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RESEARCH ARTICLE
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Abstract
Psychopathy is a clinical condition characterized by a failure in normal social interaction

and morality. Recent studies have begun to reveal brain structural abnormalities associated

with psychopathic tendencies in children. However, little is known about whether variations

in brain morphology are linked to the developmental trajectory of psychopathic traits over

time. In this study, structural magnetic resonance imaging (sMRI) data from 108 14-year-old

adolescents with no history of substance abuse (54 males and 54 females) were examined

to detect cortical thickness variations associated with psychopathic traits and individual

rates of change in psychopathic traits from ages 9 to 18. We found cortical thickness abnor-

malities to correlate with psychopathic traits both cross-sectionally and longitudinally. Spe-

cifically, at age 14, higher psychopathic scores were correlated with thinner cortex in the

middle frontal gyrus, particularly in females, and thicker cortex in the superior temporal

gyrus, middle temporal gyrus, and parahippocampal gyrus, particularly in males. Longitudi-

nally, individual rates of change in psychopathic tendency over time were correlated with

thicker cortex in the superior temporal gyrus, middle temporal gyrus, inferior temporal

gyrus, parahippocampal gyrus, and posterior cingulate gyrus, particularly in males. Findings

suggest that abnormal cortical thickness may reflect a delay in brain maturation, resulting in

disturbances in frontal and temporal functioning such as impulsivity, sensation-seeking,

and emotional dysregulation in adolescents. Thus, findings provide initial evidence support-

ing that abnormal cortical thickness may serve as a biomarker for the development of psy-

chopathic propensity in adolescents.
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Introduction
Psychopathy is a clinical condition that affects ~1% of the general population and is linked to
antisocial and criminal behavior [1]. Characterized by a cluster of personality traits including
impulsivity, marked sensation-seeking, superficial emotion, and blunted punishment sensitivi-
ty, the concept of psychopathy has been successfully extended to younger groups to describe
and understand antisocial behavior and aggression in youth [2–4]. In general, behavioral, tem-
peramental, and neurocognitive characteristics in children with psychopathic tendencies re-
semble those of adults with psychopathy [5]. Psychopathic traits in younger samples reliably
predict the later development of delinquency, aggression, and antisocial personality disorder
[6], suggesting a potential neurodevelopmental basis to psychopathy. However, there remains
a need to identify neurobiological characteristics associated with progressive increases in psy-
chopathic personality traits throughout development as it would provide the much needed em-
pirical evidence to help developing more effective early intervention and prevention methods
for psychopathy and related disorders [4].

On the basis of normal brain development, childhood and adolescence represent periods of
extraordinary improvement in the efficiency in processing sensory, motor, cognitive, and emo-
tional information. Complex behavioral milestones during this time period are linked to intri-
cate brain maturational processes that are both regressive (synaptic pruning) and progressive
(myelination). MRI evidence revealed that gray and white matter in the brain undergo exten-
sive growth during early childhood, followed by a decrease in gray matter volume, particularly
considerable thinning of the cortex, starting around puberty [7–9]. The process does not occur
uniformly across the whole brain, but follows a pattern of maturation sequence from inferior/
posterior to superior/anterior in general [8, 10]. This may explain the inconsistency among
findings of neurobiological correlates of psychopathic traits between developmental popula-
tions with varied age ranges.

Over the last two decades, psychopathy in adults has been repeatedly linked to brain alter-
ations, particularly lower gray matter volumes and abnormal cortical thinning, in the frontal
and temporal cortex [11–16]. These findings are recently replicated in a study of an unusually
large cohort of incarcerated adult males (N = 296), which show psychopathy scores correlating
with lower gray matter volumes in the orbitofrontal cortex, parahippocampal cortex, temporal
poles and the posterior cingulate cortex [17]. These findings of frontotemporal and paralimbic
alterations are consistent with findings of impairments in social cognition, affect processing
and regulating, and moral decision-making, often observed in psychopathic individuals [18–
20].

Similar structural abnormalities have been linked to psychopathic-related traits in children
and adolescents (see reviews by [21–23]), however results to date remain inconclusive. For ex-
ample, two studies by De Brito and colleagues showed 10–13 year old boys with both conduct
problems and psychopathic tendencies to have greater gray matter and lower white matter con-
centration in the posterior medial orbitofrontal and anterior cingulate cortex compared to typi-
cally developing boys [24, 25]. On the other hand, in a large sample of incarcerated adolescent
males (N = 215), psychopathic traits were associated with lower gray matter volume in the
orbitofrontal cortex, bilateral temporal poles, and posterior cingulate cortex[26]. In another
study, Cope and the colleagues also observed similar effects in a small group of incarcerated ad-
olescent females (N = 39) that lower gray matter volumes were associated with psychopathic
traits in the orbitofrontal cortex, parahippocampal cortex, temporal poles and left hippocam-
pus[27]. Findings suggest that although there are overlaps in abnormalities observed in adults
and adolescents, the neural correlation of psychopathic traits in children may be more com-
plex, involving both hypoplasia and hyperplasia.
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In this report, we tested whether psychopathic tendency and its developmental trajectory
from childhood to early adolescence can be linked to specific characteristics of cortical thick-
ness. By using scores of psychopathic traits collected at up to four time points from ages 9–18
(ages 9–10, 11–13, 14–15, 16–18; see [28]) and structural MRI data collected at age 14 from a
relatively large cohort of 108 adolescents, we sought to determine if abnormal cortical thickness
is associated with (1) psychopathic tendency at the time of the scanning, and (2) individual
rates of change in psychopathic traits over time. The current study also benefits from the as-
sessment of a homogeneously-aged population, which limits confounds associated with age-re-
lated variations in brain structure that are typically encountered in developmental studies.
Based on the existing literature[19, 20, 22], we hypothesize that frontotemporal abnormalities
will be associated with not only concurrent psychopathic tendency, but also changes in psycho-
pathic tendency from childhood to adolescence. Specifically, we expect abnormal cortical thin-
ning in regions involved in impulse control, affect regulation, and moral decision-making,
particularly the orbitofrontal cortex, middle frontal cortex, cingulate cortex, and the superior
temporal gyrus to be associated with higher concurrent level of psychopathic tendency in ado-
lescents. Furthermore, we anticipate that abnormal cortical thickness in the temporal lobe will
be most strongly linked to changes in psychopathic tendency as increasing demands in social
adjustment, empathy and interpersonal bonding during adolescence would require more than
sufficient functioning of this region.

Materials and Methods

Subjects
The 108 14-year-old adolescents included in this study were drawn from participants in the
University of Southern California (USC) Risk Factors for Antisocial Behavior Twin Study [28,
29]. Briefly, the USC Twin Study is a longitudinal study assessing the development of antisocial
behaviors from childhood to young adulthood. The adolescents and their families were re-
cruited from Los Angeles County through advertisements, schools, and mothers of twins clubs.
The sample is representative of the ethnic and socioeconomic diversity of the greater Los Ange-
les areas. Specifically, the ethnicity breakdown of the sample was as follows: 36.7% Hispanic,
27.4% Caucasian, 14% Black, 4.4% Asian,. 16% Native American, and 17.3% mixed. Partici-
pants were excluded if they had a history of significant head injury (that involves a loss in con-
sciousness), major neurological, psychiatric illness, or contraindication to scanning (Baker
et al., 2013; Yang et al., 2012). Based on the self-report survey on the history of substance use, 3
subjects had tried marijuana (on average 2 times), 24 subjects had tried a sip of alcohol (on av-
erage 3 times), 5 subjects had tried cigarettes (on average 2 times), and none had tried other
drugs at the time of the brain scan (age 14). Thus, no subject was excluded because of prior or
current substance abuse. The sex distribution of this sample was exactly equal with 50% boys
and 50% girls. The adolescents and their primary caregivers (mainly their biological mothers)
participated in 6–8 hours of laboratory assessment at USC, including the one-hour scan. Care-
givers were administered self-report questionnaires and interviewed about their children’s be-
haviors. Both parents and children gave written informed consent/assent prior to the study.
The study was approved by both the USC and the CHLA Institutional Review Boards.

Psychopathy measures and estimating individual rates of change over
time
Children’s psychopathic traits were assessed using a slightly extended version of the Childhood
Psychopathy Scale (CPS) [3, 30] as described previously [31, 32]. The CPS is a well-validated
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instrument for measuring psychopathic tendency in children and adolescents. The full scale
contains 58 age-appropriate questions rated on a two-point scale (Yes = 2 or No = 1) and is
composed of 14 subscales including assessments of glibness, grandiosity, boredom susceptibili-
ty, untruthfulness, manipulation, lack of guilt, poverty of affect, callousness, impulsiveness,
parasitic lifestyle, behavioral dyscontrol, lack of planning, unreliability, and failure to accept re-
sponsibility. The CPS was administered to the caregivers in interview form and the score on all
items was calculated to estimate the parent-reported CPS total score for each child at up to
four waves: ages 9–10, 11–13, 14–15 (when brain scan was collected), and 16–18 (see Table 1
and Fig 1). Of all subjects, 36 were assessed at all four waves, 35 were assessed at 3 waves, and
37 were assessed at two waves.

In the present study, we focused on two developmental components of psychopathy: cross-
sectional psychopathy scores (at the time of the brain scan) and the rate of change in psychopa-
thy over time (i.e., the slope across waves). The individual rates of change over time (with direc-
tion) can be estimated with data frommore than two time points and linked to brain
morphometry to identify biomarkers for the trajectory of psychopathic tendency. To estimate
the slope, an individual summary statistics is typically computed as the regression of outcomes

Table 1. Mean CPS Score and the Slope Score (Rate of Change) for Total Sample, Males, and Females across FourWaves.

Total Sample Males Females

CPS Total Score a. Range Mean (SD) Range Mean (SD) Range Mean (SD)

Wave 1 (ages 9–10) 3–42 12.26 (7.19) 3–42 14.20 (8.22) 3–26 10.33 (5.42)

Wave 2 (ages 11–13) 4–35 13.17 (7.77) 5–35 15.13 (8.69) 4–29 11.10 (6.14)

Wave 3 (ages 14–15) 2–33 12.18 (7.09) 3–33 13.96 (7.92) 2–31 10.39 (5.68)

Wave 4 (ages 16–18) 2–34 10.11 (6.47) 2–34 12.35 (7.97) 3–14 7.87 (3.41)

CPS Slope Score Range Mean (SD) Range Mean (SD) Range Mean (SD)

-1.45–1.58 .18 (.50) -1.45–1.58 .20 (.60) -1.06–1.12 .16 (.40)

a. CPS total score was obtained from 88 subjects (44 males and 44 females) at wave 1, 66 subjects (34 males and 32 females) at wave 2, 108 subjects

(54 males and 54 females) at wave 3, and 46 subjects (23 males and 23 females) at wave 4.

doi:10.1371/journal.pone.0127025.t001

Fig 1. Mean CPS Scores for Total Sample, Males, and Females across FourWaves.

doi:10.1371/journal.pone.0127025.g001
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Yij on time tj: Yij = β0i + β 1itj + εij. However, because our data involves related subjects, a more
complex latent growth model (Fig 2), implemented using Mplus [33] [34, 35], was fitted to the
scores from each available wave to obtain the intercept and change rate for the CPS scores for
each individual. As illustrated in Fig 1, the initial level (intercept; G0) and the rate of change
(slope; G1) across waves were determined by examining the intercept (β0) and age-based slope
(β1) values for the CPS scores, and the basis coefficients α[t] weights were used to represent the
function of time for the observations at wave 2 and 3. Although not all subjects were assessed at
all waves, this method allowed us to utilize all available data to identify neural correlates associ-
ated with the rate of change in psychopathic tendency from childhood to adolescence. It is
worth mentioning that, of all 108 subjects, only 46 had psychopathy scores at age 16–18. Be-
cause this late adolescent period is an important age range for the manifestation of psychopathy,
the reduced sample at this wave may have impacted our estimation of changes in psychopathic
tendency over time.

Image data acquisition and processing
All participants were scanned using a 3T Siemens Magnetom Trio whole-body scanner at the
USC Dornsife Cognitive Neuroscience Imaging Center. 3D high-resolution T1-weighted im-
ages were acquired with a magnetization prepared rapid gradient echo (MP-RAGE) protocol
with the following parameters: inversion time (TI)/ repetition time (TR)/ echo time (TE) =
800/ 2530/ 3.09 msec, slice thickness = 1 mm without gap, matrix = 256 x 256, and field of view
(FOV) = 256 mm x 256 mm.

For each participant, cortical thickness was estimated using the FreeSurfer software v5.1.0
(13,14) at each vertex over the entire cortical surface, a process that has been validated against
postmortem histological analysis [36] and manual measurements [37, 38]. In brief, FreeSurfer
processing streams included skull-stripping, tissue segmentation, and spatial normalization of
each image volume [39, 40]. To estimate cortical thickness, after intensity normalization, gray-
white tissue segmentation was used to extract the pial and gray-white cortical surface. The pial
and gray-white cortical surface of each subject was visually inspected and manually corrected to
ensure accuracy [39, 40]. We then averaged the cortical surface shapes of all subjects included in

Fig 2. Biometric Latent Growth Model for Estimating Individual Rate of Change (Slope) for the CPS
Scores.Here we adapted a classical biometric latent growth model—for psychopathic personality—to
estimate the initial level (intercept; G0) and the rate of change (slope; G1) across four waves of assessment.
We computed these from the intercept (β0) and age-based slope (β1) values, respectively. The triangle
represents the unit constant where the one-headed arrow from the unit constant represents the mean; all
paths that are not explicitly labeled in the diagram are set to one. The basis coefficients α[t] are weights used
to represent the function of time for the observations at wave 2 and wave 3.

doi:10.1371/journal.pone.0127025.g002
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this study to create a study-specific surface template and registered each individual cortical sur-
face to the template to allow group analysis. To boost the signal to noise ratio, we applied a
25-mm full-width at half-maximum Gaussian surface-based smoothing kernel to the estimated
thickness values [41]. Whole brain, total gray matter and total cortical white matter volume of
each individual was also obtained using FreeSurfer, however none of these volumes were not sig-
nificantly correlated with psychopathy scores at the time of the brain scan (Table 2).

Statistical analyses
To determine if cortical thickness variations across the whole brain are associated with (1) par-
ent-reported psychopathy scores at the time of scanning, and (2) the estimated individual rates
of change (i.e., slope) in psychopathy over time, vertex-by-vertex analysis was performed using
a mixed effects regression model [39, 42, 43] implemented in the R statistical package [44], to
allow the controlling for sex, whole brain volume, and subject relatedness. Relatedness in the
twin pairs was accounted for in the covariance structure by allowing dependencies between the
residuals in the regression analysis. In theory, this makes the results representative of those ob-
tained from unrelated subjects. As comparisons were made at thousands of surface points, re-
sults reported here were thresholded using the standard False Discovery Rate (FDR) correction
for multiple comparisons (q-value = 0.05) [45, 46]. Post-hoc analyses were conducted separat-
ing males and females to show gender-specific effects for each of the statistical analyses.

Results

Cortical thickness and concurrent psychopathy scores
As shown in Fig 3, cross-sectionally at age 14, elevated psychopathy scores correlated signifi-
cantly with abnormal cortical thickness in several frontal and temporal regions. Specifically,
higher psychopathy scores correlated with thinner cortex in the bilateral middle frontal cortex
and thicker cortex in the bilateral middle temporal, left inferior temporal, right superior tem-
poral, right supramarginal, left parahippocampal, left superior parietal, right inferior parietal,
left precentral and postcentral, and bilateral lateral occipital gyri.

In our post-hoc analyses for gender-specific effects (Fig 4), we found higher psychopathy
scores in males to correlate significantly with thicker cortex in the bilateral middle temporal
gyri, right superior temporal gyrus, left inferior temporal gyrus, left medial orbitofrontal gyrus,
right supramarginal gyrus, bilateral paracentral gyri, left precuneus gyrus, bilateral precentral
and postcentral gyri, and bilateral lateral occipital gyri. For females, higher psychopathy scores
were correlated with thinner cortex in the bilateral middle frontal gyri, left superior frontal

Table 2. Pearson correlation coefficients (r) between total CPS scores at wave 3 (when brain scans
were collected) and brain volumes.

Mean CPS total scores at wave 3

Total Sample
(N = 108)

Males (N = 54) Females
(N = 54)

r Pa r Pa r Pa

Whole brain volume -.09 .34 -.16 .26 -.16 .26

Total gray matter volume .16 .10 .9 .53 -.08 .55

Total cortical white matter volume .09 .33 .11 .44 -.19 .18

a The P values shown are two-tailed probability tests.

doi:10.1371/journal.pone.0127025.t002
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gyrus, right medial orbitofrontal gyrus, left insula, right isthmus cingulate gyrus, and thicker
cortex in the bilateral superior temporal gyri.

Cortical thickness and individual rates of change in psychopathy across
waves
Longitudinally, we found a significant relationship between abnormal cortical thickness and in-
dividual rates of change in psychopathy over time (Fig 5). Specifically, higher rates of change in
psychopathic tendency (i.e., increases in psychopathy over time) correlated significantly with
thicker cortex in the bilateral superior temporal, bilateral middle temporal, left inferior tempo-
ral, right supramarginal, bilateral inferior parietal, right superior parietal, left posterior and
isthmus cingulate, bilateral parahippocampal, bilateral entorhinal, bilateral lingual, bilateral
postcentral, and bilateral lateral occipital gyri.

Post-hoc analysis showed that the link between abnormal cortical thickness and the rate of
change in psychopathic tendency over time was present in both males than females, with males
showing more prominent correlations (Fig 6). Specifically, higher rates of change in

Fig 4. Concurrent Correlations between Cortical Thickness and Psychopathy Scores in Males and
Females. FDR-corrected P value maps show significant correlations between cortical thickness and
psychopathic traits at 14 years old in males and females with the corresponding uncorrected beta maps show
the direction of the correlation.

doi:10.1371/journal.pone.0127025.g004

Fig 3. Concurrent Correlations between Cortical Thickness and Psychopathy Scores across the Total
Sample. FDR-corrected P value maps (top panel) show significant correlations between cortical thickness
and psychopathic traits at 14 years old. The corresponding uncorrected beta maps (bottom panel) show the
direction of the correlations. Cold colors indicate negative correlations; hot colors indicate
positive correlations.

doi:10.1371/journal.pone.0127025.g003
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psychopathic tendency in males correlated significantly with thicker cortex in the bilateral su-
perior temporal, bilateral middle temporal, left inferior temporal, left isthmus cingulate, left
temporal pole, left postcentral and paracentral, bilateral inferior parietal, and bilateral lingual
gyri. For females, higher rates of change in psychopathic tendency were found to correlate sig-
nificantly with thicker cortex in the right superior temporal gyrus, right inferior temporal
gyrus, and right inferior parietal lobe.

Discussion
To our knowledge, this is the first study to show cortical thickness abnormalities associated
with individual rates of change in psychopathy over time during childhood and adolescence.
Cross-sectionally at age 14, abnormal cortical thickness, particularly thinner prefrontal cortex
in females and thicker temporal cortex in males, was associated with elevated psychopathic
traits. Furthermore, thicker temporal cortex was linked to higher rates of change in psycho-
pathic tendency between ages 9–18, particularly among males. Our study thus lends support to
the concept of psychopathy as a disorder with a neurodevelopmental basis. Overall, this study
of healthy community-based adolescents reveals that perturbation of cortical maturation may

Fig 5. Correlations between Cortical Thickness and the Individual Rate of Change for Psychopathic
Traits across the Total Sample. FDR-corrected P value maps (top panel) show significant correlations
between cortical thickness and the individual rate of change for psychopathic traits over time. The
corresponding uncorrected beta maps (bottom panel) show the direction of the correlations. Cold colors
indicate negative correlations; hot colors indicate positive correlations.

doi:10.1371/journal.pone.0127025.g005

Fig 6. Correlations between Cortical Thickness and the Individual Rate of Change for Psychopathic
Traits in Males and Females. FDR-corrected P value maps show significant correlations between cortical
thickness and the individual rate of change for psychopathic traits over time in males and females with the
corresponding uncorrected beta maps show the direction of the correlations.

doi:10.1371/journal.pone.0127025.g006
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also play a fundamental role in the development of subclinical levels of psychopathy, rather
than simply reflecting comorbid features such as long-term substance abuse or severe delin-
quent behavior.

We show that cortical thinning in frontal regions, particularly in the right middle frontal
gyrus, may be associated with higher psychopathic tendencies in healthy adolescents. This find-
ing is in line with adult finings of cortical thinning in the right middle frontal cortex associated
with psychopathy [47]. Thinning in the middle frontal cortex has been associated with behav-
ioral problems including inattention, hyperactive, and impulsive symptoms [48, 49]. Further-
more, the finding of more prominent pathology in the right hemisphere is consistent with
prior studies [47, 50] and may be complementary to the finding of increased activation in the
right middle frontal gyrus in participants with high psychopathy scores when judging emotion-
ally charged statements and solving moral dilemmas [51–53]. It is important to note that there
are few studies on adult offenders that failed to show cortical thickness abnormalities in the
middle frontal cortex associated with psychopathy[16, 54]. Thus, findings here suggest that ab-
normal thinning in the middle frontal cortex may be specific to subclinical levels of psycho-
pathic tendency in relatively healthy samples. Furthermore, findings of stronger correlations
between frontal thinning and psychopathic traits in girls are in line with theories [55] that,
since the ‘social push’ for psychopathic traits is less prominent in females, a greater degree of
neurobiological abnormalities would be required to steer a female in a psychopathic direction.

The somewhat surprising finding of this study was that a thicker cortex in several temporal
regions was correlated with not only concurrent psychopathic traits but also individual rates of
change in psychopathic tendency over time. We found this to be more prominent in males
than females. Although abnormality in the temporal lobe is one of the deficits most frequently
linked to psychopathy, thinner cortex in this region is typically observed in adults with psy-
chopathy[16, 47]. This inconsistency may be due to the examination of maturing brains of ado-
lescents. Since cortical thinning including progressive myelination and the systematic
‘sculpting’ of dendritic and synaptic pruning occurs as part of the normal adolescent cortical
development, it is possible that a thicker temporal cortex observed here reflects disturbances in
this maturation process. Because cortical thickness reflects the proliferation of myelin, findings
are also supported by recent findings of disturbed white matter integrity in several frontal and
temporal regions including the right superior temporal gyrus to be associated with psychopath-
ic tendency [25, 56–58]. Overall, the abnormally thicker temporal cortex observed here may re-
flect a lack of refinement in the neural circuits, affecting the supporting cognitive abilities.

The localization of the observed relationship between increasing psychopathic tendencies in
adolescent males and thicker temporal cortex, most prominently in the bilateral superior, mid-
dle, and the medial temporal gyri (including parahippocampal gyrus, lingual gyrus, and ento-
rhinal gyrus) as well as bilateral temporal poles, may be of significance. These temporal regions
work in concert with other frontal and subcortical regions to process information involved in
complex social cognition and emotion. Functional abnormalities in these temporal regions
have been found in individuals with heightened psychopathic tendencies during emotional
face processing [59, 60], semantic processing[61], selective attention[62], and theory of mind
[63–65]. Superior temporal cortex, in particularly, is one of the regions most robustly linked to
psychopathy. One recently MRI study using pattern classification identified bilateral superior
temporal gyri as regions containing the most relevant information for classifying psychopathic
individuals [66]. Thus, disturbed cortical development in the temporal lobe, particularly the su-
perior temporal gyrus, may be one of the most promising biomarkers linked to changes in psy-
chopathic tendency among healthy adolescent males.

Last but not least, the left posterior cingulate cortex was also a prominent area where a
thicker cortex was associated with an increased propensity for psychopathy. In one recent
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study, the left posterior cingulate cortex was identified as a brain area most likely to represent
an endophenotypes for psychopathy[67]. Specifically, they found that almost half of the genetic
variance between increases in psychopathic traits and increases in gray matter concentration in
posterior cingulate cortex overlapped, suggesting the development of these two phenotypes to
be driven by common underlying genes. The left posterior cingulate cortex is part of the default
network involved in empathy, moral judgment, and mentalizing [68–71]. Thus, when the mat-
uration process in this region is disrupted, social and moral functioning may be compromised,
as has been observed in psychopathic individuals [72–74]. Although premature, it may be ar-
gued that a putative mechanism is at work whereby some genetic variants delay the maturation
of this region and result in the worsening of psychopathic symptoms across developmental
stages.

This study has several limitations. Although we were able to reduce heterogeneity in brain
structural variations within our adolescent sample by matching for age (all were aged 14 at the
time of scanning), future studies could benefit from further controlling for pubertal stage. It is
also worth noting that findings of this study are based on a community-based healthy adoles-
cent sample with a modest range of parent-reported psychopathy score and no prior substance
abuse. Thus, findings may not be generalizable to incarcerated youth with clinical level of psy-
chopathy or substance abuse. We were also unable to identify subtypes of psychopathy such as
adolescent limited, childhood limited or life-course persistent due to the modest range of psy-
chopathy scores and the fact that less than 1/3 of the subjects had data from all four waves. Fu-
ture studies containing a larger adolescent sample with greater range of psychopathy and fewer
missing data points would be needed to explore these subtypes of psychopathy. Because the
brain scan was only collected at one time point (age 14), we cannot establish that delay in brain
maturation contributes to abnormal cortical thickness, resulting in elevated/increasing psy-
chopathy tendency. Lastly, psychopathy scores were available for only 46 subjects at late ado-
lescence (age 16–18), thus our estimation of the rate of change in psychopathy may reflect
more closely changes during late childhood and early adolescence in this community sample.
Despite these limitations, findings show that abnormal cortical thickness may serve as potential
biomarkers for changes in psychopathic tendency during normal development. Multiple brain
scans collected in parallel with behavioral and clinical evaluations throughout critical develop-
mental stages in the future will provide the critical information needed to confirm the current
findings as well as further our understanding of the neural mechanisms underlying psychopa-
thy in youth and its developmental subtypes.

Acknowledgments
This work was supported by grants from the National Institute of Health (http://www.nih.org)
including R00 MH093388 (Y.Y.) for data analysis and preparation of the manuscript,
R01MH58354 (L.A.B.) for study design and data collection and analysis, R01MH092301 (K.L.
N.) for data analysis and preparation of the manuscript, and R01AG040060 and P41RR013642
(P.M.T.) for data analysis, and by a grant from the Brain and Creativity Institute, University of
Southern California for data collection. The authors thank Anand Joshi, Ph.D. and Jason Stein,
Ph.D. for their contributions to the data processing in this study.

Author Contributions
Conceived and designed the experiments: YY LAB. Performed the experiments: YY LAB. Ana-
lyzed the data: YY PW SHJ GH. Contributed reagents/materials/analysis tools: KLN SHJ.
Wrote the paper: YY LAB KLN AR PMT.

Abnormal Cortical Thickness and Psychopathy

PLOS ONE | DOI:10.1371/journal.pone.0127025 May 27, 2015 10 / 15

http://www.nih.org/


References
1. Hare RD. Manual for the Revised Psychopathy Checklist. 2nd ed. Toronto, ON, Canada: Multi-Health

Systems; 2003.

2. Farrington DP. The importance of child and adolescent psychopathy. Journal of abnormal child psy-
chology. 2005; 33(4):489–97. Epub 2005/08/27. PubMed PMID: 16118994.

3. Lynam DR. Pursuing the psychopath: capturing the fledgling psychopath in a nomological net. Journal
of abnormal psychology. 1997; 106(3):425–38. Epub 1997/08/01. PubMed PMID: 9241944.

4. Frick PJ, Bodin SD, Barry CT. Psychopathic traits and conduct problems in community and clinic-re-
ferred samples of children: further development of the psychopathy screening device. Psychological
assessment. 2000; 12(4):382–93. Epub 2001/01/09. PubMed PMID: 11147105.

5. Lynam DR, Gudonis L. The development of psychopathy. Annual review of clinical psychology. 2005;
1:381–407. Epub 2007/08/25. doi: 10.1146/annurev.clinpsy.1.102803.144019 PubMed PMID:
17716093.

6. Frick PJ, White SF. Research review: the importance of callous-unemotional traits for developmental
models of aggressive and antisocial behavior. Journal of child psychology and psychiatry, and allied
disciplines. 2008; 49(4):359–75. Epub 2008/01/29. doi: 10.1111/j.1469-7610.2007.01862.x PubMed
PMID: 18221345.

7. Giedd JN, Blumenthal J, Jeffries NO, Castellanos FX, Liu H, Zijdenbos A, et al. Brain development dur-
ing childhood and adolescence: a longitudinal MRI study. Nature neuroscience. 1999; 2(10):861–3.
Epub 1999/09/24. doi: 10.1038/13158 PubMed PMID: 10491603.

8. Gogtay N, Giedd JN, Lusk L, Hayashi KM, Greenstein D, Vaituzis AC, et al. Dynamic mapping of
human cortical development during childhood through early adulthood. Proceedings of the National
Academy of Sciences of the United States of America. 2004; 101(21):8174–9. Epub 2004/05/19. doi:
10.1073/pnas.0402680101 PubMed PMID: 15148381; PubMed Central PMCID: PMCPMC419576.

9. Sowell ER, Trauner DA, Gamst A, Jernigan TL. Development of cortical and subcortical brain structures
in childhood and adolescence: a structural MRI study. Developmental medicine and child neurology.
2002; 44(1):4–16. Epub 2002/01/29. PubMed PMID: 11811649.

10. Yakovlev PI, Lecours AR. The myelogenetic cycles of regional maturation of the brain. Minkowski A,
editor. Boston: Blackwell Scientific Publications; 1967.

11. de Oliveira-Souza R, Hare RD, Bramati IE, Garrido GJ, Azevedo Ignacio F, Tovar-Moll F, et al. Psy-
chopathy as a disorder of the moral brain: fronto-temporo-limbic grey matter reductions demonstrated
by voxel-basedmorphometry. NeuroImage. 2008; 40(3):1202–13. Epub 2008/02/22. doi: 10.1016/j.
neuroimage.2007.12.054 PubMed PMID: 18289882.

12. Tiihonen J, Rossi R, Laakso MP, Hodgins S, Testa C, Perez J, et al. Brain anatomy of persistent violent
offenders: more rather than less. Psychiatry research. 2008; 163(3):201–12. Epub 2008/07/30. doi: 10.
1016/j.pscychresns.2007.08.012 PubMed PMID: 18662866.

13. 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(3):546–54.
Epub 2010/08/04. doi: 10.1037/a0019611 PubMed PMID: 20677843.

14. Raine A, Yang Y, Narr KL, Toga AW. Sex differences in orbitofrontal gray as a partial explanation for
sex differences in antisocial personality. Molecular psychiatry. 2011; 16(2):227–36. Epub 2009/12/24.
doi: 10.1038/mp.2009.136 PubMed PMID: 20029391; PubMed Central PMCID: PMCPMC3008752.

15. Yang Y, Raine A. Prefrontal structural and functional brain imaging findings in antisocial, violent, and
psychopathic individuals: a meta-analysis. Psychiatry research. 2009; 174(2):81–8. Epub 2009/10/17.
doi: 10.1016/j.pscychresns.2009.03.012 PubMed PMID: 19833485; PubMed Central PMCID:
PMC2784035.

16. Ly M, Motzkin JC, Philippi CL, Kirk GR, Newman JP, Kiehl KA, et al. Cortical thinning in psychopathy.
The American journal of psychiatry. 2012; 169(7):743–9. Epub 2012/05/15. doi: 10.1176/appi.ajp.2012.
11111627 PubMed PMID: 22581200.

17. Ermer E, Cope LM, Nyalakanti PK, Calhoun VD, Kiehl KA. Aberrant paralimbic gray matter in criminal
psychopathy. Journal of abnormal psychology. 2012; 121(3):649–58. Epub 2011/12/14. doi: 10.1037/
a0026371 PubMed PMID: 22149911; PubMed Central PMCID: PMCPMC4039408.

18. Yang Y, Raine A. Functional neuroanatomy of psychopathy. Psychiatry. 2008; 7(3):133–6. doi: 10.
1016/j.mppsy.2008.01.001

19. Koenigs M. The role of prefrontal cortex in psychopathy. Reviews in the neurosciences. 2012; 23
(3):253–62. Epub 2012/07/04. doi: 10.1515/revneuro-2012-0036 PubMed PMID: 22752782; PubMed
Central PMCID: PMCPMC3937069.

Abnormal Cortical Thickness and Psychopathy

PLOS ONE | DOI:10.1371/journal.pone.0127025 May 27, 2015 11 / 15

http://www.ncbi.nlm.nih.gov/pubmed/16118994
http://www.ncbi.nlm.nih.gov/pubmed/9241944
http://www.ncbi.nlm.nih.gov/pubmed/11147105
http://dx.doi.org/10.1146/annurev.clinpsy.1.102803.144019
http://www.ncbi.nlm.nih.gov/pubmed/17716093
http://dx.doi.org/10.1111/j.1469-7610.2007.01862.x
http://www.ncbi.nlm.nih.gov/pubmed/18221345
http://dx.doi.org/10.1038/13158
http://www.ncbi.nlm.nih.gov/pubmed/10491603
http://dx.doi.org/10.1073/pnas.0402680101
http://www.ncbi.nlm.nih.gov/pubmed/15148381
http://www.ncbi.nlm.nih.gov/pubmed/11811649
http://dx.doi.org/10.1016/j.neuroimage.2007.12.054
http://dx.doi.org/10.1016/j.neuroimage.2007.12.054
http://www.ncbi.nlm.nih.gov/pubmed/18289882
http://dx.doi.org/10.1016/j.pscychresns.2007.08.012
http://dx.doi.org/10.1016/j.pscychresns.2007.08.012
http://www.ncbi.nlm.nih.gov/pubmed/18662866
http://dx.doi.org/10.1037/a0019611
http://www.ncbi.nlm.nih.gov/pubmed/20677843
http://dx.doi.org/10.1038/mp.2009.136
http://www.ncbi.nlm.nih.gov/pubmed/20029391
http://dx.doi.org/10.1016/j.pscychresns.2009.03.012
http://www.ncbi.nlm.nih.gov/pubmed/19833485
http://dx.doi.org/10.1176/appi.ajp.2012.11111627
http://dx.doi.org/10.1176/appi.ajp.2012.11111627
http://www.ncbi.nlm.nih.gov/pubmed/22581200
http://dx.doi.org/10.1037/a0026371
http://dx.doi.org/10.1037/a0026371
http://www.ncbi.nlm.nih.gov/pubmed/22149911
http://dx.doi.org/10.1016/j.mppsy.2008.01.001
http://dx.doi.org/10.1016/j.mppsy.2008.01.001
http://dx.doi.org/10.1515/revneuro-2012-0036
http://www.ncbi.nlm.nih.gov/pubmed/22752782


20. Kiehl KA. A cognitive neuroscience perspective on psychopathy: evidence for paralimbic system dys-
function. Psychiatry research. 2006; 142(2–3):107–28. Epub 2006/05/23. doi: 10.1016/j.psychres.
2005.09.013 PubMed PMID: 16712954; PubMed Central PMCID: PMCPMC2765815.

21. Gao Y, Glenn AL, Schug RA, Yang Y, Raine A. The neurobiology of psychopathy: A neurodevelopmen-
tal perspective. Canadian Journal of Psychiatry. 2009; 54(12):813–23. PMID: 20047720

22. Blair RJ. The neurobiology of psychopathic traits in youths. Nature reviews Neuroscience. 2013; 14
(11):786–99. Epub 2013/10/10. doi: 10.1038/nrn3577 PubMed PMID: 24105343.

23. Viding E, Seara-Cardoso A, McCrory EJ. Antisocial and callous behaviour in children. Current topics in
behavioral neurosciences. 2014; 17:395–419. Epub 2013/12/21. doi: 10.1007/7854_2013_266
PubMed PMID: 24357438.

24. De Brito SA, Mechelli A, Wilke M, Laurens KR, Jones AP, Barker GJ, et al. Size matters: increased
grey matter in boys with conduct problems and callous-unemotional traits. Brain: a journal of neurology.
2009; 132(Pt 4):843–52. Epub 2009/03/19. doi: 10.1093/brain/awp011 PubMed PMID: 19293245.

25. De Brito SA, McCrory EJ, Mechelli A, Wilke M, Jones AP, Hodgins S, et al. Small, but not perfectly
formed: decreased white matter concentration in boys with psychopathic tendencies. Molecular psychi-
atry. 2011; 16(5):476–7. Epub 2010/06/16. doi: 10.1038/mp.2010.74 PubMed PMID: 20548295.

26. Ermer E, Cope LM, Nyalakanti PK, Calhoun VD, Kiehl KA. Aberrant paralimbic gray matter in incarcer-
ated male adolescents with psychopathic traits. Journal of the American Academy of Child and Adoles-
cent Psychiatry. 2013; 52(1):94–103 e3. Epub 2012/12/26. doi: 10.1016/j.jaac.2012.10.013 PubMed
PMID: 23265637; PubMed Central PMCID: PMCPMC3549663.

27. Cope LM, Ermer E, Nyalakanti PK, Calhoun VD, Kiehl KA. Paralimbic gray matter reductions in incar-
cerated adolescent females with psychopathic traits. Journal of abnormal child psychology. 2014; 42
(4):659–68. Epub 2014/04/01. doi: 10.1007/s10802-013-9810-4 PubMed PMID: 24682609; PubMed
Central PMCID: PMCPMC3976761.

28. Baker LA, Tuvblad C, Wang P, Gomez K, Bezdjian S, Niv S, et al. The Southern California Twin Regis-
ter at the University of Southern California: III. Twin research and human genetics: the official journal of
the International Society for Twin Studies. 2013; 16(1):336–43. Epub 2013/02/12. doi: 10.1017/thg.
2012.127 PubMed PMID: 23394193; PubMed Central PMCID: PMCPMC3674229.

29. Baker LA, Barton M, Lozano DI, Raine A, Fowler JH. The Southern California Twin Register at the Uni-
versity of Southern California: II. Twin research and human genetics: the official journal of the Interna-
tional Society for Twin Studies. 2006; 9(6):933–40. Epub 2007/01/27. doi: 10.1375/
183242706779462912 PubMed PMID: 17254433; PubMed Central PMCID: PMC1913188.

30. Lynam DR, Caspi A, Moffitt TE, Raine A, Loeber R, Stouthamer-Loeber M. Adolescent psychopathy
and the big five: results from two samples. Journal of abnormal child psychology. 2005; 33(4):431–43.
Epub 2005/08/27. PubMed PMID: 16118990.

31. Bezdjian S, Baker LA, Tuvblad C. Genetic and environmental influences on impulsivity: a meta-analysis
of twin, family and adoption studies. Clin Psychol Rev. 2011; 31(7):1209–23. Epub 2011/09/06. doi: 10.
1016/j.cpr.2011.07.005 PubMed PMID: 21889436; PubMed Central PMCID: PMC3176916.

32. Wang P, Baker LA, Gao Y, Raine A, Lozano DI. Psychopathic traits and physiological responses to
aversive stimuli in children aged 9–11 years. Journal of abnormal child psychology. 2012; 40(5):759–
69. Epub 2012/01/10. doi: 10.1007/s10802-011-9606-3 PubMed PMID: 22228313; PubMed Central
PMCID: PMC3375395.

33. Muthén LK, Muthén BO. Mplus User's Guide. Los Angeles: Muthén & Muthén; 1998.

34. McArdle JJ. Latent curve analyses of longitudinal twin data using a mixed-effects biometric approach.
Twin research and human genetics: the official journal of the International Society for Twin Studies.
2006; 9(3):343–59. Epub 2006/06/23. doi: 10.1375/183242706777591263 PubMed PMID: 16790145.

35. McArdle JJ, Prescott CA. Mixed-effects variance components models for biometric family analyses. Be-
havior genetics. 2005; 35(5):631–52. Epub 2005/09/27. doi: 10.1007/s10519-005-2868-1 PubMed
PMID: 16184490.

36. Rosas HD, Liu AK, Hersch S, Glessner M, Ferrante RJ, Salat DH, et al. Regional and progressive thin-
ning of the cortical ribbon in Huntington's disease. Neurology. 2002; 58(5):695–701. Epub 2002/03/13.
PubMed PMID: 11889230.

37. Kuperberg GR, BroomeMR, McGuire PK, David AS, Eddy M, Ozawa F, et al. Regionally localized thin-
ning of the cerebral cortex in schizophrenia. Arch Gen Psychiatry. 2003; 60(9):878–88. Epub 2003/09/
10. doi: 10.1001/archpsyc.60.9.878 PubMed PMID: 12963669.

38. Salat DH, Buckner RL, Snyder AZ, Greve DN, Desikan RS, Busa E, et al. Thinning of the cerebral cor-
tex in aging. Cereb Cortex. 2004; 14(7):721–30. Epub 2004/04/01. doi: 10.1093/cercor/bhh032
PubMed PMID: 15054051.

Abnormal Cortical Thickness and Psychopathy

PLOS ONE | DOI:10.1371/journal.pone.0127025 May 27, 2015 12 / 15

http://dx.doi.org/10.1016/j.psychres.2005.09.013
http://dx.doi.org/10.1016/j.psychres.2005.09.013
http://www.ncbi.nlm.nih.gov/pubmed/16712954
http://www.ncbi.nlm.nih.gov/pubmed/20047720
http://dx.doi.org/10.1038/nrn3577
http://www.ncbi.nlm.nih.gov/pubmed/24105343
http://dx.doi.org/10.1007/7854_2013_266
http://www.ncbi.nlm.nih.gov/pubmed/24357438
http://dx.doi.org/10.1093/brain/awp011
http://www.ncbi.nlm.nih.gov/pubmed/19293245
http://dx.doi.org/10.1038/mp.2010.74
http://www.ncbi.nlm.nih.gov/pubmed/20548295
http://dx.doi.org/10.1016/j.jaac.2012.10.013
http://www.ncbi.nlm.nih.gov/pubmed/23265637
http://dx.doi.org/10.1007/s10802-013-9810-4
http://www.ncbi.nlm.nih.gov/pubmed/24682609
http://dx.doi.org/10.1017/thg.2012.127
http://dx.doi.org/10.1017/thg.2012.127
http://www.ncbi.nlm.nih.gov/pubmed/23394193
http://dx.doi.org/10.1375/183242706779462912
http://dx.doi.org/10.1375/183242706779462912
http://www.ncbi.nlm.nih.gov/pubmed/17254433
http://www.ncbi.nlm.nih.gov/pubmed/16118990
http://dx.doi.org/10.1016/j.cpr.2011.07.005
http://dx.doi.org/10.1016/j.cpr.2011.07.005
http://www.ncbi.nlm.nih.gov/pubmed/21889436
http://dx.doi.org/10.1007/s10802-011-9606-3
http://www.ncbi.nlm.nih.gov/pubmed/22228313
http://dx.doi.org/10.1375/183242706777591263
http://www.ncbi.nlm.nih.gov/pubmed/16790145
http://dx.doi.org/10.1007/s10519-005-2868-1
http://www.ncbi.nlm.nih.gov/pubmed/16184490
http://www.ncbi.nlm.nih.gov/pubmed/11889230
http://dx.doi.org/10.1001/archpsyc.60.9.878
http://www.ncbi.nlm.nih.gov/pubmed/12963669
http://dx.doi.org/10.1093/cercor/bhh032
http://www.ncbi.nlm.nih.gov/pubmed/15054051


39. Yang Y, Roussotte F, Kan E, Sulik KK, Mattson SN, Riley EP, et al. Abnormal cortical thickness alter-
ations in fetal alcohol spectrum disorders and their relationships with facial dysmorphology. Cereb Cor-
tex. 2012; 22(5):1170–9. Epub 2011/07/30. doi: 10.1093/cercor/bhr193 PubMed PMID: 21799209;
PubMed Central PMCID: PMC3328347.

40. Yang Y, Joshi AA, Joshi SH, Baker LA, Narr KL, Raine A, et al. Genetic and environmental influences
on cortical thickness among 14-year-old twins. Neuroreport. 2012; 23(12):702–6. Epub 2012/06/21.
doi: 10.1097/WNR.0b013e328355a62a PubMed PMID: 22713927.

41. Panizzon MS, Fennema-Notestine C, Eyler LT, Jernigan TL, Prom-Wormley E, Neale M, et al. Distinct
genetic influences on cortical surface area and cortical thickness. Cereb Cortex. 2009; 19(11):2728–
35. Epub 2009/03/21. doi: 10.1093/cercor/bhp026 PubMed PMID: 19299253; PubMed Central PMCID:
PMC2758684.

42. Joshi AA, Lepore N, Joshi SH, Lee AD, Barysheva M, Stein JL, et al. The contribution of genes to corti-
cal thickness and volume. Neuroreport. 2011; 22(3):101–5. Epub 2011/01/15. doi: 10.1097/WNR.
0b013e3283424c84 PubMed PMID: 21233781; PubMed Central PMCID: PMC3079384.

43. Yang Y, Nuechterlein KH, Phillips O, Hamilton LS, Subotnik KL, Asarnow RF, et al. The contributions of
disease and genetic factors towards regional cortical thinning in schizophrenia: the UCLA family study.
Schizophrenia research. 2010; 123(2–3):116–25. Epub 2010/09/08. doi: 10.1016/j.schres.2010.08.005
PubMed PMID: 20817413; PubMed Central PMCID: PMC2988766.

44. Pinheiro JC, Bates DM. Mixed-effects models in S and S-PLUS. New York: Springer; 2000.

45. 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(1):289–300.

46. Wang Y, Song Y, Rajagopalan P, An T, Liu K, Chou YY, et al. Surface-based TBM boosts power to de-
tect disease effects on the brain: an N = 804 ADNI study. NeuroImage. 2011; 56(4):1993–2010. Epub
2011/03/29. doi: 10.1016/j.neuroimage.2011.03.040 PubMed PMID: 21440071; PubMed Central
PMCID: PMCPMC3393753.

47. Yang Y, Raine A, Colletti P, Toga AW, Narr KL. Abnormal temporal and prefrontal cortical gray matter
thinning in psychopaths. Molecular psychiatry. 2009; 14(6):561–2, 55. Epub 2009/05/21. doi: 10.1038/
mp.2009.12 PubMed PMID: 19455172.

48. Ducharme S, Hudziak JJ, Botteron KN, Albaugh MD, Nguyen TV, Karama S, et al. Decreased regional
cortical thickness and thinning rate are associated with inattention symptoms in healthy children. Jour-
nal of the American Academy of Child and Adolescent Psychiatry. 2012; 51(1):18–27 e2. Epub 2011/
12/20. doi: 10.1016/j.jaac.2011.09.022 PubMed PMID: 22176936; PubMed Central PMCID:
PMC3297982.

49. Shaw P, Malek M, Watson B, SharpW, Evans A, Greenstein D. Development of cortical surface area
and gyrification in attention-deficit/hyperactivity disorder. Biological psychiatry. 2012; 72(3):191–7.
Epub 2012/03/16. doi: 10.1016/j.biopsych.2012.01.031 PubMed PMID: 22418014.

50. Narayan VM, Narr KL, Kumari V, Woods RP, Thompson PM, Toga AW, et al. Regional cortical thinning
in subjects with violent antisocial personality disorder or schizophrenia. The American journal of psychi-
atry. 2007; 164(9):1418–27. Epub 2007/08/31. doi: 10.1176/appi.ajp.2007.06101631 PubMed PMID:
17728428; PubMed Central PMCID: PMCPMC3197838.

51. Marsh AA, Cardinale EM. When psychopathy impairs moral judgments: Neural responses during judg-
ments about causing fear. Social cognitive and affective neuroscience. 2012. Epub 2012/09/08. doi:
10.1093/scan/nss097 PubMed PMID: 22956667.

52. Glenn AL, Raine A, Schug RA. The neural correlates of moral decision-making in psychopathy. Molecu-
lar psychiatry. 2009; 14(1):5–6. Epub 2008/12/20. doi: 10.1038/mp.2008.104 PubMed PMID:
19096450.

53. Rilling JK, Glenn AL, JairamMR, Pagnoni G, Goldsmith DR, Elfenbein HA, et al. Neural correlates of
social cooperation and non-cooperation as a function of psychopathy. Biological psychiatry. 2007; 61
(11):1260–71. Epub 2006/10/19. doi: 10.1016/j.biopsych.2006.07.021 PubMed PMID: 17046722.

54. Howner K, Eskildsen SF, Fischer H, Dierks T, Wahlund LO, Jonsson T, et al. Thinner cortex in the fron-
tal lobes in mentally disordered offenders. Psychiatry research. 2012; 203(2–3):126–31. Epub 2012/
09/06. doi: 10.1016/j.pscychresns.2011.12.011 PubMed PMID: 22947310.

55. Mednick S, Kirkegaard-Sorensen L, Hutchings B, Knop J, Rosenberg R, Schulsinger F. An example of
bio-social research: the interplay of socioenvironmental and individual factors in the etiology of criminal
behavior. S.A. M, K.O. C, editors. New York: Gardner; 1997.

56. Motzkin JC, Newman JP, Kiehl KA, Koenigs M. Reduced prefrontal connectivity in psychopathy. The
Journal of neuroscience: the official journal of the Society for Neuroscience. 2011; 31(48):17348–57.
Epub 2011/12/02. doi: 10.1523/jneurosci.4215-11.2011 PubMed PMID: 22131397; PubMed Central
PMCID: PMCPMC3311922.

Abnormal Cortical Thickness and Psychopathy

PLOS ONE | DOI:10.1371/journal.pone.0127025 May 27, 2015 13 / 15

http://dx.doi.org/10.1093/cercor/bhr193
http://www.ncbi.nlm.nih.gov/pubmed/21799209
http://dx.doi.org/10.1097/WNR.0b013e328355a62a
http://www.ncbi.nlm.nih.gov/pubmed/22713927
http://dx.doi.org/10.1093/cercor/bhp026
http://www.ncbi.nlm.nih.gov/pubmed/19299253
http://dx.doi.org/10.1097/WNR.0b013e3283424c84
http://dx.doi.org/10.1097/WNR.0b013e3283424c84
http://www.ncbi.nlm.nih.gov/pubmed/21233781
http://dx.doi.org/10.1016/j.schres.2010.08.005
http://www.ncbi.nlm.nih.gov/pubmed/20817413
http://dx.doi.org/10.1016/j.neuroimage.2011.03.040
http://www.ncbi.nlm.nih.gov/pubmed/21440071
http://dx.doi.org/10.1038/mp.2009.12
http://dx.doi.org/10.1038/mp.2009.12
http://www.ncbi.nlm.nih.gov/pubmed/19455172
http://dx.doi.org/10.1016/j.jaac.2011.09.022
http://www.ncbi.nlm.nih.gov/pubmed/22176936
http://dx.doi.org/10.1016/j.biopsych.2012.01.031
http://www.ncbi.nlm.nih.gov/pubmed/22418014
http://dx.doi.org/10.1176/appi.ajp.2007.06101631
http://www.ncbi.nlm.nih.gov/pubmed/17728428
http://dx.doi.org/10.1093/scan/nss097
http://www.ncbi.nlm.nih.gov/pubmed/22956667
http://dx.doi.org/10.1038/mp.2008.104
http://www.ncbi.nlm.nih.gov/pubmed/19096450
http://dx.doi.org/10.1016/j.biopsych.2006.07.021
http://www.ncbi.nlm.nih.gov/pubmed/17046722
http://dx.doi.org/10.1016/j.pscychresns.2011.12.011
http://www.ncbi.nlm.nih.gov/pubmed/22947310
http://dx.doi.org/10.1523/jneurosci.4215-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/22131397


57. Sarkar S, Craig MC, Catani M, Dell'acqua F, Fahy T, Deeley Q, et al. Frontotemporal white-matter mi-
crostructural abnormalities in adolescents with conduct disorder: a diffusion tensor imaging study. Psy-
chol Med. 2013; 43(2):401–11. Epub 2012/05/24. doi: 10.1017/s003329171200116x PubMed PMID:
22617495.

58. Sundram F, Deeley Q, Sarkar S, Daly E, Latham R, Craig M, et al. White matter microstructural abnor-
malities in the frontal lobe of adults with antisocial personality disorder. Cortex; a journal devoted to the
study of the nervous system and behavior. 2012; 48(2):216–29. Epub 2011/07/23. doi: 10.1016/j.
cortex.2011.06.005 PubMed PMID: 21777912.

59. Muller JL, Sommer M, Dohnel K, Weber T, Schmidt-Wilcke T, Hajak G. Disturbed prefrontal and tempo-
ral brain function during emotion and cognition interaction in criminal psychopathy. Behavioral sciences
& the law. 2008; 26(1):131–50. Epub 2008/03/11. doi: 10.1002/bsl.796 PubMed PMID: 18327826.

60. Decety J, Skelly L, Yoder KJ, Kiehl KA. Neural processing of dynamic emotional facial expressions in
psychopaths. Social neuroscience. 2014; 9(1):36–49. Epub 2013/12/24. doi: 10.1080/17470919.2013.
866905 PubMed PMID: 24359488.

61. Kiehl K, Smith AM, Mendrek A, Forster BB, Hare RD, Liddle PF. Temporal lobe abnormalities in seman-
tic processing by criminal psychopaths as revealed by functional magnetic resonance imaging. Psychi-
atry Research Neuroimaging. 2004; 130:27–42. PMID: 14972366

62. Sadeh N, Spielberg JM, Heller W, Herrington JD, Engels AS, Warren SL, et al. Emotion disrupts neural
activity during selective attention in psychopathy. Social cognitive and affective neuroscience. 2013; 8
(3):235–46. Epub 2012/01/03. doi: 10.1093/scan/nsr092 PubMed PMID: 22210673; PubMed Central
PMCID: PMCPMC3594718.

63. Molenberghs P, Bosworth R, Nott Z, Louis WR, Smith JR, Amiot CE, et al. The influence of group mem-
bership and individual differences in psychopathy and perspective taking on neural responses when
punishing and rewarding others. Human brain mapping. 2014; 35(10):4989–99. Epub 2014/04/23. doi:
10.1002/hbm.22527 PubMed PMID: 24753026.

64. Mier D, Haddad L, Diers K, Dressing H, Meyer-Lindenberg A, Kirsch P. Reduced embodied simulation
in psychopathy. World J Biol Psychiatry. 2014; 15(6):479–87. Epub 2014/05/08. doi: 10.3109/
15622975.2014.902541 PubMed PMID: 24802075.

65. Vollm BA, Taylor AN, Richardson P, Corcoran R, Stirling J, McKie S, et al. Neuronal correlates of theory
of mind and empathy: a functional magnetic resonance imaging study in a nonverbal task. NeuroImage.
2006; 29(1):90–8. Epub 2005/08/27. doi: 10.1016/j.neuroimage.2005.07.022 PubMed PMID:
16122944.

66. Sato JR, de Oliveira-Souza R, Thomaz CE, Basilio R, Bramati IE, Amaro E Jr., et al. Identification of
psychopathic individuals using pattern classification of MRI images. Social neuroscience. 2011; 6(5–
6):627–39. Epub 2011/05/19. doi: 10.1080/17470919.2011.562687 PubMed PMID: 21590586.

67. Rijsdijsk FV, Viding E, De Brito S, Forgiarini M, Mechelli A, Jones AP, et al. Heritable variations in gray
matter concentration as a potential endophenotype for psychopathic traits. Arch Gen Psychiatry. 2010;
67(4):406–13. Epub 2010/04/07. doi: 10.1001/archgenpsychiatry.2010.20 PubMed PMID: 20368516.

68. Fett AK, Gromann PM, Giampietro V, Shergill SS, Krabbendam L. Default distrust? An fMRI investiga-
tion of the neural development of trust and cooperation. Social cognitive and affective neuroscience.
2013. Epub 2012/12/04. doi: 10.1093/scan/nss144 PubMed PMID: 23202661.

69. Zaki J, Ochsner KN, Hanelin J, Wager TD, Mackey SC. Different circuits for different pain: patterns of
functional connectivity reveal distinct networks for processing pain in self and others. Social neurosci-
ence. 2007; 2(3–4):276–91. Epub 2008/07/18. doi: 10.1080/17470910701401973 PubMed PMID:
18633819; PubMed Central PMCID: PMCPMC2913618.

70. Schulte-Ruther M, Markowitsch HJ, Fink GR, Piefke M. Mirror neuron and theory of mind mechanisms
involved in face-to-face interactions: a functional magnetic resonance imaging approach to empathy.
Journal of cognitive neuroscience. 2007; 19(8):1354–72. Epub 2007/07/27. doi: 10.1162/jocn.2007.19.
8.1354 PubMed PMID: 17651008.

71. Harenski CL, Harenski KA, Shane MS, Kiehl KA. Neural development of mentalizing in moral judgment
from adolescence to adulthood. Developmental cognitive neuroscience. 2012; 2(1):162–73. Epub
2012/01/24. doi: 10.1016/j.dcn.2011.09.002 PubMed PMID: 22267967; PubMed Central PMCID:
PMCPMC3259704.

72. Ermer E, Kiehl KA. Psychopaths are impaired in social exchange and precautionary reasoning. Psy-
chological science. 2010; 21(10):1399–405. Epub 2010/09/22. doi: 10.1177/0956797610384148
PubMed PMID: 20855897; PubMed Central PMCID: PMCPMC3042879.

73. Hyde LW, Shaw DS, Moilanen KL. Developmental precursors of moral disengagement and the role of
moral disengagement in the development of antisocial behavior. Journal of abnormal child psychology.
2010; 38(2):197–209. Epub 2009/09/25. doi: 10.1007/s10802-009-9358-5 PubMed PMID: 19777337;
PubMed Central PMCID: PMCPMC2858331.

Abnormal Cortical Thickness and Psychopathy

PLOS ONE | DOI:10.1371/journal.pone.0127025 May 27, 2015 14 / 15

http://dx.doi.org/10.1017/s003329171200116x
http://www.ncbi.nlm.nih.gov/pubmed/22617495
http://dx.doi.org/10.1016/j.cortex.2011.06.005
http://dx.doi.org/10.1016/j.cortex.2011.06.005
http://www.ncbi.nlm.nih.gov/pubmed/21777912
http://dx.doi.org/10.1002/bsl.796
http://www.ncbi.nlm.nih.gov/pubmed/18327826
http://dx.doi.org/10.1080/17470919.2013.866905
http://dx.doi.org/10.1080/17470919.2013.866905
http://www.ncbi.nlm.nih.gov/pubmed/24359488
http://www.ncbi.nlm.nih.gov/pubmed/14972366
http://dx.doi.org/10.1093/scan/nsr092
http://www.ncbi.nlm.nih.gov/pubmed/22210673
http://dx.doi.org/10.1002/hbm.22527
http://www.ncbi.nlm.nih.gov/pubmed/24753026
http://dx.doi.org/10.3109/15622975.2014.902541
http://dx.doi.org/10.3109/15622975.2014.902541
http://www.ncbi.nlm.nih.gov/pubmed/24802075
http://dx.doi.org/10.1016/j.neuroimage.2005.07.022
http://www.ncbi.nlm.nih.gov/pubmed/16122944
http://dx.doi.org/10.1080/17470919.2011.562687
http://www.ncbi.nlm.nih.gov/pubmed/21590586
http://dx.doi.org/10.1001/archgenpsychiatry.2010.20
http://www.ncbi.nlm.nih.gov/pubmed/20368516
http://dx.doi.org/10.1093/scan/nss144
http://www.ncbi.nlm.nih.gov/pubmed/23202661
http://dx.doi.org/10.1080/17470910701401973
http://www.ncbi.nlm.nih.gov/pubmed/18633819
http://dx.doi.org/10.1162/jocn.2007.19.8.1354
http://dx.doi.org/10.1162/jocn.2007.19.8.1354
http://www.ncbi.nlm.nih.gov/pubmed/17651008
http://dx.doi.org/10.1016/j.dcn.2011.09.002
http://www.ncbi.nlm.nih.gov/pubmed/22267967
http://dx.doi.org/10.1177/0956797610384148
http://www.ncbi.nlm.nih.gov/pubmed/20855897
http://dx.doi.org/10.1007/s10802-009-9358-5
http://www.ncbi.nlm.nih.gov/pubmed/19777337


74. Blair RJ, Peschardt KS, Budhani S, Mitchell DG, Pine DS. The development of psychopathy. Journal of
child psychology and psychiatry, and allied disciplines. 2006; 47(3–4):262–76. Epub 2006/02/24. doi:
10.1111/j.1469-7610.2006.01596.x PubMed PMID: 16492259.

Abnormal Cortical Thickness and Psychopathy

PLOS ONE | DOI:10.1371/journal.pone.0127025 May 27, 2015 15 / 15

http://dx.doi.org/10.1111/j.1469-7610.2006.01596.x
http://www.ncbi.nlm.nih.gov/pubmed/16492259



