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Developmental science, particularly developmental neuroscience, has substantially influenced the modern legal system. However, this science has typically failed to consider the role of puberty and pubertal hormones on development when considering antisocial behavior. This review describes major theoretical positions on the developmental neuroscience of antisocial behavior and highlights where basic developmental neuroscience suggests that the role of puberty and pubertal hormones should be considered. The implications of the current state of the science with respect to developmental neuroscience is considered, particularly what is known in light of development beyond puberty. This review shows that development continues to an older age for many youth than the legal system typically acknowledges. The plasticity of the brain that this continued development implies has implications for the outcome of interventions in the legal system in ways that have not been explored. Future directions for both developmental scientists and legal professions are recommended.
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INTRODUCTION

The use of biological psychology and neuroscience evidence in the courtroom has expanded dramatically in recent decades (Gazzaniga, 2011; Jones et al., 2014; Farahany, 2015). Developmental science, particularly developmental neuroscience, is having an impact. For example, relatively recent US Supreme Court decisions limiting the type and duration of punishment for crimes committed by adolescents explicitly drew on the developmental psychology literature (Steinberg, 2013). This expanding use of scientific evidence in the courtroom speaks well of both the scientific and legal communities; however, it also raises some concerns (see e.g., Bonnie and Scott, 2013). As the application of science in legal contexts increases, any gaps or weaknesses in the literature carry a greater risk of causing harm via misapplication of judicial/legal power.

Issues of development are central to a variety of legal decisions and have potentially enormous consequences for individuals (Steinberg, 2009). Dramatic increases in self-reported antisocial behavior (Moffitt, 2003, 2018) and related official records (e.g., arrest rates; see Figure 1; Snyder et al., 2019) are observed during adolescence. This phenomenon is seen across nations (e.g., Rowland et al., 2019), has been thoroughly documented as a public health problem (e.g., O’Connell et al., 2009), and is of great concern in the criminal justice system (Steinberg, 2009). Thus, it is unsurprising that developmental neuroscience, particularly as it relates to antisocial behavior, is of tremendous interest to the legal system.
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FIGURE 1. Arrest rates and testosterone levels by age. Increasing arrest rates and increasing levels of testosterone by age are highly correlated (r = 0.863, p < 0.001). The arrest data shown are from the US in 2014 (Snyder et al., 2019) and the testosterone levels are the maximum of the normal range for males (Forest et al., 1973 as cited by the Mayo Clinic; https://www.mayocliniclabs.com/test-catalog/overview/83686#Clinical-and-Interpretive). The correlation with arrest rates and female testosterone are similarly large (r = 0.933, p < 0.001).


Before moving forward, it will be important to define antisocial behavior. Antisocial behavior is behavior that violates the basic rights of others, including emotional or physical harm (Calkins and Keane, 2009). To date, the majority of the developmental neuroscience seeking to explain antisocial behavior has focused on age, but has not adequately considered other aspects of development, including puberty. Even more critically, the literature has inadequately considered the hormones that drive developmental change during and after puberty. This is somewhat surprising given that (i) age and puberty differentially impact the brain and behavior (Crone and Elzinga, 2015); (ii) increased antisocial behavior has been observed as a function of both pubertal status (Hemphill et al., 2010) and pubertal timing (see Negriff and Susman, 2011), and (iii) peak age for antisocial behavior at approximately 19 years (Snyder et al., 2019), several years after youth are “adult-like” in terms of size and general appearance (Dorn et al., 2006). We argue that a closer examination of the role of hormones in development (i.e., during and after puberty) on risk for antisocial behavior is critical to ensure that the science used by the courts is accurate and complete as possible. In this review, we will briefly describe pubertal and brain development generally. We will then highlight the neurobiology underpinning some major theoretical perspectives on antisocial behavior and discuss what is known regarding pubertal development and implicated biological systems. The relative lack of studies directly examining pubertal development and the neurobiology of antisocial behavior directly will be noted. Finally, the implications of these data to the legal system will be discussed and recommendations for future work will be made.



BRAIN DEVELOPMENT DURING ADOLESCENCE


Puberty

Puberty is a critical period of development that largely coincides with early to mid-adolescence, where hormone-driven processes facilitate sexual maturation (Grumbach and Styne, 2003). Two broad hormonal processes drive pubertal development. Puberty begins with adrenarche, which is when the adrenal gland releases increased amounts of androgens, including dehydroepiandrosterone (DHEA), dehydroepiandrosterone sulfate (DHEAS), and androstenedione (Palmert et al., 2001; Biro et al., 2014). This androgen release leads to the development of some secondary sex characteristics, including pubic hair, acne, and body odor (Grumbach and Styne, 2003). Adrenarche typically occurs between 6 and 9 years (earlier in girls than boys) and levels of androgens increase until the early 20’s (Figure 1; Havelock et al., 2004). Gonadarche typically begins between 9 and 14 in females and 10 and 15 in males (Dorn et al., 2006) and involves increased production of testosterone from the testes in males and estradiol from the ovaries in females (Grumbach and Styne, 2003). Gonadal hormones are involved in the development of primary and secondary sex characteristics, including genital and (in females) breast development, body/facial hair growth, and the growth spurts associated with puberty (Grumbach and Styne, 2003). Both gonadal and adrenal hormones are involved in pubertal brain development (Herting and Sowell, 2017). Variation in the timing of the initiation of puberty is not well understood, but is thought to be influenced by levels of body fat, hypothalamic-pituitary-adrenal (HPA) axis activity, and genetics (Cizza et al., 2001). Notably, there is some indication that pubertal development varies by race/ethnicity (Keenan et al., 2014; Deardorff et al., 2021), though it is unclear whether these differences are actually race/ethnicity-based or due to factors correlated with, but not attributable to race/ethnicity (e.g., income, Deardorff et al., 2019).



Brain Development During Adolescence

Thorough reviews of adolescent brain development can be found elsewhere (e.g., Casey et al., 2008; Blakemore, 2012; Konrad et al., 2013). Briefly, major changes in brain structure take place between childhood and adulthood (Giedd et al., 1999). Structurally, the “pruning” of synapses (Huttenlocher and Dabholkar, 1997) and thinning of gray matter are observed (Gogtay et al., 2004), along with increases in white matter (Gogtay et al., 2004; Perrin et al., 2008). Moreover, substantial changes in neurotransmitter systems are also occurring (Murrin et al., 2007). These structural and organizational changes are thought to contribute to corresponding changes in brain function. Briefly, as adolescence progresses, the prefrontal cortex exerts more control over sensory and affective regions of the brain, temporally consistent with the progression of structural changes in the brain (Casey et al., 2010). These changes in brain structure and function are linked with behavioral changes seen during adolescence (Casey et al., 2010), including increased responses to reward (Galván, 2013) and greater risk-taking (Galvan et al., 2007). Critically, the majority of studies examining brain development have considered brain development primarily as a function of age. This is despite differential impacts of age and puberty on both brain and behavior (Crone and Elzinga, 2015) and the roughly 5-year range of normal pubertal onset (Dorn et al., 2006). It is perfectly normal to have one 14 year-old in Tanner stage one (pre-puberty) and another in Tanner stage 5 (“adult-like”); treating these youth as equivalent neurobiologically is unjustified.



Brain Development and Puberty

While increases in hormones begin during puberty, both adrenal and gonadal hormones continue to increase into the late teens/early 20’s (Havelock et al., 2004; Kelsey et al., 2014), after most individuals are Tanner Stage 5 and “adult-like” (Dorn et al., 2006). These hormone increases appear to roughly parallel the temporal course of brain development (i.e., Gogtay et al., 2004), suggesting at least partially distinct roles in physical vs. neural development. There has been some work specifically looking at the role of puberty in adolescent brain development (for reviews see Blakemore et al., 2010; Herting and Sowell, 2017; Vijayakumar et al., 2018). Briefly, as puberty advances, there are decreases in gray matter volume and increases in white matter similar to what is seen in the age literature (Vijayakumar et al., 2018). When the brain development literature has considered puberty, it has tended to consider secondary sex characteristics (e.g., Tanner staging) as the marker of pubertal development (see Vijayakumar et al., 2018). However, this approach has limitations. As reviewed by Dorn et al. (2006), there are reliability and validity problems with both self-report and physician-exam measures of secondary sex characteristics. Furthermore, hormones are thought to drive both the development of secondary sex characteristics and brain development (Grumbach and Styne, 2003). While more work is needed, a number of studies have shown that changes in pubertal hormones are associated with structural changes in the brain in humans (e.g., Nguyen et al., 2013, 2017; Nguyen, 2018). Indeed, structural neuroimaging and hormone work has found that adrenal hormones may impact brain development more during earlier stages of puberty, while gonadal hormones may influence brain development primarily later in puberty (Herting et al., 2017). With respect to functional neuroimaging, far less work has been conducted and the results have been less consistent (see Vijayakumar et al., 2018). As noted by Vijayakumar et al. (2018), this is likely a function of the limited work that has been conducted, the variability in behavioral paradigms completed during scanning, and the differing methods of examining pubertal development.




THE NEUROBIOLOGY OF ANTISOCIAL BEHAVIOR AND DEVELOPMENTAL CONSIDERATIONS

In the following sections, the neurobiology of antisocial behavior will be considered using two approaches. The first approach is to consider typical neurobiological changes observed during adolescent development. As noted above, antisocial behavior, behavior that violates the rights of other, including physical and emotional harm, generally increases over the course of adolescence. Theoretical positions postulating the role of typical developmental neurobiological changes in increasing the risk for antisocial behavior will be discussed. Following this, what is known about developmental changes during adolescence in theoretically relevant neurobiological systems will be reviewed.

The second approach is to consider the neurobiology of psychiatric disorders that are associated with an increased risk of antisocial behavior and have a high prevalence in adolescence. The neurobiology of Disruptive Behavior Disorders, including Conduct Disorder and Oppositional Defiant Disorder, which are common in adolescence, will be discussed. Several theoretical positions on the neurobiology of Disruptive Behavior Disorders have been detailed in the literature (e.g., Matthys et al., 2013; Rosell and Siever, 2015; Blair et al., 2016). Unsurprisingly, there is variation in the specifics of these theoretical positions. However, there are common cognitive processes, and associated neural systems, which are broadly implicated in antisocial behavior, including reduced response to reward information and dysfunction in avoidance learning (see Table 1). Moreover, reduced response to fear/distress cues, associated with callous-unemotional traits, and increased threat/emotional reactivity, associated with trauma exposure, have both been linked to antisocial behavior. Changes in these systems associated with puberty will be reviewed.


TABLE 1. Neurobiological systems implicated in antisocial behavior.
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Typical Adolescent Development and Increased Risk for Antisocial Behavior

There are two main biologically oriented theorical perspectives on why there is a dramatic increase in antisocial behavior in adolescence. The first perspective postulates that increased antisocial behavior can be attributed to uneven maturation of different brain regions (Cohen and Casey, 2014; Jones et al., 2014). The second perspective, largely drawn from the animal literature (e.g., Berthold and Quiring, 1944), implicates increases in testosterone with increases in aggression, particularly in males. Notably in a human neuroimaging study, testosterone was found to modulate the relationship between amygdala and prefrontal cortex development and this relationship between amygdala and prefrontal cortex development was, in turn, associated with aggression (Nguyen et al., 2016). Despite these findings, the link between testerosterone and aggression, particularly in the human literature, however, is not a straightforward one.


Brain Development in Adolescence: Neurobiological Theory of Antisocial Behavior

It has been argued that increased antisocial behavior associated with adolescence can be attributed to uneven maturation of different brain regions (Cohen and Casey, 2014; Jones et al., 2014). The amygdala is important for emotion processing, including response to threats (LeDoux, 2012), and the striatum is critical for reward processing (O’Doherty et al., 2017). Both are regions implicated in antisocial behavior (Matthys et al., 2013; Cohen and Casey, 2014; Blair et al., 2016). Phylogenetically older regions, including the amygdala and the striatum, are thought to mature earlier and more quickly than cortical regions that regulate them (Casey et al., 2008; Steinberg, 2008), including regions of dorsolateral prefrontal cortex (Cohen et al., 2016) and ventromedial/orbitofrontal cortex (Breiner et al., 2018). This increased sub-cortical activation has been implicated in poorer cognitive control of both behavior and emotion in adolescence relative to adulthood (Breiner et al., 2018). In the original iterations of the model, this imbalance was used to explain adolescent risk-taking. Poorer cognitive control of emotion and behavior increase risk-taking behavior, which in turn is argued to increase the risk of antisocial behavior (Steinberg, 2009; Cohen and Casey, 2014). Correspondingly, as brain development continues into the early 20’s, levels of antisocial behavior in the population drop correspondingly (Steinberg, 2009).



Brain Development in Adolescence: Developmental Changes in Neurobiology

As previously noted, age and puberty have differential developmental impacts on the brain (Crone and Elzinga, 2015). Substantial developmental changes in the modulatory relationship between regions of cortex and sub-cortical structures occur in adolescence (Casey et al., 2008; Breiner et al., 2018). With respect to pubertal changes, increasing testosterone is associated with reduced functional connectivity between ventral medial prefrontal cortex (vmPFC) and amygdala (Peters et al., 2015; Spielberg et al., 2015). Similarly, increasing dehydroepiandrosterone (DHEA) is associated with reduced functional connectivity between insula and amygdala (Barendse et al., 2018). Differences in connectivity between amygdala and cortical regions/anterior insula are thought to reflect changes in how emotional/motivational information from the amygdala is incorporated into decision-making and response selection (e.g., Blair and Cipolotti, 2000). However, increasing age during adolescence is associated with increased resting state functional connectivity between vmPFC and amygdala (Gabard-Durnam et al., 2014). There is less data with respect to the striatum, although recent developmental neuroimaging work suggests that vmPFC-amygdala connectivity develops over the course of adolescence and is a pre-requisite for successful regulation of the striatum during behavior (see Casey et al., 2019). This position posits that the developmental changes observed in the functional connectivity between vmPFC and amygdala have a direct impact on the ability of the adolescent brain to regulate the striatum at different developmental stages. In short, there is evidence that changes in hormones during puberty are associated with changes in neural processes that are implicated in antisocial behavior. However, work in this area is limited.



Hormone Changes in Adolescence: Neurobiological Theory of Antisocial Behavior

The idea that there is a relationship between hormones and aggression, particularly testosterone, is an old one (see Sapolsky, 1997). Focusing on the human literature, a positive association between testosterone and aggression levels have been found in meta-analytic work (Geniole et al., 2019) and, as noted above, the observed increase in adolescent antisocial behavior coincides with the beginning of increases in testosterone levels associated with puberty. However, the effect size of the association between testosterone and antisocial behavior is small and restricted to males (Geniole et al., 2019). It has been proposed that testosterone, at least in humans, has a greater influence on social dominance rather than directly on antisocial behavior (e.g., Mazur and Booth, 1998). Moreover, there is evidence to suggest that testosterone is only associated with social dominance when the testosterone to cortisol ratio is high (Mehta and Josephs, 2010; Mehta et al., 2015; Grotzinger et al., 2018), though this has not always been reported (for a review see Grebe et al., 2019).

Additionally, there is evidence to suggest that increased levels of adrenal androgens (e.g., DHEA) are associated with antisocial behavior (van Goozen et al., 1998; Dorn et al., 2009). However, similar to testosterone, these findings are also inconsistent (e.g., Shenk et al., 2012). Hormones have typically been examined one at a time, but increasingly, as noted with testosterone and cortisol above, the interaction between endocrine systems is implicated in influencing the likelihood of any specific behavior (e.g., Mehta and Josephs, 2010; Marceau et al., 2015). It is therefore quite possible that the association between adrenal hormones and antisocial behavior is complex and involves multiple endocrine systems. In sum, there is evidence that hormones play a role in modulating antisocial behavior, but that role remains unclear (Carré and Archer, 2018).



Hormone Changes in Adolescence: Developmental Changes in Neurobiology

As previously noted, dramatic increases in numerous hormones occur during puberty, including DHEA, testosterone, cortisol and estradiol (Grumbach and Styne, 2003; Netherton et al., 2004). Moreover, males show much greater increases in testosterone levels relative to females (Grumbach and Styne, 2003). Both of these findings are consistent with increases in antisocial behavior seen in adolescence (Moffitt, 2018), as well as the gender gap in antisocial behavior (Russell et al., 2014). Importantly, however, the gender gap in antisocial behavior is actually lowest during adolescence (Russell et al., 2014) when sex differences in hormone levels are dramatically increasing (Grumbach and Styne, 2003).

The relationship between increasing pubertal hormonal levels, notably testosterone, and antisocial behavior may be only correlational and no direct, causal relationship may exist. It has been previously observed that there are complex, bidirectional relationships between various levels of biological functioning (e.g., gene expression and cellular, endocrine, and neural functioning; Gottlieb, 2007). As hormones influence behavior via modulation of neural systems that directly control behavior (Bogdan et al., 2012), integrating neuroimaging and neuroendocrine work will be needed to understand the relationship between hormones and antisocial behavior. In line with this idea, it has been argued that the role of hormones, specifically testosterone and cortisol, in influencing antisocial behavior can best be understood in terms of how these hormones modulate the functional connectivity between amygdala and prefrontal cortex (Rosell and Siever, 2015). As described above, this cortical-subcortical connectivity is implicated in increasing risk for antisocial behavior in the developmental neuroimaging literature (Cohen and Casey, 2014).

The relationship between hormones and other social behaviors that are indirectly associated with antisocial behavior may help explain the significant, but limited, association between aggression and testosterone. For example, it has been argued that testosterone’s influence is primarily on social dominance (e.g., enhancing social status, winning competitions), not directly on antisocial behavior (Mazur and Booth, 1998). Additionally, increases in testosterone have been associated with increases in risk-taking (see Apicella et al., 2015). Increases in risk-taking are observed in adolescence (Galvan et al., 2007) and are correlated with antisocial behavior (Steinberg, 2008). Thus, while continued investigations of the role of hormones in altering risk for antisocial behavior is warranted, simple correlational analyses of hormone levels with rates of antisocial behavior are likely to be insufficient.





NEUROBIOLOGICAL DYSFUNCTION IN PSYCHOPATHOLOGY ASSOCIATED WITH ANTISOCIAL BEHAVIOR

There are a number of neurobiological systems theoretically implicated in Disruptive Behavior Disorders (DBDs). DBDs include Conduct Disorder and Oppositional Defiant Disorder, both of which are associated with an increased risk of antisocial behavior. In this section, the systems most consistently implicated in the development of Disruptive Behavior Disorders in the literature will be reviewed.


Reduced Response to Reward: Neurobiological Theory of Antisocial Behavior

Abnormal response to reward information has been observed in antisocial youth (e.g., Frick and White, 2008; Frick et al., 2014; Blair et al., 2016). Failure to adequately encode reward information may increase the risk for antisocial behavior. One model focuses on the link between reward processing, frustration, and reactive aggression (Blair, 2010). The accurate encoding of reward information is necessary to accurately predict likely outcomes following actions in a given environment. Disrupted representation of reward information will result in poor prediction of likely outcomes in the environment leading to increased frustration. Frustration is associated with greater risk of reactive aggression (Blair, 2010). Alternatively, inaccurate representation of reward information might lead to increased risk- and sensation-seeking behavior, which is also associated with antisocial activities (Mann et al., 2017).

Neurobiological models of antisocial behavior implicate dysfunction within the striatum during reward processing (Matthys et al., 2013; Rosell and Siever, 2015; Blair et al., 2016). The striatum is a key region in the reward system and is responsive to reward cues and rewarding feedback (O’Doherty et al., 2006). Several studies have shown reduced activation within striatum to reward in antisocial youth (Finger et al., 2011; White et al., 2013; Cohn et al., 2015; Holz et al., 2017), though at least one study reported increased reward response (Bjork et al., 2010). Several studies have also reported reduced activation to reward in regions of vmPFC/orbitofrontal cortex (Rubia et al., 2009; Finger et al., 2011; White et al., 2013; Schwenck et al., 2017), which are implicated in reward value representation and/or in the regulation of striatum (see e.g., O’Doherty et al., 2017). Multiple theoretical positions associate striatal dysfunction during reward processing with the decision-making problems associated with increased risk for antisocial behavior (e.g., Matthys et al., 2013; Rosell and Siever, 2015; Blair et al., 2016). Supporting these theoretical positions, two Activation Likelihood Estimate (ALE) meta-analyses implicate dysfunction in striatum and interconnected regions of cortex in antisocial behavior in adolescents (Alegria et al., 2016; Noordermeer et al., 2016).



Reduced Response to Reward: Developmental Changes in Neurobiology

A substantial amount of change occurs in the striatum during pubertal development. Structurally, an accelerated longitudinal study found that striatum volume was negatively associated with pubertal development (Goddings et al., 2014). Increasing testosterone occurring as a result of puberty has been associated with increased striatal response to threat cues (Spielberg et al., 2014). Moreover, longitudinal studies have shown that striatal response to reward information rises from early adolescence to a peak in mid-adolescence before declining (Braams et al., 2015; Vijayakumar et al., 2019), which is consistent with cross-sectional data (Casey et al., 2008). Notably, level of reward response in striatum has been associated with substance abuse, an antisocial behavior (Braams et al., 2016). Interestingly, other evidence suggests a more complex relationship between pubertal hormones and reward. White et al. (2021) found that increased testosterone reactivity is associated with reduced striatum and vmPFC activation in rewarded relative to unrewarded trials. In the same sample, the gonadal hormone estradiol was also associated with reduced striatal response to rewarded relative to unrewarded trials in females (Ladouceur et al., 2019). Importantly, in the paradigm considered in both studies, reward information was irrelevant to successful task completion. White et al. (2020) argued that this finding is consistent with hormones being highly context-dependent, consistent with theoretical positions (e.g., Roney, 2016).



Dysfunctional Avoidance Learning: Neurobiological Theory of Antisocial Behavior

Poor decision-making is associated with antisocial behavior (for reviews see Matthys et al., 2013; Rosell and Siever, 2015; Blair et al., 2016). In recent years, the use of computational neuroimaging has begun to better illustrate the regions of the brain involved in specific computations involved in decision-making relative to earlier neuroimaging work (O’Doherty et al., 2007). One of the essential computations necessary for decision-making is the expected value that becomes associated with an action or stimulus based on previous learning (O’Doherty, 2004). Building on previous work showing increased activation in anterior insula to cues signaling risk or avoidance (Kuhnen and Knutson, 2005; Liu et al., 2007), anterior insula has been shown to represent expected value during avoidance behavior (Rigoli et al., 2016). It has been argued that this representation of expected value in anterior insula is involved in response selection and behavior change (Casey et al., 2001; Budhani et al., 2007; White et al., 2014). Youth with DBDs show reduced representation of expected value in anterior insula when avoiding sub-optimal choices (White et al., 2013, 2014). Notably, the degree of impairment in the representation of expected value during the avoidance of sub-optimal choice has been associated with increased levels of antisocial behavior (White et al., 2016). Failure to appropriately represent the computations needed for successful behavior change might account for the punishment insensitivity observed in antisocial youth (Frick and White, 2008; Matthys et al., 2013; Frick et al., 2014; Rosell and Siever, 2015; Blair et al., 2016; White et al., 2016).



Dysfunctional Avoidance Learning: Developmental Changes in Neurobiology

To our knowledge, no developmental neuroscience work has specifically considered pubertally driven changes in avoidance learning. However, the anterior insula has been considered in broader developmental neuroscience work on reward response. For example, a meta-analysis of reward processing found that adolescents show greater anterior insula activation during reward processing than adults (Silverman et al., 2015), suggesting adolescent changes in anterior insula functioning. Increasing DHEA during late childhood is associated with reduced functional connectivity between insula and amygdala (Barendse et al., 2018). An additional study found that increasing levels of estradiol in adolescent females were associated with anterior insula activation during social, but not monetary, feedback (Op de Macks et al., 2017). Estradiol is a major driver of pubertal development in females and DHEA is largely responsible for adrenarcheal maturation. These findings point to the possibility that puberty is altering functioning in anterior insula and highlight this as a potentially fruitful target for future work in this area.



Dysfunctional Amygdala Reactivity: Neurobiological Theory of Antisocial Behavior

With respect to amygdala functioning, there is heterogeneity between antisocial youth in terms of neural correlates. A lack of emotional empathy is specifically associated with the presence of DBDs and callous-unemotional (CU) traits (Viding et al., 2014; Blair et al., 2016). CU traits include a lack of guilt or remorse, a lack of concern about poor performance, callousness, and shallow affect (Frick and White, 2008; Frick et al., 2014) and are included as the “Limited Prosocial Emotions” specifier for Conduct Disorder in DSM-5 (American Psychiatric Association, 2013). The lack of empathy shown by these youth is thought to increase the likelihood of an individual selecting antisocial, particularly aggressive, social tactics (Pardini, 2006; Frick and White, 2008; Blair et al., 2014; Frick et al., 2014). The lack of empathy seen in antisocial youth displaying high levels of CU traits is thought to stem from reduced amygdala response to fear/distress cues in others (Blair et al., 2014, 2016; Viding et al., 2014). Notably, the relationship between CU traits and proactive aggression appears to be mediated by the level of amygdala response to fear/distress cues (Lozier et al., 2014). Furthermore, there is some evidence that CU traits may be related to differences in the relative coupling of the diurnal rhythms of testosterone and cortisol (Johnson et al., 2014).

In contrast, many youth with DBDs not exhibiting CU traits show increased amygdala response to fear/threat cues (Viding et al., 2012; Blair et al., 2014, 2016), similar to youth with exposure to traumatic events and maltreatment (McCrory et al., 2017). Indeed, there is a high comorbidity between trauma exposure and antisocial behavior (Lewis et al., 2019). Increased activation of the basic threat system, of which the amygdala is a part (Nelson and Trainor, 2007), is thought to increase the likelihood of increased reactive aggression and other reactive antisocial behaviors (Blair et al., 2016). Notably, even in youth with high levels of CU traits, high levels of trauma are associated with increased, rather than decreased, amygdala response to fearful faces (Meffert et al., 2018). It has been argued that the tendency among antisocial youth to misinterpret ambiguous stimuli as threatening (Crick and Dodge, 1996) can be accounted for by this increased response to fear/threat stimuli (Crowe and Blair, 2008).



Dysfunctional Amygdala Reactivity: Developmental Changes in Neurobiology

Both elevated and diminished amygdala responsiveness is associated with increased risk of antisocial behavior. The amygdala increases in volume over the course of adolescence, both as a function of age and puberty (Goddings et al., 2014). Longitudinal increases in testosterone as a result of pubertal development are associated with increased amygdala responses to threat cues (Spielberg et al., 2014). In a different longitudinal sample, amygdala responsiveness to faces increased from age 10 to 13 (Moore et al., 2012). Moreover, earlier pubertal timing was associated with increased amygdala reactivity at age 10, with a significant increase in magnitude at age 13 (Moore et al., 2012). Adding data from additional waves of collection, Vijayakumar et al. (2019) found that amygdala responsiveness to emotional expressions increased with pubertal development, peaking at Tanner Stage 3 and then declining over Tanner Stages 4 and 5. Interestingly, in the same study, amygdala responsiveness, at least in females, was found to have an inverse U-shaped relationship with testosterone levels (Vijayakumar et al., 2019). In short, it seems clear that amygdala responsiveness changes occur as a result of puberty, potentially moderated by sex, though further work is needed.



Hormonal Changes Associated With Disruptive Behavior Disorders: Neurobiological Theory of Antisocial Behavior

Based on the animal literature, a link between hormones, particularly testosterone, and antisocial behavior, especially aggression, has been hypothesized. Indeed, higher levels of testosterone have been found in individuals meeting criteria for DBDs (Aromäki et al., 1999; Chance et al., 2000; Pajer et al., 2006) and in incarcerated individuals (Kreuz and Rose, 1972; Bain et al., 1987; Dabbs et al., 1987; Stålenheim et al., 1998; Maras et al., 2003; van Bokhoven et al., 2006). Importantly, however, evidence suggests that the relationship between testosterone and antisocial behavior in youth with DBDs is moderated by levels of CU traits (Blanchard and Centifanti, 2017), social dominance (Rowe et al., 2004), or by harsh parenting (Chen et al., 2018). Moreover, there is a report of altered coupling between HPG and HPA axes in youth with Conduct Disorder, though only in those who also had high levels of CU traits (Johnson et al., 2014). In sum, while testosterone does appear to be elevated in individuals at high-risk for antisocial behavior, the mechanism by which this association is conveyed remains unclear and is likely moderated by psychosocial context, other hormone systems, and other risk factors. Moreover, as discussed above, the relationship between hormones and antisocial behavior is likely to be mediated by other complex social processes and contextual factors.



Hormonal Changes Associated With Disruptive Behavior Disorders: Developmental Changes in Neurobiology

As noted above, increases in hormonal output occur during puberty (Grumbach and Styne, 2003). If increased levels of hormones are associated with antisocial behavior in individuals with DBDs, it would make sense that levels of antisocial behavior would increase during puberty. There is some evidence that there is a large spike in antisocial behavior during adolescence in some youth (Moffitt, 2003, 2018; Snyder et al., 2019). However, the peak of antisocial behavior is approximately 19 years (Snyder et al., 2019), which is after puberty typically ends (Dorn et al., 2006), but before hormones have finished increasing (Havelock et al., 2004; Kelsey et al., 2014). Furthermore, in the most consistently, severely, and chronically antisocial youths, antisocial behavior begins before puberty (see Frick, 2012). In short, there is a shortage of data that clearly links hormonal changes associated with puberty to an increased risk of antisocial behavior. A better understanding of the specific biological mechanisms linking hormonal changes and antisocial behavior is needed.




SUMMARY OF THE NEUROBIOLOGY OF ANTISOCIAL BEHAVIOR AND DEVELOPMENT

The existing literature with respect to antisocial behavior is remarkable in terms of both the clear importance of adolescence to the development of antisocial behavior (Table 1) and the lack of attention to hormone-driven mechanisms that might influence the development of antisocial behavior. The advent of functional neuroimaging has identified at least some neural systems that are implicated in antisocial behavior (e.g., anterior insula and avoidance learning; amygdala and threat response/empathy). Moreover, there has been some work on the developmental neuroscience of antisocial behavior. However, this work has focused mainly on age. The field requires much more work that integrates the existing findings and disentangles age from pubertal development, as well as longitudinal work, allowing for the examination of developmental processes. Finally, there is a pressing need to integrate the hormone, behavior, and the neuroimaging literature in at least two ways. First, because hormones do not directly influence behavior, but instead modulate the neural systems that control behavior (Bogdan et al., 2012), designing experiments that directly measure data at all three levels will provide a much clearer picture of the factors driving antisocial behavior. Second, given the role that hormones play in brain development, both in puberty and beyond, hormones may be a better metric for development than measures of primary and secondary sex characteristics. Work that informs a comprehensive developmental picture of the development of antisocial behavior will need to be conducted to provide various stakeholders with the best possible data.



IMPLICATIONS FOR THE LEGAL SYSTEM

As shown above, there is relatively little known about the role of puberty and pubertal hormones in the development and maintenance of antisocial behavior. However, it is also clear that both pubertal and adolescent development is substantially altering the neural systems that, when dysfunctional, are implicated in increasing risk for antisocial behavior. Moreover, it is also clear that physical and neural development, while related, are not perfectly aligned. With the ever-increasing influence of developmental neuroscience in the legal system, this lack of data has implications in several important areas of legal decision-making.


Adult Treatment of Juveniles in the Justice System

The legal system has long considered development as a key factor in determining culpability and what appropriate legal dispositions following adjudication should be. For over 100 years, the United States has implemented various juvenile justice systems with the intention of developmentally appropriate legal recourse for juvenile offenders (Bartol, 2002). Notably, while the developmental science of the past several decades has indicated that brain development is not complete until the early- to mid-20s (Gogtay et al., 2004; Cohen et al., 2016), the justice system (in some jurisdictions) has lowered the age at which juveniles can be tried as adults to as low as 13 years (Griffin et al., 2011). The legal system’s approach cannot be justified on the basis of developmental science.

The conflict between the developmental science and the legal system has been noted elsewhere (e.g., Steinberg, 2009; Cohen and Casey, 2014). Developmental scientists have recommended that juveniles 15 years old and younger should not be treated as adults by the justice system and that the maturity of older youth be considered on a case-by-case basis when considering transfer to adult court (e.g., Steinberg, 2009). Notably, the studies informing this position have considered age, but not the role of puberty and pubertal hormones. Furthermore, the developmental science would suggest that, as development continues into the early- to mid-20’s, more consideration of the developmental status of individuals in their 20’s should take place in the justice system. For immature individuals in their early 20’s, the more treatment-oriented accountability options of the juvenile justice system may be more appropriate than the adult justice system.



Reducing Reliance on Age in the Legal System

The onset of puberty has a normative range of approximately 5 years (Dorn et al., 2006). As such, it is normal for there to be substantial differences in levels of pubertal development between individuals, particularly in the early teenage years. The range of height and physical development seen in any junior high school classroom is a testament to this. Despite this normal reality, legal statutes and guidance typically invoke only age (e.g., age of majority, to drive, buy alcohol, etc.). As noted above, there are some youth that are capable of making adult-like decisions in their mid-teens, but this is not ubiquitous (Steinberg, 2009). Considering development more holistically, using behavioral markers, and potentially endocrine markers, would allow the legal system to operate in a fashion more consistent with developmental science.

Importantly, however, a substantial amount of additional scientific work is needed before developmental science can provide adequately validated behavioral or endocrinological markers. A well-validated measure of development/maturity using behavioral markers seems conceivably within reach with sufficient investment, given the research scales current in use (e.g., the Psychosocial Maturity Index; Cauffman and Steinberg, 2000). The gap between research tools and validated instruments ready for use in clinical or legal contexts is immense, however, and substantial work is needed. Endocrinological markers are further away than behavioral markers. Extensive work is still needed to establish reference norms for children and adolescents and to deal with lingering methodological issues with respect hormone assays (e.g., Granger et al., 2004). Moreover, the convergent validity between the behavioral and endocrinological markers of development/maturity will need to be established.



Neural Plasticity Continues Into Early Adulthood

Adolescence is a time of great change, which conveys the opportunity for extensive change, both positive and negative (Dahl, 2004). The goals of the juvenile justice system are more weighted toward treatment and rehabilitation relative to the adult justice system, with the idea that youth are more malleable than adults (Bartol, 2002). The brain is relatively plastic and changing until the early- to mid-20s (Gogtay et al., 2004; Cohen et al., 2016), which suggests that malleability is present until a later age than currently assumed. Increasing the effort placed on treatment in individuals who were previously not considered treatable may have a positive influence on outcomes. The converse may also be true. By treating 18-year-olds as adults, despite the fact that they are not likely finished maturing, the known detrimental effects of incarceration (e.g., higher levels of depression, substance abuse, reduced life satisfaction; Yi et al., 2017) may be exacerbated.



Interaction Between Pubertal Development and Systematic Influences on the Justice System

Issues of development in the justice system cannot be considered in a vacuum; individual differences in development interact with other factors that influence the justice system. For example, systemic racism continues to plague the American justice system (Tonry, 2011). Early onset of puberty is associated with increased likelihood of antisocial behaviors throughout adolescence, particularly low-level offenses such as truancy, substance abuse, vandalism, etc. (for a review see Mendle and Ferrero, 2012). African-American youth are rated as less “innocent” and are viewed as older and less “child-like” than same-age White youth (Goff et al., 2014). Critically, police officers over-estimated the age of both African–American and Hispanic youth, suggesting that this bias exists within law-enforcement (Goff et al., 2014). African-American and Hispanic youth, particularly males, are at increased risk for arrest relative to European-American youth (Kirk, 2008; Brame et al., 2012). The interaction between early puberty and being African-American and/or Hispanic on risk for justice-involvement has not been examined explicitly to our knowledge. However, it seems likely that the risk of justice-involvement in early developing African-American and Hispanic youth will be even higher than the risk of justice-involvement for early developing White youth. This interaction is just one example where the justice system must better integrate developmental science into legal practice and understand the interactions between development and societal issues that also influence the justice system.




FUTURE DIRECTIONS

There are clearly a number of gaps in the existing literature. However, neuroscience, psychology, and affiliated disciplines have a number of tools that are readily applicable to address these shortcomings. In this final section, we will describe some possible methods for improving the current state of the literature with respect to antisocial behavior and pubertal development.

First, and most critically, the field needs to more regularly consider pubertal development when conducting research on youth antisocial behavior. This is important for neurobiological work, but also for behavioral work. There are a number of reasons why pubertal development might not be considered, including problems with self-report measures and the invasiveness and expense of Tanner staging (for discussions of the pros and cons of different pubertal measures, see Dorn et al., 2006, 2019). The development of new technologies over the past 15 years offers substantial progress. Notably, the development of salivary biosciences has made the moment-to-moment assessment of hormone levels feasible logistically, non-invasive, and cost-effective (Granger et al., 2007). Self-report measurement of puberty can reasonably approximate Tanner staging and can be combined with hormonal assessments to yield important data related to pubertal status without an invasive examination (Shirtcliff et al., 2009). Moreover, by considering hormones in addition to the development of secondary sex characteristics, development through the mid-20’s can be quantified. New techniques to assay hormones in hair is also a reliable, cost-effective way of establishing baseline hormones even in menstruating women (Wang et al., 2018). Greater use of these techniques will yield important insights into behavior (Shirtcliff et al., 2009), including antisocial behavior.

Relatedly, better and more consistent use of longitudinal designs will be critical to understand the role of puberty in the development and maintenance of antisocial behavior. It has been noted that many studies that consider puberty examine pubertal timing, an individual’s relative stage of puberty relative to their age, as opposed to pubertal tempo, the pace at which an individual is developing (Mendle et al., 2010). Both timing and tempo will be needed to fully understand pubertal development’s role in antisocial behavior. Longitudinal designs are able to assess both timing and tempo and thus provide a more complete picture of puberty’s role (Beltz et al., 2014; Marceau et al., 2015).

Finally, there needs to be greater collaboration between the legal system and developmental science to develop tools for use in the courtroom. For example, a measure of development/maturity could help inform how juveniles should be considered by the courts. We are unaware of a validated, norm-based measure of maturity that could be easily adapted for use in the courtroom. The tools of psychological practice, currently employed in measures of psychopathology, intellectual functioning, academic achievement, or activities of daily living, could be utilized to provide the courts with an assessment of the maturity of a particular youth relative to their peers. The courts would benefit from an estimate of percentile rank, along with an error rate, from a formal assessment of development and maturity. As noted above, the addition of biomarkers of development (e.g., hormone-based metrics) might eventually prove to add important information in the assessment of maturity (though see section “Reducing Reliance on Age in the Legal System” for hurdles). For these developments to be realized, there must be increased collaboration between developmental researchers and the legal system. Moreover, for test developers to invest in such a measure, it would need to be in demand in the courtroom. We hope that by raising this issue here, the courts, governmental organizations, non-profits, and/or other entities will consider taking steps to partner with developmental scientists and to commit to utilizing evidence-based measures of maturity once they become available.



CONCLUSION

Developmental science will best serve the legal system, and most importantly, those individuals being served by the legal system, when the data are as complete and accurate as possible. For scientists studying antisocial behavior, a greater inclusion of puberty and hormonal metrics of development is critical. Both the passage of time and biological changes contribute to development and both will need to be considered to fully understand developmental trajectories to antisocial behavior. For the legal system, the current state of the science indicates that the legal system should be considering variation in development more closely. Development continues long after a youth looks “adult-like” and juveniles should be treated as such for longer than the justice system typically does. Moreover, developmental science suggests that individuals are still maturing, and thus relatively more malleable, in terms of behavior later in life than the justice system currently assumes. Finally, for the legal system to truly be just, human development needs to be more fully considered, and this can only happen if increased collaboration between developmental scientists and legal professionals is leveraged to provide the justice system with the tools that it requires.



AUTHOR CONTRIBUTIONS

SW conceptualized and wrote the first draft of the manuscript. SE and EM contributed to the organization, format, and direction of the manuscript. All authors contributed to manuscript revision, read, and approved the submitted version.



FUNDING

This work was supported by the National Institute of Mental Health (MH110643) and the National Institute of General Medical Sciences (GM144641).



ACKNOWLEDGMENTS

We would like to thank Elizabeth Shirtcliff, Chanelle Gordon, and Akiko Elders, for their feedback on early versions of the manuscript.



REFERENCES

Alegria, A. A., Radua, J., and Rubia, K. (2016). Meta-Analysis of fMRI Studies of Disruptive Behavior Disorders. Am. J. Psychiat. 173, 1119–1130. doi: 10.1176/appi.ajp.2016.15081089

American Psychiatric Association (2013). Diagnostic and Statistical Manual of Mental Disorders, 5th Edn. Virginia, VIR: American Psychiatric Association.

Apicella, C. L., Carré, J. M., and Dreber, A. (2015). Testosterone and economic risk taking: a review. Adapt. Hum. Behav. Physiol. 1, 358–385. doi: 10.1007/s40750-014-0020-2

Aromäki, A. S., Lindman, R. E., and Eriksson, C. J. P. (1999). Testosterone, aggressiveness, and antisocial personality. Aggress. Behav. 25, 113–123. doi: 10.1002/(sici)1098-2337(1999)25:2<113::aid-ab4>3.0.co;2-4

Bain, J., Langevin, R., Dickey, R., and Ben-Aron, M. (1987). Sex hormones in murderers and assaulters. Behav. Sci. Law 5, 95–101. doi: 10.1002/bsl.2370050109

Barendse, M. E. A., Simmons, J. G., Byrne, M. L., Patton, G., Mundy, L., Olsson, C. A., et al. (2018). Associations between adrenarcheal hormones, amygdala functional connectivity and anxiety symptoms in children. Psychoneuroendocrinology 97, 156–163. doi: 10.1016/j.psyneuen.2018.07.020

Bartol, C. R. (2002). Criminal Behavior: A Psychosocial Approach, 6th Edn. Hoboken, NJ: Prentice Hall.

Beltz, A. M., Corley, R. P., Bricker, J. B., Wadsworth, S. J., and Berenbaum, S. A. (2014). Modeling pubertal timing and tempo and examining links to behavior problems. Dev. Psychol. 50, 2715–2726. doi: 10.1037/a0038096

Berthold, A. A., and Quiring, D. P. (1944). THE TRANSPLANTATION OF TESTES. Bull. Hist. Med. 16, 399–401.

Biro, F. M., Pinney, S. M., Huang, B., Baker, E. R., Walt Chandler, D., and Dorn, L. D. (2014). Hormone changes in peripubertal girls. J. Clin. Endocrinol. Metab. 99, 3829–3835. doi: 10.1210/jc.2013-4528

Bjork, J. M., Chen, G., Smith, A. R., and Hommer, D. W. (2010). Incentive-elicited mesolimbic activation and externalizing symptomatology in adolescents. J. Child Psychol. Psychiat. Allied Discipl. 51, 827–837. doi: 10.1111/j.1469-7610.2009.02201.x

Blair, R. J. R. (2010). Psychopathy, frustration, and reactive aggression: the role of ventromedial prefrontal cortex. Br. J. Psychol. 101, 383–399. doi: 10.1348/000712609x418480

Blair, R. J. R., and Cipolotti, L. (2000). Impaired social response reversal. A case of “acquired sociopathy.”. Brain 123(Pt 6), 1122–1141. doi: 10.1093/brain/123.6.1122

Blair, R. J. R., Leibenluft, E., and Pine, D. S. (2014). Conduct disorder and callous-unemotional traits in youth. N. Engl. J. Med. 371, 2207–2216. doi: 10.1056/NEJMra1315612

Blair, R. J. R., Veroude, K., and Buitelaar, J. K. (2016). Neuro-cognitive system dysfunction and symptom sets: a review of fMRI studies in youth with conduct problems. Neurosci. Biobehav. Rev. 2016:22. doi: 10.1016/j.neubiorev.2016.10.022

Blakemore, S.-J. (2012). Imaging brain development: the adolescent brain. NeuroImage 61, 397–406. doi: 10.1016/j.neuroimage.2011.11.080

Blakemore, S.-J., Burnett, S., and Dahl, R. E. (2010). The role of puberty in the developing adolescent brain. Hum. Brain Mapp. 31, 926–933. doi: 10.1002/hbm.21052

Blanchard, A., and Centifanti, L. C. M. (2017). Callous-Unemotional Traits Moderate the Relation Between Prenatal Testosterone (2D:4D) and Externalising Behaviours in Children. Child Psychiat. Hum. Dev. 48, 668–677. doi: 10.1007/s10578-016-0690-z

Bogdan, R., Carre, J. M., and Hariri, A. R. (2012). Toward a mechanistic understanding of how variability in neurobiology shapes individual differences in behavior. Curr. Top. Behav. Neurosci. 12, 361–393.

Bonnie, R. J., and Scott, E. S. (2013). The teenage brain: adolescent brain research and the law. Curr. Direct. Psychol. Sci. 22, 158–161. doi: 10.1177/0963721412471678

Braams, B. R., Peper, J. S., van der Heide, D., Peters, S., and Crone, E. A. (2016). Nucleus accumbens response to rewards and testosterone levels are related to alcohol use in adolescents and young adults. Dev. Cognit. Neurosci. 17, 83–93. doi: 10.1016/j.dcn.2015.12.014

Braams, B. R., van Duijvenvoorde, A. C. K., Peper, J. S., and Crone, E. A. (2015). Longitudinal changes in adolescent risk-taking: a comprehensive study of neural responses to rewards, pubertal development, and risk-taking behavior. J. Neurosci. Offic. J. Soc. Neurosci. 35, 7226–7238. doi: 10.1523/JNEUROSCI.4764-14.2015

Brame, R., Turner, M. G., Paternoster, R., and Bushway, S. D. (2012). Cumulative Prevalence of Arrest From Ages 8 to 23 in a National Sample. Pediatrics 129, 21–27. doi: 10.1542/peds.2010-3710

Breiner, K., Li, A., Cohen, A. O., Steinberg, L., Bonnie, R. J., Scott, E. S., et al. (2018). Combined effects of peer presence, social cues, and rewards on cognitive control in adolescents. Dev. Psychobiol. 60, 292–302. doi: 10.1002/dev.21599

Budhani, S., Marsh, A. A., Pine, D. S., and Blair, R. J. R. (2007). Neural correlates of response reversal: considering acquisition. Neuroimage 34, 1754–1765. doi: 10.1016/j.neuroimage.2006.08.060

Calkins, S. D., and Keane, S. P. (2009). Developmental origins of early antisocial behavior. Dev. Psychopathol. 21, 1095–1109. doi: 10.1017/S095457940999006X

Carré, J. M., and Archer, J. (2018). Testosterone and human behavior: the role of individual and contextual variables. Curr. Opin. Psychol. 19, 149–153. doi: 10.1016/j.copsyc.2017.03.021

Casey, B. J., Duhoux, S., and Malter Cohen, M. (2010). Adolescence: what do transmission, transition, and translation have to do with it? Neuron 67, 749–760. doi: 10.1016/j.neuron.2010.08.033

Casey, B. J., Forman, S. D., Franzen, P., Berkowitz, A., Braver, T. S., Nystrom, L. E., et al. (2001). Sensitivity of prefrontal cortex to changes in target probability: a functional MRI study. Hum. Brain Mapp. 13, 26–33. doi: 10.1002/hbm.1022

Casey, B. J., Heller, A. S., Gee, D. G., and Cohen, A. O. (2019). Development of the emotional brain. Neurosci. Lett. 693, 29–34. doi: 10.1016/j.neulet.2017.11.055

Casey, B. J., Jones, R. M., and Hare, T. A. (2008). The adolescent brain. Ann. N Y. Acad. Sci. 1124, 111–126. doi: 10.1196/annals.1440.010

Cauffman, E., and Steinberg, L. (2000). (Im)maturity of judgment in adolescence: why adolescents may be less culpable than adults. Behav. Sci. Law 18, 741–760. doi: 10.1002/bsl.416

Chance, S. E., Brown, R. T., Dabbs, J. M. Jr., and Casey, R. (2000). Testosterone, intelligence and behavior disorders in young boys. Pers. Individ. Differ. 28, 437–445. doi: 10.1016/S0191-8869(99)00110-5

Chen, F. R., Raine, A., and Granger, D. A. (2018). Testosterone and Proactive-Reactive Aggression in Youth: the Moderating Role of Harsh Discipline. J. Abnorm. Child Psychol. 46, 1599–1612. doi: 10.1007/s10802-018-0399-5

Cizza, G., Dorn, L. D., Lotsikas, A., Sereika, S., Rotenstein, D., and Chrousos, G. P. (2001). Circulating plasma leptin and IGF-1 levels in girls with premature adrenarche: potential implications of a preliminary study. Hormone Metab. Res. 33, 138–143. doi: 10.1055/s-2001-14927

Cohen, A. O., and Casey, B. J. (2014). Rewiring juvenile justice: the intersection of developmental neuroscience and legal policy. Trends Cognit. Sci. 18, 63–65. doi: 10.1016/j.tics.2013.11.002

Cohen, A. O., Breiner, K., Steinberg, L., Bonnie, R. J., Scott, E. S., Taylor-Thompson, K. A., et al. (2016). When Is an Adolescent an Adult? Assessing Cognitive Control in Emotional and Nonemotional Contexts. Psychol. Sci. 27, 549–562. doi: 10.1177/0956797615627625

Cohn, M. D., Veltman, D. J., Pape, L. E., van Lith, K., Vermeiren, R. R. J. M., van den Brink, W., et al. (2015). Incentive Processing in Persistent Disruptive Behavior and Psychopathic Traits: a Functional Magnetic Resonance Imaging Study in Adolescents. Biol. Psychiat. 78, 615–624. doi: 10.1016/j.biopsych.2014.08.017

Crick, N. R., and Dodge, K. A. (1996). Social information-processing mechanisms in reactive and proactive aggression. Child Dev. 67, 993–1002. doi: 10.2307/1131875

Crone, E. A., and Elzinga, B. M. (2015). Changing brains: how longitudinal functional magnetic resonance imaging studies can inform us about cognitive and social-affective growth trajectories. Wiley Interdiscipl. Rev. Cognit. Sci. 6, 53–63. doi: 10.1002/wcs.1327

Crowe, S. L., and Blair, R. J. R. (2008). The development of antisocial behavior: what can we learn from functional neuroimaging studies? Dev. Psychopathol. 20, 1145–1159. doi: 10.1017/s0954579408000540

Dabbs, J. M., Frady, R. L., Carr, T. S., and Besch, N. F. (1987). Saliva testosterone and criminal violence in young adult prison inmates. Psychosom. Med. 49, 174–182. doi: 10.1097/00006842-198703000-00007

Dahl, R. E. (2004). Adolescent brain development: a period of vulnerabilities and opportunities. Keynote address. Ann. N Y. Acad. Sci. 1021, 1–22. doi: 10.1196/annals.1308.001

Deardorff, J., Hoyt, L. T., Carter, R., and Shirtcliff, E. A. (2019). Next Steps in Puberty Research: broadening the Lens Toward Understudied Populations. J. Res. Adolesc. 29, 133–154. doi: 10.1111/jora.12402

Deardorff, J., Marceau, K., Johnson, M., Reeves, J. W., Biro, F. M., Kubo, A., et al. (2021). Girls’ Pubertal Timing and Tempo and Mental Health: a Longitudinal Examination in an Ethnically Diverse Sample. J. Adolesc. Health 68, 1197–1203. doi: 10.1016/j.jadohealth.2021.01.020

Dorn, L. D., Dahl, R. E., Woodward, H. R., and Biro, F. (2006). Defining the boundaries of early adolescence: a user’s guide to assessing pubertal status and pubertal timing in research with adolescents. Appl. Dev. Sci. 10, 30–56. doi: 10.1207/s1532480xads1001_3

Dorn, L. D., Hostinar, C. E., Susman, E. J., and Pervanidou, P. (2019). Conceptualizing Puberty as a Window of Opportunity for Impacting Health and Well-Being Across the Life Span. J. Res. Adolesc. 29, 155–176. doi: 10.1111/jora.12431

Dorn, L. D., Kolko, D. J., Susman, E. J., Huang, B., Stein, H., Music, E., et al. (2009). Salivary gonadal and adrenal hormone differences in boys and girls with and without disruptive behavior disorders: contextual variants. Biol. Psychol. 81, 31–39. doi: 10.1016/j.biopsycho.2009.01.004

Farahany, N. A. (2015). Neuroscience and behavioral genetics in US criminal law: an empirical analysis. J. Law Biosci. 2, 485–509. doi: 10.1093/jlb/lsv059

Finger, E. C., Marsh, A. A., Blair, K. S., Reid, M. E., Sims, C., Ng, P., et al. (2011). Disrupted reinforcement signaling in the orbitofrontal cortex and caudate in youths with conduct disorder or oppositional defiant disorder and a high level of psychopathic traits. Am. J. Psychiat. 168, 152–162. doi: 10.1176/appi.ajp.2010.10010129

Forest, M. G., Cathiard, A. M., and Bertrand, J. A. (1973). Total and Unbound Testosterone Levels in the Newborn and in Normal and Hypogonadal Children: use of a Sensitive Radioimmunoassay for Testosterone. J. Clin. Endocrinol. Metab. 36, 1132–1142. doi: 10.1210/jcem-36-6-1132

Frick, P. J. (2012). Developmental pathways to conduct disorder: implications for future directions in research, assessment, and treatment. J. Clin. Child Adolesc. Psychol. 41, 378–389. doi: 10.1080/15374416.2012.664815

Frick, P. J., and White, S. F. (2008). Research review: the importance of callous-unemotional traits for developmental models of aggressive and antisocial behavior. J. Child Psychol. Psychiat. 49, 359–375. doi: 10.1111/j.1469-7610.2007.01862.x

Frick, P. J., Ray, J. V., Thornton, L. C., and Kahn, R. E. (2014). Can callous-unemotional traits enhance the understanding, diagnosis, and treatment of serious conduct problems in children and adolescents? A comprehensive review. Psychol. Bull. 140, 1–57. doi: 10.1037/a0033076

Gabard-Durnam, L. J., Flannery, J., Goff, B., Gee, D. G., Humphreys, K. L., Telzer, E., et al. (2014). The development of human amygdala functional connectivity at rest from 4 to 23 years: a cross-sectional study. NeuroImage 95, 193–207. doi: 10.1016/j.neuroimage.2014.03.038

Galván, A. (2013). The Teenage Brain: sensitivity to Rewards. Curr. Direct. Psychol. Sci. 22, 88–93. doi: 10.1177/0963721413480859

Galvan, A., Hare, T., Voss, H., Glover, G., and Casey, B. J. (2007). Risk-taking and the adolescent brain: who is at risk? Dev. Sci. 10, F8–F14. doi: 10.1111/j.1467-7687.2006.00579.x

Gazzaniga, M. (2011). Neuroscience in the courtroom. Sci. Am. 304, 54–49. doi: 10.1038/scientificamerican0411-54

Geniole, S. N., Bird, B. M., McVittie, J. S., Purcell, R. B., Archer, J., and Carré, J. M. (2019). Is testosterone linked to human aggression? A meta-analytic examination of the relationship between baseline, dynamic, and manipulated testosterone on human aggression. Hormones Behav. 2019:104644. doi: 10.1016/j.yhbeh.2019.104644

Giedd, J. N., Blumenthal, J., Jeffries, N. O., Castellanos, F. X., Liu, H., Zijdenbos, A., et al. (1999). Brain development during childhood and adolescence: a longitudinal MRI study. Nat. Neurosci. 2, 861–863. doi: 10.1038/13158

Goddings, A.-L., Mills, K. L., Clasen, L. S., Giedd, J. N., Viner, R. M., and Blakemore, S.-J. (2014). The influence of puberty on subcortical brain development. NeuroImage 88, 242–251. doi: 10.1016/j.neuroimage.2013.09.073

Goff, P. A., Jackson, M. C., Di Leone, B. A. L., Culotta, C. M., and DiTomasso, N. A. (2014). The essence of innocence: consequences of dehumanizing Black children. J. Pers. Soc. Psychol. 106, 526–545. doi: 10.1037/a0035663

Gogtay, N., Giedd, J. N., Lusk, L., Hayashi, K. M., Greenstein, D., Vaituzis, A. C., et al. (2004). Dynamic mapping of human cortical development during childhood through early adulthood. Proc. Natl. Acad. Sci. U S A. 101, 8174–8179. doi: 10.1073/pnas.0402680101

Gottlieb, G. (2007). Probabilistic epigenesis. Dev. Sci. 10, 1–11. doi: 10.1111/j.1467-7687.2007.00556.x

Granger, D. A., Kivlighan, K. T., Fortunato, C., Harmon, A. G., Hibel, L. C., Schwartz, E. B., et al. (2007). Integration of salivary biomarkers into developmental and behaviorally-oriented research: problems and solutions for collecting specimens. Physiol. Behav. 92, 583–590. doi: 10.1016/j.physbeh.2007.05.004

Granger, D. A., Shirtcliff, E. A., Booth, A., Kivlighan, K. T., and Schwartz, E. B. (2004). The “trouble” with salivary testosterone. Psychoneuroendocrinology 29, 1229–1240. doi: 10.1016/j.psyneuen.2004.02.005

Grebe, N. M., Del Giudice, M., Emery Thompson, M., Nickels, N., Ponzi, D., Zilioli, S., et al. (2019). Testosterone, cortisol, and status-striving personality features: a review and empirical evaluation of the Dual Hormone hypothesis. Hormones Behav. 109, 25–37. doi: 10.1016/j.yhbeh.2019.01.006

Griffin, P., Addie, S., Adams, B., and Firestine, K. (2011). Trying Juveniles as Adults: an Analysis of State Transfer Laws and Reporting. Office of Juvenile of Juvenile Justice and Delinquency Prevention. Scotts Valley, CA: Createspace Independent Pub.

Grotzinger, A. D., Mann, F. D., Patterson, M. W., Tackett, J. L., Tucker-Drob, E. M., and Harden, K. P. (2018). Hair and Salivary Testosterone, Hair Cortisol, and Externalizing Behaviors in Adolescents. Psychol. Sci. 29, 688–699. doi: 10.1177/0956797617742981

Grumbach, M. M., and Styne, D. M. (2003). “Ontogeny, neuroendocrinology, physiology, and disorders,” in Williams Textbook of Endocrinology, 10th Edn (Philadelphia, PA: W.B. Saunders), 1115–1286.

Havelock, J. C., Auchus, R. J., and Rainey, W. E. (2004). The rise in adrenal androgen biosynthesis: adrenarche. Semin. Reproduct. Med. 22, 337–347. doi: 10.1055/s-2004-861550

Hemphill, S. A., Kotevski, A., Herrenkohl, T. I., Toumbourou, J. W., Carlin, J. B., Catalano, R. F., et al. (2010). Pubertal stage and the prevalence of violence and social/relational aggression. Pediatrics 126, e298–e305. doi: 10.1542/peds.2009-0574

Herting, M. M., and Sowell, E. R. (2017). Puberty and structural brain development in humans. Front. Neuroendocrinol. 44:122–137. doi: 10.1016/j.yfrne.2016.12.003

Herting, M. M., Kim, R., Uban, K. A., Kan, E., Binley, A., and Sowell, E. R. (2017). Longitudinal changes in pubertal maturation and white matter microstructure. Psychoneuroendocrinology 81, 70–79. doi: 10.1016/j.psyneuen.2017.03.017

Holz, N. E., Boecker-Schlier, R., Buchmann, A. F., Blomeyer, D., Jennen-Steinmetz, C., Baumeister, S., et al. (2017). Ventral striatum and amygdala activity as convergence sites for early adversity and conduct disorder. Soc. Cognit. Affect. Neurosci. 12, 261–272. doi: 10.1093/scan/nsw120

Huttenlocher, P. R., and Dabholkar, A. S. (1997). Regional differences in synaptogenesis in human cerebral cortex. J. Comparat. Neurol. 387, 167–178. doi: 10.1002/(sici)1096-9861(19971020)387:2&lt;167::aid-cne1&gt;3.0.co;2-z

Johnson, M. M., Dismukes, A. R., Vitacco, M. J., Breiman, C., Fleury, D., and Shirtcliff, E. A. (2014). Psychopathy’s influence on the coupling between hypothalamic-pituitary-adrenal and -gonadal axes among incarcerated adolescents. Dev. Psychobiol. 56, 448–458. doi: 10.1002/dev.21111

Jones, O. D., Bonnie, R. J., Casey, B. J., Davis, A., Faigman, D. L., Hoffman, M., et al. (2014). Law and neuroscience: recommendations submitted to the President’s Bioethics Commission. J. Law Biosci. 1, 224–236. doi: 10.1093/jlb/lsu012

Keenan, K., Culbert, K. M., Grimm, K. J., Hipwell, A. E., and Stepp, S. D. (2014). Timing and tempo: exploring the complex association between pubertal development and depression in African American and European American girls. J. Abnorm. Psychol. 123, 725–736. doi: 10.1037/a0038003

Kelsey, T. W., Li, L. Q., Mitchell, R. T., Whelan, A., Anderson, R. A., and Wallace, W. H. B. (2014). A Validated Age-Related Normative Model for Male Total Testosterone Shows Increasing Variance but No Decline after Age 40 Years. PLoS One 9:109346. doi: 10.1371/journal.pone.0109346

Kirk, D. S. (2008). The neighborhood context of racial and ethnic disparities in arrest. Demography 45, 55–77. doi: 10.1353/dem.2008.0011

Konrad, K., Firk, C., and Uhlhaas, P. J. (2013). Brain development during adolescence: neuroscientific insights into this developmental period. Deutsches Arzteblatt Int. 110, 425–431. doi: 10.3238/arztebl.2013.0425

Kreuz, L., and Rose, R. (1972). Assessment of Aggressive Behavior and Plasma Testosterone in a Young Criminal Population. Psychosom. Med. 34, 321–332. doi: 10.1097/00006842-197207000-00006

Kuhnen, C. M., and Knutson, B. (2005). The neural basis of financial risk taking. Neuron 47, 763–770. doi: 10.1016/j.neuron.2005.08.008

Ladouceur, C. D., Kerestes, R., Schlund, M. W., Shirtcliff, E. A., Lee, Y., and Dahl, R. E. (2019). Neural systems underlying reward cue processing in early adolescence: the role of puberty and pubertal hormones. Psychoneuroendocrinology 102, 281–291. doi: 10.1016/j.psyneuen.2018.12.016

LeDoux, J. (2012). Rethinking the emotional brain. Neuron 73, 653–676. doi: 10.1016/j.neuron.2012.02.004

Lewis, S. J., Arseneault, L., Caspi, A., Fisher, H. L., Matthews, T., Moffitt, T. E., et al. (2019). The epidemiology of trauma and post-traumatic stress disorder in a representative cohort of young people in England and Wales. Lancet Psychiat. 6, 247–256. doi: 10.1016/S2215-0366(19)30031-8

Liu, X., Powell, D. K., Wang, H., Gold, B. T., Corbly, C. R., and Joseph, J. E. (2007). Functional dissociation in frontal and striatal areas for processing of positive and negative reward information. J. Neurosci. 27, 4587–4597. doi: 10.1523/JNEUROSCI.5227-06.2007

Lozier, L. M., Cardinale, E. M., VanMeter, J. W., and Marsh, A. A. (2014). Mediation of the relationship between callous-unemotional traits and proactive aggression by amygdala response to fear among children with conduct problems. JAMA Psychiat. 71, 627–636. doi: 10.1001/jamapsychiatry.2013.4540

Mann, F. D., Engelhardt, L., Briley, D. A., Grotzinger, A. D., Patterson, M. W., Tackett, J. L., et al. (2017). Sensation seeking and impulsive traits as personality endophenotypes for antisocial behavior: evidence from two independent samples. Pers. Individ. Differ. 105, 30–39. doi: 10.1016/j.paid.2016.09.018

Maras, A., Laucht, M., Gerdes, D., Wilhelm, C., Lewicka, S., Haack, D., et al. (2003). Association of testosterone and dihydrotestosterone with externalizing behavior in adolescent boys and girls. Psychoneuroendocrinology 28, 932–940. doi: 10.1016/s0306-4530(02)00119-1

Marceau, K., Ruttle, P. L., Shirtcliff, E. A., Essex, M. J., and Susman, E. J. (2015). Developmental and contextual considerations for adrenal and gonadal hormone functioning during adolescence: implications for adolescent mental health. Dev. Psychobiol. 57, 742–768. doi: 10.1002/dev.21214

Matthys, W., Vanderschuren, L. J. M. J., and Schutter, D. J. L. G. (2013). The neurobiology of oppositional defiant disorder and conduct disorder: altered functioning in three mental domains. Dev. Psychopathol. 25, 193–207. doi: 10.1017/S0954579412000272

Mazur, A., and Booth, A. (1998). Testosterone and dominance in men. Behav. Brain Sci. 21, 353–363. doi: 10.1017/s0140525x98001228

McCrory, E. J., Gerin, M. I., and Viding, E. (2017). Annual Research Review: childhood maltreatment, latent vulnerability and the shift to preventative psychiatry – the contribution of functional brain imaging. J. Child Psychol. Psychiat. 58, 338–357. doi: 10.1111/jcpp.12713

Meffert, H., Thornton, L. C., Tyler, P. M., Botkin, M. L., Erway, A. K., Kolli, V., et al. (2018). Moderation of prior exposure to trauma on the inverse relationship between callous-unemotional traits and amygdala responses to fearful expressions: an exploratory study. Psychol. Med. 2018, 1–9. doi: 10.1017/S0033291718000156

Mehta, P. H., and Josephs, R. A. (2010). Testosterone and cortisol jointly regulate dominance: evidence for a dual-hormone hypothesis. Horm. Behav. 58, 898–906. doi: 10.1016/j.yhbeh.2010.08.020

Mehta, P. H., Welker, K. M., Zilioli, S., and Carré, J. M. (2015). Testosterone and cortisol jointly modulate risk-taking. Psychoneuroendocrinology 56, 88–99. doi: 10.1016/j.psyneuen.2015.02.023

Mendle, J., and Ferrero, J. (2012). Detrimental psychological outcomes associated with pubertal timing in adolescent boys. Dev. Rev. 32, 49–66. doi: 10.1016/j.dr.2011.11.001

Mendle, J., Harden, K. P., Brooks-Gunn, J., and Graber, J. A. (2010). Development’s Tortoise and Hare: pubertal Timing, Pubertal Tempo, and Depressive Symptoms in Boys and Girls. Dev. Psychol. 46, 1341–1353. doi: 10.1037/a0020205

Moffitt, T. E. (2003). “Life-course-persistent and adolescence-limited antisocial behavior: a 10-year research review and a research agenda,” in Causes of Conduct Disorder and Juvenile Delinquency, eds B. B. Lahey, T. E. Moffitt, and A. Caspi (New York, NY: Guilford Press), 49–75. doi: 10.1017/cbo9780511816840.004

Moffitt, T. E. (2018). Male antisocial behaviour in adolescence and beyond. Nat. Hum. Behav. 2, 177–186. doi: 10.1038/s41562-018-0309-4

Moore, W. E., Pfeifer, J. H., Masten, C. L., Mazziotta, J. C., Iacoboni, M., and Dapretto, M. (2012). Facing puberty: associations between pubertal development and neural responses to affective facial displays. Soc. Cognit. Affect. Neurosci. 7, 35–43. doi: 10.1093/scan/nsr066

Murrin, L. C., Sanders, J. D., and Bylund, D. B. (2007). Comparison of the maturation of the adrenergic and serotonergic neurotransmitter systems in the brain: implications for differential drug effects on juveniles and adults. Biochem. Pharmacol. 73, 1225–1236. doi: 10.1016/j.bcp.2007.01.028

Negriff, S., and Susman, E. J. (2011). Pubertal timing, depression, and externalizing problems: a framework, review, and examination of gender differences. J. Res. Adolesc. 21, 717–746. doi: 10.1111/j.1532-7795.2010.00708.x

Nelson, R. J., and Trainor, B. C. (2007). Neural mechanisms of aggression. Nat. Rev. Neurosci. 8, 536–546. doi: 10.1038/nrn2174

Netherton, C., Goodyer, I., Tamplin, A., and Herbert, J. (2004). Salivary cortisol and dehydroepiandrosterone in relation to puberty and gender. Psychoneuroendocrinology 29, 125–140. doi: 10.1016/s0306-4530(02)00150-6

Nguyen, T.-V. (2018). Developmental effects of androgens in the human brain. J. Neuroendocrinol. 30:e12486. doi: 10.1111/jne.12486

Nguyen, T.-V., Ducharme, S., and Karama, S. (2017). Effects of Sex Steroids in the Human Brain. Mol. Neurobiol. 54, 7507–7519. doi: 10.1007/s12035-016-0198-3

Nguyen, T.-V., McCracken, J. T., Albaugh, M. D., Botteron, K. N., Hudziak, J. J., and Ducharme, S. (2016). A testosterone-related structural brain phenotype predicts aggressive behavior from childhood to adulthood. Psychoneuroendocrinology 63, 109–118. doi: 10.1016/j.psyneuen.2015.09.021

Nguyen, T.-V., McCracken, J. T., Ducharme, S., Cropp, B. F., Botteron, K. N., Evans, A. C., et al. (2013). Interactive Effects of Dehydroepiandrosterone and Testosterone on Cortical Thickness during Early Brain Development. J. Neurosci. 33, 10840–10848. doi: 10.1523/JNEUROSCI.5747-12.2013

Noordermeer, S. D. S., Luman, M., and Oosterlaan, J. (2016). A Systematic Review and Meta-analysis of Neuroimaging in Oppositional Defiant Disorder (ODD) and Conduct Disorder (CD) Taking Attention-Deficit Hyperactivity Disorder (ADHD) Into Account. Neuropsychol. Rev. 26, 44–72. doi: 10.1007/s11065-015-9315-8

O’Connell, M. E., Boat, T., and Warner, K. E. (2009). Preventing Mental, Emotional, and Behavioral Disorders Among Young People: Progress and Possibilities. Washington, D.C.: National Academies Press.

O’Doherty, J. P. (2004). Reward representations and reward-related learning in the human brain: insights from neuroimaging. Curr. Opin. Neurobiol. 14, 769–776. doi: 10.1016/j.conb.2004.10.016

O’Doherty, J. P., Buchanan, T. W., Seymour, B., and Dolan, R. J. (2006). Predictive neural coding of reward preference involves dissociable responses in human ventral midbrain and ventral striatum. Neuron 49, 157–166. doi: 10.1016/j.neuron.2005.11.014

O’Doherty, J. P., Cockburn, J., and Pauli, W. M. (2017). Learning, Reward, and Decision Making. Annu. Rev. Psychol. 68, 73–100. doi: 10.1146/annurev-psych-010416-044216

O’Doherty, J. P., Hampton, A., and Kim, H. (2007). Model-Based fMRI and Its Application to Reward Learning and Decision Making. Ann. N Y. Acad. Sci. 1104, 35–53. doi: 10.1196/annals.1390.022

Op de Macks, Z. A., Bunge, S. A., Bell, O. N., Kriegsfeld, L. J., Kayser, A. S., and Dahl, R. E. (2017). The effect of social rank feedback on risk taking and associated reward processes in adolescent girls. Soc. Cognit. Affect. Neurosci. 12, 240–250. doi: 10.1093/scan/nsw125

Pajer, K., Tabbah, R., Gardner, W., Rubin, R. T., Czambel, R. K., and Wang, Y. (2006). Adrenal androgen and gonadal hormone levels in adolescent girls with conduct disorder. Psychoneuroendocrinology 31, 1245–1256. doi: 10.1016/j.psyneuen.2006.09.005

Palmert, M. R., Hayden, D. L., Mansfield, M. J., Crigler, J. F., Crowley, W. F., Chandler, D. W., et al. (2001). The longitudinal study of adrenal maturation during gonadal suppression: evidence that adrenarche is a gradual process. J. Clin. Endocrinol. Metabol. 86, 4536–4542. doi: 10.1210/jcem.86.9.7863

Pardini, D. A. (2006). The Callousness Pathway to Severe Violent Delinquency. Aggress. Behav. 32, 590–598. doi: 10.1002/ab.20158

Perrin, J. S., Hervé, P.-Y., Leonard, G., Perron, M., Pike, G. B., Pitiot, A., et al. (2008). Growth of white matter in the adolescent brain: role of testosterone and androgen receptor. J. Neurosci. 28, 9519–9524. doi: 10.1523/JNEUROSCI.1212-08.2008

Peters, S., Jolles, D. J., Van Duijvenvoorde, A. C. K., Crone, E. A., and Peper, J. S. (2015). The link between testosterone and amygdala-orbitofrontal cortex connectivity in adolescent alcohol use. Psychoneuroendocrinology 53, 117–126. doi: 10.1016/j.psyneuen.2015.01.004

Rigoli, F., Chew, B., Dayan, P., and Dolan, R. J. (2016). Multiple value signals in dopaminergic midbrain and their role in avoidance contexts. Neuroimage 135, 197–203. doi: 10.1016/j.neuroimage.2016.04.062

Roney, J. R. (2016). Theoretical frameworks for human behavioral endocrinology. Hormones Behav. 84, 97–110. doi: 10.1016/j.yhbeh.2016.06.004

Rosell, D. R., and Siever, L. J. (2015). The neurobiology of aggression and violence. CNS Spectrums 20, 254–279. doi: 10.1017/S109285291500019X

Rowe, R., Maughan, B., Worthman, C. M., Costello, E. J., and Angold, A. (2004). Testosterone, antisocial behavior, and social dominance in boys: pubertal development and biosocial interaction. Biol. Psychiat. 55, 546–552. doi: 10.1016/j.biopsych.2003.10.010

Rowland, B., Jonkman, H., Steketee, M., Solomon, R. J., Solomon, S., and Toumbourou, J. W. (2019). A Cross-National Comparison of the Development of Adolescent Problem Behavior: a 1-Year Longitudinal Study in India, the Netherlands, the USA, and Australia. Prevent. Sci. 2019:3. doi: 10.1007/s11121-019-01007-3

Rubia, K., Smith, A. B., Halari, R., Matsukura, F., Mohammad, M., Taylor, E., et al. (2009). Disorder-specific dissociation of orbitofrontal dysfunction in boys with pure conduct disorder during reward and ventrolateral prefrontal dysfunction in boys with pure ADHD during sustained attention. Am. J. Psychiat. 166, 83–94. doi: 10.1176/appi.ajp.2008.08020212

Russell, M. A., Robins, S. J., and Odgers, C. L. (2014). “Developmental perspectives: sex differences in antisocial behavior from childhood to adulthood,” in Oxford Handbook of Gender, Sex, and Crime, eds R. Gartner and B. McCarthy (Oxford: Oxford University Press), 286–315.

Sapolsky, R. M. (1997). The Trouble with Testosterone: and Other Essays on the Biology of the Human Predicament (2008-14429-000). New York, NY: Simon & Schuster.

Schwenck, C., Ciaramidaro, A., Selivanova, M., Tournay, J., Freitag, C. M., and Siniatchkin, M. (2017). Neural correlates of affective empathy and reinforcement learning in boys with conduct problems: FMRI evidence from a gambling task. Behav. Brain Res. 320, 75–84. doi: 10.1016/j.bbr.2016.11.037

Shenk, C. E., Dorn, L. D., Kolko, D. J., Susman, E. J., Noll, J. G., and Bukstein, O. G. (2012). Predicting Treatment Response for Oppositional Defiant and Conduct Disorder Using Pre-treatment Adrenal and Gonadal Hormones. J. Child Fam. Stud. 21, 973–981. doi: 10.1007/s10826-011-9557-x

Shirtcliff, E. A., Dahl, R. E., and Pollak, S. D. (2009). Pubertal development: correspondence between hormonal and physical development. Child Dev. 80, 327–337. doi: 10.1111/j.1467-8624.2009.01263.x

Silverman, M. H., Jedd, K., and Luciana, M. (2015). Neural networks involved in adolescent reward processing: an activation likelihood estimation meta-analysis of functional neuroimaging studies. NeuroImage 122, 427–439. doi: 10.1016/j.neuroimage.2015.07.083

Snyder, H. N., Cooper, A. D., and Mulako-Wangota, J. (2019). Report of all arrests by age for 2014. Generated using the Arrest Data Analysis Tool at www.bjs.gov. Washington, D.C.: Bureau of Justice Statistics.

Spielberg, J. M., Forbes, E. E., Ladouceur, C. D., Worthman, C. M., Olino, T. M., Ryan, N. D., et al. (2015). Pubertal testosterone influences threat-related amygdala-orbitofrontal cortex coupling. Soc. Cogn. Affect. Neurosci. 10, 408–415. doi: 10.1093/scan/nsu062

Spielberg, J. M., Olino, T. M., Forbes, E. E., and Dahl, R. E. (2014). Exciting fear in adolescence: does pubertal development alter threat processing? Dev. Cognit. Neurosci. 8, 86–95. doi: 10.1016/j.dcn.2014.01.004

Stålenheim, E. G., Eriksson, E., von Knorring, L., and Wide, L. (1998). Testosterone as a biological marker in psychopathy and alcoholism. Psychiat. Res. 77, 79–88. doi: 10.1016/s0165-1781(97)00143-1

Steinberg, L. (2008). A Social Neuroscience Perspective on Adolescent Risk-Taking. Dev. Rev. DR 28, 78–106. doi: 10.1016/j.dr.2007.08.002

Steinberg, L. (2009). Adolescent development and juvenile justice. Annu. Rev. Clin. Psychol. 5, 459–485. doi: 10.1146/annurev.clinpsy.032408.153603

Steinberg, L. (2013). The influence of neuroscience on US Supreme Court decisions about adolescents’ criminal culpability. Nat. Rev. Neurosci. 14, 513–518. doi: 10.1038/nrn3509

Tonry, M. (2011). Punishing Race: A Continuing American Dilemma. Oxford: Oxford University Press.

van Bokhoven, I., van Goozen, S. H. M., van Engeland, H., Schaal, B., Arseneault, L., Séguin, J. R., et al. (2006). Salivary testosterone and aggression, delinquency, and social dominance in a population-based longitudinal study of adolescent males. Hormones Behav. 50, 118–125. doi: 10.1016/j.yhbeh.2006.02.002

van Goozen, S. H., Matthys, W., Cohen-Kettenis, P. T., Thijssen, J. H., and van Engeland, H. (1998). Adrenal androgens and aggression in conduct disorder prepubertal boys and normal controls. Biol. Psychiat. 43, 156–158. doi: 10.1016/S0006-3223(98)00360-6

Viding, E., Fontaine, N. M., and McCrory, E. J. (2012). Antisocial behaviour in children with and without callous-unemotional traits. J. R. Soc. Med. 105, 195–200. doi: 10.1258/jrsm.2011.110223

Viding, E., McCrory, E., and Seara-Cardoso, A. (2014). Psychopathy. Curr. Biol. 24, R871–R874. doi: 10.1016/j.cub.2014.06.055

Vijayakumar, N., Op de Macks, Z., Shirtcliff, E. A., and Pfeifer, J. H. (2018). Puberty and the human brain: insights into adolescent development. Neurosci. Biobehav. Rev. 92, 417–436. doi: 10.1016/j.neubiorev.2018.06.004

Vijayakumar, N., Pfeifer, J. H., Flournoy, J. C., Hernandez, L. M., and Dapretto, M. (2019). Affective reactivity during adolescence: associations with age, puberty and testosterone. Cortex J. Devoted Study Nerv. Syst. Behav. 117, 336–350. doi: 10.1016/j.cortex.2019.04.024

Wang, W., Moody, S. N., Kiesner, J., Tonon Appiani, A., Robertson, O. C., and Shirtcliff, E. A. (2018). Assay validation of hair androgens across the menstrual cycle. Psychoneuroendocrinology 101, 175–181. doi: 10.1016/j.psyneuen.2018.10.029

White, S. F., Fowler, K. A., Sinclair, S., Schechter, J. C., Majestic, C. M., Pine, D. S., et al. (2014). Disrupted expected value signaling in youth with disruptive behavior disorders to environmental reinforcers. J. Am. Acad. Child Adolesc. Psychiat. 53, 579–88e9. doi: 10.1016/j.jaac.2013.12.023

White, S. F., Lee, Y., Schlund, M. W., Shirtcliff, E. A., and Ladouceur, C. D. (2020). Testosterone reactivity is associated with reduced neural response to reward in early adolescence. Behav. Brain Res. 387:112593. doi: 10.1016/j.bbr.2020.112593

White, S. F., Pope, K., Sinclair, S., Fowler, K. A., Brislin, S. J., Williams, W. C., et al. (2013). Disrupted expected value and prediction error signaling in youths with disruptive behavior disorders during a passive avoidance task. Am. J. Psychiat. 170, 315–323. doi: 10.1176/appi.ajp.2012.12060840

White, S. F., Tyler, P. M., Erway, A. K., Botkin, M. L., Kolli, V., Meffert, H., et al. (2016). Dysfunctional representation of expected value is associated with reinforcement-based decision-making deficits in adolescents with conduct problems. J. Child Psychol. Psychiat. Allied Discipl. 2016:12557. doi: 10.1111/jcpp.12557

Yi, Y., Turney, K., and Wildeman, C. (2017). Mental Health Among Jail and Prison Inmates. Am. J. Men’s Health 11, 900–909. doi: 10.1177/1557988316681339


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 White, Estrada Gonzalez and Moriarty. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Raging Hormones: Why Age-Based Etiological Conceptualizations of the Development of Antisocial Behavior Are Insufficient



		INTRODUCTION



		BRAIN DEVELOPMENT DURING ADOLESCENCE



		Puberty



		Brain Development During Adolescence



		Brain Development and Puberty







		THE NEUROBIOLOGY OF ANTISOCIAL BEHAVIOR AND DEVELOPMENTAL CONSIDERATIONS



		Typical Adolescent Development and Increased Risk for Antisocial Behavior



		Brain Development in Adolescence: Neurobiological Theory of Antisocial Behavior



		Brain Development in Adolescence: Developmental Changes in Neurobiology



		Hormone Changes in Adolescence: Neurobiological Theory of Antisocial Behavior



		Hormone Changes in Adolescence: Developmental Changes in Neurobiology











		NEUROBIOLOGICAL DYSFUNCTION IN PSYCHOPATHOLOGY ASSOCIATED WITH ANTISOCIAL BEHAVIOR



		Reduced Response to Reward: Neurobiological Theory of Antisocial Behavior



		Reduced Response to Reward: Developmental Changes in Neurobiology



		Dysfunctional Avoidance Learning: Neurobiological Theory of Antisocial Behavior



		Dysfunctional Avoidance Learning: Developmental Changes in Neurobiology.



		Dysfunctional Amygdala Reactivity: Neurobiological Theory of Antisocial Behavior



		Dysfunctional Amygdala Reactivity: Developmental Changes in Neurobiology



		Hormonal Changes Associated With Disruptive Behavior Disorders: Neurobiological Theory of Antisocial Behavior



		Hormonal Changes Associated With Disruptive Behavior Disorders: Developmental Changes in Neurobiology







		SUMMARY OF THE NEUROBIOLOGY OF ANTISOCIAL BEHAVIOR AND DEVELOPMENT



		IMPLICATIONS FOR THE LEGAL SYSTEM



		Adult Treatment of Juveniles in the Justice System



		Reducing Reliance on Age in the Legal System



		Neural Plasticity Continues Into Early Adulthood



		Interaction Between Pubertal Development and Systematic Influences on the Justice System







		FUTURE DIRECTIONS



		CONCLUSION



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		REFERENCES

















OPS/images/fnbeh-16-853697-t001.jpg
Cognitive Neural regions Hormones Proposed mechanism

process implicated

Emotion Sub-cortical: striatum, amygdala Testosterone, In typical development, regulation of sub-cortical regions by cortical regions is less effective,

regulation/ Cortical: dorsolateral prefrontal cortex, DHEA which leads to poor emotion regulation and behavioral control. Testosterone and DHEA

Behavioral orbitofrontal cortex/ventromedial may influence the connectivity between cortical and sub-cortical regions.

control prefrontal cortex

Reward Ventral striatum Testosterone Failure to properly encode reward information may interfere with decision-making and lead

response to increased risk-taking/sensation-seeking and/or frustration. Testosterone is associated
with increased ventral striatum response to reward, though not in all studies.

Avoidance Anterior insula cortex Estradiol (in Activation in anterior insula cortex is part of a behavior change response. Failure to generate

learning females), DHEA  this response is associated in increased levels of antisocial behavior. Increased estradiol
and DHEA have been associated with disrupted anterior insula cortex functioning.

Emotional Amygdala Testosterone- Failure to represent the fear/distress of others in the amygdala reduces the aversive nature

empathy cortisol of fear/distress cues in others, is associated with callous-unemotional traits and increases

coupling the likelihood of antisocial behavior. Disrupted testosterone-cortisol coupling is associated

with callous-unemotional traits.

Threat Amygdala Testosterone Increased amygdala responsiveness to threat cues in the environment makes a reactive

response aggression response more likely. Testosterone is associated with greater amygdala

response to threat cues.

Several important neurobiological systems are implicated in antisocial behavior across major theoretical perspectives and show substantial change during adolescence.
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