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Abstract
Psychopathy is one of the greatest risk factors for serious and persistent violence. In order to detect its neurobiological 
substrates, we examined 39 male psychopathic subjects and matched controls using structural MR imaging and the Psy-
chopathy Check-List (PCL-R). Individual brain region volumes were calculated using the Julich-Brain and AAL3 atlases. 
Associations of region volumes with the PCL-R dimensions among psychopathic subjects and differences between both 
groups were analysed. PCL-R factor 2 assessing lifestyle and antisocial behaviour showed in the psychopathic sample 
negative associations with volumes of several regions, including pons, nuclei of basal ganglia, thalamus, basal forebrain 
(CH-4), cerebellar regions and areas in orbitofrontal, dorsolateral-frontal and insular cortices. These findings suggest 
dysfunctions in specific frontal-subcortical circuits, which are known to be relevant for behavioral control. In contrast, 
the interpersonal-affective PCL-R factor 1 showed only weak positive and negative associations with orbitofrontal, dorso-
lateral-frontal and left hippocampal areas (CA1, subiculum), among others, indicating that involved brain regions might 
be affected to a variable degree in different individuals. The group comparison yielded a significantly reduced total brain 
volume in psychopathic subjects relative to controls, while pronounced regional focuses of volume differences were 
found only in the right subiculum, suggesting an interindividually variable pattern of structural deviations in the brains 
of psychopathic subjects. In conclusion, these findings are compatible with the dimensionality of the PCL-R construct, 
and suggest a particulary strong association of antisocial behavior to smaller volumes in widespread subcortical-cortical 
brain regions.
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Introduction

Psychopathy is a personality construct that represents one 
of the strongest predictors of aggressive and violent behav-
ior [1]. Individuals with strong psychopathic traits com-
mit more crimes, cause greater injuries and have a higher 
risk of recidivism compared to non-psychopathic subjects 
[2, 3], posing a high financial burden to society and psy-
chological and physical burden to victims. Psychopathy is 
conceptualized by affective and interpersonal dysfunctions 
and antisocial behavior [4] that is not explicitely catego-
rized by ICD 10 or DSM 5 as personality disorder and is 
not completely identical with the diagnosis of antisocial 
personality disorder. The most commonly used instrument 
to assess psychopathy in clinical and forensic settings is 
Hare‘s Psychopathy Checklist (PCL-R) [5, 6], which yields 
a univariate total score, but also distinguishs two dimen-
sions: The first factor of the PCL-R outlines interpersonal 
and affective problems, and is often referred to as the core 
feature of psychopathy. It becomes manifest in e.g., patho-
logical lying, a grandiose sense of self-worth, and lack of 
empathy, remorse or guilt. Individuals in whom this factor is 
strongly expressed are often superficially charming, highly 
manipulative, show deficient emotional reactivity and shal-
low affect, high levels of predatory behavior and instrumen-
tal aggression [7]. Unable to experience deeper feelings, 
these individuals show a generally low emotional reactivity 
and, consequently, low levels of anxiety [8, 9]. The second 
dimension of the PCL-R describes impulsive and antisocial 
behavior, and is reflected in sensation seeking, irresponsible 
behavior, anger, parasitic and unstable lifestyles, as well 
as an early onset of deviant behavior and high recidivism 
[9–11]. Although both dimensions are closely related in the 
phenomenon of psychopathy, they comprise fundamentally 
divergent patterns of conduct and traits. Hence it is reason-
able to assume that they are based on distinct neurobiologi-
cal underpinnings.

Structural magnetic resonance imaging (MRI) has been 
used in several studies in order to find interindividual dif-
ferences in brain structure which are associated with psy-
chopathy. Structural measures were analyzed by group 
comparisons e.g. between psychopathic and non-psycho-
pathic subjects, or regression with the PCL-R score. The 
findings of early studies, however, were only to a minor 
degree consistent, as was pointed out in two review articles 
[12, 13], presumably because of low sample sizes and het-
erogenous characteristics in particular of the psychopathic 
subjects. More recent overviews of imaging studies [4, 14–
17] show that structural differences were mostly located in 
the grey matter, but regional localizations of different stud-
ies are still diverse and spread nearly over the whole brain.

Several studies reported predominantly negative asso-
ciations between the PCL-R total score and the volume of 
the whole prefrontal cortex (PFC) [18], regions in orbito-
frontal cortex (OFC) [19, 20] and amygdala [19]. Studies of 
associations between the two PCL-R main dimensions and 
brain structure suggest that the first factor, interpersonal and 
affective problems, may be primarily associated with gray 
matter volume (GMV) reductions in prefrontal, orbitofron-
tal and temporal regions [20–26], and to GMV reductions 
in medial temporal lobe structures such as the hippocampus 
[27] and the amygdala [21]. Similar reductions have also 
been found in a study comparing competitive judo athletes 
with non-athletes [28], which demonstrated the dimension-
ality of psychopathic traits without necessarily involving 
criminal or antisocial behavior. A meta-analysis [29] sum-
marized the results of seven Voxel-based morphometry 
(VBM) [30] studies that had calculated regression analyses 
of whole brain morphology and psychopathy scores [21, 22, 
26, 31–34]. The authors found throughout negative corre-
lations of PCL-R factor 1 with GMV in the frontal cortex 
(bilateral OFC, left middle frontal gyrus, i.e., dorsolateral 
parts), somatosensory regions, motor regions (left SMA and 
precentral gyrus), left cingulate (middle and posterior parts) 
and the bilateral inferior temporal gyri.

Reported associations of the second PCL-R dimension, 
impulsive-antisocial behavior, are less consistent. Greater 
expressions of impulsive-antisocial behavior have been 
found to be positively correlated with volumes of the pre-
frontal and in particular orbitofrontal cortex [21, 23, 24, 35], 
as well as the insula, putamen and pallidum [24], whereas 
negative correlations with GMV have been observed in the 
temporal lobe, fusiform gyrus, insula, parahippocampal and 
occipital areas [20, 35, 36], as well as cingulate gyrus [36]. 
Other studies have failed to find significant correlations 
between impulsive-antisocial behavior and regional GMV 
[22, 26, 27].

The aforementioned VBM meta-analysis [29] found con-
sistently negative correlations of the PCL-R factor 2 with 
GMV, located in the left middle frontal and orbitofrontal 
gyri, middle and posterior cingulate cortices, pre- and post-
central gyri and middle occipital regions, and bilaterally in 
the striatum and inferior and middle temporal cortices. Yet 
the results of this work highlight two major challenges of 
psychopathy research: First, the number of available studies 
is relatively low (only seven studies could be included), and 
second, the individual results of these studies are still quite 
incongruent. A major reason for this is that conducting neu-
roimaging studies with psychopathic subjects and especially 
with incarcerated criminal subjects is challenging. Hence, 
studies in this field often suffer from small sample sizes 
and low statistical power [29]. To circumvent this problem, 
researchers have often employed community samples with 
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sub-clinical manifestations of psychopathy (e.g., university 
students), taking the risk that the results could be distorted 
by floor effects. Using different assessment tools and cut-off 
criteria for psychopathy can also influence the results [15]. 
Moreover, researchers have to contend with comorbidities 
that often occur in forensic populations, such as substance 
use disorders [33], borderline personality disorders [34] or 
schizophrenia [37].

For this study we selected individuals with a psychopa-
thy score ≥ 20 assessed by the PCL-R from three German 
forensic cohorts [26, 38, 39] as well as age-matched control 
groups, in order to identify brain regions that can be associ-
ated with psychopathy. Structural MR images were analysed 
by deformation-based morphometry (DBM) to compute 
individual volumes of neuroanatomical regions which 
were defined by the Julich-Brain atlas of cytoarchitectonic 
regions [40]. Associations of these volume data with the 
PCL-R dimensions among psychopathic subjects and dif-
ferences between both subject groups were computed. Our 
main hypothesis proposed that the behavioral traits forming 
the two PCL-R dimensions involve different neuronal cir-
cuits. Given that PCL-R factor 1 (interpersonal and affec-
tive problems) is associated with low emotional reactivity, 
low levels of anxiety and poor threat response, but could 
also require high cognitive functioning [41], we expected to 
find regions involved in emotion processing, such as limbic 
regions, to be negatively correlated with this factor, while 
areas responsible for cognitive control, particularly in the 
prefrontal and temporal regions, to be unaffected or even 
positively associated. PCL-R factor 2 (impulsive and anti-
social behavior) on the other hand is defined by disturbed 
impulse control, substance misuse and an antisocial lifestyle 
and was hypothesized to correlate negatively with GMV 
primarily in the regulatory brain regions (e.g. in the prefron-
tal, orbitofrontal or temporal lobes).

Methods

Participants

Thirty-nine high scoring male psychopathic subjects with a 
total PCL-R score ≥ 20 and controls were selected from three 
German cohorts (Table 1): (1) MU [26] was recorded at the 
University Hospital in Göttingen, Germany. (2) FS, UH [39] 
was recorded at the Forschungszentrum Jülich, Germany. 
(3) UH, LH [38] was acquired in the Medical Faculty of 
RWTH Aachen University, Germany. Psychopathic and 
control subjects were matched by age within each dataset. 
Psychopathic subjects were recruited from forensic hospi-
tals and local parole offices, whereas the respective control 
group was invited by public advertisement. All participants 
were German-speaking, right-handed males between 18 and 
60 years of age, fulfilled the requirements to participate in 
an MRI study (e.g. no metal implants, no epilepsy) and had 
no history of psychiatric or neurological diseases, other than 
substance use disorders, as assessed by the German version 
of the Structured Clinical Interview (SCID I) for DSM-IV 
Disorders [42]. By their own admission, all participants 
were drug-free for at least six months prior to the assess-
ment [26] or reported not having consumed any opiates for 
at least one year [38].

Written informed consent was obtained from each partic-
ipant. The study protocols were in accordance with the Dec-
laration of Helsinki and approved by the respective local 
Ethics Committees of the University of Regensburg, the 
Institutional Review Board of the Medical Faculty, RWTH 
Aachen University and by the Institutional Review Board of 
the University of Düsseldorf.

Psychopathy assessment

Psychopathy was diagnosed using the revised German ver-
sion of the PCL-R [43], which is a rating scale based on 
a semi-structured interview. The interview was conducted 
by a trained medical doctor or psychologist who rated the 

Table 1  Subsample characteristics and univariate group comparisons of psychopathic subjects (PS) and controls (C)
UH, LH FS, UH MU Statistics
C PS C PS C PS F (df) p

N 12 12 10 10 17 17
age in years 37.42 (11.70) 37.00 (11.00) 28.90 (7.98) 30.00 (7.53) 30.47 (7.63) 35.06 (9.11) 0.989 (1, 76) 0.323
PCL-R
total 23.02 (2.14) 27.70 (4.62) 33.29 (4.44) 19.264 (2, 36) < 0.001***
factor 1 10.22 (2.45) 11.6 (2.07) 13.71 (2.52) 7.763 (2, 36) < 0.01**
factor 2 11.18 (2.55) 13.00 (1.94) 15.00 (2.09) 10.69 (2, 36) < 0.001***
ICV in cm3 1641 (145) 1608 (131) 1605 (92) 1498 (56) 1648 (143) 1582 (99) HC: 0.36 (2,36)

PS: 3.47 (2,36)
0.701
< 0.05*

Characteristics of psychopathic subjects (PS) and controls (C), and univariate testing of differences in subsamples, reporting mean and standard 
deviation of each parameter, degrees of freedom (df ) and p-value (p) of tests for differences in age between groups, differences in PCL-R scores 
between studies, and differences in ICV between studies, separately for each group. (significance coefficient: *p <.05; **p <.01; ***p <.001)
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For the regional analysis we applied a hierarchical atlas 
system to capture psychopathy related differences on mul-
tiple anatomical levels. This atlas system is based mainly 
on the Julich-Brain-Atlas version 3.1 [40] (​h​t​t​p​​s​:​/​​/​w​w​w​​.​e​​b​
r​a​​i​n​s​.​​e​u​/​​t​o​o​​l​s​/​​h​u​m​​a​n​-​b​​r​a​​i​n​-​a​t​l​a​s), which encompasses 454 
cytoarchitectonic probabilistic maps of cortical areas and 
nuclei. They were complemented by maps of striatum and 
cerebellar lobules from the AAL3 atlas [54, 55], and masks 
of the mesencephalon, pons and cerebellar white matter. 
These elementary regions where combined to form maps of 
superordinate regions in order to model the anatomical hier-
archy of the brain (e.g. cortical area-6d1 ⊂ dorsal precentral 
gyrus ⊂ frontal lobe ⊂ cerebral cortex ⊂ telencephalon ⊂ 
brain). Supplementary Table S6 shows the complete hierar-
chy of brain regions. The brain region hierarchy is used for 
the multiple-testing procedure to control the type-I error in 
the statistical analysis (see below).

The intracranial volume (ICV) of each subject was mea-
sured by manual segmentation as described in the Supple-
mentary material.

Statistical analysis

The brain morphology was analyzed using Analysis of 
Covariance (AnCoVa) models, with the region volume as 
the dependent variable. Because data of three different MR 
sites were assembled in this study, a categorical factor study 
site was part of each model. Group differences in region 
volumes between psychopathic subjects and controls were 
modelled with the predictor variables group (psychopathic, 
control), study site, age and ICV. Associations between each 
region volume and the PCL-R factor 1 and 2 were analyzed 
by one AnCoVa model encompassing both factors as predic-
tor variables (in accordance with [29, 56]) besides the vari-
ables study site, age, ICV within the group of psychopathic 
subjects. Thus the contribution of each PCL-R factor to the 
region volume could be tested after adjustment for the other 
factor in order to enhance the specificity of the associations. 
Associations with the PCL-R total score were separately 
analyzed. These analyses were carried out with the software 
SAS 9.4 (SAS Institute, Cary, NC).

In order to control the type-I error probability, we applied 
a recently developed statistical methodology [57–59], 
which aims to improve the statistical power for the test-
ing of large numbers of hypotheses occuring e.g. in imag-
ing or genomic studies. It is based on the partitioning of 
the elementary hypotheses into families, so that these fami-
lies (each as a whole) are tested first, and subsequently the 
hypotheses within each family that has a significant effect. 
The arrangement of all hypotheses (i.e. tested brain regions) 
in a multi-level hierarchical tree (similar to [58]) matches 
the hierarchial structure of the brain, with the complete 

extent to which each of 20 items applied to the examined 
subject on an ordinal three-point scale (0 = does not apply; 
2 = definitely applies) [44]. The PCL-R total score ranges 
from 0 to 40, reflecting the participants’ global psychopathic 
trait [45]. A cutoff value of 30 of the PCL-R total score had 
been suggested for the diagnosis of psychopathy in a North 
American prison population [44]. However, a meta-analysis 
of European offender samples found lower mean PCL-R 
scores than in their North American counterparts [43], sug-
gesting the necessity to adjust the cutoff value. The appli-
cability test of the PCL-R in a forensic sample in Germany 
revealed a mean total score of 19.33 [46]. Only 26% of the 
participants of that German sample met the criterion of a 
score equal to or greater than the sum score of 25, which 
was recommended for an international population [45, 47]. 
Based on these findings, we decided to include participants 
of the three data sets with a total PCL-R score of 20 or 
higher.

Image analysis

Details about the applied MR acquisition techniques are 
reported in Supplementary material. The T1-weighted MR 
image data were analyzed by Deformation-Based Mor-
phometry (DBM) which estimates the volumes of ana-
tomically defined structures in each brain. The complete 
processing chain had been previously described in [48]. 
In short, brains were extracted from MR images using the 
automatical segmentation procedure of SPM12 [49]. Each 
extraction was visually inspected and corrected, if neces-
sary, using the program ITK-SNAP [50] (www.itksnap.org). 
The extracted brain images were affinely registered with the 
single subject MNI Colin27 reference brain [51] using the 
program Flirt, which is part of the FSL package [52] (​h​t​
t​p​​s​:​/​​/​f​s​l​​.​f​​m​r​i​​b​.​o​x​​.​a​c​​.​u​k​​/​f​s​l​/​f​s​l​w​i​k​i​/), followed by a ​s​y​m​m​e​t​
r​i​c​a​l non-linear registration. The latter yielded a deforma-
tion field for each brain, i.e. a vector field, from which a 
map of voxel-wise volume measures, defined by “local vol-
ume ratios” (LVR) [48] relative to the reference brain was 
derived. The JURECA supercomputer [53] in the Research 
Centre Jülich was used for the image registrations.

Next, volumes of anatomical regions of interest (ROI) 
were calculated in each individual brain by summation of 
the LVR values over the corresponding ROI in the reference 
brain (weighted by the local probabilistic value in case of 
probabilistic maps). The analysis of region volumes has two 
major advantages in comparison with a voxel-wise analy-
sis: First, region-based volume estimates are more robust 
than voxel-wise estimates given the inevitable inaccuracies 
of voxel-level registrations. Second, anatomical knowledge 
about the regional structure of the brain is directly incorpo-
rated into the analysis and interpretation of findings.

1 3

66

https://www.ebrains.eu/tools/human-brain-atlas
https://www.ebrains.eu/tools/human-brain-atlas
http://www.itksnap.org
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/


European Archives of Psychiatry and Clinical Neuroscience (2026) 276:63–75

Results

Group characteristics

Ages of psychopathic subjects (34.36 ± 9.53) and con-
trols (32.21 ± 9.60) weren’t significantly different (p =.323, 
Cohen’s d = 0.224). The mean PCL-R scores of psycho-
pathic subjects were PCL-R total = 28.70 ± 5.88, factor 
1 = 12.09 ± 2.79 and factor 2 = 13.31 ± 2.71. The PCL-R 
scores of control subjects had not been assessed. Sample 
characteristics are presented in Table 1. The correlation of 
PCL-R factor 1 and 2 was 0.27 with p =.0963, i.e. non-sig-
nificant. This is less than the correlations reported in other 
studies (e.g. r =.51 in [20] with PCL-R total = 3.2–37.6, or 
r =.39 to 0.54 in [64]), however these estimates were based 
on much larger samples, and the PCL-R factor values vari-
ied over larger ranges than in our sample.

Structural analyses

For the neuroanatomical terms of areas and nuclei we refer 
to Supplementary Table S6.

Associations of region volumes with PCL-R factor 1 
(interpersonal and affective problems)

The associations of psychpopathic subjects’ brain morphol-
ogy with PCL-R factor 1 revealed only few weak results. 
Negative associations with an uncorrected p-value ≤ 0.05 
(i.e. reduced region volumes with increasing values of fac-
tor 1) had areas Fo1 and Fo2 in the medial OFC, and right 
dorsolateral frontal areas 8v2, 8d2 and premotor area 6d3. 
Areas with positive associations were located in the left 
hemisphere: Entorhinal cortex (EC), hippocampal area CA1 
and prosubiculum (Hippocampus-Subc.ProS), piriform cor-
tex area PirT.Tu, Gapmap-Temporal-to-Parietal and dorsal 
frontal area SFS 1 and premotor area 6v1, among other 
regions. However, none of these regions met the multiple-
testing criterion. In particular no global effects were found. 
These results are shown in Fig.  1 and in Supplementary 
Table S1.

Associations of region volumes with PCL-R factor 2 
(impulsive and antisocial behavior)

PCL-R factor 2 had predominantly negative associa-
tions with volumes of cortical areas and subcortical nuclei 
(Figs. 2 and 3, Supplementary Table S2). Particularly strong 
effects were found in the thalamus (e.g. anterior nuclei AM, 
AV, medial nucleus PV, ventral nuclei VA, VAMC, VLA, 
VM, among others), bilateral subthalamic nucleus (STN), 
mesencephalon (substantia nigra, red nucleus), and pons. 

brain at the top level, and single areas or nuclei at the low-
est level (see Supplementary Table S6), in order to capture 
dependencies among brain regions.

A region family is formed by those child regions which 
have the same “parent” in the tree. The p-value of a fam-
ily of N hypotheses can be calculated by different methods 
(Supplementary material of [58]). A frequently used method 
is the Simes procedure [60]:

pSimes = min
j=1,... ,N

p(j) · N / j� (1)

Here p(1) ≤ p(2) ≤ . . . ≤ p(N) are the p-values of the 
hypotheses within the family arranged in increasing order.

In case of spatial data an alternative method is to average 
or sum the spatial signal over a given family (i.e. region) 
and to assess the statistical test for this regional signal [61]. 
Since this study examined volumes of regions it is straight-
forward to calculate also the volumes of region families 
and test them directly with the statistical models described 
before. This method is more sensitive for diffuse, wide-
spread effects, whereas the Simes procedure might be more 
sensitive for strong focal effects.

After having calculated the p-values of all regions (on all 
tree levels), the Benjamini-Hochberg procedure to control 
the False-discovery-rate (FDR) [62] is applied within each 
family (instead of among all regions in one step), beginning 
at the top-most level of the region hierarchy. Only those 
child regions are considered whose parent region had shown 
a “discovery” [58] (i.e. whose corresponding null hypoth-
esis had been rejected). Moreover, the FDR threshold is 
reduced from level to level by the proportion of “discover-
ies” among all regions in the parent family:

ql = ql−1 · #discoveries / #children� (2)

( ql, ql−1 = specified FDR thresholds at level l and l-1) [58]. 
The initial FDR threshold 0.05 was used for all analyses. 
For the group comparison the p-values of region families 
were directly calculated (method 2), whereas for the regres-
sion analyses with the PCL-R scores the Simes procedure 
was employed.

We note that the successive reduction of the FDR thresh-
old is a rather strict requirement [63]. A somewhat relaxed 
criterion is to keep the FDR threshold constant at 0.05 on 
all levels but still requiring that a continous path of regions 
showing a signifcant “discovery” from the top level to each 
considered region exists.
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TU, right hippocampal area CA1, left area CoS1 (collateral 
sulcus), and parietal area hPO1. However, none of these 
findings fulfilled the multiple-testing criterion. No effects 
were found on the global level.

Group comparison of brain morphology between 
psychopathic subjects and controls

The regional analysis revealed a significant volume defi-
cit of the whole brain in psychopathic subjects (-1.45%), 
with similar effects in both hemispheres (left: -1.50%, right: 
-1.40%). In addition to these global effects, the right tel-
encephalon and cerebral cortex showed volume deficits, 
which fulfilled the multiple-testing criterion (Supplemen-
tary Table S5). Moreover, several regions mainly in the 
cerebrum showed volume deficits in psychopathic subjects 
with puncorr < 0.05, however, without fulfilling the multiple-
testing criterion. Relatively strong deficits were found in the 
right subiculum, besides right hippocampal area CA1 and 
cingulate area 33, as well as the left presubiclum. Further 
areas with volume deficits were located in the dorsal and 
dorsolateral frontal, parietal and temporal cortices of both 
hemispheres, in the left occipital cortex, right insula, and 
left cerebellum (Fig. 4, Supplementary Table S5).

Most of these effects were found bilaterally, and the effects 
in the STN, left anterior thalamus, mesencephalon and pons 
fulfilled the multiple-testing criterion. Further nuclei with 
negative associations were the pallidum (including the ven-
tral pallidum VP) and the ventral striatum (nuclei AcbL, 
FuCd, FuP), mainly in the right hemisphere. Cortical areas 
having negative assocations with factor 2 were the medial 
orbitofrontal areas Fo1, Fo2 (bilaterally), Fo6 (right lateral 
OFC), dorsolateral frontal areas 6d1 (left), SFG3 and SFS1 
(right). In the insular cortex, dysgranular areas Id4, Id5 and 
granular areas Ig1-3 had negative associations, as well as 
areas in the lateral occipital cortex, and left inferior parietal 
cortex, among other regions. In the cerebellum, bilateral 
cortical lobules, bilateral dentate nucleus, right interposed 
and fastigal nuclei showed negative associations. In con-
trast, left area EC (entorhinal cortex), piriform cortex areas 
PirT.Tit and Pir.TU, and bilateral areas Cos1 (collateral sul-
cus) and FG5 (fusiform gyrus) showed positive associations 
with factor 2.

Associations of region volumes with PCL-R total score

The PCL-R total score showed moderate to strong negative 
associations with the bilateral medial orbitofrontal areas 
Fo1 and Fo2 (Supplementary Table S3 and Figure S4). Fur-
ther regions were the right dorsal and dorsolateral frontal 
areas 6ma, 8d2 and SFG3, insular area Id4, and left inferior 
parietal area PFcm, right ventral striatum nucleus AcbL, and 
few cerebellar lobules. Positive associations were found in 
the left area EC and piriform cortex areas PirT.Tit and Pir.

Fig. 1  Associations of PCL-R factor 1 (inter-personal and affective 
features) with volumes of brain regions in psychopathic subjects with 
PCL-R total ≥ 20. Volume data were adjusted for study (acquisition 
site), age, ICV and PCL-R factor 2. The scatter-plots in the upper row 

show the individual data points, the regression line with its confidence 
limits and the p-value (uncorr.). The bottom row shows the brain 
regions, where an association with puncorr < 0.5 had been found, with 
colors corresponding to the statistical score (student’s t)
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Fig. 2  Associations of PCL-R factor 2 (deviant lifestyle and antisocial 
behavior) with volumes of brain regions in psychopathic subjects with 
PCL-R total ≥ 20. Volume data were adjusted for study (acquisition 

site), age, intra-cranial volume and PCL-R factor 1. The scatter-plots 
show the individual data points, the regression line with its confidence 
limits and the p-value (uncorr.)
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Fig. 4  Group differences of brain region volumes between psycho-
pathic subjects with PCL-R total ≥ 20 (PS) and healthy controls (C). 
Volume data were adjusted for study (acquisition site), age, and intra-
cranial volume. The box-plots show the individual data points, the 

quantils of their distribution and the p-value (uncorr.). The bottom 
row shows the brain regions, where a group difference with puncorr < 
0.5 had been found, with colors corresponding to the statistical score 
(student’s t)

 

Fig. 3  Associations of PCL-R factor 2 (deviant lifestyle and antisocial 
behavior) with volumes of brain regions in psychopathic subjects with 
PCL-R total ≥ 20. Volume data were adjusted for study (acquisition 

site), age, intra-cranial volume and PCL-R factor 1. Brain regions are 
shown, where an association with puncorr < 0.5 had been found, with 
colors corresponding to the statistical score (student’s t)
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Disturbances of these circuits were found to be pertinent to 
the development of psychiatric disorders [69], and in par-
ticular impulsivity, tactlessness and irritability are described 
as neuropsychiatric consequences of dysfunctions of the 
orbitofrontal circuit [70]. Two fMRI-studies further sup-
port the role of these circuits in psychopathy, which found a 
negative association between the hemodynamic response in 
different basal ganglia structures and the psychopathy score 
of adolescent offenders in a response-inhibition paradigm 
[71], and aberrant effective connectivity between striatum 
and inferior frontal gyrus in conduct disorder patients when 
performing an inhibition control task [72]. The involvement 
of medial and dorsolateral prefrontal, orbitofronal, cingulate 
and insular cortices in aggression independently from psy-
chopathy was shown in [73]. Reports of reduced response 
inhibition [74] or increased aggressive, impulsive behavior 
after deep brain stimulation in the subthalamic nucleus [75, 
76] further support this assumption.

Previous morphometry studies reported heterogenous 
associations of PCL-R factor 2 with GMV: Negative asso-
ciations had been found mainly in occipital and cingulate 
areas [36], in orbitofrontal cortex and temporal pole [20], 
with the prefrontal cortex volume [18] or amygdala vol-
ume [77]. Positive associations had been found in the basal 
ganglia, insula and orbitofrontal cortex [24] or in frontal, 
parietal, temporal cortices and cerebellum [21]. One study 
didn’t detect any associations with factor 2 [22]. A meta-
analysis [29] of morphometrical studies reported negative 
associations with GMV in nearly all cerebral lobes and 
caudate nucleus. Despite the differences among these stud-
ies, there seems to be a tendency for essentially negative 
associations of factor 2 with brain structures, similar to our 
findings, even though we found associations primarily in 
subcortical regions and brainstem, besides cerebral cortex 
areas.

Most of the regions which showed in our study volu-
metric associations with the PCL-R total score showed also 
associations with PCL-R factor 1 or factor 2. To note are the 
negative associations of areas Fo1 and Fo2 in the bilateral 
medial orbitofrontal cortex. However, the regression analy-
sis of factor 2 appeared to be more sensitive than that of the 
total score. This indicates a clear advantage of using more 
specific PCL-R factors instead of the PCL-R total score for 
the analysis of associations between brain structure and 
psychopathy.

Group differences

The analysis of group differences between psychopathic 
subjects and controls demonstrated that the global brain 
volume of psychopathic subjects was diminished, and these 
differences could be attributed in particular to the cereberal 

Discussion

Associations of region volumes with PCL-R scores

The PCL-R factor 1 showed tendencies of both, positive and 
negative associations with brain region volumes. Regions in 
the bilateral medial orbitofrontal cortex and the right dorso-
lateral frontal cortex showed negative associations. Positive 
associations were found in the left thalamus, insula, hippo-
campal formation, dorsal frontal and temporal cortices and 
amygdala. Altough these findings didn’t meet the multiple 
testing criterion, they could support two conclusions: (1) 
The occurrence of positive assocations with PCL-R factor 
1 in many brain regions is in contrast to factor 2, which had 
predominantly negative associations in our study. This could 
suggest that at least some of the behavioral features that are 
captured by factor 1 should not be interpreted as expres-
sions of damages or dysfunctions of the brain. Indeed, the 
interpersonal-affective features which form PCL-R factor 1 
characterise a cold-hearted, unemotional, unconscionable 
but also planned and instrumental, manipulative behavior. 
These features signify also so-called “successful psycho-
paths”, i.e. people who may act ruthlessly but not overtly 
criminally and who had been described as having relative 
high scores on the inter-personal scale, but at the same 
time relatively low anti-sociality scores [65]. Moreover, 
behavioral studies had shown, that factor 1 was negatively 
related to stress reactivity, and positively related to social 
dominance, higher adaptive functioning, socioenconomic 
status and verbal intelligence [65–67]. (2) The rather low 
statistical strenghts of the regional effects could indicate, 
that the behavioral features of factor 1 involve different cir-
cuits or regions in the brain. Interindividual differences in 
their involvement, however, might not be reflected by a one-
dimensional score, thus requiring more specific behavioral 
characterisations.

A negative association between PCL-R factor 1 and 
GMV in medial orbitofrontal areas was reported by sev-
eral previous studies but the associations with other regions 
were less consistent [18, 21, 22, 24, 29]. Further functional 
implications of the negative associations with the OFC are 
discussed below with regard to PCL-R factor 2.

The negative associations of factor 2 (impulsive and anti-
social behavior) with region volumes in the bilateral mes-
encephalon (red nucleus, substantia nigra), pons, thalamus, 
subthalamic nucleus, pallidum, orbitofrontal areas Fo1, Fo2 
and other areas in dorsal and lateral frontal cortices suggest 
a dysfunction of specific cortico-basal ganglia-thalamo-
cortical circuits [68], which in brief form loops from areas 
in particular in the frontal cortex via basal ganglia struc-
tures (striatum, globus pallidus, subthalamic nucleus) and 
thalamic nuclei VA, VL, MD and CM back to the cortex. 
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should be matched between psychopathic subjects and con-
trols. However, while these factors may have influenced the 
group comparison, the correlation analyses are likely less 
affected, because these were calculated within the psycho-
pathic group only, and we assume that differences between 
subjects in IQ or substance use were smaller within this 
group than between psychopathic subjects and controls.

Conclusions

The present results suggest that the behavioral disturbances 
that are captured by the PCL-R factor 2 are associated with 
volume deficits in regions which belong to frontal-subcorti-
cal circuits that could be involved in behavioral control. The 
neurobiological substrates of the behavioral traits underly-
ing PCL-R factor 1 appear to be more diverse, suggesting 
that more specific behavioral assessments might be neces-
sary for their detection. The results of the group comparison 
tentatively suggest a rather widespread disturbance of brain 
development in psychopathic subjects. Questions for future 
studies are e.g., to what degree these structural differences 
are heritable or associated with e.g. environmental factors.
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cortex. Whereas these differences fulfilled the multiple-
testing criterion, the regional effects on more detailed levels 
didn’t. Thus, despite the significant global grey matter defi-
cit, pronounced regional focuses of volume deficits didn’t 
appear, suggesting a considerable inter-individual variabil-
ity in the spatial spreading of volume losses. A tentative 
interpretation is that a disturbance of brain development 
with an inter-individually heterogenous spatial or regional 
pattern had occurred in the examined psychopathic subjects, 
with the individual regional pattern of these disturbances 
(besides other, e.g. environmental impacts) influencing the 
behavioral phenotype, as measured by the PCL-R scale. 
This assumption could also explain why group differences 
reported by different studies are also heterogenous in their 
spatial patterns [14, 15, 17]. Notwithstanding, the volume 
deficits in dorsolateral frontal regions, amygdala, hippo-
campal formation, anterior cingulate cortex and insular cor-
tex are similar to findings in previous structural MRI studies 
[14, 16, 21, 77], and functional MRI studies likewise found 
activation differences between psychopathic subjects and 
controls in these regions [78]. These paralimbic and limbic 
regions are known to be highly engaged in social informa-
tion processing, emotion regulation, attention and intrin-
sic control, and deficiencies in these areas often explain 
behavioral dysfunctions, aggression, impulsiveness, lack of 
empathy, and shallow affect, which are typical psychopathic 
traits [79].

Without going into detail, we mention two further theo-
ries [80–82] which postulate that the circuitry enganged in 
learning processes underlying socialization, moral decision-
making, but also control of reactive aggression could be 
impaired in psychopathy. This circuitry encompasses in par-
ticular medial OFC, the amygdala but also the periaqueduc-
tal grey matter in the brainstem, which resemble the regions 
where we found either negative associations with factor 2 
or volume deficits in the group comparison. Together with 
our findings these could demonstrate how multiple circuits 
might be involved in psychopathy.

Strengths and limitations of this study

The combination of three samples increased the statistical 
power of our analysis. Another advantage was the appli-
cation of a sensitive method to detect volume differences 
of small neuroanatomical regions. The use of different 
MR scanners and sequences at each site might influence 
the analysis, but the subject groups of each sample were 
matched. Therefore, this effect could be modelled by a cat-
egorical factor in the statistical analyses. A limitation of 
this study, however, is that results may also be influenced 
by cognitive capacity (e.g., intelligence, not quantified in 
all groups) or substance use. Ideally, these characteristics 
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