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Abstract

Neuroimaging research has demonstrated a range of structural deficits in adults with psychopathy, 

but little is known about structural correlates of psychopathic tendencies in adolescents. Here we 

examined structural magnetic resonance imaging (sMRI) data obtained from 14-year-old 

adolescents (n=108) using tensor-based morphometry (TBM) to isolate global and localized 

differences in brain tissue volumes associated with psychopathic traits in this otherwise healthy 

developmental population. We found that greater levels of psychopathic traits were correlated with 

increased brain tissue volumes in the left putamen, left ansa peduncularis, right superiomedial 

prefrontal cortex, left inferior frontal cortex, right orbitofrontal cortex, and right medial temporal 

regions and reduced brain tissues volumes in the right middle frontal cortex, left superior parietal 

lobule, and left inferior parietal lobule. Post hoc analyses of parcellated regional volumes also 

showed putamen enlargements to correlate with increased psychopathic traits. Consistent with 

earlier studies, findings suggest poor decision-making and emotional dysregulation associated with 

psychopathy may be due, in part, to structural anomalies in frontal and temporal regions whereas 

striatal structural variations may contribute to sensation-seeking and reward-driven behavior in 

psychopathic individuals. Future studies will help clarify how disturbances in brain maturational 
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processes might lead to the developmental trajectory from psychopathic tendencies in adolescents 

to adult psychopathy.
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Developmental; MRI; Tensor-based morphometry; Putamen

1. Introduction

Psychopathy is a clinical condition defined by a combination of persistent antisocial 

behavior, marked sensation-seeking, impulsivity, shallow emotion, blunted empathy, and 

punishment insensitivity that emerges early in life (Hare, 2003). Although a diagnostic level 

of psychopathy is present in only 1–2% of the general population, it is widely present on a 

spectrum in otherwise healthy populations. Research on the neural bases of psychopathy has 

focused largely on the profound emotional deficits and antisocial behavior observed in 

psychopathic adults, emphasizing the possible contributions of a disturbed frontolimbic 

circuitry (Gao et al., 2009; Yang and Raine, 2009). To date, findings from several structural 

imaging studies have supported this argument by showing frontolimbic deficits in adults 

with high psychopathy scores, with the most robust findings being reduced volumes in 

frontal and temporal regions including the amygdala (de Oliveira-Souza et al., 2008; Muller 

et al., 2008; Yang et al., 2009a; Yang et al., 2009b; Ermer et al., 2012; Bertsch et al., 2013). 

However, conflicting findings have also been presented, particularly for the hippocampus, 

insula, and the anterior cingulate cortex for psychopathic adults (Laakso et al., 2001; 

Boccardi et al., 2010; Glenn et al., 2010b; Cope et al., 2012).

More recently, initial evidence has begun to emerge suggesting that deficits in regions 

densely connected with the frontolimbic circuitry, particularly the striatum, may also 

contribute to traits associated with psychopathy (Glenn and Yang, 2012; Blair, 2013). The 

striatum is comprised of the caudate nucleus and the putamen and has been linked to traits 

such as reward-seeking, stimulus-reinforcement learning, and impulsivity (Barros-

Loscertales et al., 2006; Cohen et al., 2009). Studies have linked psychopathy to increased 

sensitivity to reward and decreased sensitivity to punishment, suggesting potential 

abnormalities in the striatal regions that contribute to overly focus on the prospect of reward 

despite signals of potential later punishment (Newman and Kosson, 1986; van Honk and 

Schutter, 2006; Glenn et al., 2009). To date, increased volumes have been found in the 

striatal in adults with psychopathy (Glenn et al., 2009) and antisocial personality disorder 

(Barkataki et al., 2006), findings that are in line with the functional imaging findings of 

abnormal activation or connectivity with the striatum (Osumi et al., 2012; Carre et al., 2013). 

Therefore, it may be suggested that an overactive reward system (e.g. striatum) may further 

compromise the weakened regulation system (e.g., prefrontal cortex), leading to heightened 

psychopathic tendencies.

Despite the accumulating knowledge in the neural basis of psychopathy, studies of 

psychopathic traits have focused mainly on adults and the examination of psychopathic traits 

in children and adolescence remains scarce. By revealing structural abnormalities in regions 
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overlap with those found impaired in adults with psychopathy, findings from studies of 

conduct disorder (some with comorbid callus-unemotional traits) seem to suggest a 

neurodevelopmental basis to psychopathy (Blair, 2006a; Gao et al., 2009). For example, 

reduced volumes in the amygdala, dorsolateral prefrontal cortex and orbitofrontal cortex 

(Kruesi et al., 2004; Sterzer et al., 2007; Boes et al., 2008; Huebner et al., 2008; Dalwani et 

al., 2011; Fairchild et al., 2011; Hyatt et al., 2012) have been reported in adolescents with 

conduct problems. In addition, callous-unemotional traits were found to correlate positively 

with increased volumes in the orbitofrontal cortex (De Brito et al., 2009; Fairchild et al., 

2012), suggesting potential delays in brain maturation in association with certain 

psychopathic traits. In one study, callous-unemotional traits were also found to correlate 

negatively with reduced volume in the striatum (Fairchild et al., 2012), but the effect did not 

survive when controlling for conduct disorder symptoms.

Although findings to date have provided initial evidence suggesting abnormal brain 

structures associated with psychopathic traits in children and adolescents, there are notable 

variations among findings. One potential contribution to discrepancy among findings may be 

that most existing studies have been conducted on relatively small, heterogeneous samples. 

The aggregation of participants with a wide age range may be particularly alarming because 

it has been demonstrated that gray matter volumes increase in early childhood and decline in 

adolescence, but white matter volumes tend to increase well into adulthood (Sowell et al., 

2003). The pattern of age-related changes in gray and white matter has also been shown to 

vary across brain regions during brain maturation (Sowell, 2002). The involvement of 

substance use in older participants, often co-occurring with antisocial behavior and 

psychopathic traits, may also complicate the matter by introducing substance-related brain 

changes. Furthermore, the majority of the findings are from samples with comorbid 

psychiatric disorders (e.g. conduct disorders, attention deficits hyperactivity disorder), 

making it difficult to determine to what extent previous findings can be applied to 

psychopathic traits in the general population.

To address these limitations in the literature, the present study included a community sample 

of homogeneously aged, healthy adolescents (all aged 14 years old at the time of the 

scanning) to examine the relationship between psychopathic tendencies and regional brain 

tissue volumes. We used a recently developed method of tensor-based morphometry (TBM), 

which allows the illustration of statistical effects on regional volumes of gray matter, white 

matter, and cerebrospinal fluid (CSF) across the entire brain. Specifically, global and 

regional differences in brain tissue volume are estimated by applying localized deformations 

to adjust the anatomy of each individual to match a sample-specific template. By correlating 

these deformation fields with psychopathic traits across the sample, very subtle 

morphological changes associated with psychopathic traits in adolescents can be identified, 

with high accuracy and sensitivity. To date, TBM has been validated and applied to study 

several disorders (Leow et al., 2009; Yang et al., 2011); however, it has yet to be applied to 

explore patterns of brain tissue alterations associated with psychopathic traits in adolescents. 

Based on prior reports, we predicted that psychopathic tendencies would correlate with 

reduced brain tissue volumes in the fronto-limbic circuitry and increased brain tissue 

volumes in the striatal regions in this adolescent sample.
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2. Methods

2.1. Subjects

The 108 adolescent twins (54 males and 54 females, age 14 years) included in this study 

were drawn from participants in the University of Southern California (USC) Risk Factors 

for Antisocial Behavior Twin Study (Baker et al., 2006; Baker et al., 2013), and comprised 

27 monozygotic twin pairs (16 male and 11 female twin pairs) and 27 dizygotic twin pairs (5 

male, 10 female, and 12 opposite-sex twin pairs). In brief, the USC Twin Study is a 

longitudinal study assessing the development of antisocial behaviors from childhood to 

young adulthood, which began in 2000 and now is approaching the end of fifth wave data 

collection. The adolescents and their families were recruited from Los Angeles County 

through advertisements, schools, and mothers of twins clubs. The sample is representative of 

the ethnic and socioeconomic diversity of the Great Los Angeles areas. The present study 

used data obtained from the third wave of assessment, when the twins were 14 years old, as 

this was the time point when magnetic resonance imaging (MRI) scans were collected. 

Participants were excluded if they had a history of significant head injury, major 

neurological, psychiatric illness, substance abuse, or contraindication to scanning (Yang et 

al., 2012; Baker et al., 2013). The adolescents and their primary caregivers participated in 6–

8 h of laboratory assessment at USC including a 1-h scan. Assessment of psychopathic traits 

was provided by caregivers, who were predominantly biological mothers (n=50). The 

remaining were biological father (n=1), grandmother (n=1), foster mother (n=1) and 

adoptive mother (n=1). Each child’s ethnicity was determined by the ethnicity of his/her 

biological mother and father, as reported by the primary caregiver. The ethnicity breakdown 

of the sample was as follows: 36.7% Hispanic, 27.4% Caucasian, 14% Black, 4.4% Asian, 

0.16% Native American, and 17.3% mixed. Both caregivers and children gave written 

informed consent/assent prior to the study. The study was approved by the CHLA/USC 

Institutional Review Boards.

2.2. Behavioral measurements

Psychopathic traits were measured using a slightly extended version of the Child 

Psychopathy Scale (CPS) – Revised Extended (Lynam, 1997). The CPS is a well-validated 

instrument for measuring psychopathic traits in children and adolescents and is composed of 

14 subscales including glibness, untruthfulness, lack of guilt, callousness, impulsiveness, 

boredom susceptibility, manipulation, poverty of affect, parasitic lifestyle, behavioral 

dyscontrol, lack of planning, unreliability, failure to accept responsibility, and grandiosity. 

The CPS was administered to the caregivers of the adolescents in an interview form. Scores 

for each item were added to create a total CPS score for each individual. The internal 

reliabilities for the composite score have been established in previous reports (Baker et al., 

2007; Bezdjian et al., 2011), and the frequency of the total CPS scores of this sample is 

reported in Fig. S1 (see Supplementary Material). To summarize, the parent-report CPS total 

scores of our sample ranged from 2 to 33 (mean = 12.18, SD = 7.09), with males (mean = 

13.96, SD = 7.92, range: 3–33) scoring higher than females (mean = 10.39, SD = 5.68, 

range: 2–31) (p = 0.008). As a complementary analysis, we also categorized the participants 

into High-CPS (with CPS total scores in the top 20%) and Low-CPS (with CPS total scores 

in the low 20%) group, and the TBM results were included in the Supplementary Material 
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(Fig. S2). For a subset of the sample (n = 62), intelligence quotient (IQ) was obtained using 

Wechsler Intelligence Scale for Children (Wechsler, 2004). For the subsample, the 

intelligence mean was 100.1 for Full-Scale IQ (range: 77–129), 98.44 for Performance IQ 

(range 67–124) and 102.15 for Verbal IQ (range: 65–128). Further analysis showed that 

parent-report CPS total scores did not correlate with Full-Scale, Performance, or Verbal IQ 

scores (all p > 0.3). Post hoc analyses showed that TBM results were unchanged when 

controlling for IQ, therefore only results controlling for whole brain volume, sex, and 

subject relatedness were included in this report.

2.3. MRI acquisition and preprocessing

All participants were scanned using a 3 Tesla Siemens Magnetom Trio whole-body scanner 

at the USC Dornsife Cognitive Neuroscience Imaging Center. Three-dimensional high-

resolution T1-weighted images were acquired with a magnetization prepared rapid gradient 

echo (MP-RAGE) protocol as follows: inversion time (TI)/ repetition time (TR)/echo time 

(TE) = 800 / 2530/3.09 ms, slice thickness = 1 mm without gap, matrix = 256 × 256, and 

field of view (FOV) = 256 mm × 256 mm. Image preprocessing (e.g. skull-stripping, 

correction of signal intensity and inhomogeneity artifacts) was conducted using Freesurfer 

processing streams where outputs were visually inspected and manually corrected for 

accuracy (Yang et al., 2011).

TBM relies on matching structures with similar intensity patterns, and measures volumetric 

differences in a population by analyzing the gradients of the non-linear deformation fields 

required to align individual images to an anatomical template specific to the population 

studied (Yang et al., 2011). To detect local differences in brain tissue structure associated 

with psychopathic traits, TBM processing streams were implemented in the LONI Pipeline 

environment (Rex et al., 2003) using methods similar to those described in earlier 

investigations (Leow et al., 2009; Yang et al., 2011). Specifically, TBM processing included 

optimized non-rigid registration models that quantify the symmetric Kullback-Leibler (KL)-

distance between the anatomical template and the transformed individual subject images. 

Processing steps were as follows: (1) Each preprocessed image volume was first registered 

to a single image using a nine-parameter registration to adjust for global brain scale, head tilt 

and alignment. (2) The images were then used to create an anatomical template or minimal 

deformation target (MDT). This step matches each 3D volume to all other volumes using a 

mutual information-based inverse-consistent algorithm, followed by applying the inverse of 

the mean displacement field from all subjects to the MDT. (3) Image volumes from all 

subjects were each subsequently aligned to the MDT by nonlinearly deforming the anatomy 

of each individual image to match the anatomical template. The Jacobian operator was then 

applied to the deformation fields to produce univariate Jacobian determinants (i.e., Jacobian 

maps) that index the extent of local expansion or contraction required to non-linearly warp 

each brain to match each subject’s anatomy to the MDT. These 3D Jacobian maps represent 

relative tissue volume differences between each individual and the MDT, and were used to 

characterize local differences in brain tissue structure associated with the targeted behavioral 

measure across the sample.
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2.4. Statistical analysis

The R statistical package (version 2.9.2; http://www.r-project.org/) was used to compute 

differences in the deformation fields associated with CPS total scores across the entire brain 

using the mixed effects model while controlling for sex, whole brain volume, and subject 

relatedness. Random intercepts were included for each family to account for relatedness 

within families. The analysis was implemented using the ‘nlme’ library in the R statistical 

package (Pinheiro and Bates, 2000). Uncorrected probability values and the corresponding 

beta (regression coefficient) values from the analyses were mapped onto the MDT. Since 

comparisons were made at thousands of voxels, results were further thresholded using an 

enhanced False Discovery Rate (FDR)-control method (Langers et al., 2007). By setting the 

FDR to 5%, this study was able to control the expected proportion of incorrectly rejected 

null hypotheses (Benjamini and Hochberg, 1995). In the FDR-corrected maps, 95% of the 

reported findings reported are expected to be true positives, irrespective of how many 

contrasts were conducted. FDR-thresholded probability values from each comparison were 

mapped onto the MDT atlas and color was used to encode the regions and the directions of 

the FDR-controlled significant correlations between psychopathic traits and brain tissue 

volume respectively.

For descriptive purposes and to report the location of the observed effects, we extracted MNI 

atlas coordinate locations for regions showing significant structural volume differences using 

the Anatomy Toolbox V1.5 (Eickhoff et al., 2005) of the Statistical Parametric Mapping 

software (SPM8; http://www.fil.ion.ucl.ac.uk/spm/software/spm8) executed in MATLAB 

(Mathworks, Sherborn, Massachusetts) (Yang et al., 2011). Anatomic locations of clusters 

with > 2000 voxels are provided in Table S1 (see the Supplementary Material).

2.5. Post hoc analyses

Finally, we applied an independent and widely-used volume quantification method to 

confirm that local striatum expansions, specifically in the caudate nucleus, putamen and the 

pallidum, reflect volumetric differences associated with psychopathic traits, as observed in 

the TBM analyses. The caudate nucleus, putamen and the pallidum volumes were measured 

by employing the completely independent image segmentation methods of Freesurfer v5.1.0 

(http://surfer.nmr.mgh.harvard.edu; (Fischl et al., 2002)). For these procedures, any 

topographical errors in segmentation were corrected manually on a case-by-case basis (Yang 

et al., 2011).

3. Results

3.1. TBM analysis across the whole brain

As shown in Fig. 1, parent-reported CPS total scores were significantly correlated with brain 

tissue volume differences in several frontal, temporal and striatal regions after FDR 

thresholding. Specifically, higher CPS total scores were correlated with increased brain 

tissue volumes in the left putamen, including the ansa peduncularis, right superiomedial 

frontal cortex, right orbitofrontal cortex and right medial temporal cortex across the subjects 

while controlling for sex, whole brain volume, and subject relatedness (see Supplemental 

Material, Figs. S3–S4 and Table S1). In addition, higher CPS total scores were found to 
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correlate with reduced brain tissue volumes in the right middle frontal gyrus, bilateral 

inferior frontal gyrus, right superior parietal lobule, left inferior parietal gyrus, left 

supplementary motor area and the occipital cortex (see Supplemental Material, Figs. S3–S4 

and Table S1).

As an exploratory measure, we also conducted the analysis separately for males and females 

and found similar patterns for both sexes. For males, higher CPS total scores were found to 

correlate with increased volumes in the left putamen, left ansa peduncularis, and left 

superiomedial frontal gyrus, and reduced volumes in the right middle frontal, right superior 

parietal lobule, left inferior parietal lobule, left supplementary motor area and the occipital 

cortex (Fig. 1, b). For females, higher CPS total scores were found to correlate with 

increased volumes in the left putamen, bilateral gyrus rectus, left inferior frontal gyrus, and 

left insula and reduced volume in the occipital cortex (Fig. 2, c).

3.2. Post hoc analysis on striatal regions

Post hoc analyses performed to compare subcortical volume estimates obtained 

independently using Freesurfer confirmed volumetric increases of the left putamen to be 

correlated with increased parent-reported CPS scores (p = 0.01) across the sample of 108 

adolescents (Fig. 2), adjusting for whole brain volume and sex. Even so, the associations for 

the left caudate nucleus and the left pallidum were below the threshold of significance (p = 

0.22, 0.88, respectively). In addition, Freesurfer showed the volume of the right putamen 

was also significantly increased (p = 0.015). No significant correlation was found for right 

caudate or pallidum (p = 0.81, 0.75, respectively).

For male adolescents, we found increased parent-reported CPS scores to correlate with 

increased volume in the left putamen (p = 0.016) while adjusting for whole brain volume 

and subject relatedness, but not other striatal structures (all p > 0.1). For female adolescents, 

we found increased parent-reported CPS scores to correlate with increased volume in the 

right putamen (p = 0.019), but below the threshold of significance for the left putamen (p = 

0.08) and left caudate (p = 0.065). No significant correlation was found for other striatal 

structures for females (all p > 0.1).

4. Discussion

Using a homogeneously aged sample of healthy young adolescents, we captured unique 

patterns of global and local brain dysmorphology associated with psychopathic scores. The 

principal findings of this study are that abnormal brain tissue volumes in several regions, 

particularly increased volumes in the putamen, ansa peduncularis, superiomedial prefrontal 

cortex, inferior frontal cortex, medial temporal regions, and reduced volumes in the middle 

frontal cortex, superior parietal lobule, and inferior parietal lobule, were significantly 

correlated with increased psychopathic tendency in adolescents. Interestingly, we observed 

sex-specific abnormalities associated with psychopathy traits. Particularly, higher 

psychopathy scores correlate more strongly with enlarged left putamen, reduced right middle 

frontal volume, and increased right superiomedial frontal volume in males. For females, 

higher psychopathy scores correlate more prominently with increased volumes in the 

bilateral gyrus rectus, left inferior frontal cortex, left insula, and right putamen. These 
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findings support the possibility that psychopathy has a neurodevelopmental basis, with 

disorder-related brain morphological characteristics detectable in younger populations. In 

addition, findings of this study further highlight the complexity of brain maturational 

processes that occur during adolescence with regard to their possible contributions to 

symptom development such as elevated psychopathic traits.

In line with previous sMRI studies of adults with high psychopathy scores (Yang et al., 

2005; Raine et al., 2009; Yang et al., 2010; Ermer et al., 2012), psychopathic tendency in 

adolescents were found to be associated with brain tissue abnormalities in several frontal 

regions including reduced middle frontal volume, increased superiomedial and inferior 

frontal volumes, and increased volume in the gyrus rectus. Findings are in line with those 

from studies of boys with conduct disorders. For example, De Brito and colleagues showed 

increased grey matter concentrations in several frontal regions including the medial 

orbitofrontal cortex in boys with callous-unemotional traits and conduct problems (De Brito 

et al., 2009). Using the same sample, they also found abnormal white matter concentrations 

in several frontal regions including decreased white matter concentrations in the right 

superior frontal cortex and increased white matter concentrations in the bilateral middle 

frontal gyrus in boys with psychopathic tendency (De Brito et al., 2011). The frontal cortex 

is centrally involved in functions frequently associated with key impairments of 

psychopathic individuals, including response inhibition, fear conditioning, and delay of 

gratification (Patrick, 1994; Dolan and Fullam, 2006; Raine and Yang, 2006). Findings of 

morphological alterations in these frontal regions may also be supported by previous reports 

of abnormal activation in these frontal regions in psychopathic individuals (Birbaumer et al., 

2005; Rilling et al., 2007; Finger et al., 2008; Veit et al., 2010). For example, psychopathy 

scores were associated with increased activation in middle frontal gyrus during judgments of 

fear-evoking moral scenarios in healthy adults (Marsh and Cardinale, 2012). Although any 

interpretation can only be highly speculative, stronger correlations observed in the middle 

and superiomedial frontal cortex in males may suggest that poor impulsivity and behavioral 

control plays a center role in the development of psychopathy in males. On the other hand, 

stronger correlations observed in the gyrus rectus in females may suggest that impaired 

emotional regulation and moral cognition is crucial in the development of psychopathy in 

females. Nonetheless, findings here provide strong support for morphological abnormalities 

in the frontal cortex to be potential biomarkers for psychopathic tendencies in adolescents.

Another key finding of this study is the correlation between brain tissue contractions in 

parietal lobe, specifically superior and inferior parietal lobules, and greater psychopathic 

tendencies in adolescents. Although these brain regions have not received much attention so 

far, they both play central roles in functions that are closely associated with psychopathic 

traits. One of the most critical contributions of the parietal lobules is that they are part of the 

mirror neuron system (Cattaneo and Rizzolatti, 2009). This system is composed of neural 

circuits activated during the observation of actions, emotions, and sensations - and during 

execution and experiencing of the same actions, emotions and sensations (Gallese, 2003). 

Therefore, the mirror neuron system is thought to play a role in key aspects of social 

behavior, such as mentalizing and empathy (Iacoboni et al., 2005; Gazzola et al., 2006). One 

core feature of psychopathy is the lack of empathy, including impaired recognition and 

response to sadness, observational learning, and lack of concern about the impact of one’s 
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actions on others (Blair, 2005; Dolan and Fullam, 2006). This is supported by a previous 

report showing psychopathic traits, specifically coldheartedness, were positively correlated 

with the level of corticospinal excitability in the motor cortex while watching short videos 

known to activate the sensorimotor mirror neuron system for pain (Fecteau et al., 2008).

Findings here provide initial evidence suggesting that neuroanatomical disturbances in 

regions within the mirror neuron network may also be linked to psychopathy. Finding of 

abnormal insula associated with psychopathic traits in females may be of particular 

significance. The insula has long been implicated in empathy, the capability to understand 

and resonate with the affective experience of another, and is crucial in the inhibition of 

antisocial, aggressive behavior. Abnormal activation in the insula during empathy-related 

tasks has been linked to higher levels of psychopathy in several adult studies (Decety et al., 

2013; Decety et al., 2014; Molenberghs et al., 2014). For developmental populations, prior 

studies on children with conduct problems have also demonstrated abnormal neural 

responses to others in pain in the insula (Sterzer et al., 2007). For example, Lockwood and 

colleagues found children with conduct problems to show reduced activation in the bilateral 

anterior insula while viewing pictures of others in pain (Lockwood et al., 2013). 

Furthermore, higher levels of callous traits were associated with reduced responses to 

others’ pain in the anterior insula. Our findings provide further support for the argument that 

insula plays an important role in the developmental vulnerability to psychopathy, and is a 

potentially sensitive biomarker for psychopathic tendencies in female adolescents.

In addition to brain tissue abnormalities in the frontal and parietal regions, we also found 

brain tissue expansions in several subcortical regions, most prominently in the putamen, to 

be associated with heightened psychopathic tendencies in adolescents. Although the 

enlargement was more prominent in the left putamen for the males, and right putamen for 

the females, both sexes show similar positive relationships between increased volumes in the 

putamen and increase psychopathy scores. Findings are in line with some previous studies 

(Glenn et al., 2010a; Schiffer et al., 2011), but not the others (Fairchild et al., 2012), which 

could be due to differences in sample size, age of the cohort studied, and whether the focus 

was on psychopathy in general or more specific traits (i.e. callous-unemotional).

The striatum, including the putamen, is one of the structures most crucially involved in 

reward prediction and guiding action selection towards immediate over delayed reward 

(O'Doherty, 2004; Hariri et al., 2006). Structural brain abnormalities in the putamen may 

thus contribute to some of the most distinct features of psychopathy such as increased 

stimulation seeking, perseverative response, and reward-driven and impulsive behavior 

(Newman et al., 1987; Newman et al., 1992; Hare, 2003). The striatum is also a critical part 

of the neural circuitry underlying stimulus-reinforcement learning, i.e., learning appropriate 

behaviors for responding to rewarding stimuli and refraining from responding to those that 

lead to punishment (Newman and Kosson, 1986; Blair, 2006b). Stimulus-reinforcement 

learning is a critical component of the passive avoidance in psychopathy, which has been 

studied extensively (Newman and Kosson, 1986; Blair, 2006b), and is closely linked to 

decision-making, socialization, and empathy-based learning. Enlarged striatum as observed 

here may provide neurobiological evidence supporting the theoretical explanation of 

psychopathy that overactivation by reward leads to impaired ability to modulate the 
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dominant response for reward in psychopathic individuals (O'Brien and Frick, 1996). 

Sufficient evidence form animal studies showed that the striatum, particularly the lateral 

dorsal striatum (i.e. putamen) appears to be involved in habitual stimulus-response 

associations (Liljeholm and O'Doherty, 2012), which may further explain the response 

perseveration that is often observed in psychopathic individuals. Furthermore, enlarged ansa 

peduncularis, which is a main division of the ventral amygdalofugal pathway, was also 

found to be associated with higher psychopathy scores, particularly in males. The ventral 

amygdalofugal pathway contains fibers leaving the amygdaloid nucleus to several targets 

including the hypothalamus, thalamus, septal nuclei and nucleus accumbens, thus 

enlargement observed in this area may reflect abnormal connection between amygdala and 

associated structures. This is supported by findings of reduced connectivity with the 

amygdala (Cohen et al., 2009; Finger et al., 2012; Passamonti et al., 2012; Contreras-

Rodriguez et al., 2014) and structural abnormalities in the amygdala (Yang et al., 2009c; 

Yang et al., 2010; Pardini et al., 2014) in psychopathic individuals.

An important question remains concerning how increased striatal volumes may predispose a 

person to psychopathic traits. Enlarged putamen has been observed in several other 

populations including individuals with methamphetamine-dependent (Chang et al., 2005), 

cocaine-dependent (Jacobsen et al., 2001) and schizophrenia patients with neuroleptic 

treatment (Gur et al., 1998; Taylor et al., 2005), and was argued to be the result of 

inflammation and reactive gliosis in the region, possibly assisted by glia-mediated 

neurotrophic effects to increase striatal sprouting (Song and Haber, 2000). Therefore, one 

explanation for the association between enlargement of the putamen and psychopathic traits 

as observed here would be that it represents a compensatory response to maintain function of 

the striatum. Another explanation for the enlarged putamen and sex-specific changes 

observed here might come from a developmental perspective. One recent study showed 

putamen declined in volume with age, and the decreases were more for females than males 

and greater in the left hemisphere (Dennison et al., 2013). This may be due to sex hormone 

changes through puberty that induce sex-specific synaptogenesis and synaptic pruning 

during adolescence. Nonetheless, our findings provide initial evidence suggesting that a 

delay or disruption in the development of putamen may contribute to the development of 

psychopathic tendency in adolescents, particularly heightened sensation-seeking and reward-

dominated behavior.

Limitations of this study include the use of a twin sample, which may limit the 

generalizability of findings to the general population. However, our findings are mostly 

consistent with previous studies of singletons, suggesting structural alterations in frontal, 

temporal, parietal and striatal regions as critical components underlying early onset 

psychopathic tendency. Unlike other whole-brain volumetric methods, TBM does not 

require a segmentation step, which avoids potential partial volume errors associated with 

tissue classification. As such, results from this current study that point to differences in both 

gray and white matter structure may be less directly comparable to previous findings 

concentrating mainly on gray matter. Notably, for subcortical regions, results from the 

independent FreeSurfer method are complementary to those of TBM, however bilateral 

instead of unilateral enlargement in putamen and sex-related hemispheric effect was also 

observed. Nonetheless, both methods are supportive of the argument that striatal 
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abnormalities may contribute to the development of psychopathic traits in adolescents and 

future studies are needed to validate the sex- and hemisphere-specific results observed here. 

Last, there has been some evidence suggesting that pubertal stage may be a better predictor 

than chronological age for examining developmental changes in brain morphology, 

particularly subcortical structures (Blanton et al., 2012). Although the potential age-related 

brain variations among our subjects were limited by using a homogeneously-aged sample, 

future studies could benefit from further controlling for pubertal stage.

Overall, this study reveals valuable knowledge regarding the neural mechanisms underlying 

psychopathic traits in adolescents. Future studies examining how genetic predispositions 

interact with environmental influences in shaping the brain structure and function could help 

understand the development of psychopathic tendencies throughout the lifespan.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This work was supported by grants from National Institute of Mental Health (K99 MH093388 to Y.Y., 
R01MH58354 to L.A.B., R01MH092301 K.L.N., R01 AG040060 and P41 RR013642 to P.M.T.), and by a grant 
from the Brain and Creativity Institute, University of Southern California.

References

Baker LA, Barton M, Lozano DI, Raine A, Fowler JH. The Southern California Twin Register at the 
University of Southern California. II. Twin Research and Human Genetics. 2006; 9:933–940. 
[PubMed: 17254433] 

Baker LA, Jacobson KC, Raine A, Lozano DI, Bezdjian S. Genetic and environmental bases of 
childhood antisocial behavior: a multi-informant twin study. Journal of Abnormal Psychology. 
2007; 116:219–235. [PubMed: 17516756] 

Baker LA, Tuvblad C, Wang P, Gomez K, Bezdjian S, Niv S, Raine A. The Southern California Twin 
Register at the University of Southern California: III. Twin Research and Human Genetics. 2013; 
16:336–343. [PubMed: 23394193] 

Barkataki I, Kumari V, Das M, Taylor P, Sharma T. Volumetric structural brain abnormalities in men 
with schizophrenia or antisocial personality disorder. Behavioural Brain Research. 2006; 169:239–
247. [PubMed: 16466814] 

Barros-Loscertales A, Meseguer V, Sanjuan A, Belloch V, Parcet MA, Torrubia R, Avila C. Striatum 
gray matter reduction in males with an overactive behavioral activation system. European Journal of 
Neuroscience. 2006; 24:2071–2074. [PubMed: 17040475] 

Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and powerful approach to 
multiple testing. Journal of the Royal Statistical Society. Series B. 1995; 57:289–300.

Bertsch K, Grothe M, Prehn K, Vohs K, Berger C, Hauenstein K, Keiper P, Domes G, Teipel S, 
Herpertz SC. Brain volumes differ between diagnostic groups of violent criminal offenders. 
European Archives of Psychiatry and Clinical Neuroscience. 2013; 263:593–606. [PubMed: 
23381548] 

Bezdjian S, Baker LA, Tuvblad C. Genetic and environmental influences on impulsivity: a meta-
analysis of twin, family and adoption studies. Clinical Psychology Review. 2011; 31:1209–1223. 
[PubMed: 21889436] 

Birbaumer N, Veit R, Lotze M, Erb M, Hermann C, Grodd W, Flor H. Deficient fear conditioning in 
psychopathy: a functional magnetic resonance imaging study. Archives of General Psychiatry. 2005; 
62:799–805. [PubMed: 15997022] 

Yang et al. Page 11

Psychiatry Res. Author manuscript; available in PMC 2016 May 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Blair RJ. Applying a cognitive neuroscience perspective to the disorder of psychopathy. 
Developmental Psychopathology. 2005; 17:865–891.

Blair RJ. The emergence of psychopathy: implications for the neuropsychological approach to 
developmental disorders. Cognition. 2006a; 101:414–442. [PubMed: 16904094] 

Blair RJ. The neurobiology of psychopathic traits in youths. Nature Reviews Neuroscience. 2013; 
14:786–799. [PubMed: 24105343] 

Blair, RJR. Subcortical brain systems in psychopathy. In: Patrick, CJ., editor. Handbook of 
Psychopathy. Guilford Press; New York: 2006b. p. 296-312.

Blanton RE, Cooney RE, Joormann J, Eugene F, Glover GH, Gotlib IH. Pubertal stage and brain 
anatomy in girls. Neuroscience. 2012; 217:105–112. [PubMed: 22569152] 

Boccardi M, Ganzola R, Rossi R, Sabattoli F, Laakso MP, Repo-Tiihonen E, Vaurio O, Kononen M, 
Aronen HJ, Thompson PM, Frisoni GB, Tiihonen J. Abnormal hippocampal shape in offenders 
with psychopathy. Human Brain Mapping. 2010; 31:438–447. [PubMed: 19718651] 

Boes AD, Tranel D, Anderson SW, Nopoulos P. Right anterior cingulate: a neuroanatomical correlate 
of aggression and defiance in boys. Behavioural Neuroscience. 2008; 122:677–684.

Carre JM, Hyde LW, Neumann CS, Viding E, Hariri AR. The neural signatures of distinct 
psychopathic traits. Social Neuroscience. 2013; 8:122–135. [PubMed: 22775289] 

Cattaneo L, Rizzolatti G. The mirror neuron system. Archives of Neurology. 2009; 66:557–560. 
[PubMed: 19433654] 

Chang L, Cloak C, Patterson K, Grob C, Miller EN, Ernst T. Enlarged striatum in abstinent 
methamphetamine abusers: a possible compensatory response. Biological Psychiatry. 2005; 
57:967–974. [PubMed: 15860336] 

Cohen MX, Schoene-Bake JC, Elger CE, Weber B. Connectivity-based segregation of the human 
striatum predicts personality characteristics. Nature Neuroscience. 2009; 12:32–34. [PubMed: 
19029888] 

Contreras-Rodriguez O, Pujol J, Batalla I, Harrison BJ, Soriano-Mas C, Deus J, Lopez-Sola M, Macia 
D, Pera V, Hernandez-Ribas R, Pifarre J, Menchon JM, Cardoner N. Functional connectivity bias 
in the prefrontal cortex of psychopaths. Biological Psychiatry. 2014 electronic publication 4 
March. 10.1016/j.biopsych.2014.03.007

Cope LM, Shane MS, Segall JM, Nyalakanti PK, Stevens MC, Pearlson GD, Calhoun VD, Kiehl KA. 
Examining the effect of psychopathic traits on gray matter volume in a community substance 
abuse sample. Psychiatry Research: Neuroimaging. 2012; 204:91–100. [PubMed: 23217577] 

Dalwani M, Sakai JT, Mikulich-Gilbertson SK, Tanabe J, Raymond K, McWilliams SK, Thompson 
LL, Banich MT, Crowley TJ. Reduced cortical gray matter volume in male adolescents with 
substance and conduct problems. Drug and Alcohol Dependence. 2011; 118:295–305. [PubMed: 
21592680] 

De Brito SA, McCrory EJ, Mechelli A, Wilke M, Jones AP, Hodgins S, Viding E. Small, but not 
perfectly formed: decreased white matter concentration in boys with psychopathic tendencies. 
Molecular Psychiatry. 2011; 16:476–477. [PubMed: 20548295] 

De Brito SA, Mechelli A, Wilke M, Laurens KR, Jones AP, Barker GJ, Hodgins S, Viding E. Size 
matters: increased grey matter in boys with conduct problems and callous-unemotional traits. 
Brain. 2009; 132:843–852. [PubMed: 19293245] 

de Oliveira-Souza R, Hare RD, Bramati IE, Garrido GJ, Azevedo Ignacio F, Tovar-Moll F, Moll J. 
Psychopathy as a disorder of the moral brain: fronto-temporo-limbic grey matter reductions 
demonstrated by voxel-based morphometry. Neuroimage. 2008; 40:1202–1213. [PubMed: 
18289882] 

Decety J, Chen C, Harenski C, Kiehl KA. An fMRI study of affective perspective taking in individuals 
with psychopathy: imagining another in pain does not evoke empathy. Frontiers in Human 
Neuroscience. 2013; 7:489. [PubMed: 24093010] 

Decety J, Skelly L, Yoder KJ, Kiehl KA. Neural processing of dynamic emotional facial expressions in 
psychopaths. Social Neuroscience. 2014; 9:36–49. [PubMed: 24359488] 

Dennison M, Whittle S, Yucel M, Vijayakumar N, Kline A, Simmons J, Allen NB. Mapping 
subcortical brain maturation during adolescence: evidence of hemisphere- and sex-specific 
longitudinal changes. Devevelopmental Sciences. 2013; 16:772–791.

Yang et al. Page 12

Psychiatry Res. Author manuscript; available in PMC 2016 May 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Dolan M, Fullam R. Face affect recognition deficits in personality-disordered offenders: association 
with psychopathy. Psychological Medicine. 2006; 36:1563–1569. [PubMed: 16893483] 

Eickhoff SB, Stephan KE, Mohlberg H, Grefkes C, Fink GR, Amunts K, Zilles K. A new SPM toolbox 
for combining probabilistic cytoarchitectonic maps and functional imaging data. Neuroimage. 
2005; 25:1325–1335. [PubMed: 15850749] 

Ermer E, Cope LM, Nyalakanti PK, Calhoun VD, Kiehl KA. Aberrant paralimbic gray matter in 
criminal psychopathy. Journal of Abnormal Psychology. 2012; 121:649–658. [PubMed: 22149911] 

Fairchild G, Hagan CC, Walsh ND, Passamonti L, Calder AJ, Goodyer IM. Brain structure 
abnormalities in adolescent girls with conduct disorder. Journal of Child Psychology and 
Psychiatry. 2012; 54:86–95. [PubMed: 23082797] 

Fairchild G, Passamonti L, Hurford G, Hagan CC, von dem Hagen EA, van Goozen SH, Goodyer IM, 
Calder AJ. Brain structure abnormalities in early-onset and adolescent-onset conduct disorder. 
American Journal of Psychiatry. 2011; 168:624–633. [PubMed: 21454920] 

Fecteau S, Pascual-Leone A, Theoret H. Psychopathy and the mirror neuron system: preliminary 
findings from a non-psychiatric sample. Psychiatry Research. 2008; 160:137–144. [PubMed: 
18599127] 

Finger EC, Marsh A, Blair KS, Majestic C, Evangelou I, Gupta K, Schneider MR, Sims C, Pope K, 
Fowler K, Sinclair S, Tovar-Moll F, Pine D, Blair RJ. Impaired functional but preserved structural 
connectivity in limbic white matter tracts in youth with conduct disorder or oppositional defiant 
disorder plus psychopathic traits. Psychiatry Research. 2012; 202:239–244. [PubMed: 22819939] 

Finger EC, Marsh AA, Mitchell DG, Reid ME, Sims C, Budhani S, Kosson DS, Chen G, Towbin KE, 
Leibenluft E, Pine DS, Blair JR. Abnormal ventromedial prefrontal cortex function in children 
with psychopathic traits during reversal learning. Archives of General Psychiatry. 2008; 65:586–
594. [PubMed: 18458210] 

Fischl B, Salat DH, Busa E, Albert M, Dieterich M, Haselgrove C, van der Kouwe A, Killiany R, 
Kennedy D, Klaveness S, Montillo A, Makris N, Rosen B, Dale AM. Whole brain segmentation: 
automated labeling of neuroanatomical structures in the human brain. Neuron. 2002; 33:341–355. 
[PubMed: 11832223] 

Gallese V. The roots of empathy: the shared manifold hypothesis and the neural basis of 
intersubjectivity. Psychopathology. 2003; 36:171–180. [PubMed: 14504450] 

Gao Y, Glenn AL, Schug RA, Yang Y, Raine A. The neurobiology of psychopathy: A 
neurodevelopmental perspective. Canadian Journal of Psychiatry. 2009; 54:813–823. [PubMed: 
20047720] 

Gazzola V, Aziz-Zadeh L, Keysers C. Empathy and the somatotopic auditory mirror system in humans. 
Current Biology. 2006; 16:1824–1829. [PubMed: 16979560] 

Glenn AL, Raine A, Yaralian PS, Yang Y. Increased volume of the striatum in psychopathic 
individuals. Biological Psychiatry. 2009; 67:52–58. [PubMed: 19683706] 

Glenn AL, Yang Y. The potential role of the striatum in antisocial behavior and psychopathy. 
Biological Psychiatry. 2012; 72:817–822. [PubMed: 22672927] 

Glenn AL, Yang Y, Raine A, Colletti P. No volumetric differences in the anterior cingulate of 
psychopathic individuals. Psychiatry Research: Neuroimaging. 2010b; 183:140–143. [PubMed: 
20630717] 

Gur RE, Maany V, Mozley PD, Swanson C, Bilker W, Gur RC. Subcortical MRI volumes in 
neuroleptic-naive and treated patients with schizophrenia. American Journal of Psychiatry. 1998; 
155:1711–1717. [PubMed: 9842780] 

Hare, RD. Manual for the Revised Psychopathy Checklist. 2. Multi-Health Systems; Toronto, ON, 
Canada: 2003. 

Hariri AR, Brown SM, Williamson DE, Flory JD, de Wit H, Manuck SB. Preference for immediate 
over delayed rewards is associated with magnitude of ventral striatal activity. Journal of 
Neuroscience. 2006; 26:13213–13217. [PubMed: 17182771] 

Huebner T, Vloet TD, Marx I, Konrad K, Fink GR, Herpertz SC, Herpertz-Dahlmann B. 
Morphometric brain abnormalities in boys with conduct disorder. Journal of the American 
Academy of Child and Adolescent Psychiatry. 2008; 47:540–547. [PubMed: 18356764] 

Yang et al. Page 13

Psychiatry Res. Author manuscript; available in PMC 2016 May 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Hyatt CJ, Haney-Caron E, Stevens MC. Cortical thickness and folding deficits in conduct-disordered 
adolescents. Biological Psychiatry. 2012; 72:207–214. [PubMed: 22209639] 

Iacoboni M, Molnar-Szakacs I, Gallese V, Buccino G, Mazziotta JC, Rizzolatti G. Grasping the 
intentions of others with one's own mirror neuron system. PLoS Biology. 2005; 3:e79. [PubMed: 
15736981] 

Jacobsen LK, Giedd JN, Gottschalk C, Kosten TR, Krystal JH. Quantitative morphology of the caudate 
and putamen in patients with cocaine dependence. American Journal of Psychiatry. 2001; 
158:486–489. [PubMed: 11229995] 

Kruesi MJP, Casanova MV, Mannheim G, Jonson-Bilder A. Reduced temportal lobe volume in early-
onset conduct disorder. Psychiatry Research: Neuroimaging. 2004; 132:1–11. [PubMed: 
15546698] 

Laakso MP, Vaurio O, Koivisto E, Savolainen L, Eronen M, Aronen HJ, Hakola P, Repo E, Soininen H, 
Tiihonen J. Psychopathy and the posterior hippocampus. Behavioral Brain Research. 2001; 
118:187–193.

Langers DR, Jansen JF, Backes WH. Enhanced signal detection in neuroimaging by means of regional 
control of the global false discovery rate. Neuroimage. 2007; 38:43–56. [PubMed: 17825583] 

Leow AD, Yanovsky I, Parikshak N, Hua X, Lee S, Toga AW, Jack CR Jr, Bernstein MA, Britson PJ, 
Gunter JL, Ward CP, Borowski B, Shaw LM, Trojanowski JQ, Fleisher AS, Harvey D, Kornak J, 
Schuff N, Alexander GE, Weiner MW, Thompson PM. Alzheimer's disease neuroimaging 
initiative: a one-year follow up study using tensor-based morphometry correlating degenerative 
rates, biomarkers and cognition. Neuroimage. 2009; 45:645–655. [PubMed: 19280686] 

Liljeholm M, O'Doherty JP. Contributions of the striatum to learning, motivation, and performance: an 
associative account. Trends in Cognitive Sciences. 2012; 16:467–475. [PubMed: 22890090] 

Lockwood PL, Sebastian CL, McCrory EJ, Hyde ZH, Gu X, De Brito SA, Viding E. Association of 
callous traits with reduced neural response to others' pain in children with conduct problems. 
Current Biology. 2013; 23:901–905. [PubMed: 23643836] 

Lynam DR. Pursuing the psychopath: capturing the fledgling psychopath in a nomological net. Journal 
of Abnormal Psychology. 1997; 106:425–438. [PubMed: 9241944] 

Marsh AA, Cardinale EM. When psychopathy impairs moral judgments: Neural responses during 
judgments about causing fear. Social Cognitive & Affective Neuroscience. 2012; 9:3–11. 
[PubMed: 22956667] 

Molenberghs P, Bosworth R, Nott Z, Louis WR, Smith JR, Amiot CE, Vohs KD, Decety J. The 
influence of group membership and individual differences in psychopathy and perspective taking 
on neural responses when punishing and rewarding others. Human Brain Mapping. 2014

Muller JL, Ganssbauer S, Sommer M, Dohnel K, Weber T, Schmidt-Wilcke T, Hajak G. Gray matter 
changes in right superior temporal gyrus in criminal psychopaths. Evidence from voxel-based 
morphometry. Psychiatry Research: Neuroimaging. 2008; 163:213–222. [PubMed: 18662867] 

Newman JP, Kosson DS. Passive avoidance learning in psychopathic and nonpsychopathic offenders. 
Journal of Abnormal Psychology. 1986; 95:252–256. [PubMed: 3745647] 

Newman JP, Kosson DS, Patterson CM. Delay of gratification in psychopathic and nonpsychopathic 
offenders. Journal of Abnormal Psychology. 1992; 101:630–636. [PubMed: 1430601] 

Newman JP, Patterson CM, Kosson DS. Response perseveration in psychopaths. Journal of Abnormal 
Psychology. 1987; 96:145–148. [PubMed: 3584663] 

O'Brien BS, Frick PJ. Reward dominance: associations with anxiety, conduct problems, and 
psychopathy in children. Journal of Abnormal Child Psychology. 1996; 24:223–240. [PubMed: 
8743246] 

O'Doherty JP. Reward representations and reward-related learning in the human brain: insights from 
neuroimaging. Current Opinion in Neurobiology. 2004; 14:769–776. [PubMed: 15582382] 

Osumi T, Nakao T, Kasuya Y, Shinoda J, Yamada J, Ohira H. Amygdala dysfunction attenuates 
frustration-induced aggression in psychopathic individuals in a non-criminal population. Journal of 
Affective Disorders. 2012; 142:331–338. [PubMed: 22840629] 

Pardini DA, Raine A, Erickson K, Loeber R. Lower amygdala volume in men is associated with 
childhood aggression, early psychopathic traits, and future violence. Biological Psychiatry. 2014; 
75:73–80. [PubMed: 23647988] 

Yang et al. Page 14

Psychiatry Res. Author manuscript; available in PMC 2016 May 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Passamonti L, Fairchild G, Fornito A, Goodyer IM, Nimmo-Smith I, Hagan CC, Calder AJ. Abnormal 
anatomical connectivity between the amygdala and orbitofrontal cortex in conduct disorder. PLoS 
One. 2012; 7:e48789. [PubMed: 23144970] 

Patrick CJ. Emotion and psychopathy: startling new insights. Psychophysiology. 1994; 31:319–330. 
[PubMed: 10690912] 

Pinheiro, JC.; Bates, DM. Mixed-Effects Models in S and S-PLUS. Springer; New York: 2000. 

Raine A, Yang Y. Neural foundations to moral reasoning and antisocial behavior. Social Cognitive & 
Affective Neuroscience. 2006; 1:203–213. [PubMed: 18985107] 

Raine A, Yang Y, Narr KL, Toga AW. Sex differences in orbitofrontal gray as a partial explanation for 
sex difference in antisocial personality. Molecular Psychiatry. 2009; 16:227–236. [PubMed: 
20029391] 

Rex DE, Ma JQ, Toga AW. The LONI Pipeline Processing Environment. Neuroimage. 2003; 19:1033–
1048. [PubMed: 12880830] 

Rilling JK, Glenn AL, Jairam MR, Pagnoni G, Goldsmith DR, Elfenbein HA, Lilienfeld SO. Neural 
correlates of social cooperation and non-cooperation as a function of psychopathy. Biological 
Psychiatry. 2007; 61:1260–1271. [PubMed: 17046722] 

Schiffer B, Muller BW, Scherbaum N, Hodgins S, Forsting M, Wiltfang J, Gizewski ER, Leygraf N. 
Disentangling structural brain alterations associated with violent behavior from those associated 
with substance use disorders. Archives of General Psychiatry. 2011; 68:1039–1049. [PubMed: 
21646569] 

Song DD, Haber SN. Striatal responses to partial dopaminergic lesion: evidence for compensatory 
sprouting. Journal of Neuroscience. 2000; 20:5102–5114. [PubMed: 10864967] 

Sowell E. Mapping cortical gray matter asymmetry patterns in adolescents with heavy prenatal alcohol 
exposure. Neuroimage. 2002; 17:1807–1819. [PubMed: 12498754] 

Sowell ER, Peterson BS, Thompson PM, Welcome SE, Henkenius AL, Toga AW. Mapping cortical 
change across the human life span. Nature Neuroscience. 2003; 6:309–315. [PubMed: 12548289] 

Sterzer P, Stadler C, Poustka F, Kleinschmidt A. A structural neural deficit in adolescents with conduct 
disorder and its association with lack of empathy. Neuroimage. 2007; 37:335–342. [PubMed: 
17553706] 

Taylor S, Christensen JD, Holcomb JM, Garver DL. Volume increases in striatum associated with 
positive symptom reduction in schizophrenia: a preliminary observation. Psychiatry Research: 
Neuroimaging. 2005; 140:85–89. [PubMed: 16194599] 

van Honk J, Schutter DJ. Unmasking feigned sanity: a neurobiological model of emotion processing in 
primary psychopathy. Cognitive Neuropsychiatry. 2006; 11:285–306. [PubMed: 17354073] 

Veit R, Lotze M, Sewing S, Missenhardt H, Gaber T, Birbaumer N. Aberrant social and cerebral 
responding in a competitive reaction time paradigm in criminal psychopaths. Neuroimage. 2010; 
49:3365–3372. [PubMed: 19948223] 

Wechsler, D. The Wechsler Intelligence Scale for Children. 4. Pearson Assessment; London: 2004. 

Yang Y, Joshi AA, Joshi SH, Baker LA, Narr KL, Raine A, Thompson PM, Damasio H. Genetic and 
environmental influences on cortical thickness among 14-year-old twins. Neuroreport. 2012; 
23:702–706. [PubMed: 22713927] 

Yang Y, Nuechterlein KH, Phillips OR, Gutman B, Kurth F, Dinov I, Thompson PM, Asarnow RF, 
Toga AW, Narr KL. Disease and genetic contributions toward local tissue volume disturbances in 
schizophrenia: a tensor-based morphometry study. Human Brain Mapping. 2012; 33:2081–2091. 
[PubMed: 22241649] 

Yang Y, Raine A. Prefrontal structural and functional brain imaging findings in antisocial, violent, and 
psychopathic individuals: a meta-analysis. Psychiatry Research: Neuroimaging. 2009; 174:81–88. 
[PubMed: 19833485] 

Yang Y, Raine A, Colletti P, Toga AW, Narr KL. Abnormal temporal and prefrontal cortical gray 
matter thinning in psychopaths. Molecular Psychiatry. 2009a; 14:561–562. 555. [PubMed: 
19455172] 

Yang Y, Raine A, Colletti P, Toga AW, Narr KL. Morphological alterations in the prefrontal cortex and 
the amygdala in unsuccessful psychopaths. Journal of Abnormal Psychology. 2010; 119:546–554. 
[PubMed: 20677843] 

Yang et al. Page 15

Psychiatry Res. Author manuscript; available in PMC 2016 May 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Yang Y, Raine A, Lencz T, Bihrle S, LaCasse L, Colletti P. Volume reduction in prefrontal gray matter 
in unsuccessful criminal psychopaths. Biological Psychiatry. 2005; 57:1103–1108. [PubMed: 
15866549] 

Yang Y, Raine A, Narr KL, Colletti P, Toga AW. Localization of deformaties within the amygdala in 
individuals with psychopathy. Archives of General Psychiatry. 2009b; 66:986–994. [PubMed: 
19736355] 

Yang et al. Page 16

Psychiatry Res. Author manuscript; available in PMC 2016 May 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



• Structural magnetic resonance imaging data were obtained from 108 adolescents 

using tensor-based morphometry.

• Higher levels of psychopathic traits correlated with increased volumes in the left 

putamen, left ansa peduncularis, right superiomedial prefrontal cortex, left 

inferior frontal cortex, right orbitofrontal cortex, and right medial temporal 

regions.

• Higher levels of psychopathic traits also correlated with reduced volumes in the 

right middle frontal cortex, left superior parietal lobule, and left inferior parietal 

lobule.

• Poor decision-making and emotional dysregulation associated with psychopathy 

may reflect structural anomalies in frontal and temporal regions whereas striatal 

structural variations may contribute to sensation-seeking and reward-driven 

behavior in psychopathic individuals.
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Fig. 1. 
The left panel illustrates FDR-corrected (q = 0.05) probability maps for (a) total sample, (b) 

males, and (c) females showing significant correlations between psychopathic tendencies 

and brain tissue volumes, and the right panel shows the corresponding beta maps indicating 

the direction of the effects. Cold colors indicate negative and hot colors positive correlations.
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Fig. 2. 
Correlations between total Childhood Psychopathy Scale (CPS) scores and gray matter 

volumes of the left and right putamen, corrected for total brain volumes and subject 

relatedness.
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