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Abstract 
About 1% of the population is responsible for most violent crime. These 

individuals are typically male, have life course persistent antisocial 

behaviour, and meet diagnostic criteria for conduct disorder in childhood 

and for antisocial personality disorder (ASPD) in adulthood. Some of these 

individuals are additionally characterized by traits of callous unconcern in 

childhood and psychopathic traits in adulthood (ASPD+P). There is evidence 

that these individuals engage in offending behaviour from a younger age, 

employ more instrumental aggression, and are less responsive to 

punishment and treatment than individuals who have ASPD without 

psychopathy (ASPD-P). These two ASPD subtypes are associated with 

different neurocognitive and neurobiological mechanisms. It remains to be 

investigated whether ASPD+/-P groups also differ in terms of cortical 

structure or resting-state brain function. Furthermore, it has never been 

investigated whether potential functional brain abnormalities can be 

pharmacologically modulated, or ‘shifted’, to be more in line with typical 

brain function. One pharmacological agent of interest is oxytocin, a social 

neuropeptide. Studies in healthy individuals suggest that the intranasal 

administration of exogenous oxytocin can modulate processes that have 

been identified to be abnormal in ASPD and/or psychopathy.  

The current study had two aims. First, to further investigate neurobiological 

underpinnings of ASPD+P and ASPD-P relative to non-offending healthy 

controls in terms of brain structure (cortical volume, surface area, cortical 

thickness) and resting-state brain function (regional cerebral blood flow, 

large-scale network functional connectivity, and network topology). 

Second, to assess the effect of intranasal oxytocin on resting-state brain 

function.  

The study used a double-blind, placebo-controlled, randomized crossover 

design. Adult males with past violent convictions who met Diagnostic and 

Statistical Manual of Mental Disorders (5th edition) criteria for ASPD were 

recruited from South London forensic and probation services. They were 
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stratified into ASPD+P and ASPD-P groups according to the European 

threshold for psychopathy on the Psychopathy Checklist-Revised. Healthy 

adult non-offending males were recruited from the South London 

community. After self-administering the placebo and oxytocin nose sprays, 

all participants underwent structural magnetic resonance imaging (MRI), 

arterial spin labelling imaging, and resting-state functional MRI (fMRI) 

scans.  

Individuals with ASPD+P and ASPD-P showed significant brain structure 

abnormalities relative to non-offenders in frontotemporal and medial 

parietal cortical volume, surface area, and cortical thickness, with 

significant differences between the ASPD subtypes. The arterial spin 

labelling study revealed significant reductions in frontotemporal cerebral 

blood flow in both antisocial groups relative to non-offenders, and 

significant increases in medial parietal cerebral blood flow in both antisocial 

groups relative to non-offenders, that was also significantly higher in 

ASPD+P than ASPD-P. Functional connectivity analyses of resting-state 

fMRI data revealed that individuals with ASPD showed significant 

abnormalities within several large-scale networks, including medial-

temporal and salience networks relative to non-offenders. Topological 

analyses of resting-state fMRI data demonstrated significant differences in 

brain network topology in ASPD at macro-, meso-, and micro-levels in 

comparison to non-offenders. Intranasal oxytocin significantly attenuated 

resting-state brain abnormalities in the ASPD group in all three functional 

investigations. 

These findings provided further support for differences in the 

neurobiological mechanisms between violent offenders with ASPD+P and 

ASPD-P. Moreover, they provided the first evidence that intranasal oxytocin 

can modulate resting-state brain function in these individuals. The results 

have important implications for stratification within the ASPD diagnostic 

group, as well as for the therapeutic potential of intranasal oxytocin.  
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DNA    Deoxyribonucleic acid 

DSM-5  Diagnostic and Statistical Manual of Mental Disorders, 

5th edition 

eICV    Estimated intracranial volume 

EPI    Echo planar imaging  
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FA    Flip angle  

FC    Functional connectivity  

FDR    Benjamini-Hochberg false discovery rate 

fMRI    Functional magnetic resonance imaging 

FOV    Field of view 

FPN    Frontoparietal network 

FWER   Family-wise error rate  

g    Gram 

GABA   Gamma aminobutyric acid 

gICA    Group independent component analysis 

GMV    Grey matter volume 

GWAS   Genome-wide association studies 

ICD-11   International Classification of Diseases, 11th edition 

IPDE    International Personality Disorder Examination 

IQ    Intelligence quotient 

IU    International units 

LCP    Life-course persistent (antisocial behaviour)  

LPE    Limited prosocial emotions 

MAOA   Monoamine oxidase-A gene 

ME-ICA   Multi-echo independent component analysis 

MNI    Montreal Neurological Institute 

ml    Millilitre 

mm    Millimetre 

MRI    Magnetic resonance imaging 

ms    Millisecond 

MTN    Medial-temporal network 

NBS    Network-based statistic 

NHS    National Health Service 
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NO    Non-offenders 

OFC    Orbitofrontal cortex 

OT    Intranasal oxytocin 

OXT    Oxytocin gene 

OXTR   Oxytocin receptor gene 

PCL-R   Psychopathy Checklist-Revised 

PCL-SV   Psychopathy Checklist-Revised, Short Version 

PD    Proton density 

PET    Positron emission tomography 

PL    Placebo  

PNC    Police national records 

PTSD   Post-traumatic stress disorder 

RDoC   Research domain criteria 

RFT    Random field theory 

ROI    Region of interest 

RPQ    Reactive proactive aggression questionnaire 

rCBF    Regional cerebral blood flow 

rs-fMRI   Resting-state functional magnetic resonance imaging 

SA    Surface area  

SAL    Salience network 

SBM    Surface-based morphometry 

SCID-5-CV  Structured Clinical Interview according to the DSM-5, 

Clinical Version 

SCID-5-PD  Structured Clinical Interview according to the DSM-5, 

Personality Disorder 

sMRI    Structural magnetic resonance imaging 

SPECT   Single-photon emission computed tomography 

SSRT   Stop signal reaction time  

TE    Echo time  
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TI    Inversion recovery  

ToM    Theory of mind 

TR    Repetition time  

UK    United Kingdom 

USA    United States of America 

VBM    Voxel-based morphometry  

WASI-II   Wechsler Abbreviated Scale for Intelligence, 2nd edition 

WMV    White matter volume 

2D    Two dimensional 

3D    Three dimensional 

5-HTT   Serotonin transporter gene 
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1 General Introduction 
Interpersonal violence is a global public health problem. About 1% of the 

population is responsible for over 60% of violent crime. These individuals 

are typically male, have a history of life-course persistent antisocial 

behaviour, and meet diagnostic criteria for conduct disorder (CD) in 

childhood and antisocial personality disorder (ASPD) in adulthood. Adults 

with ASPD are a heterogeneous group. Some of these individuals 

additionally meet diagnostic criteria for psychopathy, offend from an earlier 

age, with more instrumental goals and with higher frequency and 

versatility. Neurocognitive and neuroimaging studies suggest that adults 

with ASPD (with or without additional diagnoses of psychopathy) can be 

distinguished. However, the extent to which the neurobiological 

abnormalities observed in these groups are susceptible to neurochemical 

modulation remains to be established. This thesis will therefore investigate 

brain structure, resting-state regional cerebral blood flow, resting-state 

functional connectivity, and resting-state network topology in male violent 

offenders with ASPD (with and without psychopathy). It will additionally 

examine the potential impact of the social neuropeptide oxytocin on brain 

function in these men.  

This introductory chapter is split into three sections. The first section will 

document the extent and impact of violent crime in society and outline the 

developmental nature of such offending behaviours. The second section will 

provide an overview of the current clinical conceptualisation of personality 

disorders. The aetiology, psychopathology, and clinical outcomes of ASPD 

and psychopathy will be outlined. Current treatment interventions will be 

considered. The third section will review the existing literature on the 

neurocognitive, neurobiological, and neurochemical correlates of ASPD and 

psychopathy.  
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1.1  A developmental approach to understanding 

violent crime  

1.1.1 Violent crime: its extent and impact 

Violence may be defined as the “the intentional use of physical force or 

power, threatened or actual, against oneself, another person, or against a 

group or community, that either results in or has a high likelihood of 

resulting in injury, death, psychological harm, maldevelopment or 

deprivation” (World Health Organization & Violence and Injury Prevention 

Consortium, 1996). Violence is commonly categorized into interpersonal, 

self-directed and collective (e.g. war) subtypes (B. X. Lee, 2016). The 

interpersonal subtype captures most violent crime and includes the 

offenses of murder, attempted murder, manslaughter, grievous/actual 

bodily harm, common assault, robbery, and sexual violence. It is thus the 

most relevant to focus on in the context of ASPD and psychopathy.  

Violence is a global public health problem (World Health Organization et al., 

2014). It is associated with a significant psychological burden for victims, 

perpetrators and communities as well as considerable financial costs (Krug 

et al., 2002; Mikton et al., 2016). The global cost of interpersonal violence 

in 2021 was estimated to be $1.85 trillion, equivalent to nearly 2% of the 

world’s gross domestic product (Institute for Economics & Peace, 2022). 

United Kingdom (UK) Home Office figures suggest that interpersonal violent 

crime costs the country £37 billion per year (Heeks et al., 2018). In England 

and Wales in 2021, there were 90,000 convictions for interpersonal violence 

and an estimated 150,000 individuals attended accident and emergency 

services for violence-related injuries (Ministry of Justice, 2022; 

Sivarajasingam et al., 2022).  

1.1.2 A developmental approach to understanding violence 

across the lifespan  

To reduce the prevalence and impact of violent crime, the nature of its 

development must be understood. The perpetration of interpersonal 
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violence is a form of antisocial behaviour – behaviour that goes against 

social norms and conventions. The recognition of age-related trends 

sparked an interest in understanding antisocial behaviour from a lifespan 

developmental perspective. For instance, irritability and interpersonal 

aggression (i.e. hitting, kicking, hair-pulling) are relatively normal in early 

childhood – in fact, 84% of pre-schoolers have temper tantrums 

(Wakschlag et al., 2012) and over 90% of toddlers engage in physically 

aggressive behaviour (Lorber et al., 2019) – but this subsides after the age 

of 3 in normally developing children (Nærde et al., 2014). Furthermore, the 

‘age-crime curve’ shows that antisocial behaviour including violence and 

other criminal activity is disproportionately high among young males aged 

15 to 29 (Mikton et al., 2016) and decreases with age thereafter (Loeber & 

Farrington, 2014; National Research Council et al., 1986). Therefore, 

developmental cohort studies have followed representative population 

cohorts in different countries over many years to explore the development 

of such behaviours (Carlisi et al., 2020; Farrington, 2019; Jennings et al., 

2015; Poulton et al., 2015; Zych et al., 2021).  

Drawing on consistent findings from these cohort studies, Moffitt suggested 

that adolescent-limited (AL) and life-course persistent (LCP) antisocial 

behaviours should be distinguished (Moffitt, 2018). According to the age-

crime curve, most antisocial behaviour is committed by the AL subtype, but 

this is largely mild. Approximately half of the adolescent population will 

engage in offending/illegal behaviour at least once (Barberet et al., 2004; 

Elliott et al., 1983). Such delinquency, especially in males, is therefore 

common, yet transient, and hypothesized to occur due to psychosocial 

factors and a gap between biological and social maturity (Farrington, 2020; 

Moffitt, 1993). These individuals typically discontinue their antisocial 

behaviour and act in line with social norms by their mid-20s. The LCP 

antisocial behaviour group consists of the smaller proportion of individuals 

who engage in antisocial behaviour from childhood throughout adolescence 

and adulthood (Jennings et al., 2015). These individuals are exposed to 
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underlying biological (genetic and neurobiological) risk factors which may 

cause neurocognitive deficits in reward-/punishment-based learning and 

decision-making (Carlisi et al., 2020; Farrington, 2020; Van Goozen et al., 

2022). In turn, these reduce their capacity to navigate common childhood 

challenges such as educational pressures, which may lead to truancy and 

dropout, and diminish their capability to manage and resist adolescent 

antisocial urges, tendencies and peer pressures (Moffitt, 1993, 2018). LCP 

antisocial behaviour is often more serious or violent than AL antisocial 

behaviour (Jennings et al., 2015).   

Longitudinal cohort studies thus support the idea of a small yet significant 

group of individuals with LCP antisocial behaviour/offending, showing there 

is a clear developmental trajectory (Jolliffe, Farrington, Piquero, MacLeod, 

et al., 2017). Increased frequency and severity of neurobiological, 

cognitive, behavioural and psychosocial risk factors at an early age are 

prerequisites for developing LCP antisocial behaviour (Assink et al., 2015; 

Carlisi et al., 2020; Fairchild et al., 2013; Jolliffe, Farrington, Piquero, 

Loeber, et al., 2017). Those with an earlier onset and LCP antisocial 

behaviour are likely to have poor life outcomes (Docherty et al., 2019; 

Lynam et al., 2007; Moffitt, 2018; Poulton et al., 2015). Such individuals 

typically meet diagnostic criteria for externalising disorders including CD in 

childhood and ASPD in adulthood. Given that CD is the developmental 

precursor to ASPD, it is important to consider the clinical nature, risk 

factors, and neurocognitive and neurobiological correlates of CD to 

underpin an understanding of ASPD. This will be summarized in the next 

section.  

1.1.3 Conduct Disorder  

1.1.3.1 Clinical profile 

CD is classified as an externalising disorder of childhood behaviour. 

According to the Diagnostic and Statistical Manual of Mental Disorders, 5th 

Edition (DSM-5; American Psychiatric Association, 2013), a diagnosis is 

made when two or more of fifteen behavioural abnormalities are present. 
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These behaviours may involve aggression against people, animals and 

property, arson, sexual misconduct, frequent lying or conning, and rule-

breaking behaviour such as truancy, stealing, and burglary. Fundamental 

to all CD diagnoses is the pathological presence of antisocial behaviour 

including violence throughout childhood and adolescence. In the UK, about 

6% of pre-school and school-aged children and adolescents meet diagnostic 

criteria for CD (Green et al., 2004; Kim-Cohen et al., 2005; Polanczyk et 

al., 2015). CD is often comorbid with other externalising pathologies such 

as attention deficit/hyperactivity disorder (ADHD) and early onset 

substance misuse, as well as depression and anxiety disorders, and 

reading/learning disabilities (Fairchild et al., 2019). The diagnosis of CD is 

a developmental precursor of ASPD as well as other psychiatric disorders 

in adulthood (Copeland et al., 2009), and it is predictive of increased 

violence in adulthood (Junewicz & Bates Billick, 2020). 

The diagnostic construct conceals significant heterogeneity (Lindhiem et 

al., 2015). Two broad CD developmental pathways have been identified 

from infancy: impulsive/irritable and callous/unconcerned (Wakschlag et 

al., 2018). The impulsive/irritable group are characterised by abnormally 

frequent, persistent, and destructive temper tantrums, difficulties with 

emotion regulation and self-soothing, and disruptive behaviour which may 

be difficult to manage by adults. They also show reactive aggression, 

defined as an impulsive, emotionally labile response to threat and 

provocation (Dodge, 1991; Urben et al., 2018). The callous/unconcerned 

(CU) group are characterised by callousness, reduced guilt and empathy, 

and increased manipulativeness and exploitation of others. In addition to 

displays of reactive aggression, this subtype also shows proactive 

aggression, which is the instrumental and premeditated use of violence to 

achieve a goal or obtain a reward (Dodge, 1991; Fanti et al., 2009; Kohls 

et al., 2020). The CU subtype is captured within the DSM-5 using the CD 

specifier ‘limited prosocial emotions’ (LPE) (R. J. R. Blair, Leibenluft, et al., 

2014; Pardini et al., 2010). Prevalence estimates of this LPE subgroup are 



28 

 

around 50% when combining child and parent reports (Colins et al., 2020). 

Due to their stability over time, the presence of CU traits during childhood 

is a significant risk factor for violence across the lifespan (Docherty et al., 

2019; Frick & White, 2008; Loeber et al., 2009).  

1.1.3.2 Risk factors  

CD, like most mental disorders, is thought to have a complex, multifactorial 

aetiology. It is characterized by polygenic inheritance and genetic 

heterogeneity across individuals, influencing and interacting with 

environmental factors at any point during development. Genes operate 

probabilistically rather than deterministically: genes code for proteins that 

influence characteristics, such as neurocognitive vulnerabilities, that in turn 

increase the risk of CD, particularly under certain environmental conditions. 

Thus, genetic and environmental risk factors, and their interactions, have 

to be considered.  

The most robust heritability estimates for CD are about 40-50% (Jaffee et 

al., 2005). CU traits have an even higher heritability of approximately 67% 

(Viding et al., 2005). A large longitudinal twin study revealed that genetic 

risk factors contribute to the heterogeneity of the disorder across lifespan 

development and to its overall stability over time (Wesseldijk et al., 2018). 

From a molecular perspective, candidate gene analyses have revealed 

suggestive differences in the gene expression for neurotransmitters such 

as serotonin, dopamine and oxytocin (Salvatore & Dick, 2018; Veroude et 

al., 2016), but these studies were under-powered, have not been robustly 

replicated and currently cannot predict behavioural outcomes such as 

antisocial behaviour (Vassos et al., 2014). Genome-wide association 

studies (GWAS) have explored genetic underpinnings of latent constructs 

associated with antisocial and externalising behaviours such as aggression 

and criminality (Fairchild et al., 2019; Pappa et al., 2016; Tielbeek et al., 

2017, 2022). Furthermore, a recent analysis of 1.5 million people identified 

over 500 genetic loci associated with externalising disorders (Karlsson 

Linnér et al., 2021). Importantly, this study revealed numerous loci related 
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to neurobiological development and protein expression in the brain. 

Together, GWAS evidence suggests that CD and its related behaviours are 

polygenic, and that genetic risk is pleiotropic. Nevertheless, studies 

examining CD remain under-powered in comparison to those established to 

explore the genetic underpinnings of, for example, psychotic disorders.  

Twin studies have shown that around 50% of the variance in CD is due to 

shared and non-shared environmental risk factors (Fairchild et al., 2019; 

Wesseldijk et al., 2018). Shared environmental risk factors only explain a 

significant amount of variance in individuals without CU traits (Viding et al., 

2005). In contrast, non-shared environmental risk factors have been shown 

to have a moderate influence on CU traits (Sánchez de Ribera et al., 2019; 

Viding & McCrory, 2012). Furthermore, common prenatal and perinatal risk 

factors such as exposure to alcohol, nicotine, maternal anxiety, or birth 

complications resulting in hypoxia have been associated with an increased 

likelihood of developing CD, and with a higher frequency and severity 

associated with earlier onset and greater risk of violence (Fairchild et al., 

2019). This is likely due to the impact on developing neural structures 

resulting in a vulnerability to conduct problems (R. J. R. Blair, Leibenluft, 

et al., 2014). Additionally, family and social environmental factors such as 

poor parenting, childhood maltreatment, poverty, community violence, and 

association with antisocial peers play a strong role in increasing the 

likelihood of developing CD (Fairchild et al., 2019).  

Finally, interplay between genetic and environmental factors are critical for 

the development of CD and CU traits (Hyde et al., 2016; Nilsson et al., 

2018). For instance, gene-environment correlations can increase risk. An 

individual with genetic predisposition to antisocial behaviour and CD is more 

likely to engage with an antisocial environment, thereby exacerbating their 

risk of developing LCP antisocial behaviour (Viding & McCrory, 2018). 

Moreover, a gene-environment interaction, which refers to a situation in 

which the expression of genes depends on the environment and/or the 

effect of the environment depends on the genotype (Dick, 2011), can also 
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increase risk. For example, longitudinal analyses suggest that shared 

environmental risk factors including negative parental discipline and a 

chaotic home life interact with genetic risk factors, particularly during 

adolescence, to increase the risk of CD (Fontaine et al., 2011). Such 

interactions can also be important towards the development of CU traits 

specifically. One study demonstrated that altered expression of a serotonin 

transporter gene, which is particularly involved in amygdala reactivity, is 

only associated with heightened risk of CU in the context of low 

socioeconomic status (Sadeh et al., 2010). Finally, environmental risk 

factors also have the potential to epigenetically modify DNA expression 

(Meaney, 2017). For instance, evidence has shown that increased exposure 

to an environmental risk factor such as maltreatment is linked with 

increased antisocial behaviour due to higher DNA methylation, for example 

in the monoamine oxidase-A (MAOA) gene (Fergusson et al., 2011; Ouellet-

Morin et al., 2016). This therefore suggests a dose-dependent effect of the 

environment on gene expression.  

In summary, the contribution of genetic and environmental risk factors 

towards the development of CD and CU traits, associated antisocial 

behaviour, and violence has been highlighted. Such risk factors, alongside 

dispositional risk factors such as temperament, personality traits, and even 

neurocognitive deficits can increase the susceptibility to further risk factors 

(Fairchild et al., 2019; Pardini et al., 2018).  

1.1.3.3 Evidence of neurocognitive and neurobiological 

abnormality in CD  

CD has been associated with neurocognitive and neurobiological deficits. 

Due to the heterogeneity of CD, and externalising disorders more widely, 

the extent of these deficits also varies. There is some evidence that they 

differ between those with CD with versus without CU traits.  

On a behavioural level, deficits in emotional responsiveness such as 

reduced physiological reactivity to threat, poor emotion recognition and 
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abnormal empathic processing have been identified in children and 

adolescents with CD, whereby those with CU traits have more severe 

and/or specific deficits than those with impulsive/irritable traits only (R. J. 

R. Blair, Leibenluft, et al., 2014; R. J. R. Blair, White, et al., 2014; Dawel 

et al., 2012; De Looff et al., 2022; Fanti, Panayiotou, et al., 2016; 

Hartmann & Schwenck, 2020; Kohls et al., 2020; Martin-Key et al., 2017; 

Pasalich et al., 2014; Viding & McCrory, 2018). Deficits in reward and 

punishment processing, which impact reinforcement-based learning, 

decision-making and moral judgments, have also been identified in CD (R. 

J. R. Blair, White, et al., 2014; Fairchild et al., 2009; Hobson et al., 2011; 

Johnson et al., 2015; Kohls et al., 2020).  

On a neural level, meta-analyses indicate that abnormal brain activity in 

several brain regions may partially explain such deficits in emotional 

responsiveness and reward and punishment processing in CD. These 

include frontotemporal cortical areas such as orbitofrontal and 

ventromedial prefrontal cortex, anterior cingulate cortex, anterior insula, 

and temporal pole, as well as subcortical regions such as the amygdala, 

thalamus, and striatum (Alegria et al., 2016; Noordermeer et al., 2016; 

Viding & McCrory, 2018). Furthermore, evidence suggests that 

abnormalities on the neural level may also depend on the presence of CU 

traits. For instance, in the amygdala, individuals with CU traits show a 

significant underactivation, particularly when processing fearful 

expressions, whereas those without CU traits show an overactivation in 

response to acute threat, possibly contributing to increased reactive 

aggression (R. J. R. Blair et al., 2018; R. J. R. Blair, Leibenluft, et al., 2014; 

S. W. Hawes et al., 2021; Noordermeer et al., 2016; Sethi et al., 2022; 

Viding et al., 2012). Similarly, only youth with significant CU traits show 

underactive limbic regions including the thalamus and overactive dorsal 

striatal regions during emotion and reward processing (Alegria et al., 2016; 

R. J. R. Blair, 2013b). In summary, it appears that neurocognitive 

impairments in the domains of emotional responsiveness and reward and 
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punishment processing are key features of CD. These can be linked to 

aberrant neurobiological mechanisms. However, the extent and specificity 

of impairments, alongside the neurobiological mechanisms explaining these 

deficits, may differ between those with and without CU traits.  

In addition to the above, evidence also suggests that executive dysfunction, 

such deficient inhibitory control and poor problem-solving and planning is 

associated with CD, even after accounting for comorbid ADHD (Hobson et 

al., 2011; Noordermeer et al., 2016; White et al., 2014). On the neural 

level, meta-analytic evidence suggests that abnormal activity in the 

precuneus and the dorsolateral prefrontal cortex contribute to executive 

dysfunctions (Alegria et al., 2016; Noordermeer et al., 2016). The presence 

of CU traits does not seem to moderate this ability (Fanti, Kimonis, et al., 

2016; White et al., 2014). Therefore, it is possible that deficits in this 

domain are a shared mechanism between those with CD with and without 

CU traits.  

To further understand these abnormalities in neurocognitive performance 

and neural activity, other features of neurobiology have also been studied 

cross-sectionally in CD. This includes grey and white matter structure, and 

resting-state brain activity. A meta-analysis of voxel-based structural 

magnetic resonance imaging (sMRI) studies revealed that adolescent 

conduct problems are associated with reduced grey matter volumes (GMV) 

in frontotemporal areas important for affective and sociocognitive 

processes such as the superior frontal gyrus, amygdala, and insula. This 

meta-analysis also reported that increased CU traits were associated with 

less GMV reduction in the left striatum (putamen), indicating possibly 

distinct structural underpinnings of CD with versus without CU traits 

(Rogers & De Brito, 2016). Surface-based sMRI studies can assess cortical 

thickness and surface area in addition to GMV. Such studies  (Fairchild et 

al., 2015; Hyatt et al., 2012; Y. Jiang et al., 2015; Oostermeijer et al., 

2016; G. L. Wallace et al., 2014) have shown reduced thickness in similar 

areas as those showing reduced GMV, with more extreme reductions in 
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temporal areas associated with elevated CU traits. These studies also 

suggested reduced surface area, e.g., in the insula, but the evidence base 

is generally less coherent than for cortical thickness. Together, this 

suggests that grey matter structure in conduct disordered individuals is 

aberrant, particularly in areas that contribute to the neurocognitive deficits 

described above, and that the presence of CU traits may modulate the 

observed abnormalities.  

In terms of white matter structure, diffusion tensor imaging studies 

assessing frontolimbic and default mode network structural connectivity 

have revealed somewhat inconsistent results: some studies indicated 

abnormalities in male CD regardless of CU traits (González-Madruga et al., 

2020), while others showed that CU traits moderated or exacerbated the 

abnormalities in CD (Maurer et al., 2020; Puzzo et al., 2018; Sethi et al., 

2018; Waller et al., 2017).  

The differential neurobiological mechanisms associated with and without 

CU traits are also apparent when assessing resting-state brain activity. 

Studies measuring functional connectivity in CD have revealed aberrant 

connectivity in large-scale networks such as the default mode, salience, 

and frontoparietal networks, which was differentially impacted by CU traits 

(Cohn et al., 2015; F. M. Lu et al., 2017; Thijssen & Kiehl, 2017; Werhahn 

et al., 2021). Finally, graph theory analysis, an approach used to assess 

brain topology, has revealed abnormal network organization with less 

reliance on key hub brain regions such as the posterior cingulate cortex (Y. 

Jiang et al., 2016; Tillem et al., 2022). Early evidence suggests this may 

be driven by CU traits (Y. Jiang et al., 2021). Together, abnormal structural 

and functional connectivity are likely to contribute to the neurocognitive 

impairments and subsequently to the symptoms of CD.  

In summary, there is substantial evidence of neurocognitive and 

neurobiological deficits cross-sectionally associated with CD. Prospective 

longitudinal studies exploring changes in neurobiological underpinnings of 

CD remain rare (Oostermeijer et al., 2016). Individuals with CU traits 
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(compared to those without such traits) appear to have somewhat distinct 

and more profound abnormalities in affective and reward-processing 

domains. Abnormalities in underpinning mechanisms including neural 

activity, structure, and connectivity may help to explain these deficits. 

Furthermore, these deficits can lead to reduced self-regulation and 

increased vulnerability to environmental risk factors such as substance 

misuse, which in turn may increase the overall chance of developing ASPD 

and psychopathic traits in adulthood (R. J. R. Blair, Leibenluft, et al., 2014; 

Fairchild et al., 2019; Junewicz & Bates Billick, 2020; Raine et al., 2011).  

1.1.3.4 Developmental trajectory of CD 

In the long-term, individuals with CD have an increased risk of poor life 

outcomes (Assink et al., 2015; Fairchild et al., 2019). CD is associated with 

unemployment, poor relationships, criminality and psychopathology later 

in life (Erskine et al., 2016). About 50% of individuals with CD go on to 

develop ASPD in adulthood and thus engage in LCP antisocial behaviour 

(Copeland et al., 2009; National Institute for Health and Care Excellence, 

2017). A greater number of genetic risk factors, earlier age of onset, more 

severe neurocognitive and neurobiological abnormalities, higher severity of 

antisocial behaviour and violence, presence of CU traits, substance misuse, 

poor parenting, and school drop-out are particularly associated with the 

risk of developing ASPD and LCP antisocial behaviour (Assink et al., 2015; 

Docherty et al., 2019; Jolliffe, Farrington, Piquero, Loeber, et al., 2017; 

Lynam et al., 2007; Moffitt, 2018; Moore et al., 2017).  

Early diagnosis and intervention in CD is thus essential for reducing the risk 

of later ASPD, LCP antisocial behaviour and violence (M. F. Caldwell et al., 

2006; Junewicz & Bates Billick, 2020). The high prevalence of ASPD in adult 

prisons suggests that more investigation into the underlying causes, 

mechanisms, and treatments of ASPD is also required. In the long-term, 

better understanding of ASPD is likely to have a beneficial impact by 

reducing the prevalence of LCP antisocial behaviour, violent crime, and the 

associated high social and financial costs. Such improved understanding 
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may also inform novel treatment approaches. The next section will present 

a brief overview of personality disorders before providing detailed clinical 

profile of ASPD and psychopathy. A brief overview of risk factors, 

comorbidities and outcomes will be provided.  

1.2  Clinical conceptualisation of antisocial 

personality disorder and psychopathy 

1.2.1 General features of personality disorder 

A personality disorder is a mental disorder marked by maladaptive 

personality traits and persistent, pervasive and problematic patterns of 

behaviour, cognition and inner experiences, which impair self and 

interpersonal functioning. Table 1.1 summarizes the general criteria for 

personality disorder in the DSM-5 (American Psychiatric Association, 2013) 

and the International Classification of Diseases, 11th Edition (ICD-11, World 

Health Organization, 2019). A recent meta-analysis of 46 studies across 21 

countries indicated that the global prevalence of any personality disorder 

in the community is around 7.8% (Winsper et al., 2020). In the UK, about 

4.4% of the community population meet diagnostic criteria for a personality 

disorder, and around 50% of these individuals have at least two personality 

disorders (Coid et al., 2006).  
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DSM-5 ICD-11 

An enduring pattern of inner experience and behaviour 

that deviates markedly from the expectations of the 

individual’s culture (in at least two of the following areas: 

cognition, affectivity, interpersonal functioning, impulse 

control). 

An enduring disturbance characterized by problems in 

functioning of the self and/or interpersonal dysfunction, 

which manifests in patterns of cognition, emotional 

experience and expression, and behaviours that are 

maladaptive, inflexible, or poorly regulated and which 

cannot be explained primarily by social or cultural factors. 

The enduring pattern is inflexible and pervasive across a 

broad range of personal and social situations.  

The disturbance manifests across a range of personal and 

social situations. 

The enduring pattern leads to clinically significant distress 

or impairment in social, occupational, or other important 

areas of functioning.  

The disturbance is associated with substantial distress and 

significant impairment in personal, social, educational, 

occupational, or other important areas of functioning  

The pattern is stable and of long duration, and its onset 

can be traced back at least to adolescence or early 

adulthood.  

The disturbance has persisted over an extended period 

(e.g., lasting two years or more) and the patterns of 

behaviour characterizing the disturbance are not 

developmentally appropriate. 

The enduring pattern is not attributable to the 

physiological effects of a substance or another medical 

condition and is not better explained as a manifestation or 

consequence of another mental disorder.  

The symptoms are not due to direct effects of medication 

or substance (incl. withdrawal effects) and are not better 

accounted for by another mental or medical disorder. 

Table 1.1 The general criteria for the diagnosis of a personality disorder according to the DSM-5 and the ICD-11. 

Note: These are summarized and ordered to emphasize the similarities between both manuals. 

The DSM-5 lists a total of 10 personality disorder categories in three 

clusters. Cluster A includes the odd and eccentric personality disorders: 

schizoid, schizotypal, and paranoid. Cluster B includes the dramatic and 

erratic personality disorders, specifically histrionic, borderline, narcissistic 

and antisocial. Finally, Cluster C includes the fearful and anxious personality 

disorders: dependent, avoidant, and obsessive-compulsive.  

These categories have provided the basis for most empirical research in 

personality disorders. Nonetheless, the categorical approach has been 

criticized for its heterogeneity in symptom configurations and for assuming 

that a personality disorder is either present or absent, rather than 

fluctuating in severity (Oldham, 2015). Therefore, the ICD-11, which 

officially came into effect in 2022, developed a three-tier dimensional 

approach (mild, moderate, severe) with the option of adding up to six trait 

domain specifiers (negative affectivity, detachment, dissociality, 

disinhibition, anankastic, borderline pattern). As Table 1.1 shows, the 

general criteria for personality disorder are nevertheless similar across both 

classification systems. Going forward, reference to the diagnostic criteria of 
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the DSM-5 will be made as these were applied in the current thesis and 

ASPD research more broadly.  

1.2.2 Antisocial Personality Disorder 

1.2.2.1 Clinical profile 

ASPD is one of the 10 types of personality disorders listed in the DSM-5, 

belonging to cluster B. Table 1.2 lists the specific diagnostic criteria for 

ASPD, according to the DSM-5. An optimal diagnosis of ASPD involves a 

structured clinical interview with an experienced professional. The two main 

interviews used are the Structured Clinical Interview according to the DSM-

5 (SCID-5-PD; First, Williams, Benjamin, & Spitzer, 2015) and the 

International Personality Disorder Examination (IPDE; Loranger, Janca, & 

Sartorius, 1997) which draws on both classification systems. Regardless of 

the assessment instrument used, it is important that both the general 

features of a personality disorder, as well as the specific criteria for ASPD 

are met.  

Antisocial Personality Disorder (DSM-5) 

Pervasive pattern of disregard for and violation of the rights of others, occurring since the age of 15*, as 

indicated by three or more of the following criteria:   

1. Failure to conform to social norms with respect to lawful behaviours, as indicated by repeatedly 

performing acts that are grounds for arrest 

2. Consistent irresponsibility, as indicated by repeated failure to sustain consistent work behaviour or 

honour financial obligations  

3. Impulsivity or failure to plan ahead 

4. Irritability and aggressiveness, as indicated by repeated physical fights or assaults 

5. Reckless disregard for safety of self or others  

6. Deceitfulness, as indicated by repeated lying, use of aliases, or conning others for personal profit or 

pleasure 

7. Lack of remorse, as indicated by being indifferent to or rationalizing having hurt, mistreated, or 

stolen from another  

* Meeting the diagnostic threshold for CD before the age of 15 is a prerequisite for the diagnosis of ASPD 

Table 1.2 The specific diagnostic criteria for ASPD according to the DSM-5. 

In the community, ASPD has a global prevalence rate of 1.4% (Winsper et 

al., 2020). In Western countries, this figure is slightly higher at 2.8% 

(Volkert et al., 2018). In the UK, about 1% of males and 0.6% of the total 

community population meet diagnostic criteria for ASPD (Coid et al., 2006). 

Given that most prevalence estimates come from household surveys, one 
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may assume that these rates are likely to be an underestimate because 

those with more severe forms of ASPD may either not reside in the 

community or not participate in such studies.  

In prison populations, a meta-analysis of 28 studies revealed that 47% 

meet the diagnostic threshold for ASPD (Fazel & Danesh, 2002). The 

diagnosis of ASPD is also a strong predictor of interpersonal violence (Fazel 

et al., 2018). Indeed, a large majority of violent offenders have or qualify 

for the diagnosis of ASPD (Piquero & Moffitt, 2014). One percent of the 

Swedish population (26% of all offenders) accounted for 63% of all violent 

offenses (Falk et al., 2014). The concentration of violent offenses amongst 

a small population of LCP offenders has also been confirmed in a meta-

analysis (Martinez et al., 2017). Over 30% of the Swedish group of 

offenders had an official diagnosis of personality disorder, and likely even 

more would meet the diagnostic threshold if clinically assessed. It is 

therefore evident that violent crime is strongly associated with ASPD.  

1.2.2.2 Comorbidities 

Comorbidities are very common in ASPD. An individual with one personality 

disorder has a high (40-50%) chance of having another comorbid 

personality disorder (Coid et al., 2006; Herpertz et al., 1994). ASPD is 

commonly comorbid with two other Cluster B personality disorders: 

borderline and narcissistic (Sher et al., 2015). Comorbidities with Cluster A 

personality disorders, schizotypal, schizoid and paranoid have also been 

reported (Coid et al., 2006). An increase in the number of personality 

disorders reflects an increase in the general psychopathology of an 

individual and is associated with a higher risk of violence (Lowenstein et 

al., 2016). However, the number of diagnostic thresholds that are met may 

be overestimated due to the overlap of symptoms across disorders. 

Therefore, it is important to consider specific maladaptive traits and the 

extent to which these drive behaviour, particularly in the context of 

antisocial behaviour, violence and crime (Warren & South, 2009).  
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As ASPD is an externalising pathology, it is highly comorbid with other 

externalising disorders. Thus, substance and alcohol misuse disorders are 

the most common comorbidities of ASPD, inherently forming part of the 

ASPD phenotype (Blackburn et al., 2003; Compton et al., 2005). 

Individuals with ASPD have a 17-fold higher likelihood of drug dependence 

and a 8-fold higher likelihood of alcohol dependence (Trull et al., 2010). 

Substance and alcohol misuse may have been present since adolescence 

and acted as a risk factor for developing ASPD (Hodgins et al., 2018). 

Comorbid substance and alcohol use is also a significant driving force 

associated with offending and recidivism (Almeida & Moreira, 2017; Flórez 

et al., 2019). Similarly, there is also a high comorbidity with ADHD (Black 

et al., 2010).  

Other mental health disorders are frequent among individuals with ASPD. 

Comorbidities include anxiety disorders, depressive disorders, post-

traumatic stress disorder (PTSD), self-harm and suicidality (Black et al., 

2010; Blackburn et al., 2003; Goodwin & Hamilton, 2003; Hodgins et al., 

2010). Psychotic illnesses such as substance-induced psychoses or 

psychotic episodes have been associated with Cluster B personality 

disorders, but these are less common than other comorbid mental health 

illnesses (Coid et al., 2006).  

There are suggestions that physical illnesses become increasingly comorbid 

with ASPD during older age, which may be due to the inherently unhealthy 

lifestyle lived during younger adulthood as well as an unwillingness to 

access or cooperate with treatment in older adulthood (Holzer & Vaughn, 

2017).  

1.2.2.3 Risk factors 

A childhood diagnosis of CD and the presence of LCP antisocial behaviour 

are homotypic risk factors for developing ASPD. There is therefore an 

expected overlap in the risk factors for CD and ASPD. This section will focus 

on any additional risk factors for adult ASPD.  
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1.2.2.3.1 Genetic 

Behavioural genetic research suggests that stable LCP antisocial behaviour 

is moderately heritable, with 56% of variance explained, yet polygenic 

(Ferguson, 2010; Tielbeek et al., 2017). Twin studies focusing narrowly on 

the categorical diagnosis of ASPD, but without accounting for psychopathy, 

have suggested heritability estimates of 69% (Fu et al., 2002), and suggest 

that genetic factors are particularly important in the stability of ASPD 

symptoms (Wesseldijk et al., 2018). Most other research investigating 

genetic risk factors of ASPD are based on assessing risks for antisocial 

behaviour and underlying traits including aggression and impulsivity 

(Romero-Martínez et al., 2022). Meta-analyses have estimated heritability 

for these traits to be around 50-70%, broadly consistent across sex and 

ethnicity (Ferguson, 2010; Glenn & Raine, 2014).  

The evidence base for molecular genetic risk factors for ASPD in adulthood 

is limited. It is important to note that no single candidate gene accounts for 

a significant amount of variance (Vassos et al., 2014). ASPD is thought to 

have a complex, multifactorial aetiology characterized by polygenic 

inheritance and genetic heterogeneity across individuals. As in CD, 

serotonergic, dopaminergic, oxytocinergic and MAOA gene alterations have 

been considered (Tielbeek et al., 2017, 2022). Genetic variants of other 

genes have also been identified in a GWAS study of individuals with ASPD 

(Rautiainen et al., 2016). A recent GWAS study of 1.5 million individuals 

with various externalizing pathologies revealed a positive correlation 

between polygenic risk scores of externalising disorders, including over 500 

genes, and ASPD symptom counts (Karlsson Linnér et al., 2021). They also 

demonstrated that polygenic risk scores of externalising disorders 

accounted for significant proportions of variance of criminality. Together, it 

thus appears that genetic factors influence the risk of ASPD, but 

substantially more research is required, particularly to form an 

understanding of the key molecular genetic risk factors.  
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1.2.2.3.2 Environmental  

Meta-analytic evidence suggests that variance in LCP antisocial behaviour 

can be further explained by shared (11-16%) and non-shared 

environmental (31-43%) influences (Ferguson, 2010; Waldman et al., 

2018). The impact of these non-shared environmental risk factors increases 

across development from CD (13%) to ASPD (57%), whereas shared 

environmental risk factors only play a significant role for CD in childhood 

(44%) (Wesseldijk et al., 2018). This suggests that the influence of peers 

and other external factors becomes more important than the influence of 

parents or family during adulthood.  

As for CD, prenatal and perinatal factors including poor maternal mental 

health, maternal substance, alcohol and nicotine consumption, exposure to 

neurotoxins such as lead, maternal malnutrition, foetal maldevelopment, 

and birth complications have all been associated with increased risks of 

antisocial behaviour and violence across the lifespan, and ASPD in 

adulthood. Furthermore, poor parenting, childhood maltreatment, maternal 

rejection and neglect, social adversities, being raised in care, lower 

intelligence quotient (IQ), adolescent substance use, victimisation and 

exposure to antisocial peers also exacerbate the risk of developing ASPD 

(R. J. R. Blair, Leibenluft, et al., 2014; Coid et al., 2006; Glenn & Raine, 

2014; Hodgins et al., 2018; Shi et al., 2012; Woehrle et al., 2022). 

1.2.2.3.3 Gene-environment interplay 

Gene-environment correlations and interactions can also affect the risk of 

developing ASPD (Hodgins et al., 2018).  In terms of gene-environment 

correlations, a recent large longitudinal cohort study revealed that inherited 

externalising traits in offspring can elicit environmental reactions including 

parent externalising behaviours, which together increases the risk for 

stable adult externalising disorders like ASPD in the offspring (Kretschmer 

et al., 2022). In terms of gene-environment interaction, an individual’s 

genetic expression may make them more vulnerable to environmental risk 
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factors. For instance, one study showed that certain genetic variants were 

associated with increased antisocial behaviour only in those who were also 

exposed to perinatal maternal smoking (Ruisch et al., 2019). Furthermore, 

due to gene-environment interactions, an individual may be more inclined 

to interact with a maladaptive environment due to their genetic 

predispositions. For example, engaging in substance misuse with peers is 

more likely to occur amongst individuals with genetic predispositions to 

externalizing behaviours (Wesseldijk et al., 2018). In turn, this can further 

contribute towards the risk of developing ASPD in two ways: substance 

misuse is associated with the environmental risk factor of surrounding 

oneself with antisocial peers, reinforcing antisocial tendencies, but early-

onset substance misuse has also been shown to alter adolescent brain 

development, reinforcing biological risk factors for ASPD (Filbey et al., 

2015). Furthermore, epigenetic risk factors i.e. risk associated with 

environmental impacts on gene expression have also been identified in 

association with ASPD (Hodgins et al., 2018). For example, environmental 

factors such as exposure to maltreatment in childhood or dealing with 

significant financial stress in adulthood have been shown to alter the 

expression of the MAOA gene, which contributes to serotonergic 

dysregulation associated with increased aggression and impulsiveness in 

ASPD (Checknita et al., 2015; McDermott et al., 2009). As in CD, the impact 

of experiencing childhood maltreatment can be dose-dependent (Fergusson 

et al., 2011; Ouellet-Morin et al., 2016). This shows that gene-environment 

interplay remain important throughout the lifespan.  

In summary, genetic and environmental risk factors contribute to the 

development and maintenance of ASPD traits throughout adulthood. 

Current knowledge is still limited, but it is widely recognized that interaction 

among risk factors is particularly important and may contribute to the 

heterogeneity among individuals with ASPD, including those with and 

without psychopathy.  
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1.2.3 Psychopathy 

1.2.3.1 Clinical profile 

Psychopathy is a multidimensional personality construct associated with 

ASPD. It is characterized by superficial charm, grandiosity, callousness, 

lack of empathy, conning/manipulative behaviour, affective and 

interpersonal disturbances, antisocial lifestyle, impulsivity, irresponsibility 

and high criminal versatility (Hare, 1991). There is a strong tendency to 

violate social norms and to have difficulty in maintaining intimate 

relationships. Such individuals display reactive and particularly proactive, 

instrumental acts of aggression (Cima & Raine, 2009).  

The gold-standard and most common clinical assessment tool for 

psychopathy is the Hare Psychopathy Checklist-Revised (PCL-R; Hare, 

1991), which is applied to clinical semi-structured interviews, such as the 

PCL-R interview, and collateral information. Twenty items capturing the 

above characteristics are constructed into two factors: 1) interpersonal-

affective, and 2) social deviance. Each factor is further divided into two 

facets. The first factor includes the interpersonal and the affective facets, 

and the second factor includes the impulsive lifestyle and antisocial facets. 

It has been argued that the first factor is associated with traits which are 

more unique to psychopathy, whereas the second factor aligns with 

antisocial tendencies and ASPD more generally (Hare et al., 2000). Table 

1.3 shows the items, facets, and factors of the PCL-R. An individual receives 

a score from 0 to 40. After extensive validation of the tool, primarily in 

forensic and psychiatric populations, a clinical cut-off score of greater than 

or equal to 30 is used in North American populations to identify the 

categorical group (Hare et al., 2000). In Europe, a slightly lower cut-off 

score of greater than or equal to 25 is used to identify the categorical group 

(Cooke & Michie, 1999). The lower cut-off score derives from the finding 

that European individuals have to have higher levels of the underlying 

latent trait before certain psychopathic characteristics become apparent.  
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Factor 1 (Interpersonal-Affective) Factor 2 (Social Deviance) 

Facet 1 

(Interpersonal) 

Facet 2 (Affective) Facet 3 (Lifestyle) Facet 4 (Antisocial) 

Glibness/superficial 

charm 

Lack of remorse or guilt Need for 

stimulation/proneness to 

boredom 

Poor behavioural 

controls 

Grandiose sense of self 

worth 

 

Shallow affect Parasitic lifestyle Early behavioural 

problems 

Pathological lying Callous/lack of empathy Lack of realistic, long-

term goals 

Juvenile delinquency 

Conning/manipulative Failure to accept 

responsibility for own 

actions 

Impulsivity Revocation of conditional 

release 

Irresponsibility  Criminal versatility  

Table 1.3 The PCL-R items, facets, and factors. 

Note: there are two additional items (‘promiscuous sexual behaviour’ and ‘many short-term marital 

relationships’), which are part of the total PCL-R score, but which do not load onto individual facet/factor 
scores. 

 

In the community, a recent meta-analysis revealed that 1.2% of the 

Western population meet the PCL-R threshold for psychopathy (Sanz-

García et al., 2021). A large discrepancy in the prevalence of psychopathy 

between community and forensic populations is evident. In the UK, about 

0.6% of the community meet the diagnostic threshold for psychopathy 

(Coid, Yang, Ullrich, Roberts, & Hare, 2009). In contrast, within forensic 

populations (prison, probation and forensic mental health hospitals), the 

prevalence of psychopathy is 7.7% in the UK and 16% in North America 

(Coid, Yang, Ullrich, Roberts, Moran, et al., 2009; Kiehl & Hoffman, 2011). 

The prevalence estimates calculated by Coid et al. (2009) relied on the cut-

off score of 30, to facilitate comparisons with North American data. If the 

European cut-off score of 25 was used, this prevalence would increase 

slightly.  

1.2.3.2 Comorbidities 

Most individuals with psychopathy meet diagnostic criteria for ASPD. 

However, less than 50% of those with ASPD additionally meet criteria for 

psychopathy (Baliousis et al., 2019; De Oliveira-Souza, Moll, et al., 2008; 

Hare, 1991). There is a highly significant positive correlation between the 

number of SCID-5-PD ASPD symptoms and the score on the screening 
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version of the PCL, the PCL-SV (Coid, Yang, Ullrich, Roberts, & Hare, 2009; 

DeLisi et al., 2022). A comparison of the traits associated with ASPD and 

psychopathy reveals an overlap, particularly between the social deviance 

factor of psychopathy and ASPD (Kiehl & Hoffman, 2011). With this in mind, 

psychopathy and ASPD could be described as comorbid syndromes. 

However, it is debated whether they are best considered as two separate 

syndromes which occur comorbidly, or if ASPD with and without 

psychopathy are two subtypes of ASPD (Kosson et al., 2006). Further 

research assessing shared and different underpinnings of ASPD and 

psychopathy is required to explore this.  

Additionally, individuals with high psychopathy also often meet diagnostic 

criteria for narcissistic, schizoid and histrionic personality disorders (Coid, 

Yang, Ullrich, Roberts, Moran, et al., 2009), but less frequently with 

borderline personality disorder as compared to those with ASPD without 

psychopathy (Coid, Yang, Ullrich, Roberts, & Hare, 2009; Coid & Ullrich, 

2010).  

The research on comorbidities between psychopathy and other mental 

health disorders is more limited and mostly relies on forensic patients, 

compromising the applicability of findings for community populations 

(Werner et al., 2015). Findings generally indicate fewer comorbidities than 

in ASPD (Coid, Yang, Ullrich, Roberts, & Hare, 2009; Coid, Yang, Ullrich, 

Roberts, Moran, et al., 2009). Antisocial individuals with heightened 

psychopathy are less prone to anxiety and depression than those without 

or low in psychopathy (Werner et al., 2015). The comorbidity between 

substance and alcohol use disorders and psychopathy is higher in forensic 

than community populations, and has been shown to be particularly 

mediated by the social deviance factor of psychopathy (Coid, Yang, Ullrich, 

Roberts, & Hare, 2009; Werner et al., 2015). This again highlights that it 

is a core part of the phenotype.  
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1.2.3.3 Risk factors 

Due to the close relationship between ASPD and psychopathy, there is an 

overlap in their genetic and environmental risk factors. There is further 

overlap between the risk factors for CU traits and psychopathy. The 

following will outline additional risk factors which have been associated with 

psychopathy.  

1.2.3.3.1 Genetic 

In terms of behavioural genetics, CU traits, an early predictor of 

psychopathy, have a high genetic heritability, estimated at over 65% 

(Viding et al., 2005). The strength of this genetic heritability has been 

shown to be stable over time, particularly in males (Lynam et al., 2007; 

Viding & McCrory, 2012). A recent meta-analysis confirmed that genetic 

risk factors explained 52% of the variance in the psychopathy construct 

(Waldman et al., 2018). The role of genetics in psychopathy-related traits 

has also been assessed. For instance, variance among narcissistic and 

impulsive traits in the context of psychopathy has been shown to be 

explained to a larger extent genetically (60-75%) than environmentally 

(Ficks et al., 2014; Waldman et al., 2018). Despite these findings, 

molecular genetic research such as candidate gene studies and GWAS 

focusing on adult psychopathy is rare and typically underpowered (Gunter 

et al., 2010; Palumbo et al., 2022). A recent systematic review of 15 

studies assessing molecular genetic risk factors for psychopathy as 

measured with the PCL-R revealed that similar genes have been implicated 

in psychopathy as in CD or ASPD as whole. However, they concluded that 

there was no consistent molecular genetic basis identified across studies 

(Griffiths, Jalava, Rosenberg Larsen, et al., 2022).  

Therefore, although the contribution of individual genes is still largely 

unknown, it is clear that genetic risk factors play an important role in the 

development and maintenance of psychopathy, perhaps larger than for the 

broader ASPD and LCP antisocial behaviour constructs (Forsman et al., 

2010; Kiehl & Hoffman, 2011; Werner et al., 2015). The required further 
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genetic research should consider controlling for the psychopathy within 

ASPD samples as this will allow a better breakdown of genetic contribution 

to each construct.  

1.2.3.3.2 Environmental  

In line with environmental influences on CU traits in CD, a meta-analysis 

showed that only non-shared environmental factors explained 48% 

variance in adult psychopathy (Waldman et al., 2018). An earlier study 

suggested that affective deficits found in psychopathy are influenced by 

unique non-shared environmental factors which do not influence impulsive-

antisocial traits (Taylor et al., 2003). A recent meta-analysis also reported 

that exposure to childhood abuse and neglect increased the risk for 

psychopathy in adulthood (De Ruiter et al., 2022). The association was 

stronger for the social deviance factor, which aligns with findings from 

another study of violent offenders that demonstrated childhood 

maltreatment did not predict psychopathy, but it did predict aggression 

(Woehrle et al., 2022). However, studies measuring the impact of childhood 

maltreatment are often retrospective, and it has been shown that 

agreement between retrospective and prospective measures is limited 

(Baldwin et al., 2019). To best establish the impact of early risk factors, 

longitudinal, prospective studies are required. Nevertheless, it becomes 

evident that similar to genetic risk factors, environmental risk factors are 

also likely to contribute to different traits of psychopathy in specific ways. 

There is currently limited evidence of any additional specific environmental 

risk factors that are specific to adult psychopathy in comparison to the 

broader ASPD construct.  

1.2.3.3.3 Gene-environment interplay 

Gene-environment interplays have also been highlighted in the 

development of psychopathy. Similar to the development of CU traits, an 

unhealthy environment evoked by negative parenting style or parental 

psychopathic traits, as well as instable socioeconomic conditions have been 
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shown to exacerbate the genetic vulnerabilities towards developing 

psychopathic features such as interpersonal-affective deficits (Auty et al., 

2015; Beaver et al., 2011; Palumbo et al., 2022; Viding & McCrory, 2018). 

In turn, a healthy rearing environment can protect against developing long-

term psychopathic traits and antisocial behaviour (Brazil et al., 2018; 

Loeber et al., 2009; Salekin & Lochman, 2008; Viding & McCrory, 2018). 

This is particularly important in the context of intervention, as family-based 

and parenting therapies may have a beneficial effect in early years, and 

adjusting or improving environmental circumstances may improve 

outcomes in adulthood  (Loeber et al., 2009). 

In summary, the risk factor literature suggests that individuals with 

psychopathy suffer from a more genetically determined, biologically driven 

neurodevelopmental form of the disorder than those meeting criteria for 

the broader ASPD construct. Nevertheless, understanding the impact of the 

environment and its interaction with genetic predisposition is particularly 

important as it may offer targets for treatments and interventions.  

1.2.4 Treatment and interventions  

It is evident that the prevalence of ASPD and psychopathy in offender 

populations is high. A correlation between ASPD and violent offending 

(Sariaslan et al., 2020) and increased violent recidivism (Chang et al., 

2015; Krona et al., 2016) has been shown. Recidivism rates are high: 

internationally, over 30% of released offenders are reconvicted within 2 

years and over 50% within 5 years (Yukhnenko et al., 2019). This highlights 

the necessity for effective treatment, rehabilitation and prevention 

programmes for this population, tailored to the distinct therapeutic needs 

of those with and without psychopathy.  

The Cochrane review of psychological and behavioural therapy approaches 

for ASPD concluded that there is insufficient evidence for any particular 

psychological intervention (Gibbon et al., 2020). A meta-analysis of 6 

studies assessing treatment effects on recidivism rates in ASPD, of which 
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only 3 were randomized controlled trials, reported that treatment was no 

more successful at reducing recidivism than the control condition (Wilson, 

2014). However, a meta-analysis of 19 studies assessing the effectiveness 

of structured psychological interventions in male violent offenders with and 

without personality disorders revealed a 31% reduction in violent recidivism 

associated with treatment (Papalia et al., 2019). Unfortunately, this meta-

analysis did not assess the moderating effects of ASPD or psychopathy: the 

positive effect may have been driven by individuals without personality 

disorders. Contingency management and cognitive-behavioural therapy 

(CBT) showed benefits in some studies, however the evidence was 

inconsistent. Across different studies, these treatment benefits were mainly 

attributable to the positive effects of treatment on substance and alcohol 

misuse rates (Werner et al., 2015).  

Despite these historically inconsistent findings, therapeutic approaches 

such as multimodal CBT, substance use relapse prevention, and 

interpersonal and anger management skills continue to be employed. One 

preliminary study assessing individuals with externalizing problems with 

and without psychopathy demonstrated a positive effect of cognitive 

remediation therapy. The therapy was designed to specifically target the 

cognitive-affective deficits which were empirically identified as being 

distinctly associated with each subtype (Baskin-Sommers, Curtin, et al., 

2015). Similarly, cognitive remediation therapy focused on improving 

cognitive biases by modifying attention mechanisms has also shown initial 

positive effects in young offenders (Z. Zhao et al., 2022). Mentalization-

based therapy, shown to be effective in borderline personality disorder, is 

currently being adapted for ASPD and focuses on the cognitive, affective, 

self-oriented and other-oriented mentalization deficits associated with 

ASPD (Bateman et al., 2013). The results of a randomized controlled trial 

exploring the use of mentalization-based therapy in antisocial personality 

disordered men without psychopathy are awaited.  
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Specific offender rehabilitation programmes in prisons and probation 

services have also had favourable outcomes. The Reasoning and 

Rehabilitation programme uses a CBT basis to identify and then modify 

dysfunctional cognitions and behaviours associated with (re-)offending. A 

meta-analysis reported a significant 14% reduction in recidivism, although 

data from randomized controlled trials is still lacking (Tong & Farrington, 

2006).  Finally, in the UK, the establishment of offender personality disorder 

pathways in prisons and across probation services has allowed increased 

resources to be devoted to individuals with personality disorders (Joseph & 

Benefield, 2010). Offending behaviour programmes are delivered alongside 

the Chromis approach which has been specifically developed for 

psychopathic offenders to increase motivation for prosocial behaviour. 

Although more longitudinal data is required, evidence suggests a beneficial 

outcome, particularly for those at high risk of violent re-offending (Skett et 

al., 2017), but personality factors and neurocognitive abilities affect 

engagement (Yeadon et al., 2021). Overall, most intervention approaches 

showing early promises highlight the important role of empirical 

neurocognitive research in informing the development of new therapy 

targets. 

A Cochrane review of 11 trials of pharmacological or medical treatment in 

ASPD revealed highly inconsistent data and no therapeutic 

recommendations were made (Khalifa et al., 2020).  

The inconsistency in evidence for effective treatments for ASPD and 

psychopathy may be associated with the heterogeneous nature of the 

disorder (Brazil et al., 2018). Treatment approaches need to take account 

of the differences between antisocial personality disordered individuals with 

or without additional diagnoses of psychopathy.  

1.2.5 ASPD with or without psychopathy  

The above has highlighted the close relationship between ASPD and 

psychopathy. Both are highly associated with violent crime, increased risk 
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of recidivism, and poor response to treatment. Nevertheless, when 

comparing individuals with ASPD with psychopathy (ASPD+P) and ASPD 

without psychopathy (ASPD-P), those with psychopathy typically have a 

younger age of offending onset (Kosson et al., 2006), higher risk of 

recidivism, especially of a violent nature (Hemphill et al., 1998; McCuish et 

al., 2015; Olver et al., 2011, 2013; Shepherd et al., 2018), excessive use 

of proactive and instrumental aggression (Azevedo et al., 2020; Flórez et 

al., 2019; Riser & Kosson, 2013), poorer response to treatment attempts 

(Mayer et al., 2018; Olver et al., 2011), and higher cost burden to society 

(Kiehl & Hoffman, 2011).  

Given the differences in patterns of antisocial and aggressive behaviour, 

personality traits, and criminal offending, as well as somewhat differing 

genetic and environmental risk factors, between men with ASPD-P and men 

with ASPD+P, it is reasonable to hypothesize that the neurobiological 

mechanisms that initiate and maintain their aggressive behaviours differ.  

1.3  Neurocognitive, neurobiological, and 

neurochemical underpinnings of ASPD +/- P 

This section will start with a summary of the neurocognitive deficits of 

ASPD+/-P, linked with the functional neural abnormalities that might 

underpin these deficits. Following this, an overview of evidence for 

abnormal brain structure and resting-state brain function will be given. 

Finally, neurochemical underpinnings of ASPD+/-P will be described, with a 

focus on oxytocin and its potential to shift the observed neurobiological 

abnormalities.  

1.3.1 Neurocognitive and functional neurobiological 

underpinnings of ASPD and psychopathy 

Impairments in ASPD+/-P can be classified into three main domains: 

emotional responsiveness, reward and punishment processing, and 

executive function including attention. A larger proportion of research has 
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focused on psychopathy, and those studies assessing the ASPD construct 

did not always account for psychopathy. Nevertheless, it appears that 

among those with ASPD, psychopathic traits may impact behavioural and 

neural functioning across these domains to varying extents. The following 

will outline evidence for the behavioural and task-based functional 

magnetic resonance imaging (fMRI) abnormalities across these domains. 

To remain clinically relevant, the evidence discussed will primarily focus on 

findings from forensic or clinical populations. 

1.3.1.1 Emotional responsiveness 

Abnormalities in emotional responsiveness can be subclassified into those 

relating to physiological responsivity, those relating to emotion recognition, 

and those relating to empathic processing more broadly. Physiological 

responsivity reflects the reaction of the body’s autonomic nervous system 

to emotionally arousing stimuli and thus may be considered an underlying 

process of emotional responsiveness (De Looff et al., 2022). Furthermore, 

accurate recognition and appropriate processing of others’ facial emotion 

expressions are key skills required for intact social interaction, 

communication and the development of interpersonal skills and adaptive 

behaviour (Schönenberg et al., 2013). These factors, in turn, contribute to 

empathic processing (R. J. R. Blair, 2007a).  

1.3.1.1.1 Physiological responsivity 

Reduced autonomic physiological responses, i.e., reduced startle response, 

heart rate, skin conductance response and pupil dilation have been shown 

in individuals with ASPD and psychopathy when at rest and during 

neurocognitive tasks such as viewing affective stimuli or anticipating threat 

(Anton et al., 2012; De Looff et al., 2022; Gillespie et al., 2019; Kumari et 

al., 2009; Loomans et al., 2015; Pfabigan et al., 2015; Raine et al., 2000). 

Meta-analytic evidence shows that this is particularly pronounced in violent 

offenders with psychopathy and high PCL-R factor 1 but not factor 2 scores, 

but also to a lesser extent in individuals with ASPD more broadly (De Looff 

et al., 2022; Kozhuharova et al., 2019; Patrick, 2015). These deficient 
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autonomic responses may be associated with heightened fearlessness or 

boldness in individuals with psychopathic tendencies (Hoppenbrouwers et 

al., 2016; Klingzell et al., 2016; B. Murphy et al., 2016). Furthermore, they 

may impact other neurocognitive processes such as attention (Hamilton & 

Newman, 2018a).  

1.3.1.1.2 Emotion recognition and processing 

Facial emotion expressions enable the rapid interpersonal transmission of 

information and can lead to reactions in others (e.g., accurate recognition 

and processing of another person’s fearful facial expression can serve as a 

distress cue to elicit aversion and inform the observer’s next action). Thus, 

impairments in this skill may be an important neurocognitive component of 

ASPD and psychopathy.  

On the behavioural level, two meta-analyses of studies assessing explicit 

emotion recognition of the six basic emotions (fear, sadness, anger, 

happiness, disgust and surprise) in individuals with ASPD and psychopathy, 

respectively, revealed similar findings (Dawel et al., 2012; A. A. Marsh & 

Blair, 2008). Fear, sadness, and to a smaller extent surprise and happiness 

recognition were consistently impaired in antisocial individuals. The 

recognition of fear was significantly worse than all other emotions in both 

meta-analyses. Furthermore, individuals with ASPD require more time to 

recognize unambiguous emotional expressions and are more likely to 

classify ambiguous faces as angry and threatening (Schönenberg et al., 

2013; Schönenberg & Jusyte, 2014; Smeijers et al., 2017). The latter 

finding suggests the presence of a hostile attribution bias in individuals with 

ASPD, which may contribute to heightened reactive aggression (Dodge, 

2006). Taken together, these results suggest that individuals with ASPD 

and psychopathy have selective perceptual impairments in emotion 

recognition, particularly for emotions communicating distress or threat.  

On the neural level, emotion recognition and processing initially rely on a 

network of occipitotemporal structures including the fusiform face area for 
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all emotions, but subsequently different emotions are processed in different 

areas. For instance, fear and sadness seem to be disproportionately 

associated with amygdala processing, whereas disgust and anger are more 

related to insula processing (Fusar-Poli et al., 2009). ASPD+/-P 

impairments in explicit and implicit facial emotion recognition and 

processing have been most prominently associated with atypical 

functioning of the amygdala, anterior midcingulate cortex, anterior insula 

as well as occipitotemporal areas such as the fusiform gyrus and the cuneus 

(N. E. Anderson et al., 2017; R. J. R. Blair, 2007a; Contreras-Rodríguez et 

al., 2014; Decety et al., 2014; Deeley et al., 2006; Seara-Cardoso et al., 

2022; Tully et al., 2022). 

In summary, emotion recognition and processing deficits are a prominent 

neurocognitive feature of ASPD+/-P which have been shown to be linked 

with functional neural abnormalities. This atypical behaviour and brain 

dysfunction may be more pronounced in individuals with psychopathy, but 

further direct comparisons between ASPD+/-P are required. Furthermore, 

these deficits may partially underpin persistent aggressive behaviours and 

reduced empathy.  

1.3.1.1.3 Empathy 

Empathy is a multidimensional construct involving an “affective response 

that stems from the apprehension or comprehension of another’s emotional 

state or condition” (Eisenberg, Fabes, & Spinrad, 2006, p. 647). Two 

important dimensions in the context of ASPD+/-P are cognitive and 

affective empathy (Zaki & Ochsner, 2012). Cognitive empathy relates to 

understanding another’s intentions and emotional or mental state and is 

related to theory of mind (ToM) and perspective-taking. Affective empathy 

relates to the ability to experience or resonate with another’s emotions. 

These processes closely interact but are associated with distinct neural 

underpinnings (Bird & Viding, 2014; R. J. R. Blair, 2007a; Olderbak & 

Wilhelm, 2017).  
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From a behavioural perspective, reduced empathy and callousness are 

hallmark features of ASPD+P. In terms of cognitive empathy, a study 

directly comparing individuals with ASPD+/-P reported both ASPD subtypes 

performed normally on basic ToM tasks but were selectively impaired in 

one type of second-order ToM (faux pas task) (Dolan & Fullam, 2004). 

Furthermore, increased psychopathy has been linked with a failure in 

implicit, automatic but not explicit, controlled perspective-taking (Drayton 

et al., 2018). This suggests that perspective-taking is problematic for an 

individual with psychopathy when it is not explicitly required for achieving 

a goal. Thus, it appears as though more complex forms of behavioural 

cognitive empathy are impaired in ASPD+/-P, and that these may be 

selectively associated with ASPD+P. In terms of affective empathy, deficits 

in emotion recognition and processing, alongside reduced autonomic 

responses while witnessing others’ pain or distress are key signs of 

impairments in this dimension, particularly in those with psychopathy (R. 

J. R. Blair, 2007a; Pfabigan et al., 2015). However, and surprisingly 

considering the phenotype, there is inconsistent evidence for behavioural 

impairments in affective empathy, with some (Shamay-Tsoory et al., 2010) 

but not all (Domes et al., 2013; Mayer et al., 2018; Newbury-Helps et al., 

2017; Richell et al., 2003) findings showing a negative correlation between 

task performance and psychopathic traits. Such inconsistency may be 

related to differences in task design (Griem et al., 2022). More research is 

required, but to date it therefore seems that behavioural affective empathy 

impairments are primarily associated with emotion processing deficits, and 

this is primarily characteristic of ASPD+P. 

There is more consistent evidence for abnormalities in the neural correlates 

of empathy impairments, particularly the affective dimension, in ASPD+/-

P. For instance, evidence has shown that psychopathic individuals have 

significantly reduced neural response to imagining and viewing others’ 

distress and pain, as well as when attributing emotional states to others, in 

areas including the ventromedial prefrontal cortex, orbitofrontal cortex, 
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anterior cingulate cortex, anterior insula, inferior parietal cortex 

(temporoparietal junction), amygdala, and basal ganglia (Decety et al., 

2015; Decety, Chen, et al., 2013; Decety, Skelly, et al., 2013; Meffert et 

al., 2013). Another study revealed abnormal neural activity in these regions 

during implicit but not explicit affective evaluation of moral scenarios 

(Yoder et al., 2015), again suggesting empathy deficits may be more 

apparent when empathy is not directly required to achieve a goal. 

Unfortunately, most of these studies lacked non-offending control samples, 

meaning it is not clear to what extent these abnormalities are linked with 

criminality and antisocial behaviour as a whole. However, they were able 

to show distinct functional abnormalities in these regions in offenders with 

low versus high psychopathy (akin to offenders with ASPD-P and ASPD+P, 

respectively).  

In summary, there is evidence for behavioural and especially functional 

neural abnormalities in emotional responsiveness, including physiological 

responsivity, emotion recognition and processing, automatic mentalising 

and affective empathy in individuals with ASPD+/-P. Although direct 

comparisons of ASPD+P vs ASPD-P are lacking, existing findings do suggest 

these deficits are more pronounced in individuals with high psychopathy, 

particularly when the functions are not directly required to achieve a goal. 

Key brain areas consistently associated with these deficits in ASPD+/-P 

include the amygdala, insula, cingulate cortex and the inferior parietal 

cortex (temporoparietal junction). 

1.3.1.2 Reward and punishment processing 

The appropriate recognition and processing of reward and punishment 

signals is crucial for stimulus-reinforcement learning, decision-making, and 

social interaction. The persistent antisocial behaviour, the high rates of 

reconviction and the overall poor life choices reflect serious difficulties in 

successfully integrating reward and punishment information in individuals 

with ASPD+/-P (De Brito & Hodgins, 2009; Hughes et al., 2016). Blair’s 

Integrated Emotion Systems model of psychopathy (R. J. R. Blair, 2006, 
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2007a) suggested that three learning impairments are fundamental to 

emotional and empathic dysfunction in psychopathy (R. J. R. Blair, 2013a): 

an impairment in stimulus-reinforcement learning due to increased 

sensitivity to reward and decreased sensitivity to punishment (K. S. Blair 

et al., 2006); an impairment in the representation of reinforcement 

outcome information, i.e. the value of the outcome; and finally, an 

impairment in prediction error signalling, i.e. not correcting the expected 

reward/punishment for future actions.  

The above suggests that behavioural impairments in learning and decision-

making in the context of affective stimuli are fundamental to psychopathy, 

particularly in the context of affective reward and punishment stimuli. 

However, when considering reward and punishment cues beyond their 

affective value, there is also evidence of impairment in ASPD more broadly. 

A study directly comparing ASPD+/-P individuals demonstrated that both 

groups made poorer quality decisions despite longer periods of deliberation 

(De Brito et al., 2013). Both groups also did not change their behaviours in 

the face of changing contingencies in a response reversal task. However, 

findings from other studies suggest this may be different in those with 

higher psychopathic traits (Baliousis et al., 2019; Budhani et al., 2006; 

Hughes et al., 2015). Finally, in a passive avoidance learning task, De Brito 

and colleagues (2013) showed that both ASPD+/-P groups failed to learn 

from punishment cues. Together, this suggests individuals with ASPD+/-P 

fail to adjust their behaviour in light of a) increasing risk and b) previously 

rewarded behaviours being punished. It is noteworthy that the response 

reversal finding was only significant for the ASPD-P group (it trended 

towards significance in ASPD+P). This concurs with another study showing 

more response reversal deficits in ASPD with low as opposed to high 

psychopathic traits (Dolan, 2012).  

On the neural level, abnormalities in the mechanisms associated with 

reward and punishment processing have also been detected in ASPD+/-P. 

When reward and punishment stimuli are associated with an affective 
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value, there is fMRI evidence for impaired neural processing, especially in 

those with high psychopathy. In line with behavioural findings, reduced 

amygdala activity during aversive conditioning tasks involving emotional 

stimuli has been shown in psychopathic offenders (Birbaumer et al., 2005). 

Alongside typically reduced activity in the ventromedial prefrontal and 

orbitofrontal cortex, it is likely that such amygdala and insula deficits 

contribute to the reduced response to distress cues and subsequent 

empathic processing impairments (R. J. R. Blair, 2007a, 2007b, 2008). 

Abnormal neural activity in these regions, in addition to the anterior 

cingulate, precuneus, and inferior parietal cortex (temporoparietal 

junction) have also been linked with deficits in moral reasoning in 

individuals with high psychopathy (Abe et al., 2018; Decety et al., 2015; 

Pujol et al., 2012; Yoder et al., 2015). Moral reasoning requires decision-

making and is thus also related to reward and punishment processing. 

Overall, it is thus likely that individuals with psychopathy likely fail to 

appreciate the significance of affective information stimuli (De Brito et al., 

2013).  

The neural underpinnings of reward and punishment processing has also 

been assessed in the context of socioeconomic decision-making. One study 

directly comparing neural activity in a response reversal task in ASPD+/-P 

demonstrated distinct neural abnormalities associated with reward and 

punishment sensitivity for each subtype (Gregory et al., 2015). Specifically, 

in response to financial reward, ASPD+P had reduced middle and superior 

temporal gyrus activation whereas ASPD-P had increased activity. In 

response to punishment, ASPD+P had increased anterior insula and 

posterior cingulate activation, but ASPD-P showed decreased activation in 

these areas. Thus, the authors suggested differential neural sensitivities to 

reward and punishment information depending on the presence or absence 

of psychopathy in offenders with ASPD. Furthermore, a systematic review 

of several fMRI studies of antisocial individuals with and without 

psychopathy reported that antisocial behaviour as well as the social 
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deviance factor of psychopathy were related to increased striatal and 

prefrontal neural activity when anticipating reward, further supporting a 

hypersensitivity to reward in ASPD (Murray et al., 2018). Finally, abnormal 

neural response to reward expectation in the striatum has also been 

identified as a key mechanism underpinning reinforcement-learning deficits 

in individuals with ASPD and psychopathy (Geurts et al., 2016; Hosking et 

al., 2017; Pujara et al., 2014).  

Therefore, in summary, it is apparent that both individuals with ASPD+P 

and ASPD-P show behavioural and neural abnormalities in reward and 

punishment processing. It is likely that these are more severe in individuals 

with ASPD+P in the context of affective value, whereas they are a shared 

deficit across both ASPD subtypes (linked to the shared impulsive-antisocial 

traits) in the context of economic value. However, even within the latter, 

there are likely some distinctions in the neural mechanisms underpinning 

these deficits. Key brain structures associated with these abnormalities are 

the amygdala, ventromedial and orbitofrontal prefrontal cortex, cingulate 

cortex, and striatum. 

1.3.1.3 Attention and executive function  

Executive functions are higher-order cognitive processes including the 

interaction between volition, planning, purposive action and effective 

performance required for future, goal-directed behaviour. These functions 

include the allocation of attentional resources, cognitive flexibility and set-

shifting, response inhibition and impulse control, planning, and problem-

solving. The role of behavioural and neural attention deficits has received 

increased consideration, particularly in the neurocognitive formulation of 

psychopathy, and will be discussed first. This will be followed by a summary 

of other evidence for impairments in ASPD+/-P in the other executive 

functions.  
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1.3.1.3.1 Attention 

Attention is important for perception, selection, and storage of sensory 

information, and the ability to select salient information while filtering out 

less salient information is fundamental to appropriate social behaviour 

(Baskin-Sommers & Brazil, 2022). Attention can be implicit (automatic) or 

explicit (controlled). A recent study assessing a range of neurocognitive 

functions in ASPD and psychopathy revealed similar behavioural attention 

deficits in offenders with ASPD or psychopathy (Baliousis et al., 2019). Both 

groups performed worse on sustained attention and visual search tasks as 

compared to healthy controls. This confirms earlier evidence of attention 

deficits in ASPD (Dolan & Park, 2002; Morgan & Lilienfeld, 2000). However, 

a study directly comparing offenders with ASPD with and without 

psychopathy suggested that the groups display differential patterns of 

attention deficits (Riser & Kosson, 2013). On the one hand, it has been 

argued that in individuals with ASPD-P, these impairments may be 

expressed due to a failure to ignore peripheral or distracting information, 

meaning that attention is not oriented to the most salient stimuli (Baskin-

Sommers & Newman, 2013; Verona et al., 2012). On the other hand, in 

those with ASPD+P, there may be too much focus on self-benefitting  goal-

relevant information (possibly serving antisocial goals) which may make 

them less likely to attend to socially salient information such as affective 

cues (Tillem et al., 2021).  

Indeed, the role of abnormal attention processes has been of particular 

interest in the context of psychopathy. Accurately attending to emotional 

cues is important for normal emotional responsiveness. Therefore, the 

Response Modulation Hypothesis of psychopathy theorizes that 

impairments in emotional responsiveness result from a failure to 

automatically attend to socially salient stimuli such as emotional cues 

(Hamilton & Newman, 2018a). For instance, eyes are particularly strong 

conveyors of emotion such as fear (Dawel et al., 2012), and eye-tracking 

evidence suggests that offenders with psychopathy as opposed to offenders 
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without psychopathy spend significantly reduced amount of time looking at 

their interaction partner’s eyes (Gehrer et al., 2019). Furthermore, during 

attention tasks, physiological responsivity has been shown to be less 

affected by distractors (Wolf et al., 2012), and to increase when 

psychopathic individuals are explicitly instructed to attend to peripherally 

presented threatening information (Baskin-Sommers et al., 2011; Kosson 

et al., 2006). Considering such evidence, it is argued that socially salient 

information is not attended to because it is filtered out early on in the 

attention bottleneck, unless it is directly required for self-beneficial goal-

directed behaviour (Baskin-Sommers & Brazil, 2022). In fact, the attention 

deficits in psychopathy have also been used to explain difficulties with 

reward and punishment processing, especially when multiple streams of 

information must be monitored simultaneously for effective learning to 

occur (Baskin-Sommers & Brazil, 2022; Hamilton & Newman, 2018b).  

Evidence from fMRI studies has revealed possible neural correlates for the 

behavioural attention deficits found in individuals with ASPD+/-P. In 

antisocial individuals more broadly, meta-analyses revealed that impaired 

function of the dorsolateral prefrontal cortex, as well as reduced activity in 

regions of the dorsal attention network are associated with problems in 

directing and sustaining attention (Dugré & Potvin, 2021; Yang & Raine, 

2009). In offenders with psychopathy, distinct neural correlates of the 

automatic attention deficits have also been identified. For instance, several 

studies revealed reduced brain activity during passive exposure to task 

stimuli, which was upregulated after receiving explicit instructions to attend 

to the stimuli, especially if these stimuli had an affective nature (N. E. 

Anderson et al., 2017, 2018; Meffert et al., 2013; Shane & Groat, 2018). 

This included areas such as the orbitofrontal cortex, anterior midcingulate, 

anterior insula, and precuneus.  

In summary, differential patterns of behavioural and neural impairments in 

attention have been identified in ASPD+/-P. On the one hand, individuals 

with ASPD-P have difficulties with attention due to being overly focused on 
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or distracted by peripheral information. On the other hand, individuals with 

ASPD+P exhibit deficits in detecting and attending to socially salient 

information, especially when this is not directly implicated in achieving a 

self-beneficial goal. Similar brain regions are implicated in the latter deficits 

as those identified in the context of emotional responsiveness problems for 

individuals with ASPD+P.  

1.3.1.3.2 Executive function 

Further executive functions include cognitive flexibility and set-shifting, 

planning and problem-solving, and response inhibition and impulse control. 

Behavioural difficulties in these functions have also been identified in 

ASPD+/-P.  

Cognitive flexibility and set-shifting reflect the abilities to accurately shift 

focus between different sources of information and to adjust to situations 

under new rules or circumstances. Individuals with ASPD have been shown 

to be impaired on these functions (Baliousis et al., 2019; Dolan, 2012; 

Dolan & Park, 2002). Similar findings exist for planning and problem-

solving abilities: significant impairments in the ability to flexibly plan 

solutions to problems found in individuals with ASPD do not appear to be 

influenced by psychopathic traits (Baliousis et al., 2019; Delfin et al., 2018; 

Dolan, 2012; Dolan & Park, 2002). Thus, it appears as though problems 

with cognitive flexibility, set-shifting, planning, and problem-solving are 

observed within the broad APSD construct. However, it has been suggested 

that individuals with psychopathy who score highly on the interpersonal 

facet perform better on these executive functions, which may be related to 

skills required for behaviours such as pathological lying and manipulation 

(Pera-Guardiola et al., 2016).  

Finally, response inhibition and impulse control is an executive function that 

is closely related to self-regulation and impulsivity. Impulsivity is a key 

characteristic across externalising disorders including ASPD and 

psychopathy (Magyar et al., 2011). Neurocognitive studies show 
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behavioural impairments in this executive function. On motor response 

inhibition tasks, individuals with ASPD and subthreshold psychopathy make 

significantly more errors than those with above-threshold psychopathy 

(Dolan, 2012; W. Jiang et al., 2016). Furthermore, higher impulsive facet 

scores were associated with poorer impulse control, whereas higher 

interpersonal facet scores were associated with improved performance 

(Weidacker et al., 2017). Together, this indicates reduced impulse control, 

especially in individuals with ASPD-P. Impulsivity can also be assessed in 

the context of delay discounting, i.e., the preference between a smaller, 

more imminent or a larger, more delayed reward. Individuals with ASPD-P 

have been shown to prefer smaller, more imminent rewards, although the 

evidence is somewhat inconsistent (Turner et al., 2017; White et al., 2014). 

Individuals with ASPD+P have also shown similar preferences, and these 

appear to be more prominent when the task includes a risk of punishment 

(Hosking et al., 2017; Newman et al., 1992). Response inhibition and 

impulse control are thus likely to be modulated by sensitivity to 

reward/punishment information and affective cues (Verona et al., 2012). 

In summary, behavioural impairments in this executive function seem to 

be a shared underpinning of ASPD+/-P, but it may differ depending on 

contextual information.  

Overall, ASPD-P may therefore be more affected by executive dysfunctions 

relating to cognitive flexibility, set-shifting, planning, and problem-solving 

than ASPD+P, but they have similar difficulties in response inhibition and 

impulse control (Baskin-Sommers, Brazil, et al., 2015). Evidence from fMRI 

studies has highlighted altered neural activity in brain regions including the 

dorsolateral, ventromedial prefrontal and orbitofrontal cortex, anterior 

cingulate, inferior parietal cortex (temporoparietal junction), and striatum 

(Dolan, 2012; Hosking et al., 2017; Pera-Guardiola et al., 2016; Rodman 

et al., 2016; Yang & Raine, 2009). Furthermore, altered bottom-up neural 

signalling between subcortical regions and the ventromedial and 

orbitofrontal prefrontal cortex may be more associated with executive 
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dysfunctions characterizing ASPD+P, whereas abnormal top-down 

signalling stemming from the dorsolateral prefrontal cortex may be more 

related to ASPD-P deficits (Contreras-Rodríguez et al., 2015; De Brito & 

Hodgins, 2009; Pera-Guardiola et al., 2016). Nevertheless, more research 

is required to disentangle the role of psychopathic traits in the neural 

correlates of executive dysfunction of ASPD+/-P.  

1.3.1.4 Limitations  

The overview above shows that research has successfully begun to outline 

the behavioural deficits and underpinning functional neural mechanisms of 

neurocognitive abilities in ASPD+/-P, albeit with some inconsistencies and 

uncertainties remaining. The field is plagued by several challenges and 

limitations (Griem et al., 2022), which likely contribute to the heterogeneity 

of findings (Griffiths & Jalava, 2017). For instance, inconsistent findings 

may be affected by the use of different measurement tools for psychopathy, 

and even within the gold-standard tool of the PCL-R, there may be 

differences in findings due to the use of different diagnostic thresholds. 

Results from North American studies may be more likely to find significant 

ASPD+/-P differences than European studies since the threshold for 

psychopathy is higher in North America. Findings associated with distinct 

facets of psychopathy also indicate that these may be more sensitive than 

the total score of the PCL-R. Similarly, methodological differences in the 

behavioural assessments may reduce the consistency of research findings. 

Finally, the potential impact of comorbid substance misuse on experimental 

findings is not always considered.  

1.3.1.5 Summary on neurocognitive profiles of ASPD+/-P 

The reviewed evidence suggests there are both similarities and differences 

in the neurocognitive profiles of ASPD with and without psychopathy (Table 

1.4). Both subtypes appear to show difficulties with emotional 

responsiveness, including physiological responsivity, emotion recognition 

and processing, and empathy, but these seem to be more pronounced in 

ASPD+P. Impairments in reward and punishment processing are likely to 
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be common to both ASPD+P and ASPD-P in the context of economic value, 

however, they are more severe in ASPD+P in the context of affective or 

social value. Similarly, both subtypes show attention deficits, but the 

pattern of these impairments differ between subtypes, and the impact on 

behaviour is more extensive in ASPD+P. Finally, in terms of executive 

functioning, ASPD-P shows more widespread impairments on cognitive 

flexibility and set-shifting, planning and problem-solving, whereas ASPD+P 

more typically show difficulties with impulse control and response 

inhibition. In terms of the neural underpinnings, altered activity in several 

regions seems to contribute to behavioural difficulties. Areas that are 

implicated across different neurocognitive functions include parts of the 

prefrontal cortex, anterior cingulate, amygdala, insula, precuneus, and 

basal ganglia. Overall, these behavioural and neural deficits can at least 

partially explain some of the problematic behaviours and LCP antisocial 

behaviour and violence found in ASPD+/-P. They are relatively consistent 

with literature on CD with and without CU traits (Fairchild et al., 2019). In 

order to improve understanding of the neural alterations, other 

neurobiological features of ASPD+/-P must also be considered.  

 ASPD+P ASPD-P 

Emotional responsiveness   

     Physiological responsivity +++ + 

     Emotion recognition and processing +++ ++ 

     Empathy +++ + 

Reward and punishment processing   

     Affective value +++ + 

     Economic value ++ ++ 

Attention +++ ++ 

Executive function   

     Cognitive flexibility and set-shifting ++ +++ 

     Planning and problem-solving ++ +++ 

     Impulse control and response inhibition +++ ++ 

Table 1.4 Overview of the neurocognitive deficits in ASPD+/-P. 

Note: + = mild impairment, ++ = moderate impairment, +++ = severe impairment.  
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1.3.2 Neurobiological underpinnings of ASPD and 

psychopathy 

Prior to the availability of modern neuroimaging technologies, 

neurocognitive deficits were compared to those found in individuals with 

particular (localized) lesions who showed pseudopsychopathic behavioural 

and personality changes. This gave early indications about the areas that 

might be affected (Raine et al., 2000). In recent decades, sophisticated 

neuroimaging methods have allowed closer investigation of the 

neurobiological features of LCP antisocial behaviour, ASPD and 

psychopathy. This includes using fMRI to investigate brain activity during 

neurocognitive tasks (reviewed in the above section), but also the use of 

sMRI to assess brain structure, as well as arterial spin labelling (ASL) to 

measure resting-state cerebral blood flow and fMRI to measure resting-

state brain function. Improving the understanding these neurobiological 

mechanisms in ASPD+/-P can help to shed more light on LCP antisocial 

behaviour and the behavioural and personality deficits of this disorder. 

Extant neuroimaging literature has focused more on ASPD+P or 

psychopathy than on ASPD as a broad, heterogeneous construct or 

specifically on ASPD-P. Nevertheless, the below will review evidence for 

structural and resting-state neurobiological underpinnings of ASPD+P and 

ASPD-P, where available.  

1.3.2.1 Alterations in brain structure 

Structural magnetic resonance imaging (sMRI) of the brain provides a 

cross-sectional picture of the shape and size of the brain and its individual 

cortical and subcortical areas. The data is commonly analysed using two 

different approaches. The first approach is voxel-based morphometry 

(VBM) which involves the voxel-wise measurement of grey and white 

matter densities in the whole brain or in specific regions of interest. This 

results in measures of absolute and relative grey matter volume and 

concentration. The second approach is surface-based morphometry (SBM). 

This analysis applies geometric models (a triangle mesh of vertices) to the 
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sMRI data to identify surface boundaries between layers of the brain (pial 

surface and white matter surface), across cortical and subcortical regions. 

It results in multiple structural metrics, including cortical thickness and 

surface area, which multiply to produce cortical volume. Thereby, SBM 

provides more detail than the VBM approach. Evidence from both 

approaches across all three structural features will be described. 

1.3.2.1.1 Volume 

The most commonly reported structural neurobiological marker associated 

with ASPD, and particularly psychopathy is reduced GMV in various 

frontotemporal cortical and subcortical areas (Johanson et al., 2020; Pujol 

et al., 2018; Raine et al., 2011). Indeed, one of the first studies assessing 

the structural hallmarks of ASPD demonstrated a significant reduction 

(11%) in prefrontal GMV, which was independent from the effects of 

substance misuse and psychopathy (Raine et al., 2000). Furthermore, GMV 

decreases in amygdala and hippocampus, and increases in inferior parietal 

cortex (supramarginal gyrus) have also been reported in the broad 

construct of ASPD (Barkataki et al., 2006; Kaya et al., 2020; Tang, Jiang, 

et al., 2013). A recent meta-analysis of studies of psychopathy reported 

widespread reductions, including in dorsolateral prefrontal and orbitofrontal 

cortex, cingulate cortex, superior, middle, and inferior temporal gyri, and 

caudate (De Brito et al., 2021). Single studies of individuals with 

psychopathy have also shown reduced GMV in the amygdala and 

hippocampus, insula, and precuneus (Contreras-Rodríguez et al., 2015; De 

Oliveira-Souza, Hare, et al., 2008; Ermer et al., 2012; Raine et al., 2004; 

Yang et al., 2009). Finally, in an attempt to account for the presence or 

absence of psychopathy within ASPD, a study directly comparing the 

structural neural architecture in ASPD+/-P revealed that ASPD+P had 

significantly lower GMV in the rostral prefrontal cortex, temporal pole, and 

insula (Gregory et al., 2012). The ASPD-P group on the other hand was not 

significantly different to controls. Importantly, these findings were not 

influenced by IQ, substance use disorders or other major psychiatric 
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comorbidities. These findings suggest distinct structural abnormalities that 

characterize ASPD+P which are not found in ASPD-P.  

There have been also findings of altered white matter structure associated 

with ASPD and psychopathy. One study assessing individuals with ASPD 

found increased white matter volume (WMV) in the parietal and occipital 

lobes, bilaterally (Tiihonen et al., 2008). This was not accounted for by 

psychopathy, substance abuse, or IQ. Another study assessing ASPD 

without accounting for psychopathy also reported widespread increased 

WMV in areas including the prefrontal cortex, cingulate cortex, insula, and 

precuneus, and decreased WMV the middle temporal lobe and cerebellum 

(D. Wu et al., 2011). Finally, a study specifically assessing psychopathic 

individuals reported increased WMV in the corpus callosum (Raine et al., 

2003). WMV consists primarily of white matter tracts and fibres. The 

structural integrity of white matter tracts, particularly the uncinate 

fasciculus connecting the ventromedial prefrontal cortex with the anterior 

temporal lobe has been shown to be compromised in ASPD and 

psychopathy (Craig et al., 2009; Johanson et al., 2020; Sundram et al., 

2012; Wolf et al., 2015). Together, these findings may be due to 

interferences in normal pruning processes which occur during adolescence. 

Such interferences may be the result of early engagement in antisocial 

behaviour and substance misuse (Tiihonen et al., 2008). Altered white 

matter structure has also been associated with cognitive and 

neurocognitive impairments such as increased impulsivity and decreased 

interpersonal-affective skills in psychopathy (Vermeij et al., 2018).  

In summary, reduced GMV and increased WMV appear to be a common 

feature of ASPD+/-P, whereby ASPD+P has more pervasive GMV reductions 

than ASPD-P. This is largely compatible with findings from CD with and 

without CU traits (B. M. Caldwell et al., 2019; Rogers & De Brito, 2016). 

Nevertheless, beyond the influence of methodological differences and 

differential measures of ASPD and psychopathy, inconsistencies in 

volumetric findings may be associated with a varying presence of 
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comorbidities, particularly substance use disorder, amongst individuals 

with ASPD+/-P (Griffiths & Jalava, 2017). Furthermore, volume is a product 

of differential, genetically determined contributions of cortical thickness and 

surface area (Rakic, 2007; Storsve et al., 2014; Wierenga et al., 2014). 

SBM may thus shed more detailed light than VBM approaches.  

1.3.2.1.2 Cortical thickness 

Cortical thickness (CT) reflects the combined thickness of cortical layers in 

the area between the white matter surface and the pial surface. It is 

therefore one of the two grey matter measures contributing to GMV. Carlisi 

and colleagues investigated sMRI scans collected within the Dunedin 

longitudinal cohort (Carlisi et al., 2020). They found that individuals with 

LCP antisocial behaviour had significantly reduced mean CT compared 

individuals without antisocial behaviour. Although they did not assess for 

the diagnosis of ASPD, there is a high likelihood that the individuals with 

LCP antisocial behaviour do meet these criteria (Moffitt, 2018). In line with 

this, two studies measuring CT in ASPD revealed widespread cortical 

thinning in all three frontal gryi, medial prefrontal and orbitofrontal cortex, 

insula, precuneus, and medial and superior temporal gyrus (W. Jiang et al., 

2016; Narayan et al., 2007). However, they were both subject to significant 

methodological limitations, meaning further research assessing CT in ASPD 

is required.  

Substantially more research on CT has been done in psychopathy. 

Psychopathy is associated with reduced CT (i.e. thinning) in the insula, the 

orbitofrontal cortex, anterior cingulate cortex, precentral and inferior 

frontal gyri, the amygdala, and the temporal poles (Ermer et al., 2012; Ly 

et al., 2012; Schiffer et al., 2011; Yang et al., 2009, 2010). 

In summary, the evidence suggests that cortical thinning, albeit in spatially 

different regions, is a feature of both ASPD+/-P. In ASPD+P, areas showing 

reduced CT overlap with areas showing reduced GMV, e.g., the orbitofrontal 

cortex, cingulate cortex, insula, and amygdala. In ASPD-P, prefrontal 
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regions seem to show both reduced CT and GMV, however other areas with 

reduced GMV have not been shown to have reduced CT. Altered CT might 

therefore be an important contribution to altered GMV, particularly in 

ASPD+P. Overall, these findings suggest somewhat differential profiles of 

CT between the groups. To date, however, there are no studies that have 

directly compared CT profiles in ASPD+/-P, and such investigation remains 

to be conducted.  

1.3.2.1.3 Surface area  

Cortical surface area (SA) reflects the number of cortical columns found in 

the area between the white matter surface and the pial surface. It is the 

second of two grey matter measures contributing to GMV. Fewer studies 

have assessed differences in SA. The Dunedin longitudinal cohort study 

reported significantly reduced mean SA in those with LCP antisocial 

behaviour (Carlisi et al., 2020). In their study of the broad and 

heterogeneous ASPD construct, Jiang and colleagues reported increased SA 

in the same areas that showed decreased CT listed above, including the 

insula and precuneus (W. Jiang et al., 2016). This suggests that individuals 

with ASPD have a decreased number of horizontal cell layers but an 

increased number of vertical cell columns (Rakic, 2007). In individuals with 

ASPD+P, one study has shown that differences in SA of amygdaloid nuclei 

may be subject to genetic influences (Kolla et al., 2017). This strong 

influence of genetic factors on neurobiology is further support for the 

neurodevelopmental understanding of ASPD+P. Beyond this research, no 

further studies have measured or reported abnormal SA in ASPD+/-P, and 

no studies have directly compared SA between the two ASPD subtypes. In 

summary, this means that the commonly found reductions in GMV in 

psychopathy are driven by reduced CT, whereas an interplay between CT 

and SA can be assumed to explain the differences in GMV associated with 

ASPD. 

 



71 

 

1.3.2.1.4 Limitations and summary 

The structural neurobiological evidence base is challenged by similar 

limitations to the neurocognitive evidence base. Differential definitions of 

ASPD and psychopathy, and more specifically, different MRI data collection 

and analysis protocols complicate the comparison of findings across 

studies. Furthermore, some, but not all studies, assess the impact of 

substance misuse and other comorbidities, which have been associated 

with differential neurobiological correlates (Gómez-Coronado et al., 2018).  

Despite these limitations, there is evidence of both individual and 

overlapping structural neurobiological underpinnings to ASPD+/-P. Key 

regions with structural abnormalities include prefrontal areas, cingulate 

cortex, insula, amygdala, and precuneus. Areas with structural 

abnormalities therefore overlap with areas showing altered neural 

signalling during cognitive tasks. Both groups showed reduced GMV, albeit 

in somewhat different areas. In ASPD-P, GMV decreases may be linked to 

SA decreases, whereas in ASPD+P and ASPD-P, decreases in CT may also 

contribute to GMV reductions. Furthermore, increased WMV and decreased 

white matter tract structural integrity seem to underpin ASPD+/-P. Overall, 

more research directly comparing ASPD+/-P, particularly on CT and SA, is 

required.  

1.3.2.2 Alterations in resting-state brain function 

Resting-state fMRI assesses brain activity when the individual is not 

engaged in any particular task, i.e., they are at rest. The assessment of 

resting-state brain function can provide further insight into neurobiological 

mechanisms such as cerebral blood flow (perfusion), functional 

connectivity, and network topology. The below will provide an overview of 

evidence for alterations in cerebral blood flow, functional connectivity, and 

network topology in ASPD+/-P.  
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1.3.2.2.1 Cerebral blood flow 

Resting-state cerebral blood flow (CBF) is a measure of blood perfusion 

from cerebral capillaries into brain tissue (Detre et al., 2009). Blood carries 

metabolic nutrients such as oxygen and glucose, which are required for 

neural activity. It is thus one of the measures captured by the blood 

oxygenation-level dependent (BOLD) signal that is typically analysed in 

fMRI. To date, only a handful of studies have assessed CBF using single-

photon emission computed tomography (SPECT) or positron emission 

tomography (PET) studies in the broad ASPD construct or in psychopathy 

(Goethals et al., 2005; Kolla & Houle, 2019; Kuruoglu et al., 1996; 

Soderstrom et al., 2000, 2002; Sutherland & Fishbein, 2017). A review of 

these studies revealed that ASPD and psychopathy are associated with 

reduced frontotemporal CBF, particularly in areas of the prefrontal cortex, 

the insula, and the amygdala (Kolla & Houle, 2019). This means that the 

regions that have been associated with abnormal task-based brain function 

as well as brain structure are also likely to have reduced blood flow, 

resulting in lower metabolism of nutrients such as glucose and more 

impaired neural activation patterns. However, existing studies faced 

limitations including poor characterisation of ASPD+/-P and imprecise 

neurobiological measurements. An improved neuroimaging technique for 

measuring CBF is ASL imaging. However, no studies so far have assessed 

CBF using this method in a well-characterized sample of violent offenders 

with ASPD+/-P. Furthermore, this method is particularly sensitive to 

capturing pharmacologically induced changes in brain function, and thus, it 

may lend itself well to studying effects of potential neurochemical 

treatments for ASPD+/-P (Stewart et al., 2014).  

1.3.2.2.2 Functional connectivity 

Functional connectivity (FC) is measured by identifying temporal 

correlations of resting-state neural activity between individual local and/or 

spatially distant brain regions or within large-scale neural networks. Across 

disorders, alterations in FC have been associated with a breakdown in 
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function (Thiebaut De Schotten & Forkel, 2022), so it is important to 

explore FC in ASPD+/-P. Extant research has primarily assessed FC 

abnormalities in offenders with psychopathy, but few have also assessed 

those in the broad ASPD construct, regardless of the presence or severity 

of psychopathy. Evidence from this research suggests abnormal, typically 

reduced FC between specific regions, including but not limited to the 

ventromedial and orbitofrontal cortex, cingulate cortex, insula, amygdala, 

precuneus, and basal ganglia (Contreras-Rodríguez et al., 2015; Decety, 

Chen, et al., 2013; Hosking et al., 2017; H. Liu et al., 2014; Ly et al., 2012; 

Motzkin et al., 2011; Nummenmaa et al., 2021; Pujol et al., 2012; Tang, 

Liu, et al., 2013). Therefore, there is overlap between the areas that show 

altered brain structure, CBF, and task-based function with those that show 

abnormal resting-state FC.  

Resting-state FC can also be assessed within or between large-scale 

networks. Large-scale networks capture multiple regions across the whole 

brain that are highly correlated and thus are likely to be co-activated, 

functionally meaningful circuits. In offenders with psychopathy, two studies 

have assessed large-scale network FC and found that particularly the 

interpersonal-affective traits were negatively associated with the FC of 

networks including the salience network, medial-temporal (limbic) network, 

default mode network, and frontoparietal network (Espinoza et al., 2018; 

Philippi et al., 2015). Another study that only assessed ASPD as a 

heterogeneous disorder also reported reduced FC in the default mode and 

frontoparietal network (Tang, Jiang, et al., 2013). Importantly, the regions 

contained within these networks are involved in attention, emotion 

recognition and processing, empathy, self-referential processing, and 

reward and punishment processing. This means that ASPD+/-P is not only 

characterized by neurobiological abnormalities within specific regions, but 

also within the networks that connect these regions. Unfortunately, there 

have been no studies directly comparing resting-state FC between 

individuals with ASPD+P and ASPD-P. Considering the variability between 
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these groups in neurocognitive performance and behaviour, it is likely that 

there are differential patterns of large-scale network connectivity between 

the two subtypes. This remains to be investigated.  

1.3.2.2.3 Network topology 

Resting-state neural network topology is closely related to resting-state FC 

and reflects the intrinsic neural architecture of the brain (Rubinov & Sporns, 

2010). It provides insight into the complex organization and efficiency of 

information flow throughout the brain. Understanding network topology can 

further help to explain abnormalities in brain function. Only three studies 

have assessed neural topology in offenders meeting criteria for ASPD or 

psychopathy (W. Jiang, Shi, Liao, et al., 2017; Tang et al., 2016; Tillem et 

al., 2019). Together, findings from these studies suggested abnormal 

network efficiency and a decreased reliance on subcortical brain regions in 

the flow of information across the brain. However, the individual studies 

produced somewhat inconsistent findings and were limited by 

methodological problems such as lacking control groups and poor 

characterisation of the sample. None of the studies to date have directly 

compared the neural topology of offenders with ASPD+/-P. Therefore, more 

research is required to improve the understanding of this neurobiological 

feature and its potential impact on behavioural and personality deficits 

associated with the disorder.  

1.3.2.3 Summary of the neurobiological underpinnings of 

ASPD+/-P 

In summary, it appears that the ASPD+P phenotype is associated with more 

widespread neurobiological abnormalities, including typically reduced 

neural activity during neurocognitive performance, reduced grey matter 

volume and cortical thickness, and reduced functional connectivity as 

compared with the ASPD-P phenotype. However, ASPD-P is also 

characterized by neurobiological abnormalities. Key brain regions that are 

repeatedly associated with these phenotypes include the ventromedial and 
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orbitofrontal cortex, cingulate cortex, insula, amygdala, inferior parietal 

cortex, precuneus, and basal ganglia structures. There is a scarcity of 

research investigating cortical thickness and surface area, cerebral blood 

flow, large-scale network functional connectivity and neural topology. 

Furthermore, there is almost an entire lack of studies directly comparing 

these neurobiological markers between ASPD+/-P. Better knowledge of 

potential abnormalities in these features can improve the understanding of 

the neurobiological underpinnings of the disorder, LCP antisocial behaviour, 

and violence. It also increases the potential to identify mechanisms that 

could be treated using neurochemical agents.  

1.3.3 Neurochemical underpinnings of ASPD and 

psychopathy  

Neurochemical underpinnings of ASPD+/-P have been explored. This 

includes the assessment of abnormalities in neurotransmitter and 

neuropeptide synthesis and transmission. One neuropeptide with particular 

importance to the pathophysiology of ASPD+/-P is oxytocin. This is due to 

its impact on social brain processes related to antisocial behaviour, 

aggression, impulsivity, and empathy. Furthermore, there is suggestion 

from research in healthy individuals that the administration of oxytocin can 

shift neurobiological mechanisms that have been found to be impaired in 

ASPD+/-P. The following will provide an overview of the evidence base for 

the neurochemical alterations in ASPD+/-P. This will be followed by a more 

detailed review of the role of oxytocin to highlight its potential to modulate 

neurobiological mechanisms and thus its relevance for ASPD+/-P. It should 

be noted in advance that most evidence comes from studies that assessed 

behavioural characteristics of ASPD+/-P (e.g., aggression, impulsivity, 

reduced emotional responsiveness) or from studies investigating the broad 

and heterogenous ASPD construct.  

1.3.3.1 Neurotransmitters and neuropeptides  

The synthesis and transmission of neurochemicals is dependent on the 

expression of genes coding for proteins involved in this process. Variants 
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and polymorphisms in genes associated with monoamine 

neurotransmitters, including most prominently the MAOA, serotonin 

transporter (5-HTT) and various dopamine enzyme, transporter and 

receptor genes, have been identified as risk factors for ASPD+/-P (Cuartas 

Arias et al., 2011; Ficks & Waldman, 2014; Glenn, 2011; Kolla & Bortolato, 

2020; Mariz et al., 2022; Sadeh et al., 2012; Sah et al., 2021; Vevera et 

al., 2009; Yildirim & Derksen, 2015). Evidence shows that in individuals 

with externalizing disorders including CD and ASPD, the MAOA and 5-HTT 

genes are vulnerable to the impact of environmental factors and that they 

can be subject to epigenetic effects via DNA methylation (Åslund et al., 

2013; Burt & Klump, 2014; Byrd & Manuck, 2014; Checknita et al., 2015, 

2020; Gescher et al., 2018; Nilsson et al., 2006; Nöthling et al., 2020; Reif 

et al., 2007; Thibodeau et al., 2015; Van Dongen et al., 2021; Van 

IJzendoorn et al., 2012; Waltes et al., 2016). Together, this results in 

abnormalities of monoamine neurotransmitter synthesis and transmission. 

Furthermore, genetic polymorphisms associated with other 

neurotransmitters including gamma aminobutyric acid (GABA) and 

glutamate and with neurochemical enzymes such as fatty acid amide 

hydrolase and tryptophan hydrolase have also been implicated (R. J. R. 

Blair, 2006; Cuartas Arias et al., 2011; Hoenicka et al., 2007; Kolla et al., 

2021; Peng et al., 2021; Ruisch et al., 2020; Terranova et al., 2013; 

Wagels et al., 2021). Overall, these altered genetic processes have a direct 

impact on the neurochemical balance by affecting synthesis and 

transmission (Comai et al., 2012; Gunter et al., 2010; Holz et al., 2016; 

Meyer-Lindenberg et al., 2006).  

An impairment in neurochemical synthesis and transmission affects brain 

function and contributes to neurocognitive and neurobiological deficits and 

maladaptive behaviours in ASPD and psychopathy. One of the most 

important neurotransmitters in the context of antisocial behaviour and 

violence is serotonin. It is related to threat and emotion processing, 

reactive aggression, impulsivity, and moral reasoning (Bocchio et al., 2016; 
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Coccaro et al., 2015; Crockett et al., 2010; Duke et al., 2013). Baseline 

levels of serotonin, its precursors and metabolites, as well as its transport 

are dysregulated in antisocial populations (Yildirim & Derksen, 2013). 

Studies typically show decreased serum and cerebrospinal fluid serotonin 

levels associated with and predictive of ASPD+/-P (Checknita et al., 2015; 

Kolla et al., 2015; Moul et al., 2013; Soderstrom et al., 2001, 2003; 

Virkkunen et al., 1995). Furthermore, PET studies have shown reduced 

serotonin transporter availability and receptor density in frontotemporal 

and subcortical limbic regions associated with ASPD, violent offending and 

its neurocognitive underpinnings (Da Cunha-Bang, Hjordt, Dam, et al., 

2017; Da Cunha-Bang, Hjordt, Perfalk, et al., 2017; Meyer et al., 2008). 

These regions overlap with those showing neurobiological abnormalities, 

highlighting the interplay between neurochemistry and neural activity. One 

study reported a positive correlation between serotonin receptor availability 

and CU traits, yet a negative correlation with aggression after controlling 

for CU traits, suggesting receptor availability may distinguish between 

those with and without psychopathy (Van de Giessen et al., 2014).  

Another important neurotransmitter in the context of ASPD+/-P is 

dopamine. Dopamine is crucial for reward processing, learning, and 

decision-making. Levels of this neurotransmitter and its precursors also 

seem to be dysregulated, with evidence suggesting an increase in baseline 

dopamine levels and metabolism, and reduced or imbalanced receptor 

availability in the areas of the mesocorticolimbic pathway (Buckholtz et al., 

2010; Soderstrom et al., 2001; Tiihonen et al., 1995; Yildirim & Derksen, 

2015). Like serotonin, a dysregulated dopaminergic system also 

contributes to behavioural characteristics of ASPD+/-P including impulsive 

aggression, novelty-seeking, and substance use. For instance, one study 

found that dopamine precursor activity was negatively associated with 

reactive aggression and positively associated with proactive aggression and 

PCL-R total score in individuals with ASPD (Azevedo et al., 2022). 

Furthermore, another study revealed a positive relationship between 
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dopamine levels and the social deviance traits of psychopathy that are 

commonly found in both ASPD+P and ASPD-P (Soderstrom et al., 2003), 

suggesting dopamine level abnormalities might be common to ASPD 

regardless of psychopathy status.  

Finally, the role of hormones such as cortisol and testosterone, and 

neuropeptides such as oxytocin and arginine vasopressin has also been 

investigated. Cortisol and testosterone are adrenal and gonadal hormones, 

respectively, that can modulate neural activity. Cortisol is important for 

appropriate stress response. Some studies reported reduced baseline 

cortisol levels and reduced cortisol production in response to stress, 

particularly in individuals with interpersonal-affective traits associated with 

ASPD+P (Cima et al., 2008; Holi et al., 2006; Von Polier et al., 2013). This 

suggests a dampened hypothalamic-pituitary-adrenal axis and may result 

in hypoactive threat processing and more impaired reward-based decision-

making (Gostisha et al., 2014; D. J. Hawes et al., 2009; Van Honk et al., 

2003). It must be noted however that not all studies show a relationship 

between cortisol and ASPD+/-P (Feilhauer et al., 2013; Figueiredo et al., 

2020), so further research is required. In terms of testosterone, some 

evidence revealed increased levels, especially in males with ASPD+/-P 

(Aromäki et al., 2002; Brooks & Reddon, 1996; Horn et al., 2014; Yildirim 

& Derksen, 2012a). This has been related to heightened aggression, 

partially explained by the modulatory effect of testosterone on serotonin 

and its corresponding gene expression (Yildirim & Derksen, 2012b). Cortisol 

and testosterone levels are also thought to interact with each other in the 

context of antisocial behaviour and aggression (Terburg et al., 2009).  

Neuropeptides are hormones which can function as independent 

neurotransmitters but can also modulate, or up- and down-regulate other 

neurotransmitter activity and synaptic signalling in the brain. Oxytocin and 

arginine vasopressin are two neuropeptides with particular importance for 

social brain processes. They are synthesized in the hypothalamus from 

where they are released into the brain and body via the pituitary gland 
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(Meyer-Lindenberg et al., 2011). Genetically, their precursor proteins are 

coded for on the same chromosome, and various polymorphisms in these 

genes as well as their respective receptor genes have been identified in the 

context of social behaviours (Baribeau & Anagnostou, 2015; Ebstein et al., 

2012). Oxytocin has received considerable attention in recent years. It has 

been studied more extensively due to its broader behavioural effects and 

its potential for therapeutic use in psychiatric disorders of social 

functioning, including ASPD.  

1.3.3.2 Oxytocin 

Oxytocin has many functions, ranging from its role as a neuropeptide to 

facilitate various social processes in male and female brains to its role as a 

hormone involved in lactation and childbirth in the female body (Werry et 

al., 2022). It is found in mammals and is increased in those species which 

live in more complex social structures (Anacker & Beery, 2013). In humans, 

evidence suggests involvement in in-group prosocial behaviour, emotion 

and threat processing, empathy and decision-making (Bethlehem et al., 

2013; Leppanen et al., 2017, 2018; N. Marsh et al., 2021; Meyer-

Lindenberg et al., 2011; Piva & Chang, 2018; Tully et al., 2018).  

1.3.3.2.1 Oxytocinergic system in the brain  

Oxytocin is produced in the paraventricular, supraoptic and accessory 

nuclei of the hypothalamus and stored in the posterior pituitary gland 

(Figure 2.3). Oxytocin is released peripherally into the body via the 

bloodstream and centrally into several cortical and subcortical brain regions 

via oxytocinergic neuronal projections and diffusion from the extracellular 

space (Grinevich & Neumann, 2020). These brain regions have a high 

density of oxytocin receptors. In humans, immunohistochemical analyses 

suggest regions with high receptor density include the amygdala and the 

anterior cingulate cortex (Boccia et al., 2013). Neuroimaging and genetic 

analyses have confirmed this and additionally detected oxytocin-related 

activity in the ventromedial prefrontal and orbitofrontal cortex, insula, 
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hippocampus, thalamus, and basal ganglia (Bethlehem et al., 2013; 

Martins, Mazibuko, et al., 2020; Quintana, Rokicki, et al., 2019).  

Regions with a dense population of oxytocin receptors, are implicated in 

social behaviours, and as described above, appear to show abnormalities 

in ASPD+/-P. The mechanisms behind the effect of oxytocin on behaviour 

in these brain regions remains to be fully understood. However, a leading 

theory suggests that oxytocin selectively increases the salience of 

information relevant for social behaviour, such as emotional cues. On a 

neural level, it is suggested that this occurs by oxytocin modulating the 

activity of excitatory and inhibitory cell firing, biasing towards the 

processing of socially relevant stimuli (Marlin et al., 2015; Oettl et al., 

2016). On a more cognitive level, this then results in an increase in 

attention towards these stimuli, supporting the navigation of approach 

versus avoidance behaviours as well as various other social behaviours 

(Kemp & Guastella, 2010; Shamay-Tsoory & Abu-Akel, 2016). Although 

much further research is required, these processes are suggested to 

contribute to the allostatic feedback loops between social brain areas that 

project and respond to oxytocin, which ultimately shifts neurobiological 

function to predict future events based on past experience (Lefevre et al., 

2021; Quintana, 2022; Quintana & Guastella, 2020).  

The following sections will present findings associated with the 

oxytocinergic system that are relevant to ASPD+/-P.  

1.3.3.2.2 Genetic alterations of oxytocin 

On the genetic level, the oxytocin gene (OXT), which codes for oxytocin’s 

precursor, and the oxytocin receptor gene (OXTR) are two key genes 

involved in the synthesis and transmission of oxytocin in the brain. As with 

other neurochemicals discussed above, genetic variants, polymorphisms 

and altered allele lengths have been linked with individual differences in 

characteristics of ASPD+/-P. For instance, evidence suggests associations 

between such genetic alterations and increased CU traits, more antisocial 
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behaviour, severe aggression, poorer emotion recognition, increased 

physiological stress reactivity, and the presence of a less trusting 

disposition (Beitchman et al., 2012; Cecil et al., 2014; Ebstein et al., 2012; 

Malik et al., 2012; Nishina et al., 2015; Poore & Waldman, 2020; Rodrigues 

et al., 2009). It is worth noting that several of these results were only found 

in males but not females. The OXTR gene is also particularly vulnerable to 

environmental and epigenetic modulation, with evidence showing an impact 

of gene-environment interactions and a robust link with the experience of 

childhood maltreatment, OXTR methylation and development of ASPD+/-P 

and its hallmark features (Byrd et al., 2020; Dadds et al., 2014; Fragkaki, 

Cima, et al., 2019; Kraaijenvanger et al., 2019; Smearman et al., 2015; 

Verona et al., 2018).  

Genetic polymorphisms and methylation of the OXTR gene have also been 

associated with structural and functional alterations in the brain, for 

example in the hypothalamus and the amygdala (Nishitani et al., 2021; 

Tost et al., 2010; Waller et al., 2016). Furthermore, increased gene 

expression has been shown in social brain regions, including those most 

impaired in ASPD+/-P (Quintana, Rokicki, et al., 2019). These findings 

suggest that further investigation of the oxytocinergic system in ASPD+/-P 

is merited.  

1.3.3.2.3 Endogenous levels of oxytocin 

These genetic alterations affect the amount of circulating endogenous 

oxytocin in the brain and body. Indeed, decreased endogenous oxytocin 

levels in youth with CD, high CU traits and empathic deficits is a well-

replicated finding (Dadds et al., 2014; Fragkaki, Verhagen, et al., 2019; 

Levy et al., 2015). There are fewer studies of endogenous oxytocin in adults 

with ASPD+/-P, with inconsistent findings. In personality disordered adults 

with significant aggression as well as in males convicted of homicide, 

cerebrospinal fluid (CSF) and plasma levels of oxytocin have been shown 

to be reduced (Goh et al., 2021; R. Lee et al., 2009). In contrast, increased 

endogenous oxytocin levels have also been reported in male forensic 
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inpatients with personality disorders, which positively correlated with PCL-

R score and could not be accounted for by any comorbidities or psychiatric 

medication (Berends et al., 2022; Mitchell et al., 2013). Taken together, 

these findings suggest dysregulated endogenous oxytocinergic systems in 

ASPD.  

Most of these studies measured endogenous oxytocin peripherally in the 

saliva or blood, and it must be considered that peripheral levels of 

endogenous oxytocin are a remote proxy of the central levels in the brain. 

One study revealed that plasma levels of oxytocin predicted CSF levels 

(Carson et al., 2014), and correlations between central and peripheral 

endogenous oxytocin levels have been shown, however this evidence is 

somewhat inconsistent (Lefevre et al., 2017; Martins, Gabay, et al., 2020; 

Valstad et al., 2017). Therefore, the above findings from peripheral 

biosamples should be interpreted carefully. Nevertheless, there is some 

rationale for an altered oxytocinergic brain system in ASPD+/-P. Another 

way of investigating this is by studying how brain and behaviour changes 

in response to exogenous oxytocin, e.g., after intranasal oxytocin 

administration.  

1.3.3.2.4 The effect of intranasal exogenous oxytocin 

Neuroimaging studies have shown that intranasally administered oxytocin 

(OT) reaches the brain and can modulate task-based brain function, 

resting-state CBF, FC and topology when compared to placebo conditions, 

particularly in areas with a high oxytocin receptor density (Brodmann et 

al., 2017; Grace et al., 2018; Martins et al., 2021; Martins, Brodmann, et 

al., 2022; Martins, Lockwood, et al., 2022; Martins, Mazibuko, et al., 2020; 

Paloyelis et al., 2016; Quintana et al., 2016; Wigton et al., 2015). This 

includes areas identified to show neurobiological abnormalities in ASPD+/-

P, such as the cingulate cortex, amygdala, and insula, as well as large-scale 

neural networks such as default mode and salience networks. Together, the 

evidence from these studies suggests that the impact of exogenous 

oxytocin on the brain and social behaviours is biologically meaningful, 
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although further understanding of the molecular processes is required 

(Quintana et al., 2021).  

Many studies have investigated the effect of OT on a range of 

neurocognitive functions in both healthy and clinical populations (Peled-

Avron et al., 2020). In terms of behaviours and neurobiological deficits 

associated with ASPD+/-P, meta-analyses have shown that OT improves 

emotion recognition, particularly of fear and anger (Domes et al., 2007; 

Evans et al., 2010; Leppanen et al., 2017; Shahrestani et al., 2013). OT 

has also been found to improve empathy and perspective-taking skills 

(Bartz et al., 2019; Hurlemann et al., 2010; Theodoridou et al., 2013). 

Beyond these, OT has also been shown to play a role in modulating and 

improving threat and reward processing and subsequent decision-making 

(Borland et al., 2019; Brodmann et al., 2017; Leppanen et al., 2018; 

Scheele et al., 2013; Sippel et al., 2021), as well as trust and learning, 

particularly within in-group settings (Baumgartner et al., 2008; Hurlemann 

et al., 2010; Kosfeld et al., 2005; Xu et al., 2019). Importantly, a meta-

analysis has shown that OT also modulates neural activity in task-relevant 

brain regions, even when no explicit behavioural effects are found (D. Wang 

et al., 2017).  

Together, extant research provides promising evidence that neurocognitive 

and neurobiological underpinnings of ASPD+/-P might be shiftable by OT. 

This is particularly relevant in the context of studying new pharmacological 

treatment approaches for ASPD+/-P. However, some studies have also 

shown that OT negatively impacts antisocial behaviours, including making 

individuals more aggressive and increasing feelings of envy, gloating and 

distrust (Declerck et al., 2010; Ne’eman et al., 2016; Shamay-Tsoory et 

al., 2009; H. Zhang et al., 2019). Across species, it has been shown that 

oxytocin has an important role in prosocial behaviours towards in-group, 

but not out-group members (Triki et al., 2022). This might explain why the 

studies that show a negative impact of OT typically reveal increased 

antisocial behaviour directed at out-group members. Therefore, it is likely 
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that the modulatory effect of OT on behaviour is context-dependent (Bartz 

et al., 2011). Assessing the effects of OT on resting-state brain function 

avoids the risk of context-dependent findings, since individuals are not 

engaging in any particular activity. This may therefore be a preferred 

approach to study the shiftability of neurobiological mechanisms in 

ASPD+/-P. 

Only a small number of studies have investigated the effect of OT in clinical 

ASPD populations to date. Two were small, underpowered behavioural 

studies which did not attempt to characterise psychopathy levels (Alcorn et 

al., 2015; Timmermann et al., 2017). Nevertheless, Timmermann et al. 

(2017) suggested OT might improve emotion recognition in ASPD. 

Moreover, findings from the analysis of task-based fMRI data which was 

collected as part of this project suggested that OT increased anterior insula 

and anterior cingulate cortex responsivity to fearful stimuli in violent 

offenders with ASPD+P (Tully et al., 2022). More research studying the 

effects of OT on brain function is required, and the current project sought 

out to do this.  

1.3.3.3 Summary of the neurochemical underpinnings of 

ASPD+/-P 

In summary, the neurochemical underpinnings of ASPD+/-P are evidently 

complex, in part due to the heterogeneous traits associated with the 

disorder. Various neurochemicals including serotonin and dopamine seem 

to be particularly important in the context of explaining behavioural 

characteristics such as aggression, impulsivity, and impaired emotion and 

threat processing. Genetic risk factors affecting the synthesis and 

transmission of these neurochemicals are important, however further 

research is required in larger samples to replicate current findings.  

It is currently not possible to create a clear distinction between ASPD with 

and without psychopathy on a neurochemical level. Due to the differential 

neurocognitive and neurobiological abnormalities associated with ASPD+/-
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P, it is possible that the oxytocinergic system, and thus also the effects of 

OT, may also differ between the two subtypes.  

1.4  The current project 

1.4.1 Rationale 

The reviewed evidence provides a rationale to develop the current project. 

Previous studies showing different underpinning neurobiological 

mechanisms between ASPD+/-P were important first steps towards 

building a model that distinguishes ASPD+P from ASPD-P on a neural level, 

particularly in brain areas and networks including the prefrontal cortex, 

cingulate cortex, amygdala, insula, precuneus, thalamus, and basal 

ganglia, amongst other. This builds on evidence that these phenotypes can 

be distinguished on a behavioural level. However, there is still a substantial 

lack of studies directly comparing individuals with ASPD+/-P. Furthermore, 

there is only limited research in certain neurobiological mechanisms 

including 1) cortical thickness and surface area, and how these contribute 

to cortical volume; 2) resting-state CBF; 3) resting-state large-scale 

network functional connectivity; and 4) resting-state neural network 

topology. It is important to study these mechanisms as they may help 

explain behavioural and task-based functional neural brain abnormalities in 

ASPD+/-P. Additionally, findings from such research can potentially provide 

further rationale to create distinct diagnostic subtypes of ASPD, aligning 

diagnostic manuals and potential treatment studies with current practice in 

CD. Finally, ample research in healthy individuals has shown the potential 

of OT to impact upon key social cognitive processes which are demonstrably 

abnormal in ASPD+/-P. However there have been no studies assessing 

whether the measures of resting-state brain function can be shifted by 

pharmacological agents such as oxytocin in ASPD+/-P. If this is possible, it 

may open new paths for treatment studies.  
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1.4.2 Aims 

The current project therefore had two overarching aims. First, it aimed to 

directly compare measures of 1) surface-based brain structure; 2) resting-

state CBF; 3) resting-state large-scale network FC; and 4) resting-state 

network topology between male violent offenders with ASPD with versus 

without psychopathy. It also sought to compare these measures within 

each clinical group to a male, non-offending healthy control group. Second, 

it aimed to investigate the effect of OT on the measures of resting-state 

function, to assess whether underpinning mechanisms of ASPD+/-P can be 

modulated.  

These aims were addressed using a double-blind, placebo-controlled, 

randomized crossover design and a range of complementary neuroimaging 

techniques. Details of the project’s methodologies and neuroimaging 

techniques are provided in the two following Methods chapters. 

Furthermore, four experimental chapters present the detailed rationales 

and distinct hypotheses for each of the four neurobiological mechanisms 

evaluated in this project. Finally, a Discussion chapter will review patterns 

of findings across these chapters and discuss the limitations and 

implications of this research.  
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2 General Methods 
This chapter will outline the general methodology of the current project, 

including the study design, recruitment processes, research procedures, 

assessments, administration of intranasal oxytocin (OT), and the general 

statistical approach. The details of the neuroimaging methods are outlined 

in the next chapter.  

2.1  Study design and ethical considerations 

The current project had a randomised, double-blind, placebo-controlled 

crossover design. This means that participants received the OT and placebo 

(PL) nose sprays in a randomised order that was determined by the 

pharmacy. Researcher and participant did not know what was being 

administered in which session. The crossover design is the best practice for 

pharmaceutical challenge studies. The data was collected in a cross-

sectional manner.  

Ethical approval was provided by both the National Health Service (NHS) 

Health Research Authority (reference number 15/LO/1083) as well as the 

National Offender Management Services Research Committee in Her 

Majesty’s Prison and Probation Service (reference number 2016-382). All 

interested individuals received a participant information sheet describing 

the demands of participation as well as the potential risks and benefits. 

Opportunities to discuss any questions or concerns were provided. Before 

participation, subjects provided signed informed consent.  

There were several important ethical considerations. A careful evaluation 

of the safety of having an MRI scan was conducted with every participant. 

This included screening for any medical and psychological 

contraindications, e.g., the presence of metal in the head and body due to 

injuries, weapons, or operations, and claustrophobia. All participants 

provided details of their general practitioner, who could be contacted in 

case radiologists identified any unusual findings during the brain scans. The 

safety of the OT administration was also carefully considered during the 
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study design. The current study used a dose of 40 international units (IU), 

which is safe in humans and is not associated with any known side effects 

or acute, unwanted behavioural changes (MacDonald et al., 2011). Further 

ethical considerations included the confidentiality of the assessment data, 

which included deriving a PCL-R score that can be used as a risk 

assessment. Participants’ responses and assessment scores were kept 

strictly confidential and not shared with probation services, unless 

participants gave explicit information detailing an imminent risk to their 

own life or someone else’s life. They were informed in advance that such 

information would have to be shared with their clinicians and/or probation 

officers. If participants consented, the interviews were recorded to aid 

scoring evaluation. These recordings were not shared with anyone outside 

of the study team. To validate the history and extent of violent offending, 

all participants consented to review of their police national computer (PNC) 

offending records, which were provided by probation services. Lastly, in 

line with ethical standards for human research and the research ethics 

committee recommendations, participants received financial compensation 

of £75 for their time and effort. It was decided that a cash reimbursement 

would be most helpful for these individuals. Participation in the study did 

not have any impact or benefits for their community sentence with 

probation services or clinical care.  

2.2  Recruitment and participant selection 

The current study included males with ASPD and a history of violent 

offending, as well as healthy non-offending males. Participant recruitment 

and selection was based on purposive sampling for the offender group and 

a mixed opportunistic/purposive sampling approach for the control group. 

All participants were enrolled between September 2017 and March 2020. 

Figure 2.1 provides a flowchart including the recruitment and selection 

process as well as the subsequent study procedure.  

The violent offender group was predominantly recruited from South London 

National Probation Service offices and some additional participants were 
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recruited from the NHS South London and Maudsley Trust inpatient 

medium-secure forensic personality disorder services. Offender managers 

and clinicians identified suitable individuals based on the inclusion and 

exclusion criteria outlined below. They introduced the research study to 

potential participants and if they agreed, passed on their contact details to 

the research team.  

The healthy non-offending (NO) control group was recruited from the local 

community. Advertisements for the study were placed in public buildings in 

the local South London community to increase the likelihood of recruiting 

individuals with similar sociodemographic factors. This included libraries, 

gyms, grocery stores and job centres. Advertisements were also placed in 

online job-seeking websites and research participant recruitment portals. 

Initially, opportunistic sampling allowed the inclusion of any participant that 

met the inclusion and exclusion criteria. In later stages of the recruitment 

process, a more purposive approach was adopted to aid the matching of 

sociodemographic variables. Specifically, individuals with lower levels of 

educational achievement were sought and selected.  

2.3  Inclusion and exclusion criteria 

Participant recruitment and selection was subject to several inclusion and 

exclusion criteria. The below lists A) the criteria which applied to all subjects 

and B) and C) any additional criteria relevant to each subject group.  

A) All subjects 

a. Inclusion criteria  

i. Male sex 

ii. Aged 18 to 60 at time of consent 

iii. Ability to read and write in English 

b. Exclusion criteria  

i. Any MRI safety contraindications 
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ii. History of neurological disorder or head/brain injury 

resulting in the loss of consciousness for more than one 

hour  

iii. IQ < 70 

B) Violent offenders  

a. Inclusion criteria  

i. History of violent offending that involved actual and/or 

threatened harm to others (minimum offense common 

assault, but individuals were typically convicted of 

actual or grievous bodily harm, armed robbery, rape, 

manslaughter, and/or murder) 

ii. Meet diagnostic thresholds for CD in childhood and 

ASPD in adulthood (this was confirmed during the 

psychological assessment) 

iii. Living in the community or allowance for leave from 

their clinical inpatient stay 

b. Exclusion criteria  

i. Active substance use disorder that disturbed daily 

functioning 

ii. Presence of any comorbid serious mental illness 

including mood and psychotic disorders  

C) Healthy NO participants  

a. Exclusion criteria  

i. Any history of violent offending 

ii. Any current or past mental illness, personality disorder, 

or substance use disorder (this was confirmed during 

the psychological assessment)  

2.4  Procedure 

Figure 2.1 contains a detailed flowchart of the procedures for the study. 

Each participant attended three research appointments. The first 

appointment was for the psychological assessment and the other two 
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appointments were for the PL and OT MRI and neuropsychology 

(neurocognitive) data acquisition. Where possible, the MRI and 

neuropsychology appointments were scheduled to start at 10:00 to 

maintain consistency within and between participants. The two MRI and 

neuropsychology appointments were scheduled at least 3 days apart to 

enable a wash-out period (Martins, Lockwood, et al., 2022).  

Participants were asked to abstain from substance use within the 14 days 

before their appointments. Before the start of each MRI session, the 

participant completed a urine drug screening test to confirm this.  

Participants self-administered 40 international units (IU) of the nose sprays 

(Syntocinon, Novartis, Switzerland) by inhaling one puff every 30 seconds 

for 5 minutes, alternating nostrils under the supervision of the researcher. 

The PL and OT sprays only differed in that the OT spray contained the active 

ingredient oxytocin. Methodological details relating to the OT administration 

are provided in another section of this chapter (click here). The exact time 

of the final dose administration was noted as minute 0. The imaging data 

used in this thesis came from a structural MRI (sMRI) scan, and two resting-

state functional MRI (rs-fMRI) scans (one arterial spin labelling (ASL) scan 

and one blood-oxygen-level-dependent (BOLD) signal scan). The minutes 

between this and the start of the rs-fMRI scans was termed ‘minutes since 

dose’ and used as a covariate in the respective analyses.   

The details of the neuropsychology assessments are provided below. The 

neuroimaging methodologies used in this project, as well as the respective 

pre-processing and analysis steps, are outlined in detail in Chapter 3. 
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Note: The final samples for data analysis may vary slightly from what is presented in the individual results 
chapters, as the rs-ASL and rs-BOLD required further exclusion of some participants for the whole-brain and ROI 

analyses, respectively. For the neuropsychology data analysis, not all participants completed all tasks, so the 

numbers may also vary slightly.  

Figure 2.1 Flowchart of the recruitment process and study procedure. 
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2.5  Psychological assessment 

The psychological assessment included several interviews (Figure 2.1). The 

Structured Clinical Interview for the DSM-5, Personality Disorder (SCID-5-

PD) and Clinical Version (SCID-5-CV) (First et al., 2015, 2016) were used 

to assess for the presence of personality disorders, depression and anxiety, 

severe mood disorders, psychotic disorders, substance use disorders, 

ADHD and PTSD. In the offender group, this was used to confirm the 

diagnosis of CD in childhood and ASPD in adulthood, and to ensure the 

absence of comorbid severe mental illness. It also captured any other 

comorbid personality disorders. In the NO group, this confirmed the 

absence of any personality disorder and mental illness.  

The Psychopathy Checklist Revised (PCL-R) (Hare, 1991) was used in this 

study as the gold standard assessment for psychopathy. This involved 

completing an interview with the participants and then scoring it in line with 

the checklist. The PCL-R contains 20 items, outlined in Table 1.3, which are 

scored from 0-2. Thus, the total score ranges from 0-40, with a score over 

25 enabling a categorical diagnosis of psychopathy. This cut-off is the 

European standard and was thus applied to this English sample (Cooke & 

Michie, 1999). To provide more detailed understanding of the total score, 

the items can also be summed into two factors (factor 1: interpersonal-

affective features; factor 2: social deviance), or four facets (facet 1: 

interpersonal features; facet 2: affective deficits; facet 3: lifestyle features; 

facet 4: antisocial features). The PCL-R was used to determine whether a 

participant in the violent offender group belonged to the ASPD+P or the 

ASPD-P group. Thus, after the psychological assessment, the group status 

of every participant was finalized.  

The Wechsler Abbreviated Scale for Intelligence, Second Edition (WASI-II) 

(Wechsler, 2011) was used to measure participants’ verbal and non-verbal 

IQ. In most cases, the full-scale IQ based on all four subtests was used. 

Rarely, due to logistical constraints, the two-scale IQ score was used 
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instead. This also confirmed the absence of a learning disability, indicated 

by an IQ below 70.  

2.6  Self-report questionnaires  

During the psychological assessment, or in between appointments, 

participants also completed self-report questionnaires. This included the 

Reactive Proactive Questionnaire (RPQ) (Raine et al., 2006), which was 

used to measure levels of reactive and proactive aggression in the current 

project. It consists of 23 items exploring how often various behavioural 

expressions of reactive/impulsive and proactive/instrumental anger and 

aggression have occurred on a range from 0 (Never) to 2 (Often). Higher 

scores indicate increased levels of aggression. In the current study, the 

subscales for each type of aggression were used. They showed excellent 

reliability (Cronbach’s alpha: reactive aggression subscale = .94, proactive 

aggression subscale = .95). There was no missing data on the RPQ.  

The number of past violent and non-violent convictions was self-reported 

by participants during the PCL-R interview. This information was verified by 

checking the PNC records for each participant after their participation. In 

addition, updated PNC records were re-assessed one year after 

participation to check for the presence of any reconviction within one year 

of study participation. Reconviction within one year of study participation 

was used to standardize the time frame to avoid a bias in the risk of 

reconviction for individuals who participated earlier compared to those who 

participated later. 

2.7  Neurocognitive assessment 

The neurocognitive assessment was conducted after the MRI components 

during appointments 2 and 3. Participants thus completed the tasks once 

after receiving the PL nose spray and once after receiving the OT nose 

spray. As the sprays were initially administered before the scan, it was 

decided that a top-up administration from the same spray bottle would take 

place before the start of the neuropsychology tasks. Specifically, 10 
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minutes before the start of the tasks, participants self-administered 

another 10 puffs (40 IU) of the spray every 20 seconds into alternating 

nostrils. Only the data from the PL condition was used in the current thesis.  

Participants completed five tasks which captured performance in emotion 

recognition and detection, reinforcement-based decision-making, temporal 

discounting, and response inhibition. They were done in the same order 

across participants and appointments. These tasks were adapted from 

those devised by Professor Blair’s laboratory at Boys Town National 

Research Hospital in Nevada, USA. They were built and presented in E-

Prime 1.0 software (Psychology Software Tools Inc., 2000). They were 

specifically designed to align with the Research Domain Criteria (RDoC) 

Framework (Insel et al., 2010). The goal of the RDoC framework is to 

provide a dimensional view of mental disorders which integrates multiple 

levels of information, from genetic via cellular and neural to behavioural, 

to capture the dynamic shift between function and dysfunction across 

populations. Measuring behavioural neurocognitive underpinnings of 

disorders can provide improved understanding of the brain-level systems 

which are affected and vice versa. It is a particularly useful framework to 

study the highly heterogenous and developmentally driven externalising 

disorders, including ASPD, aiming to improve the ability to predict poor 

mental outcomes and treatment response (R. J. R. Blair, White, et al., 

2014). The current tasks have been used to assess neurocognitive 

functioning in youth with CD and CU traits (R. J. R. Blair et al., 2020; R. J. 

R. Blair, White, et al., 2014; Moore et al., 2019; White et al., 2014). In 

terms of the RDoC framework, the “Emotions” and “Pick-the-Face” games 

tap into the Negative Valence Systems – Acute Threat (“Fear”) and the 

Systems for Social Processes – Social Communication; the “Pick-the-Face” 

game also taps into the Cognitive Systems – Attention; the “Money” game 

taps into the Positive Valence Systems – Reward Learning and Reward 

Valuation; the “Now-or-Later” game taps into the Positive Valence Systems 
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– Reward Valuation; and lastly, the “Stop” game taps into Cognitive 

Systems – Cognitive Control.  

2.7.1 Emotion recognition and detection 

There were two distinct tasks measuring emotion recognition and detection, 

respectively. The “Emotions” task required the recognition of an emotional 

expression. During this task, a participant was briefly flashed a picture of a 

face. A total of 240 faces were shown. There were 60 faces within each of 

four emotion categories: anger, sadness, fear, or happiness. These 60 faces 

were split into five intensity levels of 20%, 40%, 60%, 80%, or 100%, 

meaning that each intensity level was shown 12 times. After the face was 

flashed, the four emotion words were displayed on the screen and the 

participant was asked to label the emotion which they believe was 

expressed in the picture as accurately and quickly as possible. The key 

outcome variable was response accuracy.  

The “Pick-the-Face” task required attention to detect an emotional 

expression. In this task, participants were asked to identify the face that is 

expressing an emotion in an array of otherwise neutral expressions. There 

were three emotion categories: anger, fear, or happiness. In each trial, the 

participant either saw three faces or five faces, and they were shown either 

for 1500 ms or 2000 ms. This resulted in four levels of difficulty within each 

emotion category. Each combination was shown 8 times, meaning a total 

of 96 faces were shown. The key outcome variable was response time.  

2.7.2 Reinforcement-based decision-making 

In the “Money” task, participants were presented with two objects and 

selected the object which they believed had the higher likelihood of 

resulting in a financial reward. Their goal was to earn as much money as 

possible throughout the task. The first 90 trials created the acquisition 

phase because the contingencies are stable, allowing an individual to learn 

which object is more likely to be rewarded. The contingency was 80% 

reward versus 20% no reward for the correct object. Then the reversal 
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blocks began. This meant that the other object now had an 80% likelihood 

of being rewarded. There were 4 reversal blocks with 20 trials each. In each 

block, the contingencies reversed. Therefore, individuals had to adapt their 

decision-making to changing contingencies. The key outcome variable was 

response accuracy (i.e., choosing the rewarded object) within each block.  

2.7.3 Temporal discounting 

The “Now-or-Later” task assessed temporal discounting, which reflects the 

preference to receive a smaller reward at an earlier time rather than a 

larger reward later. In this task, participants were asked to decide between 

receiving a varying amount of money immediately (between $0 and 

$10.00) or receiving a fixed amount of $10.00 after a specified waiting 

period (0 days/now – control items, 7 days, 30 days, 90 days, 180 days or 

360 days). There were 137 items, and the choices were randomized with 

an equal number of items (20) for each of the 6 waiting periods. 17 items 

acted as control conditions to ensure individuals are paying attention. In 

these control conditions, the immediate reward was larger ($10.50) than 

the delayed reward. Across all items, participants were encouraged to 

select their personal preferences as if it was a real-life decision. The 

outcome variable was the number of times the lesser amount of money was 

chosen over the fixed $10.00 within each waiting period. 

2.7.4 Response inhibition 

The “Stop” task used a stop-signal reaction time design to measure an 

individual’s ability to inhibit responses. Participants were asked to click the 

right mouse button if an arrow on the screen pointed to the right, and the 

left mouse button if the arrow pointed to the left (‘click’ trials: respond). 

On some trials, a red circle appeared, indicating that they should not click 

any mouse button (‘stop’ trials: inhibit response). There was a varied stop-

signal delay, meaning that the red circle appeared at a slightly increased 

time of onset after a correct inhibition, and at a slightly decreased time of 

onset after an incorrect inhibition – it therefore fluctuated depending on 

performance. The key outcome variable was stop signal reaction time 
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(SSRT). SSRT is a latent variable as it is a function of the average response 

time in the ‘click’ trials and the average time of onset of the stop-signal 

(red dot) during the ‘stop’ trials.  

2.7.5 Use of neurocognitive assessment data in correlation 

with neuroimaging findings 

Performance on the neurocognitive assessment under PL condition 

(indicating baseline ability) was incorporated into the current thesis by 

correlating it with the neuroimaging results. The outcome variables, 

described above for each task, were partially collapsed into averages to 

reduce the number of correlations, and thus, the number of multiple 

comparisons. For the “Emotions” task, average accuracy across each 

intensity level was calculated for anger, sadness, and fear. For the “Pick-

the-Face” game, average reaction time was calculated across each level of 

difficulty for anger and fear. For both tasks, happiness was not included 

due to ceiling effects. For the “Money” task, average accuracy across each 

of the acquisition and the reversal blocks was calculated. For the “Now-or-

Later” task, the original outcome variable was used, indicating the 

preferred choice between a lower and a higher amount of money within a 

given waiting period. Lastly, for the “Stop” task, the SSRT outcome variable 

was used. All values used in the correlations were standardized against a z 

distribution to ease comparison across different outcome variable types.  

2.7.6 Benefits 

There were benefits associated with this neurocognitive assessment. 

Specifically, it included a broad range of tasks to cover several key cognitive 

functions which have been identified to be abnormal in ASPD and 

psychopathy (as described in the Introduction). Furthermore, the tasks 

were developed in line with the RDoC framework, meaning that results can 

be interpreted in the context of the RDoC domains and constructs. This also 

means that impairments on these tasks can potentially give theoretical 

insight into which brain-level systems are affected and vice versa. This was 

further supported by correlating neurocognitive performance with any 
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neurobiological abnormalities, which allowed for statistical insight into the 

relationship between multiple levels of functioning (behavioural and 

neural).  

2.7.7 Challenges 

The neurocognitive assessment was affected by some challenges. The tasks 

were originally designed to be used in children and youth with CD and CU 

traits. Therefore, they are more likely to result in ceiling effects in the adults 

tested in the current study. Additionally, this limitation may also mean that 

tasks were too simple or not sensitive enough to capture true impairments 

found in adults. Furthermore, the order of task completion was not counter-

balanced, meaning later tasks were potentially subject to fatigue effects.  

2.8  Intranasal oxytocin  

2.8.1 Administration in the current study 

The current study used a nose spray to deliver the exogenous oxytocin 

(Syntocinon, Novartis, Switzerland) to the brain. A dose of 40 IU was self-

administered via ten puffs (each puff contained four IU) every 30 seconds 

for five minutes, alternating nostrils. This was scheduled 25 minutes before 

the start of the first fMRI paradigm, which was not analysed in this thesis. 

This timing was selected in line with spatiotemporal evaluations that 

showed significant effects of 40 IU of OT on the brain between 15 and 95 

minutes after the final spray (Martins, Mazibuko, et al., 2020; Paloyelis et 

al., 2016). This includes areas relevant to the study of potential OT effects 

in ASPD+/-P, such as the amygdala, cingulate cortex, insula, and 

precuneus (see Figure 2.2). It should be acknowledged however that the 

project was originally designed to optimize the effect of OT for the task-

based fMRI component, which occurred early in the MRI protocol. There has 

been suggestion that the effect of OT may vary across time and brain 

regions (Martins, Brodmann, et al., 2022; Martins, Mazibuko, et al., 2020; 

Paloyelis et al., 2016). The discovery of potential OT effects in the three rs-
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fMRI scans of the current project might therefore be limited to the post-

dose time window within which they were acquired.  

 

 

 

 

 

 

 

Note: This figure was adapted from Figure 3 in (Martins, Mazibuko, et al., 2020) 

Intranasal administration of oxytocin has become the most common 

approach to studying OT effects in existing literature. The Introduction 

described the literature showing effects of OT on brain and behaviour. 

Nonetheless, there are methodological challenges that should be 

considered and which have led to some contention in this field of research 

(Leng & Ludwig, 2016). Better understanding of these challenges is pivotal 

for the development of oxytocin as a potential clinical treatment (Quintana 

et al., 2021).  

2.8.2 Methodological challenges in oxytocin research 

There are various methodological challenges that affect oxytocin research. 

These include the limited understanding of the neural mechanism of action 

of OT, the decisions over the method of administration, the optimal dosage 

and delivery device, and finally, concerns with statistical analysis and study 

design. These will be discussed in turn.  

2.8.2.1 Does exogenous oxytocin reach the brain? 

Oxytocin research still relies on assumptions about the neural mechanism 

of action, for example that exogenous oxytocin actually reaches the brain 

and that it can increase existing brain oxytocin levels (Quintana, 2022). 

Figure 2.2 Spatiotemporal effects of intranasal oxytocin on the brain. 
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Basing research on such assumptions can challenge the interpretation of 

findings. However, there have been important advances towards a clearer 

understanding of the pathway(s) by which exogenous oxytocin can reach 

the brain (Quintana et al., 2021). The dominant current model suggests 

that intranasally administered oxytocin travels along a direct nose-to-brain 

pathway (Figure 2.3). This pathway is facilitated by the physiology and 

innervation of the nasal cavity (Quintana et al., 2018; Quintana, Alvares, 

et al., 2015). The upper posterior regions of the nasal cavity are densely 

packed with olfactory and trigeminal nerve endings which project from the 

cerebrum and the brainstem, respectively. The model posits that 

intranasally administered oxytocin is deposited on the nasal epithelia and 

then absorbed through the nasal mucosa to reach these nerve endings. The 

ensheathed perineural channels surrounding the nerve fibres then facilitate 

a direct transportation of oxytocin molecules into the brain and CSF.  

This model has received support from animal and human studies. A recent 

study of knockout mice who could not produce endogenous oxytocin 

discovered extracellular oxytocin concentrations in the brain after 

intranasal delivery (A. S. Smith et al., 2019). Furthermore, after intranasal 

administration, radiolabelled oxytocin was identified in olfactory and 

trigeminal nerves and their trajectories, as well as in brain regions involved 

in social and reward processing in rodents and non-human primates (M. R. 

Lee et al., 2020; Yeomans et al., 2021). Importantly, these animal studies 

also quantified a significant increase in oxytocin levels in brain areas such 

as the orbitofrontal cortex, amygdala, hippocampus, and striatum, as well 

as the CSF, up to two hours after intranasal administration (Dal Monte et 

al., 2014; M. R. Lee et al., 2020; A. S. Smith et al., 2019; Yeomans et al., 

2021). Therefore, these animal research findings provide support for the 

assumptions that exogenous oxytocin reaches the brain and increases brain 

oxytocin levels. 

In humans, acquiring direct support for these assumptions is more difficult, 

largely because the methods required are too invasive. Nonetheless, 
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indirect evidence that OT reaches the brain comes from studies showing 

neural and social cognitive alterations in comparison to PL administration, 

even after accounting for baseline peripheral oxytocin levels (Martins et al., 

2021; Martins, Mazibuko, et al., 2020; Quintana et al., 2016; Quintana, 

Westlye, et al., 2015, 2019). Furthermore, a rare human study provided 

more direct evidence by reporting that intranasally delivered oxytocin 

increased the concentration of oxytocin in the CSF (Striepens et al., 2013). 

In summary, recent findings from human studies confirm those from animal 

studies and support the idea that exogenous oxytocin can reach the brain 

and that it subsequently increases brain levels of oxytocin. 

 

 

 

 

 

 

 

 

Note: This figure was copied from Figure 1 in (Quintana et al., 2021). 

2.8.2.2 Method of administration, optimal dosage and 

delivery device  

Oxytocin research in humans is marked by variable findings, and the broad 

range of methodological decisions regarding the method of administration 

as well as the optimal dosage and delivery device has been identified as an 

important factor contributing to this variability (Grace et al., 2018; 

Quintana et al., 2021; D. Wang et al., 2017; Wigton et al., 2015; Winterton 

et al., 2021). This is a challenge for oxytocin as a literature, but research 

has started to address this. For example, studies have compared the effects 

Figure 2.3 Intranasal administration of exogenous oxytocin and production of endogenous oxytocin. 
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of intranasal and intravenous methods of administration on human brain 

and behaviour. Intravenous administration requires oxytocin to reach the 

brain from the periphery through the systemic circulation. However due to 

the large molecular size of oxytocin, the blood brain barrier is thought to 

largely hinder this process (Leng & Ludwig, 2016; Mens et al., 1983). Thus, 

the results from comparative studies are mixed. On the one hand, studies 

revealed neural and behavioural changes only after intranasal delivery 

(Quintana et al., 2016; Quintana, Westlye, et al., 2015, 2019). On the other 

hand, two studies that used a higher dose did find that intravenous oxytocin 

modulated brain activity, but to a different extent than intranasal oxytocin 

(Martins et al., 2021; Martins, Mazibuko, et al., 2020). This suggests that, 

in addition to the direct nose-to-brain pathway described above, another 

pathway by which exogenous oxytocin reaches the brain might exist. 

However, the possible mechanisms of this alternative pathway remain 

elusive. Therefore, the intranasal method of administration is better 

validated and understood than the intravenous method. Additionally, 

intranasal administration is less invasive than intravenous administration, 

and thus may lend itself better to research purposes. It thus remains the 

favoured type of administration in human research.  

Within the intranasal method of administration, there has been discussion 

about the optimal dosage and the most suitable delivery device. To date, 

human studies have typically used doses ranging from 8 IU to 48 IU 

(Wigton et al., 2015). Studies assessing the efficacy of various doses in 

modulating neural activity and behavioural outcomes have suggested a U-

shaped dose-response curve: lower doses (around 8 IU), and to a slightly 

lesser extent higher doses (between 24-32 IU, although 40 IU has also 

been shown to be favourable over 32 IU) invoke the most response, 

whereas medium doses (between 8-24 IU) do not appear as effective (Bartz 

et al., 2011; Martins, Lockwood, et al., 2022; Quintana et al., 2016; 

Quintana, Westlye, et al., 2015; Shin et al., 2018; K. Winter et al., 2017). 

Notably, the studies that reported the highest efficacy after low doses opted 
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to use nebulisers or breath-powered delivery devices as opposed to nose 

sprays. These have been argued to support the delivery of oxytocin through 

the complex nasal anatomy and thus optimize the deposition of oxytocin 

available for uptake into the nose-to-brain pathway (Martins, Brodmann, et 

al., 2022; Martins, Mazibuko, et al., 2020; Winterton et al., 2021). In 

summary, recent findings reveal highest efficacy for low doses (8 IU), 

particularly when using nebulised or breath-powered delivery devices.  

Many of these findings are recent contributions to the discussion about the 

optimal dosage and delivery device. Thus, when the current study was 

designed in 2015, there was less information about the optimal dose and 

device. Therefore, the most appropriate decision was to use the highest 

clinically safe dose (40 IU) since this had shown effects on relevant social 

brain regions (MacDonald et al., 2011; Paloyelis et al., 2016). Furthermore, 

in terms of the delivery device, the current study used a nose spray because 

the use of nebulisers was in its infancy. Although these decisions could now 

be viewed as sub-optimal, research since then has shown that a higher 

dose from a conventional nose spray exerts a similar effect as a lower dose 

from an nebuliser (Quintana, 2022). Furthermore, studies directly 

comparing the pharmacodynamic profiles when delivering 40 IU of oxytocin 

with a nose spray versus a nebuliser revealed more effects after the nose 

spray (Martins et al., 2021; Martins, Mazibuko, et al., 2020). In summary, 

the methodology employed in this study thus remains appropriate to 

explore the potential impact of OT on neural processing.  

2.8.2.3 Concerns with statistical analysis and study design 

The lack of statistical power relating to small sample sizes in most oxytocin 

research to date has been identified as another challenge to the oxytocin 

research literature (Quintana, 2020; Walum et al., 2016). On the one hand, 

some meta-analyses have provided promising findings by revealing robust 

and reproducible effects of OT on factors contributing to emotional 

responsiveness such as physiological responsivity to threat and facial 

emotion recognition, on levels of in-group trust (Leppanen et al., 2017, 
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2018; Shahrestani et al., 2013; Van IJzendoorn & Bakermans-Kranenburg, 

2012), and on neural activity in social brain regions (Grace et al., 2018; D. 

Wang et al., 2017; Wigton et al., 2015) and neurocognitive impairments in 

clinical populations (Bakermans-Kranenburg & Van IJzendoorn, 2013; 

Bürkner et al., 2017). On the other hand, other meta-analytical studies 

revealed small or non-significant effect sizes, particularly in clinical 

populations with reduced power (Bürkner et al., 2017; Keech et al., 2018; 

Leppanen et al., 2018; Peled-Avron et al., 2020). These meta-analyses 

relied on individual studies with different statistical approaches and study 

designs. This variability in research findings may thus not only be 

associated to differences in the oxytocin administration methods, but also 

with inconsistencies in statistical analysis and study design.  

In summary, various methodological challenges must be overcome in 

oxytocin research. As the above discussion shows, the current study relied 

on appropriate methodological approaches that were in line with 

recommendations and existing studies available at the time of study design. 

Importantly, these approaches also remain common to the literature to 

date, allowing comparability across research studies.  

The below section describes the general statistical approach used in the 

current thesis, and the next chapter outlines the statistical methods applied 

to the neuroimaging data in more detail. The statistical power slightly 

varied across the individual experimental chapters and analyses, due to 

differences in the sample size. In some cases, the current results could only 

be considered exploratory. Such findings could nevertheless provide 

important results that can be used for power calculations in future research. 

Furthermore, in terms of study design, it has been shown that the effects 

of OT fluctuate with different contextual factors, such as the type of 

behavioural outcome, as well as individual factors, such as genetic 

predisposition, personality traits, traumatic life experiences, and baseline 

sociocognitive abilities (Bakermans-Kranenburg & Van IJzendoorn, 2013; 

Bartz et al., 2011; Quintana, 2022; Shamay-Tsoory & Abu-Akel, 2016; 
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Tops et al., 2019). The current study design controlled the possible 

influence of some of these factors by relying on resting-state neuroimaging 

techniques, which are independent from task demands and cognitive 

ability.  

2.9  Statistical analysis overview 

2.9.1 General approach 

The statistical analysis in the current project was based on frequentist null 

hypothesis significance testing. Therefore, significance was assessed with 

an alpha value of < 0.05, and where required, this was adjusted for multiple 

comparisons. Furthermore, to aid the interpretation of results and provide 

insight into their magnitude, effect sizes were also reported for the main 

effects (Funder & Ozer, 2019; Lakens, 2021). Within whole-brain 

neuroimaging analyses, the appropriate family-wise error (FWER) 

corrections to mitigate against multiple comparisons was applied. 

Appropriate cluster-defining thresholds were also set.  

For sociodemographic and clinical variables, normality was assessed using 

the Shapiro-Wilk test and groups were compared with analysis of variance 

(ANOVA) or t-tests, or their non-parametric equivalents (Kruskal-Wallis or 

Mann Whitney U, respectively).  

The statistical analysis of functional neuroimaging data largely relied on two 

core approaches, and details for all analyses are provided in the next 

chapter. In summary, the first approach was a partitioned errors approach 

in combination with independent two-sample t-tests, one-sample t-tests, 

and analysis of covariance (ANCOVA). This was chosen because it is not 

bound by the same strict assumptions about the variance-covariance 

structure that apply to the repeated measures element of a simple mixed 

ANCOVA. It was thus decided to be more suitable for the current between-

group, within-subject crossover design used to investigate group, 

treatment, and group by treatment interaction effects (McFarquhar et al., 

2016). Where applicable, the data was prepared for partitioned errors 
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analysis by averaging or subtracting the PL and OT data, depending on the 

effect of interest. The second approach was linear mixed modelling, also to 

test group, treatment and group by treatment effects. This was chosen to 

accommodate the between- and within-subject design while allowing for 

potential missing data in one of the treatment conditions (D. Wallace & 

Green, 2002). A repeated ANCOVA approach could not accommodate this 

missing data. A linear mixed model approach improves the power of an 

analysis because incomplete data does not have to be removed on a 

pairwise basis (Magezi, 2015). Furthermore, it is also not bound by the 

same strict assumptions about the variance-covariance structure of the 

repeated element of the model, and it allows the hierarchical nesting of 

multi-level variables (Magezi, 2015). The assumptions of linear mixed 

models are focused on the distribution (normality and variance) of the 

residuals. These were tested by modelling Gaussian curves to assess 

normality and creating scatter plots to assess for homogeneity of variance. 

Importantly, it has been shown that linear mixed models are remarkably 

robust against violations of these assumptions (Schielzeth et al., 2020). 

Bootstrapping with 1000 samples was applied to confirm findings, which 

was particularly helpful in cases of minor assumption violations. Potentially 

influential outliers were assessed using Cook’s distance and would have 

been removed if this was greater than 1, but this never occurred (Cook, 

1977). Finally, it is important to note that across all functional 

neuroimaging analyses, the effects of OT were only interpreted to be 

different between groups if a significant interaction effect was 

demonstrated. This is the only correct approach for interpreting differential 

treatment effects in neuroscience research (Nieuwenhuis et al., 2011).   

Any identified neurobiological abnormalities were correlated with 

phenotypic measures, including clinical, behavioural, and cognitive 

measures. Partial Pearson correlations with bootstrapping were used. 

Appropriate covariates were selected where required. The statistical 



108 

 

analysis techniques for each neuroimaging modality are provided in depth 

in the next chapter, and in summary in chapters 4, 5, 6, and 7 respectively.  

Statistical analyses were conducted in various software, including SPSS 26 

(IBM Corp, 2019), R and RStudio 2021.09.1 (R Core Team, 2021), JASP 

0.15 (JASP Team, 2021), and MATLAB 2018b and 2020a (The Mathworks 

Inc, 2020). Furthermore, as detailed in the next chapter, the neuroimaging 

pre-processing and main analyses relied on analysis pipelines in Freesurfer 

(http://surfer.nmr.mgh.harvard.edu/), on several Matlab toolboxes 

including the Automatic Software for ASL Processing (Mato Abad et al., 

2016), SPM12 (https://www.fil.ion.ucl.ac.uk/spm/software/spm12/), brain 

connectivity toolbox (Rubinov & Sporns, 2010) and network-based 

statistics (Zalesky et al., 2010), and finally, on commands and analysis 

pipelines from FSL (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki).  

2.9.2 Power calculation 

As the original focus of the overarching project was on task-based 

functional MRI, the project was designed to achieve a power of 80% with a 

type I error rate of α < 0.05, significant on a single voxel level after 

accounting for multiple comparisons (Desmond & Glover, 2002). According 

to an a priori power analysis, this required 24 subjects per group. 

Unfortunately, due to the Covid-19 pandemic, it was not possible to reach 

this number of subjects with complete attendance. The flowchart in Figure 

2.1 shows that for the statistical analyses of the relevant data used in this 

thesis, between 17 and 23 subjects per group were available. For some 

analyses, specified in the relevant chapters, these numbers were slightly 

smaller.  

The completion of retrospective (post-hoc) power analyses was not 

recommended. Thus, comparisons with existing literature were made to 

indicate if adequate power was achieved. This is described in the three 

neuroimaging modalities in the next chapter. Based on this, the numbers 

of participants recruited meant that it was possible to detect medium to 

http://surfer.nmr.mgh.harvard.edu/
https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki
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large effect sizes (f  > 0.25, η2 > 0.06). Particularly the rs-fMRI 

neuroimaging data benefitted from multiple observations per condition, and 

linear mixed models can take advantage of this to improve the achieved 

power (Brysbaert & Stevens, 2018). Furthermore, in line with 

recommendations, effect sizes for all main effects were calculated.  
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3 Neuroimaging Methods 
This chapter will outline the methodological details relating to the 

neuroimaging modalities and the neuroimaging data analysis. All brain 

images were acquired on a 3-Tesla General Electric MR750 MRI scanner 

using a 32-channel C-RMNova head coil. This scanner was located at the 

Centre for Neuroimaging Sciences, King’s College London. The full scanning 

protocol (start of first scan to end of last scan) lasted approximately 85 

minutes in length. In addition to the sMRI and the rs-fMRI (ASL and BOLD) 

scans used in this thesis, it also included task-based fMRI scans and a 

spectroscopy scan which were all acquired earlier in the protocol and used 

for another project. Participants were instructed to lay comfortably and 

completely still in the scanner. To reduce the risk of motion artefacts, their 

head and body was stabilized using foam padding and cushions. They were 

also provided with ear plugs to reduce the discomfort caused by scanner 

noise. Their pulse and breathing were monitored using a pulse oximeter 

and respiratory bellows. An emergency buzzer was provided.  

3.1  Structural MRI  

3.1.1 Image acquisition 

As Figure 2.1 shows, the sMRI scan was acquired during each scanning 

session after the completion of the fMRI tasks. It took 5 minutes, 37 

seconds and was scheduled to occur around 42 minutes since dose. The 

sMRI consisted of a high-resolution T1-weighted anatomical Magnetization 

Prepared – RApid Gradient Echo (MP-RAGE) image with full head coverage. 

It contained 196 images, with a slice thickness of 1.2 millimetre (mm) and 

slice gap of 1.2 mm. The repetition time (TR) was 7.31 milliseconds (ms), 

and the echo time (TE) was 3.02 ms. The inversion recovery (TI) was 400 

ms. The flip angle (FA) was 11° and field of view (FOV) was 270 x 270 

mm2. This resulted in a matrix with the size of 256 x 256 and a final voxel 

resolution of 1.05 x 1.05 x 1.2 mm3.  
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If a scan was badly affected by movement, it was repeated where possible. 

The participant was reminded to stay extra still. Since an anatomical image 

was collected during each scanning session, the image from a participant’s 

first scanning session was used in this thesis unless this was affected by 

more movement artefacts than the second scan, in which case the latter 

was used. This was determined in the first step of pre-processing, described 

below.  

3.1.2 Surface-based morphometry  

The cerebral cortex that contains most of the brain’s grey matter has an 

irregular geometric topography characterized by gyri and sulci. This arises 

due to a dense folding mechanism required to fit the brain into the skull. 

Up to 70% of the cortex is contained within and alongside the sulci (Zilles 

et al., 1989). The cortex can therefore be described as a two-dimensional 

(2D) sheet that is folded to fit into a three-dimensional (3D) space.  

Surface-based morphometry (SBM) relies on the principle of measuring this 

2D cortical grey matter sheet by assessing the organization of vertices. 

Vertices represent 2D points on the surface map of a neuroanatomical 

structure or tissue boundary. By measuring surfaces, the complex 

geometrical cortical topography can be accounted for while being used 

advantageously for multisubject registration, resulting in more homologous 

cortical regions (Dale et al., 1999; Fischl et al., 1999). This is different to 

voxel-based morphometry (VBM) techniques, which assess 3D volume and 

thus cannot fully account for the complicated cortical topography (Kennedy 

et al., 2009). It has been argued that this might lead to less accurate 

registration and cortical volume calculation (Bookstein, 2001; Davatzikos, 

2004; Jenkinson & Chappell, 2018c). Although estimates of cortical volume 

and density/thickness from each technique vary in their intrinsic 

calculation, they have been shown to correlate but not always overlap 

(Chee et al., 2011; Gerrits et al., 2016; Goto et al., 2022; Winkler et al., 

2010). SBM nevertheless circumvents some of the challenges of VBM and 
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provides additional informative morphological features such as surface 

area.  

The most common SBM software is Freesurfer 

(https://surfer.nmr.mgh.harvard.edu/) (Dale et al., 1999; Fischl et al., 

1999). Freesurfer version 6.0.0 was used for this project. Freesurfer relies 

on an automated processing pipeline to conduct cortical surface 

reconstruction and produce a surface map of the brain. This involves the 

formation of a triangulated mesh model, i.e., a net of vertices which are 

connected by edges to form closed triangles (Dale et al., 1999). After 

several pre-processing steps described in more detail below, a single filled 

volume of white matter is identified for each hemisphere. This allows the 

detection of the white-grey matter tissue boundary, which is also called the 

white matter surface. The triangular mesh model is applied to the white 

matter surface, and then expanded to the tissue boundary between grey 

matter and CSF, which is also called the pial surface. Each vertex on the 

white matter surface has a corresponding vertex on the pial surface, 

encapsulating the grey matter between these surfaces. Figure 3.1 shows 

an example of one individual’s white matter and pial surface.  

 

 

 

 

 

 

 

 

Figure 3.1  Example of a Freesurfer cortical surface reconstruction.  
Note: The blue line represents the white matter surface, and the red line represents the pial surface. The space 

between these surfaces represents the cortical grey matter that was subject to analysis in this research. This 
figure was copied from the Freesurfer training course material from April 2019 

(https://surfer.nmr.mgh.harvard.edu/). 

https://surfer.nmr.mgh.harvard.edu/
https://surfer.nmr.mgh.harvard.edu/
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SBM can provide a range of cortical grey matter features including cortical 

volume (CV), cortical thickness (CT), and surface area (SA), which were 

analysed in the current project. The following definitions correspond with 

the Freesurfer 6.0.0 procedures. CT is defined as the closest distance 

between a given vertex on the white matter surface and a vertex on the 

pial surface. This has been shown to have submillimetre accuracy, 

particularly when using 3T high-resolution sMRI, and can result in a 

measure of mean CT for a local region of interest or on a global level (Fischl 

& Dale, 2000). CT is related to the number and density of cells within a 

cortical column. SA is calculated based on an aerial pycnophylactic 

interpolation method and, for any given vertex, it reflects 1/3 of the sum 

of the area of all three faces (triangles) connected to that vertex within the 

closed triangulated mesh model (Winkler et al., 2012). It is related to the 

number of cortical columns within a particular region of interest. Lastly, CV 

is calculated as the real volume, i.e. the oblique truncated pyramid that 

connects the SA of one voxel on one surface with the closest vertex on the 

other surface (Winkler et al., 2018). It is a mathematically sophisticated 

method to calculate the product between SA and CT which accounts for 

complex cortical folding patterns.  

3.1.3 Pre-processing  

FSL (www.fmrib.ox.ac.uk/fsl/) image viewer ‘fsleyes’ 1.2.0 was used to 

assess image quality and identify any major MRI artefacts such as ghosting, 

wrap-around and signal drop-out (McCarthy, 2021). This ensured the best 

quality sMRI image for each participant was selected. Further quality 

assessment also included checking for ghosting, wrap-around and signal 

drop-out, as well as significant blurring, ringing, or poor contrast to noise 

ratio (Backhausen et al., 2016). Three individuals from the ASPD+P group 

were excluded from all subsequent pre-processing and analysis due to 

substantial motion distortion.  

The Freesurfer 6.0.0 surface reconstruction and pre-processing pipeline 

was utilised. The full automated ‘recon-all’ pipeline of Freesurfer, shown in 

http://www.fmrib.ox.ac.uk/fsl/
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Figure 3.2, was applied (Dale et al., 1999; Fischl et al., 1999). The first 

step involved input of the T1-weighted images and minor motion correction 

and alignment of the individual subject’s sMRI volumes. Next, the brain was 

extracted through skull-stripping, which removed skull tissue from the 

image and resulted in a brain-only mask. An automated Talairach (affine) 

transformation matrix of the original image to an MNI305 (Montreal 

Neurological Institute) atlas was computed. This matrix was stored for 

subsequent steps. After volumetric and hemispheric labelling, any contrast-

to-noise signal intensity variations due to magnetic radiofrequency field 

inhomogeneities were corrected through intensity normalisation. This 

improved the accuracy of tissue segmentation by ensuring that white 

matter had a mean intensity of 110 and grey matter was scaled 

proportionately below. This was followed by grey and white matter cortical 

tissue segmentation. Next, all images were registered to the ‘fsaverage’ 

standard space (group template) based on the inflated surfaces to ensure 

spatially precise, homogenous cortical surface calculations and accurate 

identification of cortical surface regions on the Desikan-Killiany atlas. 

Finally, the cortical reconstruction process involving the production of the 

triangulated mesh to identify white matter and pial surfaces was completed 

by extracting these surfaces. This pipeline produced an image that was then 

viewed in Freesurfer’s ‘freeview’ image viewer to visually inspect the 

surface reconstruction and check for any topological defects that required 

manual correction.  

Individual images were either accepted as they were or manually corrected 

and re-processed using ‘recon-all’ commands depending on which surface 

was corrected. An experienced user of the subsequent analysis provided 

secondary professional judgment during the correction process to ensure a 

high quality standard (Gudbrandsen et al., 2019).  
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Figure 3.2 Overview of the Freesurfer recon-all pipeline. 

Note: This figure was adapted from the Freesurfer training course material from April 2019 
(https://surfer.nmr.mgh.harvard.edu/). 

 

Once all images had an accurate surface reconstruction, they were 

extracted from the Freesurfer pipeline to be analysed using the SurfStat 

toolbox, described below. At the start of this analysis, a final pre-processing 

step involved spatial smoothing with a 10 mm full-width half-maximum 

Gaussian kernel. This helped to normalize the distribution of noise and 

improved statistical sensitivity for the random field theory approach 

embedded in SurfStat. The size of this smoothing kernel is in line with other 

sMRI research in the field. Furthermore, in SBM methods, the smoothing 

kernel can be larger than in VBM methods, since there is no risk of 

smoothing across gyri, as smoothing is applied to the surface map of the 

brain. The final cortical surface was parcellated according to the Desikan-

Killiany atlas (Desikan et al., 2006). These pre-processing steps resulted in 

a triangulated mesh model that consisted of approximately 150,000 

vertices per hemisphere, which enabled a high-resolution analysis. 

3.1.4 Statistical analysis 

The SurfStat toolbox (https://www.math.mcgill.ca/keith/surfstat/) was 

used for the statistical analysis of the cortical surface measures (CV, CT, 

https://surfer.nmr.mgh.harvard.edu/
https://www.math.mcgill.ca/keith/surfstat/
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and SA) in Matlab 2020a (The Mathworks Inc, 2020). The analysis is based 

on the use of general linear mixed models and random field theory for non-

isotropic images (Worsley et al., 1999). The SurfStat approach has been 

used in other studies comparing surface measures between clinical and 

control populations (Bletsch et al., 2018; Ecker et al., 2013; Gudbrandsen 

et al., 2020; Reinders et al., 2018).  

3.1.4.1 Calculation of cortical features 

A global brain measure extracted from the Freesurfer pipeline output was 

included in the model for each cortical measure to correct for any global 

effects. For the analysis of CV, total estimated intracranial volume (eICV) 

was used. For the analysis of CT, the average of the mean CT of each 

hemisphere was used, and for the analysis of SA, the sum of total SA in 

each hemisphere was used. To assess for group differences in these total 

brain measures, they were compared using a one-way ANCOVA, accounting 

for mean-centred age.  

The main effect of group (Gi) was estimated for each surface measure using 

a general linear mixed model regression at each vertex i and subject j, 

covarying for mean-centred age (Ai), the respective mean-centred total 

brain measure (Bi) and adding a residual error term (ε).  

 Yij = β0 + β1Gj + β2Aj + β3Bj + εij 

It is important to note that the main effect of group was a two-way contrast 

(t-contrast). Each ASPD group was separately compared to the NO group, 

and then the two ASPD groups were compared to each other.  

A random field theory-based cluster-wise correction for multiple 

comparisons across the whole brain in non-isotropic images was applied to 

each model using p < 0.05 (two-tailed) (Worsley et al., 1999). This resulted 

in a binary overlay vector for each surface measure, classifying vertices in 

clusters that were significant after correction as 1 and vertices in non-

significant clusters as 0. Any t-statistics which remained significant after 
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correction for multiple comparisons were visualized on the Freesurfer-

produced high-resolution ‘fsaverage’ template. 

3.1.4.2 Calculation of spatial overlap between CT and SA 

findings 

To assess whether the two-way group differences in CT and SA were 

spatially independent or overlapping, a Chi-squared (χ2) test was 

conducted. In this case, the direction of the difference was ignored. The 

null hypothesis of this χ2 test was that any differences were equally 

distributed. To measure this, the first step was to calculate the number of 

vertices that had a difference in CT only, SA only, or both CT and SA. This 

calculation relied on the binary overlay vectors which indicated which 

vertices had a significant group difference after correction for multiple 

comparisons.  

The second step then calculated the percentage of vertices that had a 

difference in CT only relative to all vertices with a difference, as well as the 

percentage of vertices that had a difference in SA only relative to all vertices 

with a difference. Third, the χ2 test was conducted to compare these 

percentages, where a significant result indicated that either CT or SA was 

uniquely driving group differences, as opposed to an overlap of both 

measures driving group differences.  

Next, to assess whether the distribution of the vertices that had an 

overlapping difference in both CT and SA remained consistent with the idea 

of two spatially independent patterns, a simulation strategy using 5000 

permutations of randomly generated difference patterns was applied. Each 

difference pattern contained random t-values, thresholded at p < 0.05 

(two-tailed). The given distribution of overlap was then assessed in each of 

the 5000 permutations to derive a probability value of obtaining that 

percentage of overlap based on randomly varying patterns of difference. 

Therefore, a significant result in the simulation indicated that the 
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distribution of overlapping vertices was non-random and spatially 

independent.  

3.1.4.3 Contribution of CT and SA to CV 

CV is the product of CT and SA. For any cluster with a significant group 

difference in CV, a χ2 test was used to assess whether CT or SA contributed 

significantly more to the CV group difference. A significant value indicated 

a unique contribution of one measure over the other, whereas a non-

significant value indicated that differences in both measures contributed to 

group differences in CV.  

3.1.4.4 Correlations 

To assess the relationship between cortical abnormalities and phenotypic 

variables (clinical, behavioural, and cognitive features), partial Pearson 

correlations with bootstrapping were conducted within each ASPD subtype. 

T-values from clusters with a significant ASPD+P versus NO and ASPD-P 

versus NO group difference after correction for multiple comparisons were 

extracted from the SurfStat analysis. Clinical variables included PCL-R 

factor and facet scores, behavioural variables included the number of 

violent convictions, having a reconviction within one year of study 

participation, and reactive and proactive aggression scores, and cognitive 

variables included the z-standardized averaged performance scores for 

each of the neurocognitive tests in the PL condition. Mean-centred age and 

the appropriate mean-centred total brain measure were included as 

covariates of no-interest for all correlations. The resulting correlations were 

corrected for multiple comparisons using Benjamini-Hochberg false 

discovery rate (FDR) in R.  

3.1.4.5 Power 

A study indicated that to achieve a power of 0.8, with an alpha threshold 

of 0.05, using a 10 mm smoothing kernel and based on a two-sided 

hypothesis, at least 10 subjects were required per group to detect a 1 mm 

group difference in CT (Pardoe et al., 2013). Another study reported that 
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group sample sizes required to detect at least a 10% group difference 

ranged from 21 to 81 per group, with CV and CT measurements requiring 

more subjects than SA measurements (Liem et al., 2015). The larger 

sample size required to obtain a higher precision of estimating CT group 

differences may be related to the increased susceptibility of CT 

measurements to motion artefacts such as head tilt (Hedges et al., 2022). 

The current study included 18-23 participants per group. This is in line with 

other studies that used the same statistical approach. However, considering 

the above evidence, the current sample size was only powered enough to 

detect large effect sizes. For significant clusters, the t-statistic was 

visualized as an indicator of effect size.  

3.1.5 Benefits 

SBM enables disentangling of the structural neuroanatomical features that 

characterize a particular population. By assessing several different cortical 

surface features, SBM can provide more information concerning features 

that are subject to neurodevelopmental processes than VBM techniques 

(Winkler et al., 2010).  

Furthermore SBM approaches circumvent the problem of partial volume 

effects and over- or under-estimation of cortical features associated with 

dense cortical folding patterns (Davatzikos, 2004; Jenkinson & Chappell, 

2018c; Kennedy et al., 2009). This occurs due to the use of the surface 

topography to optimise registration and then measuring surface features 

on an inflated surface (Fischl et al., 1999). The automated Freesurfer 

pipeline also provides a strong advantage compared with manual tracing 

methods as it reduces the risk of bias. Overall, this means that SBM 

techniques like Freesurfer reveal more reliable measures of the tissue of 

interest, in this case grey matter.  

3.1.6 Challenges 

SBM techniques like Freesurfer require high quality anatomical images. For 

example, they require a better spatial resolution than VBM techniques. 
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Furthermore, due to the reliance on the identification of tissue boundaries, 

it is also more sensitive to poor contrast-to-noise ratio as well as other MRI 

artefacts (Jenkinson & Chappell, 2018c). Therefore, a stricter image quality 

protocol is required, which meant eliminating three ASPD+P individuals 

prior to analysis. The use of Freesurfer is also more computationally 

demanding and time-consuming (due to potential manual correction) than 

VBM techniques.  

Furthermore, VBM may be preferred when assessing grey matter volumes, 

particularly in subcortical regions, since Freesurfer was not originally 

designed for this (Goto et al., 2022). However, it has been shown that the 

Freesurfer extracted volume metrics correlate with findings from VBM 

(Chee et al., 2011; Gerrits et al., 2016; Goto et al., 2022).  

3.2  Resting-state fMRI I: three-dimensional pseudo-

continuous arterial spin labelling  

Rs-fMRI provides insight into brain function at rest. Two types of rs-fMRI 

that were implemented in the current project are ASL and BOLD signal 

imaging. This section will discuss the ASL technique, and the final section 

in this chapter will discuss the BOLD technique.  

3.2.1 Regional cerebral blood flow  

When a neuron is active, its metabolic demand for oxygen and nutrients 

such as glucose increases. These metabolites are delivered via the blood. 

Therefore, neural activation and blood flow are closely coupled. This is 

called neurovascular coupling. The haemodynamic response reflects this 

change in vascular activity triggered by neural activity, which can be either 

spontaneous (i.e., when the subject is at rest in the scanner) or task-

induced. The underlying physiological component of the haemodynamic 

response is a change in regional cerebral blood flow (rCBF; sometimes also 

referred to as perfusion). Specifically, rCBF is a measure of the rate of 

delivery of arterial blood to the capillary tissue in a brain region. It 

represents the amount of blood that passes through a specific region of the 
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brain over a set amount of time. It is typically measured in millilitre (ml) of 

blood delivered per 100 gram (g) of tissue per 1 minute (Fantini et al., 

2016). Importantly, rCBF therefore reflects a directly quantifiable measure 

of the physiological haemodynamic response to neural activation (Buxton 

et al., 2004).  

The adult healthy brain grey matter has an average rCBF of 60-80 ml/100 

g/1 min, with a normal range from 40-100 ml/100 g/1 min (Alsop et al., 

2015; Vavilala et al., 2002). As this measure has been shown to be highly 

stable over time, any significant change over time or between a patient and 

healthy population can be directly indicative of abnormalities in brain 

functioning (Alsop et al., 2015; L. M. Parkes et al., 2004). Furthermore, it 

is very sensitive to pharmacological challenges and is therefore a suitable 

measure to studying the brain’s response to such an agent (Stewart et al., 

2014).  

Historically, rCBF was measured using single-photon emission computed 

tomography (SPECT) or positron emission tomography (PET) scans. 

However, in more recent years, ASL imaging has provided a non-invasive 

imaging modality with improved signal-to-noise ratio that measures rCBF 

by magnetically labelling arterial blood and tracing its flow across tissue 

over time (Borogovac & Asllani, 2012; Detre et al., 2009).  

3.2.2 Image acquisition 

Figure 2.1 shows that the 3D pseudo-continuous ASL scan was scheduled 

around 87 minutes since dose (i.e., the final spray of the OT or PL nose 

spray). It was the penultimate scan for each session and lasted 6 minutes 

and 23 seconds. Participants were instructed to remain still, stay awake, 

focus on a fixation cross on the screen in front of them and to let their mind 

wander. The 3D pseudo-continuous ASL scan acquired 60 slice partitions 

with a thickness and gap of 3 mm per subject. The TR and TE were 5180 

ms and 1109 ms, respectively. An FA of 111° and FOV of 240 x 240 mm2 

was applied, and the approximate in-plane resolution was 3.6 mm. A 180° 
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Hanning-shaped radiofrequency inversion pulse lasting 1825 ms was 

applied, and after a brief delay of 2025 ms, the net magnetisation of the 

magnetically labelled arterial blood water was measured. The final matrix 

resulting from the 3D whole-brain volumes, which were read using a 3D 

“stack-of-spirals” Fast Spin Echo read-out, had the size 8 (interleaved spiral 

arms) x 518 (points per spiral). The next paragraphs describe how the ASL 

technique works.  

This non-invasive imaging sequence relies on the magnetic response of the 

hydrogen nuclei found in the water molecules of cerebral blood. Pseudo-

continuous radiofrequency inversion pulses are applied along the flow 

direction (z-axis of the magnet), which changes the magnetic state of these 

nuclei such that the nuclei of the blood water are ‘labelled’. This occurs in 

the neck before the blood enters the brain. The endogenous tracer (i.e., 

the labelled blood water) then flows into the brain during the post-labelling 

delay. Then, an image is acquired, capturing the tracer by measuring the 

net magnetization of the brain tissue. This process is repeated immediately 

after, but without the application of an inversion pulse and subsequent 

labelling. Therefore, an adjacent control image is acquired. The labelled 

image is then subtracted from the control image, which creates a perfusion-

weighted image that is only related to the electromagnetic signal of the 

label. Subtraction is an important step because it eliminates signal arising 

from neural tissue, which is about 100 times stronger than the signal of 

interest from the labelled blood water (Jenkinson & Chappell, 2018a). The 

current 3D pseudo-continuous ASL sequence acquired 5 label-control pairs. 

After each pair underwent the subtraction, the remaining 5 perfusion-

weighted images were averaged to maximize tissue contrast, since this 

weakens over time. Four background suppression pulses were also applied 

to minimize the static signal from other tissue at the time of acquisition. A 

3D sequence (interleaved ‘stack-of-spirals’ Fast Spin Echo readout) was 

employed, meaning that it built up information across the 3 dimensions of 

the brain simultaneously. This is in contrast to a 2D approach, which 
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sequentially collects slices through the brain, resulting in lower temporal 

resolution. Overall, these steps all ensured optimized signal-to-noise ratio. 

This acquisition approach is in line with recommendations for acquiring ASL 

imaging in clinical populations (Alsop et al., 2015).  

Figure 3.3 depicts the ASL process leading to the final CBF map. The ASL 

scan sequence also obtained a proton-density (PD)-weighted image. This 

quantifies the actual density, or concentration, of the endogenous tracer of 

rCBF, i.e. the labelled blood water. By calibrating the final perfusion-

weighted image against the PD image, a CBF map containing the absolute, 

linear, and directly interpretable measure of rCBF in each voxel is produced. 

This CBF map is then used for data analysis. The T1-weighted structural 

scan described above was used for anatomical co-registration.  

 

 

 

 

 
 

 
 

 
 

 
 

 

 

 

Figure 3.3 Arterial spin labelling neuroimaging technique. 

Note: this figure was copied from (Ferré et al., 2013).  

3.2.3 Pre-processing  

Prior to any pre-processing, the quality of the final CBF map for each 

participant’s session was inspected using FSL ‘fsleyes’ 1.2.0 image viewer 

(McCarthy, 2021). Significant blurring of the image would have indicated 

excessive motion artefacts that were not adequately suppressed by the ASL 

image acquisition parameters, but no problematic scans were identified. 
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Additionally, rCBF values in grey matter regions were confirmed to be 

between 20 and 110 ml/100 g/1 min. This indicated an accurate 

computation of the CBF map from the acquired MRI image, i.e., without 

signal drop-out (Alsop et al., 2015). No scans were excluded.  

The pre-processing and normalization of the CBF maps for statistical 

analysis was conducted in the Automatic Software for ASL Processing 

(ASAP) toolbox, version 4.0 in Matlab 2018b (Mato Abad et al., 2016). This 

required the PD image, the CBF map and the T1 image for each participant 

and each session, and involved several steps: (1) the participant’s PD 

image was co-registered to their T1 image, resulting in a transformation 

matrix. The origin of both images was set to the anterior commissure. This 

transformation matrix was applied to the participant’s CBF map, 

transforming it to their T1 space; (2) the T1 image underwent a unified 

segmentation, which involved tissue segmentation and volume-to-volume 

registration and resulted in a binary “brain-only” mask (Ashburner & 

Friston, 2005); (3) this “brain-only” mask was applied to the co-registered 

and transformed CBF map to strip the skull and remove any extra-cerebral 

signal; (4) the resulting “brain-only” CBF map and the T1 image were then 

partial volume corrected and normalized to MNI152 space using 

normalization parameters obtained in the second step; (5) lastly, the CBF 

map was spatially smoothed using an 8mm Gaussian smoothing kernel, in 

line with other studies showing effects of OT on CBF.  

An explicit grey matter tissue mask was applied to the final CBF map using 

the function ‘fslstats’ in FSL (www.fmrib.ox.ac.uk/fsl). The mask was 

derived from a standard T1-based probabilistic map of grey matter 

distribution by thresholding all voxels with at least 20% probability of being 

grey matter. This step further supports the partial volume correction by 

ensuring that CBF signal from white matter, which is lower, did not 

confound the results. It also reduces between- and within-subject 

variability and thus improves statistical power (Jenkinson & Chappell, 

2018b). All subsequent analyses were based on this thresholded CBF map.  

http://www.fmrib.ox.ac.uk/fsl
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3.2.4 Statistical analysis 

The analysis involved a whole-brain analysis and a supplementary region-

of-interest (ROI) analysis. The following variables were mean-centred and 

included as covariates of no-interest in all analyses: 1) age (Bentourkia et 

al., 2000); 2) minutes since dose; and 3) global median CBF (shown to 

improve the signal-to-noise ratio by regressing out the effects of unspecific 

physiological variability and to improve sensitivity to within-subject change 

in local areas) (Jenkinson & Chappell, 2018b; Z. Wang, 2012). Median rCBF 

was extracted from the thresholded CBF map using the FSL command 

‘fslstats’ and ‘fslmaths’ (www.fmrib.ox.ac.uk/fsl). The median values were 

chosen to be a more appropriate measure of central tendency because, 

although the normal range of rCBF is 40-100 ml/100 g/1 min, there was a 

skew towards the lower end of this range in the current sample (Alsop et 

al., 2015; Vavilala et al., 2002). The effect of group, treatment and an 

interaction effect on global median CBF were analysed using a two-way 

mixed ANCOVA in SPSS26, covarying for mean-centred age and mean-

centred minutes since dose.  

3.2.4.1 Whole-brain analysis 

For the whole-brain analysis, only participants who attended both sessions 

were included. This was because missing data could not be accommodated 

in the whole-brain partitioned errors analysis approach that was conducted 

in SPM12 (https://www.fil.ion.ucl.ac.uk/spm/software/spm12/). To 

prepare for the partitioned errors approach analysis, the CBF maps for each 

participant were adjusted in two different ways: 1) an average between the 

CBF maps from the PL session and the OT session was produced using FSL 

commands ‘fslmerge’ and ‘fslmaths’, referred to as the ‘average CBF map’; 

and 2) the CBF map from the PL session was subtracted from the CBF map 

from the OT session using the FSL command ‘fslmaths’, referred to as the 

‘subtracted CBF map’. Using SPM12, the main effect of group was assessed 

by conducting a one-way ANCOVA on the average CBF maps. The main 

effect of treatment was measured by conducting a one-sample t-test using 

http://www.fmrib.ox.ac.uk/fsl
https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
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the subtracted CBF map across all participants. Finally, to assess the group 

by treatment interaction effect, a one-way ANCOVA of the subtracted CBF 

maps was conducted. For each of these analyses, a matrix containing global 

median CBF, age, and minutes since dose were included as covariates of 

no-interest.  

In SPM12, an F-contrast was calculated for each described effect. The 

cluster-defining threshold was set to p = 0.005. Only clusters which 

survived a FWER correction for multiple comparisons on a whole-brain 

cluster-level inference at α = 0.05 were interpreted. A binary mask was 

then created for any cluster which survived these steps. These masks were 

extracted from SPM12 and applied to the respective adjusted CBF maps 

(i.e., the average or the subtracted CBF map, depending on which effect 

was being assessed). With this map, the raw CBF values of each significant 

cluster were then extracted. Next, to break down the significant main 

and/or interaction effects, post-hoc pairwise comparisons or simple main 

effects using the Sidak correction for multiple comparisons were conducted 

on these values in SPSS26. This approach is in line with other work using 

a similar design (Martins, Leslie, et al., 2020).  

3.2.4.2 Supplementary ROI analysis 

For the ROI analysis, participants who only had a scan from one of two 

sessions could still be included because median rCBF values were extracted 

from the final CBF maps for each participant and each session separately.  

To obtain the rCBF values for each ROI, a binary mask based on the FSL-

distributed Harvard-Oxford Atlas was applied to the thresholded CBF map. 

The ROIs included amygdala and anterior insula, for each hemisphere. The 

hemispheres were treated separately as it has been shown that oxytocin 

may have a lateralized effect, particularly in the amygdala (Paloyelis et al., 

2016). The ROI rCBF values were extracted using the FSL command 

‘fslstats’. For each of the four ROIs, a full factorial linear mixed model 

including group, treatment, and group x treatment interaction as fixed 
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effects and subject as a random effect was conducted in JASP. Participant 

age, minutes since dose, and global median CBF were mean-centred and 

included as covariates of no-interest. There were no significant outliers in 

the model. This was identified by assessing Cook’s distance (all were <1). 

Statistical significance was assessed after bootstrapping with 1000 samples 

to account for potential deviation from the normal distribution. FDR 

correction for multiple comparisons across the four ROIs was applied. Any 

remaining significant main effect was followed up by pairwise comparisons, 

and remaining significant interaction effects were followed up by simple 

main effects, which were further corrected for multiple comparisons using 

the Holm method. 

3.2.4.3 Correlations 

Within the ASPD participants only, the relationship between rCBF and 

phenotypic variables (clinical, behavioural, and cognitive features) was 

assessed using partial Pearson correlation analyses. Clinical and 

behavioural measures included PCL-R factor and facet scores, the number 

of past violent convictions and the presence of a reconviction within one 

year of study participation, as well as scores from the reactive-proactive 

aggression questionnaire. Cognitive variables were the averaged, z-

standardized performance scores from the neurocognitive assessments 

under PL condition. To assess the correlation with baseline rCBF, median 

rCBF values from the clusters which showed a significant main effect of 

group in the whole-brain analysis were used. The values from PL and OT 

clusters were averaged to reflect the main effect of group. To assess the 

correlation with the rCBF response to the OT challenge, median rCBF values 

from clusters which showed a significant interaction effect (if this was due 

to significant within-group changes in ASPD) were extracted for each 

participant and session, and the delta score (OT minus PL) was used. 

Covariates of no-interest were mean-centred global median CBF, age, and 

minutes since dose. Since these correlations were conducted across all 

ASPD participants together, the group (ASPD+P or ASPD-P) variable was 
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also included as a covariate to mitigate the risk of spurious (illusory) 

correlations caused by using the PCL-R total score as a grouping variable 

in the main study design. P-values were corrected for multiple comparisons 

using FDR.  

3.2.4.4 Power 

A study has evaluated the sample size required to achieve enough power 

to detect within-subject change or between-subject differences in rCBF on 

ASL scans with different types of study designs (K. Murphy et al., 2011). It 

revealed that a between-group crossover design requires at least 17 

subjects per group to detect a 15% change (effect size) in baseline grey 

matter rCBF. Another study added to these findings by suggesting that to 

detect a 15% change in rCBF induced by a pharmacological challenge when 

using a 3D pseudo-continuous ASL scan, at least 7 participants are required 

for the within-subject comparison (Mutsaerts et al., 2015). Thus, the 

current study was sufficiently powered to detect at least a 15% within-

subject change and between-subject difference. Other clinical and healthy 

studies with similar designs which have assessed the impact of OT on rCBF 

utilised similar sample sizes (Davies et al., 2019; Martins, Brodmann, et 

al., 2022; Martins, Leslie, et al., 2020; Martins, Mazibuko, et al., 2020; 

Paloyelis et al., 2016).  

3.2.5 Benefits 

The use of ASL imaging to measure rCBF provides a non-invasive and fully 

quantifiable, non-arbitrary and directly interpretable measure of neural 

activation using an endogenous, non-invasive tracer (Simon & Buxton, 

2015; K. Zhang et al., 2018). It also provides improved spatial and 

temporal specificity compared with other methods of measuring perfusion 

such as SPECT and PET (Borogovac & Asllani, 2012). Due to its resting-

state acquisition, it offers insight into the magnitude of spontaneous neural 

activity which can be directly interpreted and is not influenced by cognitive 

ability, task demand, or task-by-treatment interaction (Khalili-Mahani et 

al., 2017; Lv et al., 2018; Nomi & Uddin, 2015).  
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The current study benefitted from the use of recommended acquisition and 

pre-processing protocols (Alsop et al., 2015). This ensured optimized 

computation of rCBF. The measure of rCBF has shown excellent test-retest 

reliability, meaning it provides a useful and reliable tool for measuring 

within-subject change over time (Hodkinson et al., 2013). This is also 

important for pharmacological challenge studies because it means that any 

rCBF changes between a placebo and a non-placebo session are likely 

driven by the pharmacological challenge, since baseline rCBF would remain 

stable. In line with this, resting-state ASL imaging has been shown to be 

more sensitive to pharmacological challenges than resting-state BOLD 

imaging (Bloomfield et al., 2020; Bryant et al., 2019; Martens et al., 2021; 

Martins, Mazibuko, et al., 2020; Stewart et al., 2014). Lastly, rCBF has also 

been shown to correlate with behavioural markers of cognition and 

personality traits (Ma et al., 2017; Sugiura et al., 2000; Sutin et al., 2010; 

Weafer et al., 2015; Wei et al., 2017), providing a useful neural marker of 

behavioural phenotypes.   

Although rCBF is closely coupled with the BOLD signal, these benefits 

highlight that ASL imaging may provide complementary, but novel and 

unique insight into functional neurobiological mechanisms of ASPD+/-P 

(Jann et al., 2015; Stewart et al., 2014; K. Zhang et al., 2018).  

3.2.6 Challenges 

There are some challenges associated with the ASL technique. First, the 

use of resting-state ASL data means it is not possible to control the 

individual’s thought processes during image acquisition. This may introduce 

increased variability in the rCBF data that cannot be accounted for. Second, 

although ASL provides an improved measure of rCBF compared to other 

perfusion techniques, the measure of rCBF still inherently suffers from 

reduced signal-to-noise ratio (K. Zhang et al., 2018). This is due to 

compromises in spatial and temporal resolution. Spatial resolution is 

reduced by the subtraction of the labelled image from its adjacent control 

image, which is required to calculate blood flow. This can be enhanced by 
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collecting multiple pairs and then calculating the average blood flow across 

these. This was done in the current study. However, collecting multiple 

pairs increases the susceptibility to motion artefacts, which can further 

worsen the signal-to-noise ratio. This can be mitigated by applying 

background suppression during scan acquisition as well as using 

registration-based methods for pre-processing – both of which were also 

done in the current study. The use of anatomical co-registration also 

improves the risk of partial volume effects, which otherwise reduce spatial 

resolution, by providing images with higher contrasted tissue 

segmentation. Temporal resolution is affected by the post-labelling delay 

as well as the collection of multiple pairs of label-control images. The latter 

however is improved by the subtraction of label-control images as this 

removes the influence of temporal noise in the form of slow drift MRI 

artefacts (Jenkinson & Chappell, 2018a). The current study applied the 

recommendations to minimize the impact of these inherent challenges 

(Alsop et al., 2015).  

Third, it has been argued that rCBF has considerable variation across 

people, with a normal range between 40 and 100 ml/100 g/1 minute. 

Therefore, it may be harder to detect true abnormalities in clinical 

populations, and adequate power as well as an appropriate healthy control 

group is required (Alsop et al., 2015). This was ensured in the current 

study.  

3.3  Resting-state fMRI II: BOLD signal imaging 

The rs-fMRI BOLD signal imaging data was analysed in two different ways: 

once to assess large-scale network functional connectivity, and once to 

assess neural topology. Both analyses were conducted in the full ASPD 

sample, as there was not sufficient data to split the ASPD group into those 

with versus without psychopathy.  
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3.3.1 The BOLD signal 

The analysis of the resting-state BOLD signal is the most common rs-fMRI 

technique. This technique measures spontaneous low-frequency 

fluctuations (<0.1 Hz) in the BOLD signal over time, while the brain is not 

engaged in any active task and is therefore at rest. As described above, 

neurovascular coupling creates a haemodynamic response to the metabolic 

demand of a neuron. This involves a shift in rCBF, blood volume, and the 

metabolic rate of oxygen. Together, these changes driven by the 

haemodynamic response alter blood oxygenation levels (K. Zhang et al., 

2018). This fluctuation in blood oxygenation levels can be captured by the 

MRI scanner as the BOLD signal. As Figure 3.4 shows, the haemodynamic 

response leads to an influx of oxyhaemoglobin, increasing the 

oxyhaemoglobin/deoxyhaemoglobin ratio. In other words, paramagnetic 

deoxyhaemoglobin levels reduce relative to diamagnetic oxyhaemoglobin. 

The MRI scanner detects the change in local field potential associated with 

this relative reduction and re-balancing in paramagnetic deoxyhaemoglobin 

over time. Ultimately, this leads to an increase in the MRI signal. This is 

further influenced by the pulse sequence, and the echo and repetition 

times, which are selected a priori. An area with a higher 

oxyhaemoglobin/deoxyhaemoglobin ratio, i.e. an active area, will therefore 

have a higher signal intensity and appear brighter on the contrast image. 

Thus, an increase in the BOLD signal suggests an increase in neural 

activation, and vice versa.  

It is important to consider that the BOLD signal reflects a combination of 

the physiological changes that are associated with the haemodynamic 

response occurring after the initial neural activity. Unlike rCBF, it is 

therefore only an indirect, minimally delayed proxy measure of neural 

activity. Nevertheless, it has been shown to be well-correlated with the local 

field potential, suggesting it is still likely to be a reliable indicator of neural 

activity (Logothetis et al., 2001). 
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Figure 3.4 BOLD signal detection in fMRI.  

Note: Figure adapted from (Arthurs & Boniface, 2002)  

 

Traditionally, the rs-fMRI BOLD signal has been used to quantify functional 

connectivity (FC) across brain regions (Biswal et al., 1995). This involves 

interpreting temporal synchrony patterns in the BOLD signal (i.e., the BOLD 

timeseries) and relies on the assumption that a correlation between the 

BOLD signal of two regions of interests indicates that these regions are 

functionally connected at rest. Over the past 25 years, this has led to the 

reliable identification of several large-scale networks (Choe et al., 2015; 

Cole et al., 2010; De Luca et al., 2006; Mak et al., 2017). In recent years, 

the interpretation of the rs-fMRI BOLD signal to estimate neural network 

topology using a graph theory approach has also become increasingly 

popular (Bullmore & Sporns, 2009). More details about both approaches 

will be discussed below.  

The rs-fMRI BOLD signal captures the intrinsic temporal dependency of 

brain activation patterns. Alongside the more directly quantifiable measure 

of brain activity that is rCBF, the use of rs-fMRI BOLD imaging thus offers 

an important complimentary tool to assess group differences and treatment 

effects on the connectivity, organization, and communication within the 

brain (Li et al., 2018; van den Heuvel & Hulshoff Pol, 2010).   
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3.3.2 Image acquisition  

Figure 2.1 shows that the rs-fMRI BOLD scan was acquired as the final scan 

within each scanning session, scheduled around 95 minutes since dose. The 

scan lasted 8 minutes and 10 seconds. It involved a T2*-weighted whole-

brain multi-echo echo planar imaging (EPI) sequence, acquiring 192 

volume per echo and 24576 images in total (32 horizontal slices top-to-

bottom parallel to the anterior-posterior commissure line, slice thickness = 

3 mm, slice gap = 1 mm, TR = 2500 ms, TE = 4 echoes at 12, 28, 44 and 

60 ms, FA = 80°, FOV = 240 x 240 mm2; matrix = 64 x 64, voxel resolution 

= 3.75 x 3.75 x 3 mm3). Participants were instructed to remain still, stay 

awake, focus on a fixation cross on the screen in front of them and to let 

their mind wander.  

The T1-weighted structural scan described above was used for anatomical 

co-registration.  

3.3.3 Pre-processing 

The acquisition of rs-fMRI BOLD scans is particularly susceptible to inherent 

physical/hardware, physiological, and motion artefacts which result in non-

BOLD signal, i.e., structured noise that may distort the BOLD signal data. 

It is important to mitigate this prior to and during acquisition, but it is also 

possible to improve the impact of artefacts and thus maximize signal-to-

noise ratio after acquisition. The latter requires several pre-processing 

steps before the cortical grey matter rs-fMRI BOLD signal can be 

statistically analysed. The following describes the pre-processing steps 

applied to the rs-fMRI BOLD and structural scans in the current project.  

Using the OptiBET shell script, the T1-weighted structural image used for 

co-registration of the rs-fMRI BOLD image was skull-stripped and brain 

extracted (Lutkenhoff et al., 2014). This script relies on FSL 

(http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSL/) and AFNI 

(http://afni.nimh.nih.gov/afni/) commands. The extracted structural 

images were visually examined for any abnormalities and extraction errors 

http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSL/
http://afni.nimh.nih.gov/afni/
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using the FSL image viewer ‘fsleyes’ 1.2.0 (McCarthy, 2021). Next, a study-

specific anatomical template across all participants was created and used 

as an intermediate step between within-subject co-registration and 

normalization to MNI space. The multivariate template construction shell 

script of the Advanced Normalization Tools (ANTs) module was used for this 

step (Avants et al., 2008). The template was visually examined for any 

errors using ‘fsleyes’ 1.2.0 brain image viewer (McCarthy, 2021). It was 

then co-registered to the MNI standard space, and a transformation matrix 

was calculated.  

The T2*-weighted rs-fMRI BOLD image was formed of four echoes. Brain 

tissue extraction ensured only signal from brain tissue was retained. The 

fourth echo was removed due to poor signal-to-noise ratio associated with 

the non-linearity of the BOLD signal, underpinned by the saturation, or 

drop-out of signal intensity, over time. Furthermore, since earlier echoes 

have higher signal and later echoes have stronger contrast, the remaining 

three echoes were split using the FSL command ‘fslsplit’ (Kundu et al., 

2017). Functional data was then optimally combined by taking a weighted 

average of the three echoes using an exponential T2*-weighting approach 

(Posse et al., 1999). The combination is “optimal” because it takes 

advantage of the higher signal in earlier echoes and higher sensitivity in 

later echoes and thus maximizes the potential of the subsequent de-noising 

steps.  

These de-noising steps were conducted using AFNI ‘afni_proc.py’ tools 

(https://afni.nimh.nih.gov/pub/dist/doc/program_help/afni_proc.py.html)

, the ‘tedana’ pipeline (Kundu et al., 2012, 2013; The tedana Community 

et al., 2021), and some FSL support functions. Conventional de-noising 

steps including temporal noise reduction and primary and secondary motion 

artefact removal were handled using ‘afni_proc.py’. This involved slice 

timing correction and motion correction including timeseries de-spiking, 

volume registration and realignment. Slice timing correction ensured slices 

acquired later in each TR are adjusted to and temporally comparable with 

https://afni.nimh.nih.gov/pub/dist/doc/program_help/afni_proc.py.html
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slices acquired earlier in each TR. Timeseries de-spiking identified individual 

volumes with voxels affected by excessive movement outliers, which were 

scrubbed (regressed) out of the signal. Volume registration and 

realignment applied six rigid-body motion correction transformation 

parameters (three translational and three rotational parameters) to ensure 

volumes were spatially matched up and motion artefacts were reduced. 

Framewise displacement values which indicate the amount of head 

movement between volumes were calculated for each volume according to 

the realignment estimates and then averaged across each scan. Sixteen 

scans with an average framewise displacement value of > 0.25 mm were 

deemed as high movement scans and excluded from statistical analysis (L. 

Parkes et al., 2018; Power et al., 2014). This approach was chosen instead 

of scrubbing, as the number of volumes that would have required removal 

due to framewise displacement varied across sessions and groups, which 

could have introduced biases. Contrary to scrubbing, this approach has also 

been shown to reduce the correlation between graph theory metrics and 

head motion, which was desirable for the current project (Aurich et al., 

2015). However, this means more data was removed, reducing the power 

slightly.  

For additional de-noising, the ‘tedana’ pipeline was used to perform multi-

echo independent component analysis (ME-ICA). ME-ICA uses a data-

driven approach to identify any remaining structured noise resulting from 

various artefacts. This includes physiological noise which was not previously 

removed. Evidence suggests that it is the most robust method for cleaning 

rs-fMRI BOLD multi-echo data as it reduces the impact of non-BOLD signal 

noise while maintaining a good temporal signal-to-noise ratio without 

compromising BOLD signal (Dipasquale et al., 2017).  

Next, each functional image was co-registered to the participant’s structural 

T1 native space. This ensures that the rs-fMRI BOLD signals are localised 

to the correct anatomical areas within each individual and that white 

matter, grey matter and CSF are correctly segmented in the next step. 
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Using commands from the ANTs module, timeseries associated with white 

matter and CSF were then regressed out. This ensures that subsequent 

statistical analysis is only based on BOLD signal from grey matter. High-

pass temporal filtering was then applied to the image using FSL commands. 

This filtering further de-noises the BOLD signal by removing low frequency 

(<0.02 Hz) signal fluctuations caused by the MRI scanner drift. The global 

signal was not regressed out because evidence suggests this may remove 

important signal fluctuations rather than simply removing noise. 

Furthermore, it has been shown that removing the global signal alters the 

connectivity structure across the brain by shifting the distribution of FC 

values into the negative space, i.e. producing anti-correlations (Cheng et 

al., 2021; Fox et al., 2009). The normalization from the individual co-

registered functional images to MNI space was then conducted by applying 

the previously created transformation matrix to each scan. This allowed 

comparability of scans to each other and to the existing literature.  

Lastly, in preparation for the large-scale network analysis only, the images 

underwent spatial smoothing with a 6-mm full-width-half-maximum 

Gaussian kernel using the FEAT toolbox in FSL 

(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FEAT). In line with recommendations, 

spatial smoothing was not applied for the images used in the graph theory 

analysis, because graph theory uses an ROI-to-ROI (node-to-node) rather 

than voxel-to-voxel analysis (Alakörkkö et al., 2017). Therefore, graph 

theory inherently spatially smooths the BOLD signal, and further spatial 

smoothing would be unnecessary because it may result in the spreading of 

the BOLD signal across ROIs, which is not desirable.  

The order of these pre-processing steps was largely consistent with that 

commonly used for large-scale network analyses and which has been 

evaluated to be most beneficial for the assessment of graph theory metrics 

(Gargouri et al., 2018). 
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3.3.4 Large-scale networks 

In chapter 6, the statistical analysis of the rs-fMRI BOLD signal investigated 

FC within and between large-scale networks. A large-scale network is a set 

of multiple spatially remote and anatomically defined brain regions that 

have highly correlated resting-state BOLD timeseries (Biswal et al., 1995). 

These are stable over time (Damoiseaux et al., 2006), relevant towards 

active brain function and behaviour (Laird et al., 2011; Tavor et al., 2016), 

and abnormalities of these networks may reflect neurobiological 

mechanisms that underpin psychiatric disorders (Menon, 2011). Although 

a complete understanding of the network structure in the brain is still 

lacking, the presence of some large-scale networks has been reliably 

reproduced across studies. These include sensory networks such as the 

visual, auditory, and sensorimotor networks, but also cognitive and limbic 

networks such as the default mode network (DMN), the frontoparietal (or 

attention) network (FPN), the salience network (SAL), and the medial-

temporal network (MTN) (Uddin et al., 2019).  

Large-scale networks are typically identified by 1) using principal 

component analysis to determine the number of orthogonal (uncorrelated) 

components that should be extracted from the data to capture the 

maximum amount of variance; and 2) using group independent component 

analysis (gICA) to decompose and factorize the voxel BOLD timeseries into 

the previously determined number of maximally (statistically) independent 

components. The gICA uses the pre-processed data of individual subjects. 

This multivariate, linear, data-driven, model-free, exploratory approach 

considers the signal from all voxels simultaneously rather than analysing 

voxels independent of others. The components produced by gICA thus 

contain continuous weights for all voxels, showing which voxels are more 

and less strongly associated with individual components. This differs from 

seed-based FC analysis, which requires hypotheses to preselect brain 

regions of interest, resulting in binary, structurally specific masks. The gICA 

components are evaluated to select those reflecting noise and those that 
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are functionally meaningful. The functionally meaningful components can 

be described either in terms of a spatial map (spatial gICA), showing which 

brain regions show above-threshold signal and are thus associated with a 

network, or as a timeseries (temporal gICA), showing how the signal 

develops over time. Both can then be used in higher-level analyses, 

however spatial gICA is more common because it results in a better signal-

to-noise ratio (Bijsterbosch et al., 2017) and creates group-level spatial 

maps that can be used in further analytic approaches such as dual 

regression.  

3.3.5 Large-scale network statistical analysis 

The large-scale network analysis relied on dual regression. This required 

group-level spatial maps which were obtained through the above approach 

in an independent sample of 21 healthy adult males (Dipasquale et al., 

2019). The rs-fMRI data for this independent sample was acquired on the 

same MRI scanner with the same parameters as the data collected in the 

current ASPD+/-P and NO samples. Furthermore, it underwent largely 

similar pre-processing steps before being subjected to the principal 

component analysis and gICA to identify 13 functionally meaningful large-

scale networks. These networks have been reliably identified in healthy and 

clinical populations (Damoiseaux et al., 2006; Menon, 2011; Uddin et al., 

2019; Veer et al., 2010). Specifically, they reflected the (1) primary visual 

network, (2) sensorimotor network, (3) DMN, (4) medial visual network, 

(5) auditory network, (6) lateral visual network, (7) MTN, 8) cerebellum, 

(9) SAL, (10) task positive network, (11) ventral stream network, (12) right 

lateral network, and (13) thalamic network. The components were 

thresholded (z ≥3) to visualize which voxels (and thus brain areas) were 

most associated with which network (Figure 6.1). The resulting spatial 

maps were used as model input for the dual regression.  

Dual regression is an analytic technique implemented in FSL 

(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/DualRegression) which is used to 

obtain subject- and session-wise FC estimates for each network identified 

https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/DualRegression
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in a gICA (Beckmann et al., 2009; Nickerson et al., 2017). Dual regression 

applies two multiple regression stages (displayed in Figure 3.5). In the first 

stage, the gICA components (model input), that is, the spatial maps of the 

13 functionally meaningful networks, are applied to the pre-processed 

BOLD data from each individual subject and session (data input). This 

results in subject- and session-wise timeseries for each component. It is 

optional but recommended to normalize these timeseries to ensure that 

network shape and strength, rather than just network shape, are estimated 

in the second stage. In the second stage, these timeseries (model input) 

are applied to the pre-processed BOLD data for each individual subject and 

session (data input), resulting in subject- and session-wise spatial maps for 

each component, i.e., each network of interest. These maps contain beta 

values for every single voxel across the brain, indicating the extent to which 

a voxel is associated with the given spatial network. Therefore, each subject 

had 13 spatial network maps for each PL and OT session. The dual 
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regression output was then used to assess group differences and treatment 

effects on within- and between network connectivity.  

 

Figure 3.5 Visual display of the dual regression analysis technique. 
Note: Data input represents the pre-processed data for each individual and session and model input represents 

the components obtained through the independent gICA. The output of stage 1 represents the subject-specific 
timeseries for each component, and the output of stage 2 represents the individual spatial maps that can be 

used in higher-level analysis. (Image copied from Bijsterbosch et al., 2017).  
 

The within-network analysis relied on the 13 spatial maps, i.e., the output 

from stage 2 of the dual regression, whereas the between-network analysis 

used the 13 timeseries, i.e., the output from stage 1. A partitioned errors 

approach was used for both analyses. FSL commands fslmerge and 

fslmaths were used to prepare this. To assess the main effect of group, the 

respective output from each subject’s PL and OT session was averaged. To 

assess the main effect of treatment and interaction effects, each subject’s 

PL output was subtracted from the OT output.  

3.3.5.1 Within-network analysis 

The within-network analysis was then conducted in SPM12 

(https://www.fil.ion.ucl.ac.uk/spm/software/spm12/). The main effect of 

group (ASPD vs NO) was measured using a two-sample t-test applied to 

https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
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each of the 13 averaged spatial maps. The main effect of treatment was 

measured using a one-sample t-test applied to each of the 13 subtracted 

spatial maps. The interaction effect was measured with a two-sample t-test 

applied to each of the 13 subtracted spatial maps. Although age was not 

significantly different between groups, there was a broad age range in the 

sample, and it has been shown that age influences resting-state functional 

connectivity (Varangis et al., 2019). Thus, age and minutes since final dose 

were included as covariates of no-interest. Significant clusters were 

identified using a whole-brain cluster-level inference of α = .05 and FWER 

correction for multiple comparisons. Only clusters surviving the cluster-

defining threshold of p < 0.001 were interpreted (S. M. Smith et al., 2013). 

The two-sample t-tests required one-directional contrasts (ASPD > NO, 

ASPD < NO). However, since the hypotheses were two-directional, the 

resulting p-values were multiplied by 2 prior to interpretation. Furthermore, 

three networks of interest in the context of ASPD were selected a priori 

(DMN, SAL, MTN). Any findings relating to these networks were subjected 

to a Bonferroni correction for three multiple comparisons (adjusted α = 

.02), whereas exploratory findings relating to the remaining networks were 

subjected to a Bonferroni correction for ten multiple comparisons (adjusted 

α = .005). For any clusters with group by treatment interaction effects that 

survived these corrections, binary masks were created and applied to the 

subject- and session-wise spatial maps to extract the beta values of that 

cluster. Once extracted, these beta values were compared using post-hoc 

simple main effects with Sidak correction for multiple comparisons.  

In summary, results from the within-network analysis indicate whether 

networks had significant group or treatment-induced differences in the 

shape or size of the network (i.e., which regions show significantly 

higher/lower correlation with the network). Due to the nature of each 

network map, which were thresholded for visualization but contain weights 

for every voxel, this can include regions anywhere across the brain, 

including regions not typically associated with a certain network.  
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3.3.5.2 Correlations 

As with the other neuroimaging data described previously, results from the 

within-network analysis were correlated with phenotypic variables of 

interest. Thus, within ASPD participants only, beta values from clusters with 

a significant group difference or a significant group by treatment interaction 

effect (if this was associated with significant within-group change as per 

the simple main effects) were correlated with clinical (PCL-R total, factor 1, 

and factor 2), behavioural (conviction information and aggression), and 

cognitive variables (averaged, z-standardized scores from the 

neurocognitive assessment under the PL condition). Beta values from a 

significant group effect were averaged across PL and OT prior to this 

correlation, and beta values from a significant interaction effect were 

subtracted. Partial Pearson correlations covarying for age and minutes 

since dose were used and bootstrapped 95% confidence intervals were 

calculated. FDR was applied to correct for multiple comparisons. Unlike the 

correlations conducted with structural and rCBF measures, these 

correlations were not conducted in each ASPD subtype separately, and did 

not require group as a covariate, because the main analysis consisted of a 

two-way analysis (ASPD vs NO). Thus, the risk of spurious (illusory) 

correlations with PCL-R score did not occur.  

3.3.5.3 Between-network analysis  

The between-network analysis used the subject- and session-wise 

timeseries output from stage one of the dual regression, which was 

prepared for a partitioned errors approach as described above. The FSLNets 

package (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSLNets) was used in Matlab 

(S. M. Smith et al., 2013). A matrix containing the z-scores of full 

correlations between networks was produced. For this analysis, two 

networks of interest in the context of ASPD were selected a priori (DMN, 

SAL). Therefore, this between-network correlation did not require 

Bonferroni correction. However, the exploratory analysis assessing 

https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSLNets
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between-network across all 13 networks was subjected to FDR (threshold 

p < .00001).  

In summary, results from the between-subject analysis indicate the extent 

to which correlations between two networks differed between groups or 

treatment conditions. However, the nature of this analysis did not allow the 

extraction of any values that could be correlated with phenotype.  

3.3.5.4 Power 

Precise recommendations for minimum sample size in rs-fMRI FC analyses 

are lacking. An early study of resting-state and task-based fMRI suggested 

that to achieve power of 0.80, at an alpha threshold of 0.05, 12 participants 

would be required to detect signal changes (Desmond & Glover, 2002). 

Although these recommendations were also applied to resting-state data, 

they were primarily acquired through the analysis of task-based data. Since 

then, it has been recognized that samples of over 100 subjects are required 

to detect meaningful and non-inflated individual differences in fMRI data 

(Dubois & Adolphs, 2016). The sample size for the current analyses is 

comparable to that utilised in other studies assessing within- and between-

subject FC differences in large-scale networks. Furthermore, the use of 

multi-echo image acquisition alongside various pre-processing steps that 

have been shown to be optimal for noise reduction (e.g., ME-ICA) and 

analytical steps (e.g., use of independent spatial network maps) is 

beneficial towards the statistical power in the current study (Grady et al., 

2021; Lombardo et al., 2016). Nevertheless, the current sample size was 

rather small and thus the results should be considered to be more 

exploratory in nature.  

3.3.6 Graph theory 

In chapter 7, the statistical analysis of the rs-fMRI BOLD signal was 

conducted according to a graph theory approach. This is a node-based 

connectivity analysis that provides insight into the brain’s functional 

topology, in other words how the flow of information (connectivity) is 
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structured on a local and global level. It is different to the above voxel-

based connectivity analysis which mainly provides insight into the 

correlation of activity (FC) between brain areas and can thus illustrate the 

large-scale functional networks of brain.  

Graph theory measures brain network characteristics by assessing nodes, 

or regions of interest such as anatomical elements, and edges, or 

structural/functional connections between these nodes. Unlike voxel-based 

connectivity analyses, graph theory can thus quantify the integration and 

segregation of information, shedding light on the complex dynamics of 

brain networks. It has been suggested that this is a particularly important 

step towards understanding the neurobiological underpinnings of behaviour 

(Farahani et al., 2019) and characteristics of brain networks have been 

shown to predict cognition (Cohen & D’Esposito, 2016; Douw et al., 2011; 

Welton et al., 2020). The efficiency and cost of a network can be 

quantitatively evaluated according to global characteristics (macro-level), 

local/nodal characteristics (meso-level) or edge characteristics (micro-

level) (Bullmore & Sporns, 2009; Joules et al., 2015; Rubinov & Sporns, 

2010; Zalesky et al., 2010). The graph theory indices used in the current 

project will now be described.  

3.3.6.1 Graph theory metrics 

Figure 3.6 depicts the range of macro-, meso-, and micro-level network 

metrics that were calculated and analysed in the current study. Global 

efficiency reflects functional integration of information flow across the 

whole brain, on a macro-level. It is defined by the inverse of the average 

characteristic path length between all nodes in the network, whereby 

characteristic path length describes the smallest possible number of edges 

required to connect any two nodes to form a potential route for information 

flow (Latora & Marchiori, 2001; Rubinov & Sporns, 2010). High global 

efficiency suggests high integration and shorter average characteristic path 

length connecting all nodes of the brain. 
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Several meso-level network metrics were also calculated. The first was local 

efficiency which reflects functional segregation. Local efficiency provides 

insight into the extent that individual nodes are connected to neighbouring 

nodes (on average) and thereby reflects the extent to which the 

organization of the brain relies on local, segregated sub-networks (Latora 

& Marchiori, 2001). It is calculated as the average of all nodal efficiency 

values. High local efficiency suggests high functional segregation across the 

brain. Nodal efficiency is the second meso-level network metric that was 

calculated. In addition to being required to calculate local efficiency, it also 

offers information in its own right. It measures the inverse of the average 

minimum characteristic path length connecting one node with its 

neighbouring nodes. It is directly proportional to the clustering coefficient, 

which is a similar graph theory metric that measures the likelihood that two 

neighbouring nodes are both connected by a third neighbouring node, 

forming triangles (Watts & Strogatz, 1998). Due to their direct 

proportionality, the clustering coefficient was not calculated in this thesis. 

High nodal efficiency suggests a specific node is very tight-knit (integrated) 

with its neighbouring nodes (Rubinov & Sporns, 2010).  

Finally, two further meso-level network characteristics describing the 

centrality, or importance, of specific nodes were calculated (Rubinov & 

Sporns, 2010). The first was node degree centrality. This is defined by the 

number of edges connected to a node, regardless of their strength. A high 

node degree suggests interaction with many other nodes. The second was 

betweenness centrality. This represents the fraction of all shortest paths 

that contain a certain node, meaning the most efficient information flow 

involves this node. In other words, it indicates how much of a hub a node 

is. High betweenness centrality suggests a node participates in many 

shortest path connections.  

Lastly, micro-level edge connectivity was assessed to identify any 

subnetworks that significantly differed between groups or treatment 
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conditions. This was done using the network-based statistic method 

(Zalesky et al., 2010) and is described in more detail below.  

 

 

 

 

 

 

 

 

 

 

Note: Due to its calculation, global efficiency is shown in the context of an example of characteristic path 

length. Local efficiency is shown in the context of nodal efficiency.  

3.3.6.2 Extraction of graph theory metrics 

Prior to running the statistical analysis, the graph theory indices of interest 

had to be extracted from the pre-processed rs-fMRI BOLD images. This was 

done using FSL commands, Matlab calculations and the Brain Connectivity 

Toolbox (BCT) in Matlab 2020a (Rubinov & Sporns, 2010) and the process 

is summarized in Figure 3.7. First, using FSL, the Desikan-Killiany atlas was 

applied to parcellate the BOLD signal timeseries of each scan into 85 

individual anatomical nodes (Desikan et al., 2006). Second, using Matlab, 

a correlation matrix containing the full correlations between each of the 85 

nodes was calculated for each scan and subsequently transformed using a 

Fisher Z transformation. This ensures that the correlation coefficients are 

normally distributed. After this step, the mean functional connectivity (FC) 

for each participant and each session was calculated by averaging the 

positive elements (correlations) in the lower triangle of each Fisher z-

Figure 3.6 Visual representation of the graph theory metrics included in this analysis. 
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transformed correlation matrix. These mean FC values were then compared 

between groups and treatment conditions using a linear mixed model, 

covarying for mean-centred age and minutes since dose. Mean FC is an 

indicator of total network strength (Van Den Heuvel et al., 2017). The null 

hypothesis assumes that there are no differences in mean FC across groups 

or treatment conditions, indicating that potential differences on the graph 

theory metrics are not due to differences in total network strength.  

Third, graph theory metrics could be calculated. Using the BCT, the Z-

transformed correlation matrices for each scan were concatenated into one 

adjacency matrix across all scans (an 85x85x89 3D matrix whereby the 

first two dimensions reflect the individual node-to-node correlation 

matrices for each subject and session and the third dimension reflects the 

number of combined scans). This matrix was undirected as well as weighted 

rather than binary, and thus contained information about the strength 

rather than simply the existence of connections. The adjacency matrix was 

thresholded across a range of network densities between 5% and 34% with 

a 1% interval. Network density represents the number of actual 

connections (edges) relative to all possible connections. This range was 

chosen because it has been shown that the brain generally has small 

worldness properties. This means it has highly clustered, densely connected 

areas that are typical for latticed networks but is balanced with short 

characteristic path lengths that are more typical for random networks 

(Bassett & Bullmore, 2017; Watts & Strogatz, 1998). A network density 

>35% is suggestive of an excessively random network structure rather 

than a small world network structure and would not be appropriate for 

subsequent analysis (Bullmore & Sporns, 2009). The area under the curve 

(AUC) was calculated to reflect an average of the density thresholding 

range (Ginestet et al., 2011). This reduced the computational demand and 

eliminated the necessity to correct for up to 34 multiple comparisons for 

each network density. Furthermore, it offered a more intuitive 

interpretation in subsequent data analysis because it could be assumed that 
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findings were not driven by individual variability in network density. Finally, 

the BCT (Rubinov & Sporns, 2010) was used to calculate higher level 

summary indices that describe different aspects of network functioning. 

Specifically, global, local, and nodal efficiency, node degree centrality, and 

betweenness centrality were calculated. The Matlab network-based statistic 

toolbox (Zalesky et al., 2010) was used to calculate edge connectivity.  

 

Figure 3.7 Overview of the graph theory analysis technique. 

Note: this was adapted (Farahani et al., 2019).  

3.3.7 Graph theory statistical analysis  

3.3.7.1 Macro- and meso-level: topological network metrics 

Once the network metrics were extracted, a linear mixed model analysis 

approach which had the same format across all outcomes was taken. Fixed 

factors were Group, with two levels (ASPD and NO), and Treatment, also 

with two levels (PL and OT). Mean-centred age (network efficiency reduces 

with age (Achard & Bullmore, 2007)) and minutes since dose were included 

as covariates of no-interest. Subject was the random factor. The dependent 

variable was the respective network characteristic value. There were no 

significant outliers in the models. This was identified by assessing Cook’s 

distance (all were <1). 

Since mean FC, global, and local efficiency values were reflective of the 

whole brain rather than individual nodes, one linear mixed model for each 
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metric was run in R and did not require correction for comparisons across 

multiple nodes.  

Meso-level network characteristics were analysed with an ROI approach, 

which focused on the analysis of the amygdala, anterior cingulate, and 

precuneus, as well as a whole-brain approach, which assessed nodes across 

the brain. For both approaches, linear mixed models were performed for 

each node. For the ROI analysis, this was done in R, and any significant 

main and interaction effects were corrected for six (3 ROIs x 2 

hemispheres) multiple comparisons using FDR. For the whole-brain analysis 

that included all remaining anatomic regions not included in the ROI 

analysis, this was done using a loop in Matlab, and any significant main or 

interaction effects were corrected for 77 multiple comparisons using FDR. 

Partial eta-squared effect sizes were calculated for all models.  

3.3.7.2 Correlations 

In ASPD participants only, partial Pearson correlations with bootstrapping 

were used to assess the relationship between the network characteristic 

values and phenotypic variables (clinical, behavioural, and cognitive 

features). Clinical variables were the psychopathy scores (PCL-R total, 

factor 1 and factor 2). Behavioural variables were the number of violent 

convictions, the presence of a reconviction within one year of participation, 

and reactive and proactive aggression scores. Cognitive variables were the 

averaged, z-standardized scores from the neurocognitive assessment 

under the PL condition. Mean-centred age and minutes since dose were 

included as covariates of no-interest. To assess the relationship with 

baseline network properties, all correlation analyses were conducted using 

the values of brain areas that showed a significant main effect of group. 

Additionally, to assess the correlation with the response to the OT 

challenge, the OT-PL difference scores of the network properties in brain 

areas that showed a significant interaction effect associated with changes 

in ASPD participants were used. The correlations were adjusted for multiple 

comparisons using the FDR method. Similar to the correlations with the 
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within-network large-scale network connectivity findings, there was no risk 

of spurious (illusory) correlations with the PCL-R score, since the main 

analysis did not assess ASPD+/-P subtypes.  

3.3.7.3 Dice coefficient  

The Dice coefficient (also known as the Dice Kappa statistic) indicates the 

extent of spatial overlap between nodes with any meso-level (nodal 

efficiency, node degree, betweenness centrality) main or interaction 

effects, and the areas associated with large-scale networks. To calculate 

this, the z-thresholded 13 spatial maps (|z| > 2) that were used for the 

large-scale network analysis (Figure 6.1) were binarized using fslmaths. 

Similarly, binarized maps for the main effect of group, treatment, and the 

interaction effect were created using fslmaths. Specifically, the masks for 

the Desikan-Killiany Atlas (DKA) nodes that had a significant effect in any 

of the meso-level nodal metrics were merged into one overall binary image. 

Therefore, the Dice coefficient was then calculated for each main and 

interaction effect, and each of the 13 network maps using the fslstats 

toolbox.  

3.3.7.4 Micro-level: Network-based statistic 

The network-based statistic (NBS) is an approach used to assess edgewise 

connectivity between the 85 DKA nodes of the graph (Zalesky et al., 2010). 

It identifies subnetworks that have altered connectivity between groups or 

under different treatment conditions. The Matlab toolbox used to calculate 

NBS relies on the individual Fisher z-transformed correlation matrices as 

well as centre of gravity coordinates to locate the centre of each DKA 

region. The goal of NBS is to reduce the number of multiple comparisons 

and improve the analytic power by using non-parametric cluster-based 

thresholding. Therefore, it automatically controls the FWER, in the weak 

sense (i.e., guaranteeing control only when the global null hypothesis is 

true), after performing mass univariate analyses across all graph edges. It 

compares to the approach used to identify significant clusters in mass 

univariate testing of voxels. This means that the NBS creates topological 
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clusters containing graph components that comprise the contrast of interest 

(hypothesis), thus identifying subnetworks with significant differences 

between groups or conditions at a higher statistical power. These 

subnetworks, i.e., graph components, are identified if multiple, connected 

edges form suprathreshold clusters. The identification of subnetworks 

however means that the hypotheses cannot be interpreted on an edge 

level, but rather, only on the level of the subnetwork.  

In the current study, a partitioned errors approach was used, so only 

participants with a complete PL and OT scan could be included (ASPD n = 

19, NO n = 19). Using ‘fslmerge’ and ‘fslmaths’, the PL and OT correlation 

matrices for each individual were averaged to assess the main effect of 

group and subtracted to assess main effect of treatment and group by 

treatment interaction effect. The hypotheses to be tested across all graph 

edges using a general linear model were then specified in the NBS toolbox. 

Specifically, a two-sample t-test was used to assess group effects (average 

correlation matrix) and interaction effect (subtracted correlation matrix), 

and a one-sample t-test was used to assess treatment effects (subtracted 

correlation matrix). Mean-centred age (Achard & Bullmore, 2007) and 

minutes since dose were included as covariates of no-interest. Contrasts to 

assess each direction of the hypothesis were set up using design matrices 

in the NBS toolbox.  

Once the above t-contrasts were calculated for each edge (mass univariate 

testing), a primary threshold was applied, identifying suprathreshold 

clusters containing edges above this threshold. There is no specific 

suggestion for selecting the optimal primary threshold and it is a user-

determined parameter in the NBS. Therefore, in line with common practice, 

the current analysis assessed a range of primary thresholds from t = 1.5 

to t = 4.0, at 0.5 intervals. Lower, more liberal thresholds may result in 

larger, topologically extended subnetworks, whereas higher, stricter 

thresholds may result in smaller, topologically focused subnetworks 

(Zalesky et al., 2010). Out of the above range, the final threshold chosen 
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for the current analysis was t = 3.0, which corresponded to an approximate 

alpha threshold of p ≤ .003. The selection of primary threshold does not 

affect subsequent FWER correction (Zalesky et al., 2010).  

It is worth noting that an underlying assumption of NBS is that any 

suprathreshold clusters (subnetworks) which confirm the hypothesis (i.e., 

they reject the null hypothesis predicting no difference) occur in the form 

of an interconnected configuration of multiple edges rather than just single 

or isolated connections. In other words, a subnetwork representing a 

suprathreshold cluster must contain multiple edges connecting multiple 

nodes.  

Finally, non-parametric premutation testing was used to compute the 

FWER-adjusted p-value of any identified suprathreshold clusters. In the 

current study, 5000 permutations were run. This process randomly 

reallocates individuals into each condition according to within- or between-

subject permutation vectors (respective to the original analysis) and re-

runs the above process for the specified number of permutations. For each 

run, the size of the largest identified subnetwork is stored, yielding an 

empirical null distribution for the size of the largest component. The FWER-

adjusted p-value for a subnetwork of a given size is then estimated as the 

proportion of permutations for which the largest component was the same 

size or bigger (Zalesky et al., 2010). Subnetworks with a suprathreshold of 

t = 3.0 and an FWER-adjusted p-value of less than .05 were considered to 

be significant subnetworks showing the hypothesized contrast.  

3.3.7.5 Power 

There has been limited research proposing sample sizes required to achieve 

adequate statistical power in resting-state fMRI graph theory analysis. A 

recent review highlighted that most case-control topology studies have 

between 15 and 73 participants, though larger samples improve the power 

that graph theory analyses, which inherently rely on a high number of 

metrics, can offer (Helwegen et al., 2023). Moreover, a meta-analysis 
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demonstrated robust and replicable graph theory metrics, including those 

used in the current project, in studies using samples ranging from 5 to 45 

individuals for within- and between-subject analyses (Welton et al., 2015). 

Furthermore, other research has shown that to achieve a power of 0.80 

and detect medium to large effect sizes in single-site studies, sample sizes 

over 50 would be sufficient, although having over 100 participants would 

be desirable, especially to detect smaller effect sizes (Cao et al., 2019; 

Termenon et al., 2016). Together, this evidence suggests the current study 

was powered enough to detect large effect sizes. It is important to treat 

the current results, especially those with smaller effect sizes, as being more 

exploratory in nature. Effect sizes were reported to aid the interpretation 

of findings as well as provide useful information for future research.  

3.3.8 Benefits 

There are several benefits of the resting-state BOLD neuroimaging 

technique and its analysis. First, as with the resting-state ASL technique, 

this technique is non-invasive and does not rely on demanding task 

paradigms, which is particularly useful when studying a clinical population 

such as ASPD+/-P who may have poor engagement and attention. 

Furthermore, it provides insight into brain functioning independent of 

context, type of task, task-elicited behavioural and cognitive strategies, 

and performance, and it lends itself as a useful tool for studying brain 

shiftability by pharmacological agents independent of processes triggered 

by tasks (Khalili-Mahani et al., 2017; Lv et al., 2018; Nomi & Uddin, 2015). 

Beyond the benefits of resting-state fMRI as a technique, there were 

additional benefits of the acquisition, pre-processing, and analysis 

approaches. These will be outlined below.  

In terms of acquisition and pre-processing approaches, the current project 

benefitted from the use of a multi-echo EPI sequence, which has been 

shown to optimize the sensitivity for detecting meaningful BOLD signal by 

allowing improved identification and subsequent removal of noise. 

Furthermore, it increases the power to detect signal in regions often 
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affected by signal drop-out in single-echo sequences (Caballero-Gaudes & 

Reynolds, 2017; Dipasquale et al., 2017; Kundu et al., 2017). It also has 

high temporal resolution, which is better than in task-based fMRI. 

Compared with ASL imaging, it has improved sensitivity to neural activity 

due to having a higher sampling rate alongside increased spatial and 

temporal signal-to-noise ratio (Jann et al., 2015; K. Murphy et al., 2007; 

K. Zhang et al., 2018). In line with acquiring multi-echo data, the project 

also benefitted from applying the ME-ICA pre-processing approach 

(‘tedana’ pipeline) to remove remaining artefact noise. This is more 

sensitive and effective than traditional methods and has been applied in 

large-scale network and graph theory analyses (Dipasquale et al., 2017, 

2019; Openneer et al., 2020).  

In terms of analysis, the large-scale network analytic approach relied on 

dual regression. This technique has several benefits. The first main benefit 

relates to the acquisition and identification of the 13 spatial network maps 

that were entered into the dual regression. These came from resting-state 

fMRI scans collected in an independent sample of healthy men, on the same 

scanner with almost identical scanner settings and imaging parameters 

(Dipasquale et al., 2019). This means the network maps likely contained 

the same MRI-specific artefacts and sources of noise that the data from the 

current study had, which is more beneficial than if relying on independent 

data from a different scanner. Additionally, this approach also eliminates 

bias that can result from producing network maps using the same 

individuals that are subsequently being analysed (Bijsterbosch et al., 

2017). Within this independent sample, the network maps were identified 

using spatial gICA, which is a data-driven, multivariate approach that can 

reliably distinguish functionally meaningful components from noise 

components, and subsequently can distinguish within functionally 

meaningful components to identify individual, independent spatial maps 

(Calhoun et al., 2001). It does not rely on the pre-selection of specific 

seeds, meaning the network maps are not limited to the connectivity of any 
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particular region. Finally, the 13 network maps were spatially and 

functionally similar to traditionally identified networks (Uddin et al., 2019), 

allowing comparability of the present findings with the broader literature.  

The second main benefit of the current large-scale network analysis relates 

to dual regression itself (Beckmann et al., 2009; Nickerson et al., 2017). 

Due to its reliance on group-based spatial network maps, dual regression 

avoids a correspondence problem which may arise when functional 

components are identified in individual subjects (e.g., in one subject, the 

default mode network is represented as one network, in another subject, it 

is split into two networks). Furthermore, dual regression uses multiple 

regression models at each stage. This means that all 13 spatial network 

maps (i.e., the regressors) are entered into the model simultaneously, and 

the best fit of each regressor is calculated while accounting for the influence 

of the other regressors. This is beneficial because it determines the relative 

contribution of individual components towards connectivity differences 

across groups or conditions. Finally, the use of dual regression allowed the 

analysis of both within- and between-network connectivity, which was a 

novel analysis approach that has not been employed within this population.  

Graph theory analysis is also associated with unique benefits. Most 

importantly, and unlike voxel-based techniques such as the large-scale 

network analysis used in the present study, graph theory can describe the 

topology of complex neural network dynamics (Farahani et al., 2019). Due 

to its excellent test-retest reliability, it can provide concise neurobiological, 

quantitative summary markers that can be compared between healthy and 

clinical populations, and/or tested in response to pharmacological 

challenges (Achard & Bullmore, 2007; Alavash et al., 2018; Choe et al., 

2015; Joules et al., 2015; Martins et al., 2021; Openneer et al., 2020; 

Welton et al., 2015). Therefore, graph theory analysis provides insight into 

network dynamics, or the intrinsic architecture of the brain, on multiple 

levels of processing. By doing so, it offers information on how nodes of the 
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brain are organized and connected, rather than simply at what strength 

they are connected (J. Wang et al., 2010).  

3.3.9 Challenges  

Nevertheless, there are also some challenges associated with resting-state 

BOLD data and its analysis. Five challenges exist with regards to the 

acquisition of such data. First, since the individual is at rest, there is no 

true control over their thought processes, which may increase the between-

subject variability and obscure FC. The true functional meaning of 

identifying resting-state networks has also been questioned (Morcom & 

Fletcher, 2007). Nevertheless, the consistency in finding similar large-scale 

networks does point to some common fundamental truth associated with 

the FC of the brain at rest (Choe et al., 2015; De Luca et al., 2006; Mak et 

al., 2017). Second, the interpretation of the BOLD signal faces some 

limitations. It is only an indirect proxy measure of neural activity which has 

been shown to be susceptible to the influence of many artefacts (Jenkinson 

& Chappell, 2018a). However, advanced acquisition and pre-processing 

protocols, which were implemented in the current project, have been shown 

to result in robust removal of artefact noise. The interpretation of BOLD 

signal studies may also be affected by various acquisition parameters that 

vary across studies and sites and may therefore reduce comparability 

across the literature (Simon & Buxton, 2015). Furthermore, there is also 

some debate about whether the BOLD signal reflects only neural activity or 

also captures signal from other surrounding brain tissue cells (H. Lu et al., 

2019). Third, the BOLD signal is less sensitive to pharmacological challenge 

compared to rCBF. Therefore, the use of ASL and BOLD complement each 

other in the current project. While ASL can inform about the magnitude of 

a pharmacological effect on rCBF within individual regions, BOLD can 

measure how the pharmacological challenge affects the connectivity and 

interaction between brain regions (Jann et al., 2015; Li et al., 2018; van 

den Heuvel & Hulshoff Pol, 2010). Fourth, the high temporal signal-to-noise 

ratio comes at a cost of reduced spatial resolution, although the extent of 
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smoothing may mitigate against this to some extent. Finally, like resting-

state ASL imaging, rs-fMRI BOLD imaging also does not provide actual 

behavioural information. Therefore, it is only possible to indirectly infer 

potential behavioural consequences based on the functions of the areas or 

nodes that have been implicated. 

In terms of the analysis, large-scale network analysis is linked with some 

challenges. First, the use of independently derived spatial network maps 

may have meant some sources of noise in the current data were not 

accounted for (Bijsterbosch et al., 2017). However, this risk was minimized 

since the independent data was acquired using the same MRI scanner with 

largely identical parameters. Therefore, the benefit of using independently 

acquired maps outweighed this challenge. Second, there are some inherent 

challenges associated with the use of ICA to determine distinct components 

(Cole et al., 2010). For example, it is possible that ICA results in different 

components on repeated analysis runs, despite using the same data. ICA 

is also dependent on the number of pre-specified components, usually 

determined through principal component analysis. However, these 

challenges affect the field as a whole, and therefore, were not specific to 

the current analysis. The identification of common large-scale networks, 

which have often been replicated, also suggests that the ICA used to 

identify the spatial network maps in the current study performed well. 

Nevertheless, related to this challenge was the third challenge, which was 

that the spatial maps did not include a frontoparietal network as it is 

typically found in other analyses. Instead, it included the task-positive 

network, which was only deemed to be taxonomically similar in hindsight 

and was thus not included as an a priori network of interest, despite being 

relevant to ASPD. This somewhat reduced the comparability to other 

studies. Future research should additionally aim to focus on this network. 

The final challenge of this large-scale network analysis was that it can only 

provide insight into static FC, i.e., the average connectivity across time. 

This foregoes the fact that the resting-state brain is dynamic and constantly 
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fluctuating (Hutchison et al., 2013). Future research should assess group 

differences and treatment effects using dynamic FC methods, to provide 

insight into how FC changes over time.  

Similarly, graph theory analysis also faces some challenges. First, it relies 

on pre-defined nodes, which should have functional relevance. The current 

study relied on an anatomical atlas to define the nodes (Desikan-Killiany 

Atlas). This is the most common approach and the current study is in line 

with most other graph theory research; however, it has been debated 

whether a true functional atlas or one that combines functional and finer-

grained structural information (e.g., Brainnetome Atlas, Fan et al., 2016) 

would be more meaningful (Shen et al., 2013). Second, graph theory 

metrics represent concise yet abstract, or somewhat arbitrary values. There 

are also no normative thresholds which indicate when a metric is considered 

abnormal. These factors may obscure the interpretation of network 

characteristics in terms of actual neural activity and functioning (De Vico 

Fallani et al., 2014). Finally, graph theory analysis is associated with a vast 

range of network metrics that provide unique, yet correlated information. 

Additionally, there are several paths towards calculating these metrics, 

which differentially account for different aspects of network topology (e.g., 

accounting for total network strength, density, and cost varies across 

studies but affects the interpretability of results). Thus, there is no 

consensus on the most functionally meaningful metrics or the most 

appropriate calculations to obtain these metrics. However it is promising 

that metrics including global efficiency, local efficiency, nodal efficiency 

(clustering coefficient), and betweenness centrality have been identified to 

be the most reproducible metrics (Welton et al., 2015). This finding 

underpinned the metrics derived in this study.  
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4 A structural MRI investigation of 

violent offenders with ASPD  

4.1  Introduction 

A small number of individuals account for a large proportion of violent crime 

(Martinez et al., 2017). These individuals are typically male, have life-

course persistent (LCP) antisocial behaviour, and meet diagnostic criteria 

for conduct disorder (CD) in childhood and antisocial personality disorder 

(ASPD) in adulthood (Piquero & Moffitt, 2014). However, there is significant 

heterogeneity within individuals with ASPD. The majority of such individuals 

exhibit antisocial and impulsive behaviour, emotional lability, increased 

comorbidities with mood disorders and high levels of reactive aggression 

(Azevedo et al., 2020; Hodgins et al., 2010, 2018; Kosson et al., 2006; 

Moffitt, 2018). A smaller subgroup exhibit significant interpersonal and 

affective difficulties characterized by a lack of empathy and 

manipulativeness, a younger onset of offending with more violent 

recidivism and high levels of proactive aggression, and poorer treatment 

response (Azevedo et al., 2020; Hare, 1991; Mayer et al., 2018; Olver et 

al., 2013; Riser & Kosson, 2013). This subgroup typically meets criteria for 

CD with callous-unemotional traits in childhood and ASPD with psychopathy 

in adulthood (Frick & White, 2008; Ogloff et al., 2016). The categorical 

distinction between individuals with ASPD without psychopathy (ASPD-P) 

and individuals with ASPD with psychopathy (ASPD+P) is an attempt to 

reduce heterogeneity within ASPD to help to inform neurobiological 

understanding in the field and to refine therapeutic approaches to 

individuals with overlapping but distinguishable interpersonal problems.  

Neuroanatomical abnormalities in social brain regions of individuals with 

ASPD (regardless of psychopathic traits) have previously been reported in 

structural magnetic resonance imaging (sMRI) studies – however, the 

results are conflicting. For instance, relative to control populations, some 

studies have revealed increased and others decreased cortical grey matter 



160 

 

volume (CV) in brain regions such as orbitofrontal cortex, middle frontal 

gyrus, posterior cingulate, insula, and inferior parietal cortex (Raine et al., 

2011; Schiffer et al., 2011; Tang, Jiang, et al., 2013; Tiihonen et al., 2008). 

This inconsistency may be partially explained by the presence/absence of 

psychopathy within their ASPD samples (not all studies assessed or 

controlled for this). The importance of measuring psychopathy was 

highlighted by a recent meta-regression of eleven voxel-based 

morphometry (VBM) studies investigating CV in men with high psychopathy 

as measured with the gold-standard Psychopathy Checklist-Revised (PCL-

R). The findings revealed only significant negative relationships between 

CV and total psychopathy score in regions including the dorsolateral 

prefrontal and orbitofrontal cortex, the mid-/posterior cingulate cortex, and 

inferior temporal gyrus (De Brito et al., 2021). Although it can only be 

assumed that the included individuals also largely met criteria for ASPD, 

these findings would suggest that ASPD+P might be distinctly associated 

with CV decreases in key social brain areas. Nevertheless, to gain a better 

understanding of the impact of psychopathy on the neuroanatomical 

substrates of ASPD, studies directly comparing ASPD+P, ASPD-P, and 

healthy non-offending (NO) control groups are required.  

Only two studies have directly compared CV in offenders with ASPD+/-P 

(Gregory et al., 2012; Tiihonen et al., 2008). The study by Tiihonen et al. 

(2008) was an important first step, but it was limited by poor group 

characterizations. For instance, some individuals in their ASPD-P group 

scored above the European threshold for psychopathy on the PCL-R (Cooke 

& Michie, 1999), meaning that this group did not represent a true ASPD-P 

sample. It was also unclear if their healthy control group were non-

offenders. In contrast, Gregory et al. (2012) benefitted from larger and 

more homogenous subgroups created by splitting male violent offenders 

with diagnoses of ASPD into two subgroups according to the European PCL-

R threshold. They also included a non-offender (NO) healthy control group 

and took careful account of the potential confound of comorbid substance 
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misuse. Both studies reported significantly reduced CV in ASPD+P 

compared to controls in brain regions involved in social and emotional 

processing such as the anterior rostral PFC, anterior insula, temporal pole, 

and inferior temporal regions. However, Gregory et al. (2012) were the first 

to show that ASPD+P also had distinctly smaller CV relative to ASPD-P in 

these regions, thereby proposing differences in the neurobiological 

substrates of ASPD+P and ASPD-P. This study, which benefitted from a 

robust methodological approach to attempt to disentangle the 

heterogeneity of ASPD, provided a promising first step towards 

understanding the differential neuroanatomical underpinnings of ASPD+/-

P in terms of CV.  

However, CV is not a specific marker of abnormalities in brain anatomy 

(Winkler et al., 2018). This is because CV is the mathematical product of 

two other cortical features, namely cortical thickness (CT) and surface area 

(SA), which differentially contribute to CV (Storsve et al., 2014). Hence, 

variation in CV could be driven by differences in CT alone, SA alone, or a 

mixture of CT and SA. This is of importance because CT and SA have 

different cellular origins. CT is dependent on the number, size and density 

of cells found within cortical (vertical) columns of a particular region, 

whereas SA is dependent on the number and density of cortical columns 

(i.e., areal expansion) found within a particular region (Rakic, 2007). These 

two features have differential developmental origins indicated by 

independent genetic determinants and differing heritability estimates 

(Panizzon et al., 2009; Storsve et al., 2014; Wierenga et al., 2014). They 

are also associated with different cognitive processes (Tadayon et al., 

2020). Evidence for independent contributions of CT and SA towards CV 

have been found in other neurodevelopmental disorders including autism, 

22q11.2 deletion syndrome, and ADHD (Ecker et al., 2013; Gudbrandsen 

et al., 2020; Silk et al., 2016). Therefore, to better understand the 

neurobiological mechanisms associated with ASPD+/-P, it is essential to 
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assess potential abnormalities in CT and SA and to delineate their 

contribution to CV abnormalities.  

To date, only a small number of studies have assessed CT or SA in ASPD 

and psychopathy, and none have directly compared these surface measures 

in ASPD+/-P. One study demonstrated that ASPD was associated with CT 

reductions in medial prefrontal regions, and that these findings were not 

driven by the presence of psychopathy (Narayan et al., 2007). 

Unfortunately, they did not correct for multiple comparisons despite taking 

a whole-brain approach, meaning that their conclusion that reduced CT was 

not associated with psychopathy in ASPD must be considered cautiously. 

This is particularly important because subsequent studies did reveal 

reduced CT in frontotemporal regions of offenders with high levels of 

psychopathy (Calzada‐Reyes et al., 2021; Ly et al., 2012; Yang et al., 

2009). Finally, only one study has assessed both CT and SA, demonstrating 

reduced CT and increased SA in areas including the orbitofrontal cortex, 

anterior cingulate cortex, insula, and precuneus in young adult offenders 

with ASPD relative to offenders without ASPD (W. Jiang et al., 2016). 

However, they did not consider the potential impact of psychopathy, and 

no other studies have measured SA differences in psychopathy. Overall, 

these prior studies provide preliminary support for the suggestion that CT 

and SA are abnormal in ASPD, but it is unclear how this is modulated by 

the presence and severity of additional psychopathic traits. Furthermore, 

the lack of NO control groups also limits the conclusions that can be drawn 

from the existing literature, since potential abnormalities beyond those 

associated with offending behaviour may have been missed. To overcome 

these limitations, a study directly comparing CT and SA in individuals with 

ASPD+P, ASPD-P and NO controls is required. Furthermore, the extent to 

which CT and SA make independent contributions to CV abnormalities, and 

whether this differs between ASPD+/-P, remains to be investigated. 

In summary, there is evidence that CV, and potentially also CT and SA, are 

altered in ASPD and psychopathy. However, the findings from prior studies 
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are inconsistent, which may be partially explained by variations in study 

design, methodological techniques, and inconsistent approaches to defining 

psychopathy (Griffiths & Jalava, 2017). Therefore, the relationship between 

psychopathy and neuroanatomical variation within individuals with ASPD 

requires clarification. To further disentangle the neuroanatomical 

substrates of ASPD+/-P, more research directly comparing these ASPD 

subtypes to each other and to a healthy NO control group is necessary. 

Hence, the current study had two main aims. The first aim was to compare 

CV, CT, and SA in males with a history of violent offending with ASPD+P or 

ASPD-P relative to healthy NO controls participants – and to each other – 

using automated surface-based morphometry and a whole-brain analysis. 

It was hypothesized that there would be reduced CV and CT in both ASPD 

groups relative to NO, as well as in ASPD+P relative to ASPD-P. It was also 

hypothesized that there would be increased SA in both ASPD groups relative 

to NO, although the lack of previous studies meant no distinction between 

ASPD+/-P could be hypothesized. The second aim was to measure the 

extent to which differences in CT and SA contributed to differences in CV. 

Here it was hypothesized that there would be different patterns of SA and 

CT contribution towards CV abnormalities in the two ASPD groups. In 

addition to the two main aims, the relationship between potential 

neuroanatomical abnormalities and several phenotypic measures was also 

explored.  

4.2  Methods 

4.2.1 Participants 

All participants were adult males aged 18-60 at the time of consent and 

had an IQ above 70. Offenders were recruited from South London National 

Probation Service offices as well as a medium secure hospital within the 

South London and Maudsley NHS Trust. They were selected based on 

having a history of violent convictions (assault, actual/grievous bodily 

harm, armed robbery, rape, manslaughter, murder) and a diagnosis of 

ASPD according to DSM-5-PD criteria (First et al., 2015). They were 
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excluded if they had a comorbid psychotic or mood disorder diagnosis. The 

offenders were allocated into the ASPD+P group if their PCL-R score was 

25 or higher, and into the ASPD-P group if their PCL-R score was below 25 

(Cooke & Michie, 1999). Healthy NO control participants were recruited via 

purposive sampling through advertising in the local community, job 

centres, recreational centres as well as online platforms. They were 

excluded if they had any current or past mental illness and/or personality 

disorder, or a history of offending. All participants were excluded if they 

had a history of neurological illness, traumatic brain injury, head injury 

resulting in loss of consciousness for 1 hour or longer, or any 

contraindications to participating in an MRI scan (e.g., having a 

pacemaker).   

4.2.2 Procedure 

Participants attended three appointments at the Institute of Psychiatry, 

Psychology and Neuroscience, King’s College London. During the first 

appointment, a researcher qualified in administering the structured clinical 

DSM-5-CV, DSM-5-PD, and PCL-R interviews conducted these to assess for 

mental illness, personality disorders, and psychopathy (First et al., 2015, 

2016; Hare, 1991). IQ was assessed using the Wechsler Abbreviated Scale 

of Intelligence (WASI-II) (Wechsler, 2011). Participants also completed the 

Reactive-Proactive Aggression questionnaire (Raine et al., 2006). During 

the second and third appointment, participants underwent a series of MRI 

scans including the structural scan and completed the neurocognitive test 

battery. The scanning session occurred twice to address aims of the wider 

study design which were not relevant to this analysis. The below will detail 

which structural scan was used for the current analysis.  

The study was approved by London City and East Research Ethics 

Committee (reference: 15/LO/1083) and the National Offender 

Management Services Research Committee (reference: 2016-382). All 

participants completed signed informed consent.  
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4.2.3 Image acquisition 

Participants were scanned on a General Electric MR750 3.0T MRI scanner 

using a 32-channel C-RMNova head coil. The high-resolution T1-weighted 

anatomical image was acquired with full head coverage as part of an 

identical series of scans conducted on the second and third appointment 

(SAG ADNI GO ACC MPRAGE, 196 images, slice thickness = 1.2 mm, slice 

gap = 1.2 mm, TR/TE = 7.31/3.02 ms, TI = 400 ms, FA = 11°, FOV = 270 

x 270 mm2, matrix = 256 x 256, resolution = 1.05 x 1.05 x 1.2 mm3).  

4.2.4 Image pre-processing 

The anatomical image from a participant’s first scanning session was used 

for this analysis unless this suffered from considerably more head motion 

artefacts than the second scan. FSLeyes brain viewer 

(www.fmrib.ox.ac.uk/fsl/) (McCarthy, 2021) was used to ensure an 

advanced quality standard for subsequent analysis, as previously 

established by our group (Gudbrandsen et al., 2019). Data from three 

participants in the ASPD+P group were excluded due to visibly obvious head 

motion artefacts indicated by significant blurring, ringing or poor contrast 

to noise ratio in both scans (Backhausen et al., 2016). Potential minor 

motion artefacts in the remaining data were corrected for in the automated 

Freesurfer pipeline (see below).   

The FreeSurferv6.0.0 (https://surfer.nmr.mgh.harvard.edu/) cortical 

surface reconstruction software package was used to obtain measures of 

CV, CT, and SA. This process is based on an automated and well-validated 

pipeline (Dale et al., 1999; Fischl et al., 1999) detailed in the Methods 

chapter (Figure 3.2). In summary, this processing stream involves motion 

correction, skull stripping, automated Talairach transformation to MNI 

space, volume labelling, intensity normalisation, grey-white matter tissue 

segmentation, and surface extraction. For surface extraction, Freesurfer 

uses the white-matter volumes to create a triangular vertex-based cortical 

mesh on the white matter surface (at the boundary to the grey matter) and 

the pial surface (the boundary between grey matter and cerebrospinal 

http://www.fmrib.ox.ac.uk/fsl/
https://surfer.nmr.mgh.harvard.edu/
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fluid). Spatial smoothing was done with a 10-mm full-width half-maximum 

Gaussian kernel. The resulting white matter and pial surface models were 

visually inspected to check for surface reconstruction errors and either 

accepted or manually corrected and reprocessed if required. The current 

analysis was based on the Desikan-Killiany parcellation atlas.  

4.2.5 Statistical analysis 

Demographic and clinical characteristics and global brain measures were 

assessed for normality using the Shapiro-Wilk test and compared across 

the three groups using univariate ANOVA, univariate ANCOVA or Kruskal-

Wallis tests. Significant effects were followed by a Tukey post-hoc (for 

ANOVA), Sidak-corrected pairwise comparisons (for ANCOVA) or Mann 

Whitney U post-hoc tests (for Kruskal-Wallis: the alpha threshold was 

Bonferroni-corrected to p ≤ 0.02 to adjust for multiple post-hoc 

comparisons). For comparisons between the two offender groups, t-tests 

or Mann Whitney U were used. Frequencies were assessed using Fisher’s 

exact test. These tests were done in SPSS26 (IBM Corp, 2019). 

Cortical surface data was analysed using the Surfstat toolbox 

(https://www.math.mcgill.ca/keith/surfstat/) in Matlab 2020a (The 

Mathworks Inc, 2020). Two-way comparisons were used to assess group 

effects: ASPD+P versus NO, ASPD-P versus NO, and ASPD+P versus ASPD-

P. In line with previous studies using this analysis, global brain measures 

included as covariates were the total estimated intracranial volume (eICV) 

for the analysis of CV, the mean CT for the analysis of CT, and the sum SA 

for the analysis of SA (Ecker et al., 2013; Gudbrandsen et al., 2020). 

Therefore, the effect of group on CV, CT and SA was estimated using a 

general linear mixed model regression, accounting for mean-centred age 

and respective mean-centred global brain measures. 

The groups did not significantly differ on age or IQ. However, age was 

included as a covariate given its differential impact on cortical features over 

time (Lemaitre et al., 2012). Random-field theory-based (RFT) cluster-

https://www.math.mcgill.ca/keith/surfstat/
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corrections for non-isotropic images at p < 0.05 were applied to correct for 

multiple comparisons (Worsley et al., 1999). T-values were displayed on 

the FreeSurfer high-resolution common-group template in standard space 

(‘fsaverage’), providing an indicator of effect size.  

If significant group differences were identified in both CT and SA, the 

potential degree of spatial overlap between these differences was 

investigated to explore the shared and distinct underpinning mechanisms 

of ASPD+/-P. Relative to the total number of vertices with significant group 

differences (based on the binary patterns of differences generated for each 

measure in the above analysis), the proportion of vertices with differences 

in only CT, only SA or both CT and SA was calculated. The proportion of 

vertices with differences in only CT versus only SA was then compared 

using a χ2 test. Furthermore, for vertices that had differences in both CT 

and SA, a simulation permutation using N = 5000 randomly generated 

difference patterns was conducted to assess if these vertices came from 

spatially independent regions. In this analysis, a significant value 

represented a non-random, spatially independent finding (Gudbrandsen et 

al., 2019, 2020). Lastly, for clusters with significant between-group 

differences in CV, the individual contribution of differences in CT or SA was 

examined using χ2 tests.  

Within each ASPD group, the relationship between cortical abnormalities 

and relevant phenotypic variables (clinical, behavioural, and cognitive 

measures) was assessed with partial Pearson correlations. T-values from 

significant clusters were correlated with PCL-R factor and facet scores, 

number of violent convictions, presence of a reconviction (violent or non-

violent) within one year of study participation, and reactive and proactive 

aggression scores. The t-values were also correlated with standardized 

scores from five neurocognitive paradigms measuring emotion recognition 

and detection, reinforcement-based decision-making, delay discounting 

and disinhibition (see Methods chapter for details). For consistency, mean-

centred age and the respective mean-centred global brain measure were 
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included as covariates of no-interest in all correlations. Boot-strapped 95% 

confidence intervals were also calculated. Results were corrected for 

multiple comparison within each ASPD subgroup and phenotypic measure 

(PCL-R scores, conviction information, aggression, and each of the five 

neuropsychology paradigms) using false discovery rate (FDR).  

4.3  Results 

4.3.1 Demographic and clinical characteristics 

The final sample for this study consisted of 18 ASPD+P participants, 19 

ASPD-P participants and 23 NO participants. Table 4.1 contains the details 

for the demographic and clinical characteristics of the three groups. 

Offenders with ASPD+P, ASPD-P and NO participants did not significantly 

differ in age and IQ. However, as expected, the three groups significantly 

differed on years spent in education, PCL-R total, factor and facet scores, 

comorbid cluster A and B personality disorders and substance use disorder, 

presence of positive urine drug screening tests, and total, reactive, and 

proactive aggression scores. Post-hoc group comparisons are shown in 

Table 4.1. A supplementary post-hoc sensitivity analysis assessed the 

relationship between the presence of a substance use disorder and 

neuroanatomical abnormalities (see Table S1). 
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Demographic ASPD+P ASPD-P NO Main test statistic Pairwise comparisons 

N 18 19 23 
 ASDP+P 

vs NO 
ASPD-P vs 
NO 

ASPD+P vs 
ASPD-P 

Age, mean (SD) 40.39 (9.76) 42.32 (10.58) 38.22 (9.63) F(2, 57) = .884, p = .42 .77 .39 .83 
IQ, mean (SD) 90.94 (11.57) 97.63 (15.14) 98.57 (10.69) F(2, 57) = 2.12, p = .13 .14 .97 .30 
Years in education, mean (SD) 10.06 (2.10) 10.68 (2.00) 13.74 (3.19) H(2) = 19.22, p < .001  < .001 .001 .30 

PCL-R Total, mean (SD) 28.91 (3.14) 17.42 (4.17) 3.00 (3.38) H(2) = 51.94, p < .001 < .001 < .001 < .001 
PCL-R Factor 1, mean (SD) 10.06 (3.21) 4.86 (2.81) 1.35 (2.01) H(2) = 39.13, p < .001 < .001 < .001 < .001 
PCL-R Facet 1, mean (SD) 4.50 (1.92) 1.86 (1.50) .74 (1.05) H(2) = 30.49, p < .001 < .001 < .001 < .001 
PCL-R Facet 2, mean (SD) 5.56 (1.92) 3.00 (1.70) .61 (1.08) H(2) = 38.10, p < .001 < .001 < .001 < .001 
PCL-R Factor 2, mean (SD) 16.22 (1.62) 11.16 (2.80) 1.22 (1.54) H(2) = 49.99, p < .001 < .001 < .001 < .001 
PCL-R Facet 3, mean (SD) 7.61 (1.20) 5.37 (1.67) 1.04 (1.22) H(2) = 46.14, p < .001 < .001 < .001 < .001 
PCL-R Facet 4, mean (SD) 8.50 (1.29) 5.75 (2.27) .57 (1.16) H(2) = 46.72, p < .001 < .001 < .001 < .001 

Additional Cluster A, N (%) 7 (39%) 0 (0%) 0 (0%) 14.80, p < .001  ⴕ .001 .99 .003 
Additional Cluster B, N (%) 10 (56%) 2 (11%) 0 (0%) 19.39, p < .001  ⴕ < .001 .20 .005 
Additional Cluster C, N (%) 0 (0%) 2 (11%) 0 (0%) 2.99, p = .18  ⴕ .99 .20 .49 

Substance Use Disorder, N (%)  4 (22%) 6 (32%) 0 (0%) 9.02, p = .007  ⴕ .03 ◊ .005 .71 
ADHD, N (%) 2 (11%) 1 (5%) 0 (0%) 2.47, p = .19  ⴕ .19 .45 .60 

Positive urine drug test, N (%) 13 (72%) 8 (42%) 5 (22%) χ2 = 10.50, p = .005 .002 .19 .10 

Total Convictions, mean (SD) 28.44 (22.84) 20.00 (15.97) . U = 125.50, p = .17  . . . 
Violent Convictions, mean (SD) 4.50 (3.17) 3.74 (2.98) . U = 143.50, p = .40 . . . 
Age 1st Violent Conviction, mean (SD) 20.12 (5.38) 21.72 (5.21) . t(33) = -.90, p = .38 . . . 
Presence of reconviction within 1 year 3 (17%) 3 (16%) . 0.005, p = .94 . . . 

Total Aggression, mean (SD) 31.07 (9.77) 18.67 (11.11) 6.19 (4.25) F(2, 47) = 37.15, p < .001 < .001 < .001 .001 
Reactive Aggression, mean (SD) 16.64 (4.92) 11.93 (5.55) 5.67 (3.61) F(2, 47) = 24.48, p < .001 < .001 .001 .02 
Proactive Aggression, mean (SD) 14.50 (6.07) 6.73 (6.20) .81 (1.17) H(2) = 31.93, p < .001 < .001 < .001 .004 

Table 4.1 Demographic and clinical characteristics of participants included in the structural analysis. 
Note: Some participants did not complete the RPQ (final ASPD+P N = 14, ASPD-P N = 15, NO N = 21). SD = standard 

deviation. F-statistic = ANOVA with Tukey post-hoc, H-statistic = Kruskal Wallis with Mann Whitney U post-hoc, ⴕ 

Fisher’s Exact test with Fisher’s Exact post-hoc, χ2 = chi-squared test of independence, U-statistic = Mann Whitney U, 
t-statistic = t-test. ◊ pairwise comparison did not survive a Bonferroni correction for multiple comparisons (α= .05/3 

= .02). 
 

4.3.2 Global brain measures 

The three groups did not significantly differ on total eICV, average CT or 

total SA (Table 4.2). Therefore, no post-hoc group comparisons were 

required.  

Global brain measure ASPD+P ASPD-P NO Main test statistic a 

Total eICV, mm3, mean (SD) 643113.41 (64337.66) 637638.56 (58137.38) 673678.76 (59479.60) F(2, 56) = 1.60, p = .21 
Average CT, mm3, mean (SD) 2.43 (0.09) 2.40 (0.09) 2.48 (0.10) F(2, 56) = 2.26, p = .11 
Total SA, mm2, mean (SD) 172390.35 (17168.09) 171706.25 (13945.46) 177447.68 (13945.46) F(2, 56) = 1.02, p = .37 

Table 4.2 Structural global brain measures.  

Note: Means and standard deviations for each participant group.  a This statistic was based on an ANCOVA that 
accounted for age. Abbreviations: SD = standard deviation, eICV = estimated intracranial volume, SA = 

surface area, CT = cortical thickness.  
 

4.3.3 Cortical volume  

In terms of CV, Figure 4.1 shows that, relative to NO, the offenders with 

ASPD+P demonstrated significant decreases in the left rostral middle and 

superior frontal gyri and significant increases in the left precuneus, superior 

parietal cortex, and cuneus. In contrast, offenders with ASPD-P showed 

significant decreases in the right inferior temporal gyrus and fusiform gyrus 
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relative to NO (see also Table 4.3). However, ASPD+P did not significantly 

differ from ASPD-P.  

4.3.4 Cortical thickness 

Relative to NO, offenders with ASPD+P or ASPD-P did not differ significantly 

in CT. However, as shown in Figure 4.1, the ASPD+P group had significantly 

reduced CT as compared to the ASPD-P group in the left caudal anterior 

and posterior cingulate cortex (see also Table 4.3).  

4.3.5 Surface area 

As Figure 4.1 shows, there were significant differences in SA between all 

groups. Compared to NO, violent offenders with ASPD+P showed 

significantly decreased SA in the left rostral middle and superior frontal gyri 

and the orbitofrontal region as well as increased SA in the left parieto-

occipital region including the precuneus, superior parietal cortex, and 

cuneus, and the left posterior cingulate cortex. In contrast, relative to NO, 

the ASPD-P group showed a small cluster of increased SA in the left 

posterior cingulate cortex. Finally, when comparing the two offender 

groups, ASPD+P individuals had significantly greater SA than ASPD-P 

individuals in four clusters, encompassing the bilateral middle and superior 

frontal gyri and orbitofrontal regions, the left insula, and the right posterior 

cingulate cortex and paracentral lobule (see also Table 4.3).  
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Contrast Cluster 
ID 

Hemisphere Brain region (Desikan-Killiany Atlas) Peak vertex 
Talairach 

t-value a # Vertices 

x y z 

Cortical Volume 
ASPD+P < NO CV1 Left Rostral middle frontal gyrus, superior 

frontal gyrus 
-23 44 14 -3.73 1442 

ASPD+P > NO CV2 Left Precuneus, superior parietal cortex, cuneus -20 -68 24 4.45 5722 
ASPD-P < NO CV3 Right Inferior temporal gyrus, fusiform gyrus 45 -17 -21 -3.32 2033 

Cortical Thickness 
ASPD+P < ASPD-P CT1 Left Caudal anterior and posterior cingulate 

cortex 
-3 8 25 -3.31 553 

Surface Area 
ASPD+P < NO SA1 Left Rostral middle frontal gyrus, superior 

frontal gyrus, lateral orbital frontal cortex, 
inferior frontal gyrus (pars triangularis, 
pars orbitalis) 

-24 48 12 -5.29 7916 

ASPD+P > NO SA2 Left Precuneus, superior parietal cortex, 
cuneus, pericalcarine cortex, lateral 
occipital cortex 

-21 -65 24 4.15 6166 

SA3 Left Posterior cingulate cortex -3 -26 26 3.16 60 
ASPD-P > NO SA4 Left Posterior cingulate cortex -3 -18 27 4.32 121 
ASPD+P > ASPD-P SA5 Left Rostral and caudal middle frontal gyrus, 

superior frontal gyrus 
-9 53 28 4.56 5667 

SA6 Left Orbital frontal cortex, inferior frontal gyrus 
(pars triangularis, pars orbitalis), insula 

-34 -21 2 2.71 3251 

SA7 Right Rostral middle frontal gyrus, superior 
frontal gyrus, inferior frontal gyrus (pars 
triangularis, pars orbitalis) 

19 41 29 3.71 8633 

SA8 Right Posterior cingulate cortex, paracentral 
lobule 

4 -15 34 3.09 1642 

Table 4.3 Descriptions of clusters with significant group differences in CV, CT, and SA.  

Note: CV = cortical volume, CT = cortical thickness, SA = surface area.  a This represents the largest (in magnitude) t-
value within the significant cluster. 
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Figure 4.1 Significant group differences in CV, CT, and SA.  
Note: They depict left and right lateral and medial views of t-values which remained significant after RFT-based correction for multiple comparisons at p < 0.05. Blue 

clusters show decreases, with lighter blue shades representing a more significant decrease. Orange clusters show increases, with lighter orange shades representing a more 
significant increase. RFT = random field theory, CV = cortical volume, CT = cortical thickness, and SA = surface area. 
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Figure 4.2 Contribution of CT and SA to significant CV abnormalities.  

Note: CV = cortical volume, CT = cortical thickness, SA = surface area; colour mapping: 0 = area with no 

volume difference, 1 = differences explained by CT only; 2 = differences explained by SA only; 3 = differences 
explained by both CT and SA; 4 = differences explained most likely by combination of sub-threshold 

differences in CT and SA.  
 

4.3.6 Spatial overlap of group differences in CT and SA 

As noted above, the comparisons between each ASPD+/-P and NO only 

revealed significant differences in SA but not CT. Thus, assessing the 

degree of spatial overlap between CT and SA abnormalities was redundant 

for these group comparisons.  

However, when compared to each other, ASPD+P and ASPD-P had 

significant differences in CT and SA in a total of 19746 vertices (Table 4.3). 

The χ2 test revealed that significantly more vertices showed a group 

difference in SA (97.20%, 19193 vertices) than in CT (2.80%, 553 vertices) 

(χ2
(df=1)

 = 89.11, p < .001). Furthermore, there were no vertices with 

differences in both SA and CT, so the simulation permutation analysis was 
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redundant. Abnormalities in CT and SA were thus found in different regions 

of the brain.  

4.3.7 Contribution of CT and SA to differences in regional 

CV 

The contribution of CT and SA towards differences in CV was analysed 

separately in positive and negative CV clusters (Figure 4.2). The cluster 

which showed significantly decreased CV in ASPD+P relative to NO was 

largely (89.67%) explained by group differences in SA, but not in CT (χ2
(df 

= 1) = 89.76, p < .001). Similarly, the cluster that had increased CV in 

ASPD+P relative to NO was also largely (74.83%) driven by group 

differences in SA, but not in CT (χ2
(df= 1) = 74.83, p < .001). The remaining 

proportions of altered CV in both clusters could not be explained by 

differences in either CT or SA alone and were therefore likely due to a 

combination of sub-threshold differences in CT and/or SA.  

In contrast, the single cluster which showed significantly decreased CV in 

ASPD-P relative to NO could not be explained by a difference in either CT 

or SA alone and was therefore likely due to a combination of sub-threshold 

changes in CT and/or SA. There were no clusters with increased CV in 

ASPD-P relative to NO. There were also no significant CV differences 

between ASPD+P and ASPD-P, meaning the contribution analysis was 

redundant.   

4.3.8 Correlation with phenotype  

T-values from clusters with significant abnormalities in each ASPD subtype 

relative to NO were correlated with phenotypic variables (clinical, 

behavioural, and cognitive measures) using bootstrapped partial Pearson 

correlations (Table 4.4). The only correlation that survived FDR correction 

for multiple comparisons was in the ASPD-P group, between posterior 

cingulate SA t-values (i.e., cluster SA4, where ASPD-P had significantly 

increased SA relative to NO) and reactive aggression. As shown in Figure 

4.3, as SA in the posterior cingulate increased, reactive aggression in 
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ASPD-P individuals also significantly increased (r = .73, FDR-corrected p-

value = .02, 95% confidence intervals: .272 [lower] – .925 [upper]). Table 

4.4 contains all correlations and indicates the additional two correlations 

that were significant prior to, but not after, FDR correction for multiple 

comparisons. These correlations were not further interpreted.  

 

 

 

Figure 4.3 Significant positive correlation between posterior cingulate cortex SA and reactive aggression in 
ASPD-P.  

Note: Result from partial Pearson correlations that survived FDR correction for multiple comparisons. Reactive 
aggression score reflects the z-standardized residual after accounting for mean-centred age and total SA. 

Statistical information is provided in Table 4.4. The orange line of best fit indicates that the ASPD-P group had 
significantly increased SA in this cluster relative to the NO group. SA = surface area. 
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 ASPD+P (n = 18) ASPD-P (n = 19) 
CV1 (<) CV2 (>) SA1 (<) SA2 (>) SA3 (>) CV3 (<) SA4 (>) 

PCL-R Total -.14 .10 -.02 .01 .26 -.11 .02 
 Factor 1 -.14 .13 -.07 .04 .14 .01 .07 

Factor 2 -.22 .29 -.09 .31 .18 -.11 .03 

Facet 1 -.02 -.06 .08 -.10 -.07 .06 -.11 

Facet 2 -.22 .31 -.22 .18 .32 -.05 .22 

Facet 3 -.05 .38 .04 .41 -.14 .15 .15 

Facet 4 -.16 -.01 -.09 -.03 .40 -.27 -.08 

Conviction information # past violent convictions -.14 .16 .11 .11 .02 -.30 -.24 

1 year reconviction .05 .06 .20 .20 .38 .02 -.02 

Aggression a RPQ-Reactive -.02 .45 -.05 .47 -.23 -.20 .73 ** 

RPQ-Proactive -.34 .52 -.32 .58 * -.12 .03 .59 * 

Emotion recognition (accuracy) b Angry -.29 -.05 -.27 .04 -.18 -.03 -.18 

Sad -.27 -.43 -.12 -.37 .01 .25 -.32 

Fear .16 -.14 .13 -.08 -.35 -.14 -.04 

Emotion detection (reaction 
time) b 

Angry -.26 .10 -.29 .06 -.09 .20 .16 

Fear -.21 .24 -.24 .21 -.01 -.23 .13 

Reinforcement-based decision-
making (accuracy) c 

Acquisition learning -.07 .002 .14 .04 .42 -.07 -.14 

Response reversal .39 -.28 .39 -.15 .36 .24 .18 

Delay discounting (# of times 
lesser value chosen) c 

7 days .04 -.52 .28 -.49 -.21 -.09 -.16 

30 days .11 -.41 .32 -.37 -.21 -.09 -.08 

90 days .08 -.42 .27 -.41 -.16 .01 -.17 

180 days .04 -.51 .19 -.50 -.15 .10 -.15 

360 days -.14 -.28 .02 -.29 -.29 .04 -.06 

Disinhibition c SSRT  .42 -.22 .28 -.26 .41 -.13 .32 

Table 4.4 Partial Pearson coefficients for structure-phenotype correlations.  
Note: correlations between phenotypic characteristics and significant clusters found in the contrast between ASPD+P 

and NO in CV and SA, as well as in the contrast between ASPD-P and NO in CV and SA. Mean-centred age and the 
respective mean-centred global brain measure were included as covariates of no-interest. Bold font indicates 

significance after FDR correction for multiple comparisons. Note: * = uncorrected p-value < .05, ** = uncorrected p-
value < .01; (<) reflects a decrease and (>) reflects an increase in the group comparison; CV = cortical volume, SA = 

surface area, SSRT = stop signal reaction time. Not all participants completed all study parts:  a ASPD+P N = 14, 
ASPD-P N = 15, b ASPD+P N = 16, ASPD-P N = 18, c ASPD+P N = 15, ASPD-P N = 19. 

 

4.4  Discussion 

To disentangle the neuroanatomical substrates of male violent offenders 

with ASPD+/-P, the current study had two main aims. First, to directly 

compare CV, CT, and SA between violent offenders with ASPD+P, ASPD-P, 

and healthy NO controls; and second, to assess the extent to which CT and 

SA independently contribute towards potential CV abnormalities. It was 

hypothesized that both ASPD groups would show decreased CV and CT 

relative to NO – with more significant reductions in ASPD+P than ASPD-P 

– and that both groups would show increased SA relative to NO. Findings 

partially supported these hypotheses. Specifically, they demonstrated that 

ASPD+P relative to NO had significantly decreased CV and SA in rostral 

prefrontal regions and significantly increased CV and SA in parieto-occipital 

regions. There were no significant differences in CT between ASPD+P and 

NO. The results also demonstrated that ASPD-P relative to NO had 

significantly decreased inferior temporal lobe CV and significantly increased 
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SA in the posterior cingulate cortex. Again, there were no differences in CT 

between ASPD-P and NO. Finally, when directly comparing the two ASPD 

groups, the analyses demonstrated that ASPD+P relative to ASPD-P had 

significantly decreased CT in the cingulate cortex and significantly increased 

SA in frontotemporal and posterior brain areas. With respect to the second 

aim, it was hypothesized that the two ASPD groups would show different 

patterns of contribution of CT and SA towards CV abnormalities. Results 

from this novel analysis supported the hypothesis. Specifically, in ASPD+P 

but not ASPD-P, abnormalities in CV were primarily driven by abnormalities 

in SA. In summary, for the first time, the current study demonstrated that 

violent offenders with ASPD+P or ASPD-P have distinct neuroanatomical 

profiles not only in CV, but also in CT and SA, in areas important for social 

cognition, and that such differences in CV are likely driven by distinct 

neurobiological mechanisms (as measured by CT and SA). Finally, the 

exploratory correlations with phenotypic measures revealed that posterior 

cingulate SA was positively associated with reactive aggression in ASPD-P 

individuals. These results will be discussed below.  

The finding of CV abnormalities in ASPD+P as compared to NO aligns with 

existing evidence, however, it also demonstrated that ASPD+P is not only 

distinctly associated with CV decreases, but also CV increases. Notably, the 

finding of decreased rostral prefrontal CV reinforces results by Gregory et 

al. (2012), which is the only previous study that also directly compared CV 

in ASPD+/-P to NO samples using the same methodological approach as 

the current study (Gregory et al., 2012). Furthermore, this finding also 

converges with meta-analytical evidence of reduced prefrontal CV in 

psychopathy (De Brito et al., 2021; Deming & Koenigs, 2020; Yang & Raine, 

2009). Similarly, the finding that ASPD+P demonstrated increased CV in 

parieto-occipital areas relative to NO partially aligns with previous results. 

On the one hand, it supports results from a meta-analysis of individuals 

with clinically significant antisocial traits including callous-unemotional 

traits in childhood and psychopathy in adulthood. It reported increased CV 
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in this region, specifically in the superior parietal cortex, which was 

preserved after controlling for the effect of age (Aoki et al., 2014). On the 

other hand, meta-analyses focusing on psychopathic samples have found 

reductions or no volumetric changes in this region (De Brito et al., 2021; 

Deming & Koenigs, 2020). These latter meta-analyses did not confirm the 

presence of ASPD in their psychopathic samples, meaning findings cannot 

be clearly compared with the current ones. Overall, it appears that reduced 

rostral medial and orbitofrontal CV is a consistently reported 

neuroanatomical associate of ASPD+P. Such reductions might contribute to 

abnormalities in executive function such as attention and affective decision-

making (Benoit et al., 2012; Hiser & Koenigs, 2018), which are particularly 

characteristic of ASPD+P (see Table 1.4). In contrast, findings of aberrant 

parieto-occipital CV are more variable.  

It has been argued that the variability of neuroanatomical findings within 

the psychopathy literature can be partially attributed to inconsistent 

definitions of psychopathy and control groups (Griffiths & Jalava, 2017). 

For instance, some studies have used low thresholds for psychopathy (e.g., 

PCL-R score of 20 rather than 25 (in Europe) or 30 (in North America)), 

thus overrepresenting individuals scoring far below the threshold in so-

called forensic psychopathic samples. Other studies have used control 

groups that included offenders or individuals with low psychopathy scores, 

meaning these control groups are not representative of healthy, non-

offending individuals. In contrast to this, the current study benefitted from 

precise group definitions. Thus, although it adds to the variability in the 

literature, the finding of increased parieto-occipital CV in ASPD+P should 

not be disregarded.  

Another factor that contributes to the variability in the literature is 

differences in analytic techniques. To delineate the neuroanatomical 

mechanisms underpinning ASPD and psychopathy, this study relied on a 

surface-based analytic technique, as this provides insight into CT and SA in 

addition to CV. The present findings demonstrated that, in ASPD+P relative 
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to NO, the abnormalities in CV corresponded with abnormalities in SA. In 

other words, rostral prefrontal regions which had reduced CV also showed 

reduced SA, whereas parieto-occipital regions which had increased CV also 

showed increased SA. There were no significant abnormalities in CT when 

compared to NO. It was therefore not surprising that the contribution 

analysis revealed that aberrant CV in the ASPD+P group was primarily 

driven by aberrant SA, but not CT. Overall, this represented the first study 

to compare CT and SA between offenders with ASPD+P and NO controls, 

revealing SA but not CT abnormalities in individuals with ASPD+P.  

In addition to revealing cortical surface abnormalities in ASPD+P, the 

current findings also demonstrated abnormalities in ASPD-P, albeit in 

different brain regions and less widespread. This indicates that psychopathy 

does differentially impact the neuroanatomical substrates of ASPD. Relative 

to NO, ASPD-P was marked by reduced inferior temporal lobe CV. This 

aligns with findings from existing studies of ASPD that also showed volume 

reductions; however, these studies could not disentangle the impact of 

psychopathy on their findings. For instance, some studies were limited by 

a lack of capturing psychopathy (Barkataki et al., 2006; Kaya et al., 2020; 

Raine et al., 2011). Another study of violent offenders only measured 

psychopathic traits continuously and reported strong negative correlations 

between CV and the PCL-R social deviance factor only (Hofhansel et al., 

2020). The social deviance factor captures antisocial-impulsive traits and 

behaviours that are typically found in individuals with ASPD regardless of 

additional psychopathy. Thus, it could be argued that Hofhansel et al.’s 

findings showed that CV reductions were not driven by the interpersonal-

affective traits typically associated with additional psychopathy. The current 

study clarified existing literature by disentangling the categorical impact of 

psychopathy in ASPD and revealing that decreased inferior temporal lobe 

CV in individuals with ASPD cannot be attributed to the presence of 

psychopathy. Nevertheless, it must be acknowledged that several previous 

studies reported volume loss in the inferior temporal and fusiform gyrus in 
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ASPD+P but not ASPD-P individuals (De Brito et al., 2021; Gregory et al., 

2012; Tiihonen et al., 2008). This directly contradicts the current findings 

and means that further investigation into the role of psychopathic traits on 

CV abnormalities in this region is required.  

Beyond CV, the current study also compared CT and SA between ASPD-P 

and NO groups for the first time. There were no significant group 

differences in CT. Moreover, only a small cluster in the posterior cingulate 

cortex had increased SA. It was therefore not surprising that there were no 

clear, above-threshold contributions of either cortical feature to explain the 

reduced inferior temporal lobe CV. Instead, it is likely that sub-threshold 

differences in both CT and SA were driving the CV reductions found in the 

ASPD-P group. The only other study that has assessed SA in individuals 

with ASPD also reported increased SA relative to controls, albeit in more 

widespread frontotemporal and parietal brain regions and not in the 

posterior cingulate cortex (W. Jiang et al., 2016). However, they did not 

measure the impact of psychopathic traits. Considering the present finding 

that ASPD+P had widespread SA increases, it is possible that Jiang et al.’s 

finding was related to the presence of more severe psychopathic traits in 

their sample as compared to the current ASPD-P sample. This means that 

they may have overestimated SA abnormalities. Together, this indicates 

that further exploration of potential SA abnormalities in ASPD-P individuals 

is required.  

In the current study, this small cluster of increased posterior cingulate 

cortex SA also significantly positively correlated with self-reported reactive 

aggression in ASPD-P. High reactive aggression is a key feature of ASPD-P 

(Azevedo et al., 2020), and the current ASPD-P group also scored 

significantly higher than the NO group. This represents the first time that a 

surface-based structural abnormality has been associated with aggression 

in adults with ASPD. However, it has been previously reported that 

structural abnormalities, including increased CT in the posterior cingulate 

cortex, are correlated with increased reactive aggression in youth with CD 
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(Y. Jiang et al., 2022; Yang et al., 2017). The posterior cingulate cortex is 

an important communication hub that is linked to many regions of the brain 

(Leech & Sharp, 2014). It is possible that structural abnormalities disrupt 

this communication, which in turn contributes to mechanisms involved in 

reactive aggression such as impulsivity (J. Zhao et al., 2017). However, 

considering the limited statistical power due to the small sample size for 

the correlation analyses, further investigations with larger sample sizes 

should be conducted to establish a clearer picture the relationship between 

CT and SA abnormalities and aggression in individuals with ASPD.  

Overall, the current results so far indicate that ASPD+P and ASPD-P have 

different patterns of cortical surface abnormalities relative to NO. More 

support for this conclusion was found in the direct comparisons between 

ASPD+P and ASPD-P. These novel analyses could address whether the 

ASPD subtypes truly differed from each other, or whether, as the above 

has shown, they simply have differing neuroanatomical profiles relative to 

the healthy NO control population. The findings suggested that the two 

groups differed from each other in terms of CT and SA, but not in CV. 

Specifically, when compared to ASPD-P, ASPD+P had significantly reduced 

CT in the cingulate cortex and significantly increased SA in several 

prefrontal and posterior regions. The finding of reduced cingulate cortex CT 

confirms the limited previous evidence of cortical thinning in this and other 

frontotemporal brain areas in adults with psychopathy and youth with CD 

and callous-unemotional traits (Calzada‐Reyes et al., 2021; Ly et al., 2012; 

G. L. Wallace et al., 2014; Yang et al., 2009). Together, this evidence 

implies that ASPD+P but not ASPD-P is characterized by CT reductions. 

However, this conclusion is tentative since the cluster was relatively small 

and findings were not replicated when comparing ASPD+P to the NO group. 

In terms of SA, the finding of widespread SA increases in ASPD+P relative 

to ASPD-P confirms the suggestion that the presence of psychopathy in 

ASPD is distinctly related to aberrant SA.  
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The current findings therefore suggest a series of cortical surface 

abnormalities that are distinctly associated with ASPD+P. Particularly the 

novel findings of significantly different patterns of SA and CT abnormalities 

relative to ASPD-P and NO are important since it is known that these two 

neuroanatomical features have unique genetic determinants and 

subsequent neurodevelopmental trajectories (Panizzon et al., 2009; 

Wierenga et al., 2014). For instance, it has been shown that SA has higher 

heritability estimates than CT, especially near the parietal regions identified 

in the current study such as the precuneus (Eyler et al., 2012; Patel et al., 

2018), and that SA is more stable over time (Lemaitre et al., 2012; Storsve 

et al., 2014). Genetic analyses have shown that psychopathy and callous-

unemotional traits are particularly heritable (Viding et al., 2005). Although 

distinct genes have not been identified and most candidate gene and 

genome-wide association studies are underpowered (Griffiths, Jalava, 

Larsen, et al., 2022; Gunter et al., 2010), the current finding could provide 

impetus to investigate whether genetic markers for SA are implicated in the 

genetic risk for ASPD+P. Furthermore, early trauma and significant life 

adversities are common in individuals with ASPD and psychopathy (DeLisi 

et al., 2019), and it has been shown that the development of SA but not 

CT is vulnerable to the impact of such adversities (Hodel et al., 2015). Thus, 

both genetic and environmental risk factors might modulate 

neurodevelopmental processes associated with SA. Longitudinal studies will 

help disentangle these developmental trajectories further. One such study, 

the longitudinal Dunedin birth cohort study following individuals with LCP 

versus adolescence-limited antisocial behaviour showed SA but not CT 

abnormalities in those with LCP antisocial behaviour (Carlisi et al., 2020). 

This supports the notion that particularly aberrant surface structure is 

associated with the development of LCP antisocial behaviour. However, the 

role of psychopathic traits was not clear in this study. Future research using 

longitudinal designs to measure the contribution of SA and CT towards CV 

in youth with conduct disorder with and without callous-unemotional traits 

and adults with ASPD with versus without psychopathy is needed. In 
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summary, the current findings provide support that neuroanatomical 

underpinnings of ASPD+P and ASPD-P are different, and that these may 

have differential neurodevelopmental origins.  

Some limitations of the current study should be considered when 

interpreting the results. First, ASPD is a disorder that is associated with 

several other comorbidities, particularly substance use disorders (Coid et 

al., 2006; Coid, Yang, Ullrich, Roberts, & Hare, 2009; Trull et al., 2010). 

Although these were measured in the current sample, they were not added 

to the model as covariates. This was chosen to avoid overcorrecting and 

removing important variance since these features are inherently already 

captured in the core ASPD phenotype. It is nonetheless possible that the 

comorbidities impacted the neuroanatomical profiles found within ASPD+/-

P. However, a sensitivity analysis showed that the presence of a lifetime 

substance use disorder did not significantly predict neuroanatomical 

findings in either ASPD subtype. Second, the current study was focused on 

males only. Although ASPD and psychopathy are more common in males, 

and males make up the majority of violent offenders within the prison 

system (Fazel & Danesh, 2002), the current findings cannot be extrapolated 

to females with ASPD+/-P. Finally, there were some limitations with respect 

to the statistical power of the study. For instance, it is possible that the 

study was not adequately powered to detect CV differences between 

ASPD+P and ASPD-P. Moreover, some of the significant clusters had a small 

number of vertices and may not be found to have significance if a stricter 

RFT-based correction (e.g. p < .01) was applied.  

In conclusion, the current study was the first study to compare CV, CT, and 

SA between violent offenders with ASPD+P or ASPD-P relative to healthy 

NO controls and to each other. It demonstrated that the two ASPD subtypes 

have distinct neuroanatomical profiles compared to NO but also compared 

to each other. Thereby, it helped to clarify the role that psychopathy plays 

in the context of the neurobiological underpinnings of ASPD and suggests 

that ASPD+P and ASPD-P form more biologically homogenous subtypes of 
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the heterogenous ASPD construct. This study was also the first time that 

the contribution of SA and CT towards CV was assessed in this population. 

SA, but not CT, explained aberrant CV in ASPD+P only, suggesting distinct 

neurodevelopmental mechanisms between the two ASPD subtypes. Overall, 

this study added neurobiological evidence to the behavioural evidence 

(such as those related to offending and aggression) that ASPD+P and 

ASPD-P should be distinguished. These findings have implications for future 

research, which should routinely assess neuroanatomical features beyond 

CV while also focusing on comparing ASPD+P and ASPD-P according to a 

consistent definition of psychopathy. They also have important clinical 

implications. Specifically, diagnostic approaches and treatment trials should 

clearly differentiate between the two ASPD subtypes to move towards a 

more personalized medicine approach and identify better treatment 

options.  
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5 An arterial spin labelling investigation 

to measure regional cerebral blood 

flow and the effect of intranasal 

oxytocin in violent offenders with 

ASPD 

5.1  Introduction 

Individuals with antisocial personality disorder with or without psychopathy 

(ASPD+/-P) have functional neural abnormalities in limbic and paralimbic 

frontotemporal brain regions when compared to healthy non-offending 

individuals. For instance, meta-analyses have reported aberrant neural 

responsivity in brain areas such as the orbitofrontal cortex, anterior 

cingulate cortex, amygdala, and insula during resting-state as well as 

during neurocognitive tasks (Deming & Koenigs, 2020; Dugré et al., 2020; 

Dugré & Potvin, 2021). Furthermore, there are functional brain differences 

between ASPD+P and ASPD-P when these groups are directly compared to 

each other. Specifically, ASPD+P is marked by abnormal frontotemporal 

activity during emotion and reward processing relative to ASPD-P (Gregory 

et al., 2015; Tully et al., 2022). These latter findings were important first 

steps because they suggest that there may be different underpinning 

functional mechanisms associated with each subtype of ASPD. However, 

these two studies measured task-related brain activity according to the 

blood-oxygen-level-dependent (BOLD) contrast, which is only an indirect 

proxy measure of neural activity. Thus, it remains unknown whether there 

are differences between ASPD+P and ASPD-P in resting-state activity, and 

whether such differences are also found when using more direct measures 

of neural activity such as regional cerebral blood flow. Furthermore, it has 

also not been assessed whether such differences between ASPD+/-P can 

be modified, for example by pharmacological agents. Arterial spin labelling 

(ASL), a neuroimaging technique designed to measure rCBF and the impact 
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of potential treatments, can be used to address these gaps in the evidence 

base.  

Regional cerebral blood flow (rCBF) refers to the perfusion of blood and its 

metabolic nutrients including oxygen and glucose from cerebral capillaries 

into brain tissue. It provides direct physiological quantification of 

spontaneous or task-related neural activity. It does not suffer from the 

same limitations as the BOLD contrast, which can only measure neural 

activity indirectly as a complex interaction between rCBF, blood volume and 

oxygen metabolism (Simon & Buxton, 2015; Stewart et al., 2014). ASL 

offers an endogenous, non-invasive measure of rCBF with improved spatial 

resolution and excellent test-retest reliability (Borogovac & Asllani, 2012; 

Hodkinson et al., 2013). Furthermore, ASL imaging is particularly sensitive 

to detect the effects of pharmacological challenges on the brain (Bloomfield 

et al., 2020; Bryant et al., 2019; Martens et al., 2021; Stewart et al., 

2014), with observable dose-dependent changes in rCBF (Martins, 

Brodmann, et al., 2022). ASL is thus a useful tool to investigate if resting-

state rCBF is abnormal in ASPD+/-P.  

Only a small number of studies have measured rCBF in individuals with 

ASPD or psychopathy. They all used resting-state single photon emission 

computed tomography (SPECT) or task-based positron emission 

tomography (PET) imaging. These studies demonstrated decreased rCBF in 

frontotemporal cortical and subcortical brain regions in adults with ASPD or 

psychopathy (Goethals et al., 2005; Kolla & Houle, 2019; Kuruoglu et al., 

1996; Soderstrom et al., 2000, 2002; Sutherland & Fishbein, 2017). 

However, these prior studies were limited by the inclusion of heterogenous 

clinical samples, use of large regions of interest, and reliance on visual 

judgement of perfusion data. To date, no study in ASPD+/-P has used ASL 

to assess rCBF abnormalities, related this to the clinical phenotype, and/or 

investigated if these putative differences can be modified by potential 

treatment agents.  
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One such agent is oxytocin, a neuropeptide central to the regulation of 

complex social behaviours, that has a heightened receptor distribution in 

areas implicated in ASPD, including the insula and amygdala (Boccia et al., 

2013; Quintana, Rokicki, et al., 2019). The only existing study using 

intranasal oxytocin (OT) as an experimental probe in adults with ASPD 

demonstrated that it increased BOLD activity in the anterior insula and 

anterior cingulate cortex of violent offenders with ASPD+P but not ASPD-P 

when they were implicitly engaged in processing others’ fearful faces (Tully 

et al., 2022). However, as noted above, the BOLD signal is a proxy measure 

of brain activity, and it is unknown if OT can modulate direct measures such 

as rCBF in ASPD+/-P. In healthy individuals, ASL studies have 

demonstrated that OT altered rCBF in subcortical and cortical brain regions 

that contribute to sociocognitive processes which have been identified to 

be impaired in ASPD+/-P. This includes reports that OT decreased rCBF in 

the amygdala and increased it in the anterior insula and basal ganglia 

structures such as the globus pallidus and striatum (Martins, Mazibuko, et 

al., 2020; Paloyelis et al., 2016). It remains to be investigated whether OT 

can alter rCBF in ASPD+/-P, and whether this also differs between ASPD+P 

and ASPD-P. If so, this may have implications for developing treatments 

for ASPD+/-P. However, nobody has assessed this.  

Hence, the current study represents the first double-blind, placebo-

controlled, randomised crossover study in male violent offenders with 

ASPD+P and ASPD-P and healthy non-offenders to examine the impact of 

OT on resting-state rCBF using ASL imaging. It was hypothesized that (1) 

both ASPD groups would show reduced frontotemporal rCBF compared to 

non-offenders (NO), and (2) that there would be further reductions in 

ASPD+P relative to ASPD-P. Furthermore, considering the finding that OT 

increased BOLD activity in ASPD+P only (Tully et al., 2022), it was 

hypothesized that (3) OT would increase rCBF in frontotemporal regions 

(particularly anterior insula) in ASPD+P but not ASPD-P. Finally, this study 

also sought to explore the relationship between potential rCBF 
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abnormalities, rCBF responsivity to OT, and phenotypic characteristics of 

ASPD+/-P. As this was exploratory, no distinct hypotheses were made. 

5.2  Methods 

5.2.1 Participants 

This study included 39 male violent offenders with a diagnosis of ASPD and 

23 male NO participants. All participants were aged between 18 and 60 

years old at the time of study enrolment and had an IQ above 70. Offenders 

with convictions for assault, actual/grievous bodily harm, armed robbery, 

rape, manslaughter, and/or murder were recruited from South London 

national probation services and medium secure forensic inpatient services. 

The diagnosis of ASPD was confirmed using the SCID-5-PD (First et al., 

2015). Offenders with a comorbid mood or psychotic disorder were 

excluded. According to the European clinical cut-off for psychopathy on the 

PCL-R, violent offenders were categorized as ASPD+P if they scored ≥25 

(n = 20) or ASPD-P if they scored <25 (n = 19) (Cooke & Michie, 1999; 

Hare, 1991). The NO participants were recruited from the general 

population in the local community through public and online advertising via 

purposive sampling. They were excluded if they had a history of offending 

or a current or past mental illness, substance use disorder, or personality 

disorder. The presence of neurological trauma, illness, or magnetic 

resonance imaging (MRI) safety contraindications (e.g., claustrophobia) 

was grounds for exclusion across all participants.  

The study was approved by London City and East Research Ethics 

Committee and the Health Research Authority (reference: 15/LO/1083), as 

well as the National Offender Management Services Research Committee 

(reference: 2016-382). All participants completed signed informed consent.  

5.2.2 Study design and procedure 

This study had a double-blind, placebo-controlled, randomised crossover 

design. Participants attended an assessment appointment during which 

clinical (SCID-5-CV) (First et al., 2016), personality (SCID-5-PD, PCL-R) 
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and IQ (WASI-II) (Wechsler, 2011) assessments were conducted. 

Participants completed the Reactive-Proactive Aggression Questionnaire 

(RPQ) (Raine et al., 2006). During two further appointments scheduled on 

average 16 days apart, structural and ASL scans, as well as neurocognitive 

testing were conducted. Participants completed urine drug screening tests 

to assess for recent substance use on each of these two appointments. The 

participant was randomly and blindly allocated 40 IU of OT (Syntocinon, 

Novartis, Switzerland) or a placebo nose spray (PL; same ingredients but 

without the oxytocin), receiving the other spray on their second 

appointment. They self-administered the spray by inhaling one puff every 

30 seconds through alternating nostrils, for 5 minutes. The researcher 

supervised this process to ensure correct administration. The oxytocin dose 

was selected in line with safety standards and previous studies measuring 

effects of OT on rCBF (MacDonald et al., 2011; Martins, Brodmann, et al., 

2022; Martins, Mazibuko, et al., 2020; Paloyelis et al., 2016). The ASL 

scans (06:23 minutes) were acquired on average at 84 (±9) minutes and 

85 (±12) minutes after administration of PL and OT, respectively. This time 

delay is referred to as the variable ‘minutes since dose’.  

5.2.3 Image acquisition 

A General Electric MR750 3Tesla MRI scanner and 32-channel C-RMNova 

head coil was used for this study. A 3-dimensional pseudo-continuous ASL 

scan was acquired during each session (60 slice partitions with thickness 

and gap = 3 mm, TE = 1109 ms, TR = 5180 ms, FA = 111°, FOV = 240 x 

240 mm2, matrix = 518 x 8, in-plane resolution = 3.6 mm). During 

acquisition, participants were instructed to remain still, stay awake and 

focus on a fixation cross. This scanning sequence acquires a proton density 

(PD) image as well as a labelled and a control perfusion-weighted image. 

The labelled perfusion-weighted image is based on a measurement of the 

magnetically labelled arterial blood water which functions as an 

endogenous tracer. It is created by applying a 180° Hanning-shaped 

radiofrequency inversion pulse (1825 ms) and, after a brief delay (2025 
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ms), measuring the net magnetisation of brain tissue. Net magnetization 

reduces after applying the inversion pulse, leading to a decrease in MRI 

signal and image intensity. The control image is acquired in a similar 

manner however without applying the inversion pulse. The control image is 

then subtracted from the labelled image. The current sequence acquired 5 

control-label pairs and averaged these to improve signal-to-noise ratio. The 

image resulting from the control-label subtraction is calibrated against the 

PD image to create the final cerebral blood flow (CBF) map, which is a linear 

representation of rCBF in each voxel (see Figure 3.3). These steps are in 

line with recent recommendations for acquiring ASL (Alsop et al., 2015).  

A 3D high-resolution T1-weighted whole-brain anatomical image was also 

acquired during each scanning protocol (SAG ADNI GO ACC MPRAGE, 196 

slices with thickness and gap = 1.2 mm, TE = 3.02 ms, TR = 7.31 ms, TI 

= 400 ms, FA = 11°, FOV = 270 x 270 mm2, matrix = 256 x 256, voxel 

resolution = 1.05 x 1.05 x 1.2 mm3). The current analysis used the same 

scan that was used in the structural analysis for each participant.  

5.2.4 Image pre-processing 

A preliminary quality check of the CBF maps for both scans of each 

participant was conducted using FSLeyes (McCarthy, 2021). Regional CBF 

values were confirmed to be between 20 and 110 ml/100 g/1 min, 

indicating accurate computation of the CBF maps from the MRI signal (Alsop 

et al., 2015). Scans were also assessed for excessive movement indicated 

by significant blurring. Pre-processing was conducted in the Automatic 

Software for ASL Processing (ASAP) toolbox, version 4.0 in Matlab 2018b 

(Mato Abad et al., 2016). For each scan, pre-processing steps included (1) 

co-registration of the PD image to the participant’s T1 anatomical image; 

(2) application of the co-registration transformation matrix to the 

participant’s CBF map to normalize the CBF image into the space of the T1 

image; (3) skull-stripping, segmentation and removal of extra-cerebral 

signal from the normalized CBF map; (4) partial volume correction and 

normalization of the CBF map to MNI152 space; and (5) spatial smoothing 
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of the CBF map with an 8mm Gaussian kernel. Finally, an explicit grey 

matter tissue probability mask to threshold and retain all CBF map voxels 

with at least 20% probability of being grey matter was applied. 

5.2.5 Statistical analysis 

Demographic and clinical characteristics were compared using SPSS26 

(IBM Corp, 2019). Analyses included ANOVA and Chi-squared (χ2) tests, or 

their non-parametric equivalent (Kruskal-Wallis, Fisher’s exact) in case the 

assumption of normality (Shapiro-Wilk test) was not met. Bonferroni-

corrected pairwise comparisons were conducted to interpret a significant 

main effect. Global median CBF was compared across groups and treatment 

type using a two-way mixed ANCOVA, covarying for mean-centred age and 

mean-centred minutes since dose.  

An exploratory whole-brain analysis was conducted in SPM12 

(www.fil.ion.ucl.ac.uk/spm/software/spm12). The following analyses were 

based on a partitioned errors approach rather than a simple mixed ANCOVA 

analysis of covariance to avoid violating common assumptions of repeated 

measures design (McFarquhar et al., 2016). The data was prepared for this 

approach to ensure appropriate assessment for each main effect (group 

and treatment) and their interaction effect. To analyse the main effect of 

group, an average of the treatment conditions (the PL and OT CBF maps) 

for each individual was created. A one-way ANOVA was then used to 

compare the three groups. To test the main effect of treatment, the PL CBF 

map was subtracted from the OT CBF map for each participant and analysed 

using a one-sample t-test. Finally, to assess the group by treatment 

interaction effect, the subtracted images for each participant were 

compared across the three groups using a one-way ANOVA. Global median 

CBF, age, and minutes since dose were included as covariates of no-

interest. An F-contrast was calculated for each main and interaction effect. 

A whole-brain cluster-level inference at α = 0.05 using family-wise error 

correction for multiple comparisons was applied. Only clusters which 

survived the cluster-defining threshold of p = 0.005 were interpreted. This 
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is in line with other studies using similar designs (Martins, Leslie, et al., 

2020). For any significant group, treatment or group by treatment 

interaction effect, a binary mask of the significant cluster(s) was created 

within SPM. These masks were then used to extract raw CBF values within 

these significant clusters. To interpret F-contrasts in significant clusters, 

these raw values were compared using post-hoc pairwise comparisons or 

simple main effects tests with the Sidak correction for multiple comparisons 

in SPSS26.  

A supplementary ROI analysis focused on the amygdala and anterior insula. 

These regions were selected a priori since prior studies assessing ASPD+/-

P have consistently demonstrated abnormal neural functioning in these 

regions (Deming & Koenigs, 2020; Dugré et al., 2020; Dugré & Potvin, 

2021), with differences between the two subtypes also identified (R. J. R. 

Blair, 2010; Fanti et al., 2019; Gregory et al., 2015; White et al., 2016). 

Moreover, prior studies have shown effects of OT on rCBF in these areas in 

healthy individuals (Martins, Brodmann, et al., 2022; Martins, Mazibuko, et 

al., 2020; Paloyelis et al., 2016). A binary mask based on the FSL-

distributed Harvard-Oxford Atlas was applied to extract median rCBF in the 

ROIs. To assess group and treatment effects a linear mixed model (with 

bootstrapping, 1000 samples) including group, treatment and group by 

treatment as fixed effects and subject as the random effect was run in JASP 

(JASP Team, 2021). Global median CBF, age, and minutes since dose were 

all mean-centred and included as covariates of no-interest. The main 

effects were corrected for multiple comparisons using false discovery rate 

(FDR). For any main or interaction effect that remained significant after 

correction, Holm-corrected pairwise comparisons and simple main effects 

were used to further dissect these effects. 

Partial Pearson correlations (SPSS26) were used to assess the relationship 

between rCBF and phenotypic features (clinical, behavioural, and cognitive 

measures) across all individuals with ASPD+/-P. Specifically, for 

correlations with baseline group differences in rCBF, raw rCBF values from 
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clusters with significant group differences were extracted and averaged 

over treatment conditions. Moreover, to assess the correlation with 

differential responsivity to OT, raw rCBF values from clusters with a 

significant group by treatment interaction effect (if simple main effects 

revealed significant change within the ASPD group) were extracted. A delta 

score (OT rCBF minus PL rCBF) was then calculated and used in the 

correlations. Clinical and behavioural features included the PCL-R factor and 

facet scores, the number of previous violent convictions and the presence 

of a reconviction (violent or non-violent) within one year of study 

participation, and the RPQ questionnaire reactive and proactive aggression 

scores. Cognitive variables included standardized scores from five 

neurocognitive paradigms measuring emotion recognition and detection, 

reinforcement-based decision-making, delay discounting, and disinhibition 

(see Methods chapter for details). Global median CBF, age, and minutes 

since dose were included as covariates of no-interest. These analyses were 

only conducted within ASPD participants since the phenotypic variables 

were not of interest or relevance in the NO group. Moreover, they were 

conducted across all ASPD participants as one group. However, by design, 

the two ASPD subgroups differed on average for PCL-R scores. Thus, to 

avoid spurious (illusory) correlations between CBF group differences and 

PCL-R scores, group was added as a further covariate in these correlations.  

Boot-strapped 95% confidence intervals were also calculated. Results were 

FDR-corrected for multiple comparisons within each phenotype cluster 

(PCL-R scores, conviction information, aggression, and each of the five 

neuropsychology paradigms).  

5.3  Results 

5.3.1 Demographic and clinical characteristics 

Table 5.1 shows the demographic and clinical characteristics of the three 

participant groups. They did not differ on age or IQ. However, relative to 

NO, they differed in years of education, PCL-R total, factor, and facet 

scores, presence of a comorbid personality disorder and substance use 
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disorder, presence of a positive urine drug screening test, as well as total, 

reactive, and proactive aggression scores. The post-hoc group comparisons 

are shown in Table 5.1. The two ASPD groups did not significantly differ in 

comorbid lifetime substance use disorder or positive urine drug screening 

tests. To maximize power and to avoid over-correcting for phenotypic 

variance inherent to ASPD, the presence of a positive urine drug screening 

test was not included as a covariate in the main analysis. Instead, 

supplementary post-hoc sensitivity analyses using linear regression 

assessed whether this predicted the main findings (see Table S2). Drug use 

on the day was preferred over the presence of a substance use disorder 

because it is more appropriate in the context of conducting a 

pharmacological challenge and because its measure via the urine sample is 

more objective.  

Demographic ASPD+P ASPD-P NO Main test statistic Pairwise comparisons 

N 20 19 23 
 ASDP+P 

vs NO 
ASPD-P 
vs NO 

ASPD+P vs 
ASPD-P 

Age, mean (SD) 39.35 (9.52) 42.32 (10.58) 38.22 (9.63) F(2, 59) = 0.93, p = .40 . . . 
IQ, mean (SD) 92.47 (12.14) 97.63 (15.14) 98.57 (10.69) F(2, 58) = 1.34, p = .27 . . . 
Years in education, mean (SD) 9.90 (1.71) 10.68 (2.00) 13.74 (3.19) H(2) = 21.44, p < .001 p < .001 p = .001 p = .25 

PCL-R Total, mean (SD) 28.40 (3.16) 17.37 (4.14) 3.00 (3.38) H(2) = 53.84, p < .001 p < .001 p < .001 p < .001 
PCL-R Factor 1, mean (SD) 9.55 (3.15) 4.86 (2.81) 1.35 (2.01) H(2) = 39.89, p < .001 p < .001 p < .001 p < .001 
PCL-R Facet 1, mean (SD) 4.35 (1.79) 1.86 (1.50) 0.74 (1.05) H(2) = 32.83, p < .001 p < .001 p < .008 p < .001 
PCL-R Facet 2, mean (SD) 5.20 (1.99) 3.00 (1.70) 0.61(1.08) H(2) = 37.30, p < .001 p < .001 p < .001 p < .003 
PCL-R Factor 2, mean (SD) 16.20 (1.57) 11.16 (2.79) 1.22 (1.54) H(2) = 51.57, p < .001 p < .001 p < .001 p < .001 
PCL-R Facet 3, mean (SD) 7.65 (1.27) 5.37 (1.67) 1.04 (1.22) H(2) = 47.70, p < .001 p < .001 p < .001 p < .001 
PCL-R Facet 4, mean (SD) 8.45 (1.28) 5.75 (2.27) 0.57 (1.16) H(2) = 47.98, p < .001 p < .001 p < .001 p < .001 

Cluster A, N (%) 6 (30%) 0 (0%) 0 (0%) 10.99, p = .001 ⴕ p = .006 p = 1.00 p = .02 
Cluster B, not ASPD, N (%) 11 (55%) 2 (11%) 0 (0%) 20.12, p < .001 ⴕ p < .001 p = .20 p = .006 
Cluster C, N (%) 1 (5%) 2 (11%) 0 (0%) 2.34, p = .19  ⴕ p = .47 p = .20 p = .61 

Substance Use Disorder, N (%)  4 (20%) 6 (32%) 0 (0%) 8.79, p = .007  ⴕ p = .04 ◊ p = .005 p = .48 
ADHD, N (%) 2 (10%) 1 (5%) 0 (0%) 2.23, p = .29  ⴕ p = .21 p = .45 p = 1.00 

Positive urine drug test PL, N (%) 13 (68%) 6 (33%) 5 (22%) χ2 = 9.92, p = .007 p = .002 p = .001 p = .03 ◊ 
Positive urine drug test OT, N (%) 15 (75%) 8 (42%) 6 (26%) χ2 = 10.52, p = .005 p = .001 p = .27 p = .04 ◊ 

Total Convictions, mean (SD) 28.15 (23.31) 20.00 (15.97) . U = 144.00, p = .20 . . . 
Violent Convictions, mean (SD) 4.10 (3.04) 3.74 (2.98) . U = 174.00, p = .65 . . . 
Age 1st Violent Conviction, mean (SD) 19.95 (5.13) 21.74 (5.21) . U = 131.50, p = .23 . . . 
Presence of reconviction within 1 year 3 (15%) 3 (16%) . 0.005, p = .95  ⴕ . . . 

Total Aggression, mean (SD) 30.53 (9.64) 18.67 (11.11) 6.19 (4.25) F(2, 48) = 37.09, p < .001 p < .001 p = .002 p = .01 
Reactive Aggression, mean (SD) 16.47 (4.73) 11.93 (5.55) 5.67 (3.61) F(2, 48) = 25.15, p < .001 p < .001 p = .001 p = .03 ◊ 
Proactive Aggression, mean (SD) 14.07 (6.09) 6.73 (6.20) 0.81 (1.17) F(2, 48) = 34.05, p < .001 p < .001 p = .006 p = .008 

Table 5.1 Demographic and clinical characteristics of participants included in the ASL analysis.  

Note: The whole-brain analysis included a subsample of participants (final ASPD+P N = 17, ASPD-P N = 14, NO N = 22) 
as some did not attend both sessions and thus had missing scans. Demographic group differences remained similar 

even after excluding the participants with missing scans. Some participants did not complete the RPQ (final ASPD+P N 
= 15, ASPD-P N = 15, NO N = 21). SD = standard deviation, PL = placebo, OT = oxytocin. F-statistic = ANOVA with 

Tukey post-hoc, H-statistic = Kruskal Wallis with Mann Whitney U post hoc, ⴕ Fisher’s Exact test with Fisher’s Exact 

post-hoc, χ2 = chi-squared test of independence with chi-squared test of independence as post hoc, U-statistic = Mann 
Whitney U. ◊ pairwise comparison did not survive a Bonferroni correction for multiple comparisons (α= .05/3 = .02).  
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5.3.2 Global median CBF  

There was no significant main effect of group (F(2, 48) = 0.53, p = .59, ηp
2 

= .02), treatment (F(1, 48) = 1.23, p = .27, ηp
2 = .03), or group by treatment 

interaction effect (F(2, 48) = 1.93, p = .16, ηp
2 = .07) on global median CBF 

(Table 5.2).  

Global Median 
CBF 

ASPD+P ASPD-P NO Main effect of group Main effect of 
treatment 

Group x treatment 

PL, mean (SD) 47.59 (9.53) 46.07 (11.06) 44.77 (7.02) 
F(2, 48) = 0.53, p = .59 F(1, 48) = 1.23, p = .27 F(2, 48) = 1.93, p = .16 

OT, mean (SD) 46.35 (7.93) 41.50 (7.74) 46.36 (8.45) 

Table 5.2 Global median CBF mean and standard deviation (SD).  

Note: PL = placebo, OT = oxytocin, CBF = cerebral blood flow.  

5.3.3 Whole-brain analysis 

The whole-brain analysis revealed a significant main effect of group in five 

clusters (described in Table 5.3 and visualized in Figure 5.1A-E). These 

spanned the right frontal, temporal, and parietal areas. The post-hoc 

pairwise comparisons with Sidak correction for multiple comparisons 

showed that both ASPD+P and ASPD-P had reduced rCBF relative to NO in 

four of these clusters. By contrast, in the fifth cluster, both ASPD groups 

had increased rCBF relative to NO, and ASPD+P had further increased rCBF 

compared to the ASPD-P. There were no significant main effects of 

treatment. However, a significant group by treatment interaction effect was 

found in one cluster spanning the left globus pallidus, putamen and caudate 

(Table 5.3, Figure 5.2). Simple main effects tests revealed that this was 

driven by a significant decrease in rCBF after OT in ASPD-P only.  
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Cluster-wise analysis Pairwise Comparisons 
Cluster description Hemisphere K PFWE F Peak coordinates Estimated Marginal Means (SE) Sidak-corrected p-values 
     x y z 
Main effect of group (F-contrast) ASPD+P ASPD-P NO ASPD+P vs 

NO 
ASPD-P 
vs NO 

ASPD+P vs 
ASPD-P 

Cluster 1: Medial 
superior frontal gyrus 

Right 410 < .001 18.12 18 34 40 39.74 
(0.91) 

38.68 
(1.03) 

44.70 
(0.81) 

p = .001 p < .001 p = .83 

Cluster 2: Anterior 
cingulate cortex 

Right 218 .007 10.77 6 36 16 57.55 
(0.75) 

58.48 
(0.85) 

62.77 
(0.66) 

p < .001 p = .001 p = .80 

Cluster 3: Pars 
orbitalis, 
orbitofrontal cortex 

Right 163 .04 10.32 46 40 -12 58.22 
(1.07) 

59.66 
(1.22) 

65.53 
(0.95) 

p < .001 p = .002 p = .77 

Cluster 4: Rolandic 
operculum, pre- and 
postcentral gyrus, 
superior temporal 
gyrus 

Right 490 < .001 13.26 58 -4 12 49.77 
(1.66) 

51.75 
(1.88) 

57.75 
(1.47) 

p = .002 p = .05 p = .82 

Cluster 5: Posterior 
(isthmus) cingulate 
cortex, precuneus, 
hippocampus 

Right 270 .001 9.90 22 -42 8 35.14 
(0.71) 

32.31 
(0.81) 

29.49 
(0.63) 

p < .001 p = .03 p = .04 

Group x treatment interaction effect (F-contrast)  PL vs OT 
ASPD+P ASDP-P NO 

Globus pallidus, 
putamen, caudate  

Left 258 .02 9.32 -22 2 -6 PL: 43.57 
(1.78) 
OT: 
45.57 
(1.78) 

PL: 46.33 
(2.05) 
OT: 
40.62 
(2.05) 

PL: 
43.99 
(1.62) 
OT: 
43.80 
(1.62) 

p = .20 p = .002 p = .89 

Table 5.3 Whole-brain clusters with significant group and interaction effects on rCBF. 
Note: main effects were measured with F-contrasts. Clusters labelled according to Automated Anatomical Labelling (AAL3) 

atlas built into SPM12 and confirmed by mapping MNI peak coordinates to Talairach space in BioImage Suite 
(https://bioimagesuiteweb.github.io/bisweb-manual/tools/mni2tal.html). SE = standard error. PL = placebo scan, OT = 

oxytocin scan.

https://bioimagesuiteweb.github.io/bisweb-manual/tools/mni2tal.html
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Note: The violin plots (with box plots inside) show the marginal mean and individual datapoints (z-standardized residuals) to depict spread of the data. For cluster D), the 
main effect of group and pairwise comparisons remained significant after removing the ASPD+P outlier (z-standardized residual < -3.0), so this was kept in the analysis to 

increase power. Blue shaded clusters indicate reductions, red shaded cluster indicates increase. A red box indicates the cluster of interest for a particular effect in case other 

clusters are also visible in that slice. rCBF = regional cerebral blood flow.  

Figure 5.1 Clusters with significant group differences in median rCBF in the whole-brain analysis.  
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Figure 5.2 Cluster with a significant group by treatment interaction effect on median rCBF. 

Notes: The top line plot shows the estimated marginal means (EMMs) that reflect the average rCBF for each 
group under each treatment condition, after accounting for the effect of global median CBF, age, and minutes 

since dose. The bottom spaghetti plot shows individual participants’ responsivity to OT. rCBF = regional 
cerebral blood flow, OT = oxytocin. 
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5.3.4 Supplementary ROI analyses 

The boot-strapped linear mixed models revealed no significant group, 

treatment, or group by treatment interaction effect on rCBF in the 

amygdala or the anterior insula after FDR correction for multiple 

comparisons (Table 5.4). The main effect of treatment in the left insula was 

trending towards significance before FDR correction for multiple 

comparisons (p = .05). The covariate of no-interest global median CBF had 

a significant effect on all areas (all F ≥ 445.70, all FDR-corrected p < .001, 

all ηp
2 ≥ .82), and the covariate of no-interest age had a significant effect 

on right and left amygdala (both F ≥ 8.54, both FDR-corrected p = .08, 

both ηp
2 ≥ .13). 

Main effect Test statistic FDR-corrected p Effect size (ηp
2) 

Right amygdala    
Group F(2, 53.33) = 0.87 .55 .03 
Treatment F(1, 50.14) = 0.07 .81 .001 
Group x treatment F(2, 50.60) = 0.83 .80 .03 
Left amygdala    
Group F(2, 53.74) = 0.21 .81 .008 
Treatment F(1, 49.22) = 0.63 .61 .01 
Group x treatment F(2, 49.71) = 2.11 .52 .08 
Right insula    
Group F(2, 57.29) = 1.14 .55 .04 
Treatment F(1, 50.75) = 1.16 .61 .02 
Group x treatment F(2, 51.22) = 0.02 .98 <.001 
Left insula    
Group F(2, 57.56) = 1.11 .55 .04 
Treatment F(1, 52.83) = 4.48 .20 * .08 
Group x treatment F(2, 53.33) = 0.52 .80 .02 

Table 5.4 Results from the supplementary ROI analysis of rCBF.  
Note: Results from all variables of interest in the linear mixed models measuring rCBF in the right and left 

amygdala and anterior insula are shown. Results from the covariates of no-interest are not listed for the sake 
of brevity (see text). * uncorrected p = .05. rCBF = regional cerebral blood flow.  

 

5.3.5 Correlation with phenotype 

The correlations between rCBF in the five significant group clusters and the 

phenotypic variables (clinical, behavioural, and cognitive measures) within 

the ASPD participants revealed four significant correlations, but only one 

remained significant after applying FDR correction for multiple 

comparisons. Specifically, the accuracy of recognizing angry faces 

correlated significantly positively with rCBF in cluster 5 (r = .617, FDR-

corrected p-value = .02, 95% confidence intervals = .224 [lower] – .841 

[upper]). Hence, as Figure 5.3 shows, higher rCBF in the cluster spanning 

the posterior cingulate, precuneus and hippocampus was associated with 
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more accurate recognition of angry expressions. There were no significant 

correlations between the rCBF responsivity to OT and phenotype. Table 5.5 

indicates the r-values of all correlations. 

  

Figure 5.3 Significant positive correlation between cluster 5 rCBF and emotion recognition accuracy for angry 
faces in ASPD+/-P.  

Note: The rCBF values were first extracted from cluster 5, which showed a significant main effect of group, and 
were then averaged over treatment. The orange line indicates that rCBF in cluster 5 was significantly increased 

in both ASPD groups relative to NO in this analysis. rCBF = regional cerebral blood flow.  
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 Group effect Interaction 
effect Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 

PCL-R Total -.173 -.346 -.026 -.111 .109 .165 

Factor 1 -.059 -.252 .015 -.010 .160 .273 

Factor 2 -.008 -.133 -.060 -.096 -.200 -.004 

Facet 1 -.053 -.211 .091 -.122 .315 .328 

Facet 2 -.046 -.210 -.065 .104 -.045 .156 

Facet 3 -.070 -.016 -.135 -.101 -.035 .099 
 Facet 4 .081 -.220 .014 -.091 -.221 -.060 

Conviction information # past violent convictions -.022 .028 .291 -.058 .027 .015 

1 year reconviction .432 * -.224 .155 -.499 ** .065 .334 

Aggression a RPQ-Reactive .104 -.018 -.026 .212 -.256 .110 

RPQ-Proactive .152 -.180 .094 .425 * -.075 .370 

Emotion recognition 
(accuracy) b 

Angry -.280 -.297 -.043 -.210 .617 ** -.105 

Sad -.111 -.009 .027 .055 -.105 .105 

Fear -.253 -.268 -.223 -.237 .155 -.007 

Emotion detection (reaction 
time) c 

Angry -.248 .108 -.162 .077 <.001 -.104 

Fear -.207 .061 -.086 .069 .006 -.179 

Reinforcement-based 
decision-making (accuracy) b 

Acquisition learning .201 .061 .073 .185 -.135 -.007 

Response reversal .231 -.126 .146 .225 -.094 -.058 

Delay discounting (# of times 
lesser value chosen) b 

7 days -.158 -.067 -.107 -.155 .075 -.081 

30 days -.098 .036 .020 -.136 .045 -.055 

90 days -.041 .140 .032 -.106 -.110 .045 

180 days -.048 .133 .062 -.044 -.124 .054 

360 days -.094 .117 .029 <.001 -.055 .073 

Disinhibition b SSRT  -.009 .061 -.001 .012 -.089 -.076 

Table 5.5 Partial Pearson coefficients for rCBF-phenotype correlations.   
Note: These are the r-values from the partial Pearson correlations between rCBF in clusters with a significant group 

difference and phenotypic variables, as well as those from correlations between differential rCBF responsivity to OT 
(from the interaction cluster) and phenotypic measures within the ASPD participants (N = 25). Group, age, global 

median CBF, and minutes since dose were included as covariates of no-interest. Note: * = uncorrected p <.05, ** = 
uncorrected p < .01. Bold font means the p-value survived the FDR correction for multiple comparisons. Not all 

participants completed all study parts: a N = 20, b N = 23, c N = 24. SSRT = stop signal reaction time. rCBF = 
regional cerebral blood flow. RPQ = reactive-proactive aggression questionnaire.  

 

5.4  Discussion  

The current study aimed to assess differences in resting-state rCBF 

between male violent offenders with ASPD+P, ASPD-P, and healthy NO 

individuals, and to investigate the effect of OT on rCBF in these groups. It 

was hypothesized that 1) both ASPD groups would show significantly 

reduced frontotemporal rCBF relative to NO; 2) that the ASPD+P group 

would show further decreases relative to ASPD-P; and 3) that OT would 

increase frontotemporal rCBF (particularly anterior insula) in ASPD+P but 

not ASPD-P. Results from the whole-brain analysis partially supported these 

hypotheses. Specifically, with respect to the first hypothesis, the findings 

indeed demonstrated that both ASPD groups showed reduced rCBF in 

several frontotemporal and parietal cortical regions relative to NO. These 

regions spanned the medial superior frontal cortex, orbitofrontal cortex, 

and anterior cingulate cortex as well as Rolandic operculum, superior 

temporal gyrus, and inferior pre- and post-central gyri. With respect to the 
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second hypothesis, there were no differences between the two ASPD 

subtypes in these clusters. However, in another cluster covering parts of 

the right posterior cingulate cortex, precuneus, and hippocampus, the 

analysis revealed significantly increased rCBF in both ASPD subtypes 

relative to NO, which was significantly more pronounced in ASPD+P relative 

to ASPD-P. With respect to the third hypothesis, a group by treatment 

interaction effect revealed that OT significantly reduced rCBF in the left 

subcortical structures including globus pallidus, putamen and caudate in 

ASPD-P only. Taken together, these findings suggest shared and different 

resting-state abnormalities in rCBF between ASPD+P and ASPD-P. Finally, 

the exploratory correlations between rCBF abnormalities, OT responsivity, 

and phenotypic characteristics revealed a positive relationship between 

rCBF in the medial parietal region and accuracy in recognition of angry 

faces. These results will be discussed.  

The current findings build on previous SPECT and PET imaging studies 

which also revealed reduced frontotemporal perfusion in ASPD and 

psychopathy (Goethals et al., 2005; Kolla & Houle, 2019; Kuruoglu et al., 

1996; Soderstrom et al., 2000, 2002; Sutherland & Fishbein, 2017). 

However, the novel use of ASL, which is more spatially precise, non-

invasive, and low demand, has given a clearer understanding of the profiles 

of rCBF in this phenotype. For example, while prior studies often focused 

on large regions of interest (e.g., frontal lobe), the current findings 

demonstrated rCBF reductions in specific, functionally meaningful brain 

regions (e.g., orbitofrontal cortex, superior frontal gyrus, anterior cingulate 

cortex). Furthermore, the use of an automated processing pipeline to 

analyse the ASL data offered a more reliable approach compared to 

previous work that relied on visual judgment of perfusion data. These 

improvements have provided the opportunity to build on existing research 

and to discover novel evidence that ASPD+P and ASPD-P can be 

distinguished. Together, the current findings thus confirm that although 

ASPD+/-P share some differences from controls, there is also variation in 
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the functional neurobiological underpinnings of clinical subgroups within 

ASPD. 

In terms of the shared mechanisms, the findings revealed that both ASPD 

subtypes showed reduced rCBF mainly spanning frontotemporal regions. 

This is in agreement with previous task-based fMRI studies of individuals 

with ASPD and psychopathy that reported reduced BOLD activity in similar 

areas (orbitofrontal, superior frontal gyrus, anterior cingulate cortex and 

superior temporal gyrus), which in turn has been associated with deficient 

fear and threat processing, empathic processing, reinforcement-based 

learning (Birbaumer et al., 2005; R. J. R. Blair, 2010; Decety, Chen, et al., 

2013; Decety, Skelly, et al., 2013; Dugré et al., 2020; Gregory et al., 

2015). Considering that rCBF is one of the physiological variables 

contributing to the proxy measure of brain activity that is the BOLD signal, 

it is possible that reductions in rCBF may partly explain the reduced neural 

responsivity in these regions. That is, if there is reduced perfusion, there is 

reduced delivery of oxygen and other nutrients, which impacts brain 

function and behaviour. However, it must be acknowledged that the current 

study measured resting-state rCBF. Therefore, the impact of altered rCBF 

on potential behavioural impairments remains to be investigated. Future 

research could employ task-based ASL imaging to explore whether this 

profile of reduced frontotemporal rCBF is shared across both ASPD subtypes 

beyond the resting-state.  

Beyond these shared neurobiological underpinnings, significantly increased 

rCBF was observed in ASPD+P relative to ASPD-P and NO in the medial 

parietal region of the brain (i.e., posterior cingulate and precuneus). This 

adds to findings, including those from chapter 4, that ASPD+P is not only 

marked by different structural and task-based functional, but also resting-

state rCBF neurobiological mechanisms when directly compared to ASPD-P 

(Gregory et al., 2012, 2015; Tully et al., 2022). Previous studies have 

demonstrated increased cortical volume and surface area, and increased 

resting-state and task-based BOLD activity in this medial parietal region 
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specifically within the ASPD+P phenotype (Deming & Koenigs, 2020; 

Gregory et al., 2015). This medial parietal region acts as an information 

integration hub with an important contribution towards self-referential 

processing, first-person perspective-taking, and representing of subjective 

value, particularly in relation to rewards and prediction error signalling after 

omission of an expected reward (Cavanna & Trimble, 2006; Kable & 

Glimcher, 2007; X. Liu et al., 2011). Moreover, the posterior cingulate has 

been associated with the perception of faces and emotional stimuli, which 

may explain the positive correlation between recognition of angry faces and 

rCBF in this cluster (J. B. Freeman et al., 2015; Maddock, 1999; Y. Wang 

et al., 2020). The medial parietal region is also a central component of the 

default-mode network (DMN). Activity in this network typically reduces 

during task engagement, but it has been shown that the DMN does not 

appropriately deactivate during task engagement in psychopathic offenders 

(S. M. Freeman et al., 2015). Moreover, Freeman and colleagues (2015) 

showed that this failure to deactivate was due to an overactive medial 

parietal region. They also reported that the overactive medial parietal 

region could be specifically attributed to high PCL-R factor 1 scores in the 

psychopathic offenders. Together, this evidence suggests that 

abnormalities in the medial parietal region play a distinctive role in the 

manifestation of ASPD+P, differentiating it from ASPD-P.  

Another finding that revealed differences between ASPD+P and ASPD-P 

related to the effect of OT. A group by treatment interaction effect revealed 

that in ASPD-P but not ASPD+P, OT significantly reduced rCBF in the left 

globus pallidus and dorsal striatum (putamen and caudate) when compared 

to PL. The globus pallidus and dorsal striatum have a particularly high 

density of oxytocin receptors which makes these regions, at least 

theoretically, particularly sensitive to effects of exogenous oxytocin 

(Quintana, Rokicki, et al., 2019). The dorsal striatum has been linked to 

reinforcement-based learning and deciding on an appropriate action to 

achieve a goal (Balleine et al., 2007). A previous behavioural study directly 
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comparing violent offenders with ASPD+/-P found that only ASPD-P 

individuals were significantly impaired relative to NOs on this ability (De 

Brito et al., 2013). Furthermore, in youth with conduct disorder, a large 

cohort study revealed dorsal striatum abnormalities during reinforcement-

based learning in those without CU traits (the ASPD-P precursor) compared 

to those with CU traits (the ASPD+P precursor) (S. W. Hawes et al., 2021). 

Another study in adult offenders found that the impulsive-antisocial traits 

in ASPD-P contributed to aberrant striatal functional connectivity (Korponay 

et al., 2017b). Together, these findings suggest that abnormal dorsal 

striatal activity and deficient reinforcement-based learning is associated 

with ASPD-P. Given the modulatory effect of OT on dorsal striatum rCBF in 

the current ASPD-P group and findings from studies showing a beneficial 

effect of OT on reinforcement-based learning in other populations (Kruppa 

et al., 2019; Martins, Lockwood, et al., 2022; Zhuang et al., 2021), future 

studies investigating whether OT might impact reinforcement-based 

learning and decision-making in ASPD-P are required. It must be noted that 

the lack of a significant correlation between reinforcement-based decision-

making and OT responsivity rCBF in this cluster in the current study was 

likely due to low statistical power and potentially also because of 

methodological limitations of the task itself.  

The supplementary ROI analysis in the current study did not reveal group 

or treatment effects on amygdala or anterior insula rCBF – suggesting no 

differences in either resting-state rCBF or responsivity to pharmacological 

challenge with a neuropeptide that is particularly implicated in social 

behaviour. These findings were unexpected because they contradict the 

results from the only previous study showing OT modulated anterior insula 

BOLD activity in ASPD+P (Tully et al., 2022). Moreover, the lack of group 

differences in amygdala rCBF was unexpected given the pivotal role this 

structure has previously been reported to display in impaired emotion and 

threat processing, empathy and decision-making in ASPD+/-P and CD+/-

CU (R. J. R. Blair, 2010; Fanti et al., 2019; White et al., 2016). One 
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explanation for the current finding could be that this study focused on 

amygdala rCBF at rest and not during a task. However, studies measuring 

resting-state BOLD signal in ASPD+/-P have revealed reduced functional 

connectivity and centrality of the amygdala and anterior insula within 

relevant networks (Dugré & Potvin, 2021; Espinoza et al., 2019; Ly et al., 

2012; Siep et al., 2019; Tillem et al., 2019; Yoder et al., 2015). This means 

that the amygdala and anterior insula have weaker and fewer functional 

connections with other brain areas, suggesting tasks which typically utilize 

these brain regions may not recruit them as effectively in individuals with 

ASPD+/-P. Therefore, considering the current findings that rCBF was not 

abnormal in these regions, it remains to be investigated what other factors 

might be contributing to the aberrant BOLD signals shown in other studies. 

For instance, it is possible that the inconsistency in evidence relating to 

amygdala impairments might be associated with variable accounting of 

comorbid mental health problems or substance use. With this in mind 

however, it must be noted that the central role of functional impairments 

in the amygdala, particularly in psychopathy, has recently become more 

disputed (Deming et al., 2022). Hence, the current findings may also 

contribute to this recent development in the literature.  

With respect to the lack of a treatment effect on the amygdala and anterior 

insula, it is important to consider some methodological aspects of this 

study. For instance, it has been shown that the effect of OT on rCBF is most 

noticeable globally 39-51 minutes after OT administration, and after 24-32 

minutes in the amygdala (Martins, Mazibuko, et al., 2020; Paloyelis et al., 

2016). However, with regards to the anterior insula, rCBF increases have 

been reported up to 95 minutes post OT administration (Martins, Mazibuko, 

et al., 2020). In the current study, the ASL scan took place on average 85 

minutes after administration. This was due to procedural limitations as the 

MRI protocol involved other scans prior to the ASL scan. Therefore, it is 

possible that the time window to detect effects of OT on the amygdala – if 

indeed they existed – was simply missed. Alternatively, the lack of 
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treatment effects in the amygdala and the anterior insula could be 

associated with low statistical power. Given the previously suggested 

contribution of amygdala and anterior insula abnormalities to ASPD+/-P as 

well as their important role in the oxytocinergic system, future research 

could assess the effect of OT on amygdala and anterior insula rCBF in 

ASPD+/-P at earlier time points and at different doses.  

There were some limitations of the current study. First, as noted above, 

the post-dose time delay (ca. 85 minutes on average) was on the upper 

end of what has previously been investigated in studies looking at the effect 

of OT on rCBF (Martins, Mazibuko, et al., 2020; Paloyelis et al., 2016). 

Although Martins and colleagues (2020) did show effects of OT up to 95 

minutes post-dose, including in the insula, it is possible that the effect of 

OT in the current study was underestimated. Also as mentioned above, this 

might particularly be the case for brain areas like the amygdala, where the 

effect of OT was so far only identified much earlier (Martins, Mazibuko, et 

al., 2020). Second, although the current sample size was adequately 

powered to detect between-group differences in rCBF in a crossover design 

(K. Murphy et al., 2011), it was too small to reasonably detect correlations 

between significant rCBF clusters and phenotypic features. For such brain-

behaviour correlations, it has been suggested that at least 1000 subjects 

would be required (Marek et al., 2022). This means the correlations must 

be interpreted very cautiously. Finally, main analyses did not covary for the 

presence of a lifetime substance use disorder or the having a positive urine 

drug test because substance use is an inherent component of the clinical 

phenotype of ASPD (Trull et al., 2010), and accounting for it may remove 

important variance. The sensitivity analyses did reveal however that recent 

drug use was negatively related to rCBF in clusters 1 and 3. It is worth 

noting that previous studies which accounted for substance use or 

psychotropic medication use showed that this did not explain rCBF 

reductions found in ASPD (Soderstrom et al., 2000, 2002; Sutherland & 

Fishbein, 2017).  
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In conclusion, this first study using ASL to measure rCBF discovered novel 

evidence that ASPD+/-P have both shared and different resting-state 

functional neurobiological mechanisms. This adds support to the notion of 

stratifying ASPD into more biologically homogenous subgroups (i.e., those 

with and without psychopathy). Furthermore, it provided the first evidence 

that OT differentially modulates rCBF in ASPD-P individuals. This lends 

support to the further exploration of OT as a potential therapeutic agent 

using more personalised medicine approaches. That is, the results suggest 

that treatment approaches need to target the features of each subtype 

differently.  
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6 A resting-state fMRI investigation 

into large-scale network functional 

connectivity and the effect of 

intranasal oxytocin in violent 

offenders with ASPD 

6.1  Introduction  

Antisocial personality disorder (ASPD) remains difficult to treat. This is 

partially because a comprehensive understanding of the underpinning 

neurobiological mechanisms is not yet available. As described in earlier 

chapters, existing research in ASPD populations has begun to demonstrate 

abnormalities in brain structure, resting-state regional cerebral blood flow 

(rCBF), and functional connectivity (FC). FC reflects the pattern of complex 

temporal correlations of spontaneous neural activation between 

anatomically defined and spatially remote brain regions. FC is typically 

explored using resting-state functional magnetic resonance imaging (rs-

fMRI) when the brain is not engaged in any externally specified activity. 

While resting-state FC is closely coupled with individuals’ active brain 

function (Tavor et al., 2016; Thiebaut De Schotten & Forkel, 2022), this 

task-free approach enables the exploration of neurobiological mechanisms 

which are not constrained by task selection, demand, performance, or 

strategy (Bressler & Menon, 2010; Lv et al., 2018). As such, resting-state 

FC has been used to offer insight into intrinsic functional networks, that is, 

the dynamic systems of communication and interaction between individual 

brain areas. Differences in FC are likely to be important in understanding 

the anomalous neurobiological mechanisms that underpin interpersonal 

and behavioural impairments associated with ASPD.  

Previous studies have identified aberrant FC of individual brain regions 

(seeds) associated with sociocognitive impairments (e.g., emotion 

processing, moral reasoning, learning) in individuals with ASPD and 
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psychopathy. For instance, there is evidence that offenders with high levels 

of psychopathy compared to offenders with low levels and non-offenders 

have reduced FC of the ventromedial/orbitofrontal prefrontal cortex, 

anterior cingulate, insula, medial parietal cortex (i.e., posterior cingulate, 

precuneus), amygdala, striatum, and thalamus (Contreras-Rodríguez et al., 

2015; Decety, Chen, et al., 2013; Hosking et al., 2017; Ly et al., 2012; 

Motzkin et al., 2011; Nummenmaa et al., 2021; Pujol et al., 2012). Similar 

findings have been shown in offenders with ASPD compared to healthy non-

offending comparison subjects (H. Liu et al., 2014; Tang, Liu, et al., 2013), 

as well as in a recent meta-analysis of individuals with antisocial behaviour 

(Dugré & Potvin, 2021). These findings are further supported by evidence 

of reduced white matter structural connectivity between frontotemporal 

and frontoparietal cortical and subcortical regions in ASPD and psychopathy 

(Craig et al., 2009; W. Jiang, Shi, Liu, et al., 2017; Motzkin et al., 2011; 

Sethi et al., 2015). Taken together, these prior studies were a valuable first 

step, suggesting that the communication between individual brain regions 

that are important for sociocognitive functioning is abnormal in ASPD and 

psychopathy.  

However, the complexity of sociocognitive functioning requires multiple 

rather than individual brain regions to communicate with each other 

(Thiebaut De Schotten & Forkel, 2022). Seed-based FC studies may lead to 

the overestimation of dysfunction in one area relative to the rest of the 

brain, and potential FC abnormalities of other brain regions or larger 

networks may be missed (Cole et al., 2010). Therefore, another approach 

to understanding FC abnormalities in psychiatric disorders involves the 

analysis of FC across the whole brain, by assessing the connectivity of 

large-scale intrinsic functional networks. Large-scale networks reflect a 

collection of brain areas that have highly correlated FC, typically identified 

through independent component analysis of the timeseries of individual 

voxels (Biswal et al., 1995). They have functional relevance (Laird et al., 

2011) and are typically stable over time (Damoiseaux et al., 2006). 
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Commonly identified networks include the default mode network (DMN), 

the frontoparietal network (FPN; otherwise known as the attention and 

executive control network), the salience network (SAL; otherwise known as 

the cingulo-opercular network) and the medial-temporal network (MTN; 

otherwise known as the subcortical/limbic network) (Menon, 2011; Uddin 

et al., 2019). The DMN is involved in self-referential processes and 

internally oriented attention. It is typically less active during externally 

oriented attention and goal-directed behaviour (Harrison et al., 2008; Mak 

et al., 2017). In contrast, the FPN is usually more active during active task 

engagement and executive functioning (Uddin et al., 2019). The SAL is 

involved in the detection of salient, behaviourally relevant information, and 

it is also important for empathic processing (Engen & Singer, 2013; Uddin 

et al., 2019). It has been suggested that the SAL has an important function 

in mediating the dynamics between the DMN and the FPN (Zhou et al., 

2018). Finally, the MTN typically encompasses limbic/paralimbic structures 

such as the amygdala- hippocampus formation and the entorhinal and 

parahippocampal cortices (Dipasquale et al., 2019; Veer et al., 2010), thus 

including areas which are thought to be dysfunctional in ASPD and 

psychopathy (Deming & Koenigs, 2020; Dugré & Potvin, 2021).  

Dysfunction within and between these networks has previously been 

reported in ASPD and psychopathy. For example, a study of a group of 

offenders with ASPD compared to healthy non-offenders revealed reduced 

FC in the DMN and FPN (Tang, Jiang, et al., 2013). Furthermore, research 

in offenders revealed that FC in the DMN, FPN, and SAL correlates 

negatively with PCL-R total psychopathy and factor 1 scores (interpersonal-

affective traits), but positively with factor 2 scores (impulsive-antisocial 

traits) (Philippi et al., 2015). Another study using a large sample of 

offenders with varying degrees of psychopathic traits further highlighted 

the relationship with factor 1 scores, as only these were associated with 

abnormal FC in several large-scale networks, including the DMN, FPN, SAL, 

and MTN (Espinoza et al., 2018). Importantly, these three studies all 
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revealed aberrant FC both within and between the stated networks. 

Moreover, the large-scale networks that were shown to be abnormal in 

these three studies encompass regions identified to have abnormal FC in 

the seed-based analyses. Together, this prior work suggests that the 

dynamics of functional communication across the brain is altered in ASPD 

and psychopathy (Espinoza et al., 2019; Hamilton et al., 2015; Pu et al., 

2017).  

However, these studies have important limitations. The sample studied by 

Tang et al. (Tang, Jiang, et al., 2013) was a young adult sample aged 18-

22, meaning that the brain regions studied had not reached full maturity, 

particularly the frontal regions. They also did not capture psychopathic 

traits within their ASPD sample, nor the extent of violent offending. In turn, 

the two studies using samples of psychopathic offenders (Espinoza et al., 

2018; Philippi et al., 2015) did not specify the presence/absence of ASPD 

in their sample, limiting the potential generalization of findings. 

Furthermore, all three of these prior studies either selected multiple seed 

regions typically associated with the large-scale networks a priori (Philippi 

et al., 2015) or they correlated activity between pairs of regions and 

attributed these to large-sale networks a posteriori (Espinoza et al., 2018; 

Tang, Jiang, et al., 2013). Thus, none of the studies assessed FC of a 

network as a whole. They also used their own data to identify the temporal 

correlations that were analysed, rather than using externally sourced 

imaging data. Such an approach has the potential to introduce bias 

(Bijsterbosch et al., 2017), including, for example, finding temporal 

correlation structures that are inherent to that particular clinical sample but 

which are not reflective of a non-clinical, non-offending population. This 

potential bias likely limits the replicability and comparability of the findings. 

Dual regression could be used to explore these issues (D. V. Smith et al., 

2014), and will be used for the first time in ASPD in this study. It produces 

a ‘version’ of each network for each subject by applying the spatial network 

maps (i.e., the components identified through group independent 
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component analysis) to individual data in a whole-brain voxel-wise analysis. 

Higher-level within-network analyses can then assess whether the 

‘versions’ of these networks differ, for instance revealing that a brain area 

is correlated with the component and thus within the network in one group 

but not another. It is thus more likely to capture inter-individual variability 

than the approaches used in previous studies. Additionally, dual regression 

can also be used to analyse between-network connectivity, which has also 

not previously been examined using this approach in ASPD or psychopathy.  

A thorough understanding of within- and between-network connectivity 

abnormalities as a potential neurobiological mechanism underpinning ASPD 

and psychopathy is also important because of the potential functional 

implications. Two recent meta-analyses of conduct disorder, ASPD, and 

psychopathy highlighted that areas with task-based functional impairments 

largely map onto these large-scale networks (Deming & Koenigs, 2020; 

Dugré & Potvin, 2021). Large-scale network FC abnormalities might thus 

relate to behavioural factors such as aggression, or cognitive deficits 

including impaired emotion processing, reinforcement-based decision-

making, delay discounting, and disinhibition. Indeed, studies have revealed 

that characteristic features of ASPD and psychopathy such as reactive and 

proactive aggression appear to be related to FC in offenders and others 

prone to violence (Kolla et al., 2018; Romero-Martínez et al., 2019; Siep 

et al., 2019; Werhahn et al., 2021). However, the relationship between 

large-scale network FC abnormalities and behavioural and cognitive factors 

in ASPD and psychopathy has not yet been studied. This will be addressed 

in the current study for the first time.  

Importantly, no study to date has explored whether the observed FC 

abnormalities in ASPD and psychopathy can be modulated by 

pharmacological challenges. This is important because if abnormalities in 

FC can be ‘shifted’ by pharmacological agents, these could subsequently be 

investigated for their potential to treat functional and behavioural 

difficulties. One such agent is oxytocin. Oxytocin is a neuropeptide which 
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has been studied in the context of disorders characterized by sociocognitive 

impairments, including ASPD and psychopathy (Timmermann et al., 2017; 

Tully et al., 2022). It modulates rCBF and brain activity in limbic and 

paralimbic frontotemporal, medial parietal and subcortical regions which 

are known to be implicated in ASPD and psychopathy, and which have 

heightened oxytocin receptor density (Boccia et al., 2013; Grace et al., 

2018; Martins, Brodmann, et al., 2022; Martins, Mazibuko, et al., 2020; 

Quintana, Rokicki, et al., 2019; Tully et al., 2018, 2022). In healthy 

individuals (mostly males), meta-analyses have suggested that intranasally 

administered oxytocin (OT) also modulates brain FC, typically diminishing 

FC of medial parietal regions such as the posterior cingulate and precuneus 

(areas associated with the DMN) and enhancing FC between the amygdala 

and the medial prefrontal cortex (areas associated with the MTN and SAL) 

(Bethlehem et al., 2013; Grace et al., 2018; X. Jiang et al., 2021; Kumar 

et al., 2020; S. H. Seeley et al., 2018; H. Wu et al., 2020). In line with this, 

large-scale network analyses show that OT alters within- and between-

network FC, reducing DMN activity while enhancing SAL activity (Brodmann 

et al., 2017; Xin et al., 2021). The effect of OT on the MTN has not been 

assessed, but considering this network contains structures that show 

enhanced FC in response to OT (e.g., amygdala) (Bethlehem et al., 2013), 

it is possible that wider connectivity across this network could also be 

increased. Therefore, it is apparent that OT shifts the dynamics of functional 

communication across the brain (X. Jiang et al., 2021; Q. Wu et al., 2022). 

No study to date has examined the impact of OT on FC in ASPD and 

psychopathy.  

The current study addressed limitations of previous research by including 

a carefully characterized sample of offenders across adulthood and using a 

novel data analytic approach (dual regression). It aimed to assess FC within 

and between large-scale networks in male violent offenders with ASPD and 

varying degrees of psychopathy, relative to healthy non-offending controls. 

Furthermore, it had the novel aim to investigate whether OT could modulate 
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FC, testing the ‘shiftability’ of any observed abnormalities in the ASPD 

group. Last, this study sought to explore the relationship between large-

scale network FC and its responsivity to OT with several phenotypic 

characteristics of ASPD. Based on the prior research described above, it 

was hypothesized that the ASPD group would show abnormal within-

network FC of the DMN (possibly increased), the SAL (possibly decreased), 

and the MTN (possibly decreased); and abnormal between-network FC of 

the DMN and the SAL. Furthermore, it was hypothesized that OT would 

modulate FC differences both within and between these networks, possibly 

enhancing potential SAL hypoconnectivity in the ASPD group. There was no 

specific hypothesis for the correlation between FC and phenotypic 

measures, as this investigation was exploratory in nature.  

6.2  Methods  

6.2.1 Participants  

This study included 19 male violent offenders with a diagnosis of ASPD and 

19 male non-offending (NO) healthy control participants. For the current 

analysis, violent offenders were not categorized into ASPD+/-P groups 

because the final sample sizes were too small. However, according to the 

PCL-R Interview (Hare, 1991), 12 violent offenders scored above the 

European cut-off of 25 (Cooke & Michie, 1999). Across both groups, 

participants were included if they were aged between 18 and 60 at time of 

consent, had an IQ above 70 (as per WASI-II (Wechsler, 2011)), did not 

suffer from any current or past neurological illness/trauma, and if it was 

safe for them to undergo an MRI scan. Offenders were recruited from South 

London medium secure clinical forensic services and National Probation 

Services. They were selected based on having a history of violent offending, 

with convictions including assault, actual/grievous bodily harm, armed 

robbery, rape, manslaughter, or murder. Offenders were excluded if they 

had a comorbid mood or psychotic disorder. Healthy NO control participants 

were recruited through purposive sampling from the general community via 

advertisements placed online and in public spaces in the local area. They 
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were eligible for inclusion if they did not have any history of offending and 

did not currently or historically meet the criteria for mental illness or 

personality disorder.  

The study was approved by London City and East Research Ethics 

Committee and the Health Research Authority (reference: 15/LO/1083), as 

well as the National Offender Management Services Research Committee 

(reference: 2016-382). All participants completed signed informed consent.  

6.2.2 Study design and procedure 

This study used a double-blind, placebo-controlled, randomized crossover 

design. All participants attended an assessment day where diagnostic 

interviews and IQ testing were completed. The SCID-5-PD (First et al., 

2015) and the SCID-5-CV (First et al., 2016) were used to confirm the 

ASPD diagnosis and to assess for any other comorbidities. The PCL-R 

interview was conducted to measure the severity of psychopathic traits. 

Participants also completed the reactive-proactive aggression questionnaire 

(RPQ) (Raine et al., 2006). Participants attended two further days where 

an identical protocol of MRI sequences including the resting-state fMRI scan 

and neurocognitive testing were completed. These were scheduled on 

average 16 days apart. On each day, participants completed a urine drug 

screening test to check for recent substance use. Participants were 

randomly - and blindly - allocated to receive an OT (Syntocinon, Novartis, 

Switzerland) or placebo dose (PL; same ingredients but without oxytocin). 

They received the alternative on the second day. Each OT dose contained 

40 IU, and was self-administered via a nose spray, inhaling one puff every 

30 seconds in alternating nostrils. This process was supervised by the 

researcher. The selected dose was in line with other studies testing the 

effect of OT on brain activity and behaviour and corresponds with safety 

standards (MacDonald et al., 2011; Martins et al., 2021; Martins, 

Brodmann, et al., 2022; Paloyelis et al., 2016). The resting-state fMRI scan 

(08:10 minutes) was acquired 92 (±9 minutes) and 90 (±14 minutes) after 
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the final PL and OT dosing puff, respectively. This time delay is referred to 

as the variable ‘minutes since dose’ in the subsequent analyses.  

6.2.3 Image acquisition 

The resting-state fMRI scan was acquired on a General Electric MR750 

3Tesla MRI scanner with a 32-channel C-RMNova head coil. A T2*-weighted 

whole-brain multi-echo echo planar imaging (EPI) sequence with 192 

volume per echo and 24576 images in total was acquired during each 

scanning session (32 horizontal slices top-to-bottom parallel to the 

anterior-posterior commissure line, slice thickness = 3 mm, slice gap = 1 

mm, TR = 2500 ms, TE = 4 echoes at 12, 28, 44 and 60 ms, FA = 80°, 

FOV = 240 x 240 mm2; matrix = 64 x 64, voxel resolution = 3.75 x 3.75 x 

3 mm3). Participants were instructed to remain still, stay awake, focus on 

a fixation cross and to let their mind wander. A high-resolution T1-weigthed 

structural image was also acquired and used for anatomical co-registration 

(196 image, slice thickness = 1.2 mm, slice gap = 1.2 mm, TR = 7.32 ms, 

TE = 3.02 ms, TI = 400 ms, FA = 11°, FOV = 270 x 270 mm2, matrix = 

256 x 256, voxel resolution = 1.05 x 1.05 x 1.2 mm3). The same scan was 

used for co-registration as was analysed in chapter 4.  

6.2.4 Image pre-processing 

The resting-state fMRI data was pre-processed for this analysis and the 

graph theory analysis simultaneously. Details and justifications of the fMRI 

pre-processing steps are provided in the Methods chapter. In summary, 

these steps included: (1) skull-stripping and brain extraction of structural 

image to prepare a study-specific anatomical template; (2) calculation of a 

transformation matrix of this template to MNI152 standard space; (3) brain 

tissue extraction from the resting-state fMRI image; (4) splitting of the first 

three echoes and removal of the fourth echo in preparation for subsequent 

denoising by optimally combining the data using a weighted average 

approach; (5) slice timing correction; (6) motion correction including 

timeseries de-spiking, and volume registration and realignment by applying 

six rigid-body transformation parameters (images with a framewise 
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displacement value larger than 0.25 mm were excluded); (7) further noise 

artefact removal using multi-echo independent component analysis; 8) co-

registration of the final denoised resting-state fMRI image to T1 native 

space in preparation for tissue segmentation; (9) removal of timeseries 

associated with signal from white matter and cerebrospinal fluid; (10) high-

pass temporal filtering to remove low signal frequencies (<0.02 Hz); (11) 

normalization of the co-registered resting-state fMRI images to MNI152 

space by application of the previously calculated transformation matrix 

from step (2); (12) spatial smoothing with a 6-mm full-width-half-

maximum Gaussian kernel. The global signal was not regressed out as this 

may have adverse effects on the data, including the production of anti-

correlations (Cheng et al., 2021; Fox et al., 2009). 

6.2.5 Statistical analysis: demographic and clinical 

characteristics 

The demographic and clinical characteristics of the ASPD and NO groups 

were compared using SPSS26 (IBM Corp, 2019). Two-sample independent 

t-tests (or Mann Whitney U in case of violation of assumptions) were used 

to compare age, IQ, years in education, PCL-R and RPQ scores. The groups 

did not significantly differ in age or IQ. Chi-squared (χ2) tests (or Fisher 

exact test in case of violation of assumptions) were used to assess 

differences in the frequency of positive urine drug screening tests on the 

days of the MRI assessments. Due to the study design, the frequency of 

comorbid disorders and conviction information were not subject to group 

comparisons because they were not present in the NO group. 

6.2.6 Statistical analysis: large-scale network analysis 

Due to the nature of this analysis, only participants who completed both PL 

and OT sessions could be included. The final pre-processed and smoothed 

images were prepared for FSL dual regression to analyse within- and 

between- large-scale network FC (Beckmann et al., 2009; Nickerson et al., 

2017). Figure 3.5 in the Methods chapter contains the overview of the dual 

regression analysis process. Stage 1 of dual regression identified the unique 
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timeseries for each subject and each treatment session by applying 13 

spatial regressors to the pre-processed input data. The spatial regressors, 

i.e., the template whole-brain thresholded spatial maps of 13 large-scale 

networks, were previously identified as functionally relevant components in 

a group independent component analysis of resting-state fMRI data 

conducted in the MELODIC toolbox in FSL 

(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/MELODIC). This data came from an 

independent healthy adult male sample (n = 21), collected in the same MRI 

scanner with largely similar parameters and pre-processed using similar 

steps as the current study (Dipasquale et al., 2019). The identified 

networks have repeatedly been described and referred to in other large-

scale network research (Damoiseaux et al., 2006; Menon, 2011; Uddin et 

al., 2019; Veer et al., 2010). They include the (1) primary visual network, 

(2) sensorimotor network, (3) DMN, (4) medial visual network, (5) auditory 

network, (6) lateral visual network, (7) MTN, 8) cerebellum, (9) SAL, (10) 

task positive network, (11) ventral stream network, (12) right lateral 

network, and (13) thalamic network. Figure 6.1 provides a visualization of 

these networks, with FC values for each voxel thresholded at |z| ≥ 3 to 

help show which brain regions typically have higher functional connectivity 

with each other, weighted by the group independent component analysis 

to contribute more to the network. Note that these 13 spatial network maps 

do not include one that fits the brain areas traditionally included in the FPN. 

This was only noted in hindsight. Stage 2 of the dual regression then applied 

the unique timeseries of each of these 13 networks, generated in the first 

stage, to the individual pre-processed input data to produce subject- and 

session-specific 4D spatial maps. Importantly, its reliance on multiple 

regression allowed the calculation of the weighted connectivity of one 

network with voxels across the entire brain while accounting for the 

connectivity of all other networks.  

The within-network analysis used the spatial maps generated in stage 2 of 

the dual regression. It assessed FC across the whole brain, i.e., without 
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being spatially bound to the thresholded network maps. Thus, it identified 

group or treatment differences in the network shape and size, that is, the 

extent to which any given brain area (cluster) was functionally connected 

with the rest of the network. To do this, the spatial maps generated in stage 

2 were prepared for a partitioned errors approach analysis. An average 

spatial map for each of the 13 networks (averaging PL and OT) for each 

subject was used to assess the main effect of group, using a two-sample t-

test in SPM12 (https://www.fil.ion.ucl.ac.uk/spm/); a subtracted spatial 

map (OT minus PL) was used to assess the main effect of treatment, using 

a one-sample t-test; and the subtracted spatial map was also used to 

assess the group by treatment interaction effect, using a two-sample t-test. 

For the main effect of group and the interaction effect, t-contrasts assessing 

NO > ASPD and NO < ASPD were specified. For the main effect of 

treatment, only one t-contrast was required to interpret the one-sample t-

test. Minutes since dose and age were included as covariates of no-interest 

in all analyses.  

https://www.fil.ion.ucl.ac.uk/spm/
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Note: These were identified through group independent component analysis in an independent sample of healthy individuals’ resting-state fMRI data. This figure is copied from 

(Dipasquale et al. (2019).

Figure 6.1 Large-scale network templates. 
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A whole-brain cluster-level inference at α = .05 using family-wise error 

correction for multiple comparisons was applied. In line with the convention 

for BOLD resting-state fMRI  (S. M. Smith et al., 2013), only clusters which 

survived the cluster-defining threshold of p = .001 were interpreted. For 

any significant cluster, the resulting one-tailed p-values were then 

multiplied by 2 to create two-tailed p-values for interpretation. 

Furthermore, to correct for multiple comparisons across the networks, 

Bonferroni corrections were applied. For p-values relating to the three 

networks selected as candidates of interest a priori (DMN, MTN, SAL), the 

adjusted alpha threshold was p = .02. For p-values relating to the 

remaining ten networks included in the exploratory whole-brain analysis, 

the adjusted alpha threshold was p = .005. For any cluster with a significant 

effect, the individual beta-values (parameter estimates, i.e., the correlation 

coefficients) which represent the FC of the respective large-scale network 

with this significant cluster were extracted by applying a binary mask of the 

significant cluster onto the subject- and session-specific spatial maps 

generated in stage 2 of the dual regression. To interpret significant 

interaction effects, the extracted beta values were compared using post-

hoc simple main effects with the Sidak correction for multiple comparisons.  

The between-network analysis assessed the correlation between any two 

functional networks. This utilized the timeseries created in stage 1 of the 

dual regression and was thus spatially bound to the thresholded network 

maps. The FSLNets package (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSLNets) 

was used in Matlab (S. M. Smith et al., 2013). The timeseries for each 

subject and each session were prepared for analysis in a similar manner as 

above. To assess the main effect of group, the PL and OT timeseries were 

averaged for each subject. To assess the main effect of treatment and the 

interaction effect, the timeseries for OT and PL were subtracted from each 

other for each subject. Age and minutes since dose were included as 

covariates of no-interest. FSLNets produced z-scores representing the full 

correlations between each of the networks. The correlation between the 

https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSLNets
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two networks selected as candidates of interest a priori (DMN, SAL) was 

followed by an exploratory analysis, which assessed the correlation 

between all 13 networks. The exploratory analysis was corrected for family 

wise error within FSLNets and false discovery rate (FDR) was applied 

(threshold p < .00001).  

6.2.7 Statistical analysis: correlation with phenotype  

Partial Pearson correlations were conducted to assess the relationship 

between within-network FC abnormalities and responsivity to OT with 

phenotypic variables (clinical, behavioural, and cognitive characteristics). 

This was conducted in the ASPD participants only. The extracted beta 

values from clusters with a significant main effect of group or interaction 

effect (if simple main effects revealed a significant within-group change for 

ASPD) were used. The clinical variables included the PCL-R total, factor, 

and facet scores. The behavioural phenotyping variables included 

conviction information and aggression (RPQ) scores. The cognitive 

variables included standardized scores from the five neurocognitive 

assessments described in detail in the Methods chapter. These focused on 

emotion recognition and detection, reinforcement-based decision-making, 

delay discounting, and disinhibition.  

For correlations with findings from a significant main effect of group, 

extracted beta values from the respective PL and OT data were averaged. 

For correlations with findings from a significant interaction effect, the 

extracted values were subtracted (OT minus PL). This was done to ensure 

compatibility with the main analysis. Age and minutes since dose were 

included as covariates of no-interest. FDR was applied to correct for 

multiple comparisons within each analysis and across each phenotypic 

cluster and bootstrapped 95% confidence intervals were also calculated.  
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6.3  Results 

6.3.1 Demographic and clinical characteristics  

Table 6.1 shows the demographic and clinical characteristics of the sample. 

By nature of the design, the groups were similar in age and IQ. However, 

as expected, the groups significantly differed on years in education, PCL-R 

total, factor and facet scores, and total, reactive, and proactive aggression 

scores. In this analysis, the two groups did not significantly differ on the 

presence of a positive urine screening test during either session. 

Nevertheless, a supplementary post-hoc sensitivity analysis assessed 

whether having a positive urine drug screening test on the day of either 

scan predicted any significant findings from the main analysis (see Table 

S3). Information on comorbid disorders and conviction history for the ASPD 

group is also shown in Table 6.1.  

Demographic ASPD NO Main test statistic 
N 19 19  

Age, mean (SD) 42.47 (10.05) 37.42 (10.02) U = 125.50, p = .11 
IQ, mean (SD) 95.28 (14.49) 99.42 (10.95) U = 147.00, p = .47 
Years in education, mean (SD) 10.32 (1.83) 14.16 (3.32) U = 47.00, p < .001 

+P, N (%) 12 (63%) 0 (0%) . 
PCL-R Total, mean (SD) 24.55 (6.94) 2.84 (3.11) U = 1.00, p < .001 
PCL-R Factor 1, mean (SD) 8.02 (3.40) 1.16 (1.71) U = 25.00, p < .001 
PCL-R Facet 1, mean (SD) 3.70 (2.15) .74 (.99) U = 41.50, p < .001 
PCL-R Facet 2, mean (SD) 4.32 (2.24) .47 (.84) U = 29.00, p < .001 
PCL-R Factor 2, mean (SD) 14.11 (3.23) 1.21 (1.51) U = 0.00, p < .001 
PCL-R Facet 3, mean (SD) 6.42 (1.84) 1.11 (1.29) U = 5.00, p < .001 
PCL-R Facet 4, mean (SD) 7.63 (1.95) .53 (1.22) U = 2.00, p < .001 

Cluster A, N (%) 3 (16%) 0 (0%) . 
Cluster B, not ASPD, N (%) 5 (26%) 0 (0%) . 
Cluster C, N (%) 3 (16%) 0 (0%) . 

Substance Use Disorder, N (%)  4 (21%) 0 (0%) . 
ADHD, N (%) 2 (11%) 0 (0%) . 

Positive urine drug test PL, N (%) 10 (52%) 5 (26%) χ2 = 2.75, p = .18 
Positive urine drug test OT, N (%) 11 (69%) 5 (26%) χ2 = 3.89, p = .10 

Total Convictions, mean (SD) 27.53 (24.12) . . 
Violent Convictions, mean (SD) 3.84 (2.81) . . 
Age 1st Violent Conviction, mean (SD) 20.11 (5.68) . . 
Presence of reconviction 2 (11%) . . 

Total Aggression, mean (SD) 24.94 (11.23) 6.65 (4.37) U = 21.00, p < .001 
Reactive Aggression, mean (SD) 14.31 (5.38) 5.94 (3.82) t(31) = -5.18, p < .001 
Proactive Aggression, mean (SD) 10.63 (6.38) .71 (1.21) U = 14.00, p < .001 

Table 6.1 Demographic and clinical characteristics of the participants included in the large-scale network 
analysis. 

Note: Some participants did not complete the RPQ (final ASPD N = 16, NO N = 17). SD = standard deviation, 
PL = placebo, OT = oxytocin, +P = individuals with ASPD and a PCL-R score above the cut-off of 25, U-statistic 

= Mann Whitney U, χ2 = chi-squared test of independence, t-statistic = t-test. RPQ = reactive-proactive 
aggression questionnaire.  
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6.3.2 Large-scale network analysis 

6.3.2.1 Within-network analysis  

Table 6.2 summarizes the significant findings identified in the within-

network analysis. Amongst the candidate networks, significant main effects 

of group were identified in the MTN and SAL, indicating these networks 

have a different shape within each group (Figure 6.2). In the ASPD group, 

the MTN demonstrated decreased FC in the right superior frontal gyrus, as 

well as increased FC in the bilateral orbitofrontal cortex (OFC), midcingulate 

cortex, anterior insula, caudate and putamen (note that the midcingulate 

cortex finding was approaching significance after Bonferroni correction for 

multiple comparisons). Furthermore, the SAL demonstrated decreased FC 

in the right superior and middle temporal gyrus. There were no significant 

main effects of treatment or interaction effects in the candidate networks.  

The exploratory analysis revealed several significant main effects of group 

within other networks (Table 6.2, Figure 6.3). In the ASPD group, the 

lateral visual network demonstrated decreased FC in the bilateral medial 

superior frontal gyrus and anterior midcingulate cortex. The primary visual 

network exhibited decreased FC in the right angular gyrus, superior and 

middle temporal gyrus and supramarginal gyrus, and the thalamic network 

demonstrated increased FC in the thalamus (latter findings not significant 

after correction for multiple comparisons). No significant main effect of 

treatment was found. However, there was a significant group by treatment 

interaction effect within the thalamic network (approaching significance 

after correction for multiple comparisons). Simple main effects revealed 

that under PL, the middle and inferior temporal gyrus of ASPD group 

exhibited significantly higher FC than the NO group. OT administration 

significantly decreased FC in the ASPD group, while also significantly 

increasing FC in the NO group, abolishing group differences (Figure 6.4). 
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 Cluster name Hemi. Cluster description X Y Z k PFWE-corr 

One-
tailed 

PFWE-corr 

Two-
tailed 

Candidate networks 
Main effect of group 
ASPD < NO 
Medial-temporal network  AprClus1 RH Superior frontal gyrus 26 64 8 330 .004 .008 
Salience network  AprClus2 RH Superior and middle temporal gyrus 60 -42 6 297 .004 .008 

ASPD > NO 

Medial-temporal network  
AprClus3 RH OFC, anterior insula, caudate, putamen 26 30 -4 1527 <.0001 <.0002 
AprClus4 LH OFC, anterior insula, caudate, putamen -26 26 -4 676 <.0001 <.0002 
AprClus5 Both Midcingulate 6 -12 28 261 .013 .026 ⴕ 

Whole-brain analysis 
Main effect of group 
ASPD < NO 
Primary visual network  ExpClus1 RH Angular gyrus, superior and middle 

temporal gyrus, supramarginal gyrus 
50 -52 24 222 .019 .038 ◊ 

Lateral visual network  ExpClus2 Both Medial superior frontal gyrus, anterior 
midcingulate 

0 46 28 619 <.0001 <.0002 

ASPD > NO          
Thalamic network  ExpClus3 LH Thalamus -18 -24 14 301 .007 .014  ◊ 

Interaction effect 
Thalamic network  ExpInteractClus1 RH Middle and inferior temporal gyrus 56 -34 -18 307 .003 .006 ⴕ 

Table 6.2 Results from the within-network functional connectivity analysis. 
Note: The top part of the table shows the results from the candidate networks selected a priori, and the lower part of the table shows the results from the 

exploratory analysis. All clusters survived the cluster-defining threshold of p = .001. The original one-tailed and adjusted two-tailed group or interaction effect 
significance values for all clusters are shown in the table. Due to the novelty of this analysis, and in line with other studies (Nomi & Uddin, 2015; Uddin et al., 

2013), all significant findings were interpreted, even if the Bonferroni-corrected two-tailed p-values did not survive the Bonferroni correction for multiple 

comparisons. For transparency, those p-values which did not survive this correction are marked: ◊ Corrected two-tailed p-value not significant, ⴕ Corrected two-

tailed p-value is approaching significance. Those without a symbol survived Bonferroni correction. RH = right hemisphere, LH = left hemisphere, OFC = 

orbitofrontal cortex. Clusters labelled according to Automated Anatomical Labelling (AAL3) atlas built into SPM12 and confirmed by mapping MNI peak coordinates 
to Talairach space and Brodmann areas in BioImage Suite (https://bioimagesuiteweb.github.io/bisweb-manual/tools/mni2tal.html).  

https://bioimagesuiteweb.github.io/bisweb-manual/tools/mni2tal.html).
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Figure 6.2 Visualization of the significant group differences identified in the within-network functional connectivity analysis of candidate networks. 

Note: The violin plots (with box plots inside) show the EMM and individual points (residuals) to see the spread of data. Note: EMMs = estimated marginal means. 
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Figure 6.3 Visualization of the significant group differences identified in the within-network functional connectivity analysis of non-candidate networks. 
Note: The violin plots (with box plots inside) show the EMM and individual points (residuals) to see the spread of data. Note: EMMs = estimated marginal means. 
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Note: The line plot shows the EMMs and provide the Sidak-corrected p-values associated with the simple main 

effects, and the Spaghetti plot shows the individual responses to the OT challenge (standardized residuals 

accounting for covariates of no-interest). EMMs = estimated marginal means. 

6.3.2.2 Between-network analysis 

The analyses assessing the full correlations between the candidate 

networks selected a priori, as well as the exploratory analysis assessing full 

correlations between all networks did not reveal any significant findings.  

6.3.3 Correlation with phenotype  

Within the ASPD participants only, two correlations survived the FDR 

correction for multiple comparisons (Table 6.3). There was a significant 

Figure 6.4 Visualization of the cluster showing the significant group by treatment interaction effect in the within-

network functional connectivity analysis. 
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negative relationship between accurate response reversal in the 

reinforcement-based decision-making task and FC in AprClus3 (right OFC, 

anterior insula, putamen and caudate; r = .724, FDR-corrected p = .04, 

95% confidence intervals = -.885 – -.425) and AprClus4 (left OFC, anterior 

insula, putamen and caudate; r = -.669, FDR-corrected p = .05, 95% 

confidence intervals = -.867 – -.320). Figure 6.5 therefore shows that as 

FC in the MTN decreased, the ability to accurately adapt decision-making 

improved. There were additional correlations which showed significance 

prior to FDR correction for multiple comparisons, as shown in Table 6.3, 

however these were not interpreted.      

 

Figure 6.5 Significant negative correlation between functional connectivity in MTN and response reversal 
accuracy.   

Note: Correlations in ASPD subjects only. Panel A shows FC of MTN within AprClus3, which is the right OFC, 
anterior insula, caudate, and putamen, and panel B shows FC of MTN within AprClus4, which is the left OFC, 

anterior insula, caudate, and putamen. Orange lines indicate that the ASPD group had significantly higher FC 
than the NO group within this network cluster. MTN = medial temporal network, FC = functional connectivity, 

OFC = orbitofrontal cortex. 
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 Candidate networks Exploratory networks 

AprClus1 AprClus2 AprClus3 AprClus4 AprClus5 ExpClus1 ExpClus2 ExpClus3 ExpIntract 
Clus1 

PCL-R Total .048 -.147 .141 .402 -.159 .041 -.113 .099 .200 
 Factor 1 .026 .093 .035 .221 -.240 .052 -.113 -.084 .337 

Factor 2 .002 -.344 .307 .485* -.070 .063 -.174 .246 .158 

Facet 1 -.024 .153 -.075 .245 -.201 .032 -.049 -.021 .040 

Facet 2 .064 .022 .123 .155 -.226 .060 -.145 -.122 .552 * 

Facet 3 -.045 -.243 .184 .387 -.159 .288 -.168 .296 -.082 

Facet 4 .086 -.301 .283 .356 .026 -.163 -.127 .123 .324 

Conviction information # past violent convictions -.032 -.107 .337 .411 .191 -.067 -.012 -.088 -.003 

1 year reconviction .323 -.334 -.271 -.251 -.292 .071 .425 -.443 .160 

Aggression a RPQ-Reactive  .128 .366 .221 .201 -.140 -.046 -.621 * .538 * .341 

RPQ-Proactive -.121 .542 * .123 .329 -.131 -.126 -.657 ** .108 .302 

Emotion recognition 
(accuracy) b 

Angry .055 -.035 .209 .118 .115 .199 -.024 -.387 -.108 

Sad .005 -.234 .004 .328 -.346 .232 .303 .196 -.003 

Fear .275 .043 .386 .452 .273 -.058 -.169 .472 -.243 

Emotion detection (reaction 
time) b 

Angry -.137 -.192 -.233 -.082 .012 .069 .397 -.153 -.387 

Fear .195 -.259 -.235 -.017 -.061 .135 .482 -.223 -.329 

Reinforcement-based 
decision-making (accuracy) b 

Acquisition learning .001 .154 -.217 -.410 -.122 -.318 .176 -.293 .001 

Response reversal .274 .126 -.724 ** -.669 ** -.167 .223 .167 -.274 .129 

Delay discounting (# of times 
lesser value chosen) b 

7 days .186 -.296 -.099 -.109 -.018 -.148 .418 .340 -.197 

30 days .305 -.276 -.122 -.126 -.032 -.128 .367 .444 -.111 

90 days .016 -.320 -.017 .028 .067 -.349 .353 .459 -.215 

180 days -.098 -.297 .112 .126 .108 -.448 .334 .406 -.219 

360 days -.054 -.281 .121 .091 .105 -.467 .372 .397 -.235 

Disinhibition b SSRT  .041 .038 .290 .201 -.090 .192 -.196 .017 -.003 

Table 6.3 Partial Pearson coefficients for within-network functional connectivity-phenotype correlations.  

Note: correlations between the FC beta values and phenotypic variables. The correlations for FC in clusters with significant main effects of group, the average beta value 
extracted from the PL and OT scan was used. For correlations with the FC interaction effect, the OT minus PL delta score was used. Bold font indicates the p-value survived 

FDR correction for multiple comparisons. * uncorrected p ≤ .05, ** uncorrected p ≤ .01. Not all participants completed all components: a N = 16, b N = 18. SSRT = stop 
signal reaction time. RPQ = reactive-proactive aggression questionnaire.    



6.4  Discussion 

This study investigated large-scale network FC and, for the first time, 

compared the effect of OT on FC in violent offenders with ASPD relative to 

a healthy NO control group. It was hypothesized that the ASPD group would 

show aberrant within-network and between-network FC when compared to 

the NO group, with an a priori focus on the DMN, SAL, and MTN. It was also 

predicted that OT would modulate FC in different ways across the two 

groups. The results revealed two key findings, partially supporting these 

hypotheses. First, the ASPD group showed aberrant FC within several large-

scale networks, including the SAL, the MTN, the thalamic network and two 

visual networks. Not all effects survived correction for multiple 

comparisons. Second, there was a distinct effect of OT on FC of the thalamic 

network, significantly decreasing it in the ASPD and significantly increasing 

it in the NO group, such that significant group differences were abolished. 

Finally, the exploratory correlations between FC and phenotypic 

characteristics of ASPD revealed an inverse relationship between MTN 

connectivity and learning accuracy in a reinforcement-based decision-

making task. These findings will be discussed below.  

Violent offenders with ASPD showed FC differences relative to NO. For 

instance, they demonstrated significantly decreased FC within the SAL, 

specifically in the right posterior superior and middle temporal gyrus. This 

supports existing evidence showing that offenders with significant antisocial 

behaviour, ASPD, and psychopathy have differences in resting-state and 

task-based activity in the SAL - and in individual areas within this network 

(Deming & Koenigs, 2020; Espinoza et al., 2018; Hamilton et al., 2015; W. 

Jiang et al., 2021; Philippi et al., 2015). It was also demonstrated that the 

lateral visual network had reduced connectivity in individuals with ASPD, 

particularly in the bilateral anterior midcingulate, which is also an area that 

is typically associated with the SAL (Uddin et al., 2019). Taken together, 

such abnormalities may have implications relevant for the neurocognitive 

and behavioural dysfunctions experienced by individuals with ASPD and 
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psychopathy. For instance, the SAL is critical for detecting emotionally and 

socially salient information (W. W. Seeley et al., 2007; Uddin et al., 2019). 

Moreover, the right posterior superior and middle temporal gyrus region is 

involved in social cognition such as face perception and theory of mind 

(Deen et al., 2015). Hypoconnectivity in this network might hence 

contribute to difficulties associated with identifying and attending to such 

behaviourally relevant information (N. E. Anderson et al., 2018; 

Schönenberg et al., 2013; Yoder et al., 2015). The lack of significance of 

the negative correlations between SAL hypoconnectivity and facial emotion 

detection in the current study were likely due to methodological limitations, 

and significantly larger sample sizes would ideally be required to power 

such analyses (Marek et al., 2022). In summary, these findings suggest 

that individuals with ASPD have reduced resting-state FC in regions 

important for social cognition. 

A further finding that demonstrated FC differences in ASPD relative to NO 

was within the MTN. Individuals with ASPD showed MTN FC decreases in 

the right superior frontal gyrus, and MTN FC increases in the bilateral OFC, 

midcingulate cortex, anterior insula, and dorsal striatum (i.e., caudate and 

putamen). This aligns with evidence from previous analyses, which also 

suggested that ASPD and psychopathy are characterized by aberrant FC 

between medial-temporal subcortical and frontotemporal cortical structures 

(Contreras-Rodríguez et al., 2015; Decety, Chen, et al., 2013; Hosking et 

al., 2017; H. Liu et al., 2014; Ly et al., 2012; Motzkin et al., 2011; Philippi 

et al., 2015; Pujol et al., 2012). However, this prior research typically 

suggested hypoconnectivity, whereas the current results predominantly 

indicated hyperconnectivity in the ASPD group. It is possible that different 

methodological approaches contributed to this divergence in findings. For 

instance, although all studies assessed offenders, the samples were 

heterogeneous with respect to the presence of ASPD and/or the severity of 

PCL-R factor/facet scores. Most, but not all, prior studies focused on high 

psychopathy samples (i.e., with high PCL-R factor 1 scores). It is likely that 
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such sample heterogeneity contributes to discrepancy across study 

findings. This notion is supported by one of the previous large-scale 

network analyses (Philippi et al., 2015), which showed that PCL-R factor 2 

scores, which more closely align with the behavioural ASPD symptoms, 

were associated with increased FC of anterior insula and midcingulate 

networks, whereas factor 1 scores were associated with decreased FC in 

these areas. Similarly, seed-based FC analyses have also reported positive 

associations between factor 2 but not factor 1 scores and frontostriatal 

connectivity in offender populations (Korponay et al., 2017a, 2017b). 

Finally, in the current study, the positive correlation between MTN 

hyperconnectivity and PCL-R factor 2 score but not factor 1 score was 

significant (albeit only before correction for multiple comparisons). 

Together, this might suggest that hyperconnectivity is attributed to the 

antisocial-impulsive (factor 2) behavioural features of ASPD and 

psychopathy. However, to improve the understanding of whether - and - 

how specific traits are truly linked with unique connectivity profiles, and to 

reduce the discrepancy in research findings, it is important that future 

research assesses FC in more biologically homogenous subgroups, e.g., 

those with ASPD with psychopathy versus those without psychopathy 

(chapters 4-5; De Brito et al., 2013; Gregory et al., 2012; Sethi et al., 

2015; Tully et al., 2022).  

This study used methodological (pre-processing) approaches which may 

also contribute to the discrepancy in findings for subcortical-frontotemporal 

connectivity (Shirer et al., 2015). The current study was the first to use 

multi-echo independent component analysis to denoise the data (Kundu et 

al., 2017), which has been shown to be more effective than other 

approaches (Dipasquale et al., 2017). Furthermore, previous studies 

analysed FC abnormalities within temporal correlation structures that were 

identified in their own data, whereas the current study assessed FC 

abnormalities with respect to externally-sourced network maps, which may 

be less biased (Bijsterbosch et al., 2017). Finally, this was the first study 
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to use a dual regression analysis approach (Beckmann et al., 2009; 

Nickerson et al., 2017). As noted above, dual regression assesses 

individuals’ FC by applying group-level spatial maps onto individual data 

while controlling for the influence of all other networks and variability by 

using multiple regression. This is contrary to other large-scale network 

analyses that simply compare FC abnormalities of networks without 

controlling for their influence on each other. Furthermore, dual regression 

measures FC within an entire network across the whole brain, rather than 

just the FC of pre-selected nodes associated with a network. Thus, dual 

regression is better than traditional seed-based or large-scale network 

analyses at detecting meaningful inter-individual variability (Smith et al., 

2014). However, the novel methodological approach that was used may 

also contribute to the divergence in MTN connectivity findings. Future 

research should seek to compare results using different analysis 

approaches. Nevertheless, the current state of the evidence base converges 

in suggesting the presence of FC abnormalities within MTN areas.  

Abnormal MTN connectivity is expected to have implications for dysfunction 

experienced by individuals with ASPD and psychopathy. Indeed, another 

finding of the current study was the significant inverse association between 

MTN connectivity, specifically in the bilateral OFC, anterior insula, and 

dorsal striatum, and the ability to accurately reverse responses under 

changing reward contingencies (i.e., reinforcement-based learning). As 

MTN FC decreased, the response accuracy improved. Previous studies have 

highlighted that difficulties with reinforcement-based learning are 

characteristic of this population (e.g., Budhani et al., 2006; De Brito et al., 

2013; Gregory et al., 2015). Furthermore, such response reversal 

difficulties have been associated with functional anomalies within and 

between the same areas (Budhani et al., 2007). The current findings thus 

further suggest that resting-state MTN abnormalities relate to differences 

in social cognitive functioning in ASPD, though future research should seek 

to verify these findings in much larger sample sizes.  
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Although abnormalities in MTN FC were not modulated by OT, the current 

results demonstrated that other FC differences can be shifted by OT. 

Specifically, it was discovered, for the first time, that OT significantly 

modulated thalamic network FC differences. The ASPD group showed 

hyperconnectivity within this network, specifically in the thalamus itself, as 

well as in the middle and inferior temporal gyrus. However, within the 

temporal regions, OT administration significantly decreased this 

hyperconnectivity, abolishing significant group differences with the NO 

group. Together, these results suggest that FC abnormalities in the 

thalamic network of offenders with ASPD, which are independent of task 

and context, can be ‘shifted’ towards NO. In individuals with ASPD and 

psychopathy, aberrant thalamic activity and FC has been associated with 

reduced threat response and impaired moral processing (Kumari et al., 

2009; Nummenmaa et al., 2021; Yoder et al., 2015). The thalamus has 

increased oxytocin receptor binding and higher expression of the oxytocin 

receptor gene than most other brain regions (Boccia et al., 2013; Quintana, 

Rokicki, et al., 2019). However, in the current study, the effect of OT on 

thalamic network connectivity was strongest in the right middle and inferior 

temporal gyri. This could mean that OT has an indirect effect on thalamic 

network connectivity by mediating activity in areas involved in theory of 

mind and social cognition or behaviour (Wigton et al., 2015). However, 

further research investigating the mechanisms of OT action on the brain is 

required (Quintana et al., 2021). It also remains to be understood whether 

- and how - FC responsivity to OT relates to clinical and behavioural 

outcomes.  

Several limitations of the current study should also be discussed. First, due 

to the smaller number of subjects with complete datasets, this analysis 

could not differentiate between individuals with ASPD with versus without 

psychopathy. Post-hoc correlations between FC abnormalities in the ASPD 

group and PCL-R scores revealed two relationships with factor 2 and facet 

2 scores, though these were not significant after correction for multiple 
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comparisons. A second limitation of this study was that the externally 

sourced network maps that were employed in this study did not include a 

map that fits the traditional FPN. However, the task positive network 

included areas typically encompassed in the FPN, and no within- or 

between-network differences were detected in ASPD in this network. 

Nevertheless, considering the other large-scale network analyses have 

revealed abnormalities in the FPN (Espinoza et al., 2018; Philippi et al., 

2015; Tang, Jiang, et al., 2013), future research utilizing a more traditional 

template of the FPN is required to assess this more thoroughly. Third, due 

to the analysis of resting-state FC, the findings from this study cannot 

provide direct insight into the neurobiological underpinnings of specific 

behaviours. However, the significant post-hoc correlation between 

abnormal MTN connectivity and reinforcement-based learning does suggest 

some possible association between these resting-state findings and 

neurocognitive performance. Furthermore, since this paradigm is task-free 

by nature, there is no control over individuals’ behaviour while in the 

scanner. Thus, it is possible that the current findings reflect differences in 

brain responses towards the instructions to focus on the fixation cross and 

let the mind wander (Cole et al., 2010). Future research could use fMRI 

that integrates resting- and task-state by relying on methods that are low-

demand and experimentally controlled across studies but which still evoke 

task-free, self-generated neural activity (Finn, 2021). A final 

methodological limitation of this study relates to the length of time between 

the OT administration and the acquisition of the rs-fMRI scan. The rs-fMRI 

scan was scheduled to occur 75 minutes after OT administration, however 

in reality, the average time since administration was 90 minutes. This is 

towards the end of the temporal profile of OT pharmacological action 

(Paloyelis et al., 2016). Hence the amount of OT in the brain may already 

have been decreasing, and potential effects of OT which occur earlier in the 

window of pharmacological action may have been missed. However, a 

previous study showed effects of OT on whole-brain large-scale networks 

in scans acquired 75 minutes after OT administration (Brodmann et al., 
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2017), and another study assessing the impact of OT on regional cerebral 

blood flow revealed significant effects up to 95 minutes post-dose (Martins, 

Brodmann, et al., 2022). Together, these findings thus suggest that a single 

dose of 40 IU of OT may have effects on brain function as late as 90-100 

minutes after administration. Nevertheless, future research should assess 

how OT affects FC in ASPD and psychopathy at different time windows.  

In conclusion, taken together, these results provide further insight into the 

underpinning neurobiological mechanisms of ASPD and show that violent 

offenders with ASPD and varying severity of psychopathy have abnormal 

resting-state FC across several networks. These were partly related to 

differences in cognitive functions reported to be abnormal in ASPD and were 

partly modifiable through OT.  
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7 A resting-state fMRI investigation 

into network topology and the effect 

of intranasal oxytocin in violent 

offenders with ASPD 

7.1  Introduction 

As discussed in earlier chapters, brain structure, regional cerebral blood 

flow (rCBF), and resting-state functional connectivity (FC) are abnormal in 

forensic populations of violent offenders with ASPD and varying degrees of 

psychopathy. Resting-state FC reflects the temporal correlations of 

spontaneous neural activation patterns between spatially distinct brain 

regions. In this disorder, it has typically been examined by means of seed-

based and large-scale network analyses. As detailed in chapter 6, this 

research has revealed reduced FC between subcortical (e.g., amygdala, 

striatum) and cortical regions (e.g., anterior cingulate, ventromedial 

prefrontal cortex, precuneus), and unusual activation patterns within the 

default mode (DMN), salience, medial-temporal, and frontoparietal large-

scale networks (Contreras-Rodríguez et al., 2015; Espinoza et al., 2018; 

H. Liu et al., 2014; Ly et al., 2012; Motzkin et al., 2011; Nummenmaa et 

al., 2021; Pujol et al., 2012; Tang, Jiang, et al., 2013; Tang, Liu, et al., 

2013). Such abnormalities have been linked to clinical, behavioural, and/or 

cognitive features, such as psychopathic traits, aggression, criminality, 

empathic processing and decision-making (Decety, Chen, et al., 2013; 

Hosking et al., 2017; Kolla et al., 2018; Philippi et al., 2015; Siep et al., 

2019; Werhahn et al., 2021).  

These studies were important first steps, providing converging evidence 

that impaired resting-state FC is a neurobiological mechanism correlated 

with aspects of the clinical phenotype in those with ASPD and psychopathy. 

However, traditional FC analytic methods cannot offer insight into network 

topology, or the organization of brain networks. Understanding network 

topology is important because it tells us about the intrinsic architecture of 
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the brain in terms of the complex integration and segregation of information 

processing (Bullmore & Sporns, 2009; Farahani et al., 2019; Rubinov & 

Sporns, 2010). Graph theory analysis has evolved as a powerful tool for 

examining functional network topology.  

As detailed previously in the Methods chapter, graph theory analysis 

produces a network model of the brain, comprising nodes (brain areas) and 

edges (the connection between brain areas) (Bullmore & Sporns, 2009; 

Rubinov & Sporns, 2010; Zalesky et al., 2010). This network model is 

characterized by a range of topological properties, which can be evaluated 

with metrics that give insight into multiple levels of processing (Bassett & 

Bullmore, 2017; Cohen & D’Esposito, 2016; Joules et al., 2015; Sporns, 

2013). At the macro-level, the global efficiency metric is used to reflect the 

functional integration of the brain, that is, the capacity for parallel 

information processing across the whole brain. At the meso-level, four 

metrics are typically determined. The local efficiency metric is used to 

determine the functional segregation of the brain, that is, the average 

capacity for information processing within individual brain regions. The 

nodal efficiency metric is used to determine the information processing 

capacity of an individual node. The centrality metrics of node degree and 

betweenness centrality are used to determine (respectively) the 

connectivity and importance of individual nodes for communication across 

the network. At the micro-level, the edge connectivity metric is used to 

determine the strength of connections between nodes. Figure 7.1 shows a 

visual depiction of these topological network properties. It is critical to 

understand if - and how - these topological network properties deviate from 

the norm in ASPD to reveal the neurobiological substrates of connectivity 

differences in ASPD and potential markers of therapeutic targets for 

pharmacological treatments (Buckholtz & Meyer-Lindenberg, 2012; He & 

Evans, 2010; Khalili-Mahani et al., 2017).  

To date, only three studies have used graph theory analysis to study 

network topology in adult antisocial offender populations, and all suggested 
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aberrant topology in the disorder. Two studies were conducted in groups of 

delinquent young men with and without ASPD (W. Jiang, Shi, Liao, et al., 

2017; Tang et al., 2016); and one in a large group of incarcerated men 

characterised by their psychopathy scores (Tillem et al., 2019). All three 

studies converge on the finding that subcortical structures have reduced 

centrality in this population, suggesting that these nodes are less of a 

communication hub in those with ASPD as compared to controls. However, 

Jiang et al. (2017) examined individual subcortical areas only if these were 

explicitly included within previously identified networks, and Tang et al. 

(2016) and Tillem et al. (2019) examined the centrality of subcortical 

structures collectively. Therefore, it remains to be investigated which 

individual subcortical areas might contribute to this general reduction in 

centrality. One subcortical region of particular interest in this case is the 

amygdala given that it has frequently been shown to have reduced 

structural and functional connectivity in ASPD and psychopathy (Contreras-

Rodríguez et al., 2015; Dugré & Potvin, 2021; Motzkin et al., 2011).  

Concerning other topological metrics, the findings from these three past 

graph theory studies were less clear. In the two studies comparing 

delinquent young males with versus without ASPD, one revealed significant 

increases in global and local efficiency in ASPD, suggesting abnormally high 

functional integration and segregation (Tang et al., 2016), whereas the 

other showed reduced global and local efficiency (W. Jiang, Shi, Liao, et al., 

2017). Furthermore, Tang et al. (2016) found increases in edge 

connectivity in ASPD, showing that the precuneus, a core hub of the default 

mode network, had abnormally high connectivity with nodes associated 

with other networks. In contrast, Jiang et al. (2017) found decreased edge 

connectivity between parietal and frontal nodes. These studies were 

important first steps showing aberrant macro-, meso-, and micro-level 

topology in ASPD, but further clarification of the discrepancy in findings is 

required. Methodological differences may have contributed to the 

differences in findings. For instance, Jiang et al. (2017) applied spatial 



242 

 

smoothing during pre-processing, even though this is not recommended for 

graph theory analysis because it distorts the model metrics (Alakörkkö et 

al., 2017). Additionally, both studies also had significant methodological 

limitations. First, neither study employed a non-offending control group, so 

it is unclear how findings relate to offending behaviours. Second, they both 

used only young adult samples, aged 18-22, meaning findings may be more 

reflective of late adolescence, when brain and personality development may 

not yet be complete, rather than adulthood. Finally, neither study 

phenotyped their participants in terms of psychopathy, even though its 

presence has been associated with specific mechanisms in ASPD (De Brito 

et al., 2013; Gregory et al., 2012, 2015).  

The third study improved on the latter two limitations (Tillem et al., 2019). 

Their large incarcerated male sample represented an adult sample, with an 

average age of 33, characterized using the PCL-R. Results showed that, 

after accounting for the presence of a substance use disorder, increasing 

severity of psychopathy was associated with significantly increased 

efficiency, or functional integration, within the frontoparietal (i.e., dorsal 

attention) network. Furthermore, there were no significant alterations in 

the topology of the default mode and salience networks. Therefore, their 

results, when taken in combination with those by Tang et al. (2016), 

suggest that the brain networks of antisocial offender populations are 

characterized by significantly increased functional integration. However, 

the extent of abnormal functional segregation and differences in edge 

connectivity remain unclear, and the efficiency of specific nodes has yet to 

be studied. Thus, in summary, further investigation is required to 

disentangle the brain topology of individuals with ASPD.  

Abnormal topological metrics may serve as useful targets which could 

potentially be used to help develop new treatments for the disorder. 

However, no study to date has assessed whether topological properties of 

neural networks in ASPD could be shifted by a potential treatment. One 

pharmacological agent of interest is intranasal oxytocin (OT) – a 
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neuropeptide that impacts on social behaviours and empathy. Previous 

work has shown that OT can shift FC in the brain (Brodmann et al., 2017; 

Grace et al., 2018; X. Jiang et al., 2021; S. H. Seeley et al., 2018; Xin et 

al., 2021; Z. Zhao et al., 2019). Furthermore, two graph theory studies in 

healthy individuals revealed that OT modulates meso-level network 

topology, including topological features which appear abnormal in ASPD 

(Martins et al., 2021; Zheng et al., 2021). For example, Zheng et al. (2021) 

revealed that OT increased the connectivity of subcortical structures 

including the amygdala, increasing the number of edges with frontal 

regions. Their results also indicated that OT reduced network segregation 

as measured by a close correlate of the local efficiency metric. Furthermore, 

Martins et al. (2021) also showed that exogenous oxytocin shifts the 

centrality and efficiency of individual nodes associated with medial-

temporal, salience, and default mode networks, such as the amygdala, 

anterior cingulate cortex, and precuneus. The impact of OT on these nodes 

is likely to be more profound due to their relatively high oxytocin receptor 

density (Quintana, Rokicki, et al., 2019). Overall, there is emerging 

evidence from studies of healthy individuals that OT modulates network 

topology properties that may be abnormal in ASPD and psychopathy. This, 

however, remains to be directly investigated.  

This study therefore sought to explore five key aspects of brain topology in 

ASPD, using a carefully phenotyped sample of adult males with a history of 

violent offending and a non-offender control group. First, to seek to confirm 

the reduced centrality of individual subcortical nodes identified in extant 

studies. Second, to resolve outstanding contradictions in global efficiency, 

local efficiency, and edge connectivity in the disorder. Third, for the first 

time, to explore the impact of the social neuropeptide oxytocin on network 

topology in ASPD. Fourth, to explore how aberrant network topology might 

contribute to FC in networks shown to be impaired in ASPD (see Chapter 

6) by evaluating the spatial overlap between nodal findings and large-scale 

networks. Finally, as recommended by Tillem et al. (2019), to explore 
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correlations between potential topological abnormalities and phenotypic 

characteristics in the ASPD group. For the meso-level metrics, an initial ROI 

analysis focused on the amygdala, anterior cingulate, and precuneus as 

probes of the medial-temporal, salience, and default mode networks. These 

are regions that have previously been demonstrated to have abnormal FC 

in ASPD as well as higher oxytocin receptor density (Kumar et al., 2020). 

Furthermore, examination of the macro- and micro-level metrics, as well 

as additional exploration of meso-level metrics, was conducted on a whole-

brain basis. It was hypothesized that the ASPD group would show 

decreased centrality of subcortical nodes, increased global and local 

efficiency, as well as altered nodal efficiency and edge connectivity. 

Furthermore, it was hypothesized that OT would ‘shift’ these abnormalities 

and attenuate differences between the ASPD and the non-offending control 

groups. There were no distinct hypotheses for the fourth and fifth aspects 

of this investigation as these were exploratory.  

7.2  Methods  

7.2.1 Participants  

This study included 29 male violent offenders with a diagnosis of ASPD and 

22 male non-offending (NO) healthy control participants. The PCL-R  score 

was collected, but for this analysis, violent offenders were not categorized 

into ASPD+/-P groups because the final sample sizes were too small (for 

information only, N = 17 scored above European threshold of 25). Across 

both groups, participants were eligible for inclusion if they were aged 

between 18 and 60, had an IQ above 70, did not suffer any past or current 

neurological illness/trauma, and if it was safe for them to undergo an MRI 

scan. Offenders were recruited from South London NHS medium secure 

forensic clinical services and National Probation Services. They were 

selected based on having a history of violent offending, with convictions 

including assault, actual/grievous bodily harm, armed robbery, rape, 

manslaughter, or murder. Offenders with a current or past diagnosis of 

mood or psychotic disorder were excluded. Healthy NO control participants 
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were recruited through purposive sampling from the general community. 

Individuals expressed their interest in participating by responding to 

advertisements placed online and in public spaces in the local area. They 

were excluded if they had any history of offending, or a current or past 

mental illness or personality disorder.  

The study was approved by London City and East Research Ethics 

Committee and the Health Research Authority (reference: 15/LO/1083), as 

well as the National Offender Management Services Research Committee 

(reference: 2016-382). All participants completed signed informed consent.  

7.2.2 Study design and procedure 

This study used a double-blind, placebo-controlled, randomized crossover 

design. All participants attended an assessment day where diagnostic 

interviews were conducted. This included the PCL-R (Hare, 1991), the 

SCID-5-PD (First et al., 2015) to confirm the diagnosis of ASPD and to 

assess for any comorbid personality disorders, as well as the SCID-5-CV 

(First et al., 2016) to assess for any other comorbid mental disorders. IQ 

testing (WASI-II) (Wechsler, 2011) and completion of the reactive-

proactive aggression questionnaire (RPQ) (Raine et al., 2006) was also 

done during the assessment day. Participants attended two further days 

where an identical protocol of MRI sequences and neurocognitive testing 

were completed. These were scheduled on average 16 days apart. On each 

day, participants completed a urine drug screening test to check for recent 

substance use. Participants were randomly and blindly allocated to receive 

the OT (Syntocinon, Novartis, Switzerland) or placebo dose (PL; same 

ingredients but without oxytocin). They received the alternative on the 

second day. Each dose contained 40 IU, and was self-administered via a 

nose spray, inhaling one puff every 30 seconds in alternating nostrils. This 

process was supervised by the researcher. The selected dose is in line with 

other studies testing the effect of OT on brain activity and behaviour and 

corresponds with safety standards (MacDonald et al., 2011; Martins et al., 

2021; Martins, Brodmann, et al., 2022; Paloyelis et al., 2016). The resting-
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state fMRI scan (08:10 minutes) was the final scan in the MRI protocol. It 

was acquired 92 (±9 minutes) and 90 (±14 minutes) after the final PL and 

OT dose, respectively. This time delay will be considered as the variable 

‘minutes since dose’ in the subsequent analyses.  

7.2.3 Image acquisition 

The resting-state fMRI scan was acquired on a General Electric MR750 

3Tesla MRI scanner with a 32-channel C-RMNova head coil. A T2*-weighted 

whole-brain multi-echo echo planar imaging (EPI) sequence with 192 

volumes per echo and 24576 images in total was acquired during each 

scanning session (32 horizontal slices top-to-bottom parallel to the 

anterior-posterior commissure line, slice thickness = 3 mm, slice gap = 1 

mm, TR = 2500 ms, TE = 4 echoes at 12, 28, 44 and 60 ms, FA = 80°, 

FOV = 240 x 240 mm2; matrix = 64 x 64, voxel resolution = 3.75 x 3.75 x 

3 mm3). Participants were instructed to remain still, stay awake, focus on 

a fixation cross on the screen in front of them and to let their mind wander. 

The same high-resolution T1-weigthed structural image which was acquired 

and used for analysis in chapter 4 was here used for anatomical co-

registration (196 image, slice thickness = 1.2 mm, slice gap = 1.2 mm, TR 

= 7.32 ms, TE = 3.02 ms, TI = 400 ms, FA = 11°, FOV = 270 x 270 mm2, 

matrix = 256 x 256, voxel resolution = 1.05 x 1.05 x 1.2 mm3).  

7.2.4 Image pre-processing 

The pre-processing of the resting-state fMRI data was conducted in an 

order that has been recommended for graph theory analysis (Gargouri et 

al., 2018). Details and justifications are provided in the Methods chapter. 

In summary, these steps included: (1) skull-stripping and brain extraction 

of the structural image to prepare a study-specific anatomical template; 

(2) calculation of a transformation matrix of this template to MNI152 

standard space; (3) brain tissue extraction from the resting-state fMRI 

image; (4) splitting of the first three echoes and removal of the fourth echo 

in preparation for subsequent denoising by optimally combining the data 

using a weighted average approach; (5) slice timing correction; (6) motion 
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correction including timeseries de-spiking, and volume registration and 

realignment by applying six rigid-body transformation parameters (images 

with a framewise displacement value larger than 0.25 mm were excluded); 

(7) further noise artefact removal using multi-echo independent component 

analysis; 8) co-registration of the final denoised resting-state fMRI image 

to T1 native space in preparation for tissue segmentation; (9) removal of 

timeseries associated with signal from white matter and cerebrospinal fluid; 

(10) high-pass temporal filtering to remove low signal frequencies (<0.02 

Hz); (11) normalization of the co-registered resting-state fMRI images to 

MNI152 space by application of the previously calculated transformation 

matrix from step (2). The global signal was not regressed out as this may 

have adverse effects for graph theory analysis, including the production of 

anti-correlations (Cheng et al., 2021; Fox et al., 2009). Furthermore, 

spatial smoothing should not be performed for graph theory analysis 

(Alakörkkö et al., 2017). Thus, the images used for this analysis were not 

exposed to the final step of smoothing that was applied in Chapter 6.   

7.2.5 Statistical analysis: demographic and clinical 

characteristics 

The demographic and clinical characteristics were compared between 

groups using SPSS26 (IBM Corp, 2019). Independent t-tests (or Mann 

Whitney U if normality assumption violated) were used to assess 

differences in age, IQ, years in education, PCL-R and RPQ scores. The 

groups did not significantly differ in age or IQ. Chi-squared (χ2) tests (or 

Fisher exact test in case of violation of assumptions) were used to assess 

differences in the frequency of positive urine drug screening tests. Due to 

the exclusion criteria, the frequency of comorbid disorders and conviction 

information were not subject to group comparisons because they were not 

present in the NO group.  

7.2.6 Statistical analysis: graph theory  

This analysis relied on linear mixed modelling, which means that 

participants with missing data due to non-attendance of one session could 
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still be included since this approach is appropriate for repeated designs 

even if data is missing (Magezi, 2015). The final pre-processed 

(unsmoothed) images for each participant and each session were prepared 

for graph theory analysis. This involved parcellating the timeseries of each 

final scan into an 85 x 85 correlation matrix according to the Desikan-

Killiany atlas (DKA, Desikan et al., 2006). The 85 regions of this atlas 

correspond to cortical and subcortical regions but exclude cerebellar 

regions. Each region was considered as a node in the graph theory analysis. 

The connection between each node (the correlation between each area) 

was considered as an edge. The correlation matrices were then Fisher z-

transformed. The average of the positive elements in the lower triangle of 

each Fisher z-transformed correlation matrix for each individual and each 

session was calculated to assess group, treatment, and interaction effects 

for mean functional connectivity (FC) using a linear mixed model. Mean FC 

is an indicator of total network strength (Van Den Heuvel et al., 2017).  

The Brain Connectivity Toolbox (BCT) (Rubinov & Sporns, 2010) was then 

implemented in Matlab 2017a (The Mathworks Inc, 2020) for the next 

steps. First, correlation matrices of each participant and each session were 

concatenated into one weighted, undirected adjacency matrix. Second, to 

reduce the likelihood of findings being associated with a specific network 

density, and in line with recommendations linked to the small-world 

organization of the brain (Bassett & Bullmore, 2017; Watts & Strogatz, 

1998), the adjacency matrix was then thresholded across a range of 

network densities between 5% and 34%, at a 1% interval. This ensured 

that graph theory metrics were not driven by variability in the density of 

individual networks. Finally, BCT was used to calculate the area under the 

curve (average) of the thresholded network densities of the following higher 

level summary graph theory metrics, also visualized in Figure 7.1.  

❖ Macro-level: Global efficiency: This is a measure of functional 

integration across the whole brain. It is defined by the inverse of 

the average characteristic path length between all nodes in the 
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network. The characteristic path length describes the smallest 

possible number of edges required to connect any two nodes to 

form a potential route along which information can flow (Achard & 

Bullmore, 2007; Latora & Marchiori, 2001; Rubinov & Sporns, 

2010). 

❖ Meso-level: Local efficiency: This is a measure of functional 

segregation. It reflects the average of all nodal efficiency values 

across the whole brain and thus indicates the extent to which local 

areas form sub-networks.  

❖ Meso-level: Nodal efficiency: This reflects functional 

integration of each node. It is defined by the inverse of the average 

minimum characteristic path length connecting one node with its 

neighbouring nodes (Latora & Marchiori, 2001).  

❖ Meso-level: Node degree centrality: This is a simple measure 

of centrality of an individual node. It is defined by the number of 

edges connected to a node (Rubinov & Sporns, 2010).  

❖ Meso-level: Betweenness centrality: This is a more complex 

measure of centrality, or importance, of a particular node. It is 

defined by the proportion of shortest paths that flow through a 

particular node, providing information on how much of a 

communication hub a node is (i.e., “hubness”).  

❖ Micro-level: Edge connectivity: This reflects the strength of 

edges that connect individual nodes (Zalesky et al., 2010). This 

was calculated with the network-based statistic, outlined below.  
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Note: due to its calculation, global efficiency is shown in the context of an example of characteristic 

path length. Local efficiency is shown in the context of nodal efficiency.  

These summary graph theory metrics were extracted for each DKA node, 

in each participant and each session. Linear mixed modelling was then 

applied to calculate the main effect of group, treatment, and group by 

treatment interaction effects on mean FC, global efficiency, and all nodal 

metrics. Linear mixed modelling allowed the inclusion of participants who 

were only able to attend one session, since they can be used for repeated 

analysis even if individual data points are missing. Across all models, the 

fixed factors were group (ASPD and NO), treatment (PL and OT), and their 

interaction. The random factor was subject. Mean-centred age and mean-

centred minutes since dose were included as covariates of no-interest. The 

dependent variable was the respective graph theory metric value. For 

global efficiency, only one model was required. For the meso-level metrics, 

a model for each node was calculated. To remain consistent with the large-

scale network FC analysis in the previous chapter, and with previous 

evidence that these regions and networks have impaired connectivity in 

ASPD, the ROI analysis focused on the amygdala, anterior cingulate cortex, 

and precuneus as probes of the medial-temporal, salience, and default 

mode networks, respectively. Values were extracted for these regions in 

each hemisphere. The DKA separates the anterior cingulate into rostral and 

Figure 7.1 Visual representation of the graph theory metrics. 
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caudal regions, meaning values for the anterior cingulate cortex consisted 

of an average between rostral and caudal nodes. For the ROI analysis, a 

false discovery rate (FDR) correction for six multiple comparisons was 

applied (left and right hemisphere treated separately). An exploratory 

whole-brain analysis across the remaining 77 DKA nodes was conducted 

thereafter. An FDR correction for 77 multiple comparisons was applied. 

Partial eta-squared effect sizes were calculated for all analyses. Significant 

findings prior to FDR correction were also reported but not interpreted.  

The Dice coefficient was calculated to measure the extent of spatial overlap 

between DKA areas with a significant nodal meso-level group, treatment, 

or interaction effect and the 13 large-scale networks described in chapter 

6 (Figure 6.1). This exploratory approach indicates which large-scale 

networks the meso-level findings map onto.  

7.2.7 Statistical analysis: network-based statistic 

To investigate micro-level edge connectivity, the network-based statistic 

(NBS) toolbox in Matlab 2017a was used (Zalesky et al., 2010). NBS 

automatically controls the family-wise error rate (FWER) by treating all 

edges in the graph as one family. Therefore, the statistics are conducted 

on the level of the graph component, as opposed to the individual 

connections between nodes, reducing the number of multiple comparisons. 

This improves the power of the analysis and is thus comparable to the 

cluster-based approaches applied in mass univariate testing of voxels. 

Overall, a significant result represents the extraction of a topologically 

meaningful subnetwork (or multiple subnetworks) that is (are) significantly 

different between conditions. As this method is designed to function on the 

connectome level, it cannot inform us about individual node-to-node 

connections. However, it provides insight into potential functional 

differences in network organization. 

For this analysis, a partitioned errors approach was applied. This means 

that the connectivity matrices from each participant’s PL and OT session 
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were averaged to assess the main effect of group and subtracted from each 

other to assess the main effect of treatment and the interaction effect. 

Therefore, only participants who attended both scan sessions were included 

in this part of the analysis (n = 19 in each group, see Table 6.1 for details 

on these subjects). The main effect of group was calculated using a two-

sample t-test on the averaged correlation matrix. The main effect of 

treatment was calculated using a one-sample t-test on the subtracted 

correlation matrix. The interaction effect was calculated using a two-sample 

t-test on the subtracted correlation matrix. In all analyses, mean-centred 

age and mean-centred minutes since dose were included as covariates of 

no-interest. In line with another recent study assessing the impact of OT 

on network topology (Martins et al., 2021) , and considering that the 

selection of thresholds is arbitrary, a series of primary suprathreshold 

values ranging from t = 1.5 to t = 4.0, with 0.5 intervals, was applied 

(Zalesky et al., 2010). The FWER-adjusted p-value for any graph 

component above the primary threshold was then calculated using 5000 

non-parametric permutations and deemed significant if the p-value was 

less than 0.05.  

7.2.8 Statistical analysis: correlation with phenotype  

Partial Pearson correlations were conducted to assess if network topology 

was correlated with phenotypic variables (clinical, behavioural, and 

cognitive measures). Any macro- and meso-level graph metrics which had 

a significant main effect of group were used to assess the relationship with 

topological abnormalities. Furthermore, macro- and meso-level metrics 

that showed a significant interaction effect (if simple main effects showed 

a significant within-group change for ASPD) were also of interest to assess 

whether there were specific correlations with the responsivity to the OT 

challenge. The clinical variables included the PCL-R total, factor, and facet 

scores. The behavioural variables included conviction information and 

aggression (RPQ) scores. Lastly, the cognitive variables included 

standardized scores from the five neurocognitive tasks described in detail 
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in the Methods chapter. These focused on emotion recognition and 

detection, reinforcement-based decision-making, delay discounting, and 

disinhibition.  

As in the previous chapters, correlations with findings that showed a 

significant main effect of group used an average between the PL and OT 

scan. Correlations with findings that showed a significant interaction effect 

used the delta score (OT minus PL).   

All correlations with phenotypic variables were only conducted within the 

ASPD participants. Mean-centred age and mean-centred minutes since 

dose were included as covariates of no-interest. FDR was applied to correct 

for multiple comparisons within each analysis and across each phenotypic 

cluster and 95% confidence intervals were also calculated.  

7.3  Results 

7.3.1 Demographic and clinical characteristics  

Table 7.1 provides the means (standard deviations) and frequencies 

(percentages) of the demographic and clinical characteristics for each 

group. The test statistics are also provided, where required. The ASPD and 

NO groups did not significantly differ on age or IQ. The ASPD group, as 

expected, had significantly less years in education than the NO group; and 

scored significantly higher on PCL-R total, factor, and facet scores, as well 

as on total, reactive, and proactive aggression scores. Furthermore, the 

ASPD group had a significantly higher rate of positive urine drug screening 

tests on the days of both the PL and the OT scans. Supplementary post-

hoc sensitivity analyses assessed the impact of the presence of a positive 

drug test on topological findings (see Table S4). No statistical comparisons 

were required for the rate of comorbid disorders or the conviction 

information, since the NO group did not have any mental or personality 

disorders and no history of offending.  
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Demographic ASPD NO Main test statistic 
N 29 22  

Age, mean (SD) 42.00 (9.86) 37.73 (9.56) U = 245.00, p = .16 
IQ, mean (SD) 94.04 (13.69) 98.95 (10.77) t(48) = 1.38, p = .17 
Years in education, mean (SD) 9.97 (1.76) 13.77 (3.27) U = 81.00, p < .001 

+P, N (%) 17 (59%) 0 (0%) . 
PCL-R Total, mean (SD) 24.18 (6.52) 2.64 (2.97) U = 1.00, p < .001 
PCL-R Factor 1, mean (SD) 7.80 (3.78) 1.09 (1.63) U = 33.50, p < .001 
PCL-R Facet 1, mean (SD) 3.39 (2.17) 0.64 (0.95) U = 87.00, p < .001 
PCL-R Facet 2, mean (SD) 4.41 (2.03) 0.46 (0.80) U = 34.00, p < .001 
PCL-R Factor 2, mean (SD) 14.24 (3.30) 1.09 (1.44) U = 0.00, p < .001 
PCL-R Facet 3, mean (SD) 6.69 (1.67) 1.00 (1.23) U = 5.50, p < .001 
PCL-R Facet 4, mean (SD) 7.46 (2.25) 0.50 (1.14) U = 5.00, p < .001 

Cluster A, N (%) 5 (17%) 0 (0%) . 
Cluster B, not ASPD, N (%) 10 (35%) 0 (0%) . 
Cluster C, N (%) 3 (10%) 0 (0%) . 

Substance Use Disorder, N (%)  6 (21%) 0 (0%) . 
ADHD, N (%) 3 (10%) 0 (0%) . 

Positive urine drug test PL, N (%) 15 (52%) 5 (23%) χ2 = 4.88, p = .03 
Positive urine drug test OT, N (%) 18 (62%) 6 (27%) χ2 = 6.08, p = .01 

Total Convictions, mean (SD) 25.72 (21.60) 0 (0.00) . 
Violent Convictions, mean (SD) 4.45 (3.19) 0 (0.00) . 
Age 1st Violent Conviction, mean (SD) 20.43 (4.94) . . 
Presence of reconviction 5 (17%) . . 

Total Aggression, mean (SD) 26.67 (11.69) 6.35 (4.30) t(42) = -7.36, p < .001 
Reactive Aggression, mean (SD) 14.83 (5.65) 5.90 (3.54) t(42) = -6.14, p < .001 
Proactive Aggression, mean (SD) 11.83 (6.96) 0.75 (1.16) U = 23.00, p < .001 

Table 7.1 Demographic and clinical characteristics of the participants included in the network topology analysis.  
Note: The NBS analysis included a subsample of participants (ASPD N = 19, NO N = 19) as some did not 

attend both sessions. These are the same individuals analysed in Chapter 6, see Table 6.1 for an overview of 
their characteristics. The characteristics were largely similar except that the two subsample groups did not 

significantly differ on the presence of positive urine drug screening tests during either session. In the current 
analysis, some participants did not complete the RPQ (final ASPD N = 24, NO N = 20). +P = above-threshold 

PCL-R score SD = standard deviation, PL = placebo, OT = oxytocin, U-statistic = Mann Whitney U, χ2 = chi-
squared test of independence, t-statistic = t-test.  

 

7.3.2 Graph theory analysis  

7.3.2.1 Mean functional connectivity 

The linear mixed model revealed a significant main effect of group on mean 

FC (F(1, 42.86) = 4.62, p = .04, ηp
2 = .10), whereby the ASPD group had 

significantly higher mean FC than the NO group. The main effect of 

treatment (F(1, 35.26) = 0.01, p = .92, ηp
2 < .01) and the interaction effect 

(F(1, 36.29) = 0.73, p = .40, ηp
2 = .02) were not significant. The covariates 

of no-interest were also not significant (age: F(1, 42.75) = 3.85, p = .06, ηp
2 

= .08; minutes since dose: F(1, 78.12) = 0.20, p = .66, ηp
2 < .01).  

7.3.2.2 Macro-level: global efficiency 

The linear mixed model revealed a significant main effect of group on global 

efficiency (F(1, 41.64) = 7.27, p = .01, ηp
2 = .15), whereby the ASPD group 

had significantly higher global efficiency values than the NO group (Figure 

7.2A). The main effect of treatment (F(1, 34.07) = 0.05, p = .82, ηp
2 < .01) 
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and the group by treatment interaction effect (F(1, 35.09) = 0.28, p = .60, ηp
2 

< .01) were not significant. The covariates of no-interest also did not have 

significant effects (age: F(1, 41.52) = 3.79, p = .06, ηp
2 = .08; minutes since 

dose: F(1, 77.82) = 1.26, p = .27, ηp
2 = .02).  

 

Figure 7.2 Significant group differences in A) global efficiency, B) local efficiency, and C) nodal efficiency (right 
precuneus). 

Note: The violin plots (with box plots to show the marginal mean and individual points showing spread of data) 
show the residuals after accounting for the effect of age and minutes since dose. * = (corrected) p-value < 

0.05, ** = (corrected) p-value < 0.01. R = right hemisphere 
 

7.3.2.3 Meso-level: local and nodal metrics  

Table 7.2 (ROI analysis) and Table 7.3 (whole-brain analysis) provide the 

summary of all statistical findings for the nodal meso-level analyses (nodal 

efficiency, node degree, and betweenness centrality).  

7.3.2.3.1 Local efficiency  

The linear mixed model revealed a significant main effect of group on local 

efficiency (F(1, 41.12) = 8.37, p = .006, ηp
2 = .17). Individuals with ASPD had 

significantly higher local efficiency than NO individuals (Figure 7.2B). The 

main effect of treatment (F(1, 35.68) = .11, p = .75, ηp
2 = .003) and the group 



256 

 

by treatment interaction effect (F(1, 36.71) = 2.53, p = .12, ηp
2 = .06) were 

not significant. The covariates of no-interest also did not have significant 

effects (age: F(1, 40.84) = 3.49, p = .07, ηp
2 = .08; minutes since dose: F(1, 

82.95) = 2.69, p = .11, ηp
2 = .03).  

7.3.2.3.2 Nodal efficiency 

The ROI analysis revealed a main effect of group in the right precuneus 

that survived FDR correction for multiple comparisons (Table 7.2). The 

ASPD group had higher nodal efficiency than the NO group (Figure 7.2C). 

Furthermore, prior to FDR correction for multiple comparisons (Table 7.2), 

there was a significant main effect of group in the left precuneus (ASPD > 

NO, uncorrected p = .05), and a significant group by treatment interaction 

effect in the left anterior cingulate cortex (uncorrected p = .02, but simple 

main effects not significant). The remaining effects were not significant.  

In the whole-brain analysis, no effects survived FDR correction for multiple 

comparisons. However, as Table 7.3 shows, there were several significant 

effects prior to this correction. These are reported but were not interpreted. 

Figure 7.4 visualizes those with large effects sizes (ηp
2 ≥ .14). A main effect 

of group was found bilaterally in the lateral orbitofrontal cortex, entorhinal 

cortex, parahippocampal gyrus, paracentral lobule, globus pallidus, 

caudate, and nucleus accumbens, in the left temporal pole, superior 

temporal gyrus, and lingual gyrus, and in the right middle temporal gyrus 

and cuneus. In all regions, the ASPD group had higher nodal efficiency than 

the NO group. There was also a main effect of treatment in the left 

precentral gyrus, postcentral gyrus, supramarginal gyrus, and right caudal 

middle frontal gyrus, whereby OT significantly reduced nodal efficiency 

compared to PL. Lastly, significant group by treatment interaction effects 

were found bilaterally in the medial and lateral orbitofrontal cortex, 

precentral gyrus, supramarginal gyrus, caudate, putamen, and nucleus 

accumbens, in the left temporal pole and globus pallidus, and in the right 

entorhinal cortex. The interaction effect in the left precentral and 

supramarginal gyrus was disordinal, meaning the significant treatment 
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effects in these areas should be interpreted with caution. Figure 7.5 shows 

the significant simple main effects of the interaction effects with large effect 

sizes (ηp
2 ≥ .14), displaying estimated marginal means from each group 

under each treatment condition. In all nodes, the ASPD group had 

significantly higher nodal efficiency than the NO group under PL. This was 

attenuated after OT administration, which significantly modulated nodal 

efficiency in either the ASPD group (left temporal pole, bilateral 

supramarginal gyrus) or the NO group (left medial orbitofrontal cortex 

(OFC), left nucleus accumbens, and left caudate). There were no significant 

group differences in any area under OT. Figure 7.5 also depicts these 

interaction effects in the form of spaghetti plots, which demonstrate the 

individual responses to the OT challenge in each participant. Most ASPD 

participants responded to OT administration with a reduction in nodal 

efficiency, however for some regions, there are a few ASPD individuals who 

respond with an increase. This highlights the potential individual differences 

in the effects of OT. 

7.3.2.3.3 Node degree 

The ROI analysis revealed a significant main effect of group in the left 

amygdala (ASPD > NO, uncorrected p = .03), but this did not survive FDR 

correction for multiple comparisons. There were no other significant group 

differences in the ROI analysis (Table 7.2). However, the ROI analysis did 

reveal a significant main effect of treatment in the left and right anterior 

cingulate cortex which survived FDR correction for multiple comparisons 

(Table 7.2). OT significantly reduced node degree compared to PL in both 

ROIs (Figure 7.3A-B). Further treatment or interaction effects were not 

significant.  

In the whole-brain analysis (Table 7.3), no effects survived FDR correction 

for multiple comparisons, however there were several effects that were 

significant before this correction. These are reported but they were not 

further interpreted. Figure 7.4 shows those effects with large effect sizes 

(ηp
2 ≥ .14). A main effect of group showing ASPD had significantly higher 
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node degree than NO was detected bilaterally in the nucleus accumbens, in 

the left temporal pole, entorhinal cortex, and globus pallidus, and in the 

right caudate. Additionally, the ASPD group had significantly lower node 

degree of the bilateral posterior cingulate cortex than the NO group. A main 

effect of treatment was found in the bilateral globus pallidus and the left 

medial orbitofrontal cortex, where OT increased node degree, and in the 

bilateral transverse temporal gyrus and the right posterior cingulate cortex 

and pars opercularis, where OT decreased node degree. Lastly, group by 

treatment interaction effects were also found bilaterally in the posterior 

cingulate cortex and nucleus accumbens, in the left temporal pole, 

entorhinal cortex and globus pallidus, and in the right caudate (Table 7.3). 

Figure 7.6A shows the simple main effects of the interaction effects with 

effect sizes of ηp
2 ≥ .14. In this case, the only significant simple main effect 

was that the ASPD group had a significantly higher node degree under PL 

in the left nucleus accumbens, as was already revealed by the main effect 

of group. The spaghetti plot for the same interaction effect also shown in 

Figure 7.6A might explain why the simple main effects for within-group 

differences between PL and OT were not significant. Some individuals 

responded with an increase in node degree, whereas others responded with 

a decrease. 
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Figure 7.3 Significant treatment effects in node degree in A) the left and B) the right anterior cingulate cortex. 
Note: The violin plots (with box plots to show the marginal mean and individual points showing spread of data) 

show the residuals after accounting for the effect of age and minutes since dose. * = corrected p-value < 0.05, 
R = right hemisphere, L = left hemisphere, ACC = anterior cingulate cortex.  

 

7.3.2.3.4 Betweenness centrality 

In the ROI analysis, no effects survived FDR correction for multiple 

comparisons (Table 7.2). However, before this, there was a significant 

group by treatment interaction effect in the left anterior cingulate cortex 

(uncorrected p = .02). Simple main effects revealed that under PL, the 

ASPD group had significantly higher betweenness centrality than the NO 

group (p = .03), but a significant effect of OT in the ASPD group only (p = 

.03) attenuated this group difference. The remaining effects were not 

significant.  

The whole-brain analysis revealed a group by treatment interaction effect 

in the right cuneus that remained significant after FDR correction for 

multiple comparisons (F(1, 40.7) = 22.52, FDR-corrected p = .002, ηp
2 = .36). 

Under PL, the NO group had a mean betweenness centrality of 34.8 

(standard error (SE) = 4.81) and the ASPD group had a mean of 45.5 (SE 

= 4.50). After OT, this increased in the NO group to 42.4 (SE = 4.91), 

whereas it decreased in the ASPD group to 25.7 (SE = 4.27). Simple main 
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effects revealed a significant difference between groups after OT (p = .04), 

which was driven by a significant reduction in the ASPD group (p < .001) 

(Figure 7.4, Figure 7.6B).  

Several other nodes in the whole-brain analysis also showed main effects 

that were significant prior to FDR correction for multiple comparisons (Table 

7.3), which are reported but not further interpreted. Figure 7.4 shows those 

effects with large effect sizes (ηp
2 ≥ .14). The left medial orbitofrontal 

cortex and parahippocampal gyrus, and the right globus pallidus showed 

significant main effects of group, whereby betweenness centrality was 

significantly lower in the ASPD group than the NO group in both areas. 

Additionally, the ASPD group had significantly higher betweenness 

centrality than the NO group in the left pars orbitalis and the right 

postcentral gyrus. A main effect of treatment was found in the left globus 

pallidus and the right entorhinal cortex, where OT significantly increased 

betweenness centrality compared to PL, and in the right superior frontal 

gyrus and cuneus, where OT significantly decreased betweenness centrality 

compared to PL. Significant group by treatment interaction effects were 

found bilaterally in the lateral orbitofrontal cortex, ventral diencephalon, in 

the left transverse temporal gyrus and supramarginal gyrus, and the right 

rostral middle frontal gyrus. Figure 7.6B demonstrates the simple main 

effects for those interaction effects with an effect size of ηp
2 ≥ .14. This only 

revealed a significant oxytocinergic modulation of betweenness centrality 

in the right lateral OFC of the NO group. The spaghetti plots in Figure 7.6B 

support this finding by indicating that there was typically more modulation 

of betweenness centrality in the NO individuals than the ASPD individuals. 
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ROI PL mean (SD) OT mean (SD) Main effect of group Main effect of treatment Interaction effect 
 ASPD NO ASPD NO F(df1, df2) FDR-

corrected 
p-value 

Effect size 
ηp

2 
F(df1, df2) FDR-

corrected 
p-value 

Effect size 
ηp

2  
F(df1, df2) FDR-

corrected 
p-value 

Effect 
size ηp

2 

Nodal efficiency 
L Amygdala 0.130 (0.041) 0.111 (0.043) 0.125 (0.040) 0.118 (0.047) F(1, 43.89) = 1.49 .26 .03 F(1, 40.84) = 0.11 .87 .003 F(1, 41.77) = 0.50 .72 .01 
R Amygdala 0.139 (0.046) 0.120 (0.033) 0.122 (0.039) 0.121 (0.041) F(1, 44.03) = 1.32 .26 .03 F(1, 38.59) = 0.71 .87 .02 F(1, 39.64) = 1.41 .48 .03 
L A. Cingulate 0.139 (0.035) 0.109 (0.022) 0.122 (0.048) 0.125 (0.033) F(1, 46.95) = 2.20 .26 .04 F(1, 43.97) = 0.03 .87 <.001 F(1, 44.90) = 5.70 .12 * .11 
R A. Cingulate 0.129 (0.034) 0.106 (0.029) 0.119 (0.049) 0.117 (0.027) F(1, 45.63) = 1.42 .26 .03 F(1, 44.00) = 0.06 .87 .01 F(1, 44.83) = 2.23 .42 .05 
L Precuneus 0.152 (0.027) 0.141 (0.024) 0.154 (0.027) 0.142 (0.028) F(1, 44.29) = 3.94 .15 * .08 F(1, 38.96) = 0.26 .87 .006 F(1, 40.01) = 0.17 .72 .004 
R Precuneus 0.149 (0.031) 0.136 (0.025) 0.150 (0.028) 0.132 (0.026) F(1, 43.08) = 8.12 .04 .16 F(1, 42.94) = 0.04 .87 <.001 F(1, 43.65) = 0.13 .72 .003 
Node degree 
L Amygdala 5.65 (1.91) 4.42 (1.54) 5.36 (1.66) 4.54 (1.70) F(1, 34.62) = 5.30 .18 *  .13 F(1, 32.28) = 0.001 .97 <.001 F(1, 33.14) = 0.28 .87 .008 
R Amygdala 5.46 (1.82) 4.75 (1.54) 5.63 (1.78) 5.06 (1.74) F(1, 38.54) = 1.20 .51 .05 F(1, 36.68) = 0.84 .72 .02 F(1, 37.52) = 0.02 .87 <.001 
L A. Cingulate 4.72 (1.41) 4.39 (1.32) 3.95 (1.36) 3.94 (1.31) F(1, 45.74) = 0.04 .87 <.001 F(1, 41.37) = 7.13 .03 .15 F(1, 42.38) = 0.34 .87 .008 
R A. Cingulate 4.48 (1.66) 4.24 (1.30) 3.61 (1.39) 3.88 (1.45) F(1, 44.92) = 0.08 .87 .002 F(1, 38.16) = 9.77 .02 .20 F(1, 39.23) = 0.46 .87 .01 
L Precuneus 4.71 (1.58) 4.78 (1.31) 4.86 (1.62) 4.88 (1.77) F(1, 48.10) = 0.03 .87 <.001 F(1, 43.39) = 0.11 .96 .003 F(1, 44.42) = 0.07 .87 .002 
R Precuneus 5.22 (1.71)  4.64 (1.45) 5.02 (1.55) 4.73 (1.95) F(1, 47.55) = 0.54 .87 .01 F(1, 42.70) = 0.07 .96 .002 F(1, 43.73) = 0.50 .87 .01 
Betweenness Centrality 
L Amygdala 57.12 (42.69) 33.04 (22.36) 33.46 (17.30) 37.27 (17.30) F(1, 43.46) = 2.06 .85 .05 F(1, 43.78) = 2.65 .39 .06 F(1, 44.45) = 5.74 .12 *  .11 
R Amygdala 41.43 (31.00) 39.50 (31.21) 42.96 (30.23) 50.12 (35.36) F(1, 46.66) = 0.44 .85 .009 F(1, 43.37) = 1.28 .52 .03 F(1, 44.31) = 0.58 .74 .01 
L A. Cingulate 32.53 (16.18) 32.32 (14.40) 28.88 (18.16) 28.17 (16.01) F(1, 49.30) = 0.03 .85 <.001 F(1, 43.65) = 2.33 .39 .05 F(1, 44.70) = 2.33 .89 <.001 
R A. Cingulate 30.13 (16.43) 29.71 (12.44) 28.12 (17.68) 30.83 (14.41) F(1, 45.84) = 0.08 .85 .002 F(1, 39.75) = 0.19 .67 .002 F(1, 40.81) = 0.33 .74 .008 
L Precuneus 34.27 (22.53) 32.34 (28.94) 28.49 (14.01) 30.39 (15.97) F(1, 43.55) = 0.18 .85 .004 F(1, 42.67) = 0.64 .56 .01 F(1, 43.44) = 0.24 .74 .006 
R Precuneus 36.70 (22.32) 30.09 (16.89) 33.04 (17.57) 38.67 (22.80) F(1, 41.06) = 0.08 .85 .002 F(1, 39.45) = 0.52 .56 .01 F(1,40.28) = 2.42 .39 .06 

Table 7.2 Meso-level nodal findings for the ROI analysis.  

Note: This shows the means (standard deviations) of the respective meso-level metrics for each of the ROIs. All statistical results obtained with linear mixed modelling for the variables 
of interest are shown. The effects of the covariates of no-interest were not significant in any model and are thus not listed for the sake of brevity. * significant prior to correction for 

multiple comparisons (p<0.05). L = left hemisphere, R = right hemisphere, SD = standard deviations, df = degrees of freedom.  
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 F (df1, df2) Uncorrected p-
value 

FDR-corrected p-
value 

Effect size ηp
2 

Nodal efficiency 
Main effect of group (ASPD > NO) 
Left nucleus accumbens ◊ F(1, 43.61) = 11.79 .001 .07 .21 
Right caudate F(1, 45.51) = 10.14 .003 .07 .18 
Right nucleus accumbens F(1, 45.60) = 10.29 .002 .07 .18 
Right globus pallidus F(1, 45.32) = 8.43 .006 .10 .16 
Left caudate ◊ F(1, 43.78) = 8.15 .007 .10 .16 
Left entorhinal cortex F(1, 47.01) = 7.47 .009 .10 .14 
Left temporal pole ◊ F(1, 43.50) = 7.22 .01 .10 .14 
Right lateral OFC F(1, 45.07) = 7.13 .01 .10 .14 
Left globus pallidus ◊ F(1, 38.63) = 5.57 .02 .13 .13 
Right middle temporal gyrus F(1, 44.46) = 5.88 .02 .13 .12 
Right paracentral lobule F(1, 48.17) = 6.52 .01 .12 .12 
Left lingual gyrus F(1, 43.25) = 5.57 .02 .13 .11 
Left parahippocampal gyrus F(1, 42.53) = 5.47 .02 .13 .11 
Right cuneus F(1, 48.56) = 5.48 .02 .13 .10 
Left superior temporal gyrus F(1, 40.20) = 4.37 .04 .18 .10 
Left lateral OFC ◊ F(1, 44.81) = 4.31 .04 .18 .09 
Left paracentral lobule F(1, 48.55) = 4.61 .04 .18 .09 
Right entorhinal cortex ◊ F(1, 46.68) = 4.11 .05 .18 .08 
Right parahippocampal gyrus F(1, 47.25) = 4.15 .05 .18 .08 

Main effect of treatment (OT < PL) 
Left postcentral gyrus  F(1, 38.82) = 8.45 .006 .46 .18 
Left supramarginal gyrus † F(1, 33.54) = 4.33 .05 .67 .11 
Right caudal middle frontal gyrus F(1, 38.56) = 4.85 .03 .67 .11 
Left precentral gyrus † F(1, 42.46) = 4.43 .04 .67 .09 

Interaction effect 
Left medial OFC F(1, 41.77) = 11.16 .002 .11 .21 
Left supramarginal gyrus  F(1, 34.38) = 9.10 .005 .11 .21 
Left temporal pole F(1, 42.86) = 8.61 .005 .11 .17 
Left nucleus accumbens F(1, 43.90) = 8.41 .006 .11 .16 
Right supramarginal gyrus  F(1, 39.28) = 6.75 .01 .12 .15 
Left caudate F(1, 42.37) = 7.42 .009 .12 .15 
Left putamen F(1, 37.86) = 6.32 .02 .12 .14 
Right entorhinal cortex  F(1, 44.05) = 6.90 .01 .12 .14 
Left precentral gyrus  F(1, 43.46) = 6.72 .01 .12 .13 
Right caudate F(1, 44.77) = 5.90 .02 .12 .12 
Right nucleus accumbens F(1, 45.93) = 6.20 .02 .12 .12 
Left globus pallidus  F(1, 36.12) = 4.88 .03 .17 .12 
Right medial OFC F(1, 42.81) = 6.00 .02 .12 .12 
Right precentral gyrus F(1, 42.56) = 5.76 .02 .12 .12 
Left lateral OFC  F(1, 44.21) = 5.48 .02 .13 .11 
Right putamen F(1, 39.38) = 4.51 .04 .18 .10 
Right lateral OFC F(1, 45.74) = 4.72 .04 .17 .09 

Node degree 
Main effect of group (ASPD > NO) 
Left nucleus accumbens ◊ F(1, 44.40) = 10.19 .003 .20 .19 
Left entorhinal cortex ◊ F(1, 41.60) = 7.42 .009 .36 .15 
Left globus pallidus ◊ F(1, 39.46) = 5.23 .03 .42 .12 
Right nucleus accumbens ◊ F(1, 45.41) = 5.03 .03 .42 .10 
Right caudate ◊ F(1, 46.95) = 4.28 .04 .42 .08 
Left temporal pole a ◊ F(1, 83.00) = 4.56 .04 .42 .05 

Main effect of group (ASPD < NO) 
Left posterior cingulate cortex ◊ F(1, 38.89) = 4.44 .04 .42 .10 
Right posterior cingulate cortex ◊ F(1, 42.72) = 4.66 .04 .42 .10 

Main effect of treatment (OT > PL) 
Left medial OFC  F(1, 40.80) = 7.00 .01 .47 .15 
Left globus pallidus ◊ F(1, 35.99) = 5.61 .02 .47 .13 
Right globus pallidus a F(1, 83.00) = 4.33 .04 .47 .05 

Main effect of treatment (OT < PL) 
Left transverse temporal gyrus  F(1, 39.10) = 6.61 .01 .47 .14 
Right pars opercularis F(1, 41.35) = 4.65 .04 .47 .10 
Right transverse temporal gyrus F(1, 41.82) = 4.84 .03 .47 .10 
Right posterior cingulate cortex ◊ F(1, 41.80) = 4.38 .04 .47 .09 

Interaction effect 
Left nucleus accumbens F(1, 44.40) = 10.19 .003 .20 .19 
Left entorhinal cortex F(1, 41.60) = 7.42 .009 .36 .15 
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Left globus pallidus F(1, 39.47) = 5.23 .03 .42 .12 
Right nucleus accumbens F(1, 45.41) = 5.03 .03 .42 .10 
Right posterior cingulate cortex F(1, 42.72) = 4.66 .04 .42 .10 
Left posterior cingulate cortex F(1, 38.89) = 4.44 .04 .42 .10 
Right caudate F(1, 46.95) = 4.28 .04 .42 .08 
Left temporal pole a F(1, 83.00) = 4.57 .04 .42 .05 

Betweenness Centrality 
Main effect of group (ASPD > NO) 
Right postcentral gyrus F(1, 40.91) = 4.87 .03 .57 .11 
Left pars orbitalis a F(1, 83.00) = 5.51 .02 .55 .06 

Main effect of group (ASPD < NO) 
Left parahippocampal gyrus F(1, 31.60) = 7.70 .009 .35 .20 
Left medial OFC F(1, 48.50) = 10.41 .002 .17 .18 
Right globus pallidus a F(1, 83.00) = 4.50 .04 .57 .05 

Main effect of treatment (OT > PL) 
Right entorhinal cortex  F(1, 45.30) = 7.74 .008 .58 .15 
Left globus pallidus a F(1, 83.00) = 4.57 .04 .58 .05 

Main effect of treatment (OT < PL) 
Right cuneus F(1, 39.69) = 4.60 .04 .58 .10 
Right superior frontal gyrus F(1, 42.49) = 4.59 .04 .58 .10 

Interaction effect 
Right lateral OFC F(1, 45.10) = 8.24 .006 .16 .15 
Left transverse temporal gyrus F(1, 42.20) = 6.81 .01 .23 .14 
Left lateral OFC F(1, 44.66) = 6.39 .02 .23 .13 
Right ventral diencephalon F(1, 45.04) = 5.00 .03 .33 .10 
Left supramarginal gyrus a F(1, 83.00) = 7.85 .006 .16 .09 
Right rostral middle frontal gyrus F(1, 44.83) = 4.43 .04 .39 .09 
Left ventral diencephalon a F(1, 83.00) = 5.45 .02 .28 .06 

Table 7.3 Meso-level nodal findings for the whole-brain analysis.  
Note: All listed main effects of group, treatment and interaction effect were significant before FDR correction for 

multiple comparisons only, but those with large effect sizes are presented in bold font (ηp
2 ≥ .14). Within each 

effect, findings are listed in descending order of effect size. a These results stem from models with singular fits. 

Thus, these results should be interpreted with caution. ◊ This region also had a significant interaction effect, but 
this was ordinal, meaning the main effect can be interpreted. † This region also had a significant interaction effect, 

but this was disordinal, meaning the main effect must be interpreted with caution. OFC = orbitofrontal cortex, OT 
= oxytocin, PL = placebo, df = degrees of freedom.
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Figure 7.4 Visualization of nodal metrics with large effect sizes. 

 

 

 

 

 

 

 

  

  

 

  

 

 

 

Note: This figure shows significant findings from the ROI analysis which survived FDR correction for multiple comparisons, as well as any ROI or exploratory whole-brain 
analysis findings only significant before correction but with a large effect size (ηp

2 ≥ .14). Colour mapping: Orange = increase in ASPD group relative to NO, blue = 

decrease in ASPD group relative to NO, green = interaction effect. r. = right hemisphere, l. = left hemisphere, l/mOFC = lateral/medial orbitofrontal cortex, ACC = anterior 

cingulate cortex, TPo = temporal pole, EC = entorhinal cortex, PHG = parahippocampal gyrus, TrTG = transverse temporal gyrus, PCu = precuneus, SMG = supramarginal 

gyrus, PostCG = postcentral gyrus, Cd = caudate, GP = globus pallidus, NAc = nucleus accumbens, Put = putamen
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Note: These effects were significant prior to FDR correction for multiple comparisons and had large effect sizes (ηp
2 ≥ .14). The left line plots display the estimated marginal 

means (the error bars are the standard error) after accounting for the covariates of non-interest. The right spaghetti plots display the residuals of each metric for each 
subject under each condition after accounting for the covariates. Significant simple main effects (with FDR correction) are indicated: * p < .05, ** p < .01.  L = left 

hemisphere, R = right hemisphere, PL = placebo, OT = oxytocin. OFC = orbitofrontal cortex. 

Figure 7.5 Significant interaction effects in nodal efficiency. 
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Note: Only the effect on betweenness centrality in the right cuneus survived FDR correction for multiple 

comparisons. The remaining findings were significant prior to this correction and had large effect sizes (ηp
2 ≥ 

.14). The left line plots display the estimated marginal means (the error bars are the standard error) after 

accounting for the covariates of non-interest. The right spaghetti plots display the residuals of each metric for 
each subject under each condition after accounting for the covariates. Significant simple main effects (with FDR 

correction) are indicated: * p < .05, ** p < .01.  L = left hemisphere, R = right hemisphere, PL = placebo, OT 

= oxytocin. OFC = orbitofrontal cortex. Trans. = transverse. 

 

 

 

Figure 7.6 Significant interaction effects in A) node degree centrality and B) betweenness centrality. 
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7.3.2.4 Dice coefficient 

The Dice coefficient was calculated to indicate the extent of spatial overlap 

between the meso-level graph theory metrics and the large-scale networks 

assessed in chapter 6 (Dipasquale et al., 2019). As this was exploratory, 

all nodes that showed a meso-level group, treatment or interaction effect, 

even if they were only significant before correction for multiple 

comparisons, were included. Results revealed that group effects overlapped 

with the DMN to the largest extent (followed by the medial-temporal 

network), treatment effects overlapped with the salience network to the 

largest extent, and interaction effects with the thalamic network to the 

largest extent (Table 7.4).  

LSN 1 2 3 4 5 6 7 8 9 10 11 12 13 
Group .049 .079 .174 .081 .078 .009 .132 .000 .100 .105 .078 .057 .063 
Treatment .016 .085 .034 .007 .104 .000 .018 .000 .120 .011 .071 .092 .036 
Interaction .012 .077 .037 .056 .105 .000 .103 .000 .101 .009 .044 .088 .132 

Table 7.4 Dice coefficients for each large-scale network. 
Note: these indicate the extent of spatial overlap (correlation) between each effect type, merged across nodal 

metrics, and the 13 large-scale networks (LSN) that were included in chapter 6 (Dipasquale et al., 2019). 1 = 
primary visual network, 2 = sensorimotor network, 3 = default mode network, 4 = medial visual network, 5 = 

auditory network, 6 = lateral visual network, 7 = medial-temporal network, 8 = cerebellum, 9 = salience 
network, 10 = task positive network, 11 = ventral stream network, 12 = right lateral, 13 = thalamic network.  

 

7.3.2.5 Micro-level: edge connectivity 

The NBS analysis revealed one subnetwork with significantly increased 

edge connectivity in the ASPD group compared with the NO group (FWER-

corrected p = .03). This subnetwork was identified at a primary threshold 

of t = 3.0 (p ≤ .003) and was in primarily subcortical, but also temporal, 

and prefrontal social brain regions including the amygdala and anterior 

cingulate (Table 7.5, Figure 7.7). It is important that with this analysis 

approach, no individual edge abnormalities can be interpreted; rather, it is 

simply the entire subnetwork that had significantly increased connectivity 

in ASPD compared to the NO group (Zalesky et al., 2010).  

Primary threshold Nodes (#) Edges (#) FWER-corrected p-value 
2.7 55 28 .04 
3.0 31 21 .03 
3.3 11 10 .05 

Table 7.5 Details of the subnetwork at different primary t-thresholds.  

Note: For the sake of transparency, this table indicates the number of nodes and edges revealed at a threshold 
of t = 2.7, 3.0, and 3.3, however as in previous NBS analyses in ASPD populations, only the threshold of 3.0 

was interpreted (hence this is marked in bold font). NBS = network-based statistic. FWER = family-wise error 

rate.   
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Figure 7.7 Subnetwork with significantly increased edge connectivity in ASPD.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note: this is at the primary threshold of t = 3.0. l. = left hemisphere, r. = right hemisphere, lOFC = lateral orbitofrontal cortex, TPo = temporal pole, EC = entorhinal 
cortex, MTG/ITG = medial/inferior temporal gyrus, Ins = insula, Amyg = amygdala, Hip = hippocampus, NAc = nucleus accumbens, Cd = caudate, Put = putamen, GP = 

globus pallidus, vDC = ventral  
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7.3.3 Correlation with phenotype  

Table 7.6 shows the correlations between macro- and meso-level network 

properties and phenotypic features (clinical, behavioural, and cognitive 

measures) within the ASPD participants. It only included those metrics 

which revealed a significant main effect of group after FDR correction for 

multiple comparisons, or those with a large effect size (ηp
2 ≥ .14, as 

indicated in Table 7.2 and Table 7.3) which did not survive the FDR 

correction. Across all correlations, only one survived the FDR correction for 

multiple comparisons. This revealed that there was a significant positive 

correlation between betweenness centrality in the left medial OFC and the 

speed of detecting angry faces (r = .737, FDR-corrected p-value = .006, 

95% confidence intervals = .289 [lower] – .925 [upper]). Thus, as 

betweenness centrality increased, the reaction time to correctly detect an 

angry face also increased (Figure 7.8). There were several other 

correlations which were only significant prior to FDR correction for multiple 

comparisons, and which for completeness are indicated in the table; 

however, given that they did not survive correction for multiple 

comparisons these were not interpreted. Similarly, Table 7.7 contains the 

correlations between the graph theory metrics that had a significant group 

by treatment interaction effect and the phenotypic variables. No 

correlations survived the FDR correction for multiple comparisons, and 

those which were significant prior to this correction were not interpreted. 
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Figure 7.8 Significant positive correlation between L mOFC BC and angry face detection speed in ASPD.  
Note: The statistical result is shown in Table 7.6. Blue line indicates the fact that the ASPD group had 

significantly lower betweenness centrality in this region relative to the NO group. BC = betweenness centrality, 
L mOFC = left medial orbitofrontal cortex.  
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 GEFF LocEFF NEFF 
 R lOFC L TPo L EC R PCu R Cd L Cd R NAc L NAc R GP 

PCL-R Total .132 .088 -.488 * .082 -.250 .011 -.389 -.344 -.465 -.485 * -.096 
 Factor 1 .070 -.025 -.489 * .075 -.251 -.107 -.533 * -.519 * -.627 ** -.585 * -.231 

Factor 2 .104 .180 -.296 .079 -.214 .034 -.115 -.046 -.186 -.242 .023 

Facet 1 .124 -.120 -.612 ** .103 -.084 -.109 -.573 * -.594 * -.672 ** -.639 ** -.195 

Facet 2 .009 .062 -.283 .035 -.345 -.084 -.392 -.350 -.461 -.420 -.215 

Facet 3 -.068 -.037 -.329 -.025 -.107 -.173 -.034 .028 -.153 -.159 -.062 

Facet 4 .248 .317 -.184 .131 -.257 .190 -.148 -.101 -.163 -.245 .082 

Conviction information # past violent convictions .150 .138 .175 .174 -.085 .276 -.093 -.138 -.139 -.011 -.024 

1 year reconviction -.434 -.497 * -.267 -.255 -.653 ** -.584 * -.414 -.328 -.285 -.248 -.472 

Aggression a RPQ-Reactive .353 .182 .124 .491 .135 -.104 .057 .028 -.221 -.152 -.002 

RPQ-Proactive .194 -.035 -.039 .667 ** .093 -.193 -.299 -.330 -.509 -.453 -.228 

Emotion recognition (accuracy) b Angry .199 .226 .071 .120 .376 .155 -.019 -.083 .091 .087 .145 

Sad -.101 -.034 -.343 -.085 -.218 .038 -.312 -.225 -.379 -.371 .006 

Fear .529 * .442 -.139 .186 .305 .404 .126 .113 .059 .052 .312 

Emotion detection (reaction 
time) b 

Angry -.323 -.330 -.203 -.628 ** -.286 .063 -.144 -.130 -.043 .021 -.216 

Fear -.318 -.336 -.306 -.563 * -.503 * .028 -.316 -.259 -.229 -.154 -.385 

Reinforcement-based decision-
making (accuracy) b 

Acquisition learning -.049 -.259 .293 .167 -.018 -.144 -.210 -.314 -.197 -.143 -.177 

Response reversal -.356 -.465 -.049 -.296 -.638 ** -.540 * -.155 -.068 -.177 -.120 -.472 

Delay discounting (# of times 
lesser value chosen) b 

7 days .347 .211 -.231 -.214 -.011 .164 .078 .062 .059 -.049 .382 

30 days .226 .145 -.121 -.171 -.167 .066 .185 .224 .143 .062 .294 

90 days .121 .035 -.122 -.170 -.170 .129 .154 .180 .151 .053 .254 

180 days .049 .008 .024 -.072 -.114 .189 .159 .184 .205 .120 .244 

360 days .054 .018 .071 -.088 -.078 .223 .176 .187 .224 .152 .247 

Disinhibition b SSRT  -.128 .053 .442 .492 .113 -.111 .345 .386 .261 .303 .036 

 ND BC 
L EC L NAc L mOFC L PHG 

PCL-R Total -.432 -.356 .042 .296 
 Factor 1 -.250 -.394 .132 .347 

Factor 2 -.453 -.145 -.132 .286 

Facet 1 -.165 -.386 .263 .359 

Facet 2 -.274 -.321 -.008 .267 

Facet 3 -.366 .102 .119 .426 

Facet 4 -.433 -.318 -.323 .056 

Conviction information # past violent convictions -.155 .034 .280 .213 

1 year reconviction -.443 -.089 .105 -.180 

Aggression a RPQ-Reactive -.118 .136 -.495 .049 

RPQ-Proactive -.005 .030 -.166 .310 

Emotion recognition (accuracy) b Angry .141 -.162 -.068 .349 

Sad .113 -.604 * .076 .169 

Fear -.171 -.200 -.388 -.141 

Emotion detection (reaction 
time) b 

Angry -.276 .091 .737 ** -.178 

Fear -.433 -.178 .550 * -.181 
Cont. on next page 
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Reinforcement-based decision-
making (accuracy) b 

Acquisition learning .334 -.080 -.131 -.302 

Response reversal -.384 .165 .268 -.266 

Delay discounting (# of times 
lesser value chosen) b 

7 days -.097 -.485 -.343 -.334 

30 days -.217 -.267 -.356 -.492 

90 days -.170 -.103 -.160 -.526 * 

180 days -.019 -.018 -.142 -.621 * 

360 days .047 -.039 -.188 -.658 ** 

Disinhibition b SSRT  .188 .461 .032 .342 

Table 7.6 Partial Pearson coefficients for network topology (group differences) – phenotype correlations.  

Note: Only group differences with large effect sizes (ηp
2 ≥ .14) were included. The average metrics between PL and OT sessions were used. Hence only ASPD participants 

who completed both sessions were included (N = 19). Bold font indicates the p-value survived FDR correction for multiple comparisons. Uncorrected p: * p ≤ .05, ** p ≤ 

.01. OT = oxytocin, PL = placebo, SSRT = stop signal reaction time, GEFF = global efficiency, LocEFF = local efficiency, NEFF = nodal efficiency, ND = node degree, BC = 
betweenness centrality, lOFC / mOFC = lateral/medial orbitofrontal cortex, TPo = temporal pole, EC = entorhinal cortex, PCu = precuneus, Cd = caudate, NAc = nucleus 

accumbens, GP = globus pallidus, PHG = parahippocampal gyrus. Not all participants completed all components: a N = 16, b N = 18. 
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 NEFF BC 
R TPo R SMG L SMG R Cu 

PCL-R Total .172 -.091 .052 .134 
 Factor 1 -.030 -.240 -.145 -.046 

Factor 2 .375 -.006 .201 .237 

Facet 1 -.128 -.065 -.118 .196 

Facet 2 .065 -.373 -.153 -.266 

Facet 3 .429 .196 .216 .469 

Facet 4 .202 -.171 .107 -.084 

Conviction information # past violent convictions -.103 .285 .144 .117 

1 year reconviction -.169 -.026 .103 -.309 

Aggression a RPQ-Reactive .338 .133 .214 .268 

RPQ-Proactive .265 .063 .284 .315 

Emotion recognition (accuracy) 
b 

Angry -.028 .504 * .240 .296 

Sad -.287 -.339 -.088 .059 

Fear .132 .308 .293 .251 

Emotion detection (reaction 
time) b 

Angry -.006 .171 -.063 -.054 

Fear .099 .240 .322 -.093 

Reinforcement-based decision-
making (accuracy) b 

Acquisition learning -.506 * .083 -.083 -.117 

Response reversal .237 .056 .140 -.296 

Delay discounting (# of times 
lesser value chosen) b 

7 days -.395 -.034 -.346 .054 

30 days -.224 -.102 -.258 -.070 

90 days -.294 -.251 -.398 -.097 

180 days -.374 -.347 -.654 -.193 

360 days -.441 -.345 -.458 -.234 

Disinhibition b SSRT  .410 .196 .323 .319 

Table 7.7 Partial Pearson coefficients for network topology (OT responsivity) – phenotype correlations.  
Note: Only interaction effects with large effect sizes (ηp

2 ≥ .14) were included. The OT-PL delta scores were 

used, therefore only ASPD participants who completed both sessions were included here (N = 19). Uncorrected 
p: * p ≤ .05, ** p ≤ .01. OT = oxytocin, PL = placebo, SSRT = stop signal reaction time, NEFF = nodal 

efficiency, BC = betweenness centrality, TPo = temporal pole, SMG = supramarginal gyrus, Cu = Cuneus. Not 
all participants completed all components: a N = 16, b N = 18. 

 

7.4  Discussion  

This study explored five aspects of brain network topology across multiple 

levels of processing in male violent offenders with ASPD and varying 

degrees of psychopathy relative to non-offending control individuals. These 

aspects related to investigating group differences in the global, local, and 

nodal efficiency, centrality, and edge connectivity, as well as treatment 

effects of OT on network topology. Possible relationships with phenotypic 

measures were also explored. Significant findings that survived correction 

for multiple comparisons will be considered primarily and discussed below.  

The first aspect concerned the centrality of subcortical nodes. The three 

previous graph theory studies of ASPD revealed reduced centrality in 

subcortical regions (W. Jiang, Shi, Liao, et al., 2017; Tang et al., 2016; 

Tillem et al., 2019). However, the current study did not reveal significant 

group differences in either centrality metric in any node, including the 

amygdala. It is worth noting that previous studies assessed the centrality 
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of subcortical nodes collectively, whereas here, it was assessed individually. 

Therefore, fewer corrections for multiple comparisons were required in 

previous studies, meaning they may have been more likely  to detect 

significance. One study in particular also benefitted from a substantially 

larger sample size than the current study, meaning they were better 

powered to detect potential differences (Tillem et al., 2019).  

The second aspect which was explored in the present study addressed the 

contradictory findings for global and local efficiency, as well as edge 

connectivity. Two of the three past studies reported increases in global and 

local efficiency (Tang et al., 2016; Tillem et al., 2019). The current results 

supported this finding by demonstrating that the ASPD group had 

significantly higher global and local efficiency than the NO group. However, 

prior evidence that individuals with ASPD have abnormalities in edge 

connectivity was less clear. The results of the current study showed one 

largely subcortical subnetwork with significantly increased edge 

connectivity in the ASPD group relative to NO. Taken together with previous 

findings (Tang et al., 2016; Tillem et al., 2019), this suggests that aberrant 

intrinsic architecture across macro-, meso-, and micro-levels of neural 

processing is a neurobiological associate of ASPD and psychopathy. These 

abnormalities exist when compared to non-offending controls and when 

including individuals with ages ranging across adulthood. They will be 

discussed in turn.  

Increased global efficiency suggests that, when at rest, the brains of 

individuals with ASPD have higher functional integration. This may imply 

that that the brain is intrinsically organized in a more effective way. 

However, global efficiency is related to the average characteristic path 

length, which is the smallest number of edges required to connect any two 

nodes that form a route along which information can flow. (Achard & 

Bullmore, 2007; Latora & Marchiori, 2001; Rubinov & Sporns, 2010). 

Therefore, higher global efficiency in ASPD suggests that fewer edges are 

used to form information processing routes, meaning that individuals in this 



275 
 

group might have reduced communication between brain areas that should 

be communicating. In other words, there may be shortcuts in the topology 

of individuals with ASPD, which make the brain topologically more efficient, 

but at a potential functional cost.  

Furthermore, the finding of increased meso-level local efficiency suggests 

higher functional segregation in individuals with ASPD. Local efficiency is 

the average of all nodal efficiency values. This means that, on average, 

there is more efficient communication of individual brain regions with their 

immediate neighbours, forming modules. However, considering the finding 

of increased global efficiency, this may not be functionally meaningful since 

information processed in one module might not be adequately shared with 

other modules of the brain. Future research should assess the modularity 

metric, which provides an objective measure of the grouping of individual 

brain regions, to provide more insight into this. Taken together, the current 

findings contribute to the wider evidence base that neurodevelopmental 

and neuropsychiatric disorders, including externalizing disorders such as 

conduct disorder and ADHD, are characterized by abnormalities in 

functional integration and segregation (Y. Jiang et al., 2021; Openneer et 

al., 2020; Tillem et al., 2022).  

Related to the finding of increased local efficiency was the finding of 

increased nodal efficiency of the right precuneus in ASPD relative to NO. 

This is a novel topological finding since this was not assessed in previous 

studies. However, it corresponds with previous work that identified 

structural (chapter 4) and functional abnormalities in the precuneus in 

ASPD and particularly, in psychopathy (Deming & Koenigs, 2020; Dugré & 

Potvin, 2021; Gregory et al., 2015). The precuneus is involved in a range 

of functions, including self-referential processing and subjective valuation 

of reward (Cavanna & Trimble, 2006; Kable & Glimcher, 2007; X. Liu et al., 

2011). Abnormalities in this region may contribute to deficits in these 

functions. Furthermore, it is intriguing that this node showed increased 

efficiency since it is a key node of the DMN and an important communication 
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hub of the brain. This means, at least in the brains of healthy individuals, 

it likely already has increased efficiency when compared to other nodes. 

Importantly, the current results did not show aberrant centrality metrics 

for the precuneus in individuals with ASPD, suggesting it maintains its hub 

status in this group. However, increased nodal efficiency of the precuneus 

suggests that it is more strongly connected to its neighbouring nodes and 

thus has a higher ability to propagate information with them (J. Wang et 

al., 2010). It could be speculated that this might be a compensation 

mechanism for increased functional segregation. Together with evidence 

from other research, it is possible that increased dysfunction of the 

precuneus is thus a key underpinning mechanism in ASPD and 

psychopathy.  

Last, with regards to edge connectivity, the current results revealed one 

subnetwork with significantly increased edge connectivity in the ASPD 

group. This network involved several bilateral subcortical nodes (basal 

ganglia, amygdala, hippocampus), cortical temporal nodes (temporal pole, 

entorhinal cortex, temporal gyri, insula), as well as the lateral OFC. Tang 

et al. (2016) also found one subnetwork with increased connectivity in 

ASPD, although they included a larger range of nodes, whereas the current 

finding suggests a relatively spatially focused subnetwork with only few 

long-distance connections. The subcortical, limbic and paralimbic brain 

areas included in this network have been previously reported as being 

dysfunctional in ASPD and psychopathy (Baskin-Sommers et al., 2016; 

Deming & Koenigs, 2020; Dugré & Potvin, 2021; Gregory et al., 2012, 

2015; Juárez et al., 2013). The connectivity between individual nodes 

cannot be interpreted with the NBS, since this treats the entire subnetwork 

as one component. Thus, it is inappropriate to discuss individual edges of 

the subnetwork. Nevertheless, it is worth noting that other research, 

particularly seed-based FC analyses, have revealed FC abnormalities, albeit 

typically reductions, of similar nodes within ASPD and psychopathy 

(Contreras-Rodríguez et al., 2015; Hosking et al., 2017; Korponay et al., 
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2017a; H. Liu et al., 2014; Ly et al., 2012). Furthermore, it has been 

suggested that increased micro-level edge connectivity may represent a 

compensatory mechanism for structural deficits (Iraji et al., 2016). This 

could be true considering ASPD and psychopathy have previously been 

linked to reduced white matter connectivity between amygdala and medial 

prefrontal regions (Motzkin et al., 2011), which were both included in the 

subnetwork. In summary, the findings relating to the second aspect of 

network topology that was explored in the present study support the notion 

that individuals with ASPD have abnormalities across multiple levels of 

processing.  

The third aspect of this study related to the novel exploration of OT effects 

on network topology in ASPD and assessed whether aberrant metrics could 

be ‘shifted’ by a potential drug treatment. Results revealed that OT 

significantly reduced node degree centrality in the bilateral anterior 

cingulate cortex in both groups (treatment effect), whereas in the right 

cuneus, OT significantly decreased betweenness centrality in the ASPD 

group only (interaction effect). These two findings were thus in line with 

previous work showing that OT only shifts meso-level, but not macro- or 

micro-level properties (Martins et al., 2021). The anterior cingulate cortex 

has above-average expression of oxytocin receptors (Boccia et al., 2013; 

Quintana, Rokicki, et al., 2019) so it is likely to be somewhat more 

responsive to OT than other brain regions. This possibly explains the similar 

effect OT had in both groups. In contrast, the finding of OT-induced 

reductions in betweenness centrality of the cuneus in the ASPD group only 

was more surprising - because the cuneus is not typically associated with 

OT effects and has a lower than average number of OT receptors (Boccia 

et al., 2013; Quintana, Rokicki, et al., 2019). Despite this, Martins et al. 

(2021) also found significant effects of OT on the nodal efficiency of the 

cuneus in healthy individuals. It is possible that effects of OT on the cuneus 

are downstream, or secondary, effects arising from neural input from other 

areas that respond to OT more directly. Moreover, the interpretation of the 
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interaction effect showed that there were no significant group differences 

in the cuneal betweenness centrality in the placebo condition, suggesting 

that this is not a baseline impairment of ASPD. Instead, the groups 

significantly differed in the OT condition, since OT significantly reduced 

cuneal betweenness centrality in individuals with ASPD only. This suggests 

significant group differences in the neural responsivity to OT, which may be 

an indication of impaired allostatic (homeostatic) processes (Quintana & 

Guastella, 2020). Overall, further research should attempt to understand 

the potential functional (behavioural) implications of the findings that OT 

shifted anterior cingulate and cuneal topology, and whether this could have 

a positive impact on functional abnormalities in ASPD.  

The fourth aspect of the study concerned the spatial overlap between meso-

level topological findings and large-scale networks. Analysis revealed that 

group effects mapped mostly onto the DMN. A common finding in ASPD and 

psychopathy is abnormal FC in the DMN (Espinoza et al., 2018; Philippi et 

al., 2015; Tang, Jiang, et al., 2013). The DMN includes areas such as the 

precuneus, posterior cingulate cortex, and parahippocampal and middle 

temporal gyri (Uddin et al., 2019), which all showed significant group 

differences between ASPD and NO (albeit most only prior to correction for 

multiple comparisons). It is therefore possible that significant topological 

differences in the DMN help to explain aberrant large-scale network FC. In 

contrast, treatment effects mostly mapped onto the salience network. This 

is in line with previous research that has revealed OT modulation of FC of 

this network or areas within it (Brodmann et al., 2017; X. Jiang et al., 2021; 

P. Liu et al., 2022; Xin et al., 2021). It is likely that effects of OT on the 

salience network help to explain the behavioural effects that other studies 

have revealed after OT administration, especially those requiring external 

attention to socially salient stimuli (Yao et al., 2018). Finally, the interaction 

effects in the nodal metrics mapped mostly onto the thalamic network. The 

thalamic network incorporates the thalamus, basal ganglia structures, and 

posterior cingulate regions, amongst others (Figure 6.1). This corresponds 
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with the finding in the previous chapter, which also showed an interaction 

effect in the within-network FC of thalamic network. In both cases, under 

placebo, the ASPD group demonstrated increases in the graph theory 

metric or within-network FC (respectively), which were largely attenuated 

by the differential effects of OT on each of the groups. Together, these 

findings suggest that ASPD is characterized by resting-state functional 

abnormalities in subcortical midbrain structures, which respond to an OT 

challenge. Future research should assess thalamic functioning and OT 

responsivity in the context of behaviours which recruit structures within the 

thalamic network.  

The fifth and final aspect of network topology in ASPD related to potential 

correlations between topological abnormalities and phenotypic data. 

Exploratory analyses revealed that increased betweenness centrality in the 

left medial OFC was associated with slower detection of angry faces. The 

correlation finding itself was significant after correction for multiple 

comparisons, however, it must be noted that betweenness centrality in the 

left medial OFC was only significantly higher in the ASPD group relative to 

the NO group prior to correction for multiple comparisons. Although 

cautious interpretation is therefore required, this exploratory finding might 

suggest that as the abnormality in left medial OFC betweenness centrality 

reduces, ASPD individuals are slower to detect angry faces. Indeed, 

previous evidence suggests that ASPD is characterized by significantly 

faster speed to detect angry faces (Timmermann et al., 2017), which may 

contribute to the hostile attribution bias (Schönenberg & Jusyte, 2014). It 

may be possible that reduced reliance on the medial OFC, which is an 

important area for emotion processing and decision-making that 

incorporates social cues, is an underpinning of this cognitive dysfunction 

(R. J. R. Blair, 2004). Other correlations did not survive correction for 

multiple comparisons. Nevertheless, the current findings provide rationale 

for future research to take a more targeted approach to understand the 
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relationship between network topology and clinical, behavioural, and 

cognitive measures.  

Several limitations must be considered when interpreting the above 

findings. First, due to a lower number of participants undergoing this final 

part of the MRI protocol, the sample size was smaller. This meant it was 

not possible to conduct group comparisons between those with ASPD with 

and without psychopathy. There were no significant correlations that 

survived correction for multiple comparisons between the topological 

metrics that had significant group differences and psychopathy scores, 

suggesting that – at least statistically speaking – the current findings are a 

shared mechanism found in those with and without psychopathy. 

Nonetheless, there were some correlations between psychopathy scores 

and nodes with topological abnormalities that were only significant before 

correction for multiple comparisons. Furthermore, the only graph theory 

study in psychopathy revealed that network topology was increasingly 

abnormal with higher psychopathy scores, revealing a more continuous 

relationship (Tillem et al., 2019). Together, this highlights that further 

research is required to disentangle how the presence of significant 

psychopathy affects network topology in individuals with ASPD. The small 

sample size also meant that the study had low statistical power, and it has 

recently been highlighted that brain topology analyses should utilise large 

samples (>65 per group) due to the number of metrics this approach relies 

on (Helwegen et al., 2023). Future research should hence aim to replicate 

the current findings in a large sample. A second limitation relates to the 

timing of the OT administration, which was relatively late within the 

suggested timeframe for OT action (Martins, Mazibuko, et al., 2020; 

Paloyelis et al., 2016). Thus, it is possible that some effects of OT on 

network topology in areas such as the amygdala were missed. The third 

limitation relates to the presence of substance misuse in the ASPD group. 

A significant proportion of the ASPD group tested positive on urine drug 

screening tests on the days of MRI acquisition. This reflects the typical 
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comorbidity found in this patient group (Blackburn et al., 2003; Compton 

et al., 2005; Trull et al., 2010), therefore the current results reflect a 

realistic clinical sample that is representative of the core ASPD phenotype. 

Nevertheless, in the post-hoc sensitivity analyses, when adding a binary 

variable of no-interest reflecting the presence of a positive urine drug 

screening test into the linear mixed models, the above findings remained 

significant. The effect of a positive drug test was not significant. Thus, it is 

likely that the current findings were not driven to a significant extent by 

substance misuse. Finally, the current study did not measure metrics 

required to assess for topological network organization such as small 

worldness and modularity (Bassett & Bullmore, 2017; Latora & Marchiori, 

2001; Watts & Strogatz, 1998). These reflect more normalized metrics and 

would thus improve comparability across studies.  

In conclusion, the current results extended existing evidence by revealing 

that male violent offenders with ASPD have significant differences in macro-

, meso-, and micro-level network topology. This supports wider findings 

that ASPD is associated with abnormal FC. Furthermore, it provides further 

evidence that OT can shift network topology, potentially revealing a 

therapeutic target for individuals with ASPD.  
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8 General Discussion 

8.1  Research problem and aims 

There is still limited understanding of the neurobiological mechanisms 

underpinning ASPD. However, only a small number of studies to date have 

sought to compare the ASPD+P and ASPD-P subtypes within the disorder. 

Failing to account for neurobiological differences between these subgroups 

may impede treatment development.  

The current research had two overarching aims. The first was to provide 

further insight into neurobiological mechanisms by directly comparing male 

violent offenders with ASPD+P, ASPD-P, and healthy non-offenders on a 

range of neurobiological features, including different morphological 

measures of cortical structure, resting-state regional cerebral blood flow 

(rCBF), resting-state functional connectivity (FC), and resting-state 

network topology. The second aim was to investigate the effects of 

intranasal oxytocin (OT) on measures of resting-state function to assess 

whether neurobiological mechanisms can be modulated. An overview of the 

findings pertaining to these aims will be given below.  

8.2  Summary of findings 

This research project used a double-blind, placebo-controlled, randomized 

crossover design to evaluate group and treatment effects across the 

features listed above. Table 8.1 provides a summary of the significant group 

effects, and Table 8.2 shows the findings relating to significant treatment 

and group by treatment interaction effects. In this concluding discussion 

chapter, themes across the results will be highlighted, limitations 

discussed, and clinical implications identified.  

In terms of group effects, ASPD+P and ASPD-P demonstrated different 

neurobiological abnormalities relative to each other. Specifically, they had 

distinct profiles of abnormalities in cortical structure (cortical thickness and 

surface area) and resting-state rCBF. This builds on existing evidence that 
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these subtypes show different structural (cortical volume) and task-based 

functional neurobiological, cognitive, and behavioural features (Azevedo et 

al., 2020; De Brito et al., 2013; Flórez et al., 2019; Gregory et al., 2012, 

2015; Hemphill et al., 1998; Kosson et al., 2006; McCuish et al., 2015; 

Olver et al., 2011, 2013; Riser & Kosson, 2013; Shepherd et al., 2018). 

Moreover, individuals with ASPD+/-P were also found to have aberrant 

brain structure and function when compared to healthy non-offenders. This 

included abnormalities across all features that were studied: cortical 

structure (cortical volume, cortical thickness, and surface), resting-state 

rCBF, resting-state FC, and resting-state network topology. Taken 

together, these findings were demonstrated in brain regions that have 

commonly been linked to ASPD+/-P in previous research, including areas 

of the prefrontal cortex (e.g., ventromedial prefrontal and orbitofrontal 

cortex, middle frontal gyrus, and superior frontal gyrus), anterior and 

posterior cingulate cortex, insula, precuneus, and subcortical structures 

(thalamus, basal ganglia, and striatum).  
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Group effect 

 ASPD+P vs NO ASPD-P vs NO ASPD+P vs ASPD-P 

Cortical 
structure 

Decreased CV and SA in rostral middle and superior 
frontal gyrus, with SA findings extending into lateral 
OFC and inferior frontal gyrus.  
 
Increased CV and SA in precuneus, superior parietal 
cortex, and cuneus, with SA findings extending into 
posterior cingulate, pericalcarine cortex, and lateral 
occipital cortex. 
 
Differences in SA largely explained differences in CV. 

Decreased CV in inferior temporal gyrus and 
fusiform gyrus.  
 
 
Increased SA in posterior cingulate.  
 
 
 
 
Combination of subthreshold differences in CT and 
SA may explain differences in CV. 
 

Decreased CT in anterior and posterior cingulate 
cortex.  
 
 
Increased SA in rostral middle and superior frontal 
gyrus, OFC, inferior frontal gyrus, insula, posterior 
cingulate, and paracentral lobule 

Resting-state 
rCBF 

Decreased rCBF in medial superior frontal gyrus, 
inferior frontal gyrus, OFC, anterior cingulate cortex, 
pre-/post-central gyrus, Rolandic operculum, 
superior temporal gyrus 
 
Increased rCBF in posterior cingulate cortex, 
precuneus, and hippocampus 
 

Decreased rCBF in medial superior frontal gyrus, 
inferior frontal gyrus, OFC, anterior cingulate 
cortex, pre-/post-central gyrus, Rolandic 
operculum, superior temporal gyrus 
 
Increased rCBF in posterior cingulate cortex, 
precuneus, and hippocampus 

 
 
 
 
 
Increased rCBF in posterior cingulate cortex, 
precuneus, and hippocampus 

 ASPD+/-P vs NO  

Resting-state 
FC  

Decreased FC within salience network (at superior and middle temporal gyrus), medial-temporal network 
(at superior frontal gyrus), primary visual network (at angular gyrus, superior and middle temporal gyrus, 
supramarginal gyrus) and lateral visual network (at medial superior frontal gyrus, anterior midcingulate)  
 
Increased FC in medial-temporal network (at OFC, midcingulate, anterior insula, caudate, putamen) and 
thalamic network (at thalamus) 
 

n/a 

Resting-state 
network 
topology  

Increased global, local, and nodal (precuneus) efficiency, and increased edge connectivity in one cortical-
subcortical network (incl basal ganglia, striatum, amygdala, hippocampus, entorhinal cortex, temporal 
pole, inferior and middle temporal gyrus, insula, and OFC) 

n/a 

Table 8.1 Summary of significant group differences across neurobiological features.  
Note: The cortical structure and resting-state rCBF analyses compared ASPD+P, ASPD-P, and NO groups. The resting-state FC and resting-state network topology analyses 

only compared all ASPD and NO groups. Hence, for the latter, no direct ASPD+P vs ASPD-P comparisons were available. rCBF = regional cerebral blood flow, FC = 
functional connectivity, CV = cortical volume, SA = surface area, CT = cortical thickness, OFC = orbitofrontal cortex.  
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In terms of effects of OT, the current results were the first to demonstrate 

that the resting-state brain function in violent offenders with ASPD+/-P is 

responsive to a pharmacological challenge, both in similar and different 

ways to non-offenders. More importantly, it was reported that this response 

partly differed between those with ASPD with versus without psychopathy 

(in resting-state rCBF), which adds to the suggestion that these subtypes 

are characterized by differential neurobiological mechanisms. Finally, the 

results also revealed that specific neurobiological abnormalities in violent 

offenders with ASPD may be attenuated after the administration of OT. In 

other words, abnormalities that existed at baseline (placebo) were no 

longer present in the OT condition.  

 Treatment effect Group x Treatment Interaction 

Resting-state rCBF Ns  OT decreased rCBF in globus pallidus and 
striatum in ASPD-P, but did not modulate it 
in ASPD+P or NO 

Resting-state FC Ns OT decreased FC of thalamic network (at 
middle and inferior temporal gyrus) in ASPD 
and increased it in NO 

Resting-state network topology Decreased node degree 
centrality of anterior cingulate 
cortex 

OT decreased betweenness centrality of the 
cuneus in ASPD but not in NO 

Table 8.2 Summary of the treatment and group by treatment interaction effects across resting-state features.  
Note: There were no main effects of treatment in resting-state rCBF or resting-state FC. Only the resting-state 

analysis compared ASPD+P, ASPD-P, and NO in the interaction effect. rCBF = regional cerebral blood flow, FC 
= functional connectivity, Ns = not significant. 

 

8.3  Emerging themes  

Four main themes emerge in considering the detailed findings of the four 

experimental results chapters. The first two relate to the presence of shared 

and discrete abnormalities in brain structure and function between the 

groups; the third relates to the absence of significant amygdala 

abnormalities; and the fourth relates to the differential effects of OT.  

With respect to the first theme, the results revealed that violent offenders 

with ASPD show increases in several morphological features (cortical 

volume and surface area) and functional measures (i.e., resting-state rCBF 

and nodal efficiency) in the posterior medial cortex region. Where this could 

be distinguished, findings demonstrated that this was largely characteristic 
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of individuals with ASPD+P, suggesting potential neurobiological 

differences between ASPD+P and ASPD-P. This supports findings from a 

recent meta-analysis in individuals with high levels of psychopathy, as well 

as from a study directly comparing neural activity between ASPD+P to 

ASPD-P during reward and punishment processing, which both also 

revealed abnormally increased neural activity in this region in ASPD+P 

individuals (Deming & Koenigs, 2020; Gregory et al., 2015). The posterior 

medial cortex region includes the posterior cingulate cortex and precuneus, 

which together have been implicated in the default mode network and form 

an important communication hub (Fransson & Marrelec, 2008; Hagmann et 

al., 2008; Uddin et al., 2019). In healthy individuals, it contributes to 

important aspects of social cognition, including self-referential processing, 

moral reasoning, attention, and reward evaluation (Brewer et al., 2013; 

Bzdok et al., 2012, 2015; Cavanna & Trimble, 2006; Kable & Glimcher, 

2007; Leech & Sharp, 2014; X. Liu et al., 2011; Pearson et al., 2011). 

Individuals with psychopathy are typically marked by neural and 

behavioural impairments in these functions, and it is possible that structural 

and functional abnormalities such as those found in the current study 

contribute to these abnormalities. Moreover, there is some support that 

these abnormalities have a neurodevelopmental origin. Studies of boys with 

CD with versus without CU traits reported that CD with CU traits was 

associated with increased posterior medial cortex grey matter volume and 

density (De Brito et al., 2009), as well as increased activity during reward 

processing (S. W. Hawes et al., 2021). This suggests there is some 

developmental continuity, which may be one of the many factors 

contributing to the development of life-course persistent (LCP) antisocial 

behaviour (Moffitt, 2018). Taken together, it appears that structural and 

functional abnormalities in the posterior medial cortex are neurobiological 

correlates of ASPD, and particularly those with ASPD+P rather than ASPD-

P.  
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The second theme that emerges from the current data are decreases in 

size, rCBF, and functional connectivity in various frontotemporal regions. 

These reductions were characteristic of ASPD regardless of psychopathy, 

suggesting potentially shared abnormalities – albeit in the structural 

analysis, there were some differences in the distinct spatial location and 

severity of the decreases between the two ASPD subtypes. As discussed in 

the individual chapters, these findings aligned with previous research that 

revealed decreased frontotemporal cortical volume to be characteristic of 

ASPD+P and to a lesser extent also ASPD-P (De Brito et al., 2021; Gregory 

et al., 2012; Hofhansel et al., 2020; Raine et al., 2000, 2011), reduced 

frontotemporal perfusion to be associated with ASPD (Kolla & Houle, 2019), 

and diminished functional connectivity within networks encompassing 

frontotemporal cortical and subcortical structures to be linked with ASPD 

and psychopathy (Espinoza et al., 2018; Philippi et al., 2015; Tang, Jiang, 

et al., 2013). Moreover, these findings are consistent with evidence from 

youth with CD, as well as individuals with antisocial behaviour and 

externalizing disorders more broadly (B. M. Caldwell et al., 2019; Carlisi et 

al., 2020; Dugré & Potvin, 2021; Rogers & De Brito, 2016; Thijssen & Kiehl, 

2017). This overlap might indicate a developmental continuity of the 

neurobiological correlates of ASPD+/-P, which may contribute to the LCP 

antisocial behavioural problems (Moffitt, 2018). However, the aetiology and 

specificity of such frontotemporal abnormalities remain to be established. 

A recent meta-analysis showed that reduced frontotemporal volume is a 

shared feature that can be found across most mental illnesses (McCutcheon 

et al., 2023). In this context, the current approach to investigate how SA 

and CT contribute to group differences in volume was an important first 

step towards increasing the specific understanding of what contributes to 

frontotemporal reductions in ASPD+/-P. Further research to disentangle the 

factors that contribute to decreases in frontotemporal structure, but also 

function, and whether this differs between ASPD+/-P, must be 

implemented. It also remains to be ascertained whether – and how – the 
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structural reductions in frontotemporal areas are linked to the reductions 

in neural function in these regions.  

The third theme that can be identified from this dataset is the relative lack 

of functional abnormalities in the amygdala. The only finding that included 

the amygdala was the micro-level network topology analysis assessing 

edge connectivity, which revealed that the amygdala is part of the largely 

subcortical neural network that showed increased edge connectivity in 

ASPD relative to NO (chapter 7). This was somewhat surprising because 

previous research has often linked amygdalar structural and functional 

abnormalities with ASPD and especially with psychopathy (N. E. Anderson 

et al., 2017; Contreras-Rodríguez et al., 2014; Decety et al., 2015; Decety, 

Chen, et al., 2013; Decety, Skelly, et al., 2013; S. W. Hawes et al., 2021; 

Meffert et al., 2013; Noordermeer et al., 2016; Sethi et al., 2022). 

Moreover, various aetiological theories of psychopathy have included 

amygdala dysfunction as a core feature of psychopathy (R. J. R. Blair, 

2008; Kiehl, 2006; Lykken, 1957; Moul et al., 2012; Patrick, 1994). 

However, a recent meta-analysis of studies assessing the neurobiological 

correlates of psychopathy found that many studies report null findings, and 

those studies that do report amygdala abnormalities use ROI analyses and 

are typically lower in power and utilise community samples (Deming et al., 

2022). Similarly, a meta-analysis of children with conduct problems and 

varying severity of CU traits also did not show significant functional 

impairments in the amygdala (Alegria et al., 2016). While the current 

findings could be a result of limited statistical power (type II error; although 

null findings also reported in the ROI analyses), they do align with these 

meta-analytical findings and together, they challenge the centrality of the 

amygdala for the development of psychopathy across the lifespan. It is 

possible that a shift away from the amygdala-centric view of ASPD and 

psychopathy is underway. Future research should use large samples 

(>1000 individuals (Marek et al., 2022)) and appropriate analyses and 

designs to further evaluate the role of the amygdala. This could be achieved 
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by relying on shared data from large-scale collaborations such as the 

Enhancing NeuroImaging Genetics through Meta-Analysis (ENIGMA) for 

Antisocial Behaviours consortium 

(https://enigma.ini.usc.edu/ongoing/enigma-antisocial-behavior/) or the 

FemNAT-CD consortium (Freitag et al., 2018). Moreover, there is a general 

move away from studying individual brain structures and towards studying 

brain networks (Thiebaut De Schotten & Forkel, 2022). It is conceivable 

that amygdala dysfunction, particularly in its functional connectivity and 

communication with other brain regions (as shown in the micro-level 

network topology findings, chapter 7), may continue to be identified as 

important, albeit as part of a network rather than on its own. 

The final theme that emerges across the findings in the current project was 

an effect of OT on all measures of resting-state brain function, even with a 

relatively long time period since OT administration. Therefore, for the first 

time, it was shown that resting-state brain function in areas important for 

social cognition can be modulated, or ‘shifted’, using a pharmacological 

challenge in violent offenders with ASPD. Specifically, OT decreased 

previously heightened function in subcortical structures (basal ganglia, 

striatum), in the middle and inferior temporal gyrus, the cuneus, and in the 

anterior cingulate cortex. These findings add to existing evidence that OT 

also modulates task-based brain activity in the anterior cingulate cortex 

and anterior insula in these individuals, specifically in those with ASPD+P 

(Tully et al., 2022). Across these studies, the effects of OT in ASPD+/-P 

largely differed from those found in the NO individuals. The precise neural 

mechanisms of action of OT remain to be fully understood. The recent 

discovery of a neurochemical ligand to the human oxytocin receptor will aid 

in increasing this understanding (Beard et al., 2018). However, as 

described in the Introduction chapter, a leading theory of the role of 

oxytocin in the brain suggests that it selectively and dynamically modulates 

the activity of excitatory and inhibitory cell firing, relying on allostatic (i.e., 

homeostatic) feedback processes to support selection of and attention 

https://enigma.ini.usc.edu/ongoing/enigma-antisocial-behavior/
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towards socially salient stimuli that are important for learning, 

adapting/responding to, and interacting with the changing environment 

(Lefevre et al., 2021; Marlin et al., 2015; Oettl et al., 2016; Quintana & 

Guastella, 2020; Shamay-Tsoory & Abu-Akel, 2016). Considering evidence 

that oxytocin levels, at least when measured in the plasma, are 

dysregulated in individuals with phenotypic characteristics of ASPD 

(Berends et al., 2022; Goh et al., 2021; R. Lee et al., 2009; Mitchell et al., 

2013), it could by hypothesized that the allostatic processes responding to 

endogenous oxytocin also do not function in the same way as in healthy 

individuals. Similarly, the neural responsivity to exogenous OT also likely 

differs, underpinning the observed group differences in OT effects. 

Underlying mechanistic differences in the allostatic responsivity of neurons 

to OT within ASPD individuals might also help to explain why OT effects 

were found in areas such as the cuneus, which is not typically associated 

with a high oxytocin receptor density (Boccia et al., 2013; Quintana, 

Rokicki, et al., 2019) but may show (unusually) modulated activity as a 

downstream consequence of abnormal neural responsivity to OT elsewhere. 

With this in mind, it is important to note that OT also showed differential 

effects on the neural activity of individuals with ASPD+P versus ASPD-P. 

Thus, it is likely that the neural responsivity to exogenous OT also differs 

between these two subtypes, providing further support for the notion that 

ASPD+P and ASPD-P are marked by differential neurobiological 

mechanisms. This highlights the importance of stratifying ASPD subtypes 

for studies assessing mechanisms and treatment response. Taken together, 

these findings provide important first steps towards investigating the 

treatment potential that OT might have for ASPD. However, to truly 

evaluate and understand the potential therapeutic utility of OT in ASPD, it 

is crucial that the mechanisms of its action are better understood.  

8.4  Limitations of the current research 

There were three overarching limitations to the current research project: 

1) relatively low sample size and subsequently reduced statistical power; 
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2) the presence of substance use within the participants; 3) minor 

methodological challenges related to the OT administration and the 

neurocognitive tasks that were used for the exploratory correlation 

analyses.  

In terms of the sample size, there was some variability across the individual 

results chapters. Chapter 4, which assessed brain structure, benefitted 

from the largest sample size across groups (ASPD+/-P N = 37) whereas 

chapter 6, which assessed large-scale network functional connectivity, had 

a significantly smaller sample size (ASPD+/-P N = 19). This variability in 

group size emerged for different reasons, including participant difficulties 

(not attending both placebo and oxytocin sessions), protocol timing (scans 

towards the end of the long MRI protocol were sometimes not conducted 

because of a lack of time or participant discomfort) and data analysis 

(excluding raw data due to too much motion). Furthermore, due to the 

Covid-19 pandemic, the recruitment period for this project was drastically 

shortened, meaning that the original goal of recruiting up to 24 participants 

per ASPD subtype was impossible. It must therefore be acknowledged that 

the current experiments were likely to be underpowered, and only large 

effect sizes could be detected. However, the current sample sizes are 

comparable to much existing research in the fields of ASPD and intranasal 

oxytocin, and they were largely in line with recommendations for the 

individual analytic approaches (as detailed in the Methods chapter). 

Nevertheless, it has been recently suggested that in order to detect true 

effects with sufficient statistical power, neuroimaging studies must include 

over 1000 individuals (Marek et al., 2022). The current data can contribute 

to the efforts of large-scale consortiums (e.g., ENIGMA for Antisocial 

Behaviour), which is the only feasible approach for collecting such large 

sample sizes. However, a current limitation of the large-scale approaches 

is that they often lack detailed and comparable phenotypic characterisation 

of the sample(s), which is a strength of the current participant groups. It 

will be important to assess whether the neurobiological and neurocognitive 
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differences identified between the ASPD subtypes can also be replicated in 

much larger meta-analytic samples, but this is only possible if the large-

scale efforts also improve and standardize their approach and guidelines 

for phenotypic characterisation (Griem et al., 2022). Another impact of the 

small sample size in the current study was on the analysis of the resting-

state functional connectivity and network topology data. Specifically, due 

to a fewer number of individuals undergoing the rs-fMRI BOLD scan, these 

analyses could not compare individuals with ASPD+P versus ASPD-P. This 

affected the ability to fulfil one of the two project aims. In summary, the 

current project suffers from low statistical power, however, considering its 

novelty and careful phenotypic characterization, it has provided important 

preliminary findings that can be exploited in future larger-scale efforts.  

The second limitation of the current project relates to the presence of 

significant comorbid lifetime substance use disorders within the offenders 

with ASPD+/-P (up to 32%, as per the SCID-5-CV; note the presence of a 

lifetime substance use disorder was an exclusion criteria for NO 

participants, and for ASPD individuals, it was an exclusion criteria if it 

actively disturbed their daily functioning), as well as the presence of active 

‘recreational’ substance use that was revealed in participants by the urine 

drug testing that captured drug use in the past 14 days (up to 75% in the 

ASPD participants: mainly cannabis, cocaine, opioids; up to 42% in the NO 

participants: mainly cannabis). While participants were asked to abstain 

from substance use in the two weeks before participating in the study, this 

was clearly not always adhered to. If participants’ urine drug tests revealed 

recent substance use, information about when the most recent use 

occurred was verbally collected on an individual basis. Due to the difficulty 

of recruiting these participants, only participants who attended an MRI with 

their function manifestly impaired by substances were turned away from 

the relevant scanning session.  

However, the main analyses did not include substance use or the presence 

of a positive urine drug test as a covariate. Substance use is a very common 
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behaviour found in individuals with ASPD+/-P and it is an inherent part of 

the disorder phenotype (Blackburn et al., 2003; Compton et al., 2005; Trull 

et al., 2010). This inclusive approach is in line with other research in LCP 

offenders (Carlisi et al., 2020). Moreover, the use of cannabis is also 

becoming more popular in Western countries including the UK (United 

Nations Office on Drugs and Crime, 2021). This means healthy NO control 

populations are also likely to engage in recreational cannabis use more 

frequently, especially those who were recruited to match the demographic 

and intellectual characteristics of the ASPD sample (e.g., lower 

education/income, lower IQ) (Jeffers et al., 2021). It must therefore be 

acknowledged that it is possible that some of the current findings could be 

attributed to the impact of substance use on neurobiological structure and 

function. Hence, post-hoc sensitivity analyses that assessed the 

relationship between the presence of a lifetime substance use disorder (for 

brain structure) or the presence of a positive urine drug screening test on 

the day of scanning (for brain function) were conducted. They revealed no 

significant relationship between lifetime substance use disorder and brain 

structure, or between the presence of a positive urine drug test and neural 

topology. However, the presence of a positive urine drug test was 

associated with median rCBF in clusters 1 and 3, as well as with FC in the 

medial temporal network (see Table S2 and Table S3). Developmental and 

longitudinal studies will be required to explore the neurobiological 

correlates of substance use independent of antisocial personality disorder. 

These can support the identification of causal mechanisms while also 

delineating the possible additive risk of various parts of the antisocial 

phenotype (e.g., Blair, 2020).  

Finally, the last limitation involves a set of minor methodological challenges 

that were faced in this project. The current study used an OT dose of 40 

IU. At the time of study design, this was chosen because it was in line with 

other studies that showed OT effects on resting-state brain function 

(Paloyelis et al., 2016) and had been deemed to be safe (MacDonald et al., 
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2011). However, since then, it has been reported that lower doses of OT 

may have stronger effects on brain function. It has also been demonstrated 

that the dose-response relationship differs across and within brain regions 

(Martins, Brodmann, et al., 2022). For instance, rCBF of the individual 

nuclei of the amygdala show different profiles of responsivity to low versus 

high OT doses (Martins, Brodmann, et al., 2022). Equally, the time between 

OT administration and measurement of effect was rather late within the 

time window that has previously been demonstrated to show significant 

effects on resting-state rCBF, FC, and network topology (Brodmann et al., 

2017; Martins et al., 2021; Martins, Mazibuko, et al., 2020; Paloyelis et al., 

2016). The effects of OT on brain areas that only occur closer to the time 

of administration may have been missed. Nevertheless, the current project 

has provided crucial first steps to show that the resting-state brain function 

of violent offenders with ASPD and varying levels of psychopathy responds 

to OT administration. However, future research should consider recent 

developments in the wider field of OT research, and for example, 

investigate the effect of a lower dose of OT earlier in the time window.  

Another methodological challenge that was faced in this project related to 

the neurocognitive assessment. The tasks utilised aligned with the 

Research Domain Criteria framework (Insel et al., 2010), meaning that they 

offered common behavioural outcome measures that can be correlated with 

neurological functioning. This was beneficial since in the current project, 

they were used in the exploratory correlations with findings of 

neurobiological abnormalities. Furthermore, they have been implemented 

to demonstrate neurocognitive impairments in adolescents with CD+/-CU 

traits (R. J. R. Blair et al., 2020; R. J. R. Blair, White, et al., 2014; Moore 

et al., 2019; White et al., 2014). However, due to their intended use in 

youth populations, it is possible that they were too easy for the adult 

participants in this study, leading to ceiling effects. This might explain why 

the exploratory correlations did not reveal many significant findings across 

the four experimental chapters. It is also possible that the tasks measured 
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behaviours that were too complex to delineate such precise neurobiological 

underpinnings. Future research should utilize tasks that have been used to 

demonstrate significant neurocognitive impairments in adults with ASPD 

and psychopathy.  

8.5  Implications and future research  

The individual findings, as well as the themes that emerge across these 

findings, have several important implications for future research and clinical 

practice. In terms of research implications, the first one is that the findings 

provide evidence that ASPD can be stratified into two more biologically 

homogenous subtypes (ASPD+P and ASPD-P), at least in terms of cortical 

structure and rCBF. This is further supported by the differential response 

to OT challenge. Future research studies may find it beneficial to apply such 

stratification, as it may lead to a more precise identification of neural 

correlates of behaviour. Delineating more homogenous neurobiological and 

cognitive phenotypes of antisocial behaviours has been identified as one of 

the most crucial improvements in the research approach to this population 

(Brazil et al., 2018).  

A second implication for research practice comes from the fact that this was 

the first study to demonstrate that resting-state neurobiological 

mechanisms in ASPD and psychopathy could be modulated by a 

pharmacological challenge, in some cases attenuating significant baseline 

group differences. The impact of these modulations could be explored in 

future behavioural research studies that use larger samples and more 

appropriate neurocognitive measures than the current study. Moreover, it 

was also shown that there are some differences in the neural responsivity 

to such challenges within each ASPD subtype. This may provide important 

rationale and guidance for future research that plans to measure the impact 

of other pharmacological agents, for example probing the serotonergic 

system in the context of interpersonal aggression. Finally, findings that OT 

modulated resting-state functional connectivity and network topology ca. 
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90 minutes after administration (in both offenders and non-offenders) has 

implications for the wider field of OT research. Specifically, it supports 

findings from a study showing OT effects on rCBF up to 95 minutes after 

administration (Martins, Mazibuko, et al., 2020). Together, these findings 

suggest that a dose of 40 IU of OT may have a longer effect on brain 

function than initially expected based on earlier research (Paloyelis et al., 

2016). However, it is possible that OT effects that are only evident earlier 

in the time window were missed in the current study. With this in mind, it 

is important that future research examines the spatiotemporal profile of OT 

responsivity within individuals with ASPD, to assess whether the 

responsivity differs in different parts of the brain across different times. 

This will also help to determine the therapeutic potential.  

The current findings also have implications for clinical practice. First, the 

findings of different neurobiological underpinnings of ASPD+/-P add 

important biological evidence to the existing behavioural evidence that the 

diagnosis for ASPD should be stratified according to the presence or 

absence of psychopathy (Azevedo et al., 2020; De Brito et al., 2013; Flórez 

et al., 2019; Gregory et al., 2012, 2015; Hemphill et al., 1998; Kosson et 

al., 2006; McCuish et al., 2015; Olver et al., 2011, 2013; Riser & Kosson, 

2013; Shepherd et al., 2018). Together, this evidence suggests that 

psychopathy is not merely a more severe form of ASPD, but that it has 

some underlying differences in the mechanisms that drives it. The 

diagnostic criteria for ASPD should therefore have the option to specify 

whether an individual shows additional, above-threshold characteristics of 

psychopathy. This already exists for the DSM-5 diagnosis of CD (i.e., the 

optional categorisation specifying the presence of ‘limited prosocial 

emotions’) (Pardini et al., 2010). Creating such a diagnostic category would 

thus further support the notion that CD+/-CU traits is the developmental 

precursor of ASPD+/-P, which in itself may have important implications for 

identifying early intervention targets. A psychopathy specifier based on 

fearlessness and boldness traits also already exists in the DSM-5 Section 
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III Alternative Model for Personality Disorders (First et al., 2015). This 

section presents emerging measures and models to help clinicians to 

evaluate their patients in alternative ways. The inclusion of the psychopathy 

specifier has been considered to be an important improvement of the ASPD 

diagnosis relative to previous iterations of the diagnosis, however due to 

its base in character and temperament, it has limitations with regards to 

its validity and is not often utilized in clinical practice (J. L. Anderson & 

Kelley, 2022; Fuller et al., 2022). It is possible that the current and recent 

neurobiological and behavioural evidence that is based on the difference 

between ASPD +/-P according to the PCL-R threshold will benefit the 

approach to evaluating the evidence base for the utility and validity of 

adding a psychopathy subtype to the diagnosis of ASPD in the main 

personality disorder section of the DSM.  

The evidence for differential responsivity to OT also has important 

implications for clinical practice, in particular for the approach to treating 

ASPD+/-P. With respect to identifying the ‘true’ treatment potential of OT 

specifically, it is important that future research establishes whether 

pharmacologically induced shifts in brain function are linked to 

improvements in behavioural features of the disorder (Quintana, 2022; 

Yeomans et al., 2021). Furthermore, the effects of longer-term or chronic 

rather than acute OT dosing need to be established in ASPD+/-P. Meta-

analytic evidence has indicated the safety of long-term OT use (Cai et al., 

2018), though possible adversities such as increased anxiety need to be 

better understood (J. Winter et al., 2021). Beyond this, the current findings 

suggest that individuals with ASPD+P may respond differently to treatment 

than individuals with ASPD-P. The importance and potential of adapting 

treatment approaches to more homogenous subtypes of ASPD has been 

shown by a trial that successfully used cognitive remediation therapy to 

target and improve attention deficits found specifically in individuals with 

ASPD+P (Baskin-Sommers, Curtin, et al., 2015).  
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In summary, the current findings have clear implications for the design of 

future research studies as well as for clinical practice. To further improve 

the understanding of the neurobiological and behavioural mechanisms 

associated with ASPD and psychopathy, and to subsequently develop more 

personalised medicine approaches, it is crucial that ASPD+P and ASPD-P 

are treated as distinct, more biologically homogenous subtypes of ASPD.  

8.6  Conclusion 

In conclusion, the findings from this project demonstrated that male violent 

offenders with a diagnosis of ASPD with or without significant psychopathy 

have neurobiological abnormalities when compared to non-offenders. There 

was novel evidence that some of these neurobiological abnormalities were 

shared between both ASPD subtypes, but more importantly, there was also 

evidence that some neurobiological abnormalities differed between the 

ASPD subtypes. This has important implications for future research and 

clinical practice, suggesting that such stratification into more homogenous 

subtypes is not only found on a behavioural level, but also in various 

neurobiological mechanisms. These findings align with reports of 

neurobiological abnormalities in children with CD with or without CU traits, 

suggesting there is some degree of neurodevelopmental continuity. This 

may contribute to the development of LCP antisocial behaviour and 

violence. Moreover, the current project also provided novel evidence for the 

modulatory effects of OT. This creates a promising rationale for new 

research that aims to evaluate the therapeutic potential of OT in ASPD. 

With improvements in the understanding of the neurobiological 

underpinnings as well possible normalizing mechanisms, there is increased 

hope that new treatment options will become available. This is crucial to 

improve the health and well-being of individuals suffering from ASPD and 

psychopathy, which are debilitating conditions. Moreover, this is essential 

to reduce the high amount of violent crime that is committed by such 

individuals, which comes at an immense emotional and financial cost to 

human society. The current work therefore provided an important 
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contribution towards improving the understanding of factors contributing 

to one of the world’s major global public health problems: interpersonal 

violence.  
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Appendix 

Post-hoc sensitivity analyses to measure the impact 

of substance use  

Supplement chapter 4: Group differences in brain structure 

The post-hoc sensitivity analyses for this chapter relied on measuring the 

impact of having a lifetime substance use disorder. This was chosen 

because acute drug use (as measured through the urine drug test) is 

unlikely to affect brain structure whereas a lifetime substance use disorder 

is more likely to impact brain structure. As shown in Table 4.1, the two 

ASPD groups each had a significantly higher frequency for the presence of 

a lifetime substance use disorder, since such a diagnosis was an exclusion 

criteria for the NO group. However, the frequency of lifetime substance use 

disorders did not differ between the two ASPD groups. Therefore, for each 

cluster that showed a significant two-way (ASPD+P vs NO, ASPD-P vs NO) 

group difference in cortical volume, surface area, or cortical thickness, a 

linear regression analysis was conducted. Specifically, in each regression 

analysis, the presence of a lifetime substance use disorder (binary), age 

(mean-centred), and the respective global brain measure (mean-centred) 

were the predictor variables, and the t-values from the significant clusters 

were the outcome variables. The participants included in each regression 

analysis corresponded with those for the respective groups involved in the 

original comparison (so for clusters stemming from ASPD+P vs NO 

comparisons, all ASPD+P and NO participants were included in the 

regression analysis). Since the two ASPD groups did not have significantly 

different frequencies in lifetime substance use disorders, no post-hoc 

sensitivity tests were needed for the cortical thickness and surface area 

clusters where they showed significant structural differences. The results of 

the individual regression analyses are shown in Table S1. The presence of 

a lifetime substance use disorder did not significantly predict the t-values 

in any cluster.  
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 Main model Beta-values 
  Age Global SUD 
ASPD+P vs NO     
CV1 F(3, 37) = 18.11, p < .001 .001 < .001 ** -.14 
CV2 F(3, 37) = 13.78, p < .001 .004 < .001 ** .21 
SA1 F(3, 37) = 21.81, p < .001 < .001 < .001 **  -.04 
SA2 F(3, 37) = 14.24, p < .001 .001 < .001 ** .08 
SA3 F(3, 37) = 1.84, p = .16 -.002 < .001 .07 
ASPD-P vs NO     
CV3 F(3, 38) = 3.64, p = .02 -.004 < .001 * -.10 
SA4 F(3, 38) = .57, p = .64 -.001 < .001 .04 

Table S1. Effect of lifetime substance use disorder on structural group differences. 

Note: * = Bonferroni-corrected p-value < .01, ** = Bonferroni-corrected p-value < .001; SUD = lifetime 
substance use disorder. CV = cortical volume, SA = surface area.  

 

Supplement chapter 5: Group differences and OT effects in 

rCBF  

For the post-hoc sensitivity analyses to measure the effect of substance 

misuse on resting-state brain rCBF, the presence of a positive urine drug 

test from the day of the MRI scan was used. This was chosen over lifetime 

substance use disorder due to its objectivity as well as the fact that acute 

drug use might affect brain function on the day. The same approach was 

used as above. The predictor variables were the presence of a positive urine 

drug test (binary), age (mean-centred), minutes since OT dose (mean-

centred), global median CBF (mean-centred). The outcome variables were 

the raw median rCBF values for each cluster that showed a significant group 

or interaction effect. Specifically, for clusters with a group effect, the 

average median rCBF values between OT and PL scans was used, and for 

the interaction effect, the difference score between OT and PL scans was 

used. As the main analysis for this data relied on a three-way group test, 

all participants were included in these regression analyses. The results of 

the individual regression analyses are shown in Table S2. The presence of 

a positive urine drug test had a significant negative relationship with rCBF 

in clusters 1 and 3.  
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 Main model Beta-values 
  Age Minutes Global Positive drug test 
Group effect      
Cluster 1 F(4, 48) = 26.65, p < .001 -.05 .02 .84 ** -3.79 * 
Cluster 2 F(4, 48) = 110.39, p < .001 .12 -.001 1.55 ** -2.34 
Cluster 3 F(4, 48) = 49.94, p < .001 .04 .06 1.45 ** -4.13 * 
Cluster 4 F(4, 48) = 27.34, p < .001 -.07 -.06 1.52 ** -2.66 
Cluster 5 F(4, 48) = 20.32, p < 001 .06 -.10 .63 ** .68 
Interaction effect      
Interaction cluster F(4, 48) = 27.99, p < .001 -.03 .004 .62 ** .63 

Table S2. Effect of acute drug use on rCBF group differences and interaction effects 
Note: * = Bonferroni-corrected p-value < .01, ** = Bonferroni-corrected p-value < .001; rCBF = regional 

cerebral blood flow.  

Supplement chapter 6: Group differences and OT effects in 

functional connectivity 

The same approach as the post-hoc sensitivity analyses for rCBF was used 

here. The presence of a positive urine drug test (binary), age (mean-

centred), and minutes since OT dose (mean-centred) were used as 

predictor variables. The extracted functional connectivity values from 

clusters showing a significant within-network group difference were used 

as the outcome variable in the regression. Table S3 shows the results of 

the regression. The functional connectivity in AprClus1 and AprClus5 was 

significantly negatively related to the presence of a positive urine test.  

 Main model Beta-values 
  Age Minutes Positive drug test 
Group effect     
AprClus1 F(3, 34) = 3.61, p = .02 .11 -.40 -14.71 * 
AprClus2 F(3, 34) = .25, p = .86 .004 -.08 -2.46 
AprClus3 F(3, 34) = 2.27, p = .10 -.13 -.06 2.39 
AprClus4 F(3, 34) = 2.86, p = .05 -.08 -.05 2.19 
AprClus5 F(3, 34) = 3.25, p = .03 -.03 -.007 2.47 * 
ExpClus1 F(3, 34) = .32, p = .81 -.02 -.08 -.83 
ExpClus2 F(3, 34) = 2.96, p = .05 .30 -.03 -7.16 
ExpClus3 F(3, 34) = 1.59, p = .21 -.05 .10 5.04 
Interaction effect     
ExpInteractClus1 F(3, 34) = 5.01, p = .006 -.22 -.15 -5.89 

Table S3. Effect of acute drug use on functional connectivity group differences and interaction effects.  

Note: * = Bonferroni-corrected p-value < .01.  

Supplement chapter 7: Group differences and OT effects in 

network topology  

For the post-hoc sensitivity analyses, the binary variable for the presence 

of a positive urine drug test was added into the original linear mixed models 

as an additional fixed factor for those models which originally revealed 

significant group, treatment, or interaction effects. Age (mean-centred) 

and minutes since OT dose (mean-centred) remained fixed factors of no-
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interest, and subject remained the random factor. Most effects remained 

significant, including all of those that were interpreted in the chapter. The 

below Table S4 shows only those effects where the significance of a main 

or interaction effect changed after including the binary positive drug test 

variable.  

Graph theory 
metric 

Group  Treatment  Interaction  Age Minutes Positive drug 
test  

Mean FC F(1, 41.45) = 3.19, 
p = .08 

F(1, 34.32) = .02,    
p = .90 

F(1, 36.20) = .73,    
p = .40 

F(1, 41.64) = 3.92,  
p = .05 

F(1, 80.45) = .33,    
p = .57 

F(1, 45.00) = .92,    
p = .32 

NEFF L ACC F(1, 44.93) = 2.38, 
p = .13 

F(1, 43.75) = .03,    
p = .86 

F(1, 44.62) = 5.68,  
p = .02 ⴕ 

F(1, 45.48) = .09,    
p = .77 

F(1, 76.33) = 3.40,  
p = .07 

F(1, 47.04) = .22,    
p = .64 

NEFF R Prec F(1, 40.23) = 5.99, 
p = .02 ⴕ  

F(1, 42.49) = .04,    
p = .85 

F(1, 43.15) = .14,    
p = .71 

F(1, 40.90) = 2.06,  
p = .16 

F(1, 63.75) = 1.41,  
p = .24  

F(1, 41.86) = 1.33,  
p = .26 

NEFF L Prec F(1, 41.68) = 2.2,   
p = .14 

F(1, 38.52) = .22,    
p = .64 

F(1, 39.46) = .15,    
p = .70 

F(1, 42.12) = 1.68,  
p = .20 

F(1, 80.40) = .36,    
p = .54 

F(1, 44.23) = 2.47,  
p = .12 

ND L Amyg F(1, 33.24) = 2.85, 
p = .10 

F(1, 33.49) = .002,  
p = .97 

F(1, 34.27) = .27,    
p = .61 

F(1, 33.83) = .02,    
p = .89 

F(1, 66.32) = .52,    
p = .47 

F(1, 35.09) = 5.48,  
p = .03 ⴕ 

BC L Amyg F(1, 82) = 2.8,       
p = .10 

F(1, 82) = 2.63,     
p = .11 

F(1, 82) = 5.79,     
p = .02 ⴕ 

F(1, 82) = .90,       
p = .35 

F(1, 82) = .11,       
p = .75 

F(1, 82) = 1.09,     
p = .30 

NEFF L GP F(1, 38.13) = 3.33, 
p = .08 

F(1, 36.52) = .02,    
p = .87 

F(1, 37.40) = 4.86,  
p = .04 °  

F(38.66) = .009,    
p = .93 

F(1, 75.78) = 4.43,  
p = .04 

F(1, 40.35) = 2.61,  
p = .11 

NEFF R Mid 
Temp 

F(1, 42.33) = 3.33, 
p = .08 

F(1, 42.81) = 1.50,  
p = .23 

F(1, 43.59) = .17,    
p = .69 

F(1, 42.96) = 1.29,  
p = .26 

F(1, 70.60) = .07,    
p = .80 

F(1, 44.21) = 4.52,  
p = .04 

NEFF L Parahip F(1,40.87) = 2.85,  
p = .10 

F(1, 41.36) = .43,    
p = .51 

F(1, 42.15) = .64,    
p = .43 

F(1, 41.49) = 13.09, 
p < .001 

F(1, 69.81) = .11,    
p = .74 

F(1, 42.75) = 6.11,  
p = .01 

NEFF L Sup 
Temp 

F(1, 38.73) = 3.08, 
p = .08 

F(1, 33.96) = .38,    
p = .54 

F(1, 34.88) = .20,    
p = .65 

F(1, 39.05) = .05,    
p = .83 

F(1, 82.00) = .16,    
p = .70 

F(1, 41.75) = .76,    
p = .39 

NEFF L Lat OFC F(1, 42.89) = 3.68, 
p = .06 

F(1, 43.47) = 74,     
p = .39 

F(1, 44.16) = 5.40,  
p = .02 ° 

F(1, 43.51) = .71,    
p = .41 

F(1, 70.81) = .41,    
p = .52 

F(1, 44.75) = .04,    
p = .85 

NEFF R EC F(1, 44.99) = 2.83, 
p = .10 

F(1, 43.33) < .001,  
p = .99 

F(1, 44.23) = 6.80,  
p =.01 ° 

F(1, 45.52) = 1.39,  
p = .24 

F(1, 77.57) = .10,    
p = .75 

F(1, 47.20) = .86,    
p = .36  

NEFF R Parahip F(1, 45.45) = 2.42, 
p =.13 

F(1, 44.53) = .69,    
p = .41 

F(1, 45.39) = 1.16, p 
= .29  

F(1, 46.01) = 5.27,  
p = .03 

F(1, 75.80) = 1.33,  
p = .25 

F(1, 47.51) = 2.19,  
p = .14 

ND L NAcc F(1, 42.42) = 8.49, 
p = .006 °  

F(1, 41.42) = 1.10,  
p = .30 

F(1, 42.29) = 2.44,  
p = .13 

F(1, 42.99) = .77,    
p = .39 

F(1, 75.13) = 1.07,  
p = .30 

F(1, 44.53) = .013,  
p = .72 

ND L EC F(1, 82) = 4.69,     
p = .03 °  

F(1, 82) = 1.49,     
p = .23 

F(1, 82) = .47,       
p = .49 

F(1, 82) = 2.96,     
p = .09 

F(1, 82) = 1.20,     
p = .28 

F(1, 82) = 3.42,     
p = .07 

ND L GP F(1, 38.21) = 3.78, 
p = .06 

F(1, 36.52) = 5.62,  
p = .03 °  

F(1, 37.41) = .92,    
p = .34 

F(1, 38.74) = .14,    
p = .71 

F(1, 76.07) = 1.48,  
p = .23 

F(1, 40.45) = .69,    
p = .41 

ND R NAcc F(1, 43.70) = 5.27, 
p = .03 °  

F(1, 39.10) = .69,    
p = .41 

F(1, 40.05) = 1.93,  
p = .17 

F(1, 44.03) = 1.44,  
p = .24 

F(1, 81.98) = .03,    
p = .86 

F(1, 46.61) = .31,    
p = .58 

ND L TP F(1, 82) = 2.96,     
p = .09 

F(1, 82) = .08,       
p = .78 

F(1, 82) = .63,       
p = .43 

F(1, 82) = 1.31,     
p = .26 

F(1, 82) = .75,       
p = .39 

F(1, 82) = 1.60,     
p =.21 

ND L PCC F(1, 36.43) = 4.13, 
p = .05 °  

F(1, 38.11) = 2.61,  
p = .11 

F(1, 38.81) = .22,    
p = .64 

F(1, 37.08) = .47,    
p = .50 

F(1, 62.96) = 2.68,  
p = .10 

F(1, 38.13) = .01,    
p = .92 

ND R PCC F(1, 40.80) = 4.04, 
p = .05 °  

F(1, 41.81) = 4.40,  
p = .04 °  

F(1, 42.56) = .13,    
p = .73 

F(1, 41.44) = .14,    
p = .71 

F(1, 68.11) = 5.87,  
p = .02 

F(1, 42.61) = .02,    
p =.88 

BC R Postcent F(1, 39.34) = 3.64, 
p = .06 

F(1, 28.07) = 3.24,  
p = .08 

F(1, 38.95) = .03,    
p = .87 

F(1, 39.89) = .003,  
p = .10 

F(1, 75.01) = .02,    
p = .90 

F(1, 41.51) = .41,    
p = .78 

BC R GP F(1, 82) = 3.77,     
p = .06 

F(1, 82) = .80,       
p = .37 

F(1, 82) = .78,       
p = .38 

F(1, 82) = .80,       
p = .37 

F(1, 82) = .10,       
p = .75 

F(1, 82) = .11,       
p = .74 

Table S4. Network topology metrics that were no longer significant after including binary drug use variable 
Note: ⴕ since this was a metric from the ROI analysis, an FDR correction was applied to these p-values, and the 

p-value was no longer significant after FDR correction. ° This effect was originally significant and remained 
significant after inclusion of the binary drug use variable but is shown here because another effect in the same 

model lost significance. FC = functional connectivity, NEFF = nodal efficiency, ND = node degree, BC = 
betweenness centrality, L = left hemisphere, R = right hemisphere, ACC = anterior cingulate cortex, Prec = 

precuneus, Amyg = amygdala, GP = globus pallidus, Mid Temp = middle temporal gyrus, Parahip = 
parahippocampal gyrus, Sup Temp = superior temporal gyrus, Lat OFC = lateral orbitofrontal cortex, EC = 

entorhinal cortex, NAcc = nucleus accumbens, TP = temporal pole, PCC = posterior cingulate cortex, Postcen = 
postcentral gyrus.  


