, rather than because their amygdala are
“dysfunctional” in responding less to emotional faces. In this case, how task stimuli are
processed visually (i.e., the eyes being the most stimulating portion of emotional faces) may
underlie neuroimaging differences in this group (and behavioral differences in identifying
fear in others), rather than a more broad deficit in the amygdala responding to emotional
stimuli (though eye gaze differences themselves may emerge from amygdala deficits:
Adolphs et al., 2005). In fact, in a recent fMRI study of community adults high and low on
callous traits participants completed an emotion recognition task in which the eyes of the
faces shown were occluded or isolated (decreasing or increasing the salience of the eyes).
Individuals with higher callous traits showed less neural reactivity in key brain areas (e.g.,
the amygdala, medial PFC) when the eyes were occluded but not when they were
highlighted (Han, Alders, Greening, Neufeld, & Mitchell, 2011). This study implies that
when the eyes were given more salience and subjects attended to them more, the neural
reactivity differences between CU and non-CU participants disappeared. This study also
suggests that results from the recent study by White and colleagues (2012) in youth AB may
be attributable, not only to attentional load, but also to increasing or decreasing youth’s
attention to the eyes (e.g., amygdala reactivity differences only emerge in AB+CU+ youth
when it is easier for all participants to focus on the eyes). Thus, how faces are viewed in
many of the reviewed studies may not be equivalent across CU and non-CU groups and
differences seen in neural reactivity may be the result of different patterns of viewing rather
than fundamental differences in reactivity to emotional faces. Studies asking youth to look
directly at the eyes or using eye tracking while they complete neuroimaging tasks could help
to further address how eye gaze is affecting amygdala reactivity to emotion.

Age: As emphasized above, developmental stage and age are critically important in
interpreting these studies. For example, with the exception of the Jones study, all studies
have an age range of at least 5 years and together span from age 9 to 21. Those youth
engaging in these activities at younger ages may represent a very different group than those
who have initiated this behavior later (Moffitt et al., 2002; though see Passamonti et al.,
2010). Moreover, amygdala reactivity varies by age (Hare et al., 2008; Somerville et al.,
2011), and the brain, especially prefrontal areas that receive and provide substantial
feedback to the amygdala, shows marked structural changes throughout adolescence and
thus the brain of a 10 year old is likely to be quite different than that of an 18 year old
(Giedd, 2008; Giedd et al., 1996; Shaw et al., 2008; Toga, Thompson, & Sowell, 2006).
Future studies that link amygdala functioning to AB longitudinally may uncover a more
complex developmental course and studies may benefit from examining age as a moderator.

Conclusions: The Amygdala—Given the above caveats and though there is much work
to be done to understand even the first implication of functional amygdala differences in
youth AB, some initial conclusions can be drawn. As a whole, six studies (Jones et al., 2009;
Kalnin et al., 2011; Marsh et al., 2008; Passamonti et al., 2010; Sterzer et al., 2005; White,
Marsh, et al., 2012) demonstrated reduced amygdala reactivity in AB youth, two studies
(Decety et al., 2009) showed increased amygdala reactivity, one showed no effect (White,
Williams, et al., 2012), and two studies (Sebastian et al., 2012; Viding, Sebastian, et al.,
2012) demonstrated divergent effects depending on the level of CU traits. However, this
counting of studies belies the important details. Of the studies examining CU traits in AB
youth, all but one (White, Williams, et al., 2012) found lowered amygdala reactivity to
emotional faces, with the majority examining fear faces. Thus we can likely conclude that
AB+CU+ youth demonstrate less amygdala reactivity to fearful faces than non-AB youth.
The study by Passamonti adds pause as to how specific to fear faces this effect is, but there
is little other work to evaluate different types of faces in relation to each other. Moreover,
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the two studies by White and colleagues (2012) underscore the idea that these effects in AB
+CU+ youth, may emerge most robustly only for relatively simple tasks. Finally, the
Passamonti and Viding studies are at odds with how specific this effect is, and whether CU
traits are driving these associations. Because most of these studies have used groups extreme
on both CU and AB, it is difficult to know if these effects are specific to the AB+CU+ group
or to all AB youth.

For studies focused only on AB, there are mixed results with three studies (Kalnin et al.,
2011; Passamonti et al., 2010; Sterzer et al., 2005) finding amygdala hypoactivation to a
variety of tasks and two studies demonstrating amygdala hyperactivation to a different set of
tasks (Decety et al., 2009; Herpertz et al., 2008). Though these conflicting findings could be
driven by the wide variety of tasks used, the study by Viding and colleagues (2012) offers a
possible explanation: youth high on AB but low on CU traits may show increased amygdala
reactivity to emotional faces due to their increased emotional dysregulation (Cappadocia,
Desrocher, Pepler, & Schroeder, 2009), whereas those high on AB and CU traits may show
the opposite effect (see also the striking overlap of neural reactivity patterns of AB+CU−
with those seen in depression: Davidson et al., 2002). Thus in studies that only measured
AB, conflicting findings may emerge due to different distributions of unmeasured CU traits
in the AB group. This hypothesis of divergent relationships (AB+CU+ with low amygdala
reactivity; AB+CU− with high amygdala reactivity) fits well with observations of greater
proactive and reactive aggression in AB+CU+ youth but only reactive aggression in AB+CU
− youth (Bezdjian et al., 2011; Cornell et al., 1996; Frick, Cornell, Barry, et al., 2003) and
the implied neural correlates to reactive (and emotional dysregulated) versus proactive (and
non-emotional) behaviors. Thus, we put forward the tentative hypothesis that individuals
high on CU traits and AB may show divergent relationships with biological outcomes in
comparison to those high on AB but low on CU: AB+CU− youth appear to be overly
sensitive to and emotionally deregulated by threat (and mostly reactive in their aggression),
whereas AB+CU+ youth appear to be under-aroused by threat and emotion (and both
proactive and reactive in their aggression) (Cappadocia et al., 2009; Stadler et al., 2010;
Viding, Fontaine, et al., 2012). Certainly some of the reviewed fMRI work suggests this
possibility (though not overwhelmingly) and thus we consider evidence in other areas
throughout this review to evaluate this hypothesis.

Beyond conclusions about subgroups of youth, there is preliminary evidence that task effects
may be large, even when differences between task demands are small. This point is vital in
evaluating the remaining empirical literature in this area as it spans a very wide array of
tasks. Though there is preliminary evidence that though some task demands (or youth
attention to aspects of the task, such as the eyes) may moderate amygdala differences in AB
youth (White, Marsh, et al., 2012; White, Williams, et al., 2012), there is also evidence that
differences in AB youth may extend beyond fearful versus neutral faces to other face types
(Passamonti et al., 2010) and other tasks using highly stimulating or emotional tasks (Decety
et al., 2009; Kalnin et al., 2011; Sebastian et al., 2012; Sterzer et al., 2005). Understanding
the specificity of these amygdala effects is critical for future research as it will have major
implications for intervention (i.e., should interventions specifically target improving eye
contact and/or focus on identifying fearful facial expressions?).

In sum, these studies have advanced our understanding of the link between amygdala
reactivity and AB in youth, suggesting that youth with both CU traits and AB show less
amygdala reactivity than controls to negative versus neutral stimuli (with the most evidence
suggesting specificity to fearful faces) and the possibility that AB+CU− youth may show the
opposite pattern of amygdala reactivity. However, future studies are needed to address the
following limitations of the literature: the use of small samples, dichotomous versus
continuous measurement of CU and AB, accounting for co-occurring disorders, lack of
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attention to youth developmental status, the specificity of effects, the effects of child
attention to the task, and lack of attention to other subtyping approaches.

Areas within the Prefrontal Cortex
Though there has been an explosion of studies narrowly focusing on emotion viewing
designs and the amygdala, there has also been a wide array of studies aimed at
understanding the neural bases of learning, response to reward and punishment, and other
deficits seen in AB youth. However, this literature has been more scattered, so we consider
each study more briefly with some attempt to highlight which brain areas and which tasks
are overlapping across studies.

In a series of articles (Rubia, Halari, et al., 2009; Rubia et al., 2008; Rubia, Smith, et al.,
2009), the neural correlates of CD and ADHD were explored to address issues of both
comorbidity and shared versus common neural correlates. To address this question, a sample
of boys with “pure” CD (who also met criteria for early onset and ODD), a sample of boys
(age 9–16) with “pure” ADHD, and a control group low on both CD and ADHD symptoms
were assessed using tasks that focus on attention, inhibition, and reward. In the first study
that utilized a task tapping attention and inhibition (a Simon task where subjects have to
inhibit a dominant response to similar but competing information), both ADHD and CD
groups displayed shared reduced activation across some brain areas, including the dlPFC
(and activation in this area was correlated with number of CD symptoms), with the ADHD
group showing disorder specific decreases in activation in the ventral lateral PFC (vlPFC)
(Rubia, Halari, et al., 2009). The authors noted that their data support implications of weak
prefrontal functioning that may account for attention and inhibitory deficits in both ADHD
and CD and disorder-specific decreases in functioning in those with ADHD in vlPFC. In the
second study (Rubia, Smith, et al., 2009), using a rewarded continuous performance task to
assess attention and response to reward, the CD group displayed decreased activation in
paralimbic regions (insula, hippocampus, ACC) during attention intervals, and OFC hypo-
activation during reward components of the task, whereas the ADHD group had specific
decreases in activation in vlPFC. Hypo-activation found in the CD group in the OFC are
consistent with theory that the OFC integrates signals and then may modulate the activity of
areas such as the amygdala through reciprocal connections based on environmental cues
such as reward (Blair, 2004; Finger et al., 2011). In the third related study, during a visual
tracking stop task used to measure inhibition of motor responses, the CD group was found to
have decreased activation in parietal areas during failed trials (Rubia et al., 2008) and both
patient groups displayed differences in posterior cingulate functioning during failed trials
which may implicate dysfunctional performance monitoring networks in CD.

In a fourth study, groups of boys with CU traits and AB (age 10–17), boys with pure
ADHD, and controls were scanned and compared while undergoing a probabilistic reversal
learning task in which reward contingencies are periodically changed to measure ability to
flexibly adjust to changes in reinforcement (Finger et al., 2008). Using a contrast of trials in
which the participant does not change their response to all correct responses, the CU+AB+
group was found to have greater activity than controls and the ADHD group in a ventral
portion of the bilateral medial frontal gyrus (BA 10, vmPFC). In a similar study, boys and
girls with CU traits and AB (mean age 13–14) were contrasted with controls during a
passive avoidance task to examine AB youths’ capability to learn to avoid stimuli that
predict punishment (Finger et al., 2011). Youth high on AB and CU traits displayed less
activity in the OFC and caudate in response to early stimulus-reinforcement exposures, and
in response to rewarded responses, they also demonstrated decreased OFC activity.
Moreover, while the task itself did not evoke group differences in the amygdala, the AB+/
CU+ group was shown to have decreased amygdala activity across the entire task (perhaps
indicating overall differences in level of arousal in the AB group). These results emphasize
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the possibility that OFC, caudate, and amygdala circuit functioning may be disrupted in
those high on AB and CU traits, and this disruption could affect learning of reinforcement
across development and explain why these youth often repeat poor decisions (Blair, 2004,
2007a, 2007b).

These studies attempt to disentangle what may be underlying differences between youth
with pure ADHD and early starting CD by selecting specific deficits seen behaviorally (i.e.,
attention and inhibition). Moreover, these studies help researchers address findings from the
ADHD literature to determine if these differences are really specific to ADHD or to
externalizing behavioral problems more broadly. The preliminary evidence from these
studies implicates under-activation specific to CD youth in areas highlighted in other studies
(e.g., OFC/vmPFC, limbic structures, possibly caudate) (see also Marsh et al., 2008), under-
activation specific to ADHD in vlPFC, and possibly shared differences in activation between
both groups (e.g., dlPFC, cingulate regions, although these findings need to be replicated). A
recent review describes these results as reflecting dysfunction in “cool” inferior
frontostriatal regions in ADHD and dysfunction in “hot” ventromedial orbitofrontal-limbic
in AB (Rubia, 2011). More broadly, these results are consistent with behavioral data
suggesting that youth with externalizing disorders demonstrate differences in inhibition,
attention, and reward learning, but that there may be specific profiles for youth with pure
CD or ADHD (see Herpertz et al., 2001). However, it is interesting to note that much of the
extant neuroimaging literature highlights differences between these groups even though the
comorbidity between these disorders is quite high (Hinshaw & Lee, 2003) and behavioral
genetic studies implicate shared genetic liability as explaining this high overlap (Nadder,
Rutter, Silberg, Maes, & Eaves, 2002). These studies highlight a useful strategy for
examining shared and specific neural correlates by using groups of “pure” ADHD versus
CD, but also highlight the difficulty in generalizing beyond “pure” presentations of these
disorders based on their high comorbidity. If youth with CD versus ADHD are mostly
dissimilar in terms of brain functioning, do the majority of externalizing youth who are high
on both CD and ADHD symptoms have a third etiology, or do they share some of the
differences seen in these “pure” groups?

Other Brain Areas Involved in Reward and Learning
Though two previously described studies (Finger et al., 2011; Finger et al., 2008) focused on
reward via passive avoidance tasks and found PFC correlates, other studies have examined
reward with different tasks and have explored correlates in different brain regions including
the ACC, caudate, and insula. For example, a study of 12 – 16 year old boys with
“externalizing disorders” (almost all diagnosed with both ADHD and CD) compared to
controls, used a task in which their behavior was rewarded or no reward was available, with
a focus on specific ROIs (caudate and ACC) (Gatzke-Kopp et al., 2009). Though both
groups showed activation in the caudate more during reward blocks, when the same
behavior was not rewarded, control boys shifted to increased ACC and decreased caudate
activity, while the externalizing group continued to have greater caudate reactivity. The
authors noted that the pattern of activity in controls was consistent with literature
implicating the caudate in reward and the ACC in error monitoring. Thus, the findings imply
continuing activation of reward rather than error monitoring networks within externalizing
youth, mirroring behavioral studies demonstrating externalizing youth’s tendency to
perseverate on responses that were previously, but no longer, rewarded (Fonseca & Yule,
1995).

Examining a different sort of reward, in a study of Antisocial Substance Disorder – boys
with comorbid CD and substance abuse (age 14–18) – investigators used a task that included
opportunities to make risky versus cautious decisions and receive or lose monetary rewards
(Crowley et al., 2010). This study highlighted lesser activation in the OFC, dlPFC, ACC,
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insula, amygdala, and hippocampus during decision making trials and lesser activation in the
ACC during reward in the AB youth. This approach highlights targeting youth comorbid for
disorders likely to be linked to neural functioning (substance use and CD). In another study
examining reward comparing high versus low sensation seeking adolescents in a community
sample, high sensation seeking youth demonstrated greater response in a cluster across the
insula and PFC to win versus no-win trials in a rewarded decision making task (Cservenka,
Herting, Seghete, Hudson, & Nagel, 2013). Given the high overlap between sensation
seeking and AB (Krueger, Markon, Patrick, Benning, & Kramer, 2007; Lahey, Waldman, &
McBurnett, 1999; Perez & Torrubia, 1985; Zucker, Heitzeg, & Nigg, 2011), this study
highlights that tasks probing reward may be important in understanding youth AB and
related risky temperamental profiles and how understanding sensation seeking can inform
our understanding of AB (e.g., Shannon et al., 2011).

Finally, a small study examining sharing in a social exchange game found that externalizing
youth (compared to “non-externalizing” youth; age 10–16) demonstrated less differential
activation in the insula when they were deciding on whether to share or not, and less
divergence in response in the caudate and anterior insula when receiving outcome from
neutral relatively to mean or kind peers (Sharp, Burton, & Ha, 2011). A study of the same
game in healthy youth, suggests that neural response in the dorsal ACC and anterior insula
to this game may be modulated by CU traits (White, Brislin, Meffert, Sinclair, & Blair,
2013). As these studies were quite preliminary, they suggest that further work elucidating
the response of AB to peer interaction and reward games may be fruitful in understanding
their social interactions.

As a whole, these studies implicate that youth with AB may differ in their response to
learning and reward paradigms in brain areas associated with learning, error monitoring, and
reward (e.g., the OFC, ACC, caudate, insula). In a sense, these studies help to support the
observation from behavioral studies that youth with AB struggle with certain learning and
reward tasks by showing that differences in activity in brain areas thought to be implicated
in these processes do differ in these youth. At the same time, these studies are difficult to
compare as they have used a wide variety of different tasks and samples with different
comorbidities and different age ranges. Many of these studies highlight a strategy based on
probing specific deficits seen in youth with AB by adapting tasks for use in the scanner to
explore these deficits. This strategy helps connect specific neural patterns seen in youth AB
to behavioral deficits seen in this population and these studies continue to implicate areas
such as the amygdala and the PFC (especially the OFC) and expand the list of important
brain areas to structures such as the ACC, insula, and caudate. At the same time, these
studies all suffer from small sample sizes, contrasts of two groups of youth that may differ
on more variables than just AB, heterogeneity in dimensions and persistence of externalizing
behavior (e.g., “externalizing” youth versus CD plus substance use disorder), and wide age
range within the groups. Although these studies contribute to the literature, idiosyncratic
approaches of these studies and the lack of replication of their findings makes it difficult to
know if these results would emerge in other samples and how to fit these results into the
broader understanding of youth AB. Whereas the group of studies focusing on amygdala
reactivity reviewed earlier have led to replicated findings, as most studies in this area each
target a unique question within a unique population, the findings do not form a coherent
whole but rather highlight several areas of study to be followed up in future research.

Conclusion: Direct Evidence from Youth with Antisocial Behavior
This collection of studies has vastly improved our understanding of some underlying neural
correlates of youth AB generally and youth with AB and CU traits more specifically.
Several of the findings are consistent with some studies using structural MRI in youth, fMRI
in adult psychopaths and other biological approaches to be reviewed below. Moreover, this

Hyde et al. Page 24

Dev Rev. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



rapidly growing body of literature is beginning to consistently implicate functioning in some
of the same brain areas: the amygdala and prefrontal regions (i.e., OFC), as well as the
insula, ACC, caudate and possibly the cingulate and dlPFC. Findings from these reports also
connect these brain areas to functioning during tasks related to secondary behavior seen in
youth AB, such as abnormal face processing, difficulty with attention and inhibition,
abnormal reversal learning and poor passive avoidance performance. These findings
highlight several dimensions of behaviors that are disrupted in AB: emotion processing and
regulation, empathy and social interaction, learning and attention, and impulsivity and
reward, each of which may have distinct neural correlates that predict youth AB in areas
such as the amygdala, OFC, insula, and ACC. However, several fundamental questions
remain such as whether antisocial youth tend to be more generally hypo- or hyper-reactive
to emotional and threatening stimuli, whether CU traits or severity of AB are driving
findings in AB+CU+ youth, which brain areas would be expected to show greater versus
lesser response and to which types of tasks and stimuli, and whether fMRI may help us
uncover distinct subgroups that vary in both behavior and neural responding to specific
tasks.

Beyond the implications for our current knowledge of the neural responsiveness of
antisocial youth to various paradigms, this collection of studies is useful in pointing out both
advantages and limitations of the current approaches: First, the wide array of tasks and
contrasts demonstrates the trade-offs between more general and more specific tasks and the
importance of examining the contrast used within the task. Second, sample selection
highlights the difficulty in creating appropriate patient groups and appropriate control
groups as well as the limited generalizability of the results. Third, these studies highlight the
need for imaging in larger samples where these behaviors and traits can be assessed both
dichotomously and continuously, where overlapping behaviors (e.g., AB and CU traits,
ADHD) can be parsed, where sample sizes can provide more confidence in the possibility of
replicating the findings, and where multiple different tasks can be examined in the same
sample. Moreover, as the Jones, Marsh, and Passamonti studies demonstrate, replication and
use of relatively standard tasks and stimuli are critical to integrating knowledge across
studies. While many of the other studies (i.e., those not focused on the amygdala) reviewed
provide intriguing results, without replication it is difficult to conclude as much from their
findings. Last, the wide range in the age of youth in these studies makes comparison across
studies difficult and complicates our understanding of the development of AB across
adolescence when the brain is rapidly changing and new groups of youth with AB may be
emerging (Giedd, 2008; Moffitt, 1993a). Clearly programmatic research with larger sample
sizes, longitudinal approaches, and attention to the nuances in past studies is needed to
address the shortcomings within the current research.

Structural Neuroimaging Findings
Although this review is focused primarily on fMRI findings and evaluating these findings
from a developmental psychopathology perspective, we briefly review structural MRI
(sMRI) findings in this area, as they highlight many of the same neural structures
emphasized in the fMRI literature (underlined throughout) (see also Vloet, Konrad,
Huebner, Herpertz, & Herpertz-Dahlmann, 2008; Yang & Raine, 2009).

Gray Matter Differences—Several sMRI studies implicate both temporal and frontal
brain areas including the amygdala, PFC, insula and ACC, with studies demonstrating
reduced overall volume in the right temporal lobe and reduced right temporal gray matter in
youth (age 9 – 21) with early onset CD (Kruesi, Casanova, Mannheim, & Johnson-Bilder,
2004), reduced grey matter in the bilateral anterior insula (correlated with youth empathy)
and left amygdala in adolescent CD boys (Sterzer, Stadler, Poustka, & Kleinschmidt, 2007),
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and reduced gray matter in conduct disordered boys across the amygdala, insula, dmPFC,
caudate, and fusiform gyrus, albeit with no differences between early and late starting youth
(Fairchild et al., 2011). In a study of incarcerated male adolescents, psychopathic traits were
correlated with decreased volumes in the OFC, temporal poles and posterior cingulate
(Ermer, Cope, Nyalakanti, Calhoun, & Kiehl, 2013). Decreased OFC/vmPFC volume has
also been linked to low impulse control in healthy youth (Boes et al., 2009), and in a sample
of healthy youth (boys and girls, age 7–17), the volume of the right ACC was found to
correlate with conduct behavior ratings in boys (Boes, Tranel, Anderson, & Nopoulos, 2008;
though see Bussing, Grudnik, Mason, Wasiak, & Leonard, 2002). Interestingly, a study of
CD in female adolescents found similar divergent relationships to AB based on CU traits
using fMRI: reduced bilaterial anterior insula, amygdala and right striatal volume broadly
were related to AB, with aggressive CD symptoms negatively correlated to dlPFC volume
but CU traits positively correlated with OFC volume (Fairchild et al., 2013).

Interestingly, a recent study found larger cavum septum pellucidum (CSP) volumes in a
sample AB youth, which is important because the CSP is a deep, midline, limbic structure
and its closing in development is related to the development of structures in the limbic
system such as the amygdala and hippocampus (White, Brislin, et al., 2012). Thus
differences in this structure may inform the developmental antecedents of differences found
in limbic structures, especially the amygdala. Finally, boys high on both CU and conduct
problems (age 10 – 13) were found to have increased gray matter concentration in medial
OFC and ACC, and increased grey matter concentration and volume in the temporal lobes
bilaterally, which the authors suggest may be a marker of delayed cortical maturation in
these boys (De Brito et al., 2009; for other evidence of neural immaturity in youth AB see
Shannon et al., 2011) and underlines that sMRI findings may vary by the age of the youth
studied.

Cortical Thickness and Folding—Differences in cortical thickness and folding have
identified many of these same areas: One study found significantly less cortical thickness
across the entire brain, with specific deficits in the cingulate, ACC, medial PFC, OFC, insula
and cingulate and decreased gray matter density in the OFC and insula in 8 year olds with
disruptive behavior disorders (Fahim et al., 2011). Another study found similar deficits in
cortical thickness, as well as folding deficits in the insula, vm- and dm-PFC, ACC, temporal
lobe, and OFC in a study of adolescents with CD (Hyatt, Haney-Caron, & Stevens, 2012).

Connectivity—Recently several studies have emphasized the importance of examining the
connectively between key brain regions in AB (i.e., the OFC and amygdala). Recent studies
have used diffusion tension imaging (DTI; measures microstructure of white matter
connecting cortical areas) to measure fractional anisotropy (FA; a measure of white matter
integrity) values in the uncinate fascicle (UF), a key fiber tract connecting the amygdala and
OFC. For example, one study of childhood-onset CD male adolescents (mean age = 18)
found increased FA in the UF (Passamonti et al., 2012). Similarly, a study of boys (age 12–
19) with CD, found increased FA in the CD group (Sarkar et al., 2013). Interestingly, the
authors also found an age by group interaction indicating that controls demonstrated age-
related maturation in this tract, but those with CD did not. Additionally, a study of
adolescents (age 13–17) with DBDs plus ADHD similarly found decreased FA in the UF,
but follow-up analyses indicated that this effect was generally driven by ADHD, rather than
CD (Wang et al., 2012). Finally, a recent study of adolescents (mean age = 14 years) with
DBDs plus psychopathic traits found no differences in FA in the UF, but did find reduced
functional connectivity between the amygdala and ACC, insula, cingulate and superior
temporal gyrus during a learning task (Finger et al., 2012) and a similar study found reduced
amygdala-OFC functional connectivity during a moral judgments task among AB youth
with psychopathic traits (Marsh et al., 2011). Thus, recent connectivity studies have been
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conflicting in the direction of findings but have helped to emphasize possible differences in
the UF, a critical connection between the OFC and amygdala.

The overall pattern of results in examining brain structure is promising in that these studies
identify many of the same areas as the fMRI literature. However, it is still unclear what the
direct relationship is between brain structure and function, and many of the sMRI studies
conflict in the direction of findings. Thus, these structural studies highlight that there is high
overlap between areas that differ in function and structure within youth with AB and
possibly differences in the fiber tracts connecting these specific areas.

Relevant Research from Other Populations
Studies of Adult Psychopathy and Antisocial Behavior

Studies from adults displaying symptoms of psychopathy (as well as other forms of AB) can
help to inform theory and research on youth with AB. The main caveat is that the downward
extension of adult psychopathy is likely not to youth AB broadly but to youth with AB and
CU traits more specifically, and even then, only a handful of studies have demonstrated
links from adolescent CU traits to later adult psychopathy (Blonigen et al., 2006; Burke,
Loeber, & Lahey, 2007; Lynam, Caspi, Moffitt, Loeber, & Stouthamer-Loeber, 2007). The
important question in regards to this review is: do studies in adults converge with the
emerging functional neuroimaging of youth AB literature?

Neuroimaging studies—For the most part neuroimaging studies of AB in adults have
focused on criminal psychopaths and these studies can be grouped by the focus on the
following brain areas (for more extensive reviews see Gao & Raine, 2010; Glenn & Raine,
2008; Kiehl, 2006; Weber, Habel, Amunts, & Schneider, 2008; Yang, Glenn, & Raine,
2008):

Amygdala: Decreased activity has been noted in the amygdala and broader amygdala-
hippocampal formation in adult criminal psychopaths (versus healthy controls) during
aversive classical conditioning paradigms (Birbaumer et al., 2005; Schneider et al., 2000;
Veit et al., 2002), during an affective lexical task contrasting emotional to neutral phrases
(Kiehl et al., 2001), as well as among healthy college students scoring high on a trait
measure of psychopathy during an emotional faces paradigm (Gordon, Baird, & End, 2004;
Kiehl et al., 2001), a task evoking fear (Marsh & Cardinale, 2012), when cooperation was
not reciprocated in interactive games (Osumi et al., 2012; Rilling et al., 2007), and during a
moral decision-making task (Glenn, Raine, & Schug, 2009). However, there have been other
studies that have failed to show this differential activation in the amygdala even when using
paradigms shown to robustly activate limbic areas (Deeley et al., 2006) and some evidence
for greater amygdala activity to similar paradigms (Schneider et al., 2000). In contrast, non-
psychopathic patient populations with impulsive aggressive behavior, rather than
psychopathy, have shown increased amygdala reactivity to emotional face paradigms
(Coccaro, McCloskey, Fitzgerald, & Phan, 2007), highlighting the possibility that AB that is
impulsive or reactive may differ in terms of neural reactivity from AB that is in the context
of psychopathy and callousness. In fact, a recent large study of college students (N = 200)
found suppression effects similar to those in youth (Sebastian et al., 2012), in which
amygdala reactivity to fearful faces was negatively associated with the interpersonal facet of
psychopathy (i.e., like CU traits), whereas reactivity to angry faces was positively associated
with the lifestyles facet (e.g., like AB without CU) (Carre, Hyde, Neumann, Viding, &
Hariri, 2012) (see also Bobes et al., 2012). Structural MRI studies (see Weber et al., 2008
for a review) also suggest that psychopathy may be associated with lesser amygdala and
posterior hippocampal volume (Cope et al., 2012; Laakso et al., 2001). In sum, consistent
with some studies on AB and CU in youth, studies of psychopathy in adults implicate
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decreased reactivity in the amygdala to emotional and learning paradigms, with some
suggestion that impulsive, non-CU aggression in adults is linked to increased amygdala
reactivity.

Prefrontal Cortex: In many of these same studies, functional differences have been noted
in various areas of the PFC (Yang & Raine, 2009). Decreased OFC functioning has been
found in psychopaths versus healthy controls and among healthy individuals scoring higher
on trait measures of psychopathy during the tasks described above in most studies
(Birbaumer et al., 2005; Gordon et al., 2004; Rilling et al., 2007; Veit et al., 2002) though
not all (Muller et al., 2003). Psychopathy scores were also correlated to medial PFC
activation in a moral decision-making paradigm (Glenn et al., 2009). These findings fit with
neuropsychological findings implicating the OFC specifically in psychopathy (Blair,
Newman, et al., 2006). Outside of the OFC/medial PFC, two studies have suggested
decreased dlPFC functioning among college students high on trait psychopathy (Rilling et
al., 2007) and among criminal psychopaths (Veit et al., 2002), while another study
demonstrated increased dlPFC functioning in a college sample (Gordon et al., 2004; also see
Schneider et al., 2000). Beyond functional studies, psychopathy and other related disorders
have been associated with abnormalities in the PFC including reduced grey matter in several
studies (de Oliveira-Souza et al., 2008; Gregory et al., 2012; Raine, Lencz, Bihrle, LaCasse,
& Colletti, 2000; Yang et al., 2005), though not all (Tiihonen et al., 2008; Yang et al., 2007),
abnormal EEG in frontal and temporal regions (Hoptman, 2003), and reduced resting
glucose metabolism using PET (Raine, Buchsbaum, & LaCasse, 1997; Raine et al., 1998;
Soderstrom, Tullberg, Wikkelso, Ekholm, & Forsman, 2000). A study of connectivity in
psychopathy has also emphasized decreased functional and structural connectivity between
the OFC and the amygdala (Motzkin, Newman, Kiehl, & Koenigs, 2011) (see also Fulwiler,
King, & Zhang, 2012; Pujol et al., 2011). In sum, these studies suggest that in adults, AB
broadly, and psychopathy in particular, is associated with decreased functioning of
prefrontal regions.

Other regions: In some of the above studies, differences in activation have also been found
for other regions including the ACC, insula, and ventral striatum (structural differences see
Boccardi et al., 2013; Cope et al., 2012; Ly et al., 2012). Decreased ACC and insula
activation has been found in response to conditioning paradigms (Birbaumer et al., 2005;
Veit et al., 2002), while both the anterior and posterior cingulate, as well as the ventral
striatum displayed decreased activation to an affective lexical task (Kiehl et al., 2001). A
recent study found a positive correlation between impulsive-antisocial psychopathy traits in
a community sample and dopamine release in the ventral striatum (Buckholtz, Treadway,
Cowan, Woodward, Benning, et al., 2010). Psychopathy traits in healthy volunteers have
also been correlated to ventral striatum reactivity during a reward task (Bjork, Chen, &
Hommer, 2012) and a recent study of college students linked less response in the ventral
striatum to positive versus negative reward to the lifestyle (i.e., AB) facet of psychopathy
(Carre et al., 2012). Finally, a study of healthy adults demonstrated positive correlations
with psychopathy scores and ventral striatum and ACC reactivity during reward anticipation
(Bjork et al., 2012).

Summary—The literature from adults broadly converges with neuroimaging on youth AB
by pointing to many of the same regions such as the amygdala, OFC, ACC, insula, caudate
and the ventral striatum. The adult literature has the advantage of being guided by the
extensive theoretical and empirical work on psychopathy starting with behavioral
observations (such as differences in learning) that have in turn led to psychophysiological
findings, which have then informed imaging studies. By restricting many of these studies to
criminal psychopaths, researchers have decreased sample heterogeneity and may be focusing
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on a more homogenous group (which is often compared to non-psychopath criminals).
However, this literature is subject to similar weaknesses, including very small samples sizes
(n = 8 per group in several studies), inconsistent findings, and comorbidity (i.e., chronic
substance abuse that can damage the brain). Although the findings appear to be convergent,
it is unclear how much these studies can be compared to those on youth demonstrating
varying levels of AB. Importantly, when adults are chosen based on impulsive aggression
rather than psychopathy, the AB participants show greater amygdala reactivity, mirroring
findings in youth in non-CU groups.

Normative adolescents
As normative youth generally show an increase in risk taking behaviors during adolescence
(Moffitt et al., 2002), emerging imaging studies of this population can inform our
understanding of the underlying neural systems involved in the risk-taking behaviors also
seen in youth with AB (Steinberg, 2007). Many of the same brain structures already
mentioned, including the ACC, PFC, and ventral striatum have already been implicated in
these adolescent shifts in behavior. For example, studies of normative adolescents have
shown that age-related functional changes in the ACC are associated with differences in
error processing (Velanova, Wheeler, & Luna, 2008). Prefrontal areas of the adolescent
brain may be less efficient in generating inhibitory responses (Luna et al., 2001), and the
activation in these frontal areas may be linked to “disinhibition” (McNamee et al., 2008).
Moreover, some authors (e.g., Steinberg, 2007) have suggested that the balance between
such early developing areas as the ventral striatum (and broader socioemotional paralimbic
areas) and later developing areas, such as the OFC, may underlie risk taking behavior in
adolescents because adolescents may be more sensitive to immediate rewards due to these
later maturing, top-down, cognitive control systems (Galvan et al., 2006). If there are
distinct individual differences in this neural “maturity gap,” it could help explain the
emergence of increased rates of AB during adolescence and a recent sMRI study of
antisocial youth supports this possibility (De Brito et al., 2009). Studies of normative
adolescents can inform knowledge of which brain areas may be linked to impulsive
behaviors especially as they implicate mechanisms such as the balance between frontal and
reward areas. If these age-related shifts show marked individual differences during
adolescence, these processes could help explain late starting patterns of AB (Moffitt, 1993a).

Other influences on neural reactivity and youth AB
Genes, hormones, and neurotransmitters

When functional imaging studies are combined with data from animal and lesion studies,
pharmacology, other imaging modalities, and other relevant information (i.e., genetics), a
more complete and multi-level theory of youth AB can be specified that eventually should
improve intervention methods. As this approach is applied to the study of AB, we may be
able to specify models that are informed by multiple domains, including brain structure and
function, genes, the environment, and the many connections and interactions among these
contributing factors (Hyde, Bogdan, et al., 2011). The promise of such an integrated
approach is to advance our understanding of the etiology of AB at multiple levels of
analysis, which should inform intervention at multiple levels (Hariri, 2009).

While an entire review of the role of genes, hormones, and neurotransmitters in aggression
and AB is beyond the scope of this review (see van Goozen et al., 2007), findings from these
areas can help inform (a) which brain areas may be implicated in youth AB and why, (b) the
existence of possible biologically important subgroups, and (c) how integrating these
findings may help to inform a more detailed understanding of youth AB at multiple
biological and environmental levels. Ultimately, to advance our knowledge base about
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neural differences in youth AB, it is important to understand how differences in
neurotransmitters, genes, and environment contribute to these differences (Bogdan et al.,
2012; Hariri, 2009; Stadler et al., 2010).

Serotonin genes—Across animal and human studies, lower serotonin (5-HT) levels have
been implicated theoretically (Coccaro, 1996; Coccaro & Kavoussi, 1996; Soubrie, 1986;
Spoont, 1992) and empirically (for reviews see Higley et al., 1992; Manuck, Kaplan, &
Lotrich, 2006; Mehlman et al., 1994; Tuinier, Verhoeven, & Van Praag, 1995) to higher
aggression and impulsivity broadly, although studies in youth have been mixed (van Goozen
et al., 2007). From a genetic standpoint, within rodent models and human linkage studies,
variation in genes coding for 5-HT receptors (1A, 1B, 2A, 3, and 7) and molecules important
for the synthesis (tryptophan hydroxylase 1 and 2 - TPH), reuptake (5-HT transporter) and
degradation of 5-HT (monoamine oxidase A and B– MAOA and MAOB) have been linked
to impulsivity- and aggression-related behaviors (Holmes, 2008; Lesch & Merschdorf,
2000). This literature is important when considering neuroimaging studies of AB because 5-
HT is a critical modulator of many neural circuits implicated in AB: 5-HT neurons
emanating from the dorsal and median raphe nuclei project to forebrain targets implicated in
AB, including the amygdala and PFC (Azmitia & Gannon, 1986; Holmes, 2008; Sterzer &
Stadler, 2009). Thus, it is not surprising that 5-HT has been an important component in
several neurobiological models of youth and adult AB (Blair, Peschardt, et al., 2006b;
Siegel, Bhatt, Bhatt, & Zalcman, 2007; van Goozen et al., 2007).

When linking 5-HT genes to youth AB, a few important studies bear closer examination.
First, several gene x environment (GxE) interaction studies have demonstrated links
between individual variability in a common variant in the promoter of the MAOA gene
(which affects degradation of monoamines including 5-HT) and AB in youth and adults who
have experienced maltreatment (e.g., Caspi et al., 2002; Kim-Cohen et al., 2006; Weder et
al., 2009) (though see Haberstick et al., 2005; Young et al., 2006). Similarly, variants in
genes for TPH and 5-HTT have also been linked to aggression and AB in adults or youth
(Beitchman et al., 2006; Beitchman et al., 2003; Cicchetti, Rogosch, & Thibodeau, 2012;
Manuck et al., 1999; Sadeh et al., 2010; Young & Leyton, 2002), but sometimes in
contradictory directions. Interestingly, some of these same variants (e.g., 5-HTTLRP and
MAOA 5′ VNTR) have also been linked to functioning of the amygdala and PFC (Brown et
al., 2005; Buckholtz et al., 2008; Hariri et al., 2002; Pezawas et al., 2005). For example,
Buckholtz and colleagues have linked the pattern of neural reactivity that was related to
variation in MAOA (Buckholtz et al., 2008) to patterns of neural reactivity seen in
aggressive and violent populations (Buckholtz & Meyer-Lindenberg, 2008; Meyer-
Lindenberg et al., 2006): Those with low expressing MAOA alleles displayed increased
functional activity in the left amygdala and decreased response across various cortical areas
(e.g., lateral OFC and insula). However, these links are not as straightforward as they seem.
Several of the specific alleles linked to AB (e.g., 5-HTTLPR S allele, low expressing
MAOA alleles) have been linked to greater reactivity in brain areas, such as the amygdala
(Buckholtz et al., 2008; Buckholtz & Meyer-Lindenberg, 2008; Hariri et al., 2002), whereas
much of the literature reviewed emphasizes lesser amygdala reactivity in AB (though
perhaps only for AB+CU+).

One intriguing hypothesis is that the link between 5-HT genes and behavior may not be the
same for all groups of antisocial individuals (Stadler et al., 2010). Similar to neuroimaging
studies already reviewed, such associations may differ drastically when comparing
subgroups of AB youth (Glenn, 2011), which may help explain contradictory findings (e.g.,
Caspi et al., 2002; vs. Manuck, Flory, Ferrell, Mann, & Muldoon, 2000). Glenn (2011) noted
that although the 5-HTTLPR S allele is thought of as the “risk” allele and has been linked to
depression and anxiety, as well as impulsive aggression (and possibly AB when comorbid
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with internalizing), the L allele has been linked to many intermediate phenotypes (e.g.,
decreased amygdala reactivity, decreased skin conductance during fear conditioning, deficits
in passive avoidance learning) that have also been linked to psychopathy (though see Fowler
et al., 2009). The hypothesis linking the L allele to psychopathy has been subsequently
supported in a recent study of adults with alcohol dependence (Herman et al., 2011), in a
GxE study within a forensic sample (Sadeh, Javdani, & Verona, 2012), and in a GxE study
of youth (Sadeh et al., 2010). In this third study, individuals with the S allele evidenced
more impulsivity, but those with the L allele and low socioeconomic status had greater CU
traits (Sadeh et al., 2010). A similar argument has been made in regards to MAOA: GxE
findings (Caspi et al., 2002) and literature on early maltreatment in humans and animals
(Kaufman & Charney, 2001; Pollak & Sinha, 2002) suggest that low expressing MAOA
alleles, especially in the presence of early maltreatment, could lead to greater amygdala
reactivity and later reactive AB (Dannlowski et al., 2012; Hanson et al., 2010; Márquez et
al., 2013; McCrory et al., 2013; Tottenham et al., 2011; Viding & Frith, 2006). However,
high expressing MAOA alleles could be linked with proactive aggression and CU traits
similar to that described for the 5-HTTLPR L allele (Sadeh et al., 2012). Thus, there is
continued evidence for subgroups of youth with AB who show divergent patterns of genetic
and neuroimaging associations based on the level of CU traits.

Cortisol and the HPA Axis—Studies have also demonstrated two subgroups of children
in which lower levels of salivary cortisol in boys are associated with persistent aggression,
while higher levels of cortisol are associated with boys with CD and comorbid anxiety.
These findings have led some to propose dysregulation of the hypothalamic-pituitary-
adrenal (HPA) axis as an etiological factor in youth AB and one that may work in opposite
directions depending on the subgroup of youth studied (McBurnett et al., 1991; McBurnett,
Lahey, Rathouz, & Loeber, 2000; Stadler et al., 2010; van Goozen et al., 2007). For
example, some authors have highlighted that low cortisol levels may lead to punishment
insensitivity and later AB (with CU traits/proactive aggression) (Dadds & Salmon, 2003),
whereas others have explained pathways through which greater cortisol reactivity could be
linked to youth AB through emotional dysregulation (Pardini & Frick, 2013) and reactive
antisocial acts (Lopez-Duran, Olson, Hajal, Felt, & Vazquez, 2009). Thus some (van
Goozen et al., 2007) have proposed a dual model of youth AB in which high cortisol and
low 5-HT lead to reactive aggression (dysregulated affect), whereas low cortisol leads to
proactive aggression. Studies linking abnormal (especially high) cortisol are particularly
important when considering links between child maltreatment and the development of youth
AB (Dodge, Bates, & Pettit, 1990) and between maltreatment and disruption of the HPA
axis (particularly dysregulated and higher levels of cortisol) (Cicchetti & Rogosch, 2001),
which could suggest that early maltreatment has an influence on youth AB via its disruption
of cortisol (and 5-HT) systems (Gowin et al., 2013). This dysregulated HPA axis activity
(higher cortisol) may then interact with disrupted neural systems (e.g., OFC, amygdala) to
increase risk for reactive AB (Blair, Peschardt, et al., 2006b). Thus, preliminarily studies
from both the 5-HT and cortisol literature suggest the possibility of dual pathways leading to
youth AB, albeit to different subgroups of youth with proactive versus reactive aggression or
combinations of both types of aggression (Lopez-Duran et al., 2009; Stadler et al., 2010), as
well as AB comorbid with internalizing.

Other genes, neurotransmitters, and hormones—Many other genes,
neurotransmitters and hormones have been linked to human aggression or AB. For example,
dopamine has been linked to impulsivity, reward sensitivity, ventral striatum functioning
(Buckholtz, Treadway, Cowan, Woodward, Benning, et al., 2010; Forbes et al., 2009) and to
substance abuse disorders (Comings & Blum, 2000; Foll, Gallo, Le Strat, Lu, & Gorwood,
2009), all of which are also implicated in youth AB. Moreover, recent studies implicate
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dopamine release in the ventral striatum and ventral striatum reactivity to reward in
community adults with greater psychopathic traits and higher trait impulsivity (Buckholtz,
Treadway, Cowan, Woodward, Benning, et al., 2010; Buckholtz, Treadway, Cowan,
Woodward, Li, et al., 2010). As the field moves forward, exploring neurotransmitters (e.g.,
dopamine) and hormones that have been linked to aggression, prosocial behavior, or AB
(e.g., androgens, oxytocin, and vasopressin) but have not been the focus within theory and
neuroimaging studies of youth AB may help us understand neuroimaging results at multiple
biological levels (Cushing, Perry, Musatov, Ogawa, & Papademetriou, 2008; den Heijer et
al., 2004; Gregg & Siegel, 2001; Meyer-Lindenberg et al., 2008; Siegel et al., 2007; Walum
et al., 2008). From the genetic perspective, although there have been few genome-wide
association studies of youth AB (Dick et al., 2011; Viding et al., 2010), these studies could
eventually help identify new candidate genes, particularly when these studies examine more
homogenous subtypes of AB (e.g., Viding et al., 2010).

Interaction with the environment
Recent research is quickly challenging assumptions that behaviors that are highly heritable
are unchangeable (Meaney, 2010). Youth AB has been shown to have a heritable
component, particularly for those with CU traits (Viding et al., 2005), but these heritability
estimates have been qualified by GxE studies (Caspi et al., 2002). For example, the
heritability of youth AB has been found to be much higher among higher versus lower SES
families (Tuvblad, Grann, & Lichtenstein, 2006), suggesting that different mechanisms may
underlie AB across different environments (Raine, 2002). These types of findings have
several critical implications. First, the populations from which neuroimaging studies are
drawn are critically important. In the neuroimaging studies of youth reviewed above, very
little information was provided about participants’ backgrounds (e.g., SES and race/
ethnicity), although these samples appear to have been mostly European-American and
middle class. Thus, the generalizability of these findings may be particularly limited based
on the higher prevalence of youth AB in both lower SES and ethnic minority populations
(Nock et al., 2006; Schonberg & Shaw, 2007). Second, GxE studies suggest that biological
and environmental vulnerability must be qualified by their interaction. Studies can address
this issue by investigating the biological bases of resilience in harsh environments or
conversely, by examining children with biological risk for AB that do not end up offending.
Third, epigenetic studies (see Meaney, 2010; van Vliet, Oates, & Whitelaw, 2007) also
emphasize that any neural differences seen in antisocial youth are not static or necessarily
genetic. It is likely that environmental experiences such as psychiatric treatment can alter
these neural pathways (e.g., Lewis et al., 2008; Woltering, Granic, Lamm, & Lewis, 2011)
and certainly experiences like trauma are likely to affect this circuitry throughout
development (Dannlowski et al., 2012). Fourth, beyond experiential epigenetic effects on
gene expression, the environment can also affect brain functioning through direct assault.
For example, lead poisoning in young children, toxins (e.g., nicotine, alcohol) during
pregnancy, and youth’s use of drugs can all affect brain structure and functioning and are all
common exposures in this population of youth. Studies that collect or assay pertinent
biological information from saliva (e.g., genes, cortisol) or blood (e.g., toxin levels,
hormones) and/or collect neuroimaging early in life before the onset of drug use (Schiffer et
al., 2011) can help to uncover how the environment interacts with the genome to influence
risk for AB and how this process may affect neural functioning. Fundamentally, many of the
differences found in neuroimaging studies of youth AB reviewed could simply be reflecting
different exposures to drugs (prescribed or recreational), other environmental toxins, or
higher levels of stress in the AB group.
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Summary and integration of findings
Although research on the neural correlates of youth AB is still in its infancy, evidence from
direct and indirect sources suggests some specific neural areas that are likely to be involved.
As discussed above, several integrative theories have been postulated to account for
differences in neural activity among related disorders (i.e., adult psychopathy, youth
aggression), but these theories also will likely need to be ‘pruned’ and/or expanded as more
holes in our understanding become filled in the ensuing years. It is also possible to identify
the strengths and weaknesses of the current body of literature on neural functioning and its
relation to the emergence of AB.

The amygdala
The amygdala is crucial in understanding many psychopathologies, especially youth AB,
because of its roles in connecting subcortical and cortical structures (which allow for
important developmental processes such as emotional learning), and in regulating arousal
and emotion (Whalen & Phelps, 2009). Studies from both child and adult populations
implicate abnormal amygdala functioning in AB. It appears that AB in youth (particularly
those with CU traits) and psychopathy in adults may be most strongly related to under-
arousal (Shirtcliff et al., 2009), perhaps representing a “paralimbic dysfunction” that would
be consistent with theories of general under-arousal to threat and emotion in these disorders.
At the same time, there is some suggestion that, for some youth with AB (likely those
without CU traits), the amygdala may be over-active to some stimuli (Viding, Sebastian, et
al., 2012), leading to a more reactive style of aggression through emotion dysregulation
(Cappadocia et al., 2009) and over-reactivity to threatening or neutral stimuli via social
information processing mechanisms (Dodge, 1993; Dodge et al., 1990). While much more
tenuous, this finding could explain discrepant results from neuroimaging studies of youth,
and is in accord with literature on early maltreatment (common among youth with early
starting AB) (McCrory et al., 2013), non-psychopathic adults, and other biological
approaches (e.g., 5-HT and cortisol studies). Future imaging and behavioral studies of early
starting youth examining those both high and low on CU traits could address the possibility
that within early starters there are two sub-groups with distinct etiologies.

Prefrontal regions: the OFC
Studies on youth with AB, adult psychopaths, and patients with lesions as well as theories of
inhibition and aggression (Anderson et al., 1999; Best et al., 2002; Blair, 2004), have
emphasized the potential contribution played by the OFC and related areas (e.g., vmPFC).
The OFC has a role in sensory integration, representing affective values of reinforcements,
and decision making, and thus has been a prime candidate for helping to understand ABs
that are linked to affect, reward, and decision making (Finger et al., 2011; Kringelbach,
2005). Based on the reciprocal connections between the OFC and amygdala (among many
other limbic regions), it is likely that the balance between these PFC regions and subcortical
structures such as the amygdala may be important. For example, subcortical regions may
initiate activation to prefrontal regions, which may then help “qualify” the activation and
either suppress or enhance it (Cardinal et al., 2002; Fuster, 2001; Stein et al., 2007). Thus,
dysfunction in one region (e.g., the OFC) could lead to dysfunction in another region (e.g.,
the amygdala) and dysfunction in the connections between regions could be implicated
beyond the activation of any one region (e.g., the uncinate fasciculus). This hypothesized
pathway is particularly interesting based on findings from the sMRI literature that suggest
differences in gray to white matter balance in the PFC among antisocial populations. Future
studies that link functional and structural techniques (and techniques such as diffusion tensor
imaging) simultaneously may help address these issues (e.g., Li, Mathews, Wang, Dunn, &
Kronenberger, 2005).
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Other emerging areas of interest: dlPFC, ACC, caudate, and the ventral striatum
Another important prefrontal area, the ACC, has been implicated in several studies
involving both children and adults assessing both functional and structural facets of neural
function in relation to AB (e.g., Boes et al., 2008; Kiehl et al., 2001; Sterzer et al., 2005).
These findings are not surprising based on data indicating that the ACC may play a large
role in error detection and correction, as well as regulation of both cognitive and emotional
processing (Bush et al., 2000). Beyond the OFC and ACC, there is some suggestion that the
dlPFC may be functioning differently in both child and adult populations with AB. The
dlPFC does not connect directly to the amygdala but does have connections through the
vmPFC (Vuilleumier, 2009). Interestingly, differences in the amygdala and related areas
(OFC) are seen mostly in affective tasks, while dlPFC and other prefrontal areas appear to
show functional differences in attention, learning and inhibition tasks (e.g., Crowley et al.,
2010; Rubia, Halari, et al., 2009; Veit et al., 2002). Perhaps these two separate lines of work
are uncovering two highly connected but different circuits involved in two different aspects
of AB: affect and inhibition. However, the evidence in youth of dlPFC differences in AB is
still quite limited and needs to be replicated. Finally, emerging evidence suggests that the
ventral striatum, caudate, and insula are also likely to be implicated in AB due to their
respective roles in reward/motivation and interoception (see Table 1 & 2), although more
research is needed linking these structures to youth AB.

The aforementioned list represents the field’s most promising brain regions linked to AB
and specifically youth AB (see Table 2). However, as the more extensive research on the
amygdala demonstrates, it is unlikely that the broad category of youth AB will be linked to
simply greater or lesser functioning in one or two brain areas, for two reasons. First, results
from any one study on functioning in a brain area must be qualified by the task being
undertaken, the stimuli used, and the specific population studied. The amygdala may show
differential functioning for emotional tasks but not reward tasks (or for tasks with low
attentional demands but not high attentional demands), whereas the ventral striatum may
show differential functioning for reward tasks but not emotional tasks. Second, as data from
the OFC and amygdala demonstrate, functioning in just one area is not as informative as
how functioning is linked across brain areas. Studies employing combining task related
fMRI with more sophisticated methods, such as connectivity analyses, are much more
informative as to how brain areas are interacting (e.g., do differences in the UF mediate
differences seen in amygdala and OFC function to specific tasks?). Understanding how these
areas communicate effectively or ineffectively may help inform the understanding of
behavior more than just understanding changes in blood flow within any one brain area in
response to a certain task.

Implications for Intervention
Understanding the neural correlates of youth AB can help inform intervention efforts in
several ways. First, neuroscience research can help us to understand mechanisms linking
risk to AB, which can inform new targets for intervention. Similarly, this type of research
can help to understand how existing treatments work. For example, a recent study of AB and
ADHD showed that stimulant medication treatment normalized amygdala reactivity
differences in the AB group (Posner et al., 2011), indicating that one possible mechanism
through which stimulants may be effective is through their effect on amygdala reactivity to
threat. Second, in combinations with environmental approaches, this work can help to
identify risk factors (i.e., behaviors, neurocognitive profiles) that emerge before AB
becomes severe and deeply entrenched and thus targeted in prevention programs. Third,
neuroscience research can help to identify subgroups of youth who may have distinct
etiologies. This approach may help to inform new interventions or tailor existing

Hyde et al. Page 34

Dev Rev. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



interventions to each subgroup to make interventions more effective (e.g., CU versus non-
CU) (Viding & McCrory, 2012).

In line with the promise of neuroscience research, in a thought-provoking article, Dadds and
Rhodes (2008) apply much of the literature reviewed above to understand the etiology of
different forms of AB and link these issues to implications for developmental processes and
possibilities for intervention. For example, they put forward evidence to support a theory
that serotonergic dysregulation decreases thresholds for explosive (reactive) violence while
decreased cortisol relates to predatory (proactive) violence for youth with a low capacity for
fear and punishment sensitivity (Dadds & Rhodes, 2008). Moreover, as there is some
evidence that parenting treatments could be improved in their effectiveness for antisocial
children with CU traits (Hawes & Dadds, 2005) (though see Hyde et al., 2012; Waller et al.,
2013), the authors suggest that simple changes in parenting interventions may increase
effectiveness across subtypes of this behavior. For example, children with more reactive
subtypes of AB may respond better to the use of timeouts so they can be removed from
stimulation and eye contact with caregivers to decrease threat-related physiological
reactivity and learn to better regulate their dysregulated emotions (Pardini & Frick, 2013).
Alternatively, children who show more proactive types of AB (and CU traits) appear less
sensitive to threat, less emotionally dysregulated, and less able to process others’ pain and
emotions (i.e., some have eye-gaze deficits: Dadds, Allen, et al., 2012; Dadds et al., 2011)
might benefit from timeouts in which they are instructed to look into the caregiver’s eyes or
from strategies focused more on reward. This modification would be consistent with some
research suggesting that instructions can help overcome eye-gaze deficits and augment prior
learning (Dadds et al., 2006). These ideas emphasize the importance of how understanding
the neural basis of youth AB can help to identify subgroups with different etiologies and
understand mechanisms within each etiology that may inform personalized treatment. As
biological measures (i.e., neuroimaging, molecular genetics) continue to inform our
understanding of these subtypes and mechanisms, they could potentially be used to inform
the development of more tailored interventions (e.g., Dadds, Cauchi, Wimalaweera, Hawes,
& Brennan, 2012; DeRubeis, Siegle, & Hollon, 2008; Willard & Ginsburg, 2009). Finally, it
should be noted that interventions studies can also help inform our basic understanding of
the neural correlates of AB (Brody, Beach, Philibert, Chen, & Murry, 2009) by allowing for
more causal inference. For example, if these interventions can change neural functioning
and behavior (e.g., changing eye gaze resulting in changes in amygdala reactivity and
decreases in proactive aggression), then we can focus more on cause than correlation in
understanding the links from experience to brain to behavior (Jaffee, Strait, & Odgers,
2012).

Future Directions
Several suggestions for future studies follow from this review, particularly as we evaluate
this literature from a developmental psychopathology perspective. First, the neuroimaging of
youth AB literature has a strong foundation in identifying and addressing subgroups of
youth using a person-centered approach (e.g., CU vs. non-CU youth) that may have a
distinct etiology (e.g., Viding, Sebastian, et al., 2012) and some studies have begun to
address issues of comorbidity (e.g., Marsh et al., 2008). Moreover, very recent work may be
elucidating equifinality in neural pathways of AB (Viding, Sebastian, et al., 2012).
However, the behavioral literature of youth AB highlights multiple other diagnostic (e.g.,
proactive versus reactive aggression) and behavioral constructs (e.g., social information
processing) that have not been embraced within the neuroimaging literature. Most of the
literature has focused on CU traits to the neglect of these other important constructs. Much
of the literature has also ignored developmental considerations such as the age of
participants, the age range of studies (thus including heterogeneous set of youth at different

Hyde et al. Page 35

Dev Rev. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



biological and socioemotional stages), and developmental stage of the participants and
developmental pathways to AB through repeated neuroimaging or the use of developmental
behavior trajectories (all compounded by small sample sizes where development/age cannot
be explored as a moderator of effects),. Basic research that examines dimensions such as
amygdala reactivity and OFC development and their behavioral correlates over time could
help to address questions of heterotypic continuity (e.g., for youth with low amygdala
reactivity to threat, what does their behavior look like at age 5, 10, and 15?). Moreover, both
neuroimaging and behavioral studies that focus on elucidating mechanisms of heterotypic
continuity can help inform our understanding of findings that may differ by developmental
stage. As noted above, there has also been little work examining normative development
(e.g., marked changes in adolescent brain development during adolescence), as it may
inform understanding the development of youth AB. Additionally, results in related areas
(e.g., adult psychopathy, normative adolescence) support much of the focus on the amygdala
and PFC in youth with AB. However, the comparison to these populations highlight how
much behavioral, diagnostic and longitudinal work is needed to explore the extent to which
these comparisons are valid (e.g., do CU traits predict later psychopathy? Are antisocial
youth simply less mature than their peers at behavioral and neural levels?).

Second, smaller scale studies must be very careful about how participants are recruited and
compared in regards to comorbidity and the phenotypic structure of AB and
psychopathology. As evidenced by several of the studies of youth with AB, different levels
of CU traits and comorbid symptoms could drastically affect the outcome of the study. For
example, a study on youth with AB that are low on CU traits and high on unmeasured
depressive symptomatology may have increased amygdala reactivity due to differences
related to the etiology of depression rather than factors specific to AB. Smaller studies that
identify samples based on selective group membership (e.g., Viding, Sebastian, et al., 2012)
have the potential to make much needed contrasts, such as among AB+CU+, AB+CU−, AB
−CU+, and AB−CU− youth, which would improve our current understanding of the
contribution of CU traits to neural functioning among youth with AB.

Third, studies that are much larger and use dimensional measures of these behaviors and
traits (e.g., AB, CU traits) are likely to improve upon our current understanding of the extant
literature in regard to both neuroimaging and behavioral studies of youth AB. As research
mounts supporting a dimensional and hierarchical structure to externalizing behaviors
(Krueger & Markon, 2011; Krueger et al., 2007; Markon & Krueger, 2005), studies that
incorporate these models of externalizing with neuroimaging can help to determine the
general versus specific nature of neural correlates on broad versus narrow definitions of AB
(Hicks, Krueger, Iacono, McGue, & Patrick, 2004; Ofrat & Krueger, 2012), and help to
assess heterotypic continuity across time by elucidating the extent to which underlying latent
factors (e.g., amygdala reactivity) drive the appearance of heterotypic behaviors across time
(e.g., do early temper tantrums, childhood lying and adolescent aggression share similar
underlying biological liabilities?). Moreover, neuroimaging research that approaches
different, developmentally appropriate manifestations of AB at different developmental
stages can help to inform our understanding of AB across the lifespan (Sampson & Laub,
1992).

With the cost of neuroimaging decreasing, conducting large longitudinal neuroimaging
studies may become more feasible. Moreover, when these studies are of youth that have
already been followed longitudinally (e.g. Aguilar et al., 2000; Caspi, Moffitt, Newman, &
Silva, 1996; Deater-Deckard, Dodge, Bates, & Pettit, 1998; Dodge, Greenberg, & Malone,
2008; Hipwell et al., 2007; Pardini, Obradovic, & Loeber, 2006; Shaw et al., 2012), the
richness of behavioral data collected can be applied to the imaging data to link earlier
experience with current brain functioning. Employing cutting edge imaging techniques is
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weakened when behavioral phenotypes are not well-measured. Ideally, future longitudinal
studies would begin following youth in early childhood (Shaw & Gross, 2008) with more
appropriate neural measures (e.g., ERP, EEG, sMRI), followed by fMRI and sMRI across
multiple points (and before onset of AB and drug use) with measures of observational and
self-report behavioral data.

Fourth, behavioral and imaging studies should be genetically informed and/or take other
measures of underlying biology (e.g., measures of circulating hormones, heart rate
variability, cortisol levels). Although some of these techniques are invasive, they help
address the need for understanding a complex cascade of biological processes that lead to
and result from neural differences seen at the systems level via fMRI. This approach can
help to understand ABs at multiple levels of analysis. Moreover, many of the most important
effects of the environment on biology are likely developmentally stage-dependent and thus,
if biology is not measured at multiple levels and at multiple times, important pieces to this
complex puzzle are lost. To have a realistic and complex understanding of youth AB, cross-
discipline collaboration is needed to create larger studies that approach AB from multiple
vantage-points.

Fifth, advances are needed within each area of study (genes, brain, behavior) and studies are
needed that combine across areas (Bogdan et al., 2012). Much of the literature concerning
the neuroimaging of youth AB has focused on single brain areas to a single contrast. Resting
state fMRI can help identify circuits that may differ systematically in these youth (Shannon
et al., 2011) and novel approaches to neuroimaging analysis (e.g, pattern classification) can
uncover novel brain areas linked to AB (Sato et al., 2011). Moreover, novel integration of
genes, brain and behavior studies may provide the richest understanding of the interaction of
biology and experience (Sameroff, 1995, 2010) at multiple levels of analysis (e.g.,
neighborhoods to families to children to neural function) in the development of youth AB
through probing the interaction of genes and environment as they predict neural differences
(i.e., Imaging Gene by Environment (IGxE) interaction studies) associated with AB
(Bronfenbrenner & Ceci, 1994; Hyde, Bogdan, et al., 2011), especially if they are applied in
experimental or treatment settings (Brody et al., 2009; Jaffee et al., 2012). These studies can
also help to determine in what contexts or with what biology, children are likely to be at
most risk (or most resilient under high risk). Future research may highlight neural profiles of
youth that are particularly resilient or most likely to desist from early problem behaviors.
This type of interaction-focused work can help to take the youth AB neuroimaging literature
beyond simple correlations between brain and behavior and identify multifinality in
pathways involving differences in brain function as moderated by various factors.

In conclusion, research probing the neural correlates of youth AB is just beginning but has
great potential. Initial studies have supported some existing theories and provided
information about potential areas of the brain that may be different across samples of youth
who vary on biological and environmental risk factors associated with AB. However, these
initial studies have also demonstrated the advantages and disadvantages of present
approaches in a way that should inform future studies. Although the reviewed studies
highlight a wide variety of approaches that leave many questions to be answered, they have
also helped identify important brain areas for understanding youth AB (e.g., the amygdala,
OFC). Moreover, when behavioral or neuroimaging literature is combined with studies from
similar populations (e.g., adult psychopaths, normative adolescents) or from other areas of
science (e.g., molecular genetics, psychophysiology), a more nuanced understanding of the
brain’s role in youth AB emerges. Future studies that address these limitations and take a
thoughtful cross-discipline approach while merging literature from the disparate domains of
neuroscience, molecular genetics, and developmental psychopathology are likely to yield
results that lead to a better understanding of the etiology, prevention, and treatment of youth
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AB. These studies will likely require individuals to have training across disciplines and for
researchers to collaborate across disciplines. However, it is only through these collaborative
and integrative approaches that we can even begin to understand such a complex problem.
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Highlights

• We evaluate neuroimaging studies of youth antisocial behavior (AB)

• We examine these studies from a developmental psychopathology standpoint

• Differences in amygdala and prefrontal cortex functioning are correlated with
AB

• Details of studies (e.g., fMRI task, type of AB measured) impact results

There is some evidence for two subgroups of youth based on neural reactivity
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Figure 1.
Areas implicated in youth AB as they connect anatomically and functionally
Areas with the most support for their role in youth AB. (See Sterzer & Stadler, 2011; Forbes
& Grafman, 2010).
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