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Abstract 

Conduct problems (CP), characterised by a persistent pattern of antisocial behaviour (ASB), 

are the most common psychiatric condition in children and represent a significant individual, 

social and economic burden. The underlying cause(s) for CP is complex but there is evidence 

that children with CP have differences in brain anatomy and function, particularly in brain 

regions associated with the limbic system (i.e. the amygdala and its white matter connections, 

such as the uncinate fasciculus (UF)).  

Currently, the main treatment available for CP are group parenting programmes, and evidence 

suggests that these treatments can successfully mitigate ASB in children. However, nobody 

has examined whether these behavioural changes are associated with brain changes. Reports 

have suggested, however, that up to 50% of children do not respond to such interventions. 

Therefore, there is currently an unmet need to identify alternative treatments for those who 

are unresponsive to current psychological treatment strategies. One candidate system to 

direct potential treatment strategies in children with persistent CP, is the oxytocin system. 

The first part of this thesis (‘Study 1’) primarily aimed to investigate whether structural and 

functional brain impairments in CP children are ‘fixed’ or if, following a parenting intervention, 

they could ‘normalise’ in parallel to antisocial behaviour (ASB) improving. Chapters 3 and 4 

used functional magnetic resonance imaging (fMRI) and diffusion tensor imaging (DTI) 

tractography, to examine if a reduction in ASB, following a parenting intervention would be: i) 

associated with changes in amygdala activity in response to an emotion processing task and 

ii) associated with altered microstructural integrity in the uncinate fasciculus (UF). The findings 

from Chapter 3 showed no evidence that amygdala hypoactivity to fear ‘normalised’ in CP 

boys, following a reduction in ASB. However, it was established that amygdala hypoactivity to 

fear was only observed in CP boys with ASB that persisted following the parenting intervention 

and was absent in CP boys with ASB that improved. In contrast, the findings from Chapter 4 

indicated that white matter abnormalities in the UF of CP boys may be ‘reversible’ following 
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intervention, and further, these microstructural changes appeared to be associated with 

clinical improvement in callous-unemotional (CU) traits. In Chapter 5, the UF tract was further 

fractionated into three subcomponents (i.e., each terminating in different brain regions), to 

explore if the findings reported in Chapter 4 mapped on to changes in specific UF branches. 

Results suggested that the UF abnormalities which decreased in CP boys following the 

parenting intervention were widespread and did not map on to a specific UF subcomponent. 

Chapter 6 aimed to explore the microstructural properties of the ventral amygdalofugal 

pathway (VAF) – a recently identified white matter tract connecting brain regions understood 

to be important to CPs, and to understand the relevance of this tract in this cohort. Findings 

presented in this exploratory study implied that this tract is not impaired in CP youth. 

The second part of this thesis (‘Study 2’) further explored whether functional brain 

abnormalities in children with persistent CP, (i.e., those who do not respond to the parenting 

intervention in ‘Study 1’), could ‘shift’ following a single dose of intranasal oxytocin (IN-OXT) 

compared to placebo. The results from Chapter 7 provided evidence that IN-OXT can 

modulate neural processing in treatment-resistant CP boys in the posterior cingulate cortex 

(PCC) / precuneus in response to viewing happy faces. These findings tentatively suggest that 

IN-OXT may promote a more neurotypical profile in treatment-resistant CP children. 

Taken together, the work presented in this thesis has enhanced our understanding of the 

neural mechanisms underlying treatment response and persistence in children with early-

onset CP and provides potential implications for current clinical settings as well as future 

research. 
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cortisol levels in each subject prior to MRI scanning) was impacted and unable to be 

utilised for data analyses. 
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Chapter 1. General Introduction 
 

1.1 Conduct Problems 

Epidemiology of Conduct Problems 

Conduct Problems (CP) are one of the most common psychiatric disorders in children, 

with an estimated prevalence rate of 4.6% in youth between 5–19 years, with rates 

higher in boys (5.8%) than girls (3.4%) (Office for National Statistics, 2004; Sadler et 

al., 2018). CP is characterised by a repetitive and persistent pattern of antisocial 

behaviour (ASB) in childhood and adolescence (e.g., aggression, property damage 

and stealing) and can vary in severity and frequency. Further, CP is understood to be 

a potential precursor to antisocial-personality disorder (ASPD) in adulthood (Simonoff 

et al., 2004). CP not only poses a significant burden on the affected individual and 

their victims, but also on society and the economy (Odgers et al., 2007; Piquero et al., 

2011). In 2009, for example, the financial cost of youth crime in the UK was estimated 

at £8.5-11 billion (ONS 2010) with evidence showing that children who exhibit life-

course persistent CP account for a greater service burden than their peers across 

criminal justice, healthcare, and social service sectors in adulthood (Rivenbark et al., 

2018). Further, children with severe CP have a 5-10-fold increased risk of subsequent 

substance abuse, mental illness, criminality, unemployment, and early death (Odgers 

et al., 2007; Piquero et al., 2011). In the light of wide-reaching impact of CP on society, 

it has been studied by multiple disciplines, leading to several terms being 

interchangeably used to describe a similar construct (e.g., antisocial behaviour, 

disruptive behaviour disorders and externalising disorders). For the purposes of this 
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thesis, the term ‘conduct problems (CP)’ will be used to describe patterns of ASB in 

children and adolescents.  

Heterogeneity of Conduct Problems 

Children or adolescents who demonstrate persistent patterns of CP and ASB that 

violate the rights of others, can meet the criteria for a diagnosis of conduct disorder 

(CD) in the Diagnostic and statistical manual of mental disorders (DSM-5) or conduct-

dissocial disorder in the International Classification of Diseases (ICD-11; Code 6C91) 

(American Psychiatric Association, 2013; World Health Organization, 2019). Tables 

1.1 and 1.2. describe the diagnostic criteria which must be met according to the DSM-

5 and ICD-11 manuals. Both diagnostic manuals also include ‘age of onset’ subtypes 

(i.e., childhood or adolescent onset CP) and a specifier for ‘with limited prosocial 

emotions’ (i.e., the presence of callous-unemotional (CU) traits) which will be 

described in detail in subsequent paragraphs. High levels of CP can also be present 

in individuals but may not receive a diagnosis due to lack of clinical resources or 

because their symptoms are not sufficiently severe (Blair et al., 2018). 

In a less severe form, CP and disruptive behaviours can also be evident in oppositional 

defiant disorder (ODD), which is treated as a separate disorder in both the DSM-5 and 

ICD-11. The characteristics of ODD include qualities which overlap with CD such as 

being angry, noncompliant with rules, and acting in a defiant manner. However, the 

aggressive and violent ASB present in CD diagnostic criteria are absent in ODD. A 

diagnosis of ODD is often a precursor for CD (Pardini and Fite, 2010; Rowe et al., 

2002), in addition to being a strong risk factor for emotional disorders in early adult life 

(Rowe et al., 2010).  
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Table 1.1. Diagnostic and statistical manual of mental disorders (DSM-5) Conduct Disorder 
Diagnostic Criteria  

Conduct Disorder (DSM-5) 

A. A repetitive and persistent pattern of behaviour in which the basic rights of 
others or major age- appropriate societal norms or rules are violated, as 
manifested by the presence of at least three of the following 15 criteria in the 
past 12 months from any of the categories below, with at least one criterion 
present in the past 6 months:  

Aggression to People 
and Animals  

 

1. Often bullies, threatens, or intimidates others.  
2. Often initiates physical fights.  
3. Has used a weapon that can cause serious 

physical harm to others (e.g., a bat, brick, broken 
bottle, knife, gun).  

4. Has been physically cruel to people.  
5. Has been physically cruel to animals.  
6. Has stolen while confronting a victim (e.g., 

mugging, purse snatching, extortion, armed 
robbery).  

7. Has forced someone into sexual activity.  

Destruction of Property  

 

8. Has deliberately engaged in fire setting with the 
intention of causing serious damage.  

9. Has deliberately destroyed others’ property (other 
than by fire setting).  

Deceitfulness or Theft  

 

10. Has broken into someone else’s house, building, or 
car.  

11. Often lies to obtain goods or favours or to avoid 
obligations (i.e., “cons” others).  

12. Has stolen items of nontrivial value without 
confronting a victim (e.g., shoplifting, but without 
breaking and entering; forgery).  

Serious Violations of 
Rules  

 

13. Often stays out at night despite parental 
prohibitions, beginning before age 13 years.  

14. Has run away from home overnight at least twice 
while living in the parental or parental surrogate 
home, or once without returning for a lengthy 
period.  

15. Is often truant from school, beginning before age 
13 years.  

B. The disturbance in behaviour causes clinically significant impairment in social, 
academic, or occupational functioning.  

C. If the individual is age 18 years or older, criteria are not met for antisocial 
personality disorder.  
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Table 1.2. International Classification of Diseases (ICD-11) Conduct-dissocial disorder criteria 

Conduct-dissocial disorder (ICD-11) 

1. A repetitive and persistent pattern of behaviour in which the basic rights of others 

or major age-appropriate social or cultural norms, rules, or laws are violated. 

Typically, there are multiple behaviours involved, including one or more of the 

following: 

a) Aggression towards people or animals 
b) Destruction of property 
c) Deceitfulness or theft 
d) Serious violations of rules 

2. The pattern of behaviour must be persistent and recurrent, including multiple 

incidents of the types of behaviours described above over an extended period of 

time (e.g., at least 1 year). 
3. The behaviour pattern results in significant impairment in personal, family, social, 

educational, occupational, or other important areas of functioning. 

 

Co-morbidities 

Previous studies have found that CP has high comorbidities with several conditions 

including substance misuse disorders, depression and anxiety, which adds to the 

heterogeneity of the CP population (Angold et al., 1999; Armstrong & Costello, 2002; 

Copeland et al., 2013; Marmorstein, 2007). However, the most prevalent co-morbid 

condition is probably attention deficit hyperactivity disorder (ADHD), which is 

diagnosed in 30 - 60% of children with CP (Erskine et al., 2016; Waschbusch, 2002; 

Wood et al., 2009). In the light of the heterogeneity of this patient population, research 

has begun to fractionate CP into different subtypes, typically based on ‘age of onset’ 



 
 

23 

(i.e., childhood-onset compared to adolescent-onset CP) (Dandreaux and Frick, 2009) 

and the presence or absence of CU traits (Frick et al., 2014).  

1.2 Subtypes of Conduct Problems  

Age of Onset 

Moffitt’s developmental taxonomic theory proposed that children who exhibit ASB can 

be broadly divided into two groups with distinct trajectories: early-onset CP and 

adolescent-onset CP (Moffitt, 2006, 1993; Nagin and Tremblay, 1999). Early-onset (or 

childhood) CP emerges before the age of 10 years old, with ASB that tends to increase 

in severity throughout childhood and into adulthood (Lahey and Loeber, 1994; Moffitt 

et al., 2002). Adolescent-onset CP in contrast, does not emerge until the onset of 

puberty, with no significant behavioural problems evident in childhood (American 

Psychiatric Association, 2013; Hinshaw et al., 1993). Additionally, childhood-onset CP 

is thought to have a greater genetic influence and/or neuropsychological and cognitive 

deficits (Intelligence quotient (IQ), verbal learning, memory and executive functions) 

and temperament challenges (i.e. impulsivity, risk-taking behaviour) (Bai and Lee, 

2017; Johnson et al., 2015; Martell, 1992; Moffitt, 1993; Piquero, 2001; Raine et al., 

2002), whereas adolescent-onset CP is thought to arise from environmental factors, 

such as association with delinquent peers and higher levels of rebelliousness 

(Dandreaux and Frick, 2009; Frick and Viding, 2009; Moffitt et al., 2002). Relative to 

adolescent-onset CP, childhood-onset CP is characterised by more severe ASB and 

a greater risk of developing ASPD in adulthood (Moffitt et al., 2002). Given the 

prediction of clinically serious outcomes associated with early-onset CP, 

understanding the neural mechanisms underpinning ‘early-onset’ CP, and whether 

they are responsive to treatment, is of particular individual and social importance. 
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Callous-unemotional (CU) traits 

In addition to age of onset, youth with CU traits represent another distinct CP subgroup 

with worse outcome. In an attempt to be less stigmatising, this specifier is also referred 

to as ‘limited prosocial emotions’ in the diagnostic criteria for CD in the DSM-5 and 

ICD-11 (American Psychiatric Association, 2013; World Health Organization, 2019). 

(Frick and Nigg, 2012). To qualify for this specifier in the DSM-5, an individual must 

have persistently displayed at least two of the following characteristics over at least 12 

months (see Table 1.3) and in multiple relationships and settings (American 

Psychiatric Association, 2013).  

Table 1.3. Characteristics of limited prosocial emotions specifier according to the Diagnostic 
and statistical manual of mental disorders (DSM-5), Conduct Disorder Diagnostic Criteria  

Lack of remorse or guilt: Does not feel bad or guilty when he or she does something 

wrong (exclude remorse when expressed only when caught and/or facing punishment). The 

individual shows a general lack of concern about the negative consequences of his or her 

actions. For example, the individual is not remorseful after hurting someone or does not 

care about the consequences of breaking rules. 

Callous lack of empathy: Disregards and is unconcerned about the feelings of others. The 

individual is described as cold and uncaring. The person appears more concerned about 

the effects of his or her actions on himself or herself, rather than their effects on others, 

even when they result in substantial harm to others.  

Unconcerned about performance: Does not show concern about poor/problematic 

performance at school, at work, or in other important activities. The individual does not put 
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forth the effort necessary to perform well, even when expectations are clear, and typically 

blames others for his or her poor performance.  

Shallow or deficient affect: Does not express feelings or show emotions to others, except 

in ways that seem shallow, insincere, or superficial (e.g., actions contradict the emotion 

displayed; can turn emotions “on” or “off” quickly) or when emotional expressions are used 

for gain (e.g., emotions displayed to manipulate or intimidate others).  

 

CU traits are linked to strong genetic predisposition (Henry et al., 2016; Larsson et al., 

2006; Viding et al., 2008, 2005), are observable very early in life (Glenn et al., 2007) 

and demonstrate considerable stability (Blair et al., 2014; Frick et al., 2005). Youth 

with high levels of CU traits develop more severe, stable and aggressive pattern of 

ASB and are associated with poorer treatment outcomes (Edens et al., 2007; Frick et 

al., 2005; Hawes and Dadds, 2005; Kahn et al., 2012). Further, there is a growing 

body of evidence to suggest that those with the presence of high CU traits in childhood 

are at increased risk for developing psychopathy in adulthood (Lynam et al., 2007).  

However, studies have reported that CU traits can decrease following interventions 

such as parenting programs (Hawes et al., 2011), with other studies revealing that 

such traits can decrease in some children over the course of development, in 

conjunction with the reduction of other traits such as impulsivity, and fearlessness 

(Fanti et al., 2017; Fontaine et al., 2011; Klingzell et al., 2016). Other predictors of 

stability of CU traits include the severity of CP, socioeconomic status (SES) and the 

quality of parenting (Frick et al., 2003b; Frick and White, 2008). Therefore, despite the 

high level of stability associated with CU traits, early intervention in childhood may be 
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an important factor in significantly reversing such traits. However, in order to develop 

effective interventions, it is important to understand the risk factors which contribute to 

CP to further understand the aetiology of the disorder. 

It is worth noting that it has been debated whether CP should be considered as a 

neurodevelopmental disorder – particularly the childhood-onset type. According to 

Raine (2018), neurodevelopmental disorders are characterized by: having origins in 

childhood; abnormalities in brain development; being accompanied by neurocognitive 

impairments; having a significant genetic basis; being relatively stable throughout 

development and continuing into adult life. While some individuals with CP fulfil all 

these criteria, other individuals do not. However, it has been argued that ‘persistent 

childhood-onset CP’ and/ or CP accompanied by high levels of CU traits are likely to 

have a neurodevelopmental origin (Raine, 2018; Fairchild et al., 2019). Despite this, 

CD and disruptive behaviours are not currently classed as under ‘neurodevelopmental 

disorders’ in the DSM-5.  

 

1.3 Risk Factors for Conduct Problems 

The following sections will discuss several variables that have emerged as potential 

risk factors for CP; including individual (e.g., temperament, personality traits), 

environmental (e.g., parenting styles, socioeconomic status, pregnancy 

complications) and biological (e.g., genetic) risk factors (See review Fairchild et al., 

2019).  
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Individual Risk Factors 

Research has identified several individual risk factors which increase the risk of 

developing CP. For example, early temperament styles such as ‘fearlessness’, having 

‘lack of control’, being ‘difficult’ and participating in ‘risk-taking behaviour’ predict CP 

in youth (Bai and Lee, 2017; Caspi et al., 1995; Lahey et al., 2008; Shaw et al., 2003), 

and ASB in adulthood (Babinski et al., 1999). Other personality factors such as 

‘impulsiveness’ and ‘hyperactivity’ have also been identified as strong predictors of 

ASB (Eysenck, 1981; Waschbusch, 2002), and ADHD in youth is one of the strongest 

predictors for CP and later ASPD in adulthood (Philipp-Wiegmann et al., 2018; Pratt 

et al., 2002; Storebø and Simonsen, 2016). A large longitudinal study of CP found that 

boys with ADHD subtypes that included elevated hyperactive traits were at particularly 

increased risk for adult criminality (i.e., higher arrests and incarceration rates) 

(Satterfield et al., 2007). Other studies have reported that ADHD subtypes associated 

with increased impulsive traits were the crucial dimension for predicting later ASB 

(Darrick and Farrington, 2009; Storebø and Simonsen, 2016). Further risk factors for 

CP include low IQ, which appears to be independent of socio-economic status and 

parental IQ based on the findings of a prior twin study (Goodman et al., 1995). It has 

been suggested that this may be attributable to the reduced ability to foresee 

consequences of actions in people with more severe learning difficulties (Murray and 

Farrington, 2010).  

Environmental Risk Factors 

Twin studies suggest that 50% of the variance in CP is due to environmental 

influences, such as prenatal, perinatal and SES risk factors, as well as parenting styles 

(see review Fairchild et al., 2019).  
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Prenatal risk factors include maternal smoking and moderate alcohol use (1-6 units 

per week) (Maughan et al., 2004; Murray et al., 2016, 2015). Also, risk of CP is 

associated with maternal stress and anxiety during pregnancy, especially in the last 

trimester (Barker and Maughan, 2009).  

Postnatal risk factors associated with CP include maternal rejection, obstetric 

complications and malnutrition (See review Liu, 2011). The impact of obstetric 

complications on risk of CP, have been reported to be more important in boys (Lukkari 

et al., 2012). Further, the impact of these complications has been found to be 

particularly severe when combined with maternal rejection (e.g., being reared in a 

public institution in the first year of life or a failed attempt to abort the foetus) (Raine et 

al., 1997). The relationship between malnutrition in early childhood and CP may be 

attributable to associated neurocognitive deficits following a reduction in neurons, 

altered neurotransmitter functioning, and increased neurotoxicity (Allai et al., 2022; Liu 

et al., 2004; Liu and Raine, 2006).  

Familial factors have also been reported to play a significant role in CP development. 

For example, risk has been reported to increase in association with cold parental 

attitude, child physical abuse, and parental conflict (Murray and Farrington, 2010). 

However, one of the most robust risk factors for CP, particularly early-onset, are 

maladaptive parenting styles. These include poor supervision and inconsistent and 

harsh discipline (e.g., corporal punishment, shouting, swearing, and threatening) 

(Jaffee et al., 2012; Murray and Farrington, 2010).  
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Genetic Risk Factors 

CP is a complex and highly heterogeneous disorder, which has contributed to the 

identification of many different genetic variants that contribute to this phenotype (see 

review Salvatore and Dick, 2018). Many of the genes identified to date are associated 

with the serotonergic system (see reviews Gunter et al., 2010; Tielbeek et al., 2016). 

This is consistent with our understanding that impairments in the serotonergic system 

play a role in the aetiology of antisocial and aggressive behaviour, especially with high 

levels of CU traits (Coccaro et al., 2015; Moul et al., 2013). Results from a meta-

analysis has reported that polymorphisms on genes associated with the serotonergic 

system, such as the MAOA gene (encoding the monoamine oxidase A enzyme) and 

the serotonin transporter gene (5HTTLPR) encoding the sodium dependent serotonin 

transporter (SLC6A4), are significantly associated with ASB across several studies 

(Ficks and Waldman, 2014; Tielbeek et al., 2016). Further, it has been suggested that 

impairments in serotonin activity have the potential to alter structural and functional 

connections in limbic brains regions known to be implicated in ASB, such as the 

orbitofrontal cortex and the amygdala (Ficks and Waldman, 2014; Meyer-Lindenberg 

et al., 2006; Murphy et al., 2013). For instance, males carrying the low-activity variant 

of MAOA showed increased amygdala activity (and reduced subgenual anterior 

cingulate activity) to emotional stimuli (Meyer-Lindenberg et al., 2006). This hyper-

reactivity in the amygdala in response to emotional stimuli is consistent with other 

studies in males with increased reactive aggression (Blair, 2012). However, it is 

noteworthy that the MAOA gene has only been associated with CD in the presence of 

adverse childhood environment (Caspi et al., 2002; Foley et al., 2004; Prom-Wormley 

et al., 2009). 
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Genes that are involved in the neurobiology of social behaviour have also been linked 

with CP-related behavioural constructs such as aggression and CU traits. For 

instance, it has been reported that genes encoding the oxytocin receptor (OXT-R) and 

the vasopressin receptor (AVPR1A) have been associated with persistent and 

pervasive aggressive behaviours (Luppino et al., 2014; Malik et al., 2014, 2012; Zai 

et al., 2012) and in particular, genes on the OXT-R have been linked to CP children 

with high levels of CU traits (Beitchman et al., 2012; Cecil et al., 2014; Dadds et al., 

2014) providing additional evidence to support the existence of distinct developmental 

pathways to CU traits. 

There has also been evidence to show that genes associated with externalising 

behaviours may have an influence on CP. One example of this is the gamma 

aminobutyric acid receptor alpha 2 (GABRA2) - a gene associated with the mesolimbic 

dopamine system, which has been linked with reward-related behaviours and 

addiction (Edenberg et al., 2004; Enoch, 2008). GABRA2 has been associated with 

childhood and adolescent CD, and adult alcohol dependence, but not childhood or 

adolescent alcohol dependence (Dick et al., 2006). However, it is worth noting that 

further studies have failed to replicate this association between GABRA2 and CP, 

which may be due to the heterogeneity of the sample (Sakai et al., 2010).  

1.4 Neural Impairments in Conduct Problems 

There is substantial evidence that children with CP have abnormal brain anatomy and 

function, particularly in regions associated with the limbic system (See reviews Alegria 

et al., 2016; Blair and Zhang, 2020; Rogers and de Brito, 2016). Previous studies have 

consistently reported that limbic brain regions including the amygdala, anterior 

cingulate cortex (ACC), ventromedial prefrontal cortex (vmPFC), caudate and 
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structural and functional connections between these regions are different in individuals 

with CP compared to their typically-developing (TD) peers (Blair, 2008a; Finger et al., 

2011; Jones et al., 2009; Lockwood et al., 2013; Marsh et al., 2013; Raine, 2011; 

Rogers et al., 2019). Furthermore, some of these structural and functional differences 

are associated with the presence of CU traits (Caldwell et al., 2019; Lockwood et al., 

2013; Marsh et al., 2013; Sebastian et al., 2012; Viding et al., 2012) and early-onset 

CP (Herpertz et al., 2008; Moffitt et al., 2002). Therefore, the following sections will 

review the literature pertaining to the structural, functional, and neurocognitive 

impairments in CP youth. 

1.5 Structural Abnormalities 

Diffusion Tensor Imaging Tractography 

Previous studies have consistently demonstrated that youth with CP exhibit 

microstructural abnormalities in several white matter tracts in the brain, and diffusion 

tensor imaging (DTI) tractography has facilitated the study of these white matter tracts 

that connect different brain regions (Catani et al., 2002). DTI is a technique based on 

Diffusion Weighted Imaging (DWI) (Basser et al., 1994) that can delineate the axonal 

organization in the brain by measuring the movement and direction of water molecules 

through the process of diffusion in brain tissue (Mori and Zhang, 2006). This technique 

acquires information on the isotropic and anisotropic diffusion, which can subsequently 

estimate the axonal organization in the brain (Mori and Zhang, 2006). Isotropic 

diffusion represents the water molecules traveling randomly in all directions, whereas 

anisotropic diffusion represents water molecules travelling along fibres of higher 

density orientated in a certain direction (such as white matter) (Beaulieu, 2002; le 

Bihan and Iima, 2015).  
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Figure 1.1. A representation of the basic diffusion model. Adapted from Karlsgodt et al. (2012).  

DTI provides an indirect representation of white matter microstructure through several 

indices such as fractional anisotropy (FA), mean diffusivity (MD), radial diffusivity (RD) 

and axial diffusivity (AD). One of the most widely used DTI measurements is FA which 

is interpreted to represent the overall white matter organisation (or the directional 

preference of diffusion (Soares et al., 2013)), and varies between 0 (isotropic diffusion) 

and 1 (infinite anisotropy) (le Bihan et al., 2001). MD refers to the overall mean-

squared displacement of water molecules consequent to the presence of obstacles to 

diffusion (Harsan et al., 2006) (i.e., the average water diffusion within a tissue) and is 

thought to represent a marker of neuronal damage in cell bodies and axon fibres 

(Elman et al., 2017). RD is presumed to be the magnitude of water diffusion 

perpendicular to the tract and a proxy for myelination, while AD represents the 

diffusion parallel to the primary direction of water molecules in the tract and may be a 

marker for axonal integrity (Song et al., 2003, 2002) (Figure 1.1). It is implied that that 

FA may be enhanced when RD decreases and/ or AD increases, while MD is 

enhanced when AD and/or RD increases and vice versa (Qiu et al., 2008; Winklewski 

et al., 2018). 
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DTI studies have shown that the development of white matter tracts follow a nonlinear 

trajectory across the lifespan. For instance, in the first few years of life there are rapid 

increases in FA and decreases in MD across the typically developing brain (McGraw 

et al., 2002; Oishi et al., 2013). This pattern continues (albeit at a slower pace) past 

the age of five, through childhood and adolescence with studies reporting that healthy 

youth show age-related increases in FA and decreases in MD, RD and AD in several 

white matter pathways such as the UF, arcuate fasciculus, ILF, the IFOF and the 

corticospinal tract (see review Lebel et al., 2017), with peak FA values and minimum 

MD values generally occurring before the age of 35 (Hasan et al., 2009a, 2009b, 2010; 

Lebel et al., 2012). Following this, FA appears to then decrease, while diffusivity has 

been shown to increase. This was demonstrated in a large study conducted by Hasan 

et al. (2010) in healthy males and females (ages 6 - 68 years), reporting that RD 

followed a U-shape curve with increasing age in several white matter pathways 

including the bilateral uncinate fasciculus, arcuate fasciculus, inferior longitudinal 

fasciculus (ILF), inferior fronto-occipital fasciculus (IFOF), corticospinal, 

somatosensory tracts, and the corpus callosum, while  FA in the same pathways 

followed an inverted U-shaped curve. 

Relative to healthy populations, individuals with ASB appear to have microstructural 

differences in several white matter tracts which is evident in youth and adulthood. 

There are limited studies conducted in the earlier developmental years, however, one 

recent study reported that in comparison to healthy controls, children with CP have 

reduced FA in several tracts including the UF, IFOF, corticospinal tract and the ILF 

(Graziano et al., 2021). Similarly adult ASB studies have consistently reported reduced 

FA and greater diffusivity in several white matter tracts including the UF, the IFOF, 

cingulum, corticospinal tract, thalamic radiations and corpus callosum (see review 
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Waller et al., 2017). Studies in adolescent cohorts are less consistent however, with 

adolescent studies reporting both higher and lower diffusivity across similar tracts 

(discussed in further detail in the next section).  

Uncinate Fasciculus 

In particular, significant abnormalities have been reported in the uncinate fasciculus 

(UF; the largest white matter association tract connecting anterior aspects of superior, 

middle and inferior temporal lobe (including amygdala and hippocampus) with the 

insular and orbitofrontal cortex (Catani et al., 2002; Kier et al., 2004)) in adolescents 

with CP and adults with psychopathy (Craig et al., 2009; Passamonti et al., 2012; 

Rogers et al., 2019; Sarkar et al., 2013; Sobhani et al., 2015; Wolf et al., 2015; Zhang 

et al., 2014). Further, there is evidence to suggest that these microstructural 

abnormalities in the UF are associated with the severity of CU traits (Villemonteix et 

al., 2021). Recent studies have reported reduced markers of white matter organization 

(i.e., reduced FA) in adults with psychopathy and children with disruptive behaviours 

(Craig et al., 2009; Graziano et al., 2022; Motzkin et al., 2011; Sobhani et al., 2015; 

Wolf et al., 2015), whilst in adolescents with CP these markers appear to be increased 

compared to their TD peers (Passamonti et al., 2012; Sarkar et al., 2013; Zhang et al., 

2014). It is noteworthy that the link between ASB and impairments in white matter 

microstructure in the UF have not been consistently replicated in the adolescent 

cohort. For instance, reduced white matter integrity has been reported in youth with 

high CU traits (similar to adults with psychopathy) (Breeden et al., 2015), whilst other 

studies have found no microstructural differences in the UF (Finger et al., 2012a; 

Haney-Caron et al., 2014). The inconsistency in the direction of findings observed in 

adolescent studies may be explained by several factors. Firstly, the type of sample 

classification may differ between adult and adolescence studies. For instance, the 
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adult studies have included subjects who have been assessed for psychopathy, as 

opposed to a more general sample of individuals with ASB. However, the samples 

included in the adolescent studies are more varied, with some studies including a 

general CP group (which ranges from low to high on the CU traits spectrum), whereas 

other studies have only included youth with high CU traits. A second factor which could 

affect the direction of findings is the type of measurement instruments used to assess 

CU or psychopathic traits (i.e. Youth Psychopathic Traits Inventory (YPI) (Andershed 

et al., 2017; Passamonti et al., 2012), Antisocial Process Screening Device (APSD) 

(Frick and Hare, 2001; Sarkar et al., 2013), Psychopathy Checklist: Youth Version 

(PCL:YV) (Andershed et al., 2007; Finger et al., 2012a) Inventory of Callous-

Unemotional Traits (ICU) (Breeden et al., 2015; Kimonis et al., 2008b)). Finally, the 

analytic approach employed may explain inconsistent findings among adolescent 

studies, i.e., region-of-interest (ROI) based approach as opposed to whole-brain voxel 

approaches, such as tract-based spatial statistics (TBSS) (Waller et al., 2017). It is 

important to note however, that these inconsistent findings of white matter alterations 

throughout different stages of development have also been reported in other disorders 

such as autism spectrum disorder (ASD) (ben Bashat et al., 2007; Bloemen et al., 

2010; Sahyoun et al., 2010), indicating that these impairments in the UF may partly be 

explained by an abnormality in the developmental trajectory of this tract. 

There have however, been several limitations in studies exploring the UF to date: 

Other factors which may account for differences in the neurodevelopment of the UF 

include substance misuse, which is more common in adolescents and adults with ASB 

(Crowley et al., 2010; Hopfer et al., 2013; Squeglia et al., 2009). Firstly, previous 

studies have mainly focused on adolescents and adults with ASB where it is more 

difficult to disentangle the effects of substance misuse, therefore there is a need for 
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more studies investigating the UF within the early-onset cohort (i.e., between the ages 

5-10 years) before substance misuse is likely to start. To my knowledge only one study 

to-date has explored the UF in younger children with disruptive behaviour (Graziano 

et al., 2022). The findings from this study demonstrated that relative to TD controls, 

children with disruptive behaviours had significantly reduced FA and significantly 

increased RD bilaterally in the UF. This provides evidence that abnormalities in the 

UF are evident from an early age in CP children, however, to-date, no-one has studied 

whether these microstructural abnormalities remain fixed, or change, following 

improvement in ASB.  

Secondly, more recent research has reported that the UF is a more complex tract than 

was previously understood. Previous studies have viewed the UF as being a single 

tract with branches. This was followed by findings that it includes two prefrontal 

branches that extend towards the; a) lateral orbital gyri and b) orbital and ventromedial 

prefrontal cortex (vmPFC) and the frontopolar cortex, respectively (Thiebaut de 

Schotten et al., 2012; von der Heide et al., 2013). However, using more fine-grained 

DTI tractography techniques, Bhatia et al. (2018) demonstrated that the UF has a third 

stem which extends into the subgenual cingulate cortex (Figure 1.2). Accumulating 

evidence has indicated that the subgenual cingulate cortex and the frontopolar and 

vmPFC may play a critical role in antisocial and psychopathic behaviours (Blair, 

2008a; de Oliveira-Souza et al., 2008; Raine and Yang, 2006). Thus, the two UF 

branches that extend towards these brain regions may be of particular importance to 

CP. To date there have been no studies that have investigated these three 

subcomponents of the UF in developmental disorders and research is needed to 

understand the association between these three branches of the UF and their potential 
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role in ASB. Gaining a clearer understanding of previously identified networks in ASB, 

may help target future treatments aimed at children with CP. 

 
Figure 1.2. Tractography representation of the three subcomponents of the uncinate 
fasciculus which extend towards a) the lateral orbital gyrus b) the frontopolar cortex and c) the 
subgenual area. Adapted from Bhatia et al. (2018). 

 

Ventral Amygdalofugal Pathway 

Another tract that has been better delineated using more recent fine-grained DTI 

tractography techniques, and may be of particular relevance to CP, is the ventral 

amygdalofugal (VAF) pathway. The VAF which is argued to be part of the ansa 

peduncularis white matter fibre bundles (Klinger and Gloor, 1960; Li et al., 2020), 

projects from the central and basolateral amygdaloid nuclei (Mori et al., 2017; Noback 

et al., 2005) to the striatum (particularly the nucleus accumbens), subgenual ACC and 

septal nuclei, the midline nuclei of the thalamus and hypothalamic regions and towards 

the basal forebrain (Kamali et al., 2016; Nieuwenhuys et al., 2008; Noback et al., 

2005). Despite its widespread connections to many important brain regions in the 

Anterior UF 
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limbic system, few studies have provided a detailed anatomical description of the VAF, 

which may be due to the ansa peduncularis being one of the most hidden and difficult 

limbic tracts to dissect (Pascalau et al., 2018). Recently however, more fine-grained 

DTI tractography techniques have been able to identify subcomponents of the VAF 

and a more detailed description of its neuroanatomy in healthy human adults (Kamali 

et al., 2016; Li et al., 2020), suggesting that the VAF is an important part of the limbic 

system which may be involved in emotion processes, decision making, learning, 

memory and social behaviour (Li et al., 2020; Noback et al., 2005). In addition, several 

studies have reported reduced cortisol and oxytocin levels in adults with ASB and 

youth with CP (Bakker-Huvenaars et al., 2020; Fetissov et al., 2006; Levy et al., 2015; 

McBurnett et al., 2000; Mcburnett et al., 1996; Pajer et al., 2001; Van Goozen et al., 

1998; Virkkunen, 1985; Woodman et al., 1978), suggesting that abnormalities in the 

hypothalamus and the amygdaloid-hypothalamic network (i.e. regions which the VAF 

connect to) may play a role in influencing CP severity and CU traits (Johnson et al., 

2014; Oosterlaan et al., 2005; Pajer et al., 2001). However, despite connecting brain 

regions that have reported significant alterations in both youth with CP and adults with 

psychopathy (Hoppenbrouwers et al., 2013; Zhou et al., 2015), there are no studies 

to-date that have explored the VAF pathway in youths with CP compared to TD 

individuals. The present thesis will explore the microstructural properties of this white 

matter tract and how they relate to CP in Chapter 6. 

However, as previously mentioned, CP is not only driven by differences in structural 

connectivity but also in functional brain activity, particularly in regions involved in 

aggression, empathy, reward and punishment. 
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1.6 Core Neurocognitive Profiles in Conduct Problems 

Heightened aggression is a key feature in children with CP, and research has 

suggested that there are two specific forms that aggression which may have different 

consequences. Proactive aggression is characterized as goal-directed, instrumental 

and ‘cold-blooded’, whereas reactive aggression refers to acts committed in hostile or 

negative affective states, in response to anger, frustration or provocation (Marsee and 

Frick, 2007; Miller and Lynam, 2006; Raine et al., 2006). There is evidence to support 

that those with CU+ traits have more excessive levels of both reactive and proactive 

aggression (Enebrink et al., 2005; Frick et al., 2003a; Frick and White, 2008), while 

youth with CU- traits tend to primarily show higher levels of reactive aggression in 

response to provocation (Kruh et al., 2005). Previous studies have suggested that this 

core behavioural profile for excessive aggressive behaviour, particularly in those with 

CP/CU+, indicates an impairment in an emotional empathic response to the distress 

of others (Blair et al., 2014; Budhani and Blair, 2005; Decety et al., 2009; Pardini et 

al., 2003), and a dysfunction in decision-making (Blair, 2004). Theoretical frameworks 

have proposed that children with CP/CU- show strong emotional reactivity (in 

particular, an oversensitive threat response) and have difficulty regulating their 

emotions (Frick and Viding, 2009). This impairment in emotional regulation in those 

with low CU traits may cause the child to commit impulsive aggressive acts in the 

moment, that they may feel guilty for afterwards. In contrast, youth with CP/CU+ are 

less likely to experience emotional distress and are known to show deficits in their 

emotional processing to fear and sadness in others (Frick et al., 2014; Frick and 

Viding, 2009; Vasconcelos et al., 2021). The current section of this thesis will discuss 

two neurocognitive systems (including functional impairments related to both) that 
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have been consistently linked to CP: i) deficient empathic response and ii) dysfunction 

in reinforcement learning and decision-making (reward and punishment).  

Deficient Empathy 

Empathy is defined as “one's ability to understand and share in another's emotional 

state or context” (Cohen and Strayer, 1996), and empathic dysfunction is one of the 

most well-established neurocognitive impairments associated with CP. There are 

various definitions of empathic processing or ‘empathy’ that exist in the scientific 

literature and many researchers have described different neuro-cognitive functions 

when referring to empathy. According to a review by Blair et al. (2018), there are four 

aspects of empathy that can be specified according to four neurocognitive functions: 

(i) Cognitive theory of mind (or cognitive empathy); (ii) emotional / affective theory of 

mind (or emotional empathy); (iii) response to the emotional expression of others and 

(iv) the response to pain cues. These four aspects of empathy do not comprise one 

unitary system, but rather a collection of partially dissociable neural circuits, including 

the vmPFC, amygdala, insula, and temporo-parietal junction (Blair et al., 2018; Walter, 

2012). The first two neurocognitive functions described above refer to the ‘Theory of 

Mind’ theoretical framework which is the ability to attribute mental states to oneself 

and others, including knowledge, belief, and intentions (Premack and Woodruff, 1978) 

and is a key function of social cognition in humans (Adolphs et al., 2002). While both 

cognitive and affective components of ‘theory of mind’ overlap, the main difference 

between the two is that cognitive empathy is a cognitive understanding of another 

person’s point of view, whereas affective empathy also includes the sharing of those 

feelings with that person (Shamay-Tsoory et al., 2010). Developmental frameworks 

have traditionally emphasised that vicariously experiencing the emotions of others can 

promote prosocial behaviour, and failure to do so can result in impairments in social 
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and moral development (Eisenberg and Miller, 1987; Moul et al., 2018). Evidence has 

shown that impairment in cognitive empathy is not typically associated with CP 

(Buitelaar et al., 1999; Schwenck et al., 2012a), whereas impairment in affective 

empathy is. This was demonstrated in a functional magnetic resonance imaging (fMRI) 

study which reported that compared to TD controls, children with CP have hypoactivity 

in both the amygdala and the anterior insula during an affective empathic processing 

task versus a cognitive empathic processing task, despite there being no differences 

in behavioural performance between the groups (Sebastian et al., 2012). Furthermore, 

this study also investigated CU traits on a dimensional level within the CP group and 

found evidence that as CU traits increased, amygdala activity decreased. This inverse 

association between CU traits and amygdala function is consistent with other findings 

showing that lack of empathy is particularly associated with CP accompanied by CU 

traits (Blair, 2013).  

 

The third neurocognitive function relating to empathy is the ‘response to the emotional 

expression of others’, an area which has been widely studied within the CP literature 

(See reviews Alegria et al., 2016; Blair et al., 2018). Facial expressions are a powerful 

form of non-verbal communication, and the processing of emotional expressions is 

integral for normal socialization and interaction (Tracy et al., 2015). In ‘facial emotion 

recognition’ behavioural tasks, several studies have reported that children and 

adolescents with CP show deficits when attempting to identify the emotional 

expression displayed (Fairchild et al., 2009a; Kohls et al., 2020; Martin-Key et al., 

2018; Sully et al., 2015). These deficits are particularly evident for distress emotions 

such as fear and sadness (although impairments in recognising ‘surprise’ have also 

been reported), and these deficits appear to be more pronounced in youth with high 
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CU traits (Dawel et al., 2012; Fairchild et al., 2010, 2009a; Marsh and Blair, 2008; 

Stevens et al., 2010). Conversely, a recent study reported that high levels of CU traits 

in youth were not associated with less accuracy in recognising negative emotions, but 

rather slower reaction times, and therefore these impairments may be due to deficits 

in processing speeds (Hartmann and Schwenck, 2020).  

 

Functional Impairments Related to Empathy 

FMRI studies have provided evidence that individuals with CP also show impaired 

neural response to processing emotional stimuli (See review Alegria et al., 2016). 

These impairments have been observed for sad and fearful expressions within the 

emotion-circuitries of the brain, including the amygdala, insula, and orbitofrontal cortex 

(Fairchild et al., 2014; Passamonti et al., 2010; Sebastian et al., 2014). However, when 

investigating these abnormalities to emotional faces according to CP subgroups (i.e., 

CP/CU+ vs CP/CU-) there is evidence suggesting that individuals with CP/CU+ 

process emotional stimuli differently (particularly fearful faces) compared to individuals 

with CP/CU-. For example, in response to fearful facial expressions, children and 

adolescents with CP/CU+ have reduced amygdala activation (Carré et al., 2013; 

Jones et al., 2009; Lozier et al., 2014; Marsh et al., 2008; White et al., 2012) whereas 

there is trend towards increased amygdala activation in CP/CU- children (Herpertz et 

al., 2008; Viding et al., 2012). A similar difference in processing of emotional stimuli is 

also found in antisocial adults with psychopathic traits (Kimonis et al., 2008a; Seara-

Cardoso and Viding, 2015). There is evidence to support that this association between 

psychopathic traits and deficits in emotional response to fearful faces is mediated by 

the amygdala response to the distress cues, i.e., a decrease in amygdala activity in 

response to fearful faces is associated with lack of guilt, lack of empathy and increased 
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proactive aggression (Blair et al., 2018; Lozier et al., 2014). This accumulating 

evidence suggests that heightened amygdala activation in youth with CP/CU- may 

therefore indicate an elevated threat-circuitry responsiveness, which can lead to 

difficulty regulating their emotions (Frick and Viding, 2009). In youth with CP/CU+ and 

adults with psychopathic traits on the other hand, there appears to be an under-arousal 

to other’s distress cues, suggesting a primary deficit in affective empathy (Sebastian 

et al., 2012). 

 

Studies have further demonstrated that youth with CP, particularly those with CP/CU+ 

show atypical response to the pain cues of others; another established marker used 

to examine the neural underpinnings of affective empathy (Lockwood et al., 2013; 

Marsh et al., 2013; Michalska et al., 2016; Yoder et al., 2016). For instance, it has 

been reported that compared to children with CP/CU-, children with CP/CU+ show 

reduced activity in the ACC and the amygdala when viewing photographs of pain-

inducing injuries in others (Marsh et al., 2013). Another study reported that in 

comparison to TD controls, youth with CP show reduced response to others pain in 

the ACC and anterior insula, with the degree of blood-oxygen-level-dependent (BOLD) 

response in these brain regions being negatively associated with CU traits (Lockwood 

et al., 2013). A further study demonstrated that when the perceived pain of others is 

intentional, compared to accidental, children with CP/CU+ again exhibit reduced 

activity in the insula (Michalska et al., 2016). It has also been reported that youth with 

higher levels of CU traits show disrupted functional connectivity between the ACC, 

anterior insula and amygdala circuitry in response to visual stimuli depicting other 

people being injured (Yoder et al., 2016), further demonstrating the influence that CU 
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traits may have on neuronal activity in the ACC, insula and amygdala in response the 

pain cues of others.  

 

To summarize, children with CP show impairments in three overlapping, but 

dissociable forms of empathy including (i) affective empathy, (ii) emotional expression 

of others and (iii) pain cues of others, while there is a lack of strong evidence for 

dysfunction in cognitive empathy. These impairments in empathic processing have 

consistently been reported in the amygdala and are particularly evident in CP children 

with co-occurring CU traits. As the presence of CU traits has been shown to be a 

putative risk factor for persistent ASB (Blair et al., 2014; Frick, 2016), and poor 

treatment response (Hawes and Dadds, 2005), this suggests that decreased activity 

in the amygdala may underpin many of the socio-affective abnormalities linked to the 

neurodevelopment of ASB. Amygdala hypoactivity may therefore be an important 

marker of treatment resistant CP in children. However, it has not yet been explored if 

fear processing within the amygdala is associated with persistent childhood ASB, and 

if these deficits can be reversed following an intervention. ‘Study 1’ in the current 

thesis will explore this further in Chapter 3.    

 

Deficient Reinforcement Learning and Decision-making 

In addition to deficits in empathic response, there is also evidence to support that CP 

children have dysfunction in the information-processing system responsible for 

reinforcement learning and decision-making. A widely used task designed to assess 

this impairment is known as the ‘passive avoidance’ learning task, which encourages 

participants to learn to respond to stimuli that generate a reward and avoid responding 

to stimuli that leads to punishment (Blair et al., 2004; Finger et al., 2011; Newman and 
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Kosson, 1986). Several studies have reported abnormalities in reward and punishment 

processing in children with CP (See reviews Blair et al., 2018; Byrd et al., 2014). For 

instance, behavioural studies have shown that youth with CP exhibit more risky 

decision-making (Blair et al., 2018) and have a greater sensitivity to rewards than 

punishments (O’Brien and Frick, 1996), i.e. youth with CP will make riskier decisions 

for more immediate rewards (Fairchild et al., 2009b; Syngelaki et al., 2009), and again 

these impairments may be heightened in youth with CU traits (Blair et al., 2018; 

Budhani and Blair, 2005; Byrd et al., 2014).  

Functional Impairments in reinforcement learning and decision-making 

In neuroimaging studies, brain regions implicated in reward (i.e., ventral and dorsal 

striatum) and punishment (i.e., amygdala) have also been associated with CP. For 

instance, in comparison to healthy controls, youth with persistent CP showed a 

decrease in neural responses in the ventral striatum during rewards outcomes and an 

increase in the amygdala during loss outcomes (Cohn et al., 2015). Furthermore, 

reduced reward-related signalling has been reported in the vmPFC, orbitofrontal 

cortex and the caudate in youth with disruptive behaviour (Finger et al., 2011; White 

et al., 2012). These findings suggest that there is a reduced sensitivity to reward and 

dysfunctional processing of punishment in CP children (Blair et al., 2018), although 

neuroimaging studies investigating if these deficits in reward and punishment are 

specific to those with CP/CU+ have showed mixed findings (Byrd et al., 2018; Veroude 

et al., 2016; White et al., 2013; Zhang et al., 2021). Previous studies have highlighted 

the importance of early interventions for CP children to implicitly target the 

restructuring of reward and punishment processing (Webster-Stratton and Reid, 

2003). This was recently explored in an fMRI study whereby CP boys (aged 8-11 

years) participated in a randomized control trial (RCT) intervention which focused on 
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behavioural strategies for consistent reward and punishment implementation (Byrd et 

al., 2018). Findings from this study demonstrated that neural abnormalities related to 

reward and punishment processing in CP boys were unrelated treatment response 

(i.e., did not predict post-treatment levels of CP). However, as this was an exploratory 

post hoc analysis nested within a larger study, the authors have acknowledged several 

limitations which may have contributed to the null findings, such as a small sample 

size as well as the fMRI task utilised in the study. Further, as this was an RCT, there 

was no a priori threshold set for what defined ‘treatment response’. Therefore, future 

studies could build on this by exploring the neural underpinnings of treatment 

‘response’ versus ‘persistence’ in CP using an fMRI task assessing reward and 

punishment processing during different phases of learning. Although an in-depth 

review of this topic lies beyond the scope of the current thesis, our group is currently 

investigating the neural underpinnings of reinforcement learning in CP boys in a 

separate study, using a passive avoidance task, before and after a well-validated 

parenting intervention.  

To summarize, there is considerable evidence that CP children have abnormalities in 

brain anatomy and function, However, it has not been determined whether these 

impairments in brain anatomy and function are fixed, or if they are reversible 

following a change in behaviour. Therefore, one of the primary aims of this thesis is 

to analyse CP children longitudinally to determine whether change in antisocial 

behaviour following psychological treatment is associated with change in the brain. 

The following sections review the treatment options currently available for CP and 

identify candidate systems to target with novel treatment strategies.  
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1.7 Treatments 

Psychological treatments 

There have been several behavioural interventions developed for children and 

adolescents with CP and there is a growing body of evidence to show that 

interventions targeted towards reducing ASB are most effective and least costly if they 

are implemented in early childhood (Eyberg et al., 2008; Frick, 2016). Currently the 

main treatment available for youths with CP are psychological interventions, and the 

so-called ‘gold standard’ psychological intervention for CP in the UK, is a well-

validated parenting programme known as the Incredible Years (IY) (Curtis, 2014). The 

IY involves 14 weekly 2-hour sessions, and its theoretical basis is rooted in ‘social 

learning theory’ (Bandura, 1978). The primary aim of parenting interventions such as 

the IY, is to reduce levels of CP through improving parenting skills, with key targets 

including promoting play, developing a positive parent-child relationship, using praise 

and rewards to increase desirable social behaviour, giving clear directions and rules, 

using consistent and calmly executed consequences for unwanted behaviour (more 

positive forms of punishment), and reorganising the child’s day to prevent problems 

(Scott, 2008). Studies have reported that such parenting interventions can effectively 

reduce ASB in children with CP, and these results have remained consistent across 

multiple countries and settings (Dretzke et al., 2005; Furlong et al., 2012). For 

instance, randomized trials in the UK have provided evidence that after treatment 

approximately 60% of children under 12 years of age, no longer fulfil criteria for CP 

(Scott et al., 2012, 2010a, 2010b, 2001). Although there is strong evidence to support 

the effectiveness of group parenting programs, almost 50% of children do not respond 

to such treatments, which could be due to several reasons, such as a) parental 
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engagement or drop-out rates within the program or b) factors that relate to the CP 

child. 

Previous studies have reported treatment outcomes may be influenced by parental 

engagement with the intervention and their relationship with the program facilitator 

(Kazdin and Whitley, 2006; Koerting et al., 2013). Other factors which may affect 

treatment response rates include parents dropping out of the group programs due to 

family problems, parental stress or obstacles related to attending sessions (e.g., 

needing to take time off work) (Attride-Stirling et al., 2004). Recent work has indicated 

that children who do not respond to current group parenting programs may benefit 

from ‘personalised’ adaptations of current treatments such as a one-on-one home-

based parenting program that is more tailored to their specific needs (McKay et al., 

2020; Niec et al., 2016). This is currently being explored in a subgroup of boys from 

our study who failed to respond to the group parenting program (the Personalised 

Programmes for Children (PPC) project (Research Ethics Committee number: N-434-

525)). 

In addition to treatment outcome issues associated with parental engagement and 

attendance as outlined above, intervention response rates may also be influenced by 

variability in CP subgroups. As mentioned previously, CP is a heterogeneous disorder 

which can be fractionated into several dissociable but overlapping subgroups, such as 

i) the presence or absence of CU traits and ii) age of onset (early versus adolescent 

onset), both of which appear to affect treatment response. For instance, it has been 

reported that ASB that develops earlier in childhood (i.e., before the age of 10) is more 

stable and therefore may be less malleable to change after such interventions 

(American Psychiatric Association, 2013; Odgers et al., 2008). Furthermore, evidence 
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has shown that the presence of CU traits is associated with poorer outcomes six 

months following treatment (Hawes and Dadds, 2005). Like other psychiatric 

disorders, this heterogeneity within the cohort may indicate that youth with persistent 

CP have a distinct response profile (Insel et al., 2010), suggesting that psychological 

interventions may not completely target the neural mechanisms that underlie these 

individuals. However, aside from parenting programs, treatment options for children 

with early-onset CP are limited. 

Pharmacological Treatments 

Alternative treatment options for CP children include certain drug treatments, which 

are usually reserved for individuals who do not respond to other interventions, and for 

children with increasingly severe CP. Pharmacological treatments such as the use of 

psychostimulants, antipsychotics, mood stabilizers are currently considered for 

treatment of severe CP (Barzman and Findling, 2009; Pappadopulos et al., 2006), 

however the effect size of medications currently used is poor (See review Balia et al., 

2018). Again, this is likely in part due to the heterogeneity of CP (Frick and Ellis, 1999) 

and the lack of trials to target individual CP sub-groups. Therefore, there is currently 

an essential need to identify alternative treatments for those who are unresponsive to 

psychological treatment strategies.  

Two of the main neurotransmitter systems that have been targeted for 

pharmacological treatments in both youth and adults with ASB are the serotonergic 

and dopaminergic systems (Khalifa et al., 2010; van Goozen and Fairchild, 2006). As 

outlined in section 1.3. of this chapter, there has been a substantial body of research 

linking impairments in both the serotonergic and dopaminergic systems with antisocial 

and aggressive behaviour, especially in those with CU traits (Coccaro et al., 2015; 
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Gard et al., 2019; Moul et al., 2013). Previous work has reported that drug treatments 

which act on these neurotransmitter systems (such as selective serotonin reuptake 

inhibitors (SSRIs) and antipsychotics) may be effective in reducing aggression in some 

cases, however to date, the overall effectiveness of these drugs for individuals with 

ASB have yielded inconclusive results (See reviews Balia et al., 2018; Hambly et al., 

2016; Khalifa et al., 2010). Despite the growing body of research investigating the 

serotonergic and dopaminergic systems in aggression and ASB, it could be that 

alternative neurotransmitter systems need to be targeted to direct novel treatment 

strategies in this cohort. Based on recent findings from neurodevelopmental and 

psychiatric disorders (Bakker-Huvenaars et al., 2020; Peled-Avron et al., 2020), a 

promising candidate system to direct potential treatment strategies in children with 

persistent CP, is the oxytocin system.  

1.8 Overview of the Oxytocin System 

Oxytocin is a neuropeptide which is known for its critical role in emotional and social 

behaviours, and for this reason has gained growing interest in scientific research over 

the past decade (Bartz et al., 2011). Oxytocin originates in the magnocellular neurons 

of the paraventricular nuclei (PVN) and supraoptic nuclei (SON) of the hypothalamus 

(Swaab et al., 1975), where it extends to the posterior pituitary and is secreted into the 

bloodstream to exert its peripheral effects. Once in the bloodstream, oxytocin is 

defined and acts as a hormone (Knobloch et al., 2012). Oxytocin is also produced and 

released from parvocellular neurons in the PVN (Meyer-Lindenberg et al., 2011), 

which project to other brain regions such as other parts of the hypothalamus, the 

striatum, amygdala, nucleus accumbens and the raphe nuclei to act as a 

neurotransmitter (Buijs, 1983; Stoop, 2012). Oxytocin significantly binds to OXT-Rs in 
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limbic brain regions such as the basal ganglia, hippocampus, hypothalamus and the 

central amygdala (Gimpl and Fahrenholz, 2001), and in doing so exerts its effects on 

social behaviours, fear conditioning and bodily functions.  

Role of Endogenous Oxytocin in Healthy Individuals  

Oxytocin is involved with several physiological functions such as reproduction, 

maternal behaviour and sexual activity through its interactions with hormones and sex 

organs (Carter, 1992; Feldman et al., 2016; Insel and Young, 2001). Research has 

also demonstrated that oxytocin exerts central effects by regulating stress response 

through the Hypothalamic-Pituitary-Adrenal (HPA) axis, particularly social stress 

(Ditzen et al., 2009; Heinrichs et al., 2003), with studies in both animals and humans 

reporting that oxytocin delivered exogenously can have anxiety and stress reducing 

properties (See reviews Meyer-Lindenberg et al., 2011; Neumann and Landgraf, 

2012). Oxytocin has also been shown to play a central role in the regulation of 

mammalian social behaviours such as mother and infant bonding and pair-bond 

formation (Lim and Young, 2006; Young and Wang, 2004), and is a key mediator in 

modulating various pro-social behaviours including social memory, trust, and empathy 

(Bartz et al., 2011; Guastella and Hickie, 2016; Hurlemann et al., 2010; Kosfeld et al., 

2005). Based on these attributes, the oxytocin system has been studied in several 

disorders which are characterized by ‘limited prosocial behaviours’, such as ASPD, 

ASD, schizophrenia (See reviews Gedeon et al., 2019; Keech et al., 2018; Ooi et al., 

2016), and more recently in CP (Bakker-Huvenaars et al., 2020).  

Oxytocin Impairments in Conduct Problems 

There is recent evidence to suggest that impairments in the oxytocin system may lead 

to ASB, especially social withdrawal or pathological aggression (Bakker-Huvenaars et 
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al., 2020; Jong and Neumann, 2017), and these impairments may be heightened in 

those with high CU traits (Cecil et al., 2014; Dadds et al., 2014). Earlier studies have 

investigated oxytocin activity in children and adults with ASB either through peripheral 

(i.e., salivary or plasma) or central (Cerebral Spinal Fluid; CSF) oxytocin levels, 

through polymorphisms in the OXT-R, or by manipulating endogenous oxytocin levels 

by intranasal oxytocin (IN-OXT). Results from these studies have reported reduced 

oxytocin activity in CP/CU+ versus CP/CU- children, (for example, reduced salivary 

and serum oxytocin levels and increased DNA methylation of the oxytocin receptor 

gene) (Aghajani et al., 2018; Azzam et al., 2022; Dadds et al., 2014; Levy et al., 2015). 

Furthermore, increased levels of aggression in humans have been linked to decreased 

oxytocin levels in the CSF (Lee et al., 2009).  

While our understanding on what underlies these oxytocinergic abnormalities in CP 

remains incomplete, existing evidence suggests that factors which may contribute to 

these impairments include childhood trauma and dysfunction in the HPA axis – the 

body’s main system which mediates stress response. 

1.9 Oxytocin and the Hypothalamic-Pituitary-Adrenal (HPA) axis 

Overview of the HPA axis 

Oxytocin has been intrinsically linked to its interaction with the HPA axis and adrenal 

steroids (Carter, 1998). Specifically, oxytocin is thought to be involved in modulating 

stress reactivity through action on the HPA axis, through positive and negative 

feedback mechanisms (Herman et al., 2016). The HPA axis responds to stressors by 

enhancing the synthesis and secretion of corticotropin-releasing hormone (CRH; also 

known as corticotropin-releasing factor) and arginine vasopressin (AVP) from the 

hypothalamic PVN neurons. Upon activation, CRH and AVP are released into portal 
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vessels where they stimulate the synthesis and secretion of adrenocorticotropic 

hormone (ACTH) from the corticotroph cells in the anterior pituitary (Aguilera, 1994; 

Antoni, 1986; Vale et al., 1981). Once ACTH is released and in circulation, it stimulates 

the release of glucocorticoids (cortisol in humans and cortisone in rodents) via the 

adrenal cortex, which then causes an inhibitory effect in the HPA axis through a 

negative feedback mechanism (Gjerstad et al., 2018). The role of oxytocin on the HPA 

axis is complex and still being understood, however, research conducted in rodents 

have provided evidence that oxytocin inhibits the basal activity of the HPA axis 

(Neumann et al., 2000) and induces activity of the HPA axis in response to stressful 

stimuli (Torner et al., 2017). Even though CRH is thought to be the main activator of 

the HPA axis, evidence from animal studies suggest that oxytocin is also released into 

the peripheral circulation in response to stress through a co-interaction with the CRH 

system (Nishioka et al., 1998; Torner et al., 2017). Specifically, it has been shown that 

intracerebroventricular administered oxytocin decreases stress-induced cortisone and 

ACTH in rodents, in addition to inhibiting HPA axis reactivity (Acevedo-Rodriguez et 

al., 2015; Neumann et al., 2000; Windle et al., 2004), providing evidence that oxytocin 

attenuates the stress-induced neuroendocrine responses of the HPA axis.  

Childhood Trauma and the HPA Axis 

Existing evidence suggests that traumatic experiences, particularly in early 

development, may affect the hormonal systems mediated by the HPA axis and the 

oxytocin system, resulting in a dysfunction in the HPA’s response to stress (See review 

Donadon et al., 2018). Further, this dysregulation in the HPA axis may decrease the 

synthesis and release of oxytocin which may in turn affect prosocial behaviour (Fries 

et al., 2005; Heim et al., 2009). Studies have reported that children and adults who 

experienced trauma in early development, have reduced plasma oxytocin levels 
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(Opacka-Juffry and Mohiyeddini, 2012; Seltzer et al., 2014), and more recently there 

has been evidence to support that childhood trauma and aggression reported in adults 

who have been convicted for homicide is mediated by their plasma oxytocin levels 

(Goh et al., 2021). Future studies are needed to understand this association more 

clearly in youth with CP and to understand how childhood trauma impacts the central 

oxytocin system. 

Amygdala Dysfunction and the HPA Axis 

It is also plausible that the abnormalities in the oxytocin system which are evident in 

children with CP and adults with ASB begin in the amygdala, as the amygdala is known 

to exert a stimulatory effect on the HPA axis (Gunnar and Quevedo, 2006). As 

mentioned earlier, there is considerable evidence that children with CP have amygdala 

dysfunction, specifically, youth with CP/CU+ show hypoactivity (Carré et al., 2013; 

Jones et al., 2009; Lozier et al., 2014; Marsh et al., 2008; White et al., 2012) whereas 

youth with CP/CU- show hyperactivity in response to emotional stimuli (Herpertz et al., 

2008; Viding et al., 2012), which could partly explain the abnormalities in response to 

stressful stimuli in the HPA axis (See review Fairchild et al., 2018). However, the exact 

mechanisms by which oxytocin is linked to the HPA axis, and how this is related to CP 

is still not clearly understood. 

Although the potential application of oxytocin has not yet been explored in CP, recent 

studies exploring the effect of oxytocin on emotional recognition in ASPD and healthy 

populations (See reviews Gedeon et al., 2019; Tully et al., 2018) have indicated that 

functional abnormalities associated with CP may be positively affected by oxytocin.  
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1.10  Manipulation of Oxytocin Levels 

Over the past two decades there has been a growing body of evidence demonstrating 

that manipulation of oxytocin levels in healthy humans has a positive effect on trust, 

empathy, social interaction and a reduction in stress (Bartz et al., 2011; Meyer-

Lindenberg et al., 2011; Veening and Olivier, 2013; Wang et al., 2017; Wigton et al., 

2015), and the main application by which the central oxytocin system has been 

evaluated in humans has been through intranasal application protocols (See reviews 

Graustella and MacLeod, 2012; Quintana et al., 2020). One of the most well-

established ways to study prosocial behaviour, social functioning and empathy in 

humans is through emotion recognition and accurate interpretations of others’ 

emotions (Carr and Lutjemeier, 2005; Moul et al., 2018), and accumulating evidence 

has highlighted the modulatory effect of IN-OXT to enhance emotion recognition in 

humans (Shahrestani et al., 2013). The following sections will therefore examine the 

current literature relevant for this thesis, with particular focus on the effect of oxytocin 

on facial recognition and emotional processing in both healthy and clinical populations. 

The Effect of Exogenous Oxytocin on Healthy Populations 

Many studies have highlighted the potential of IN-OXT to enhance facial affect in 

healthy populations. For instance, in studies using behavioural tasks, one meta-

analysis reported that oxytocin overall enhances facial recognition in healthy 

individuals (Hedges’ g effect size of 0.29), with recognition accuracy specifically being 

observed for happy and fearful faces (Shahrestani et al., 2013). A more recent meta-

analysis also examining task performance in healthy controls, reported that a single 

dose of IN-OXT significantly improved the recognition of basic facial emotions, 

particularly fear (Leppanen et al., 2017), suggesting that oxytocin may have a specific 
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role in fear recognition. However, it is also important to note that oxytocin has also 

been found to increase aggression in healthy subjects (Ne’eman et al., 2016), 

suggesting that the effects of oxytocin are dependent on a variety of contextual events 

which can be both positive and negative (Shamay-Tsoory and Abu-Akel, 2016). 

In neuroimaging, a systematic review by Tully et al. (2018) examined evidence of 

oxytocin modulation on neural correlates in response to facial recognition in healthy 

controls. Results reported that oxytocin decreased functional activity in response to 

negative emotions such as fear, anger, disgust, and sadness in healthy males. One of 

the most consistent findings among studies reported that oxytocin reduced amygdala 

activation in response to fearful and angry faces. Decreased neural activity was also 

observed in the ACC, inferior frontal gyrus and midtemporal gyrus in response to 

fearful stimuli, while decreased activity in the ACC, middle frontal gyrus, premotor and 

superior parietal cortex was reported in response to sad and neutral stimuli. In 

contrast, the three studies which were conducted in females reported that oxytocin 

enhanced brain activity in response to negative facial emotions. For instance, regions 

including the amygdala, ACC, insula, fusiform gyrus, superior temporal gyrus and the 

inferior frontal gyrus all showed an increase in BOLD response to negative emotional 

stimuli. In response to happy stimuli, healthy males showed decreased activity in the 

amygdala, ACC, middle frontal gyrus, precuneus and fusiform gyrus following oxytocin 

administration, albeit results were less consistent. Conversely, females showed 

enhanced activity to positive stimuli in the ventral tegmental area and inferior frontal 

gyrus (See review Tully et al., 2018).  
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The Effect of Exogenous Oxytocin on Clinical Populations 

Intranasal oxytocin has also been studied among several clinical disorders 

characterized by difficulties in social-emotional functioning. For example, individuals 

with ASPD, ASD, schizophrenia, social anxiety disorder, depression and eating 

disorders have all shown deficits in basic emotion recognition (Blomberg et al., 2021; 

Bora and Berk, 2016; Brook and Kosson, 2013; Chung et al., 2014; Krause et al., 

2021; Tseng et al., 2017; Velikonja et al., 2019). However clinical trials investigating 

the effects of IN-OXT on cognition in such disorders, have yielded inconsistent results.  

Perhaps one of the most relevant disorders to the current thesis, in which the efficacy 

of IN-OXT has previously been examined, is ASPD. Evidence from a double-blind 

randomized placebo-controlled trial revealed that compared to healthy controls, 

individuals with ASPD were less accurate in recognizing fearful and happy faces 

during the placebo condition. However, these deficits were no longer observable after 

administration of oxytocin (Timmermann et al., 2017). The results from this study 

suggest that IN-OXT can promote anti-aggressive effects in antisocial males by 

improving recognition of distress cues (Timmermann et al., 2017). Although these 

results are promising, they have yet to be replicated in this cohort. A second study 

reported that in contrast, oxytocin enhanced aggressive behaviour in males with ASPD  

(Alcorn et al., 2015). Although this study had a very small sample size (n=6), these 

results implied that the effects of IN-OXT may be dependent on an individual’s 

characteristics.  

There have also been several studies which have examined oxytocin’s potential 

application in neurodevelopmental disorders. A recent meta-analysis which included 

populations with ASD, schizophrenia and Prader-Willi syndrome reported that IN-OXT 
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improved emotional recognition in five out of 12 studies using behavioural tasks, 

however, the meta-analysis reported that overall, oxytocin had no significant effect on 

emotional recognition (Hedges’ g 0.08) (See review Keech et al., 2018). There were 

no significant differences found across studies with regards to diagnosis, age or the 

dose or frequency of oxytocin, however inconsistencies could be attributable to various 

outcome measures used across studies to measure emotion recognition. Further, the 

authors of this meta-analysis conclude that it is possible that some of the studies 

contained high risk of bias, as several studies did not provide information on blinding, 

randomisation or attrition, which could have also contributed to the inconclusive results 

(Keech et al., 2018). It is also worth noting that this meta-analysis included several 

clinical populations with various disorders in the analysis and did not take into account 

the heterogeneity of each disorder. 

Studies which examined the effect of IN-OXT in a specific diagnosis, found more 

promising results. For instance, one meta-analysis that considered the effect of IN-

OXT on tasks assessing the primary components of social cognition (e.g., emotion 

processing, face gaze processing, comprehension of affective speech and theory of 

mind) reported that IN-OXT significantly improved social functioning in ASD (See 

review Ooi et al., 2016). A further multi-level meta-analysis replicated these findings 

showing that oxytocin indeed, had beneficial effects on social functioning in ASD (See 

review Huang et al., 2021). In patients with schizophrenia, a double-blind placebo-

controlled crossover study reported that administration of oxytocin significantly 

improved emotion recognition particularly in fear, happiness and surprised facial 

expressions in comparison to healthy controls (Averbeck et al., 2012). 
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At the neural level, several studies have reported modulatory effects of oxytocin on 

brain activity, particularly in the amygdala, in response to emotion recognition tasks. 

For instance, oxytocin administration increased amygdala activity in response to facial 

stimuli in both males and females with ASD (Domes et al., 2014, 2013; Procyshyn et 

al., 2021). Conversely, a more recent randomized control trial in individuals with ASD 

reported that IN-OXT had no significant effect on brain activity in response to viewing 

facial stimuli but did show increased bilateral amygdala activity in response to viewing 

pictures of people in pain (Mayer et al., 2021), implying that oxytocin plays a role in 

enhancing empathy. In individuals with generalized social anxiety disorder, IN-OXT 

was found to attenuate heightened amygdala activity to fearful faces, in addition to 

reducing heightened activity in the mPFC and ACC regions in response to sad faces 

(Labuschagne et al., 2012, 2010). A similar effect was reported in schizophrenia 

patients, whereby in comparison to placebo, administration of IN-OXT induced a 

decrease in BOLD activity in the bilateral amygdala in response to fearful faces (Shin 

et al., 2015). Again, this suggests that compared to healthy individuals, oxytocin has 

different neurobiological effects in individuals with deficits in emotion recognition.   

Taken together, these studies suggest that abnormalities in social-emotional 

functioning which are evident in several psychiatric disorders may have shared 

underlying mechanisms, with one possible mechanism being the oxytocin system 

(Leppanen et al., 2017). Therefore, the oxytocin system may be an effective treatment 

target for disorders with deficits in social emotional functioning. However, to-date no-

one has studied whether IN-OXT can modulate abnormalities in neural processing in 

CP children. If IN-OXT has the potential to modulate abnormal neural processing in 

this group of children, then it could form the basis of research into a therapeutic 

intervention for CP children who are resistant to current psychological treatments (e.g., 
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parenting programs). Furthermore, this could determine which children are at risk of 

developing persistent ASB in adulthood, and potentially allow the opportunity to treat 

the individual with psychological or pharmacological interventions at a young age. 

1.11  Pharmacology of Oxytocin  

Until recently there have been many debates and uncertainties with regards to the 

pharmacodynamics of oxytocin and the method of administration. As noted earlier, the 

past decade has seen an exciting increase in the number of clinical trials investigating 

the effects of oxytocin, however, important considerations such as dosage, timing, and 

neurobiological effects have not yet been systematically addressed, which is thought 

to be an attributable factor to inconsistent findings reported among studies (Erdozain 

and Peñagarikano, 2019). Research conducted in the past few years, however, have 

addressed some major gaps in the oxytocin field. The following section will discuss 

what is known at the time of writing this thesis with regards to a) route of oxytocin 

administration b) the dose-response of oxytocin and c) how oxytocin exerts its 

behavioural and neural effects. 

Oxytocin Receptors 

Oxytocin exerts its wide spectrum of peripheral and central effects through its capacity 

to bind to the OXT-R (Albers, 2015). To-date only a single OXT-R has been identified 

from any species; the gene located on chromosome 3p24-26 in humans, encoding a 

G-protein coupled receptor (Verbalis, 1999). The OXT-R is abundant in brain regions 

such as the basal ganglia, hippocampus, hypothalamus and the central amygdala as 

well as organs such as the heart, myometrium and peripheral nervous system (See 

review Gimpl and Fahrenholz, 2001), and these areas act as a proxy for oxytocin 

binding sites (Young et al., 1997). Neuroimaging studies have provided additional 
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evidence indicating the location of these receptors. For instance, fMRI studies have 

shown IN-OXT induced modulation of BOLD activity in brain regions including the 

amygdala, ACC, striatum, and insula (Domes et al., 2007; Eckstein et al., 2014; 

Lischke et al., 2012; Scheele et al., 2013; Wigton et al., 2015). Similarly, studies using 

arterial spin labelling (ASL) measured oxytocin-induced changes in resting perfusion, 

presenting robust evidence of an oxytocinergic network in these regions expected to 

be rich in oxytocin receptors, such as the amygdala, insula, ACC, hypothalamus, 

hippocampus, ventral striatum and caudate (Martins et al., 2020; Paloyelis et al., 

2016). 

There are various subtypes of the OXT-R and evidence has demonstrated that 

oxytocin can directly engage with the Gq and the Gi/o proteins, each which activate 

different signalling pathways (Busnelli et al., 2012). As outlined in a recent review, a 

current hypothesis suggests that oxytocin can activate different signalling cascades 

depending on the concentration, such that a lower dose of oxytocin promotes the 

activation of the excitatory Gq protein, whereas a higher concentration stimulates the 

inhibitory Gi/o proteins (Erdozain and Peñagarikano, 2019) (Figure 1.3). 
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Figure 1.3. Molecular Basis of Oxytocin Receptor Signalling in the Brain: Oxytocin (OXT) binds 
to the oxytocin receptor (OXT-R) and can directly engage with the Gq and the Gi/o proteins. 
There is evidence to suggest that OXT can activate different signalling pathways depending 
on the dose administered. Figure adapted from (Busnelli et al., 2017). 

 

It is noteworthy that oxytocin is similar in structure to the neuropeptide AVP, and some 

actions of oxytocin can be influenced by AVP receptors and vice versa (Chini et al., 

2008; Song and Albers, 2018). There is evidence to suggest that higher concentrations 

of oxytocin may occupy the AVP receptors rather than the OXT-R, which can in turn 

produce opposing effects, such as enhanced aggressive behaviour (Albers, 2015; 

Spengler et al., 2017). However, no clear guidelines currently exist with regards to a 

recommended standardized dose of oxytocin for experimental studies. 

Kinetics and Dose-response  

Previous studies have reported large inconsistencies with regards to the dosage and 

timing of oxytocin administration, but research in this area is currently underway 

(Martins et al., 2022; Wynn et al., 2018). Doses ranging from 8 international units (IU) 

to 76 IU have been previously administered, with the most common dose selected as 
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24 IU (See review Grace et al., 2018). The half-life of oxytocin is ~20 minutes, and the 

impact of IN-OXT has typically been evaluated experimentally 20-50 minutes post-

administration, with an estimated peak response at 40–50 minutes (de Groot et al., 

1995; Grace et al., 2018; Paloyelis et al., 2016).  

An increasing number of neuroimaging studies have been testing the efficacy of 

various doses of IN-OXT on targeted brain regions, with particular focus on the 

amygdala - as it is a central hub of the brain oxytocin circuitry. For instance, an fMRI 

study which investigated the dose response (12 IU, 24 IU and 48 IU) of IN-OXT during 

an emotional faces task in healthy males, indicated that 24 IU was the most effective 

dose on amygdala reactivity (Spengler et al., 2017). However, two further fMRI studies 

on healthy controls implied that a lower dose (8 IU) was more effective (Quintana et 

al., 2019, 2016), while a study in healthy women reported that oxytocin significantly 

enhanced amygdala activity in response to fearful faces irrespective of the dose 

administered (6 IU, 12 IU and 24 IU) (Lieberz et al., 2019).  

The dose-response of oxytocin has been less studied in clinical populations; however, 

a small number of studies have evaluated nominal doses on cognitive performance. 

For example, a study conducted in individuals with ASD reported that 8 IU (compared 

to 24 IU or placebo) was the optimal dose for observing behavioural changes in an 

overt emotional salience task (Quintana et al., 2017). In patients with schizophrenia, 

a placebo-controlled cross-over study in which 47 patients were randomly assigned 

one of eight doses of oxytocin (8, 12, 24, 36, 48, 60, 72 or 84 IU) reported that oxytocin 

was optimal at mid-range doses (36-48 IU) for the processing of social stimuli (Wynn 

et al., 2018). Taken together, these studies demonstrate that a standardized protocol 

for oxytocin administration is still lacking, and further studies investigating the dose 
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response on neural markers in clinical populations are warranted. However, evidence 

from recent literature indicates that a low to medium dose (8 IU – 24 IU) is more 

effective than a higher dose (Erdozain and Peñagarikano, 2019; Martins et al., 2022). 

Based on these conclusions, the study in Chapter 7 of the current thesis will use a 

single dose of 24 IU of IN-OXT to investigate its effects on targeted brain regions in 

children with CP. 

Route of Oxytocin Delivery to Brain 

Until recently there have been debates around the routes of absorption of IN-OXT and 

doubts whether IN-OXT reaches the central nervous system (Leng and Ludwig, 2016). 

Although the precise mechanisms of delivery still require further research, there have 

been huge advances in the field in recent years with accumulating evidence indicating 

a direct nose-to-brain route of IN-OXT (Martins et al., 2020; Quintana et al., 2020). 

The following section will discuss the most up-to-date evidence supporting the delivery 

of IN-OXT to the brain in functionally sufficient amounts. 

Despite the increasing use of exogenously administered oxytocin in clinical trials in 

recent years, very little has been understood about the mechanisms underlying the 

route of delivery to the brain. To-date, strategies to modulate oxytocin levels include 

both intravenous and intranasal routes, however, until recently it was unknown which 

route led to functionally relevant increases in central oxytocin levels (Leng and Ludwig, 

2016). Earlier studies have implied that oxytocin administered via the intravenous 

route does not cross the blood brain barrier (BBB) in amounts obviously sufficient to 

induce central effects (Ermisch et al., 1984; Mens et al., 1983), which has led to many 

studies choosing the intranasal route as the method of administration. However, recent 

studies have provided robust evidence confirming the validity of direct nose-to-brain 
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transport of IN-OXT (Lee et al., 2020; Martins et al., 2020). The current literature 

concludes that exogenous oxytocin administered intranasally, travels to the brain via 

olfactory and trigeminal nerve fibres, and travels to the periphery via the highly 

vascularized nasal cavity (See reviews Quintana et al., 2020; Yao and Kendrick, 

2022). For instance, Lee et al. (2020) established that labelled oxytocin administered 

via the intranasal route (and not the intravenous route) in rhesus macaques reached 

several brain regions (orbitofrontal cortex, striatum, brainstem and thalamus) in 

quantifiable amounts. In a human study, Martins et al. (2020) also reported oxytocin-

induced changes in regional cerebral blood flow (rCBF) in several brain regions 

including the hippocampus, temporal pole, cerebellum and precuneus following 

administration IN-OXT, which were not observed following intravenous administration. 

However, in the same study, the amygdala and ACC showed oxytocin-induced 

decreases in rCBF after administration of both intranasal and intravenous oxytocin, 

implying that there is not a privileged nose-to-brain route within these specific brain 

regions. This provides tentative evidence that small amounts of synthetic oxytocin can 

cross the BBB and is enough to produce significantly relevant effects in resting 

perfusion. Hence, research to-date points to IN-OXT being the preferred method to 

induce central changes in the body. Moreover, evidence from research settings has 

reported that IN-OXT does not produce any reliable side-effects or adverse outcomes 

in either paediatric or adult populations (DeMayo et al., 2017; MacDonald et al., 2011), 

therefore making the oxytocin system an ideal target for the study of potential 

treatments for CP.  
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1.12  Summary and Objectives 

To summarize, parenting interventions reduce ASB in some children with CP, however 

up to 50% of children do not respond to these interventions and develop persistent 

ASB. Understanding the neural underpinnings of symptom improvement and 

persistence is important to increase early detection and treatment stratification in CP. 

Hence, the current thesis will firstly aim to assess if structural and functional brain 

impairments in CP children can change (i.e., towards the direction of TD controls) in 

parallel to CP symptoms improving following a parenting intervention (Study 1).  

Secondly, as up to 50% of children with CP do not respond to the current ‘gold-

standard’ treatment (i.e., group parenting programmes), there is now a critical unmet 

need for research to develop new effective treatments for this subgroup of children. 

Accumulating evidence has suggested that children with persistent CP may have 

impairments in their oxytocin system, making it a target for potential pharmacological 

treatments. Therefore, the second part of this thesis will investigate if brain 

abnormalities in children with persistent CP, who previously did not respond to a 

parenting intervention, can ‘normalise’ following a single dose of IN-OXT compared to 

placebo (Study 2). 
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Chapter 2. General Methods 
 

2.1 Summary 

This chapter outlines the methodology used for the empirical chapters presented in 

this thesis which are based on two separate studies. The results presented in Chapters 

3, 4, 5 and 6 are based on data collected from ‘Study 1’ – Brain Associates of Parent 

Training on Antisocial Behaviour in Youths with Conduct Problems (ABC study)’, a 

longitudinal dataset which was collected between 2016 and 2019. The results 

presented in Chapter 7 is based on data collected from ‘Study 2’ – ‘The Effects of 

Intranasal Oxytocin on Brain Processing in Youths with Treatment-Resistant Conduct 

Problems’ which is an exploratory study investigating the effects of a novel 

pharmacological treatment on abnormal neural processing in CP boys who did not 

respond to the parenting intervention as outlined in ‘Study 1’. 

2.2 Magnetic Resonance Imaging 

Both studies conducted in this thesis use neuroimaging measures including diffusion 

weighed imaging (DWI) and functional magnetic resonance imaging (fMRI). Therefore, 

a summary of these imaging methods is provided first. 

2.2.1 Fundamentals of Magnetic Resonance Imaging 

Magnetic Resonance imaging (MRI) is a non-invasive technique founded on the basic 

physics of nuclear magnetic resonance (NMR) (Bloch, 1953), a phenomenon in which 

atomic nuclei (protons) in a static magnetic field are perturbed when placed in an 

external magnetic field (B0) by being exposed to radiofrequency (RF) electromagnetic 

waves of a specific resonance frequency. MRI machines allow us to manipulate and 
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measure a wide range of signals and properties within the brain (and other parts of the 

body) by using a superconducting magnet, which produces a strong external magnetic 

field (B0). In clinical imaging, MRI machines typically range in strength from 1.5 – 3 

tesla (T) and they work by controlling the interaction between the magnetic field, 

hydrogen protons and RF waves. As hydrogen atoms are abundantly available in 

water and fat tissue of the human body, they are a suitable marker for clinical imaging 

because of its magnetic properties. The hydrogen nucleus contains a positively 

charged proton that spins around an axis generating its own small magnetic field with 

its own north and south poles. Under normal circumstances, these protons behave like 

small “bar magnets” which rotate (or ‘spin’) in the body with their axes randomly 

orientated (Berger, 2002) (Figure 2.1). However, when placed in a strong external 

magnetic field (B0) such as an MRI scanner, these protons align either parallel (a low 

energy state) or anti-parallel (a high energy state) along the longitudinal direction of 

the external magnetic field (B0) (Figure 2.1). 

 

Figure 2.1. Magnetic Field Protons: Under normal circumstances, protons rotate randomly on their 
axes (left), however, when placed in a magnetic field, these protons become magnetized to align 
either parallel or anti-parallel to the primary field (B0). Figure adapted from: Pooley (2005)  
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A greater proportion of the protons align parallel to B0, as it is a lower energy state, 

and this imbalance which results in a small net longitudinal magnetisation and aligns 

in the direction of B0 (Dale et al., 2015). The strong external magnetic field creates a 

torque on the protons such that the protons rotate on their axes around B0, at a 

precession rate which is proportional to the magnetic field strength - termed the Larmor 

frequency.  

 

To form an image, the MRI depends on detecting this small net magnetisation, but it 

cannot be directly measured as it is in the same direction as the much stronger applied 

magnetic field. However, the net magnetisation can be measured by perturbing and 

displacing it 90o from the longitudinal plane into the transverse plane (i.e., 

perpendicular to B0) (Azhar & Chong 2022). This is done by applying a radiofrequency 

(RF) pulse which ‘tips’ the net magnetisation 90o into the transverse plane (Figure 2.2). 

The energy produced from the RF excitation pulse has two main effects on the protons. 

Firstly, it results in some low energy (spin-up) protons being flipped to high energy 

(spin-down) state, which decreases the longitudinal magnetisation, and secondly, the 

protons begin to precess in phase coherence in the transverse plane. It is during this 

transverse magnetization (i.e., perpendicular to B0) where the MR signal can be 

received by the RF coils. The strength of this signal can vary depending on the type 

of tissue that the hydrogen proton is in. 
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Figure 2.2. When an external magnetic field is applied, the net magnetisation is aligned parallel to 
it in the longitudinal plane. When a 90o radiofrequency (RF) pulse is applied, the net magnetisation 
is displaced into the transverse plane. Figure adapted from Azhar & Chong, 2022. 
 

Relaxation 

The process by which the protons release the energy that they absorbed from the RF 

pulse is known as relaxation (Dale et al., 2015). After the RF pulse is turned off, the 

spins will rapidly lose phase coherence (causing the MR signal to rapidly fade) and 

more spins will return to the low energy state (i.e., their original configuration with the 

scanners magnetic field). There are two different relaxation processes that can occur 

independently of each other – longitudinal (T1) and transverse (T2) relaxation. These 

are among the most fundamental properties that determine MR image contrast. The 

way by which relaxation occurs can provide varying information, such as the 

brightness of certain tissues. Longitudinal (T1) relaxation occurs parallel to B0 (on the 

z-plane) and measures signal recovery (i.e., the time for the spinning protons to realign 

with the scanner’s magnetic field). Following the RF pulse, protons flip from being in a 

high energy state back to their low energy state by dissipating excess energy to their 

surroundings (the lattice), resulting in longitudinal relaxation (or spin-lattice relaxation). 

Tissues with short T1 for example, are bright and tissues with long T1 are dark.  
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In contrast, transverse (T2) relaxation is a measure of magnetization decay, as the 

protons fall out of phase in the transverse plane. This loss of coherence in protons can 

be caused by the spins interacting with each other which slightly modifies their 

precession rate (Morris, 1986). The internal inhomogeneity of spins influencing other 

neighbouring spins have also led to the term spin-spin relaxion being used for T2 

relaxation (Currie et al., 2013). The loss of phase coherence can also be caused by 

inhomogeneity in the magnetic field (B0), which can result in slightly different Larmor 

frequencies for protons at different locations within B0. T2 time is the time constant 

that represents when transverse magnetization decays to 37% of its initial value, 

following the removal of the RF pulse. Spin-spin interaction dictates the speed of T2 

relaxation, therefore influencing the T2 values for different tissues. The contrast of T2 

differs to T1, such that tissues with short T2 are dark and tissues with long T2 are 

bright. 

 

Image Formation 

To obtain an MR image, signal localisation is performed by applying varying magnetic 

field gradients to the external magnetic field (B0). To locate the precise MR signal, the 

magnetic field gradients undergo controlled manipulation (using gradient coils) in three 

dimensions (x, y, and z axes), which allows a process called ‘spatial encoding’ to be 

performed. Firstly, a slice-select gradient is applied to the z-axis, which allows for the 

isolation of an imaging slice in a single scan plane. Once the RF pulse is applied, this 

results in the excitation of spins in this specific plane only, producing an axial slice. 

The magnetic field gradients are then applied to the y-axis (known as phase encoding) 

and the x-axis (known as frequency encoding) to manipulate the frequency and phase 

of the spins along these axes also. The RF pulses are delivered in a rapid, controlled 
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manner, known as pulse sequences. It is common to generate and measure the MR 

signal in the form of an echo (typically spin-echo or gradient-echo). For example, a 

basic spin-echo pulse uses an initial 90o excitation followed by a 180o refocusing RF 

pulse. By controlling the timing of the components that make up these sequences, 

(using parameters such as repetition time (TR), echo time (TE)), different imaging 

techniques can therefore produce a wide range of MRI contrasts (McRobbie et al., 

2017).  

 

The signal from the MRI scanner is then received by the computer and the data (i.e., 

the digital image) is mapped into a matrix known as k-space (also known as Fourier 

space) (Loecher and Wieben, 2015). Following this, an inverse 2D Fourier transform 

(FT) is required to transform the data from k-space to a recognisable desired image 

(Figure 2.3), where each data point is represented by a single voxel. Two common 

imaging modalities that can be acquired include functional and diffusion MRI (Figure 

2.4), which will each be discussed in the following sections. 

 

Figure 2.3. Image acquisition and reconstruction process for magnetic resonance imaging (MRI). 
Data is collected in an MRI scanner using radiofrequency (RF) receiver coils. Following the 
application of varying magnetic field gradients, the data are acquired in k-space. A Fourier 
transform (FT) is required to transform the data from k-space to the desired image. Image adapted 
from (Loecher and Wieben, 2015). The final reconstructed brain image is taken from the ABC 
dataset from the current thesis.   
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Figure 2.4. Two imaging modalities that are commonly acquired include diffusion and functional MRI. 
The top row illustrates white matter connectivity from diffusion weighted images and the bottom row 
illustrates functional activity. Adapted from Jenkinson & Chappell, 2018. 

2.2.2 Diffusion MRI 

Diffusion Weighted Imaging 

Diffusion Weighted Imaging (DWI) is an MR technique that allows quantification of 

water molecule movement (le Bihan et al., 1986). Water molecule diffusion follows the 

principles of Brownian motion or ‘The Random Walk’ which refers to the random, 

thermal motion of water molecules within a tissue (Figure 2.5) (Beaulieu, 2002).  For 

instance, water molecules are random and equal in all directions when they are 

unrestrained (isotropic diffusion), whereas in structured environments (such as white 

matter), the movement of water molecules are more restricted and therefore, will 

diffuse at a slower pace (anisotropic diffusion).  
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Figure 2.5. Brownian motion or ‘The Random Walk’ – the assumption that molecules when 
unimpeded will travel in random directions over time. Adapted from (Beaulieu, 2002) 
 

Diffusion Tensor Imaging (DTI) 

Diffusion tensor imaging (DTI) is based on the principles of DWI and is an indirect 

measure white matter microstructure in the brain, based on the phenomenon that the 

water diffusion in white matter is highly anisotropic (Basser et al., 1994a; Basser et al., 

1994b; Beaulieu, 2002). While DWI refers to the contrast of the acquired images, DTI 

uses a mathematical construct known as the diffusion tensor model to acquire further 

information on tissue microstructure (Basser et al., 1994a; Basser et al., 2002). DTI 

acquires information on the isotropic and anisotropic diffusion, which can subsequently 

estimate the axonal organization in the brain by measuring the movement and 

direction of water molecules through the process of diffusion in brain tissue (Mori and 

Zhang, 2006). Isotropic diffusion represents the water molecules traveling randomly in 

all directions, whereas anisotropic diffusion represents water molecules travelling 

along fibres of higher density orientated in a certain direction (such as white matter) 

(Beaulieu, 2002; le Bihan and lima, 2015). In contrast to the earlier methods of 

diffusion MRI, which uses a single parameter to measure diffusion, DTI models 

diffusion in many directions by using a diffusion weighted image and at least six 
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different diffusion measurements in varying directions. The diffusion tensor can be 

described using the ‘diffusion ellipsoid’ which represents the 3-dimensional 

displacement of water molecules. The ellipsoid uses a combination of three 

eigenvalues (often expressed as λ1, λ2, λ3 and defines the magnitude of diffusion) 

and three eigenvectors (often expressed as e1, e2, e3 and reflects the orientation of 

diffusion) to produce a 3 x 3 matrix known as a tensor within each voxel (Soares et al., 

2013; Vorona and Berman, 2015) (Figure 2.6). Diffusion is considered isotropic when 

the eigenvalues are nearly equal and is considered anisotropic when the eigenvalues 

are significantly different in magnitude. The basic concept behind DTI is that water 

molecules will diffuse differently along tissues depending on its type, integrity, 

architecture, and barriers (Soares et al., 2013). This results in differing signals 

throughout the brain which can be measured using DTI to give information about the 

tissues’ orientation, anisotropy, and isotropy.  

 

Figure 2.6. Diffusion tensor imaging (DTI) model shown for isotropic and anisotropic diffusion. The 
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DTI model is represented by eigenvalues (λ1, λ2, λ3) and eigenvectors to represent the 3D 
displacement of water molecules. Figure adapted from Vorona and Berman (2015). 

 
DTI acquisition  

The Stejskal-Tanner pulsed gradient spin echo (PGSE) technique (Stejskal & Tanner, 

1986) forms the basis of current DWI pulse sequences. This consists of applying a 

strong diffusion-sensitizing gradient (DG) on either side of the 180o RF pulse (Figure 

2.7). These paired pulsed gradients cause signal loss from diffusing spins, but not the 

stationary spins. Hence, where protons move freely (such as the ventricles), the signal 

is very low, but in areas where protons are more restricted in their movement (such as 

white matter) the signal will be higher. It is noteworthy that these large diffusion 

weighted gradients make diffusion MRI very sensitive to motion. To reduce the 

influence of such artefacts, single-shot EPI is commonly used (Mansfield, 1984; Turner 

et al., 1990), although several alternative methods do exist. 

 

Figure 2.7. The Stejskal-Tanner Pulsed Gradient Spin-Echo sequence. Diffusion-sensitizing 
gradients are applied on either side of the 180o pulse. Stationary spins are not affected by the 
paired gradients, but the diffusing spins are dephased. (RF: Radio frequency; DG: Diffusion-
sensitizing) Figure from https://mriquestions.com/making-a-dw-image.html 
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When acquiring DTI images for a subject, the pulse sequence will first be run with the 

DG’s turned off. This will generate a set of b0 images (which serve as baseline images 

that take into account tissue signals and contrasts without diffusion gradients). 

Following this, many separate 3D images of the brain need to be acquired, as each 

single image is sensitive to diffusion in one direction only. Although a minimum of six 

diffusion gradients (also known as encoding directions) are needed to estimate the 

diffusion tensor (in addition to a baseline b0 image), a larger number of diffusion 

gradient directions are usually acquired (at least 20-30) to improve the signal to noise 

(SNR) ratio, therefore improving the reliability of the data (Yang et al., 2011). Further 

information on the DTI parameters acquired for the studies described in this thesis is 

discussed in section 2.3.5. – Neuroimaging Acquisition. 

 
 
Tensor Derived Output 

The output from a DTI experiment usually includes tensor-derived maps, and several 

diffusion indices. For instance, one of the most widely used DTI measurements is 

‘fractional anisotropy’ (FA) which is interpreted to represent the overall white matter 

organisation (or the directional preference of diffusion (Soares et al., 2013)), and 

varies between 0 (isotropic diffusion) and 1 (infinite anisotropy) (le Bihan et al., 2001). 

FA is a function of radial diffusivity (RD; the magnitude of water diffusion perpendicular 

to the tract and a proxy for myelination) and axial diffusivity (AD; the diffusion parallel 

to the primary direction of water molecules in the tract and a proxy for axonal integrity) 

(Song et al., 2003, 2002). Finally, the mean diffusivity (MD) refers to the overall mean-

squared displacement of water molecules consequent to the presence of obstacles to 

diffusion (Harsan et al., 2006) (i.e., the average water diffusion within a tissue) and is 
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thought to represent a marker of neuronal damage in cell bodies and axon fibres 

(Elman et al., 2017).  

 

DTI Tractography 

Tractography is a non-invasive method that measures white matter trajectories in the 

human brain, by estimating connectivity patterns between brain regions, based on the 

orientation of fibres from each voxel into a neighbouring voxel. There are several 

approaches that can be used to perform tractography, and the results will differ based 

on the chosen approach (e.g., deterministic vs. probabilistic tractography and 

spherical deconvolution) (Lazar, 2010). The current study uses the deterministic (or 

streamline) tractography approach, which uses algorithms thought to represent the 

best estimate of the main fibre orientation within each voxel to map out white matter 

microstructure or ‘tracts’ in the brain (Dell’Acqua and Catani, 2012). These algorithms 

determine the criteria for starting, continuing, and terminating the tracking process by 

setting a maximum angle threshold (generally > 40°) and a minimum FA threshold 

(usually 0.2) (Yang et al., 2011). The fibre trajectory advances along an estimated tract 

direction until a stopping criterion is met (i.e., exiting brain space, an abrupt curvature 

or drop in anisotropy) (Lazar, 2010), resulting in white matter connections in the brain 

to be mapped out. Virtual in vivo dissections of white matter tracts can be created 

manually for each subject, by specifying one or more regions of interest (ROI), which 

determine where the fibres (or streamlines) should or should not pass through. By 

using a process known as Boolean logic filtering, the user can decide which tracts are 

displayed, and tract-specific measurements for each white matter tract can be 

extracted. These include macrostructural metrics (track count and volume) and 

microstructural metrics (FA, MD, RD, and AD). In recent years, semi-automatic 
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dissection methods have also been developed to carry out tractography dissection 

among several subjects simultaneously (Dell’Acqua, 2015). Deterministic tractography 

has proved useful in a range of clinical and basic science applications and has 

advantages such as quick results, relatively straight-forward calculations, and refined 

reconstructions of white matter tracts, such as the uncinate fasciculus (UF) (Catani et 

al., 2002; Jones, 2008; Lilja and Nilsson, 2015; Yang et al., 2011).  

 

Limitations of DTI Tractography 

Although DTI tractography includes many advantages such as being safe, non-

invasive, time efficient, and has been widely adopted in clinical and neuroscience 

research, it is not without its limitations (Dell’Acqua and Catani, 2012). Tractography 

data can be sensitive to noise and artefacts due to factors such as head motion or 

eddy currents, which may negatively bias the diffusion parameters (Schilling et al., 

2019; Wheeler-Kingshott and Cercignani, 2009). The tractography dataset in the 

current thesis is from a paediatric cohort and therefore went through rigorous quality 

checking and preprocessing prior to analysis (as detailed in subsequent chapters). 

Another limitation of DTI tractography to consider which may affect the anatomical 

accuracy is instances where several fibres cross within the same voxel (Dell’Acqua 

and Catani, 2012). This affects certain matter tracts which have more complex 

configurations – such as the corpus callosum or the superior longitudinal fasciculus. 

Therefore, an alternative diffusion method such as a spherical deconvolution approach 

would be recommended for such tracts to account for multiple fibre orientations 

(Dell’Acqua and Tournier, 2019). 
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2.2.3 Functional Magnetic Resonance Imaging (fMRI) 

The Blood Oxygen Level Dependant (BOLD) Signal  

The principle of MR physics as described above, can also be applied to measure the 

neuronal activity in the brain, through a class of imaging known as functional MRI 

(fMRI). FMRI is sensitive to changes that occurs in blood (the hemodynamics), which 

occurs because of changes in neuronal firing (Jenkinson and Chappell, 2018). The 

properties of oxygenated haemoglobin (diamagnetic) and deoxygenated haemoglobin 

(paramagnetic) interact with the local magnetic field differently, and the contrast 

between the two can be measured to produce MR contrasts based on a principle 

known as the blood-oxygenated-level-dependant (BOLD) response (Ogawa et al., 

1990). The BOLD response reflects the loss of oxygen from haemoglobin, due to local 

energy demand, which increases the magnetic susceptibility of the iron in the blood, 

and consequently, distorts the magnetic field experienced by protons in the 

surrounding water molecules (Ogawa et al., 1990). The basic principles of BOLD fMRI 

assert that when an increase in neuronal activity occurs, this is accompanied by a 

large increase in cerebral blood flow (CBF), which results in an oversupply of 

oxygenated blood (measured by the cerebral metabolic rate of oxygen (CMRO2)), and 

consequently causes the deoxygenated blood in these areas of higher neuronal 

activity to be flushed out (Bandettini et al., 1992; Kwong et al., 1992; Ogawa et al., 

1990) (Figure 2.8). This reduction in deoxygenated blood causes an increase in BOLD 

signal, resulting in higher intensity in a type of T2 image sensitive to BOLD contrast – 

also known as T2* -weighed images. The changes in BOLD signal over time can be 

measured quantitively through a model known as the Hemodynamic Response 

Function (HRF) (Hirano et al., 2011). 
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Figure 2.8. An illustration of the BOLD response in the brain. An increase in neuronal activity 
(depicted on the figure as moving from the baseline state to activated state), is accompanied by 
increases in cerebral blood flow (CBF), cerebral blood volume (CBV) and oxygen extraction 
(CMRO2), which results in an oversupply of oxygenated blood (Hb), and consequently causes the 
deoxygenated blood (dHb) in these areas of higher neuronal activity to be flushed out. This leads 
to a decrease in magnetic field inhomogeneities, which subsequently cause an increase in MRI 
signal. Figure adapted from Jenkinson and Chappelle (2018). 

The Hemodynamic Response  

The HRF represents the chain of response from a stimulus through to the 

measurement of the fMRI signal, by modelling neurovascular coupling (i.e., the 

coupling between neuronal activity and blood flow) and describes the typical change 

in the BOLD signal in response to neural activation (Lauritzen and Gold, 2003; 

Logothetis et al., 2001).  Even though the HRF is variable across individuals, 

conditions and across brain regions (Handwerker, 2004), it usually takes around 6 

seconds to peak following a brief peripheral stimulus (e.g., a flashing light), and around 

20 seconds to return to baseline (Figure 2.9). In a typical task-based fMRI experiment, 

multiple repeated stimuli are put together in a linear fashion and the hemodynamic 

responses for each stimulus are modelled and measured. In task-based fMRI, there 

are two major types of experimental designs; block design or event-related designs - 

both which are widely used in research. Block design paradigms consist of a sum of 
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stimuli which are measured in recurring ‘blocks’ of tasks for a set amount of time 

(typically >10 seconds), followed by periods of rest (Figure 2.10). Block designs are 

typically more straightforward, time-efficient and are very robust (Brockway, 2000; 

Rombouts et al., 1997). In contrast, event-related deigns model each stimulus 

individually for a shorter amount of time (e.g., 2 seconds), however, analysing this type 

of design may be more complex considering two stimuli can occur simultaneously and 

must be able to be distinguishable from one another during the analysis. However, 

despite the more complex design, advantages of event-related over block designs 

include being less sensitive to head motion, the ability to randomize trial presentations, 

reduce the participants’ expectation effects and can test more powerfully for functional 

relationships with behavioural measures (Birn et al., 1999; D’esposito et al., 1999). 

Based on these advantages, an event-related design was therefore chosen for the 

fMRI task described in Chapters 3 and 7 of the present thesis. It is noteworthy that a 

central limitation of BOLD is that it is an indirect measure of neuronal activity, 

nonetheless, it is a highly repeatable and widely distinguished technique for measuring 

changes in brain activity from a typical fMRI experiment.   
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Figure 2.9. The Hemodynamic Response Function (HRF) models how local neural activity induces 
changes in cerebral blood flow following the onset of a stimulus. The HRF peaks around 6 post 
stimulus onset, and together with its post stimulus undershoot lasts about 20-30 seconds. Figure 
Adapted from Jenkinson and Chappell (2018). 

 

 

Figure 2.10. The top row (A) illustrates the modelling of a block design with two alternating stimuli. 
The bottom row (B) illustrates an event-related design modelling two different stimuli in a 
randomized manner. Figure adapted from  Sklerov et al. (2019). 
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2.3 ‘Study 1’ - Brain Associates of Parent Training on Antisocial 
Behaviour in Youths with Conduct Problems (ABC Study) 

2.3.1 Study Design 

‘Study 1’ is a longitudinal case-control study examining the neural correlates of CP 

development in boys ages 5 - 10 years. CP boys (n = 132) and their parents were 

recruited through group parenting programs in the UK (The Incredible Years (IY) and 

The Positive Parenting Program (Triple P)). It is noteworthy that the inclusion of two 

types of parenting programs for recruitment was not deemed as a limitation, as both 

parenting programs are extremely similar, being based on social learning principles, 

with similar training of practitioners, similar intervention components (play, praise, 

rewards, limit setting, consequences, timeout), and similar emphasis on practising the 

skills taught in groups in the home. Further, the effect sizes of the programs which are 

reported in two systematic reviews are very similar (Leijten et al., 2018; Sanders et al., 

2014). The CP boys were enrolled into the study if they firstly had been referred and 

accepted for parent training as the severity of their ASB was perceived to be clinically 

significant. Families were referred to parenting groups from Child and Adolescent 

Mental Health Services (CAMHS), Local Authorities, Charities, & Social Enterprises. 

Secondly, a threshold of ³ 3 on the Strengths and Difficulties Questionnaire (SDQ) 

(Goodman, 1997), was set to screen children prior to a more extensive assessment 

using the Parental Account of Children’s Symptoms (PACS) semi-structured interview 

(Taylor et al., 1996) which was the primary outcome measure for CP in the current 

study. This more extensive screening confirmed that all participants scored ³1.2 for 

disruptive behaviour or had ³4 symptoms for disruptive behaviour on the Research 

Criteria section. These cut-offs were defined a priori based on several studies 

conducted by Professor Stephen Scott (an expert in parent training programs and a 
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co-PI on the current study) which used the PACS as the primary outcome measure 

(Scott et al., 2001, 2009, 2010, 2014). The boys completed two MRI scanning 

sessions, one at the beginning (i.e., < 3 weeks after enrolment into the parenting 

programme) and one after completion of the parenting programme, (18±5.8 weeks 

from baseline assessment). Assessments of ASB were also carried out at each visit. 

Due to the high comorbidity of ADHD in the CP population, boys with and without 

ADHD were included. Participants taking ADHD medication were requested to 

undergo a 48-hour washout period prior to the study visits. 

A group of typically developing (TD) control boys (n = 63) were also recruited and 

underwent imaging, and behavioural measurements at two equally spaced timepoints 

to allow quantification of change in the clinical group as a function of intervention 

while controlling for test-retest effects. TD boys and their families did not participate 

in the parenting programmes.  

2.3.2 Participant Recruitment 

A total of 24 parenting programs in the UK were utilised to recruit boys with CP into 

the study. Following ethical approval from NRES Committee London-Westminster, 

clinical leads or team leaders from each parenting program site were contacted to 

gain permission to recruit from their site. Following this, a researcher from the ABC 

study team was given permission to attend the start of parenting sessions during 

weeks 1 and 2 of the program to provide information to parents of CP boys about the 

research study. Flyers and participant information sheets were distributed to 

interested parents, and those who were interested in hearing further information 

about the study consented to being contacted by a member of the ABC research 

team. Parents who consented were then contacted over the phone by a researcher 
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to complete a screening questionnaire to assess their son’s eligibility for the study. If 

the child was eligible to participate, the parent was given detailed information on what 

would happen during both visits. Participants who wished to volunteer in the study 

were then booked in for their first assessment and MRI scan. 

A group of TD control boys were recruited from the same schools and geographical 

areas as CP boys. Parents of the TD control boys were asked identical screening 

questions as the CP group and the same process for consent to the study was 

employed.  

2.3.3 Exclusion Criteria 

All participants were screened to exclude those with an IQ < 80, a clinical diagnosis of 

autism spectrum disorder (ASD), learning disabilities, or medical conditions affecting 

brain function. Additionally, TD control boys were excluded if they met criteria for CP 

(³ 3 on the SDQ questionnaire). Written consent was obtained from all participants. A 

recruitment flowchart is presented in Figure 2.10. 

 

2.3.4 Assessments  

At each timepoint, clinical symptoms were assessed using the Parental Account of 

Children’s Symptoms (PACS), parent-rated SDQ, Inventory of Callous-Unemotional 

Traits (ICU) and Conners-3 ADHD assessment. Parents also completed 

sociodemographic measures and the Social Communications questionnaire (SCQ) at 

baseline only. Maternal education was used as a measure of Socioeconomic Status 

(SES). Boys completed the Wechsler Abbreviated Scale of Intelligence (WASI) and a 

handedness questionnaire at baseline (All outcome measures are detailed below). 
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2.3.5 Neuroimaging Acquisition  

All participants underwent MRI scanning at each timepoint at the Centre for 

Neuroimaging Sciences, Institute of Psychiatry, Psychology and Neuroscience at 

King’s College London (KCL), providing T1-weighted, diffusion-tensor MRI, and fMRI 

data. Scanning was performed using a 3T (GE Healthcare MR750) MRI scanner with 

a 32-channel receive-only RF head-coil. Prior to the scan, children were introduced to 

a ‘mock’ scanner, to become familiar with lying still, the sounds of the MRI scanner 

and to familiarize themselves with the emotion faces fMRI task as detailed below. 

Diffusion Tensor MRI Sequence and Parameters 

Diffusion weighted images (DWI) were acquired with a spin-echo echo planar imaging 

pulse sequence with the following parameters: FOV = 256 x 256 millimetres (mm)2; 

voxel size = 2 x 2 x 2 mm3; TE = 70 milliseconds (ms); TR = 12 seconds (s); 60 diffusion 

gradient directions; b-value = 1500 s/mm2; 6 non-diffusion-weighted (B0) volumes. 

Additionally, 6 B0 volumes were acquired using the opposite phase encoding direction 

for susceptibility distortion correction.  

 

fMRI Sequence and Parameters 

Task based fMRI images demonstrating Blood-Oxygen-Level Dependant (BOLD) 

contrast were acquired using 218 volumes of T2* weight echo-planar imaging (EPI) 

data with 41 near-contiguous slices (3mm3 voxels, Matrix 64 x 64, slice gap = 3.3mm, 

FOV = 240mm), TE = 30ms, TR = 2s and Flip angle = 75°. 
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Structural Scan 

A T1-weighted MPRAGE structural scan was acquired for each participant with a 

resolution = 1 x 1 x 1.2mm, matrix size = 256 x 256 x 196, flip angle = 11°, TE = 

3.016ms, TR = 7.312s, FOV = 270mm and inversion time = 400ms. 

 

fMRI Paradigm 

The fMRI task employed was an implicit emotional processing task consisting of 140 

1.5s trials. The standard set of facial images were derived from the well-validated 

Pictures of Facial Affect Series (Ekman and Friesen, 1976) and the task was a 

modified version of the Morphed Faces task (Blair et al., 2008; Leiker et al., 2019). 

Participants were presented with a male or female face with either a fearful (60 trials), 

happy (60 trials) or neutral (20 trials) expression (Leiker et al., 2019). Fearful faces 

were chosen as the primary contrast of interest based on evidence from previous 

studies reporting that youth with CP process emotional stimuli differently particularly 

when viewing fearful faces (see review Alegria et al., 2016). Happy faces were chosen 

as a comparison condition, which allowed the dissociation of valence and arousal 

effects. Fearful faces are high arousal negative stimuli, whereas happy faces are high 

arousal positive stimuli (Blair et al., 2011). Intensity of ‘fear’ and ‘happy’ were morphed 

to display a range of intensities (50%, 100%, 150%) across trials, and expressions 

were presented in a random order across participants. A fixation cross was displayed 

for 1.5s after every trial. The participants’ task was to identify, via button press, the 

gender of the face (Figure 2.11). 
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Figure 2.11. A) Faces based on the standard set of Ekman & Friesen (1976). Examples of faces 
depicting neutral, happy and fearful expressions. B) Happy, fearful, and neutral faces were 
presented one at a time for 2 seconds during which participants identified the gender of each face. 
Faces were preceded by a fixation cross.  
 

2.3.6 Image Processing and Analysis 

Diffusion Tensor Imaging Preprocessing  

Prior to preprocessing, DWI data (60 slices per volume) were visually inspected for 

quality checking purposes using FMRIB Software Library (FSL; version 6.0) (Woolrich 

et al., 2009). Scans were rated on a pass/fail category between two researchers, and 

any volume that showed an artefact or an image quality issue were removed. Data 

were denoised (to remove artefacts such as inhomogeneities in the magnetic field or 

scanner artefacts) (Veraart et al., 2016) and corrected for Gibb’s ringing (artefacts that 

look like multiple parallel lines around the image when there is a high change in image 

contrast (Kellner et al., 2016)) using TORTOISE (Irfanoglu et al., 2017; Pierpaoli et al., 
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2010). One B0 image from the DWI and one B0 from the reverse phase scan were 

merged, and an off-resonance field was estimated in topup using the pairs of B0 

images acquired with opposite phase encoding directions (Andersson et al., 2003). 

Simultaneous correction for motion, eddy current distortions (movement of the 

magnetic gradients which can induce electromagnetic currents), and susceptibility 

distortions (using the topup field) was then performed in eddy (Andersson and 

Sotiropoulos, 2016) with outlier slice replacement (Andersson et al., 2016) and slice-

to-volume motion correction (Andersson et al., 2017). 

 

The tractography which was based on the tensor model and the Euler tracking 

algorithm (Basser et al., 2000) was performed in StarTrack (https://www.mr-

startrack.com/) according to the following parameters: FA threshold = 0.20; step size 

= 1 mm; angle threshold: 35°. Tensor-derived maps, including fractional anisotropy 

(FA), mean diffusivity (MD), axial diffusivity (AD), and radial diffusivity (RD) were 

calculated. Anisotropic power (AP) maps (Dell’Acqua et al., 2013) which are diffusion-

derived maps that contain a good contrast in both grey and white matter, were also 

computed at this stage. 

Tractography Dissection 

Virtual dissections of the white matter tracts of interest were performed in TrackVis 

(http://trackvis.org/) (Wang, 2007). Each of the white matter tracts of interest (i.e., the 

uncinate fasciculus and its three individual subcomponents, and the ventral 

amygdalofugal pathway) were reconstructed using MegaTrack (Dell’Acqua, 2015), a 

semi-automatic group dissection approach, which was adopted to account for the large 

number of subjects. Additionally, for the purposes of reliability, the ventral 

amygdalofugal pathway was also manually dissected for each individual subject. 
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Chapters 4, 5 and 6 report the virtual dissection process in further detail for each 

specific tract of interest.  

 

fMRI Preprocessing  

The fMRI preprocessing steps are identical for both fMRI chapters in this thesis 

(Chapters 3 and 7). Full details of the fMRI preprocessing pipeline for the functional 

and anatomical scans can be found in Chapter 3 - Section ‘3.2.3. MRI Preprocessing’.  

 

The first step of the fMRI preprocessing pipeline included the first 4 images for each 

subject being discarded to avoid confounding effects in image signal. Following this, 

the fundamental preprocessing steps performed were as follows: 

 

Co-registration and Normalization 

To ensure good anatomical location of the functional data and to perform a group level 

analysis across all subjects, each subject’s functional data must be overlayed onto an 

anatomical group template in standardized space (e.g., Montreal Neurological Institute 

(MNI) space). This usually involves two steps – co-registration and normalisation. Co-

registration is the alignment and overlay of a single subject’s functional image with 

their structural T1 weighted image to provide a precise spatial localisation of any BOLD 

signal. Performing the co-registration step first allows an improved translation of the 

data into standardized space during the normalisation step. Normalization is a similar 

process; however, each single subject’s functional and structural data is normalized 

(or warped) to a group anatomical template to allow averaging across subjects. 

Because each individual brain varies in size and shape, it is essential that each voxel 
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in everybody’s brain corresponds to the same anatomical region in standardized 

space. 

 

Slice-time Correction 

Functional scans are typically acquired in multiple 2D slices which are combined to 

produce a 3D volume (i.e., a whole brain). Depending on the protocol, this takes about 

1 - 4 seconds (known as the repetition time or TR). Slices are commonly acquired 

either in a sequential (consecutive) or an interleaved manner (acquires every other 

slice, and then acquires the others later during the TR). In the current fMRI protocol, 

41 slices were acquired in a sequential manner every 2 seconds to create 1 volume. 

However, as fMRI slices are not acquired at the same time, (e.g., in the current study 

the data of the final slice in each volume was measured almost 2 seconds after the 

first slice), this results in the slices being misaligned from each other which can lead 

to flawed statistical analysis if not corrected for. To adjust for this misalignment, a 

preprocessing step known as ‘slice-time correction’ is applied. A common approach to 

slice-time correction (and the approach that was applied in this thesis) is to choose a 

reference slice (usually a slice halfway through the acquisition of each image) and 

then interpolate the data at each voxel in all other slices to match the timing of the 

reference slice. This results in a dataset where each slice represents BOLD activity at 

the same point in time. 

 

Motion Correction  

Head motion in the scanner is one of the major issues that needs to be adjusted for, 

particularly in paediatric cohorts such as the current study where head motion in the 

scanner may be more common among individuals. For instance, head motion can not 
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only result in anatomical inaccuracy, but furthermore, the timing of the motion may 

match the timing of the expected BOLD response, and therefore may produce a signal 

that can be mistaken for neuronal activity following the task stimulus. The images in 

the current study first underwent a process of ‘resampling’ which refers to changing 

the resolution or the dimensions of an image to correct for head-motion and 

susceptibility distortions. In addition, we also accounted for framewise displacement 

(FD) which indexes the movement of the head from one volume to another and this 

was included as a regressor of no interest in the analysis. Furthermore, any volume 

with an FD of 1mm or higher were annotated as motion outliers and removed. 

 

Spatial Smoothing (Spatial Blurring) 

Spatial smoothing involves the application of a filter (known as a gaussian smoothing 

kernel) to the image which removes high frequency information, whilst enhancing low 

frequency information. When the smoothing kernel is applied across the image, it 

replaces the signal at each voxel with a weighted average of the neighbouring voxels. 

Although smoothing has the disadvantage that it can decrease the spatial resolution 

in the data, there are however many benefits which can make it an important step in 

the pre-processing pipeline. For instance, smoothing is known to reduce image 

artefacts and enhance the signal to noise ratio (SNR), which therefore increases the 

sensitivity of the signal (Maisog and Chmielowska, 1998). Further, it has been shown 

to accommodate the anatomical variability between every subject, thus aligning 

activation patterns more concisely. The size of the kernel (full-width at half-maximum 

(FWHM)) can be specified in millimetres (mm) and this dictates to how much 

smoothing is applied to the image. In the current thesis a smoothing kernel of 8mm 
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was applied, as this has been reported to be an optimal size for fMRI analysis (Mikl et 

al., 2008).  

 

2.3.7 Statistical Considerations 

‘Study 1’ is based on pre-collected data and has been powered to be able to detect 

case-control differences in anatomy and function at baseline, and changes in 

behaviour and brain following intervention. For case-control differences, prior fMRI and 

DTI studies have reported robust differences in brain anatomy and function between 

CP and non-CP boys with sample sizes of < 30 in each group. For detecting change 

in behaviour, effect size computation was based on a previous IY study which reported 

an effect size of 0.76 (Scott et al., 2001). For detecting change in brain function and 

anatomy, no previous work has examined the impact of any intervention on brain 

anatomy or BOLD response in CP. However, based on a sample of N=156 across 

groups (accounting for 15% dropout), and a significance level of 0.05, only a medium 

effect size of 0.45 would be required to detect a significant change with 80% power.  

2.3.8 Ethical Approvals 

Ethical approval for ‘Study 1’ (ABC Study) was granted by NRES Committee London-

Westminster (IRAS Project ID:170367, REC Reference Number:15/LO/0696).  
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Figure 2.12. Recruitment flowchart for ‘Study 1’. 

 
 

Recruitment & Screening 
 

CP group 24 group parenting 
programs UK were utilised for 
recruitment 

 

Control group Recruited from 
same schools and geographical 
areas as CP boys. 

 

Not recruited (CP/ Controls)  
Not eligible (n=163 / n=84)  
Declined (n=30 / n=28)  
Uncontactable (n=47 / n=8) 

 

Boys who participated in 2 scanning sessions 
(Note: this may have only included T1-weighted, fMRI, or DTI)  

CP group (n=110)  
Control group (n=58) 

 

fMRI faces (N=130) 
CP boys with scans at both timepoints (n=83) 
Controls with scans at both timepoints (n=47)  

Exclusions  
(N = 52) Individual timepoints with a third or more 

missing data due to motion outliers or data 
acquisition difficulties were excluded.  

(N=19) individual timepoints with signal covering 
less than 90% of the amygdala were excluded 

 

DTI tractography (N=116) 
CP boys with scans at both timepoints (n=71) 
Controls with scans at both timepoints (n=45) 

Exclusions 
N=6 removed due to bad quality during 

preprocessing 
N=8 individual timepoints were further excluded 

(See chapter 4) 
 

fMRI faces final analysis (N=93) 
CP (n=57) 

Controls (n=36) 
 

Screened for 
eligibility 

CP group (n=372) 
Control group (n=183) 

 

Exclusions (CP/ Controls)  
Excluded (n=7 / n=0)  
Did not scan at T1 (n=15 / n=5)  
Dropout (n=10 / n=2) 

 

Consented to ABC 
Study  

CP group (n=132) 
Control group (n=63) 

 

MRI scanning 

DTI final analysis (N=110) 
CP (n=67) 

Controls (n=43) 
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2.4 ‘Study 2’ – The Effect of Intranasal Oxytocin on Brain 
Processing in Boys with Treatment-resistant Conduct Problems  

2.4.1 Study Design 

The results presented in Chapter 7 are based on data collected from ‘Study 2’ which 

is an exploratory study investigating the effects of intranasal oxytocin (IN-OXT) on the 

brain processing of 20 boys with CP aged 8 - 14 years, who did not respond to the 

parenting intervention in ‘Study 1’ (i.e., boys who were previously referred into parent 

training and still had a score of ³3 on the SDQ following the parenting program). Like 

Study 1, the SDQ was also supplemented with a more extensive assessment for 

disruptive behaviours using the PACS semi-structured interview. This arm of the thesis 

used a double-blind randomized, placebo-controlled, within-group balanced crossover 

design, whereby subjects participated in the experiment on two separate occasions. 

The boys completed two MRI scanning sessions (maximum one month apart), and a 

single dose of IN-OXT or placebo was administered in a randomised order on each 

visit. Assessments of ASB, childhood trauma, pubertal status and demographics were 

also carried out at the first visit.  

2.4.2 Recruitment 

Families who had previously participated in the ABC Study (‘Study 1’) and had 

consented to being approached about future research studies were considered for 

enrolment in ‘Study 2’. The parents of the boys who still met the criteria for CP (a 

score of ³ 3 on the SDQ) after the parenting intervention were contacted by a 

researcher to ask if they would be interested in receiving an information sheet about 

the OXYASP (CAMHS) Study.  
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Parents who were interested in their sons’ participation in the study completed a 

phone screening questionnaire to assess their son’s eligibility. If the boy was eligible 

and willing to participate, a complete description of the study was sent to participants 

and their parents. Boys with a clinical diagnosis of ASD, neurological abnormality or 

IQ < 80 were excluded. Once participants and their parents volunteered to participate, 

MRI scan dates were arranged. Similar to ‘Study 1’, due to the high comorbidity of 

ADHD in the CP population, boys with and without ADHD were included. Participants 

taking ADHD medication were requested to undergo a 48-hour washout prior to the 

study visits. Written informed consent was obtained from all participants and their 

parents. Recruitment flowchart for ‘Study 2’ is presented in Figure 2.13. 

2.4.3 Assessments 

Similar to ‘Study 1’, parents of the participants completed the parent-rated SDQ, the 

ICU, Conners-3 ADHD assessment, sociodemographic measures, the SCQ (as an 

additional screening tool for symptoms of ASD) and the PACS semi-structured 

interview. In addition, parents completed a Life Events Scale (as used within the 

ALSPAC cohort to measure childhood trauma) (Cecil et al., 2014) and a Pubertal 

Development Scale (Shirtcliff et al., 2009) to determine differences in pubertal 

maturation in the boys being scanned. Maternal education was used as a measure of 

Socioeconomic Status (SES). Boys completed the Wechsler Abbreviated Scale of 

Intelligence (WASI) and a handedness questionnaire at baseline. All assessments 

were completed at the first visit and are detailed below. 

2.4.4 Intervention 

Each subject received both IN-OXT and a placebo spray over two sessions, which 

were least 3 days apart and within a 4-week time frame (mean 10.85 days between 
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scans; 95% CI 8.11 - 13.58 days). A double blind, randomized control design was 

used such that the ordering of experiments was random, and neither the researcher 

nor the subject knew whether they were being treated with oxytocin or placebo spray 

on each visit. The IN-OXT spray (Syntocinon; Novartis, Basel, Switzerland) and 

placebo were stored, managed and dispensed by Maudsley Pharmacy, and collected 

by a researcher on the day of the scan. On the day of collection, only the pharmacy 

knew if the spray contained oxytocin or placebo, and a record of this information was 

kept securely at the Maudsley Pharmacy. A dose of 24 IU of the spray was 

administered intranasally to each participant, 25 minutes before the fMRI emotional 

processing task. One spray (4 IU) of IN-OXT (or placebo) was delivered every 30 

seconds, alternating between nostrils, for a total of six sprays.  

2.4.5 Image Acquisition  

All participants underwent MRI scanning at the Centre for Neuroimaging Sciences, 

Institute of Psychiatry, Psychology and Neuroscience, at KCL, providing T1-weighted 

and fMRI data. The MRI scanner and parameters for the fMRI scan and T1-weighted 

structural scan are identical to those in ‘Study 1’ (see ‘2.3.4. Neuroimaging 

Acquisition).  

fMRI Paradigm 

The fMRI paradigm employed was the implicit emotion processing task, identical to 

that in ‘Study 1’ (see ‘2.3.4. Neuroimaging Acquisition – fMRI paradigm’). 

 

2.4.6 Statistical Considerations 

‘Study 2’ is an exploratory study and is an extension of an adult study within the 

Department of Forensic and Neurodevelopmental Sciences, KCL which has examined 
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the effects of IN-OXT in 26 adults with ASPD (OXYASP Study, IRAS ID:165450). 

Results from the adult ASPD study indicated that our sample size of 20 males (total of 

20 oxytocin scans and 20 placebo scans) would be sufficient to find pharmacological 

effects of oxytocin in response to an emotional faces fMRI task. Furthermore, recent 

studies investigating the effects of IN-OXT on functional activity in 

neurodevelopmental disorders, have indicated that a sample size of 20 subjects in a 

within-subject cross-over design is sufficient to detect pharmacological effects of a 

single dose of oxytocin (Andari et al., 2016; Aoki et al., 2014; Gordon et al., 2016). As 

this is an exploratory study, the results from this study will form the effect size for a 

larger study. 

2.4.7 Ethical Approvals 

Ethical approval for ‘Study 2’ was granted by NRES Committee London-City & East 

(IRAS Project ID:165459, REC Reference Number:15/LO/1082).  

2.4.8 Outcome Measures  

Parental Account of Children’s Symptoms (PACS) 

The PACS interview was used to assess CP symptoms as the primary outcome 

measure in both ‘Study 1’ and ‘Study 2’. This semi-structured clinical interview uses 

specific investigator-based criteria to assess both the frequency and severity of 

antisocial behaviours, (e.g., stealing, aggression, destruction of property, 

disobedience etc) and is highly predictive of later psychosocial outcomes (Taylor et 

al., 1996). The PACS scores eight categories of disruptive behaviour (telling lies; 

stealing; temper tantrums; rudeness; disobedience; refusal to go to bed; 

destructiveness; aggressiveness) on ‘level of severity’ of each category of behaviour 
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(0-3) and the frequency of that category (‘Never or less than weekly’; ‘1-2 days a week’; 

‘3-6 days a week’; ‘Daily’). 

 

In ‘Study 1’, to discern a clinically meaningful level of symptom improvement, a 

minimally important clinical difference (MICD) approach was employed (Jaeschke et 

al., 1989; Norman et al., 2003). Meta-analysis of parent training indicates a mean 

change in symptoms of approximately 0.6 standard deviations (SD), which is 

associated with a high user reported satisfaction (~92%) (National Institute for Health 

and Care Excellence, 2013). To ascertain an MICD, we therefore took 2/3 of this (0.4 

SD) to reflect successful treatment. Therefore, in CP children whose CP scores 

improved by 0.4SD or higher following the intervention were classed as ‘improvers’ 

and those whose CP scores did not improve by 0.4 SD were classed as ‘persisters’. 

Strengths and Difficulties Questionnaire (SDQ) 

The SDQ is a well validated behavioural screening questionnaire for assessing 

common behavioural difficulties in children and youths up to 16 yeas of age (Goodman 

and Scott, 1999). It includes 25 items, some positive and some negative (Goodman, 

1997) consisting of five subscales; Conduct Problems, Inattention-hyperactivity, 

Emotional symptoms, Peer Problems and Prosocial Behaviour (Goodman and Scott, 

1999). Each subscale consists of 5 items and subscales can be combined to generate 

scores for ‘internalising symptoms’ (emotional symptoms plus peer problems 

subscales) and ‘externalising symptoms’ (Conduct Problems plus Inattention-

hyperactivity subscales). Scores for both ‘internalising symptoms’ and ‘externalising 

symptoms’ can be combined for a ‘total problems’ score, ranging from 0-40 (Goodman, 

1997). As ‘prosocial behaviour’ is reversely coded, this subscale is not included in the 

‘total problems’ score. For enrolment into both ‘Study 1’ and ‘Study 2’, boys who were 
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referred and accepted for a parenting intervention (based on the severity of their ASB 

being perceived as clinically significant), were further screened for eligibility using the 

parent-rated ‘Conduct Problems’ subscale, which consisted of 5 items, in which 

parents were asked to rate as ‘Not true’ (scored as 0), ‘Somewhat true’ (scored as 1) 

or ‘Certainly true’ (scored as 2) (Table 2.1). Boys who were screened were included 

in the study if they met threshold of ³ 3 on the ‘Conduct Problems’ subscale. This 

screening threshold of ³ 3 on the SDQ was also supplemented with a more extensive 

assessment using the PACS (as described in section 2.3.1 – Study Design) 

 

Table 2.1. Initial Screening Criteria. ‘Conduct Problems’ subscale from the Strengths and 
Difficulties Questionnaire (SDQ), which was used as a screening measure for eligibility to 
participate in both Study 1 and Study 2. 

Statement  Not true 
(circle)  

Somewhat 
true (circle)  

Certainly 
true(circle)  

___ often has temper tantrums or hot tempers  0  1  2  
___ is generally obedient, usually does what adults request   2  1  0  
___ often fights with other children, or bullies them  0  1  2  
___ often lies or cheats  0  1  2  
___ steals from home, school or elsewhere  0  1  2  
 

Inventory of Callous-Unemotional Traits (ICU) 

The ICU is a reliable and well validated tool designed to provide comprehensive 

assessment of callous and unemotional traits (Frick, 2004). The reliability and validity 

of the tool has been demonstrated across several languages (Fanti et al., 2009; 

Kimonis et al., 2008b, 2008a; Roose et al., 2010) and a wide age range (Byrd et al., 

2012; Ezpeleta et al., 2015). The ICU consists of 24 items which are rated on a 4-point 

Likert scale (‘Not at all true’ (0), ‘Somewhat true’ (1), ‘Very true’ (2), ‘Definitely true’ 

(3)), with higher scores indicating greater levels of CU traits. The ICU has three 

subscales: Callousness, Uncaring and Unemotional. The parent report on this 
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measure is thought to be of particular importance in identifying and treating CU traits 

as the earliest form of such traits are likely to be evident in the home setting during the 

early developmental years (Bansal et al., 2022). The parent-rated ICU was collected 

for both ‘Study 1’ and ‘Study 2’.   

Conners-3 ADHD assessment 

ADHD symptoms were assessed using the parent-rated Conners 3rd edition (Conners-

3; Conners, 2008) a tool which has been shown to have high internal consistency, 

test-reliability and interrater reliability (Gallant, 2008; Gallant et al., 2007). The 

Conners-3 is a thorough multi-informant assessment of ADHD derived from the DSM-

IV, and takes into account; home, social and school settings. The ADHD index is 

calculated from 43 items relating to ADHD (hyperactivity, impulsivity, inattention and 

executive functioning), its most common comorbidities (ODD and CD), and other 

ADHD-related behaviours (aggression, learning problems, peer/family relations, 

anxiety and depression). Parents were asked to evaluate how frequently their child 

displayed certain behaviours in the past month has on a 4-point Likert scale (0=Not 

true at all (never, seldom); 1 = Just a little true (occasionally); 2 = Pretty much true 

(Often, quite a bit); 3 = Very much true (Very often, very frequently)).  

 

Wechsler Abbreviated Scale of Intelligence (WASI)  

The Wechsler Abbreviated Scale of Intelligence (WASI) is a standardised measure 

used to provide a reliable measure of overall intellectual ability for individuals aged 6-

89 (Wechsler, 1999). The WASI is generally based on four subtests: Vocabulary, 

Similarities, Block Design and Matrix Reasoning and yield the Full-Scale IQ (FSIQ-4). 

The Vocabulary and Similarities subtests generate the Verbal IQ (VIQ) and the Block 

Design and Matrix Reasoning generate the Performance IQ (PIQ). The two-subtest 
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form of the WASI (consisting of Vocabulary and Matrix Reasoning) was developed as 

a briefer form to gain a reliable measure of IQ and is highly correlated with the four-

subtest version (Wechsler, 1999). In the current study, due to time constraints and the 

young age group of the cohort, the two-subtest version of the WASI was employed to 

provide full-scale IQ (FSIQ-2). The Vocabulary subtest is a 42-item task which consists 

of verbally and visually presenting written words to participants, who are asked to 

define their understanding of each word. The Matrix Reasoning is a series of 35 

incomplete visual patterns in which the participant is asked to choose from five 

possible choices to complete the pattern. Participants were given as long as they 

needed to answer each question. For the duration of the WASI, participants were 

seated in a quiet room with a trained researcher to minimise any disturbances.  

 

Life Events Scale 

The Life Events Scale as used within the Avon Longitudinal Study of Parents and 

Children (ALSPAC) cohort (Cecil et al., 2014) was employed in ‘Study 2’ as a measure 

of childhood trauma. Recent work has highlighted the importance of childhood stress 

and trauma in moderating the effects of oxytocin on psychiatric disorders (Cochran et 

al., 2013; Donadon et al., 2018) suggesting that the efficacy of oxytocin treatment may 

be altered by the childhood environment. 

This measure includes two sections which are completed by the parent. Section A 

consists of 44 items and refer to events which may have brought changes in the 

parents’ life since their son was born. The items are rated on a 5-point frequency scale 

(1 = ‘Yes & affected me a lot’; 2 = ‘Yes, moderately affected’; 3 = ‘Yes, mildly affected’; 

4 = ‘Yes, but did not affect me at all’; 5 = ‘No, did not happen’). Section B consists of 

upsetting events that may have occurred since the child was born and may have 
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directly affected him. The items are rated on a 5-point frequency scale (1 = ‘Yes, and 

he was very upset’; 2 = ‘Yes and he was quiet upset’; 3 = ‘Yes and he was a bit upset’; 

4 = ‘Yes, but he wasn’t upset’; 5 = ‘No, did not happen’). The sum of scores for section 

A and section B were computed for a total score.  

Pubertal Development Scale 

The Pubertal Development Scale (PDS) (Petersen et al., 1988; Shirtcliff et al., 2009) 

was used to determine differences in pubertal maturation among individuals for ‘Study 

2’. Normal pubertal development takes place across a range of ages and at different 

rates, and as the participants in ‘Study 2’ ranged between ages 8-14 years, the 

parent-rated PDS for boys was included. Previous work has provided evidence that 

the PDS is a reliable measure which has high correlations with pubertal stage as rated 

by healthcare professionals and correlates with hormone levels (Schmitz et al., 2004; 

Shirtcliff et al., 2009). This measure included five questions which ask parents about 

their sons’ physical development such as ‘Would you say that your son’s growth spurt 

(in height) has started yet?’ and ‘Have you noticed a deepening of your son’s voice? 

The items are rated on a 4-point frequency scale (1 = ‘No’; 2 = ‘Yes, barely’; 3 = ‘Yes, 

definitely’’; 4 = ‘His development is completed’; 0 = ‘I don’t know’). As described by 

Chan et al. (2010) the three salient sexual maturation characteristics of the PDS 

(deepening-voice, body hair and facial hair growth) were computed using the algorithm 

was designed by Petersen et al. (1988) to generate the puberty category scores. 

Participants were then assigned to one of five pubertal categories, Prepubertal (less 

than or = 3); Early pubertal (4 - 5); Mid pubertal (6 - 8); Late pubertal (9 - 11) or post-

pubertal (12+). 
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Social Communication Questionnaire 

The Social Communication Questionnaire (SCQ) is a 40-item screening instrument 

that is completed by the parent or primary caregiver and is designed to identify 

individuals at risk for autism spectrum disorder (ASD). The tool assesses for social 

responsiveness, verbal communication, and restricted repetitive stereotyped 

behaviours (Rutter and Lord, 2003), and has established validity and reliability for 

assessing ASD and other pervasive developmental disorders (Berument et al., 1999; 

Rutter et al., 2007). Each item in the SCQ is scored as either a “yes” / “no” response, 

and each scored item receives a value of 1 point for abnormal behaviour and 0 points 

for normal behaviour. Total scores range from 0 to 39 (the first item is a language 

screening question that is not included in the total score), with higher scores 

representing increased social communication impairment. Nineteen out of the 40 items 

rate the individual’s current behaviour and 20 items rate behaviour when the child was 

4 - 5 years old. According to the SCQ manual, the recommended cut-off score for ASD 

or pervasive developmental disorder is ≥15. The SCQ was collected at baseline in 

‘Study 1’ and ‘Study 2’ as an additional screening measure for ASD.  
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Figure 2.13. Recruitment flowchart for ‘Study 2’. 

 
 
 
 
 
 
 
 

Recruitment & Screening 
 

CP boys with persistent ASB were recruited from the participant 
database from the ABC Study (‘Study 1’) 

 

Screened for eligibility 
 

Boys with treatment-
resistant CP (n=57) 

Not recruited   
Bad MRI quality in ‘Study 1’ (n=15)  
Declined (n=16)  
Not eligible (n=6) 

 

Consented to ‘The 
OXYASP (CAMHS) Study’ 

(Study 2)  
 

 (n=20) 
 

Boys who participated in 2 scanning sessions 
(n=20) 

 

MRI scanning 

fMRI faces final analysis (N=20) 
 

Exclusions  
 

No fMRI data excluded 
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Chapter 3. Amygdala Hypoactivity Predicts Treatment 
Response 

 

3.1 Chapter Overview    

Conduct problems (CP), characterised by a persistent pattern of antisocial behaviour 

(ASB), are the most common psychiatric disorder in children (Office for National 

Statistics, 2004) and represent a significant individual, social and economic burden 

(Odgers et al., 2007; Piquero et al., 2011; National Audit Office, 2010). For example, 

the annual cost of youth crime in the UK has been estimated to be £8.5 - 11 billion 

(National Audit Office, 2010). However, the costs of severe CP extend beyond 

childhood, with a 5-10 fold increased risk of subsequent mental illness, substance 

abuse, criminality, unemployment and early death (Border et al., 2018; Odgers et al., 

2007; Piquero et al., 2011). It is reported that youth with early-onset CP (i.e., CP 

emerging between the ages of 5 and 10) have more severe ASB and are particularly 

likely to develop persistent ASB into adulthood (Frick and Viding, 2009; Moffitt et al., 

2002). Therefore, understanding the mechanisms underpinning ‘early-onset’ CP, and 

whether these children are responsive to treatment, is of individual and social 

importance. 

The current so-called ‘gold standard’ treatment for CP involves early intervention with 

manualised parent-training programmes (NICE guidelines, 2013). These parenting 

programs aim to reduce the severity of CP by improving parenting skills using, for 

example, praise and rewards, and more positive forms of punishment (Scott, 2008) to 

develop a positive parent-child relationship. Recent evidence, across multiple 

countries and settings (Dretzke et al., 2005; Furlong et al., 2012) suggest that these 
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treatments can successfully mitigate ASB in children. Further, studies suggest that 

positive behavioural changes are typically long-lasting (Scott et al., 2014). Although 

these findings are promising, other reports have suggested that up to 50% of children 

do not respond to current treatments (Scott 2005). As with many other psychiatric 

disorders, it is believed that heterogeneity in the brain mechanisms underpinning CP 

may partially explain the differential response profile (Insel et al., 2010). Therefore, 

exploration of potential predictive markers of treatment response may increase our 

understanding of the brain mechanisms underpinning behavioural improvement or 

persistence.  

One of the most widely reported neurocognitive associates of CP (which has been 

reviewed in detail in Chapter 1 – section 1.4.2.) is reduced amygdala activity to 

affective stimuli; particularly others’ distress (Noordermeer et al., 2016; Raschle et al., 

2015). The clinical importance of this deficit has been supported by recent evidence 

suggesting a role of amygdala hypoactivity in: i) CP youths with co-occurring callous-

unemotional (CU) traits (Aggensteiner et al., 2022; Blair, 2013; Viding et al., 2012) – 

a putative risk factor for persistent ASB and poor treatment response (Blair et al., 2014; 

Frick and Viding, 2009; Hawes and Dadds, 2005), and ii) adult ASB and psychopathy 

(Hyde et al., 2016; Poeppl et al., 2019).  

Consequently, it has been proposed that reduced amygdala activity is associated with 

lack of guilt, lack of empathy and increased instrumental aggression (Blair et al., 2018; 

Lozier et al., 2014). Amygdala hypoactivity is therefore a compelling candidate marker 

of treatment resistant ASB in children. However, to date there has been an absence 

of longitudinal treatment data assessing this. 
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3.2 Aims and Hypotheses 

Therefore, the aim of the current study was to examine changes in brain and behaviour 

in a group of CP children, (pre and post the ‘gold-standard’ treatment for CP) in 

comparison to a typically developing (TD) control group who were scanned at two 

equivalent time points. Boys were assessed before and after the intervention, to 

characterise patterns of amygdala reactivity and persistence of ASB. This resulted in 

the CP group being split into; a) those with persistent CP (i.e., ASB did not improve 

following the intervention) and b) CP responders (i.e. ASB did improve) - see Methods 

section 3.3.2 below. 

Two competing hypotheses were tested: 

(i) Amygdala hypoactivity to fear would be observed in CP boys, and 

‘normalise’ (i.e. in the direction of TD controls) in CP children whose ASB 

improves, but not in those whose ASB persists (i.e. a group x time effect 

driven by the ‘improving group’).  

(ii) Amygdala hypoactivity to fear would be selectively observed in CP children 

with persistent ASB (i.e. not in those whose ASB improves) and would not 

change during the course of the intervention (i.e. a group effect driven by 

the ‘persistent’ group). 

 

Finally, as the presence of CU traits has been shown to be a reported risk factor for 

persistent ASB (Blair et al., 2014; Frick, 2016) and poor treatment response (Hawes 

and Dadds, 2005), the influence of CU traits on amygdala hypoactivity and treatment 

responsivity was also examined. 
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3.3 Methods 

3.3.1 Sample 

The initial sample included 83 boys with CP, and 47 TD boys, aged 5-10 years old.  

CP boys were recruited from two parenting programmes (i.e., Incredible Years (IY) 

and Triple P). Each programme required parents to attend facilitated, weekly group 

sessions, over 10 - 12 weeks, and to complete 'homework' between meetings. CP was 

assessed at the beginning (i.e., < 3 weeks after enrolment into the parenting 

programme), and after completion of the programme (18.5 ± 7.0 weeks from baseline 

assessment). Families were referred to parenting groups from Child and Adolescent 

Mental Health Services (CAMHS), Local Authorities, Charities, & Social Enterprises 

and attended weekly group training sessions. Boys were included in the research 

study if they met a pre-defined threshold of ³ 3 on the CP scale of the Strengths and 

Difficulties Questionnaire (SDQ) (Goodman, 1997). TD boys were recruited from the 

same schools and geographical areas as CP boys and scanned at two equally spaced 

timepoints (17.6 ± 4.3 weeks). Inclusion criteria to the TD group required a score of <3 

on the SDQ. TD boys and their families did not participate in the parenting 

programmes. For both groups, boys with a clinical diagnosis of an autism spectrum 

disorder, neurological abnormality, or MRI contraindication were excluded from the 

study.  

3.3.2 Behavioural and Clinical Assessments 

At each timepoint, the Parent Account of Childhood Symptoms (PACS) interview was 

used to assess CP symptoms as the primary outcome measure. This semi-structured 

clinical interview uses specific investigator-based criteria to assess both the frequency 

and severity of ASB (e.g., aggression, destruction of property, disobedience etc.) and 
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is highly predictive of later psychosocial outcomes (Taylor et al., 1996). The PACS 

interview was administered by a member of the research team who was trained to use 

the instrument by a fully qualified clinician. To discern a clinically meaningful level of 

symptom improvement, a minimally important clinical difference (MICD) approach was 

employed (Jaeschke et al., 1989; Norman et al., 2003). Meta-analysis of parent 

training indicates a mean change in symptoms of approximately 0.6 standard 

deviations (SD), associated with a high user reported satisfaction (~92%) (NICE, 

2013) Therefore, to ascertain an MICD, we used a cut-off of 2/3 of this (0.4 SD) to 

reflect successful treatment. In the study, SD was measured as a function of baseline 

CP PACS scores across the entire clinical cohort. Thus, CP children whose CP scores 

improved by 0.4SD or higher following the intervention were classed as ‘improvers’ 

and those whose CP scores did not improve by 0.4 SD were classed as ‘persisters’. 

At both timepoints, clinical symptoms were additionally assessed using the parent 

forms of the SDQ (Goodman, 1997), Inventory of Callous-Unemotional Traits (ICU) 

(Kimonis et al., 2008b) and the Conners 3 Short form ADHD assessment report 

(Conners, 2008). Boys completed the Wechsler Abbreviated Scale of Intelligence 

(WASI) (Wechsler, 1999) and parents completed sociodemographic measures at 

baseline only. Maternal education was used as a measure of Socioeconomic Status 

(SES). Children’s ethnicity was also reported by parents.  

3.3.3 MRI Acquisition 

All participants underwent MRI scanning at each timepoint at the Centre for 

Neuroimaging Sciences, King’s College London, providing T1-weighted, T2-weighted, 

diffusion MRI, and functional MRI data with a total scan time of one hour. Prior to 

scanning, children were introduced to a mock scanning environment, where they were 
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familiarized with the sounds of the MRI scanner, practiced entering the scanner and 

lying still, and were familiarized with the emotion processing task detailed below. 

Several studies have suggested the importance of these procedures for enhancing 

data quality in pediatric cohorts (de Bie et al., 2010; Pua et al., 2020). 

Task based functional data was acquired using 218 volumes of T2* weight echo-planar 

imaging (EPI) data with 41 near-contiguous slices (3mm3 voxels, Matrix 64 x 64, slice 

gap = 3.3mm, FOV = 240mm), TE = 30ms, TR = 2000ms and Flip angle = 75°. In 

addition, T1-weighted MPRAGE structural imaging data acquired on a 3T GE Signa 

HDx with a 12-channel head coil located at the Centre for Neuroimaging Sciences at 

King’s College London, with a resolution of 1 x 1 x 1.2mm, matrix size of 256 x 256 x 

196, flip angle of 11°, TE of 3.016s, TR of 7.312s, FOV of 270mm, and inversion time 

of 400ms. 

3.3.4 MRI Preprocessing 

FMRI data were preprocessed using fMRIPrep 1.5.1rc1 (Esteban et al., 2020, 2018) 

(RRID:SCR_016216), which is based on Nipype 1.3.0-rc1 (Esteban et al., 2020; 

Gorgolewski et al., 2011) (RRID:SCR_002502).  

Anatomical Data Preprocessing 

A total of two T1-weighted (T1w) images were found within the input BIDS dataset. All 

of them were corrected for intensity non-uniformity (INU) with N4BiasFieldCorrection 

(Tustison et al., 2010) distributed with ANTs 2.2.0 (Avants et al., 2008) 

(RRID:SCR_004757). The T1w-reference was then skull-stripped with a Nipype 

implementation of the antsBrainExtraction.sh workflow (from ANTs), using 

MNIPediatricAsym as target template. Brain tissue segmentation of cerebrospinal fluid 
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(CSF), white-matter (WM) and gray-matter (GM) was performed on the brain-extracted 

T1w using fast (FSL 5.0.9, RRID:SCR_002823) (Zhang et al., 2001). A T1w-reference 

map was computed after registration of 2 T1w images (after INU-correction) using 

mri_robust_template (FreeSurfer 6.0.1) (Reuter et al., 2010). Brain surfaces were 

reconstructed using recon-all (FreeSurfer 6.0.1, RRID:SCR_001847) (Dale et al., 

1999), and the brain mask estimated previously was refined with a custom variation of 

the method to reconcile ANTs-derived and FreeSurfer-derived segmentations of the 

cortical gray-matter of Mindboggle (RRID:SCR_002438) (Klein et al., 2017). Volume-

based spatial normalization to one standard space (MNI152NLin6Asym) was 

performed through nonlinear registration with antsRegistration (ANTs 2.2.0), using 

brain-extracted versions of both T1w reference and the T1w template. The following 

templates were selected for spatial normalization: FSL’s MNI ICBM 152 non-linear 6th 

Generation Asymmetric Average Brain Stereotaxic Registration Model (Evans et al., 

2012), RRID:SCR_002823; TemplateFlow ID: MNI152NLin6Asym]. 

 

Functional Data Preprocessing 

For each of the two BOLD runs found per subject (across all tasks and sessions), the 

following pre-processing was performed. First, a reference volume and its skull-

stripped version were generated using a custom methodology of fMRIPrep. The BOLD 

reference was then co-registered to the T1w reference using bbregister (FreeSurfer) 

which implements boundary-based registration (Greve and Fischl, 2009). Co-

registration was configured with six degrees of freedom. Head-motion parameters with 

respect to the BOLD reference (transformation matrices, and six corresponding 

rotation and translation parameters) are estimated before any spatiotemporal filtering 

using mcflirt (FSL 5.0.9) (Jenkinson et al., 2002). BOLD runs were slice-time corrected 
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using 3dTshift from AFNI 20160207 (RRID:SCR_005927) (Cox and Hyde, 1997). The 

BOLD time-series were resampled to surfaces on the following spaces: fsaverage. 

The BOLD time-series (including slice-timing correction when applied) were 

resampled onto their original, native space by applying a single, composite transform 

to correct for head-motion and susceptibility distortions. These resampled BOLD time-

series will be referred to as pre-processed BOLD in original space, or just pre-

processed BOLD. The BOLD time-series were resampled into several standard 

spaces, correspondingly generating the following spatially-normalized, preprocessed 

BOLD runs: MNI152NLin6Asym. First, a reference volume and its skull-stripped 

version were generated using a custom methodology of fMRIPrep. Several 

confounding time-series were calculated based on the pre-processed BOLD: 

framewise displacement (FD), DVARS and three region-wise global signals. FD and 

DVARS are calculated for each functional run, both using their implementations in 

Nipype (following the definitions by Power et al. (2014). The three global signals are 

extracted within the CSF, the WM, and the whole-brain masks. Additionally, a set of 

physiological regressors were extracted to allow for component-based noise 

correction (CompCor) (Behzadi et al., 2007). Principal components are estimated after 

high-pass filtering the pre-processed BOLD time-series (using a discrete cosine filter 

with 128s cut-off) for the two CompCor variants: temporal (tCompCor) and anatomical 

(aCompCor). tCompCor components are then calculated from the top 5% variable 

voxels within a mask covering the subcortical regions. This subcortical mask is 

obtained by heavily eroding the brain mask, which ensures it does not include cortical 

GM regions. For aCompCor, components are calculated within the intersection of the 

aforementioned mask and the union of CSF and WM masks calculated in T1w space, 

after their projection to the native space of each functional run (using the inverse 
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BOLD-to-T1w transformation). Components are also calculated separately within the 

WM and CSF masks. For each CompCor decomposition, the k components with the 

largest singular values are retained, such that the retained components’ time series 

are sufficient to explain 50 percent of variance across the nuisance mask (CSF, WM, 

combined, or temporal). The remaining components are dropped from consideration. 

The head-motion estimates calculated in the correction step were also placed within 

the corresponding confounds file. The confound time series derived from head motion 

estimates and global signals were expanded with the inclusion of temporal derivatives 

and quadratic terms for each (Satterthwaite et al., 2013). Frames that exceeded a 

threshold of 1mm FD were annotated as motion outliers. All resamplings can be 

performed with a single interpolation step by composing all the pertinent 

transformations (i.e. head-motion transform matrices, susceptibility distortion 

correction when available, and co-registrations to anatomical and output spaces). 

Gridded (volumetric) resamplings were performed using antsApplyTransforms 

(ANTs), configured with Lanczos interpolation to minimize the smoothing effects of 

other kernels (Lanczos, 1964). Non-gridded (surface) resamplings were performed 

using mri_vol2surf (FreeSurfer). 

Many internal operations of fMRIPrep use Nilearn 0.5.2 (Abraham et al. 2014, 

RRID:SCR_001362), mostly within the functional processing workflow. For more 

details of the pipeline, see the section corresponding to workflows in fMRIPrep’s 

documentation - https://fmriprep.org/en/latest/workflows.html 

Data Exclusions 

Following this, data were rescaled to the global mean (FSL) and smoothed using an 

8mm Gaussian kernel (SPM12). Automatic removal of motion artifacts using 
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independent component analysis (ICA-AROMA) (Pruim et al., 2015) was then 

employed using the aggressive denoising approach. Individual timepoints with a third 

or more missing data due to motion outliers or premature ending of the task were 

excluded (n = 52). In addition, individual timepoints with signal covering less than 90% 

of the amygdala were excluded from further analyses (n = 19). This resulted in 93 

subjects (57 CP and 36 TD controls) who were included in the fMRI analysis. 

 

3.3.5 fMRI: Emotion Processing Task  

The fMRI paradigm employed was an implicit emotion processing task, which was 

modelled as an event-related design. The task consisted of 140 1.5s trials for a 

duration of 7 minutes and 36 seconds, where participants were presented with a male 

or female face with either a fearful (60 trials), happy (60 trials) or neutral (20 trials) 

expression (Leiker et al., 2019) in a randomised order. Faces expressing emotion were 

additionally morphed (50%, 100% or 150%) to display a range of intensities. During 

each trial, participants were asked to indicate whether the face belonged to a male or 

female individual by pressing a button with their index or middle finger when the image 

appeared on the screen. Each trial was followed by a variable intertrial interval of 1.5 

seconds. 

3.3.6 fMRI Analysis 

First-level analysis 

Regressors for each condition of interest (Fear, Happy, Neutral) were entered into a 

single subject General Linear Model (GLM; SPM12). A parametric modulator encoding 

the intensity of the emotion was included in the conditions containing emotional 

valence (i.e., Fear and Happy). In addition, following Pruim et al. (2015), mean signal 
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for CSF and WM were included as nuisance variables. Scans with framewise 

displacement (FD) exceeding 1mm were also deweighted in the model (Siegel et al., 

2014), with the scans themselves interpolated from the surrounding volumes to 

mitigate the effects of residual motion artifacts on the data.  

 

Group-level analysis 

After this, the regressors of interest for each analysis (parametric modulation of fear 

by intensity and parametric modulation of happy by intensity [hereafter, simply ‘Fear’ 

and ‘Happy’ respectively]) were entered into separate Linear Mixed Models (LMM) 

using 3dLME (AFNI) (Chen et al., 2013) using a 3 x 2 design modelling ‘group’ 

(improvers, persisters, TD) and ‘time’ (pre-intervention, post-intervention) and a 

random subjects factor. Of particular interest, significant group-by-time effects were 

examined to assess for any changes in brain activity over time that differed according 

to clinical response profile i.e., improvers, persisters, controls (Hypothesis 1). 

Secondly, significant group effects were examined to assess for any overall 

differences in amygdala activity between the groups (Hypothesis 2).  

 

As there were differences in ADHD, IQ and SES reported between the groups, ADHD, 

IQ and SES were included as covariates. Despite groups being matched on ‘age’ and 

‘ethnicity’, both variables were also included as covariates in the model as they have 

been strongly linked to elements of facial identification at an individual level. For 

instance, based on the phenomenon known as the other-race effect, research has 

demonstrated that individuals have greater neural activations in several brain regions 

when categorizing a face of their own race compared to another race (Hugenberget 

al., 2010; Feng et al., 2011). As the faces displayed in the fMRI task in the current 
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study were comprised of Caucasian individuals and our sample included boys of 

several different ethnicities, ‘ethnicity’ was therefore included as a covariate. Further, 

as our sample included boys from the earlier developmental years (i.e., ages 5-10 

years), in comparison to most prior fMRI studies conducted in this cohort (see reviews 

Alegria et al., 2016; Berluti et al., 2022), ‘age’ was included as a covariate in the model 

to remove any potential confounding influence of a) the rapid changes in brain 

development which occur during these childhood years (Casey et al., 2000, Durston 

& Casey 2006), and b) age-related neural responses to human faces have been 

reported within this age-group (Mares et al., 2020).  

In addition, to ensure that any remaining effects of motion did not influence the data, 

mean FD at each timepoint was included as a within-subjects covariate (Yan et al., 

2013). Following exclusions, no differences in the number of volumes censored or 

mean FD were observed between groups (Volumes: F(2,77.5)=1.1, p=0.338; FD: 

F(2,93.0)=0.8, p=0.462), timepoints (Volumes: F(1,63.7)=0.3; p=0.582, FD: F(1,65.6)=1.8, 

p=0.189), or their interaction (Volumes: F(2,63.4)=0.6, p=0.544; FD: F(2,65.4)=0.4, 

p=0.651). Resulting statistical maps were initially thresholded at an uncorrected 

threshold of punc < 0.001. Simulations using 3dClustSim (NN = 2, 2-sided clustering) 

assuming a mixed autocorrelation function (Cox et al., 2017) suggested a clustering 

threshold of 167 voxels for whole brain analysis. Due to the hypothesised importance 

of the amygdala, a small volume correction (SVC) approach was used here for the 

region of interest. The amygdala SVC was employed using an anatomically defined 

mask from the automated anatomical atlas (AAL) with simulations (NN = 2, 2-sided 

clustering) recommending a cluster threshold of 2.1 voxels within this region. Finally, 

behavioural parameters of the task (% accuracy for gender discrimination and reaction 
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time) were analysed using identical LMMs to the fMRI data, excepting exclusions and 

covariates for motion.  

 

3.4 Results 

3.4.1 Demographic and Clinical Data 

Groups did not differ significantly in age, and time to follow-up (Table 3.1). Also, no 

significant between group differences were observed in ethnicity (Fisher’s Exact Test 

p=0.441). Individuals whose ASB improved during the intervention (Improved ASB) 

and those whose ASB persisted (Persistent ASB) differed from controls on IQ and 

SES (Table 3.1); but there were no significant differences between ‘improvers’ and 

‘persisters’. 

The CP group overall showed a significant response to the intervention, showing 

reduced ASB (PACS) scores (Pre: 1.60±0.42, Post: 1.39±0.48; F(1,56)=13.23, 

p<0.001). A reduction in ADHD (Pre: 53.68±15.68, Post: 49.73±18.14; F(1,56)=5.86, 

p=0.019) and CU scores (Pre: 35.13±11.8, Post: 32.39±11.5; F(1,52.37)=5.63, p=0.021) 

was also observed, but no difference in internalising symptoms between the two 

timepoints was detected (Pre: 7.32±3.71, Post: 6.83±4.6; F(1,51.0)=1.16, p=0.287).  

Next, it was examined if there were any differences in symptoms across timepoints 

(i.e., ASB, CU traits, ADHD and internalising symptoms), or ‘symptom change’ 

between the improved and persistent CP groups. Apart from the differences in ASB 

observed following treatment (Group-by-Time: F(1,55)=82.56, p<0.001), there were no 

differences in symptoms levels observed between the improved and persistent CP 

groups (i.e. no Group effect for ASB: F(1,55)=0.2, p=0.657, ADHD: F(1,55)=0.067, 



 
 

120 

p=0.796, ICU: F(1,54.23)=0.08, p=0.771 or Internalising: F(1,65.1)<0.1, p=0.924). Further, 

‘changes in symptoms’ did not differ according to CP clinical response group (i.e. no 

group-by-time interaction for ADHD: F(1,51.3)=0.1, p=0.779, ICU: F(1,51.26)=0.68, 

p=0.413, Internalising: F(1,50.2)<0.1, p=0.945). Means and standard deviations for all 

symptoms, for the three groups (pre and post treatment) are shown in Table 3.2.  

 

Table 3.1. Demographics  

 Mean (SD)     

Measure Control Improved Persistent Omnibus 
Test 

Ctrl 
Vs 

Imp p 

Ctrl Vs 
Pers p 

Imp Vs 
Pers p 

n 36 27 30 -- -- -- -- 

Age 8.5 (1.5) 8.7 (1.4) 9.1 (1.2) F(2,90)=1.2, 
p=0.313 0.129 0.509 0.395 

Followup 
time 

(Weeks) 
17.3 (4.4) 19.8 (7.3) 17.5 (5.2) F(2,86)=1.7, 

p=0.180 0.940 0.091 0.141 

IQ 109.2 
(15.1) 

101.6 
(13.8) 99.6 (12.1) F(2,90)=4.3, 

p=0.016* 0.008 0.030 0.586 

SES 5.7 (2.2) 3.8 (2.5) 3.6 (2.3) F(2,90)=8.0, 
p=0.001* 0.001 0.001 0.778 

Ctrl = controls; Imp = Improved; Pers = Persisters; IQ = intelligent quotient; SES = Socioeconomic 
Status. 

 

Table 3.2. Clinical Characteristics 

  Mean (SD)  

Measure Controls Improved Persistent 
CP symptoms T1 (PACS) 0.63 (0.34) 1.74 (0.37) 1.44 (0.42) 
CP symptoms T2 (PACS) 0.56 (0.36) 1.20 (0.45) 1.59 (0.44) 
CP symptoms T1 (SDQ) 1.00 (1.28) 5.50 (1.95) 6.07 (2.33) 
CP symptoms T2 (SDQ) 0.86 (0.86) 3.93 (2.50) 5.48 (2.58) 

CU traits T1 14.94 (6.82) 34.82 (9.24) 35.28 (14.19) 
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CU traits T2 16.13 (7.85) 31.69 (12.45) 33.09 (10.30) 
ADHD symptoms T1 16.97 (2.36) 53.68 (2.58) 53.67 (2.72) 
ADHD symptoms T2 15.61 (2.36) 48.69 (2.58) 50.89 (2.72) 

CP =Conduct Problems; PACS = parental accounts of children’s symptoms; SDQ = Strength and 
difficulties questionnaire; CU = callous-unemotional; ADHD = attention deficit hyperactivity 
disorder. 

For completeness, demographics and clinical data for the initial sample (n=130) is 

included in the supplementary material (Tables S3.1 and S3.2).  

3.4.2 fMRI Results 

Behavioural Effects of Task 

A significant group-by-time interaction was observed for ‘gender recognition accuracy’ 

across emotional conditions (F(2,592.0)=23.1, p<0.001), which was driven by patterns of 

increasing accuracy in the improving CP group over time when compared to the other 

groups, and decreasing accuracy in persistent CP over time when compared to the 

other groups (Figure 3.1A). For reaction times, there was a significant effect of time, 

with participants showing an increase in reaction speed between Pre and Post 

sessions (Figure 3.1B; F(1,592.9)=76.9, p<0.001). No other significant behavioural 

effects were observed in the task.  
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Overall Effect of fMRI Task 

In response to fearful facial expressions, the overall effect of task in the main 3dLME 

analysis revealed that the participants showed increased activation centred in the right 

fusiform gyrus which survived correction for multiple comparisons (cluster size[k] = 

963 voxels, MNI -36, 60, -14 significance p<0.001) (Figure 3.2). 

Figure 3.1. Behavioural Effects of fMRI Task: A) Group by time interaction for gender recognition 

accuracy. B) Effect of time on reaction time. Figures reflect estimated marginal means and standard errors. 

*Significant at p < 0.05. **Significant at p < 0.001. 
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Figure 3.2. Main effect of fMRI task which demonstrates increased activity in the fusiform gyrus 
in response to fearful expressions. Colour bar represents the F statistic. 
 

Processing of Fearful Faces: Region of Interest 

The first prediction, that improvement in ASB would be related to amygdala activity, 

was not supported as a significant group-by-time interaction was absent.  

However, the second prediction, that amygdala hypo-activity to fear would be 

associated with persistence of ASB following treatment was supported. There was a 

significant group effect observed across timepoints (cluster size[k] = 36, MNI 

coordinates = -32, 2, -22; F=11.06; Figure 3.3). Post hoc tests revealed that this was 

driven by reduced right amygdala responsivity to fear in the persistent ASB group 

when compared to the control group (cluster size[k] = 48, MNI coordinates = -32, 2, -

22; F=4.37; Figure 3.3). 

Supplementary Analyses 

When the effects of CU traits within the model were examined, there was no evidence 

of a main effect of CU traits or interaction with ‘group’, ‘time’, or ‘group-by-time’ for the 
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fearful condition. Further, no significant effects were observed for CU traits in the 

happy condition. 

Figure 3.3. Amygdala Hypoactivity to Fear: Figure on the left represents a significant group 
effect (across the 3 groups) on fear processing in the right amygdala. The graph on the right 
represents post hoc tests between the three groups, which demonstrate* that children with 
persistent ASB have significantly reduced amygdala activity in response to modulated fear 
processing (across both timepoints), in comparison to the control group. There was no evidence 
of amygdala hypoactivity to fear in children whose ASB improved over time. Figures reflects the 
raw means and standard deviations. *Significant at p=0.001; N.S. = non-significant.  

 

Processing of Fearful Faces: Whole Brain 

For completeness, a whole brain analysis was also performed for the above contrasts. 

Here, there was a significant group-by-time interaction to fear in medial sensory motor 

regions (cluster size[k] = 214, MNI = 6, 18, 60; F=13.39; Figure 3.4). Post hoc tests 

revealed this was driven by a reduction over time in the improving ASB group (cluster 

size[k] = 573, MNI = 8, 16, 60; F=4.44). There were no significant changes in functional 

activity over time in the TD control group or the persistent CP group. 
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Figure 3.4. Group-by-time effect in medial motor regions. Figures reflect raw means and 
standard errors. *Significant at p < 0.001 

 

3.5 Discussion 

In this study changes in brain and behaviour were investigated in CP boys, pre and 

post parenting intervention, and compared to TD boys assessed over equivalent 

timepoints. Consistent with prior studies in CP children; i) parenting intervention 

successfully reduced ASB, CU traits and ADHD symptoms (Muratori et al., 2017; Scott 

et al., 2014) and ii) a subgroup of CP boys did not improve following the intervention 

(Scott, 2005). In addition, it was reported that amygdala hypoactivity to fear was 

observed in CP boys with ASB that persisted following treatment, but not in CP boys 

whose ASB improved, therefore supporting our a priori hypothesis (Hypothesis 2). To 

my knowledge, this finding provides the first direct evidence for a widely held view 

(Blair, 2013; Marsh, 2016; Viding et al., 2012) that amygdala hypoactivity to fear 

underpins particularly stable forms of ASB and suggests that more malleable forms of 

childhood ASB are underpinned by distinct neural mechanisms. These findings are 

important as they contribute to our understanding of the neural correlates underlying 
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treatment response in CP, but they also raise several significant questions that need 

to be addressed by future studies.  

Firstly, contrary to one of the a priori hypotheses (Hypothesis 1), there was no 

evidence of reduced amygdala hypoactivity to fear in CP boys whose ASB improved 

following intervention. Although there was an association between improvement in 

ASB and sensorimotor activity observed, it would be highly tenuous to offer any 

interpretation of a relationship based on a task designed to probe affective processing. 

It may be that improvement in ASB is underpinned by different mechanisms not probed 

by the current task. Specifically, previous work has highlighted the importance of 

reinforcement learning in CP (Blair et al., 2018; Finger et al., 2008; White et al., 2013), 

and early interventions for CP are known to implicitly target the restructuring of reward 

and punishment schedules (Webster-Stratton & Reid, 2017). It is anticipated that 

emerging techniques employing machine learning (Siugzdaite et al., 2020) will be 

better able to fractionate out these different neural subtypes and determine their value 

in predicting treatment response. 

Secondly, unlike some previous studies, there was no association found between 

severity of CU traits with either treatment response (Frick and Viding, 2009; NICE, 

2013; Scott et al., 2014) or amygdala reactivity to fear (Aggensteiner et al., 2022; Blair, 

2013; Hawes and Dadds, 2005; Viding et al., 2012). This may have been due to 

several factors, including the younger age range of our cohort compared to most prior 

neuroimaging studies (Aggensteiner et al., 2022; Blair, 2013; Viding et al., 2012) 

(although similar deficits have been observed in behavioural studies of younger age 

groups (White et al., 2016)). Another, more likely, possibility is that CU traits can arise 

from more than one neurocognitive profile - consistent with recent observations in 
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different ‘subtypes’ of psychopathy (Sethi et al., 2018a). For instance, primary CU 

traits are thought to be genetically underpinned by deficits in fear and emotional 

processing, whereas secondary CU traits are thought to be related to environmental 

factors, such as social adversity, trauma, and childhood maltreatment (Goulter et al., 

2021). Finally, it is possible that the phenotype of CU traits indexed by the ICU differs 

somewhat to that indexed by other assessment tools used to measure CU traits. 

Previous research has used a range of assessments to classify participants into those 

with high versus low CU traits (e.g. Youth Psychopathic Traits Inventory (YPI) 

(Andershed et al., 2007; Cohn et al., 2013), Antisocial Process Screening Device 

(APSD) (Frick and Hare, 2001; Jones et al., 2009), Psychopathy Checklist: Youth 

Version (PCL:YV) (Finger et al., 2008; Forth et al., 2003) as well as the ICU (Viding et 

al., 2012)). This, in combination with our finding of neurocognitive dissociation 

between persistent and improving ASB, supports growing evidence that there is 

substantial neurocognitive heterogeneity within this group that requires further 

investigation. These findings may also have significant utility for future research into 

novel treatments. For instance, amygdala hypoactivity to fear could be used as a 

biomarker to fractionate out a CP subgroup that are targeted with a treatment that 

upregulates amygdala activity to fear.  

Although the current study has several strengths, such as being the first longitudinal 

study to examine the effect of brain and behavioural change in CP, the study is not 

without its limitations.  

Firstly, the sample in this study consisted of male participants only. In recent years 

several studies have identified differences in brain structure and function between 

male and female youth with CP (Cao et al., 2018; Fairchild et al., 2013; Rogers et al., 
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2019), therefore future longitudinal studies including both genders are warranted, to 

investigate if female children with treatment-resistant CP present a similar 

neurobiological profile to their male counterparts. 

Secondly, it should be acknowledged that although task-based fMRI studies are a 

major focus for biomarker development, recent reviews have highlighted the limited 

individual test-retest reliability observed in task-fMRI (Blair et al., 2022; Elliott et al., 

2020). However, even though the ability to make individual-level predictions based on 

fMRI data is limited, there is still evidence to suggest that task-based fMRI is a well-

validated tool for making group-level inferences (Bennett and Miller, 2010) (e.g., with 

regards to phenotypes associated with clinical response (improvers / persisters)). 

Future work attempting to predict treatment response on the individual level could use 

alternative modalities, such as multi-modal MRI (Tulay et al., 2019). 

In conclusion, the results of the current study indicate an association between 

amygdala hypoactivity to fear in CP boys with more persistent ASB following parenting 

intervention. Further studies, using a wider range of imaging modalities (Lu et al., 

2018; Venugopalan et al., 2021), are now needed to explore other neural correlates 

that predict behavioural improvement or persistence. It is hoped that this will enable 

us to better understand the CP phenotype and, ultimately, to develop and target more 

effective treatments. 
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3.6 Chapter 3: Supplementary Material  

 

Table S3.1. Key demographic data which included all subjects before any fMRI data was excluded 
following the preprocessing stages.  

 Mean (SD)     

Measure Control Persistent Improved Omnibus 
Test 

Ctrl Vs 
Imp p 

Ctrl Vs 
Pers p 

Imp Vs 
Pers p 

n 47 39 41 -- -- -- -- 

Age 8.3 (1.65) 8.7 (1.48) 8.5 (1.48) F(2,119)=0.8, 
p=0.440 0.763 0.411 0.839 

Followup time 
(Weeks) 

17.6 (4.4) 18.0 (5.2) 19.1 (7.3) F(2,124)=0.8
2, p=0.487 0.470 0.948 0.690 

IQ 109.0 
(15.5) 

102.2 
(15.9) 

102.0 
(14.6) 

F(2,122)=2.9, 
p=0.054 0.088 0.107 0.998 

SES 5.6 (2.2) 3.9 (2.6) 3.8 (2.5) F(2,114)=6.9, 
p=0.001* 0.003 0.011 0.963 

Ctrl = controls; Imp = Improved; Pers = Persisters; IQ = intelligent quotient; SES = Socioeconomic 
Status. 
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Table S3.2. Clinical data which included all subjects before any fMRI data was excluded following the 
preprocessing stages.  

 Control Improved Persistent 
Omnibus Test1: 

Group effect 
Omnibus Test1: 

Group*Time 

n 47 41 39 -  

CP symptoms T1 
(PACS) 0.65 (0.35) 1.75 (0.34) 1.41 (0.45) 

 

- 
F(1,79)= 

127.2, p<0.001 CP symptoms T2 
(PACS) 0.57 (0.34) 1.21 (0.41) 1.56 (0.43)  

CP symptoms T1 
(SDQ) 0.97 (1.18) 5.48 (1.86) 5.56 (2.23) - F(1,75.27)= 

8.6, p=0.004 CP symptoms T2 
(SDQ) 0.85 (0.83) 3.92 (2.29) 5.22 (2.42)  

CU traits T1 
(ICU) 

14.65 (6.34) 34.06 (9.04) 33.61 (12.12) F(1,78.46)= 

0.03, p=0.854 

F(1,74.13)= 

2.26, p=0.136 CU traits T2   
(ICU) 15.61 (7.65) 30.13 (12.55) 32.14 (11.45) 

ADHD T1 
(Conners) 16.27 (2.42) 53.96 (2.33) 51.41 (2.42) F(1,79)= 

0.04, p=0.836 

F(1,79)= 

1.54, p=0.218 ADHD T2 
(Conners) 

15.29 (2.20) 48.30 (2.33) 49.36 (2.42) 

CP Intern T1 
(SDQ) 

2.43 (2.37) 7.62 (3.58) 7.45 (4.02) F(1,72)= 

0.289, p=0.593 

F(1,72)= 

1.77, p=0.187 CP intern T2 
(SDQ) 

2.40 (2.40) 6.77 (4.58) 7.72 (4.08) 

CP = conduct problems; PACS= parental accounts of children’s symptoms; SDQ=Strength and difficulties 

questionnaire; CU= callous-unemotional; 1The omnibus tests were run on the improving versus persisting groups 

only.  
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Chapter 4. Rapid White Matter Changes in children with 
CP following a Parenting Intervention 

 

4.1 Chapter Overview 

Conduct Problems (CP) are characterised by repetitive and persistent antisocial 

behaviour (ASB) and are one of the most common paediatric disorders in children 

(Office for National Statistics, 2004). Children with severe CP have a 5-10-fold risk of 

mental illness, substance abuse, criminality, unemployment, and early-death in 

comparison to non-CP youth (Odgers et al., 2007; Piquero et al., 2011). CP not only 

poses a significant burden on the affected individual and their victims, but also on 

society and the economy, with evidence showing that children who exhibit life-course 

persistent CP account for a greater service burden than their peers across criminal 

justice, healthcare, and social service sectors in adulthood (Rivenbark et al., 2018). 

The risk of life-course persistent CP is greatest in children with ‘early-onset’ CP (i.e., 

onset before 10 years old) (Moffitt et al., 2002), and higher levels of callous-

unemotional (CU) traits (Frick and Viding, 2009). 

Currently, the most effective treatment to reduce this risk involves early intervention 

with group parenting programs (Scott et al., 2014, 2012, 2010a, 2010b, 2001), but 

around 50% of children do not respond to treatment (Scott, 2005). This is likely due to 

the heterogeneity of CP, which is probably underpinned by biological differences in 

CP subtypes. However, to date, studies have not identified if specific biological 

differences a) can predict treatment response, or b) can change in children with CP 

whose antisocial behaviour improves (‘CP improvers’) or persists (‘CP persisters’). 
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The underlying causes for CP are complex and it is unlikely that CP can be explained 

by atypical development of a single brain region. Diffusion tensor imaging (DTI) 

tractography has facilitated the study of white matter tracts that connect different brain 

regions (Catani et al., 2002). White matter tracts consist of axonal bundles which are 

wrapped in myelin sheaths (of varying levels) and these tracts facilitate high-speed 

neuronal signalling between grey matter brain regions (Bolhuis et al., 2019). DTI 

provides an indirect representation of white matter microstructure through several 

indices such as fractional anisotropy (FA), mean diffusivity (MD), radial diffusivity (RD) 

and axial diffusivity (AD) (for more in-depth explanation, see section 2.2.2. Diffusion 

MRI – Tensor Derived Output). 

One of the more robust biological findings associated with CP severity involves the 

uncinate fasciculus (UF), a white matter tract connecting the temporal lobe with the 

insular and orbitofrontal cortex (Catani et al., 2002; Kier et al., 2004). As outlined in 

detail in Chapter 1 (section 1.4.1. Structural abnormalities – Uncinate Fasciculus), 

microstructural abnormalities in this tract, relative to typically developing (TD) controls, 

have been reported in children with disruptive behaviours (Graziano et al., 2022), 

adolescents with CP (Passamonti et al., 2012; Sarkar et al., 2013; Zhang et al., 2014), 

and adults with psychopathy (Craig et al., 2009; Sobhani et al., 2015; Wolf et al., 2015). 

However, to date, no studies have reported whether these microstructural differences 

remain fixed, or change, following improvement in antisocial behaviour.  

Recent studies have highlighted the surprising plasticity of human white matter in 

response to short-term training (Scholz et al., 2009; Huber et al., 2018; Ekerdt et al., 

2020), suggesting that impairments in white matter microstructure in CP children may 

be less stable than previously assumed. Therefore, exploring if white matter 
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abnormalities in the brain can be reversed in childhood following a parenting 

intervention, would not only deepen our understanding of structural connections in the 

brain underpinning antisocial behaviour, but it could also be of great importance to 

society and policymakers by providing evidence that such psychological interventions 

are not only effective at the behavioural level, but at the neural level also. 

4.2 Aims and Hypotheses 

Therefore, in the current longitudinal study, UF microstructure was analysed in a group 

of children with CP, (before and after their parents had completed a parenting 

program) and compared to a TD control group (at two equivalent time points). It was 

hypothesised that: 

(i) Relative to TD controls, UF abnormalities in children with CP will reduce 

following a parenting program (i.e. a group x time effect driven by the CP group). 

 

(ii) Reduction in UF abnormalities will be greatest in ‘CP improvers’, compared to 

‘CP persisters’ or TD controls (i.e. a group x time interaction driven by the ‘CP 

improvers’ group). 

 

4.3 Methods 

4.3.1 Sample 

The sample included in the current chapter were the same individuals who 

participated in the fMRI study reported in Chapter 3. However, as some of the boys 

who participated in the fMRI scan in the previous chapter did not complete the DTI 

scan (as outlined in Chapter 2: Figure 2.1. – Study flowchart), the demographics 
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which are reported again in the current chapter represent the boys with DTI data. The 

sample included 5-10 year old boys with CP (n = 67), and their parents, who were 

recruited whilst on a wait-list to receive a 14-week parenting program. Families were 

referred to parenting groups from Child and Adolescent Mental Health Services 

(CAMHS), Local Authorities and Social Enterprises and attended weekly group 

training sessions. We also recruited age matched TD control boys (n = 43), from the 

same inner-London schools and geographical areas. Initial inclusion criteria to the 

CP group required a score of ³ 3 on the Strengths and Difficulties Questionnaire 

(SDQ) (Goodman, 1997). Exclusion criteria in both groups included a clinical 

diagnosis of ASD, neurological abnormality or a full-scale IQ < 80. Boys with CP 

underwent behavioural and diffusion tensor imaging (DTI) analysis before (T1), and 

after (T2) their parents completed the parenting program (17.75 ± 5.3 weeks from T1 

assessment). These assessments were replicated in TD boys at the same time 

points, albeit their parents did not participate in a parenting program. Written consent 

was obtained from all participants and ethical approval was granted by NRES 

Committee London-Westminster (IRAS Project ID:170367, REC Reference Number: 

15/LO/0696). 

4.3.2 Assessments and Research Diagnosis 

CP symptoms were assessed at each time point using the Parental Account of 

Children’s Symptoms (PACS) as the primary outcome measure. This semi-structured 

clinical interview uses specific investigator-based criteria to assess both the frequency 

and severity of antisocial behaviours (e.g., aggression, destruction of property, 

disobedience etc.) and is highly predictive of later psychosocial outcomes (Taylor et 

al., 1996). To discern a clinically meaningful level of symptom reduction, a minimally 
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important clinical difference (MICD) approach was applied (Jaeschke et al., 1989; 

Norman et al., 2003). This used a pre-defined cut-off of 0.4 standard deviations (SD) 

from baseline PACS score, across the entire clinical cohort. This cut-off was based on 

0.6 SD being associated with maximum user satisfaction (~92%) (Collaborating 

Centre for Mental Health, 2013). 

At both time points children’s behaviour was assessed using the parent-rated SDQ, 

Inventory of Callous-Unemotional Traits (ICU) (Kimonis et al., 2008b) and Conners-3 

ADHD assessment (Conners, 2008). Further, at baseline only, parents completed the 

Social Communications Questionnaire (SCQ) and maternal education was 

documented. Boys also completed the Wechsler Abbreviated Scale of Intelligence 

(WASI) (Wechsler, 1999) and a handedness questionnaire (Annett, 1970). 

4.3.3 Image Acquisition 

All participants underwent MRI scanning at each timepoint at the Centre for 

Neuroimaging Sciences, King’s College London (KCL). Diffusion-MRI data were 

acquired using a 3T (GE Healthcare MR750) MRI scanner with a 32-channel receive-

only RF head-coil. 

Diffusion weighted images (DWI) were acquired with a spin-echo echo planar imaging 

pulse sequence with the following parameters: FOV = 256 x 256 mm2; voxel size = 

2x2x2 mm3; TE = 70 ms; TR = 12 s; 60 diffusion gradient directions; b-value = 1500 

s/mm2; 6 non-diffusion-weighted (B0) volumes. Additionally, 6 B0 volumes were 

acquired using the opposite phase encoding direction for susceptibility distortion 

correction. All data underwent a full quality control check, where all B0 and diffusion 

weighted volumes were visually inspected for motion artefacts, image corruption and 
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signal drop-out effects. Datasets were excluded from further analysis (n = 8 individual 

timepoints) if they did not meet quality control criteria which included: high levels of 

participant motion during the scan (2 SDs away from group restricted mean square 

motion), exclusion of more than 10 DWI volumes, exclusion of more than 3 B0 

volumes, or detection of more than 10 outlier slices in a single location across volumes.  

4.3.4 Diffusion MRI Data Processing 

DWI data were denoised (Veraart et al., 2016) and corrected for Gibb’s ringing 

artefacts (Kellner et al., 2016) using TORTOISE (Irfanoglu et al., 2017; Pierpaoli et al., 

2010). An off-resonance field was estimated in topup using the pairs of B0 images 

acquired with opposite phase encoding directions (Andersson et al., 2003). 

Simultaneous correction for motion, eddy current distortions, and susceptibility 

distortions (using the topup field) was then performed in eddy (Andersson and 

Sotiropoulos, 2016) with outlier slice replacement (Andersson et al., 2016) and slice-

to-volume motion correction (Andersson et al., 2017). Tractography based on the 

tensor model and the Euler tracking algorithm (Basser et al., 2000) was performed in 

StarTrack (https://www.mr-startrack.com/) according to the following parameters: FA 

threshold = 0.20; step size = 1 mm; angle threshold: 35°. Tensor-derived maps, 

including fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD), and 

radial diffusivity (RD) were calculated. Anisotropic power (AP) maps (Dell’Acqua et al., 

2013), which are diffusion-derived maps that contain a good contrast in both grey and 

white matter, were also computed at this stage. 

MegaTrack (Dell’Acqua, 2015), a semi-automatic group dissection approach, was 

adopted to account for the large number of subjects. For this purpose, each subject’s 

AP maps of time points 1 and 2 were used to create a subject-level template which is 
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not biased toward either time point. The subject-specific AP templates were then 

combined to create a group-level AP template. All image normalisation steps were 

performed using Advanced Normalization Tools (ANTs) (Avants et al., 2014). The 

resulting transformations were applied to each subject’s native space tractogram, then 

all tractograms were concatenated to create the final ‘mega’ tractogram for virtual 

dissection. Virtual dissections were performed in TrackVis (http://trackvis.org/). 

Reconstruction of the UF (Figure 4.1) was performed one hemisphere at a time using 

a two region of interest (ROI) approach (Catani and Thiebaut de Schotten, 2008) using 

sphere ROIs. The first inclusion ROI was defined in the anterior temporal lobe and the 

second ROI was placed around the white matter of the anterior floor of the 

external/extreme capsule. Additional exclusion ROIs were used to manually remove 

any streamlines that did not belong to the UF. Once virtual dissections were 

completed, the MegaTrack framework was used to extract tract-specific 

measurements from each subject’s native space data. These included macrostructural 

metrics (track count and volume) and microstructural metrics (FA, MD, RD, and AD). 

Figure 4.1. Tractography representation of the left uncinate fasciculus which extends from the 
anterior temporal lobe (ATL) towards the medial (Med) and lateral (Lat) orbitofrontal cortex (OFC). 
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Tractography representation is from the MegaTrack dataset overlayed on a group anisotropic 
power (AP) map, representing 110 individuals across two timepoints. 

4.3.5 Statistical Analysis 

Data was analysed in IBM SPSS version 27.0 using linear mixed effects models to 

compare differences in FA, MD, RD and AD in each of the tracts of interest. Normal 

Q-Q plots showed normally distributed residuals for the data. Linear mixed effects 

models were run for all DTI measures (FA, MA, RD, MD) with ‘Group’ (Controls vs. CP 

/ Controls vs. Improvers vs. Persisters), and ‘Time’ (pre-intervention & post-

intervention) as fixed effects. Significant group-by-time effects were examined to 

assess for any differential effects of treatment between the groups. All analyses 

controlled for age, IQ, ADHD, maternal education and head motion in scanner. 

Reported p-values for AD and RD measures were adjusted for the false discovery rate 

(FDR) using the Benjamini-Hochberg procedure at q=0.05 (Benjamini and Hochberg, 

1995). As MD and FA are combined measures of parallel (AD) and perpendicular (RD) 

diffusivity (Scholz et al., 2013), an FDR correction was employed on the two 

independent measures (AD and RD) only, as correcting for outcome measures which 

are interdependent is overly conservative, increasing Type II error risk (Sethi et al., 

2018b).  

4.4 Results 

4.4.1 Demographics  

The CP and TD control groups were matched on age and length of time between 

scans. There were no significant differences between groups for handedness, motion 

in scanner or days between scanning sessions. Differences in ADHD between the 

groups were observed, as well as differences in SES and IQ (Table 4.1). Individuals 
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whose CP improved during the intervention (CP-improvers) and those whose CP 

persisted (CP-persisters) also differed from TD controls on ADHD, IQ and SES (Table 

4.2). Four children from the CP group had missing PACS data for at least one of the 

timepoints and therefore it could not be assessed if these boys were CP improvers or 

persisters. Hence, these four subjects were excluded from the analysis examining CP 

symptom change (Hypothesis 2). 

Table 4.1. Sample Characteristics for the Conduct Problem group and Control Group. 
  Mean (SD) F p 

 Controls CP   
n 43 67   
Age (months) 101.80 (18.35) 103.12(18.10) 0.132 p=0.717 
IQ 109.16 (15.5) 102.72 (13.72) 5.13 p=0.025 
Handedness  -6.72 (3.68) -5.92 (6.07) 0.36 p=0.548 
SES (Maternal Edu.) 5.68 (2.33) 4.18 (2.65) 8.45 p=0.005 
ADHD 16.10 (9.79) 53.94 (16.26) 186.93 p<0.01 
Motion in Scanner  0.36 (0.29) 0.44 (0.33) 1.93 p=0.167 
Days between T1 & T2 scans 122.62 (27.63) 124.31 (37.02) 0.06 p=0.798 
CP symptoms (PACS) T1 0.63 (0.36) 1.55 (0.43) 132.12 p<0.001 
CP symptoms (PACS) T2 0.57 (0.35) 1.37 (0.46) 89.58 p<0.001 

 

Table 4.2. Sample Characteristics for the CP improvers, Persisters and control group 
(Improvers and Persisters groups based on PACS CP scores). 
  Mean (SD)  F p 
 Controls Persisters Improvers   
n 43 31 32   
Age (months) 101.80 (18.35) 104.0 (20.41) 102.93 (16.01) 0.124 p=0.88 
IQ 109.16 (15.5) 100.43 (14.05) 105.19 (13.47 3.2 p=0.045 
Handedness  -6.72 (3.68) -5.44 (6.95) -7.0 (4.40) 0.647 p=0.52 
SES  5.68 (2.33) 4.51 (2.59) 3.89 (2.67) 4.52 p=0.01 
ADHD 16.10 (9.79) 52.24 (16.92) 55.53 (13.78) 101.51 p<0.001 
Motion in Scanner  0.36 (0.29) 0.41 (0.32) 0.47 (0.36) 1.13 p=0.32 
Days between T1 & T2 
scans 

122.62 (27.63) 123.29 (36.4) 127.43 (36.75) 0.21 p=0.81 

CP symptoms (PACS) T1 0.63 (0.36) 1.38 (0.43) 1.76 (0.32) 87.56 p<0.001 
CP symptoms (PACS) T2 0.57(0.35) 1.51 (0.47) 1.23 (0.43) 50.57 p<0.001 
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4.4.2 Clinical Data 

The CP group had significantly reduced CP symptoms following intervention (Pre: 

1.55±0.55, Post: 1.36±0.56; F(1,63.19)=13.03, p<0.001) (Figure 4.2). There was also a 

significant reduction in ADHD symptoms (Pre: 54.00±2.18, Post: 50.13±2.17; 

F(1,63.09)=5.44, p=0.023) and CU traits scores (Pre: 34.35±1.39, Post: 30.77±1.39; 

F(1,186.89)=34.36, p<0.001) observed in the CP group following the intervention. 

It was then examined if there were any differences in behaviour and symptom change 

between the improving and persistent CP groups. A significant group-by-time 

interaction was observed for CP symptoms (F1,61)=91.662, p<0.001) (Figure 4.3), but 

not ADHD (F1,58.22)=1.981, p=0.165) or CU traits scores (F1,58.616)=2.158, p=0.147). 

 

Figure 4.2. Comparison of CP Symptom scores between timepoint 1 and timepoint 2 for the control 
group and CP group. CP = Conduct Problems; PACS = Parental Account of Children’s Symptoms. 
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Figure 4.3. Comparison of CP Symptom scores between timepoint 1 and timepoint 2 for the control 
group, the improvers and persisters. CP = Conduct Problems; PACS = Parental Account of 
Children’s Symptoms; Ctrl = Controls. 

4.4.3 DTI Tractography  

A statistically significant change was found in white matter microstructure of the UF in 

the CP group following the parenting programme. A significant group-by-time 

interaction was found across both hemispheres between the CP group and TD 

controls with respect to MD (F(1,282.38)=5.04, p=0.026, η2=0.02) and RD (F(1,282.33)=6.36, 

p=0.012, η2=0.02). FDR adjustment was applied to RD, the independent measure, 

which survived multiple correction (q=0.03). Post hoc tests revealed that prior to the 

intervention the CP group had significantly increased MD (p=0.034) and RD (p=0.044) 

in the UF compared to the control group. However, after the intervention there was a 

significant decrease in MD (p<0.001) and RD (p<0.001), across hemispheres (i.e., 

following intervention the CP group more closely resembled the control group (Figure 

4.4)). There were no significant microstructural changes observed in the control group 

over time (Figure 4.4). 

A non-significant group-by-time interaction was found for FA (F(1,277.81)=3.72, p=0.055, 

η2=0.01). Post hoc tests also revealed a non-significant increase in FA (p=0.075) in 
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the CP group after the intervention (Figure 4.4). There was no significant group-by-

time interaction observed for AD. Further, between the CP and TD control groups, 

there were no main effects of group observed for MD (F(1,93.79)=2.60, p=0.110, 

η2=0.03), RD (F(1,93.89)=2.17, p=0.144, η2=0.02), FA (F(1,95.43)=1.03, p=0.312, η2=0.01) 

or AD (F(1,93.52)=2.88, p=0.093, η2=0.03) overall across timepoints. Finally, between 

the CP group and TD group a significant hemisphere-by-group interaction was found 

for FA (F(1,276.15)=3.72, p=0.034, η2=0.01) – Supplementary Material (Figure S4.1). 

 

Figure 4.4. Measures of A) mean diffusivity B) radial diffusivity and C) fractional anisotropy in the 
uncinate fasciculus pre and post a parenting intervention in the Conduct Problem (CP) group compared 
to the control group. 
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However, when testing the second hypothesis that reduction in UF abnormalities 

would be greatest in ‘CP improvers’, compared to ‘CP persisters’ or TD controls, there 

was no significant group-by-time effect for any DTI measure (Figure 4.5).  

 

 

Figure 4.5. Measures of A) axial diffusivity B) radial diffusivity C) mean diffusivity and D) fractional 
anisotropy pre and post a parenting intervention, in a typically developing control group (Ctrl) compared to 
boys with Conduct Problems (improvers and persisters) in the uncinate fasciculus. 
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4.4.4 Model Comparison 

In the absence of an association between changes in UF microstructure and CP 

symptom reduction (Figure 4.5), we explored the relationship between changes in UF 

microstructure and changes in ADHD and CU traits (i.e., as they also decreased in the 

CP group post treatment). Therefore, using the same MICD approach as before, 

‘improvers’ and ‘persisters’ were respectively defined by the presence or absence of 

a 0.4 SD reduction in ADHD or CU traits. Three children from the CP group had 

missing data at least one timepoint for the ICU measure and therefore, it could not be 

assessed if these boys were CU improvers or persisters. Hence, these three subjects 

were excluded from the post hoc analysis described in section 4.4.5. Data was 

available for all children (N=110) for the Conners ADHD measure. 

 

Using Chi squared tests, the predictive value of these ‘response’ variables (i.e., ADHD 

and CU) were then compared to determine which best explained the observed 

changes in UF microstructure data. The predictive value of the model only increased, 

when change in CU traits was used as the grouping variable (Table 4.3).  

 

Table 4.3. Goodness of Fit - adding improvers / persisters groupings in comparison to the Control 

versus CP groupings  

 AIC BIC Chisq Df p 

UF – Mean Diffusivity       

   CP response -2255.9 -2181.6 7.76 4 0.100 
   ADHD response -2255.0 -2180.7 6.89 4 0.141 

   CU response -2266.9 -2192.9 18.83 4 p<0.001*** 
UF – Radial Diffusivity      

   CP response -2292.3 -2218.0 6.78 4 p=0.147 
   ADHD response -2293.9 -2219.7 8.39 4 p=0.078 

   CU response -2302.9 -2228.7 17.43 4 p=0.001** 
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UF = Uncinate Fasciculus; CP = Conduct Problems; ADHD = Attention Deficit Hyperactivity Disorder; 
CU = Callous-unemotional; AIC = Akaike Information Criterion; BIC = Bayesian Information Criterion; 
Chisq = Chi Square; DF = Degrees of freedom.   

 

Therefore, post hoc analyses were completed to explore whether brain changes 

associated with CU symptoms might explain the overall pattern that was observed in 

the CP group. 

4.4.5 Post hoc analysis 

In an exploratory post hoc analysis (i.e. UF abnormalities will remain fixed in children 

with CP with persistent CU traits (n=35) vs. improved CU traits (n=29)) a significant 

group-by-time interaction was observed for MD (F(2,276.54)=6.90, p=0.001, η2=0.05) and 

RD (F(2,276.49)=6.65, p=0.002, η2=0.05) (which survived FDR adjustment q=0.02). Post 

hoc tests suggested that the decrease in diffusion measures in the CP group post 

intervention was driven by those whose CU traits improved (Figure 4.6). There were 

no significant microstructural changes in the UF observed over time in the ‘CU 

persisters’ group or the TD control group. There were no significant group-by-time 

interactions observed for FA between the CU improvers, CU persisters and TD 

controls (F(2,277.01)=2.50, p=0.084, η2=0.02). 
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Figure 4.6. Measures of microstructural integrity pre and post a parenting intervention in a typically 
developing control group compared to CU traits improvers and persisters in the uncinate fasciculus 
for A) mean diffusivity and B) radial diffusivity. 
 

There was also a significant main effect of group observed for MD (F(2,91.58)=5.32, 

p=0.006, 0.1), RD (F(2,91.69)=5.41, p=0.006, η2=0.11) (which survived FDR adjustment 

q=0.03) and FA (F(2,91.83)=3.98, p=0.022, η2=0.08), with the CU-persisters showing 

significantly reduced FA and significantly increased MD and RD overall across 

hemisphere and across both timepoints - see Supplementary Material (Figure S4.2). 

4.5 Discussion 

Consistent with prior studies, there were significant anatomical differences observed 

in the UF of children with CP, compared with TD controls. However, for the first time, 

it was also reported that these differences are not fixed, but ‘normalise’ following a 

parenting intervention, and thus, supporting our first hypothesis. For example, 

following the intervention, UF diffusivity (MD and RD) significantly reduced in children 

with CP (i.e., in the direction of TD controls). Further, over the same period, UF 
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microstructure remained fixed in TD children, suggesting that the changes observed 

in the CP group were due to the intervention rather than maturational effects.  

Post hoc analyses in the CP group were also used to better understand the 

relationship between changes in UF microstructure and behavioural change. Contrary 

to the a priori second hypothesis, this relationship was not directly driven by change 

in PACS score (i.e., a measure of the frequency and severity of antisocial behaviours) 

but by change in ICU score (i.e., a measure of callousness, uncaring, and unemotional 

behaviour). Prior studies have reported reduced CU traits following targeted parenting 

intervention (Muratori et al., 2017) and changes in parenting style (Fanti and Munoz 

Centifanti, 2014; Hawes et al., 2011), particularly in younger children (Hawes and 

Dadds, 2007; McDonald et al., 2011; Somech and Elizur, 2012). However, in the 

current study it was hypothesised that UF change would correlate directly with change 

in PACS scores rather than ICU scores, as the latter tends to be more resistant to 

treatment. A possible explanation for this finding is that behavioural changes 

measured by the PACS are associated with microstructural changes in other tract(s). 

Whilst previous studies supported the a priori approach to focusing on the UF, it is 

recognised that this tract forms part of a larger brain network, and this will need to be 

explored in future studies.  

Future studies are also needed to understand why a subgroup of children with CP with 

high CU traits did not improve following intervention. This could be due to several 

reasons that relate to both the boys with CP and their parents. For example, previous 

studies have reported treatment outcome may be influenced by parental engagement 

with the intervention and relationship with the program facilitator (Kazdin and Whitley, 

2006; Koerting et al., 2013). Some parents may also require a ‘personalised’ program 
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(e.g., a one-to-one, and/or home-based approach) that is more tailored to their specific 

needs (McKay et al., 2020; Niec et al., 2016). This is currently being explored in a 

subgroup of boys from our study who failed to respond to the group parenting program. 

Also, CU traits can be fractionated into distinct subtypes, which may have variable 

susceptibility to change in response to group or personalised interventions. Primary 

CU traits, for example, refers to those with a greater genetic underpinning, are 

associated with abnormalities in the oxytocin system (Fragkaki et al., 2019), and 

underpinned by deficits in emotion processing (Craig et al., 2020). However, 

secondary CU traits refer to those that are more related to environmental factors, such 

as parental rejection and childhood trauma (Craig et al., 2020). Therefore, the latter 

variant may be more susceptible to modification following the parenting intervention, 

whereas the primary subtype may be better targeted with a pharmacological approach 

(e.g., modulation of the oxytocinergic system). 

The results reported in the current study are in line with other DTI studies reporting 

rapid changes in white matter microstructure in response to short-term training. For 

instance, large-scale changes in MD in several white matter tracts were observed in 

children who completed an 8-week intensive reading intervention, demonstrating that 

controlled changes to a child’s educational environment can induce significant 

changes in white matter (Huber et al., 2018). Additionally, an increase in FA was 

reported in healthy adults following a 6-week training intervention of learning a 

complex visuo-motor skill (Scholz et al., 2009). These microstructural changes in 

healthy adults were still detectable four weeks later without any intervention in-

between suggesting that white matter changes may be long lasting. 
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While the current study was not designed to explore what is happening at the 

microscopic level, the observed rapid changes in white matter microstructure may 

arise from several mechanisms including changes in myelination (Walhovd et al., 

2014). White matter consists of bundles of axonal fibres which are surrounded by 

myelin sheaths to a varying degree. Myelin, which is produced by glial cells known as 

oligodendrocytes, has previously been thought of as a more permanent feature in the 

brain, responsible for axon conductance, however there is now considerable evidence 

suggesting that myelination plays an important role in plasticity (Xin and Chan, 2020). 

For example, an increase in neuronal activity (such as an increase in concentrated 

learning) is linked with the generation of new oligodendrocytes, which subsequently 

enhances myelin formation in the brain (Gibson et al., 2014; Hughes et al., 2018). 

Therefore, in the current study, it is plausible that boys with CP have enhanced 

neuronal activity following the parenting intervention, which results from learning and 

implementing new positive forms of behaviour. Firstly, this may stimulate the rapid 

growth of new myelinating oligodendrocytes in the UF, which is thought to be reflected 

by a reduction in MD (Huber et al., 2018), as reported in the current study. Secondly, 

it is likely that this increase in oligodendrocytes is followed by increased myelination, 

which is associated with a rapid decrease in RD (Winklewski et al., 2018) - also 

reported in the current study. Therefore, these findings indicate that learning to adapt 

to new parenting strategies may lead to regionally specific plasticity in white matter 

tracts, such as the UF. 

Although the effects of group parenting programs have been widely studied (Leijten et 

al., 2018), there has been lack of research investigating if parenting programs have a 

significant effect on brain structure. The current study provided evidence for the first 

time that parenting interventions may have an effect, not only at the behavioural level 
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but also at the neural level. These results may have important implications for 

policymaking and commissioning in providing resources to ensure such interventions 

remain funded and continue to be accessible to children who are most at-risk for 

developing ASB. 

Although the current study has many strengths, it is not without limitations. The 

findings reported demonstrate that change in CU traits in boys with CP is associated 

with change in brain structure. Further, prior studies suggest that without a targeted 

intervention, it is highly unlikely that children with early-onset CP would show a sudden 

decrease in CU traits naturally, particularly over such a short period (Frick et al., 2005). 

However, the absence of a group of children with CP that did not go through a 

parenting program make it difficult to infer a direct link between the intervention and 

change in CU traits. Future studies are needed to replicate these results with the 

addition of a CP control group. Further, as mentioned previously, it is recognised that 

the UF is part of a larger network of white matter tracts. However, it is unknown if the 

microstructural changes reported in the current chapter are specific to the UF or if they 

are more widespread across the brain. Therefore, the inclusion of control tracts in 

future studies is recommended. It is also noteworthy that while DTI is a promising tool 

to examine white matter microstructure in vivo, it is an indirect measure of white matter, 

therefore making it difficult to draw definitive conclusions on the biological correlates 

of our findings. Alternative approaches such as multi-compartment model neurite 

orientation dispersion and density imaging (NODDI) can be of added value to standard 

DTI for examining microstructural abnormalities, as NODDI can reportedly estimate 

more specific microstructural indices in white matter tracts by estimating neurite 

density and orientation dispersion, which are two key contributors to FA (Timmers et 

al., 2016).   
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In summary, the present study shows that the CP group had significant microstructural 

changes in the UF following a ‘gold-standard’ parenting program, such that their white 

matter microstructure more closely resembled that of TD control boys. Interestingly, 

these microstructural changes were associated with reduction in CU traits and not with 

a reduction in CP symptoms. These findings suggest a link between CU traits and 

abnormalities in the UF development, as well as the plasticity of white matter tracts in 

response to early intervention. Advancing our understanding of the neural 

mechanisms underlying response or persistence of ASB following parenting 

intervention, could provide putative biomarkers for the development of future treatment 

options. 
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4.6 Chapter 4: Supplementary Material 

 

 

Figure S4.1. Hemisphere*Group interaction for fractional anisotropy (FA) between the conduct 
problem (CP) and control group in the uncinate fasciculus 
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Figure S4.2. Main Effect of Group. Effect of ‘change in callous-unemotional (CU) traits’ on white 
matter microstructure (Exploratory post hoc analysis). Graphs display the main effects of group in 
the uncinate fasciculus for A) radial diffusivity (RD), B) mean diffusivity and C) fractional anisotropy 
between the CU improvers, CU persisters and controls. FDR adjustment was applied to RD which 
survived multiple comparisons (q=0.03) 

A 

C 

B 
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Chapter 5. Investigating the Subcomponents of the 
Uncinate Fasciculus  

 

5.1 Chapter Overview 

In Chapter 4, significant microstructural changes in the uncinate fasciculus (UF) were 

found in boys with early-onset conduct problems (CP) following a ‘gold-standard’ 

parenting intervention, such that the white matter microstructure more closely 

resembled that of typically developing (TD) control boys. This study analyzed the UF 

as a single tract extending from the anterior temporal lobe towards the medial and 

lateral orbitofrontal cortex. However, more recent DTI dissection techniques have 

found that the UF can be further dissected into three UF subcomponents / branches, 

which have not previously been explored in children with CP. Therefore, the current 

chapter will examine whether a) early-onset CP is associated with abnormalities in 

specific branches, and b) if the results reported in Chapter 4 are selective to these 

branches.  

Subcomponents of the Uncinate Fasciculus 

There is a growing body of literature which have reported microstructural impairments 

in the UF white matter tract in adolescents with CP and adults with psychopathy (Craig 

et al., 2009; Graziano et al., 2022; Passamonti et al., 2012; Rogers et al., 2019; Sarkar 

et al., 2013; Sobhani et al., 2015; Zhang et al., 2014). Recent research, however, has 

reported that the UF is a more complex tract than was previously understood. Previous 

studies have viewed the UF as being a single tract which connects anterior aspects of 

superior, middle and inferior temporal lobe (including amygdala and hippocampus) 

with the insular and orbitofrontal cortex (Catani et al., 2002; Kier et al., 2004). This was 
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followed by findings that it includes two prefrontal branches that extend towards: a) 

the lateral orbital gyri (Brodmann area (BA) 11, 47), and b) the frontopolar cortex and 

the orbital and ventromedial prefrontal cortex (vmPFC) (BA 10, 32) (Thiebaut de 

Schotten et al., 2012; von der Heide et al., 2013). In the current chapter, these 

branches will hereafter be referred to as the; a) lateral branch and b) anterior branch. 

However, using more fine-grained DTI tractography techniques, Bhatia et al. (2018) 

demonstrated that the UF has a third stem which extends into the subgenual cingulate 

cortex (BA 25), which will be referred to as the medial branch. Figure 5.1. 

demonstrates the three UF subcomponents. 

Figure 5.1. Tractography representation of the three subcomponents of the uncinate fasciculus 
which extend towards a) the lateral orbital gyrus b) the frontopolar and ventromedial prefrontal 
cortex (vmPFC) and c) the subgenual area. Adapted from Bhatia et al. (2018). 

Previous findings suggest that brain regions associated with anterior and medial UF 

subcomponents (i.e., the frontopolar and vmPFC, and subgenual cingulate cortex, 

respectively), play a critical role in antisocial and psychopathic behaviours (Blair, 

2008a; de Oliveira-Souza et al., 2008; Raine and Yang, 2006; Wiech et al., 2013). For 
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example, abnormalities in the frontopolar cortex have frequently been reported in 

individuals with ASB (Aoki et al., 2014a; Raine and Yang, 2006), particularly in those 

with early-onset CP (Tiihonen et al., 2008). The vmPFC is involved in reward and 

value-based decision making, social cognition, and emotional regulation through its 

interactions with limbic regions such as the amygdala, hippocampus and the anterior 

cingulate cortex (ACC) (see review Hiser and Koenigs, 2018). Evidence from lesion 

studies and functional magnetic resonance (fMRI) research have associated 

impairments in the vmPFC with a diminished sense of guilt, empathy, and impaired 

social emotions (Barrash et al., 2010; Bechara et al., 1997; Blair, 2008a; Damasio et 

al., 1994; Decety et al., 2013; Koenigs, 2012; Krajbich et al., 2009) – which are core 

features of psychopathy. Additionally, the subgenual region of the ACC, thought to 

play a particular role during negative emotional states (Shackman et al., 2011), has 

also been associated with atypical functioning in ASB populations. For instance, 

research in both youth and adults with ASB have reported functional impairments in 

the subgenual ACC (Anderson et al., 2017; Herpertz et al., 2008; Sebastian et al., 

2014), as well as structural impairments in networks extending into this region 

(Hoppenbrouwers et al., 2013). However, these impairments reported in the 

subgenual area appear to be associated with ASB more generally, rather than 

psychopathy per se.  

It is also noteworthy to mention that the lateral UF branch (extending towards the 

lateral orbital gyri; BA 11, 47) does extend towards part of the ventrolateral prefrontal 

cortex (vlPFC) – a brain region important for response inhibition and emotional 

regulation (Aron et al., 2004; Li et al., 2022), and is also reported to be impaired in 

psychopathy and CP (Blair, 2006; Dalwani et al., 2015; Rogers & De Brito 2016). 

However, it has been argued that dysfunction in the vlPFC is likely to be associated 
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with reactive aggression (rather than psychopathy in general) (Blair et al., 2006). 

Furthermore, there have been mixed findings with regards to the vlPFC in studies 

conducted in youth with CP. For instance, impairments in the vlPFC were reported in 

females with CP with severe substance abuse issues in comparison to healthy controls 

(Dalwani et al., 2015), whilst other studies reported no differences in the vlPFC in 

males with CP (Rubia et al., 2009) or in youth (male and female) with CU traits (Marsh 

et al., 2008). Based on this evidence, it is plausible that impairments are less likely to 

be observed in the lateral UF of children with early-onset CP, but could be selective to 

the two UF branches that extend towards the subgenual area (medial UF branch) and 

the frontopolar and vmPFC (anterior UF branch).  

To date there have been no studies that have investigated these three subcomponents 

of the UF in neurodevelopmental disorders, and research is needed to understand the 

association between these three branches of the UF and CP, as increasing our 

knowledge of the specific brain regions which are implicated in this cohort may guide 

future intervention strategies. Further, as our group has recently shown evidence that 

abnormalities in the UF can be ‘normalised’ in a subset of children with early-onset CP 

following a parenting intervention, further research is warranted to understand if any 

of these UF subcomponents better delineates those who showed a clinical 

improvement in CU traits. Gaining a clearer understanding of previously identified 

impaired networks in CP, may lead to the identification of potential biomarkers which 

will be instrumental in improving treatment of CP. 
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5.2 Hypotheses 

(i) In comparison to TD controls, boys with CP will have microstructural 

abnormalities in the anterior and medial branches of the UF, but not the lateral 

branch (i.e. a group x branch interaction driven by the CP group).   

 

(ii) Relative to TD controls, the microstructural changes in the UF which were 

observed across the CP group (as a whole) following treatment (as reported in 

Chapter 4) will be selective to the anterior and medial subcomponents of the 

UF (i.e. a time x group x branch interaction driven by the ‘CP’ group).  

 

(iii) Changes in UF abnormalities which were associated with changes in CU traits 

(as reported in Chapter 4) will be selective to the anterior and medial 

subcomponents of the UF tract (i.e. a time x group x branch interaction driven 

by the ‘CU improvers’ group). 

 

 
5.3 Methods 

5.3.1 Study Design 

The study is a longitudinal case-control study of brain and behaviour in boys with CP 

(ages 5-10 years) and their parents enrolled into an ongoing study examining the 

neural correlates of CP development (Altering Behaviour in Children (ABC) study). 

Ethical Considerations, inclusion and exclusion criteria, and the recruitment 

procedure, are detailed in Chapter 4. In brief, boys with CP (n = 67) and TD boys (n = 

43) completed two MRI scanning sessions, separated by 18±5.8 weeks, with ASB 

assessed at each visit. Parents of the boys with CP also engaged in a parenting 
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intervention between sessions. Using DTI tractography, microstructural differences 

were studied bilaterally in the UF in TD boys in comparison to boys with CP before 

and after a 14-week parenting intervention.  

As the findings from Chapter 4 indicated that microstructural changes in the UF were 

associated with reduction in CU traits, the current chapter will therefore use ‘clinical 

response in CU traits’ to subtype the CP group. As outlined in the previous chapter, 

children with CP whose CU traits improved by 0.4 SD or higher will be referred to as 

‘CU improvers’ and children with CP whose CU traits did not improve by 0.4 SD will 

be classed as ‘CU persisters’. 

5.3.2 Assessments and Research Diagnosis 

At each timepoint clinical symptoms of CP were assessed using the Parental Account 

of Children’s Symptoms (PACS) as the primary outcome measure (Taylor et al., 1996).  

Additionally, at each timepoint levels of CU traits were assessed using the parent-

rated Inventory of Callous-Unemotional Traits (ICU) (Kimonis et al., 2008b) and ADHD 

was assessed using the Conners-3 ADHD assessment (Conners, 2008). Full details 

of the behavioural measures collected can be found in Chapter 2.  

5.3.3 Image Acquisition 

All participants underwent MRI scanning at each timepoint at the Centre for 

Neuroimaging Sciences, King’s College London (KCL). Diffusion-MRI data were 

acquired using a 3T (GE Healthcare MR750) MRI scanner with a 32-channel receive-

only RF head-coil. Diffusion weighted images (DWI) were acquired with a spin-echo 

echo planar imaging pulse sequence with the following parameters: FOV = 256x256 

mm2; voxel size = 2x2x2 mm3; TE = 70 ms; TR = 12 s; 60 diffusion gradient directions; 
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b-value = 1500 s/mm2; 6 non-diffusion-weighted (B0) volumes. Additionally, 6 B0 

volumes were acquired using the opposite phase encoding direction for susceptibility 

distortion correction. All data underwent a full quality control check, where all B0 and 

diffusion weighted volumes were visually inspected for motion artefacts, image 

corruption and signal drop-out effects. Datasets were excluded if head motion 

parameters were two or more SD’s away from the mean, or if a subject had ≥10 DWIs 

or ≥4 B0’s removed due to bad quality data. As reported in Chapter 4, based on these 

criteria, n = 8 individual timepoints were excluded from the analyses. 

5.3.4 Diffusion MRI Data Processing  

DWI data were denoised (Veraart et al., 2016) and corrected for Gibb’s ringing 

artefacts (Kellner et al., 2016) using TORTOISE (Irfanoglu et al., 2017; Pierpaoli et al., 

2010). An off-resonance field was estimated in topup using the pairs of B0 images 

acquired with opposite phase encoding directions (Andersson et al., 2003). 

Simultaneous correction for motion, eddy current distortions, and susceptibility 

distortions (using the topup field) was then performed in eddy (Andersson and 

Sotiropoulos, 2016) with outlier slice replacement (Andersson et al., 2016) and slice-

to-volume motion correction (Andersson et al., 2017). Tractography based on the 

tensor model and the Euler tracking algorithm (Basser et al., 2000) was performed in 

StarTrack (https://www.mr-startrack.com/) according to the following parameters: FA 

threshold = 0.20; step size = 1 mm; angle threshold: 35°. Tensor-derived maps, 

including fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD), and 

radial diffusivity (RD) were calculated. Anisotropic power (AP) maps (Dell’Acqua et al., 

2013), which are diffusion-derived maps that contain a good contrast in both grey and 

white matter, were also computed at this stage. MegaTrack (Dell’Acqua, 2015), a 
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semi-automatic group dissection approach, was adopted to account for the large 

number of subjects. For this purpose, each subject’s AP maps of time points 1 and 2 

were used to create a subject-level template which is not biased toward either time 

point. The subject-specific AP templates were then combined to create a group-level 

AP template. All image normalisation steps were performed using ANTs (Avants et al., 

2014). The resulting transformations were applied to each subject’s native space 

tractogram, then all tractograms were concatenated to create the final ‘mega’ 

tractogram for virtual dissection. 

5.3.5 Regions of Interest / Tractography Dissection 

Virtual dissections were performed in TrackVis (http://trackvis.org/). Reconstruction of 

each branch of the UF was performed one hemisphere at a time using a two region of 

interest (ROI) approach (Catani and Thiebaut de Schotten, 2008). The first inclusion 

ROI for all three branches of the UF was defined in the anterior temporal lobe [see 

Supplementary Figure S5.1]. Based on the close proximity between the anterior and 

lateral branches extending to the frontopolar cortex (BA 10 and 32) and lateral orbital 

gyri (BA 11 and 47) respectively (Thiebaut de Schotten et al., 2012), the Glasser atlas 

from the Human Connectome Project (Glasser et al., 2016) was used as an anatomical 

guide to clearly define the inclusion ROIs for these branches. Based on these 

anatomical guidelines, the second ROI for the anterior branch was composed of the 

medial orbital and anterior orbital gyri, and the ROI for the lateral UF was composed 

of the lateral orbital gyrus (Figure 5.2). ROIs were then warped to the group AP 

template. For the dissection of the medial branch of the UF, a second inclusion 

spherical ROI was defined in the subgenual cingulate cortex (Bhatia et al., 2018) 

[Supplementary Figure S5.1]. Additional exclusion ROIs were used to manually 
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remove any streamlines that did not belong to the UF. Once virtual dissections were 

completed, the MegaTrack framework was used to extract tract-specific 

measurements from each subject’s native space data. These included macrostructural 

metrics (track count and volume) and microstructural metrics (FA, MD, RD, and AD).  

The three tracts of interest were dissected as shown in Figure 5.3. 

Figure 5.2. Anisotropic power (AP) maps with overlaid regions of interest using the Glasser atlas 

from the Human Connectome Project for the lateral branch (blue) and anterior branch (pink). This 

data is from the MegaTrack dataset representing 110 individuals across two timepoints 

 



 
 

163 

 

Figure 5.3. Tractography reconstruction of the three individual subcomponents of the right uncinate 
fasciculus from one subject. Figure 5.3A represents the anterior subcomponent of the UF (yellow) 
which extends to the frontopolar and ventromedial prefrontal cortex. Figure 5.3B represents the 
lateral subcomponent (blue) which extends to the lateral orbital gyrus and Figure 5.3C represents 
the medial subcomponent (red) which extends to the subgenual area. 

5.3.6 Statistical Analysis 

This post hoc study is based on the key findings reported in Chapter 4 (i.e., significant 

reduction in MD and RD were reported in children with CP following a parenting 

intervention). However, based on the exploratory nature of this analysis, and the 

growing body of evidence to support that youth with CP have significant impairments 

in several DTI measures (Breeden et al., 2015; Graziano et al 2022; Maurer et al., 

2020; Pape et al., 2015; Passamonti et al., 2012; Sarkar et al., 2013; Zhang et al., 



 
 

164 

2014), statistical tests were therefore run for all DTI metrices (i.e. FA, MD, RD and 

AD).  

Data was analysed in IBM SPSS version 27.0 using linear mixed effects models to 

compare differences in FA, MD, RD and AD in each of the three subcomponents of 

the UF. To ensure robustness of microstructural sampling, individual white matter 

pathways with less than five streamlines were excluded from subsequent analyses 

[Supplementary Table S5.1]. Normal Q-Q plots showed normally distributed residuals 

for each branch. Linear mixed effects models were run for all DTI measures (FA, MD, 

RD, AD) with ‘Group’ (Controls vs. CP / Controls vs. CU Improvers vs. CU Persisters), 

‘Time’ (pre-intervention & post-intervention) and ‘Branch’ (Anterior, Lateral, Medial) as 

fixed effects. Firstly, significant Group-by-Branch interactions were assessed to 

examine microstructural differences between the CP and TD groups on one or more 

of the individual branches, and secondly, significant Time-by-Group-by-Branch effects 

were examined to assess for any differential effects of treatment between the groups 

on one or more of the individual branches. All analyses controlled for age, IQ, ADHD, 

maternal education (as a measure of SES) and head motion in scanner. 

Reported p-values for AD and RD measures were adjusted for the false discovery rate 

(FDR) using the Benjamini-Hochberg procedure at q=0.05 (Benjamini and Hochberg, 

1995). As MD and FA are combined measures of parallel (AD) and perpendicular (RD) 

diffusivity (Scholz et al., 2013), an FDR correction was employed on the two 

independent measures (AD and RD) only, as correcting for outcome measures which 

are interdependent is overly conservative, increasing Type II error risk (Sethi et al., 

2018b).  
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5.4 Results 

5.4.1 Demographics  

The CP and TD control groups were matched on age and length of time between 

scans. There were no significant differences between groups for handedness, motion 

in scanner or days between scanning sessions. Differences in ADHD between the 

groups were observed, as well as differences in SES and IQ (Table 5.1).  

Table 5.1. Sample Characteristics for the Conduct Problem group and Control Group 
  Mean (SD) F p 
 TD Controls CP   
n 43 67   
Age (months) 101.80 (18.35) 103.12(18.10) 0.132 p=0.717 
IQ 109.16 (15.5) 102.72 (13.72) 5.13 p=0.025 
Handedness  -6.72 (3.68) -5.92 (6.07) 0.36 p=0.548 
SES (Maternal Edu.) 5.68 (2.33) 4.18 (2.65) 8.45 p=0.005 
ADHD 16.10 (9.79) 53.94 (16.26) 186.93 p<0.001 
Motion in Scanner  0.36 (0.29) 0.44 (0.33) 1.93 p=0.167 
Days between T1 & T2 
scans 

122.62 (27.63) 124.31 (37.02) 0.06 p=0.798 

TD = Typically Developing; CP = Conduct Problems; IQ = Intelligence Quotient; SES = Socio-
Economic Status; ADHD = attention deficit hyperactivity disorder; T1 = Timepoint 1; T2 = Timepoint 
2; SD = Standard Deviation 

 

5.4.2 Clinical Data 

Children with CP had significantly reduced CP symptoms (Pre: 1.55±0.55, Post: 

1.36±0.56; F(1,63.19)=13.03, p<0.001) and CU traits (Pre: 34.35±1.39, Post: 30.77±1.39; 

F(1,186.89)=34.36, p<0.001) following intervention. Full details of the results of the 

behavioural data can be found in Chapter 4. 
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5.4.3 DTI Tractography 

Hypothesis 1: CP Group versus TD Control Group 

A Group-by-Branch interaction was observed across hemispheres between the CP 

group and TD control group with respect to AD (F(2,902.36)=4.02, p=0.018) and FA 

(F(2,904.36)=5.86, p=0.003). FDR adjustment was applied to AD, the independent 

measure, which survived multiple correction (q=0.042). Post hoc pairwise 

comparisons did not find any between-group differences in AD in any of the individual 

UF branches (Table 5.2). However, pairwise comparisons revealed that within the TD-

control group, the anterior branch had significantly higher AD in comparison to the 

lateral (p<0.001) and the medial (p<0.001) branches, and the medial branch had 

significantly increased AD relative to the lateral branch (Figure 5.4). Similarly, within 

the CP group, a significant increase in AD was observed in the anterior branch in 

comparison to the lateral (p<0.001) and medial branches (p<0.001) (Figure 5.4). 

Likewise, with respect to FA, post hoc pairwise comparisons did not find any between-

group differences in any of the UF subcomponents (Table 5.3). However, both the TD-

control group and CP group individually showed significantly reduced FA in the medial 

branch in comparison to the anterior and lateral branches (Figure 5.5). 

Table 5.2. Group Differences in Axial Diffusivity (AD). Post hoc pairwise comparisons for group 
differences (between control group and conduct problems group) in AD in each individual branch 
of the uncinate fasciculus (UF). 
 
UF branch F DF p η2 
Anterior branch 1.086 1, 101.96 0.300 0.01 

Lateral branch 1.895 1, 108.36 0.171 0.02 

Medial branch 0.082 1, 103.46 0.776 0.0007 

DTI = diffusion tensor imaging; DF = degrees of freedom. These F tests are based on the linearly 
independent pairwise comparisons among the estimated marginal means. 
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Table 5.3. Group Differences in Fractional Anisotropy (FA). Post hoc pairwise comparisons for 
group differences (between control group and conduct problems group) in FA in each individual 
branch of the uncinate fasciculus (UF). 

UF branch F DF p η2 

Anterior branch 0.919 1, 105.92 0.340 0.008 

Lateral branch 0.011 1, 115.23 0.917 0.00009 

Medial branch 3.128 1, 108.11 0.080 0.02 

DTI = diffusion tensor imaging; DF = degrees of freedom. These F tests are based on the linearly 
independent pairwise comparisons among the estimated marginal means. 
 

Figure 5.4. Group-by-Branch Interaction. Differences in axial diffusivity (AD) in each branch of 
the uncinate fasciculus (UF) for the control group and the CP group. Graphs represent data across 
both timepoints. CP=Conduct Problems. 
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Figure 5.5. Group-by-Branch Interaction. Differences in fractional anisotropy (FA) in each 
branch of the uncinate fasciculus (UF) for the control group and the CP group. CP=Conduct 
Problems. 

 

Hypothesis 2: CP Group versus TD Control Group (Effect of Treatment) 

There were no significant Time-by-Group-by-Branch interactions observed for any DTI 

measure (AD, FA, RD, MD) between the CP group and the TD-control group (Table 

5.4). 

Table 5.4. Control vs CP - Linear Mixed Models investigating Time-by-Group-by-Branch 
interactions for DTI measures in each separate subcomponents of the uncinate fasciculus (UF). 
 
DTI measure F DF p η2 
Axial Diffusivity 0.291 2, 899.17 0.747 0.0006 

Radial Diffusivity 0.455 2, 898.25 0.635 0.0010 

Medial Diffusivity 0.513 2, 898.10 0.599 0.0011 

Fractional Anisotropy 0.361 2, 899.78 0.697 0.0008 
DTI = diffusion tensor imaging; DF = degrees of freedom. These tests report the Tests of Fixed effects 

for each DTI measure. 
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Hypothesis 3: ‘CU improvers’ vs ‘CU persisters’ vs ‘TD Control Group’ (Effect of 

Treatment)  

There were no significant Time-by-Group-by-Branch interactions found for any DTI 

measure (AD, FA, RD, MD) between the CU improvers, CU persisters and the TD 

control group (Table 5.5).  

Table 5.5. CU improvers vs CU persisters vs TD Controls - Linear Mixed Models investigating 
Time-by-Group-by-Branch interactions for DTI measures in each separate subcomponent of the 
uncinate fasciculus (UF). 
 
DTI measure F DF p η2 
Axial Diffusivity 0.435 4, 877.06 0.783 0.0019 

Radial Diffusivity 0.401 4, 876.28 0.808 0.0018 

Medial Diffusivity 0.300 4, 876.06 0.878 0.0013 

Fractional Anisotropy 0.552 4, 877.74 0.698 0.0025 

DTI = diffusion tensor imaging; DF = degrees of freedom; CU = Callous-unemotional; TD = 
Typically Developing. These tests report the Tests of Fixed effects for each DTI measure. 
 

However, there was a significant Group-by-Branch interaction observed across 

hemispheres between the three groups for AD (F(4,878.00)=2.96, p=0.021) (which 

survived FDR adjustment q=0.04). Post hoc pairwise comparisons revealed that the 

CU persisters had significantly higher AD in the medial branch of the UF overall across 

both timepoints, compared to the CU improvers (p=0.015) (Figure 5.6). There were no 

other significant differences observed between the groups. 

With respect to FA, there was also a significant Group-by-Branch interaction observed 

across hemispheres between the ‘CU improvers’, ‘CU persisters’ and the TD control 

group (F(4,882.05)=3.19, p=0.013). Post hoc pairwise comparisons revealed that in the 

medial subcomponent of the UF, the ‘CU persisters’ had significantly reduced FA in 

comparison to the control group (p=0.015) (Figure 5.7).  
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Figure 5.6. Group-by-Branch Interaction. Axial diffusivity (AD) comparison between controls (Ctrl), 
CU persisters and CU Improvers in the three subcomponents of the uncinate fasciculus (UF) – the 
anterior, lateral and medial branches. The CU persisters had significantly higher AD across 
hemispheres in the medial branch which survived multiple correction. Graphs represent data across 
both timepoints. 

 

Figure 5.7. Group-by-Branch Interaction. Fractional Anisotropy (FA) comparison between 
controls (Ctrl), CU persisters and CU Improvers in the three subcomponents of the uncinate 
fasciculus (UF) – the anterior, lateral and medial branches. In the medial branch the CU persisters 
had significantly reduced FA in comparison to the control group. Graphs represent data across 
both timepoints. 



 
 

171 

5.5 Discussion 

The current chapter aimed to firstly examine whether early-onset CP is associated 

with abnormalities in specific branches of the UF, and secondly, if the results reported 

in Chapter 4 are selective to these branches. The key findings reported from the 

current study were as follows. The first prediction that boys with CP will have 

microstructural abnormalities in the anterior and medial branches of the UF, but not 

the lateral branch (relative to TD controls) was not supported as there were no group 

differences observed. Secondly, UF abnormalities which decreased in boys with CP 

following the parenting intervention (as reported in Chapter 4) were not selective to 

any individual UF subcomponents (thus, not supporting our second hypothesis). 

Finally, contrary to our third a priori hypothesis, there were no changes in UF 

microstructure associated with changes in CU traits.  

However, a key finding that did emerge when testing the third hypothesis, was that 

children with CP with persistent CU traits have microstructural differences in the 

medial subcomponent of the UF (but not the anterior subcomponent), and these 

microstructural differences appear to remain stable in this subgroup after an 

intervention. Specifically, group differences were observed in the medial branch of the 

UF across both timepoints for AD and FA, between the TD controls, ‘CU persisters’ 

and ‘CU improvers’. Post hoc analyses revealed that the boys with CP with persistent 

CU traits (CU persisters) had significantly higher AD in the medial UF compared to 

those whose CU traits improved (CU improvers). In addition, post hoc tests also 

revealed that the ‘CU persisters’ had significantly reduced FA in this same branch 

compared to TD controls, suggesting that the CU persisters have reduced white matter 

integrity in the medial UF subcomponent relative to TD children. These findings may 
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imply that microstructural impairments in the medial UF predate those in the main body 

of the uncinate (that includes the lateral and anterior branches). Therefore, the medial 

UF may represent an earlier marker of neural differences associated with persistent 

CU traits than the other branches of the UF. Moreover, recent research from a 

functional resting state MRI study reported that less positive forms of parenting may 

affect the amygdala-subgenual ACC connection, which subsequently could contribute 

to mental health problems (Miller et al., 2021). Albeit highly speculative, it is plausible 

that the medial UF (which connects the amygdala to the subgenual cingulate cortex) 

may be particularly sensitive to negative parenting styles, which could be a 

contributing factor to these microstructural abnormalities observed in this branch. 

Future DTI studies, however, are needed to investigate this hypothesis more 

thoroughly.   

Unexpectedly, there were no significant findings observed between any of the groups 

in the anterior UF (which extends towards the frontopolar and vmPFC), contrary to 

what was hypothesised. While dysfunction in the frontopolar cortex has been 

associated with ASB (Aoki et al., 2014a), particularly in the early-onset cohort 

(Tiihonen et al., 2008), impairments in the vmPFC on the other hand appears to be 

associated with psychopathic traits (Barrash et al., 2010; Bechara et al., 1997; Blair, 

2008a; Damasio et al., 1994; Decety et al., 2013; Finger et al., 2008; Krajbich et al., 

2009). Therefore, a possible explanation for the absence of significant findings in this 

branch, could be that based on the heterogeneous nature of CP, the cohort in current 

study may not have been fractionated into subgroups which distinguish those ‘with’ 

versus ‘without’ neural impairments related to psychopathy. Based on our a priori 

hypothesis for the primary UF study (as detailed in Chapter 4), the CP group in the 

current study was fractionated into those whose CU traits ‘improved’ or ‘persisted’ 
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following intervention, rather than ‘high’ versus ‘low’ CU traits subgroups as previous 

studies have done. As there is no set protocol for subtyping CP populations according 

to the severity of psychopathic or CU traits, previous studies have categorized this 

cohort in various ways. For instance, a median split is often applied to CU scores to 

create subgroups (Fragkaki et al., 2016; Martin-Key et al., 2017), whereas others have 

used CU traits as a dimensional construct (Schwenck et al., 2017). Further, there is 

evidence that CU traits can be further classified into primary and secondary variants 

(Kahn et al., 2013). Primary CU traits, for example, refers to those with a greater 

genetic underpinning and deficits in emotion processing, whereas the secondary 

variant refer to those that are more related to environmental factors, such as parental 

rejection and childhood trauma (See review Craig et al., 2020). This primary and 

secondary distinction has also been drawn in adults with psychopathy and there is 

evidence to support that each variant has distinct neural correlates (Sethi et al., 

2018a). Therefore, distinguishing between primary and secondary CU variants, as well 

as taking into consideration the various methods to fractionate CU traits may yield 

different results in future studies investigating these UF subcomponents. 

It is also important to highlight that in DTI tractography, factors such as the shape, size 

and curving configurations of fibres may affect the virtual reconstruction of a tract, 

which may result in false positive or negative findings (O’ Donnell & Westin 2011). In 

the current chapter, the UF was further dissected into three smaller subcomponents 

(each which varied in curvature, shape and size) which could have potentially 

impacted the results. For instance, DTI tractography can be confounded by regions of 

crossing, “kissing” and “fanning” fibre tracts (Behrens et al., 2007; Wiegell et al., 2000) 

which can cause incorrect estimates of fibre orientation (Daducci et al., 2014). 

Additionally, tractography reconstruction can be subject to inaccuracies due to shape, 
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size and length of white matter pathways, which also may cause the tractography 

algorithms to produce inaccurate or ambiguous estimates. For example, narrow 

bundles (such as the three individual subcomponents of the UF) may be more difficult 

to reconstruct as they could be affected by errors in the tracking mask, which may in 

turn stop streamline propagation (Girard et al., 2014). This may have affected the 

reconstruction of one (or more) of the individual UF subcomponents during the fibre 

tracking process. Future studies should consider this limitation of DTI tractography if 

splitting the UF into smaller subcomponents, and consider whether alternative 

diffusion methods, such as spherical deconvolution (which is known to resolve issues 

such as multiple fibre orientations) may be a more appropriate choice. 

It was also explored if there were microstructural differences in the individual UF 

branches between the CP group (as a whole) in comparison to TD controls. This 

analysis revealed a significant Group-by-Branch interaction, however, when this 

finding was investigated further, it was not group differences driving this interaction 

effect, but rather both groups individually displayed microstructural differences 

between the three separate UF branches (Figure 5.4 & Figure 5.5). Specifically, both 

the CP group and the TD control group had reduced AD in the lateral UF and reduced 

FA in the medial UF, which may suggest this is the typical developmental trajectory of 

the UF branches at this stage of development. A noteworthy observation and limitation 

of the current study is that a proportion of our cohort (both in the CP group and control 

group) had missing data for the lateral UF due to lack of streamlines [Supplementary 

Table S5.1]. As the UF does not develop fully in humans until the third decade of life 

(Olson et al., 2015), it is possible that the lateral branch is the final part of the UF to 

completely develop. This may also explain why there were no group differences 

observed between the CP group and TD control group as hypothesised, as the 
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proportion of missing data for the lateral branch may have reduced the statistical 

power of the study. Future longitudinal research is needed to investigate the 

maturation of these UF subcomponents into adolescence and adulthood, as a deeper 

understanding of the neurodevelopmental trajectory of white matter tracts known to be 

implicated in CP and ASB, could provide us with information on the most promising 

brain regions to target for early intervention with potential novel treatments. 

The current study also investigated if the findings reported in Chapter 4 (i.e., that UF 

abnormalities which ‘normalised’ following a parenting program) would be selective to 

specific subcomponents of the UF. This was firstly explored between the CP and TD 

control groups, however, contrary to the a priori hypothesis in the current study 

(hypothesis 2), there was no Time-by-Group-by-Branch interaction observed for any 

DTI measure. This indicates that the reduction in UF abnormalities in boys with CP 

observed in Chapter 4, were widespread and not selective to the anterior and medial 

subcomponents of the UF. This was further explored between the ‘CU improvers’, ‘CU 

persisters’ and TD control groups to assess if ‘changes in UF abnormalities which were 

associated with a reduction in CU traits’ (as reported in Chapter 4) would be selective 

to the anterior and medial subcomponents of the UF. Again, the absence of a Time-

by-Group-by-Branch interaction suggested that reduced UF abnormalities which were 

associated with a reduction in CU traits, were not selective to any specific UF 

subcomponent. However, as mentioned in the previous paragraph, it is possible that 

the lack of significant findings here may be due to reduced statistical power because 

of several participants not having data for the lateral UF branches. Therefore, 

replication of this study in a larger sample size is recommended.  
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In summary, microstructural impairments were observed across both timepoints (pre 

and post parenting intervention) in the medial subcomponent of the UF in children with 

CP with persistent CU traits. Although this finding requires further investigation, the 

medial subcomponent of the UF may be an early neural marker for children with ASB 

with more stable forms of CU traits. In addition, the current study also showed that UF 

abnormalities in children with CP that reduced following treatment (as reported in 

Chapter 4) were widespread and did not map on to a specific UF subcomponent.  
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5.6 Chapter 5: Supplementary Material 

 
Figure S5.1. Placement of the regions of interest for each of the three individual subcomponents 

of the left uncinate fasciculus from the MegaTrack dataset. Note: Dissection protocols are based 

upon those practiced by the expert operators within the Natbrainlab, King’s College London.	  
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Table S5.1. Number of subjects with eligible data for each UF subcomponent. To ensure 
robustness of results, data from an individual UF branch was excluded if the participant had 
less than 5 streamlines in that branch 

UF Branch N (CP / TD) 

Anterior Left (T1) 108 (42 / 66) 

Anterior Right (T1) 110 (43 / 67) 

Anterior Left (T2) 107 (42 / 65) 

Anterior Right (T2) 110 (43 / 67) 

Lateral Left (T1) 85 (32 / 53) 

Lateral Right (T1) 84 (33 / 51) 

Lateral Left (T2) 78 (29 / 49) 

Lateral Right (T2) 80 (27 / 53) 

Medial Left (T1) 110 (43 / 67) 

Medial Right (T1) 92 (36 / 56) 

Medial Left (T2) 109 (43 / 66) 

Medial Right (T2) 98 (39 / 59) 

 
UF = Uncinate fasciculus; CP = Conduct Problems; TD = Typically Developing controls T1 = 
Timepoint 1; T2 = Timepoint 2 
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Chapter 6. Exploring the Ventral Amygdalafugal 
Pathway in Boys with Conduct Problems 

 

6.1 Chapter Overview 

Diffusion tensor imaging (DTI) tractography is a non-invasive imaging method which 

has facilitated the study of the white matter tracts that connect different brain regions 

(Catani et al., 2002). Previous studies has provided evidence of microstructural 

abnormalities in youth with CP and adults with ASB, in white matter tracts associated 

with the limbic system, such as the uncinate fasciculus (UF), dorsal mode network, 

corpus callosum and the cingulum  (Craig et al., 2009; Finger et al., 2012; González-

Madruga et al., 2020; Maurer et al., 2020; Menks et al., 2017; Passamonti et al., 2012; 

Rogers et al., 2019; Sarkar et al., 2013; Sethi et al., 2018b, 2015; Wolf et al., 2015). 

However, the white matter tracts that connect limbic regions have not been 

comprehensively studied in this cohort. 

6.1.1 Ventral Amygdalofugal Pathway 

The ventral amygdalofugal pathway (VAF), argued to form part of the ansa 

peduncularis white matter fibre bundles (Klinger and Gloor, 1960; Li et al., 2020), is 

one of the major efferent pathways from the amygdaloid complex, in addition to the 

stria terminalis and the anterior commissure (Haines and Mihailoff, 2017; Noback et 

al., 2005). The VAF projects from the central and basolateral amygdaloid nuclei (Mori 

et al., 2017; Noback et al., 2005) to the striatum (particularly the nucleus accumbens), 

subgenual anterior cingulate cortex (ACC) and septal nuclei, the midline nuclei of the 

thalamus and hypothalamic regions and towards the basal forebrain (Kamali et al., 

2016; Nieuwenhuys et al., 2008; Noback et al., 2005). Despite its widespread 
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connections to many important brain regions in the limbic system, few studies have 

provided a detailed anatomical description of the VAF, which may be due to its fine, 

delicate connections, as well as being interweaved with a bundle of limbic tracts that 

are hidden and difficult to dissect (Kamali et al., 2016; Pascalau et al., 2018). Recently 

however, more fine-grained DTI tractography techniques have been able to identify 

subcomponents of the VAF and a more detailed description of its neuroanatomy in 

healthy human adults (Kamali et al., 2016; Li et al., 2020), suggesting that the VAF is 

an important part of the limbic system which may be involved in emotion processing, 

decision making, learning, memory and social behaviour (Kamali et al., 2016; Li et al., 

2020; Noback et al., 2005). However, despite connecting brain regions that have 

reported significant structural and functional alterations in both youth with CP and 

adults with psychopathy (Hoppenbrouwers et al., 2013; Zhou et al., 2015), there are 

no studies to-date that have explored the VAF pathway in youths with CP compared 

to typically-developing (TD) individuals.  

6.1.2 Ventral Amygdalofugal Pathway and the Endocrine System 

One subcomponent of the VAF that may be of particular relevance to CP is the 

amygdala-hypothalamic connection. The hypothalamus, a brain region involved in a 

myriad of circuits which regulate the endocrine system (Saper and Lowell, 2014), is a 

core initiator of the hypothalamic-pituitary-adrenal (HPA) axis - the body’s main 

physiological system that mediates stress response. The HPA axis responds to 

stressors by enhancing the synthesis and release of corticotropin-releasing hormone 

(CRH), which in turn stimulates the secretion of adrenocorticotropic hormone (ACTH) 

in the anterior pituitary (Aguilera, 1994; Antoni, 1986; Vale et al., 1981). Once ACTH 

is released and in circulation, it induces the release of the glucocorticoid – cortisol, via 

the adrenal cortex into the bloodstream, causing an inhibitory effect in the HPA axis 
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(Gjerstad et al., 2018). Previous studies have reported cortisol-related abnormalities 

within the HPA axis in youth with CP, and these abnormalities may be heightened in 

those with high levels of CU traits (Fairchild et al., 2018). Another hormone which has 

been intrinsically linked to its interaction with the HPA axis is oxytocin, a neuropeptide 

known for its important role in prosocial behaviour (Bartz et al., 2011; Guastella and 

Hickie, 2016). Even though CRH is thought to be the main activator of the HPA axis, 

there is also evidence to suggest that oxytocin can induce activity of the HPA axis in 

response to stressful stimuli through a co-interaction with the CRH system (Nishioka 

et al., 1998; Torner et al., 2017). There is recent evidence to suggest that the oxytocin 

system is impaired in children with CP (Bakker-Huvenaars et al., 2020) and studies 

have reported reduced oxytocin activity in CP/CU+ versus CP/CU- children, (for 

example, reduced salivary and serum oxytocin levels and increased DNA methylation 

of the oxytocin receptor gene (Aghajani et al., 2018; Azzam et al., 2022; Dadds et al., 

2014; Levy et al., 2015). Taken together, this suggests that abnormalities in the 

hypothalamus and the amygdaloid-hypothalamic network may play a role in 

influencing CP severity and CU traits, (Johnson et al., 2014; Oosterlaan et al., 2005; 

Pajer et al., 2001), however to-date nobody has investigated this white matter tract in 

CP. Secondly, it is unknown if these proposed microstructural abnormalities can be 

reversed following successful treatment for CP. Finally, as there are limited studies 

describing the anatomy of the VAF, particularly in neurodevelopmental disorders, 

standardisation of dissection protocols is warranted. 

6.1.3 White Matter Dissection Reliability and Agreement  

Although manual virtual dissections of white matter tracts have been described as the 

most anatomically accurate method when carried out by a trained rater, this can be a 

very time-consuming process particularly for large cohort studies (Aarnink et al., 
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2014). In recent years, a novel, reliable, semiautomatic approach named MegaTrack 

has been used to carry out tractography dissection among several subjects 

simultaneously (Dell’Acqua, 2015). While there is evidence to support that MegaTrack 

is an effective dissection method for larger DTI tracts such as the arcuate fasciculus 

and the cortico-spinal tract (Dell’Acqua, 2015), it is unknown whether it is a reliable 

tool for the dissection of smaller tracts such as the VAF. Additionally, as there are 

limited studies describing the anatomy of the VAF, comparing the semiautomatic 

dissection approach to manual individual dissections is warranted to ensure robust 

results for the current study.  

6.2 Aims and Hypotheses 

The primary aims of the present study will be to investigate for the first time if a) there 

are abnormalities in the white matter microstructure of the VAF in children with CP 

compared to controls, and b) if any abnormalities observed in the CP group would be 

remediated following a parent-training intervention.  

While the main focus of this thesis is to understand the neural correlates of treatment 

response and persistence in children with CP, the current study will additionally 

examine the influence of CU traits on the microstructural properties of the VAF 

pathway based on; a) the association between CU traits and amygdaloid-hypothalamic 

network (which linked to the oxytocin system), and b) because this tract has not yet 

been explored in CP. As there is no set protocol for subtyping CP populations 

according to the severity of psychopathic or CU traits, previous studies have 

categorized this cohort in various ways. For instance, a median split is often applied 

to CU scores to create subgroups (Fragkaki et al., 2016; Martin-Key et al., 2017), 

whereas others have used CU traits as a dimensional construct (Schwenck et al., 



 
 

183 

2017). In the current study it was decided that for this additional hypothesis, the CP 

group would be split into high and low CU subgroups (CP/CU+ and CP/CU-) similar to 

prior hormonal studies which have examined the oxytocin system in CP (Dadds et al., 

2014; Levy et al., 2015; Levy et al., 2017).  

Finally, based on the limited number of human studies conducted on the VAF and due 

to its small size in comparison to other limbic tracts, it will be investigated if individual 

manual white matter dissections would produce a high rate of reliability when 

compared to dissections carried out using a novel semiautomatic approach named 

MegaTrack. 

As mentioned above, there have been no previous studies conducted in the VAF in 

CP, however based on the association of this tract to the amygdaloid-hypothalamic 

network, and based on prior hormonal and fMRI studies reporting abnormalities in 

children with CP, it is hypothesised that:  

(i)  In comparison to typically developing (TD) controls, the CP group will have 

white matter differences in the VAF (as indexed by fractional anisotropy (FA), 

mean diffusivity (MD), axial diffusivity (AD) and radial diffusivity (RD), 

streamline count and volume) (i.e. a group effect driven by the CP group). 

(ii) A parenting intervention will normalize any microstructural differences in the 

VAF in boys with CP (i.e. a time x group interaction driven by the CP group).   

(iii)  Boys with CP with high CU traits (CP/CU+) will have heightened 

microstructural differences in the VAF in comparison to boys with CP with low 

CU traits (CP/CU-) or TD controls (i.e. a group effect driven by the CP/CU+ 

group).  
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6.3 Methods 

6.3.1 Sample 

The study is a longitudinal case-control study of brain and behaviour in boys with CP 

(ages 5 - 10 years) and their parents, enrolled into an ongoing study examining the 

neural correlates of CP development (Altering Behaviour in Children (ABC) study). 

Ethical Considerations, inclusion and exclusion criteria, and the recruitment 

procedure, are detailed in Chapter 4. In brief, boys with CP (n = 67) and TD boys (n = 

43) completed two MRI scanning sessions, separated by 18 ± 5.8 weeks, with ASB 

assessed at each visit. Parents of the boys with CP also engaged in a parenting 

intervention between sessions. Using DTI tractography, microstructural differences 

were studied bilaterally in the VAF in TD boys in comparison to boys with CP, before 

and after a 14-week parenting intervention.  

6.3.2 Assessments and Research Diagnosis 

At each timepoint clinical symptoms of CP were assessed using the Parental Account 

of Children’s Symptoms (PACS) as the primary outcome measure (Taylor et al., 1996).  

Additionally, at each timepoint levels of CU traits were assessed using the parent-

rated Inventory of Callous-Unemotional Traits (ICU) (Kimonis et al., 2008b). Full 

details of the behavioural measures collected can be found in Chapter 4.  

6.3.3 Image Acquisition and Preprocessing 

Details of image acquisition and preprocessing can be found in Chapter 4. 
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6.3.4 Delineation of Regions of Interest 

Individual Manual Dissections 

All virtual manual dissections of the VAF were performed in TrackVis 

(http://trackvis.org/). The FA, MD, AD and RD maps which were produced in StarTrack 

were transferred to the TrackVis graphical user interface (GUI). Reconstruction of the 

VAF was performed one hemisphere at a time using a two region of interest (ROI) 

approach (Catani and Thiebaut de Schotten, 2008) on each individual subject’s FA 

map. The first inclusion ROI was defined in the medial temporal lobe and the second 

ROI was placed around the anterior thalamus / hypothalamus region (Figure 6.1). 

Following the extraction of streamlines passing through both ROIs, additional 

exclusion ROIs were used to manually remove any streamlines that did not belong to 

the VAF. Once each individual dissection was complete, track specific measurements 

for each subject were extracted from TrackVis into Excel. These included 

macrostructural metrics (track count and volume) and microstructural metrics (FA, MD, 

RD, and AD).  Figure 6.2 represents the left and right VAF from a single subject from 

the ABC Study. 



 
 

186 

Figure 6.1. Virtual in vivo dissection of the ventral amygdalofugal Pathway (VAF) with overlaid 
regions of interest in the left and right hemisphere on one individual subject. 

 

Figure 6.2. Tractography representation of the left and right ventral amygdalofugal pathway (VAF) 
representing one individual on a Fractional Anisotropy (FA) map. 

 

MegaTrack Dissections 

MegaTrack (Dell’Acqua, 2015), a semi-automatic group dissection approach, was 

adopted to account for the large number of subjects. For this purpose, each subject’s 

AP maps of time points 1 and 2 were used to create a subject-level template which is 

not biased toward either time point. The subject-specific AP templates were then 

combined to create a group-level AP template. All image normalisation steps were 
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performed using ANTs (Avants et al., 2014). The resulting transformations were 

applied to each subject’s native space tractogram, then all tractograms were 

concatenated to create the final ‘mega’ tractogram for virtual dissection. Similar to the 

manual individual dissections as described above, the virtual dissections for 

MegaTrack were performed in TrackVis (http://trackvis.org/). Reconstruction of the 

VAF was performed one hemisphere at a time using a two region of interest (ROI) 

approach (Catani and Thiebaut de Schotten, 2008) using sphere ROIs. The first 

inclusion ROI was defined in the medial temporal lobe and the second ROI was placed 

around the anterior thalamus/hypothalamus region (Figure 6.3). Additional exclusion 

ROIs were used to manually remove any streamlines that did not belong to the VAF. 

Once virtual dissections were completed, the MegaTrack framework was used to 

extract track count and mean values for FA, MD, RD, AD and tract volume (spatial 

occupancy) from each subject’s native space data. Figure 6.3 represents the location 

of the inclusion ROIs used to dissect the MegaTrack dataset. Figure 6.4 represents 

the left and right VAF in the coronal view from the MegaTrack dataset. 
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Figure 6.3. Virtual in vivo dissection of the Ventral Amygdalofugal Pathway (VAF) with overlaid 
regions of interest, in the left hemisphere from the MegaTrack dataset representing 110 individuals 
across two timepoints. 

 

Figure 6.4. Tractography representation of the left and right ventral amygdalofugal pathway (VAF) 
from the MegaTrack dataset on a group anisotropic power (AP) map representing 110 individuals 
across two timepoints. 
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6.3.5 Statistical Analysis 

Data was analysed in IBM SPSS version 27.0 using linear mixed effects models to 

compare differences in FA, MD, RD, AD, volume and streamline count. To ensure 

robustness of microstructural sampling, individual white matter pathways with less 

than five streamlines were flagged for exclusion, however no subjects in the current 

study were excluded based on this threshold. Normal Q-Q plots showed normally 

distributed residuals for the data. 

Microstructural Differences Between Groups 

Linear mixed effects models were run for all DTI measures (FA, AD, RD, MD, volume, 

streamline count) with ‘Group’ (Controls vs. CP / Controls vs. CP/CU+ vs. CP/CU-), 

and ‘Time’ (pre-intervention & post-intervention) as fixed effects. Significant effects of 

‘Group’ were assessed to examine microstructural differences between the CP and 

TD groups. To examine group differences in boys with CP with high vs. low CU traits, 

the CP group were divided into two groups: CP/CU+ (n = 34) and CP/CU- (n = 33), 

following a median split (median=36) on ICU scores (Lozier et al., 2014). Significant 

effects of ‘Group’ were then assessed to determine any macrostructural or 

microstructural differences between the groups (hypothesis 1 & hypothesis 3). 

Significant group-by-time effects were examined to assess for any differential effects 

of treatment between the groups (hypothesis 2). All analyses controlled for age, IQ, 

ADHD, maternal education (as a measure of SES) and head motion in scanner. 

 

Reported p-values for AD, RD and volume were adjusted for the false discovery rate 

(FDR) using the Benjamini-Hochberg procedure at q=0.05 (Benjamini and Hochberg, 

1995). As MD and FA are combined measures of parallel (AD) and perpendicular (RD) 
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diffusivity (Scholz et al., 2013), and as streamline count and volume as also inter-

related (Catani et al., 2016), we employed FDR correction on the independent 

measures (AD, RD and volume) only, as correcting for outcome measures which are 

interdependent is overly conservative, increasing Type II error risk (Sethi et al., 

2018b).  

Intra-rater Reliability and Agreement  

To assess the intra-rater reliability (reliability that reflects the variation of data 

measured by one rater (Aarnink et al., 2014)) between the two virtual dissection 

methods, a two-way mixed effects, absolute agreement Intraclass Correlation 

Coefficients (ICC) model with 95% CI was employed (McGraw and Wong, 1996). ICC 

is a widely used index which has been previously used for measuring reliability and 

agreement between two different measures (Koo and Li, 2016). Based on the 95% 

confidence interval (CI), ICC values were described poor (< 0.5), moderate (0.5 - 0.75), 

good (0.75 - 0.9) or excellent (> 0.9) reliability (Koo and Li, 2016). ICC tests were 

conducted for all tract specific measurements (track count, volume, AD, RD, MD & FA) 

on the entire cohort (CP and TD groups combined) as well as for each group 

separately.  

 

6.4 Results  

6.4.1 Demographics 

Groups were matched on age and length of time between scans. There were no 

significant differences between groups for handedness, motion in scanner or days 

between scanning sessions. Differences in ADHD between the groups were observed, 

as well as differences in SES and IQ (Table 6.1). 
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Table 6.1. Sample Characteristics for the Conduct Problem group and Control Group 
 
 Mean (SD) F p 
 Controls CP   
n 43 67   
Age (months) 101.80 (18.35) 103.12 (18.10) 0.132 p=0.717 
IQ 109.16 (15.5) 102.72 (13.72) 5.13 p=0.025 
Handedness  -6.72 (3.68) -5.92 (6.07) 0.36 p=0.548 
SES (Maternal Edu.) 5.68 (2.33) 4.18 (2.65) 8.45 p=0.005 
ADHD 16.10 (9.79) 53.94 (16.26) 186.93 p<0.01 
Motion in Scanner  0.36 (0.29) 0.44 (0.33) 1.93 p=0.167 
Days between T1 & T2 
scans 

122.62 (27.63) 124.31 (37.02) 0.06 p=0.798 

TD = Typically Developing; CP = Conduct Problems; IQ = Intelligence Quotient; SES = Socio-
Economic Status; ADHD = attention deficit hyperactivity disorder; T1 = Timepoint 1; T2 = Timepoint 
2; SD = Standard Deviation 

6.4.2 Clinical Data 

Children with CP had significantly reduced CP symptoms (Pre: 1.55±0.55, Post: 

1.36±0.56; F(1,63.19)=13.03, p<0.001) and CU traits (Pre: 34.35±1.39, Post: 30.77±1.39; 

F(1,186.89)=34.36, p<0.001)  following intervention. Full details of the behavioural data is 

reported in Chapter 4. 

6.4.3 DTI Tractography 

DTI Dissection Protocols 

To keep dissection protocols consistent with the DTI methods employed in Chapters 

4 and 5, the tractography results presented in the current section are analysed from 

the MegaTrack dataset. However, based on the exploratory nature of this tract, 

analyses were also run using the data extracted the individual dissection method 

which are reported in the supplementary material for this chapter. With the exception 

of ‘tract volume’ as outlined below, there were no other significant differences in the 

findings when comparing the results obtained from the MegaTrack dataset to the 

results obtained from the individual dissection dataset.   
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DTI Tractography Results 

 

Hypothesis 1: Group Differences (CP vs TD controls) 

Upon examining the first hypothesis, a significant difference in tract volume was 

observed overall across both timepoints, in the VAF between the CP and TD group 

(F(1,93.550)=4.247, p=0.042, η2=0.04) (Figure 6.5), however, this result did not survive 

correction for multiple comparisons (q=0.25). It is noteworthy that this significant 

finding was not observed when running the same analysis on the data which was 

individually dissected (see Supplementary material – Table S6.1). There were no other 

statistically significant effects of group observed for any other DTI measure between 

the CP group and TD controls (Table 6.2). 

 

Figure 6.5. Group differences in volume in the ventral amygdalofugal pathway (VAF). The CP 
group had a significantly reduced tract volume in the VAF across both timepoints and both 
hemispheres in comparison to the TD control group. However, this result did not survive correction 
for multiple comparisons.  
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Table 6.2. Estimated Marginal Means for Group effects (uncorrected for multiple comparisons) 
between the conduct problems group and typically developing control group from the MegaTrack 
dataset. 
 Mean (Std. Err)     
 Controls CP F df p η2  
Axial Diffusivity 1.170 (0.006) 1.170 (0.005) 0.027 92.897 0.971 0.0002 

Radial Diffusivity 0.633 (0.005) 0.638 (0.004) 0.426 94.581 0.516 0.0048 

Mean Diffusivity 0.812 (0.005) 0.815 (0.004) 0.246 94.255 0.621 0.0026 

Fractional Anisotropy 0.377 (0.005) 0.371 (0.004) 0.774 94.423 0.381 0.0081 

Volume 3.471 (0.161) 2.961 (0.124) 4.247 93.550 0.042 0.04 
Track Count 154.994 (9.572) 127.654 (7.328) 3.460 92.600 0.066 0.04 

 

Hypothesis 2: Effect of Treatment 

There were no group-by-time interactions observed for any of the DTI indices, 

indicating that the VAF microstructure in the did not significantly change in either group 

between Timepoint 1 and Timepoint 2 (Table 6.3).  

Table 6.3. Estimated Marginal Means for Group*Time (uncorrected for multiple comparisons) from 
the MegaTrack dataset. 

 
 Mean (Std. Err)     

 Controls CP F df p η2 
Axial Diffusivity  
T1 1.172 (0.006) 1.173 (0.005) 0.262 283.519 0.609 0.0009 
T2 1.168 (0.006) 1.167 (0.005)  
Radial Diffusivity  
T1 0.634 (0.006) 0.640 (0.004) 0.388 283.509 0.534 0.0013 
T2 0.632 (0.006) 0.636 (0.004)  
Mean Diffusivity  
T1 0.813 (0.005) 0.818 (0.004) 0.459 284.057 0.499 0.0016 
T2 0.811 (0.005) 0.813 (0.004)  
Fractional Anisotropy  
T1 0.377 (0.005) 0.370 (0.004) 0.04 282.682 0.842 0.0001 
T2 0.377 (0.005) 0.371 (0.004)  
Volume  
T1 3.492 (0.165) 2.933 (0.127) 1.306 282.011 0.254 0.0046 
T2 3.451 (0.164) 2.989 (0.126)  
Track Count  
T1 153.59 (10.023) 127.60 (7.699) 0.138 283.930 0.711 0.0048 
T2 156.39 (9.921) 127.70 (7.668)  
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Hypothesis 3: Group Differences (CP/CU+ vs CP/CU- vs TD controls) 

Next it was examined if boys with CP with high CU traits had a significant difference 

in white matter microstructure in the VAF compared to the CP/CU- group and TD 

controls. There was a significant difference in tract volume observed between the three 

groups (F(2,93.303)=3.262, p=0.043, η2=0.07) (Figure 6.6), although this result did not 

survive correction for multiple comparisons (q=0.252). Post hoc pairwise comparisons 

revealed that this difference was between the TD and CP/CU- group (p=0.024). There 

were no significant differences in white matter microstructure (AD, FA, RD, MD) or 

‘streamline count’ observed between any of the three groups (Table 6.4). 

 

Figure 6.6. Group differences in volume in the ventral amygdalofugal pathway (VAF). The CP/CU- 

group had a significantly reduced tract volume in the ventral amygdalofugal pathway across both 

timepoints and both hemispheres in comparison to the TD control group. However, this result did 

not survive correction for multiple comparisons.  
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Table 6.4. Estimated Marginal Means for Group effects (uncorrected for multiple comparisons) 
from the MegaTrack dataset. 

Mean (Std. Err)  

 Controls  CP/CU+ CP/CU- F df p η2 

AD 1.170 (0.006)  1.171 (0.006) 1.168 (0.006) 0.065 91.661 0.937 0.001 

RD 0.623 (0.006) 0.637 (0.005) 0.640 (0.006) 0.274 93.429 0.761 0.005 
MD 0.812 (0.005) 0.815 (0.004) 0.816 (0.005) 0.129 93.093 0.879 0.002 

FA 0.378 (0.005) 0.372 (0.004) 0.368 (0.005) 0.611 93.253 0.545 0.01 
Volume 3.423 (0.163) 2.852 (0.143) 3.133 (0.168) 3.262 92.303 0.043 0.07 

Track  152.53(9.730) 122.087(8.516) 136.287(9.989) 2.545 91.236 0.084 0.05 

 
AD = Axial Diffusivity; RD = Radial Diffusivity; MD = Mean Diffusivity; FA = Fractional Anisotropy; 
Track = Track count; CP/CU+ = CP with high callous-unemotional traits; CP/CU- = CP with low 
callous-unemotional traits 
 

Reliability between Manual and Semiautomatic Dissection Methods 

Intra-rater ICC results across the whole group are presented in Table 6.5. All DTI 

microstructural metrics (FA, MD, RD, and AD) for each hemisphere achieved excellent 

intra-rater reliability (> 0.9), while each hemisphere separately for track count and 

volume achieved either good (0.75 - 0.9) or excellent (> 0.9) reliability. 

Table 6.5. Intraclass correlation coefficients (ICC) across all subjects (two way mixed, 95% CI, 
absolute agreement model) assessing manual and semi-automated dissection methods. ICC 
which shows excellent reliability are shown in bold. 

DTI metric Timepoint 1 (pre-intervention) Timepoint 2 (post-intervention) 
 Left Right Left Right 

AD 0.942 0.975 0.95 0.985 
FA 0.952 0.946 0.95 0.952 
MD 0.92 0.969 0.903 0.975 
RD 0.925 0.956 0.912 0.96 
Track Count 0.886 0.782 0.917 0.822 
Volume 0.906 0.814 0.927 0.817 

 
AD = Axial Diffusivity; RD = Radial Diffusivity; MD = Mean Diffusivity; FA = Fractional Anisotropy 
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After assessing the CP group and TD-control group separately, the CP group showed 

excellent reliability between dissection methods in all microstructural metrics (FA, MD, 

RD, and AD) apart from MD in the left VAF at Timepoint 2 which showed good 

reliability (0.882) (Table 6.6). Track count and volume showed either good or excellent 

reliability. 

Table 6.6. Intraclass correlation coefficients (two way mixed, 95% CI, absolute agreement model) 
assessing manual and semi-automated dissection methods in the Conduct Problem (CP) group. 
ICC which shows excellent reliability are shown in bold. 

DTI metric Timepoint 1 (pre-intervention) Timepoint 2 (post-intervention) 
 Left Right Left Right 

AD 0.967 0.988 0.941 0.99 
FA 0.951 0.967 0.961 0.945 
MD 0.932 0.979 0.882 0.984 
RD 0.923 0.97 0.908 0.967 
Track Count 0.935 0.865 0.896 0.845 

Volume 0.919 0.877 0.931 0.857 

 
AD = Axial Diffusivity; RD = Radial Diffusivity; MD = Mean Diffusivity; FA = Fractional Anisotropy 
 

The TD-control group showed excellent reliability between dissection methods in all 

microstructural metrics (FA, MD, RD, and AD) apart from AD in the left VAF at 

Timepoint 1 which showed good reliability (0.895) (Table 6.7). For the macrostructural 

metrics, track count and volume demonstrated moderate reliability between methods 

in the right hemisphere at Timepoint 1, good reliability in the left hemisphere at 

Timepoint 1 and the right hemisphere at Timepoint 2, and excellent reliability in the left 

hemisphere at Timepoint 2. 
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Table 6.7. Intraclass correlation coefficients (two way mixed, 95% CI, absolute agreement model) 
assessing manual and semi-automated dissection methods in the Typically-developing (TD) 
group. ICC which show excellent reliability are shown in bold. 

DTI metric Timepoint 1 (pre-intervention) Timepoint 2 (post-intervention) 
 Left Right Left Right 

AD 0.895 0.95 0.966 0.972 
FA 0.953 0.925 0.932 0.959 
MD 0.906 0.953 0.925 0.95 
RD 0.928 0.94 0.915 0.947 
Track Count 0.785 0.68 0.934 0.795 

Volume 0.876 0.716 0.913 0.751 

 
AD = Axial Diffusivity; RD = Radial Diffusivity; MD = Mean Diffusivity; FA = Fractional Anisotropy 
 
 
 
6.5 Discussion 

The present chapter aimed to compare diffusivity properties in the VAF in CP boys 

with that of TD control boys, and further aimed to explore if such anatomical 

impairments could be reduced (i.e., in the direction of TD controls) following a 

parenting intervention.  In summary, the findings of the current study indicate that boys 

with CP had significantly lower tract volume in the VAF in comparison to TD controls 

(supporting our first prediction), however this finding did not survive correction for 

multiple comparisons. Secondly, contrary to our second hypothesis, there was no 

effect of the parenting programme on the microstructural properties of the VAF. Finally, 

when fractionating the CP group into CP/CU+ versus CP/CU- and comparing them to 

TD controls, it was revealed that this decrease in volume was driven by the CP/CU- 

group (contrary to what was predicted in the third hypothesis), however, once again 

these findings did not survive correction for multiple comparisons.  

One of the main findings from this study was reduced tract volume in the CP group 

(driven by the CP/CU- group) compared to TD controls, which may reflect a decrease 
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in tract size which may represent reduced axonal numbers and/or myelination (Craig 

2009). Therefore, these findings may warrant follow-up in future studies. However, it 

is noteworthy that these significant results were not observed when the same analyses 

were run on the manually individual dissected data, and therefore these findings 

should be interpreted with caution. Additionally, it has been highlighted that as there 

are lack of studies reporting differences in white matter tract volume (i.e., the volume 

of the tractography derived tract mm3 or cm3) in antisocial populations, it is therefore 

important to take into consideration the microstructural properties (i.e., AD, FA, RD 

and MD) when studying white matter tracts in this cohort (Haney-Caron 2014). 

Contrary to the a priori hypothesis, there were no significant differences observed in 

white matter microstructure (AD, FA, RD and MD) in the VAF between the CP and TD 

control groups. These findings were confirmed by two different methodological 

approaches (i.e., MegaTrack semi-automated dissections vs. manual individual 

dissections) which both produced similar results. Moreover, when the CP group was 

spilt into CP/CU+ versus CP/CU- in comparison to TD controls, the absence of group 

differences remained. As this is the first study to investigate this tract in a CP 

population, these findings may indicate that there are no microstructural impairments 

in this tract in youth with CP, or more specifically in youth with CP/CU+. However, 

there may be alternative reasons why this study did not yield significant group 

differences in white matter microstructure as hypothesised.  

Firstly, it is plausible that impairments in the VAF in children with CP may not be 

evident until the onset of puberty, as white matter development is reportedly influenced 

by puberty and the release of sex hormones (Herting et al., 2012). Although there are 

several white matter tracts which show evidence of microstructural impairments in 
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children with CP at an early age (e.g., the uncinate fasciculus as reported in Chapter 

4), other tracts such as the VAF which project to the hypothalamus – a brain region 

which plays an important role in hormone production may be particularly influenced by 

hormonal changes. As the current sample included boys between the ages of 5-10 

years, it is likely that most of our sample were in the pre-pubertal stage, however 

without an outcome measure assessing pubertal status, this is only speculation. 

Therefore, replication of this study in a post-puberty adolescent sample or an adult 

ASB cohort may produce alternative findings.  

Secondly, microstructural differences between the CP group and TD control group 

may only be evident in the amygdala-hypothalamic connection of the VAF, based on 

its association with the oxytocin system, which is reportedly dysfunctional in CP 

(Bakker-Huvenaars et al., 2020), with additional research suggesting that these 

impairments may be heightened in those with CP/CU+ (Aghajani et al., 2018; Azzam 

et al., 2022; Dadds et al., 2014; Levy et al., 2015). Therefore, future studies could 

delineate this tract individually according to its three main projections (i.e., amygdala-

thalamus, amygdala-hypothalamus and amygdala-basal forebrain) to investigate if 

any one specific projection may be impaired in boys with CP or within CP subgroups 

(CP/CU+ vs CP/CU). Doing so will not only demonstrate a more detailed 

understanding of this novel tract but could help in our comprehension of the 

pathophysiology of disorders associated with impairments in the oxytocin system.  

A third possibility for the lack of significant findings may be that the VAF pathway is 

associated with aggression, rather than CP or CU traits specifically. There are several 

factors which modulate the severity of CP such as i) the presence or absence of CU 

traits and ii) age of onset (childhood vs. adolescent). However, other studies have 
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examined the severity of CP based on the degree and type of aggression displayed 

(i.e., reactive or proactive aggression) (Lozier et al., 2014). The VAF is in very close 

proximity with two other white matter pathways – the stria terminalis and the anterior 

commissure, which together with the VAF form the three efferent white matter 

pathways from the amygdala (Kamali et al., 2016, 2015). Interestingly, there are lack 

of studies reporting white matter abnormalities in the stria terminalis and the anterior 

commissure in youth with CP. For instance, two recent reviews which investigated 

white matter tract abnormalities in antisocial populations included no studies which 

reported impairments in these three closely linked efferent tracts (Blair and Zhang, 

2020; Waller et al., 2017). Although one study has previously linked the presence of 

CU traits with impairments in the stria terminalis, it is noteworthy that in this study the 

stria terminalis and the fornix were merged as one tract (Breeden et al., 2015) and 

therefore it is possible these findings were driven by impairments in the fornix. 

Nevertheless, there is evidence to suggest that both the anterior commissure and stria 

terminalis are linked with aggression. For instance, microstructural impairments in the 

anterior commissure have been negatively associated with aggression in youth with 

bipolar disorder (Saxena et al., 2012), and further, there is a growing body of research 

providing evidence that the bed nucleus of the stria terminalis is involved in the 

modulation of aggressive behaviours (see review Lebow and Chen, 2016). Therefore, 

based on how closely the VAF is linked with these tracts (Kamali et al., 2016), it is 

plausible that the VAF may also make up part of this white matter bundle which is 

associated with aggression rather than CP more generally. However, as there were 

no outcome measures of aggression collected in the current study, future studies are 

needed to explore this hypothesis further. 
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Finally, aside from the possibility that the VAF pathway is just not impaired in youth 

with CP compared to TD controls, one other explanation for the lack of significant 

findings may be that a higher DTI resolution is required to identify any impairments in 

our cohort. The VAF has been described as a tract with fine, delicate connections, as 

well as being part of a bundle of limbic tracts that are hidden and difficult to dissect 

(Kamali et al., 2016; Pascalau et al., 2018). Therefore, based on the complex 

connections and tight proximity between the VAF and its neighbouring tracts, the 

possibility of mixing portions of other tracts with the VAF cannot be excluded (Kamali 

et al., 2016). Even though previous attempts have been made to study the VAF and 

its surrounding white matter tracts (i.e., the anterior commissure and the stria 

terminalis) in humans, these tracts have only been described in anatomical detail in 

recent years using high spatial resolution DTI (Baudo et al., 2022; Kamali et al., 2016, 

2015). Although the reliability for the DTI tractography dissection methods employed 

in the current chapter demonstrated good to excellent reliability for all diffusivity 

measures, perhaps a more fine-grained diffusion technique such as diffusion spectrum 

imaging (DSI) (Wedeen et al., 2008) may be a more appropriate imaging method for 

the VAF due to its small size. Furthermore, as discussed in Chapter 4, alternative 

approaches such as multi-compartment model neurite orientation dispersion and 

density imaging (NODDI) can be of added value to standard DTI for examining white 

matter microstructure, as NODDI can reportedly estimate more specific 

characterization of white matter tracts by estimating neurite density and orientation 

dispersion, which are two key contributors to FA (Timmers et al., 2016).   

Furthermore, the findings from this study demonstrate for the first time that the VAF 

can be reliably dissected using MegaTrack - a novel semi-automated approach which 

has the advantage of being able to dissect multiple tracts from a large number of 
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subjects at once in comparison to manually dissecting each tract individually. The 

microstructural properties (AD, FA, MD and RD) across all subjects showed excellent 

intra-rater reliability, whereas streamline count and volume showed ‘good’ reliability. 

However, an additional rater would have been advantageous to establish the inter-

rater reliability of these dissection protocols also. Nonetheless, the current study 

provides evidence that MegaTrack is an anatomically accurate method for virtually 

dissecting smaller white matter tracts in addition to larger tracts such as the arcuate 

fasciculus (Dell’Acqua, 2015). 

To conclude, the current study demonstrated that children with CP have reduced 

volume in the VAF pathway compared to TD controls and this may be driven by the 

boys with CP with low levels of CU traits. However, these results were not significant 

after multiple comparisons correction. There were no other significant group 

differences observed for any other DTI metric, implying that this tract may not have 

microstructural abnormalities in youth with CP. Finally, it was established that there is 

high reliability between manual and semi-automated dissection methods for small 

novel tracts such as the VAF. 
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6.6 Chapter 6: Supplementary Material  

Table S6.1. Estimated Marginal Means for Group effects (uncorrected for multiple comparisons) from 
the ‘manual individual dissection’ dataset. 

 
 Mean (Std. Err)     

 Controls CP F  df p η2  
Axial Diffusivity 1.167 (0.006) 1.168 (0.005) 0.10 93.473 0.921 0.001 

Radial Diffusivity 0.624 (0.006) 0.632 (0.004) 0.846 94.304 0.360 0.008 

Mean Diffusivity 0.805 (0.005) 0.811 (0.004) 0.603 94.107 0.440 0.006 

Fractional Anisotropy 0.382 (0.005) 0.374 (0.004) 0.948 94.470 0.333 0.009 

Volume 3.064 (0.152) 2.707 (0.117) 2.316 93.008 0.131 0.02 
Track Count 133.523 (9.333) 115.117 (7.188) 1.640 92.239 0.204 0.02 

 

 

Table S6.2. Estimated Marginal Means for Group*Time (uncorrected for multiple comparisons) from 
the ‘manual individual dissection’ dataset. 
 
 Mean (Std. Err)     

 Controls CP F df p η2 
Axial Diffusivity  

T1 1.168 (0.006) 1.171 (0.005) 0.564 282.904 0.453 0.0019 
T2 1.165 (0.006) 1.165 (0.005)  

Radial Diffusivity  

T1 0.626 (0.006) 0.634 (0.004) 0.005 281.919 0.941 0.00001 

T2 0.623 (0.006) 0.631 (0.004)  

Mean Diffusivity  

T1 0.807 (0.005) 0.813 (0.004) 0.104 282.345 0.748 0.0003 

T2 0.804 (0.005) 0.809 (0.004)  

Fractional Anisotropy  

T1 0.381 (0.005) 0.374 (0.004) 0.433 281.943 0.511 0.0015 

T2 0.382 (0.005) 0.374 (0.004)  

Volume  
T1 3.056 (0.157) 2.684 (0.122) 1.552 282.118 0.752 0.0054 

T2 3.072 (0.156) 2.731 (0.121)  

Track Count  

T1 132.733 (9.850) 115.174 (7.614) 0.048 283.753 0.826 0.0001 

T2 134.313 (9.734) 115.06 (7.58)  
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Table S6.3. Estimated Marginal Means for Group effects (uncorrected for multiple comparisons) from 

the ‘manual individual dissection’ dataset. 

Mean (Std. Err)  

 Controls  CP/CU+ CP/CU- F df p η2 

AD 1.168 (0.006)  1.170 (0.005) 1.164 (0.006) 0.318 92.146 0.728 0.006 
RD 0.624 (0.006) 0.633 (0.005) 0.632 (0.006) 0.423 93.056 0.656 0.009 

MD 0.806 (0.005) 0.812 (0.004) 0.810 (0.005) 0.373 92.831 0.689 0.007 

FA 0.382 (0.005) 0.375 (0.005) 0.372 (0.005) 0.592 93.244 0.555 0.01 

Volume 3.020 (0.154) 2.608 (0.136) 2.863 (0.159) 2.200 91.469 0.117 0.05 

Track  131.997(9.524) 111.549(8.516) 120.581(9.989) 2.545 90.684 0.318 0.05 

 
AD = Axial Diffusivity; RD = Radial Diffusivity; MD = Mean Diffusivity; FA = Fractional Anisotropy; CP/CU+ 
= Conduct Problems with high callous-unemotional traits; CP/CU- = Conduct Problems with low callous-
unemotional traits. 
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Chapter 7. The Effect of Intranasal Oxytocin in Children 
with Treatment-resistant Conduct Problems – an 

Exploratory Study. 
 

7.1 Introduction 

7.1.1 Chapter Overview 

In Chapter 3 of the current thesis, it was explored whether amygdala hypoactivity to 

fear in children with conduct problems (CP) could be remediated after successful 

treatment of a ‘gold-standard’ psychological intervention. In this study it was reported 

that amygdala hypoactivity to fear was only observed in boys with CP with ASB that 

persisted following the intervention and was absent in those with ASB that improved. 

This suggests that amygdala hypoactivity to fear is a marker for ASB that is resistant 

to change following a parenting intervention, and a putative target for future 

treatments. Therefore, in the current chapter, an exploratory functional magnetic 

resonance imaging (fMRI) study was conducted in a subgroup of youth with CP from 

‘Study 1’ who did not respond to the parenting program. This randomised control 

‘shift-ability’ trial investigated if, compared to placebo, a ‘single-dose’ of intranasal 

oxytocin (IN-OXT) could ‘shift’ abnormal neural processing to fear, in children with 

treatment-resistant CP. 

7.1.2 Background 

CP is a heterogeneous disorder which can be fractionated into different subgroups 

based on factors which modulate the severity of CP such as i) age of onset (childhood-

onset CP versus adolescent-onset CP) or ii) the presence or absence of callous-

unemotional (CU) traits. Youth with early-onset CP, for example (i.e., CP emerging 
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between the ages of 5 and 10 years) is characterised by more severe ASB (e.g., 

aggression, property damage and stealing) and a greater risk of developing antisocial-

personality disorder (ASPD) in adulthood (Frick and Viding, 2009; Moffitt et al., 2002).  

These individuals not only pose a significant burden on the affected individual and 

their victims, but also on society and the economy (Odgers et al., 2007; Piquero et al., 

2011). Current treatment options available for CP have shown to be successful in 

some cases, but not others (Furlong et al., 2012; Scott, 2005). This is likely due to the 

heterogenous nature of the disorder and the lack of trials available to target individual 

CP sub-groups. Therefore, developing treatment options for youth with CP who do not 

respond to current therapies is of great individual and social importance.  

7.1.3 Treatments 

Currently the main treatment available for CP is group parenting programs and there 

is evidence to show that these treatments can successfully mitigate ASB in children 

(Dretzke et al., 2005; Furlong et al., 2012). Studies (including the results reported in 

Chapter 3 of this thesis) have suggested however, that up to 50% of children do not 

respond to such interventions (Scott, 2005). Alternative treatment options for children 

with CP include certain drug treatments, which are usually reserved for individuals who 

do not respond to other interventions, and for children with increasingly severe CP. 

Pharmacological treatments such as the use of psychostimulants, antipsychotics, 

mood stabilizers are currently considered for treatment of severe CP (Barzman and 

Findling, 2009; Pappadopulos et al., 2006), however the effect size of medications 

currently used is poor (See review Balia et al., 2018). Again, this is likely in part due 

to the heterogeneity of CP (Frick and Ellis, 1999). Therefore, there is an unmet need 

to identify alternative treatments for those who are unresponsive to current 
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psychological treatment strategies. One of the candidate systems to direct novel 

treatment strategies in children with persistent CP is the oxytocin system, which is 

known to play a significant role in social behaviours including facial and emotion 

processing (di Simplicio and Harmer, 2016). 

As outlined in detail in Chapters 1 and 3, children with CP demonstrate significantly 

different processing responses in the brain to particular facial expressions in 

comparison to typically developing (TD) individuals. One of the most widely reported 

neurocognitive associates of CP is reduced amygdala activity to affective stimuli; 

particularly others’ distress (Noordermeer et al., 2016; Raschle et al., 2015). The 

clinical importance of this deficit has been supported by recent evidence suggesting a 

role of amygdala hypoactivity in: i) youths with CP with co-occurring CU traits 

(Aggensteiner et al., 2022; Blair, 2013; Viding et al., 2012) – a putative risk factor for 

persistent ASB and poor treatment response (Blair et al., 2014; Frick and Viding, 2009; 

Hawes and Dadds, 2005) and ii) adult ASB and psychopathy (Hyde et al., 2016; 

Poeppl et al., 2019). Therefore, amygdala hypoactivity to fearful facial expressions is 

a well-defined neural marker in youth with CP to test potential novel treatments such 

as oxytocin. 

7.1.4 The Oxytocin System 

Oxytocin is a neuropeptide which is known for its critical role in emotional and social 

behaviours (Carter et al., 2008), and for this reason has gained growing interest in 

scientific research over the past decade (Bartz et al., 2011). Oxytocin originates in the 

magnocellular neurons of the paraventricular nuclei (PVN) and supraoptic nuclei 

(SON) of the hypothalamus (Swaab et al., 1975), and can exert its peripheral effects 

by acting as a hormone (Knobloch et al., 2012), or will project to other brain regions 
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such as other parts of the hypothalamus, the striatum, amygdala, nucleus accumbens 

and the raphe nuclei to act as a neurotransmitter (Buijs, 1983; Stoop, 2012). Oxytocin 

significantly binds to oxytocin receptors (OXT-R) in limbic brain regions such as the 

basal ganglia, hippocampus, hypothalamus, anterior cingulate cortex (ACC) and the 

central amygdala (Boccia et al., 2013; Gimpl and Fahrenholz, 2001), and in doing so 

exerts its effects on social behaviours, fear conditioning and bodily functions.  

Oxytocin is a key mediator in modulating various prosocial behaviours including 

emotion recognition, social memory, trust, and empathy (Bartz et al., 2011; Guastella 

and Hickie, 2016; Hurlemann et al., 2010; Kosfeld et al., 2005; Mccall and Singer, 

2012). Based on these attributes, the oxytocin system has been studied in several 

disorders which are characterized by ‘limited prosocial behaviours’, such as ASPD, 

autism spectrum disorder (ASD), schizophrenia (See reviews Gedeon et al., 2019; 

Keech et al., 2018; Ooi et al., 2016), and more recently in CP (Bakker-Huvenaars et 

al., 2020). For instance, recent evidence has suggested that the oxytocin system is 

impaired in children with CP (Bakker-Huvenaars et al., 2020) and studies have 

reported reduced oxytocin activity (i.e., reduced salivary oxytocin and increased DNA 

methylation of the oxytocin receptor gene) in youth with CP/CU+ versus CP/CU- 

(Aghajani et al., 2018; Dadds et al., 2014; Levy et al., 2015). 

7.1.5 Intranasal Oxytocin 

Recent studies have provided evidence that manipulation of oxytocin levels has 

prosocial effects (Bartz et al., 2011; Kosfeld et al., 2005; Lukas et al., 2011; Zak et al., 

2007). In healthy humans, for example, it has been reported that intranasal oxytocin 

(IN-OXT) has a positive effect on trust, empathy, social interaction and a reduction in 

stress (Bartz et al., 2011; Meyer-Lindenberg et al., 2011; Veening and Olivier, 2013; 
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Wang et al., 2017; Wigton et al., 2015). One of the most well-established ways to study 

prosocial behaviour, social functioning and empathy in humans is through emotion 

recognition and processing of facial emotions (Carr and Lutjemeier, 2005; Moul et al., 

2018). The following paragraphs will therefore discuss behavioural and neuroimaging 

studies which have highlighted the effects of IN-OXT on facial recognition and 

emotional processing in both healthy and clinical populations. 

7.1.6 Behavioural Studies 

Many studies have highlighted the potential of IN-OXT to enhance facial affect in 

healthy populations. For instance, in studies using behavioural tasks, one meta-

analysis reported that oxytocin overall enhances facial recognition in healthy 

individuals (Hedges’ g effect size of 0.29), with recognition accuracy specifically being 

observed for happy and fearful faces (Shahrestani et al., 2013). A second meta-

analysis also examining task performance in healthy controls, reported that a single 

dose of IN-OXT significantly improved the recognition of basic facial emotions, 

particularly fear (Leppanen et al., 2017), suggesting that oxytocin may have a specific 

role in fear recognition. 

The effects of IN-OXT have also been studied at the behavioural level in clinical 

populations who are known to have deficits in basic emotion recognition, such as 

ASPD, ASD and schizophrenia, (Brook and Kosson, 2013; Chung et al., 2014; 

Velikonja et al., 2019). For instance, in ASPD which is one of the most relevant 

disorders to the current study, evidence from a double-blind, randomized, placebo-

controlled trial revealed that compared to healthy controls, individuals with ASPD were 

less accurate in recognizing fearful and happy faces during the placebo condition, and 

these deficits were no longer observable after administration of oxytocin (Timmermann 
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et al., 2017). The results from this study suggest that IN-OXT can promote anti-

aggressive effects in antisocial males by improving recognition of distress cues 

(Timmermann et al., 2017). Although these results are promising, they have yet to be 

replicated in this cohort. A second study reported that in contrast, oxytocin enhanced 

aggressive behaviour in males with ASPD  (Alcorn et al., 2015). Although this study 

had a very small sample size (n = 6), these results implied that the effects of IN-OXT 

may be dependent on an individual’s characteristics. In individuals with ASD – a 

neurodevelopmental disorder which shows similar characteristics to CP, such as 

‘limited prosocial emotions’ and deficits in emotion recognition, several studies 

reported that IN-OXT significantly improved social functioning (which included emotion 

processing and face gaze processing) (see reviews Huang et al., 2021; Ooi et al., 

2016). Similarly, in patients with schizophrenia, a double-blind placebo-controlled 

crossover study reported that administration of oxytocin significantly improved emotion 

recognition particularly in fear, happiness and surprised facial expressions in 

comparison to healthy controls (Averbeck et al., 2012). 

7.1.7 fMRI Studies 

Neuroimaging studies have also provided evidence for the efficacy of IN-OXT on tasks 

measuring prosocial behaviour such as facial recognition tasks and emotion 

processing tasks. In a systematic review which examined the effects of IN-OXT on 

neural activity in response to facial recognition in healthy controls, studies reported 

that oxytocin decreased functional activity in response to negative emotions such as 

fear, anger, disgust, and sadness, with one of the most consistent findings among 

studies reporting reduced amygdala activation after IN-OXT administration in 

response to fearful and angry faces (see review Tully et al., 2018). Decreased neural 
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activity was also observed in the ACC, inferior frontal gyrus and midtemporal gyrus in 

response to fearful stimuli, while decreased activity in the ACC, middle frontal gyrus, 

premotor and superior parietal cortex was reported in response to sad and neutral 

stimuli.  

In clinical populations, several studies have also reported modulatory effects of 

oxytocin on brain activity, particularly in the amygdala, in response to emotional 

recognition tasks. For instance, oxytocin administration increased amygdala activity in 

response to facial stimuli in both males and females with ASD (Domes et al., 2014; 

Procyshyn et al., 2022). Conversely, a more recent randomized control trial in 

individuals with ASD reported that IN-OXT had no significant effect on brain activity in 

response to viewing facial stimuli, but did show increased bilateral amygdala activity 

in response to viewing pictures of people in pain (Mayer et al., 2021), implying that 

oxytocin plays a role in enhancing empathy. Modulatory effects of oxytocin were also 

reported in schizophrenia patients, whereby in comparison to placebo, administration 

of IN-OXT induced a decrease in BOLD activity in the bilateral amygdala in response 

to fearful faces (Shin et al., 2015). Together, these studies suggest that compared to 

healthy individuals, oxytocin has different neurobiological effects in individuals with 

deficits in emotion recognition.   

Taken together, these studies suggest that abnormalities in social-emotional 

functioning which are evident in several psychiatric disorders including CP, may have 

shared underlying mechanisms, with one possible mechanism being the oxytocin 

system (Leppanen et al., 2017). This suggests that the oxytocin system may be an 

effective treatment target for disorders with deficits in social emotional functioning. 

However, to-date no-one has studied whether IN-OXT can modulate abnormalities in 
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neural processing in children with CP. Therefore, in the current study it was examined 

if amygdala hypoactivity to fearful expressions in children with treatment-resistant CP 

can be modulated following a single dose of IN-OXT compared to placebo. If IN-OXT 

has the potential to modulate abnormal neural processing in this group of children, 

then it could form the basis of research into a therapeutic intervention for children with 

CP who are resistant to current treatments. 

7.2 Hypothesis 

(i) Children with early-onset persistent CP who did not respond to the parenting 

intervention (Chapter 3) will show increased amygdala activity to fearful faces 

under the oxytocin condition in comparison to the placebo condition (i.e., an 

effect of ‘condition’ driven by the oxytocin condition). 

 

7.3 Methods 

7.3.1 Study Design 

This exploratory study used a double-blind randomized, placebo-controlled, within-

group balanced crossover design, whereby subjects participated in the experiment on 

two separate occasions. The boys completed two MRI scanning sessions (maximum 

one month apart), and a single dose of IN-OXT (Syntocinon; Novartis, Basel, 

Switzerland) or placebo (identical composition to Syntocinon except for the omission 

of oxytocin) was administered in a randomised order on each visit. 

7.3.2 Sample 

Twenty boys with CP (aged 8 - 14 years) who participated in ‘Study 1’ and who still 

met the criteria for CP (a score of ³ 3 on the SDQ) (Goodman, 1997) following the 
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parenting intervention were enrolled into the current study. Exclusion criteria included 

a clinical diagnosis of ASD, neurological abnormality or a full-scale IQ < 80. Due to the 

high comorbidity of ADHD in the CP population, boys with and without ADHD were 

included. Participants taking ADHD medication were requested to undergo a 48-hour 

washout prior to the study visits. Written informed consent was obtained from all 

participants and their parents. 

7.3.3 Behavioural Assessments 

Parents of the participants completed the parent-rated SDQ, the ICU, Conners-3 

ADHD assessment, sociodemographic measures and the PACS semi-structured 

interview. In addition, parents completed a Life Events Scale (as used within the 

ALSPAC cohort to measure childhood trauma) (Cecil et al., 2014) and a Pubertal 

Development Scale (Shirtcliff et al., 2009) to determine pubertal maturation status. 

Boys completed the Wechsler Abbreviated Scale of Intelligence (WASI) and a 

handedness questionnaire at baseline. All behavioural assessments were completed 

at the first visit. 

7.3.4 Intervention 

Each subject received both IN-OXT and placebo spray over two sessions, which were 

least 3 days apart and within a 4-week time frame (mean 10.85 days between scans; 

95% CI 8.11 - 13.58 days). A double blind, randomized control design was used such 

that the ordering of experiments was random, and neither the researcher nor the 

subject knew whether they were being treated with oxytocin or placebo spray on each 

visit.  A dose of 24 international units (IU) of the spray was administered intranasally 

to each participant, 25 minutes before the fMRI emotional processing task. One spray 
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(4 IU) of intranasal oxytocin (or placebo) was delivered every 30 seconds, alternating 

between nostrils, for a total of six sprays.  

7.3.5 MRI Acquisition 

All participants underwent MRI scanning at each timepoint at the Centre for 

Neuroimaging Sciences, King’s College London, providing a T1-weighted structural 

scan and fMRI data. Prior to scanning, the participants were invited to a mock scanning 

environment, where they were familiarized with the sounds of the MRI scanner, 

practiced entering the scanner and lying still, and were familiarized with the emotion 

processing task detailed below. Several studies have suggested the importance of 

these procedures for enhancing data quality in pediatric cohorts (de Bie et al., 2010; 

Pua et al., 2020).   

Task based functional data was acquired using 218 volumes of T2* weight echo-planar 

imaging (EPI) data with 41 near-contiguous slices (3mm3 voxels, Matrix 64 x 64, slice 

gap = 3.3mm, FOV = 240mm), TE = 30ms, TR = 2s and Flip angle = 75°. In addition, 

T1-weighted MPRAGE structural imaging data acquired on a 3T GE Signa HDx with 

a 12-channel head coil located at the Centre for Neuroimaging Sciences at King’s 

College London, with a resolution of 1 x 1 x 1.2mm, matrix size of 256 x 256 x 196, flip 

angle of 11°, TE of 3.016s, TR of 7.312s, FOV of 270mm, and inversion time of 400ms. 

7.3.6 fMRI: Emotion Processing Task  

The fMRI paradigm employed in the current study was an implicit emotion processing 

task, which was modelled as an event-related design. The task consisted of 140 1.5s 

trials where the children were presented with a male or female face with either a fearful 

(60 trials), happy (60 trials) or neutral (20 trials) expression (Leiker et al., 2019).  Faces 
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expressing emotion were additionally morphed (50%, 100% or 150%) to display a 

range of intensities. During each trial, participants were asked to indicate whether the 

face belonged to a male or female individual by pressing a button with their index or 

middle finger during a single run, which lasted 7 minutes and 36 seconds. Each trial 

was followed by a variable intertrial interval of 1.5 seconds. 

7.3.7 MRI Processing 

Results included in this chapter were preprocessed using fMRIPrep 1.5.1rc1 (Esteban 

et al., 2020, 2018) (RRID:SCR_016216), which is based on Nipype 1.3.0-rc1(Esteban 

et al., 2020; Gorgolewski et al., 2011) (RRID:SCR_002502). Details of the 

preprocessing pipeline used in the current chapter are identical to the pipeline detailed 

in Chapter 3.                                                                            

7.3.8 Behavioural Analysis of fMRI Task 

For the emotion processing task, means were first calculated across the whole sample 

for both accuracy and reaction time in rating the gender of the faces displayed. Gender 

recognition accuracy and reaction times were analysed in IBM SPSS version 27.0 

using a 3 x 2 repeated measures analysis of variance (ANOVA) with ‘facial emotion’ 

(happy, fear, neutral) and ‘condition’ (oxytocin, placebo) as within-subjects factors, 

with a threshold for significance set to p < 0.05 (corrected). 

7.3.9 fMRI Analysis 

Regressors for each condition of interest (Fear, Happy, Neutral) were entered into a 

single subject General Linear Model (GLM; SPM). A parametric modulator encoding 

the intensity of the emotion was included in the conditions containing emotional 

valence (i.e. Fear and Happy). In addition, following Pruim et al. (2015), mean signal 
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for CSF and WM were included as nuisance variables. Scans with framewise 

displacement (FD) exceeding 1mm were also deweighted in the model, (Siegel et al., 

2014) with the scans themselves interpolated from the surrounding volumes to 

mitigate the effects of residual motion artifacts on the data.  

After this, the regressors of interest for each analysis (parametric modulation of fear 

by intensity and parametric modulation of happy by intensity [hereafter, simply ‘Fear’ 

and ‘Happy’ respectively]) were entered into separate Linear Mixed Models (LMM) 

using 3dLME (AFNI) (Chen et al., 2013) modelling ‘condition’ (placebo / oxytocin) as 

a within-subjects factor. 

7.3.10  Motion Parameters 

A threshold for ‘censored volumes’ was set similar to the threshold set in the fMRI 

chapter for ‘Study 1’ (Chapter 3) of this thesis, i.e.  individual timepoints with a third 

or more missing data would be excluded, however, in the current study no participant 

had more than 15% censored volumes. Further, there were no differences in the 

number of volumes censored or mean FD observed between both conditions (i.e. 

oxytocin and placebo scans) (Volumes: t(19)=0.595, p=0.559, FD: t(19)=1.33, 

p=0.198). 

7.3.11  Whole Brain Analysis 

Corrections for multiple comparisons were performed using AFNI’s 3dClustSim (NN = 

2, 2-sided clustering) assuming a mixed autocorrelation function (-acf) with 10,000 

Monte Carlo simulations for a whole-brain grey matter mask. This was set at a 

threshold of p=0.001 (Cox et al., 2017). This procedure suggested a clustering 
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threshold of k=74 voxels for whole brain analysis, which was corrected for multiple 

comparisons of p<0.05. 

7.3.12 Region of Interest 

The amygdala was selected a priori as a region of interest (ROI). Due to the small size 

of the amygdala, a small volume correction (SVC) approach was employed, using an 

anatomically defined mask from the automated anatomical atlas (AAL) with 

simulations (NN = 2, 2-sided clustering) recommending a cluster threshold of 2.3 

voxels within this region, as equivalent to a multiple comparison corrected 

pFWE<0.05, given an initial uncorrected voxelwise threshold of punc<0.001. 

7.3.13  Post Hoc Analysis 

Based on the a priori hypothesis, the main fMRI analysis was run for fearful stimuli. 

However, as an exploratory post hoc analysis, the effect of IN-OXT in response to 

happy facial expressions was also examined. 

Furthermore, based on the small sample size in this exploratory study, additional 

factors (such as ‘childhood trauma’, ‘callous-unemotional traits’ or ‘pubertal 

maturation’) were not included as factors or covariates in the main statistical model, 

as the statistical power of the model would have been reduced. However, as recent 

work has highlighted the importance of such factors on the oxytocinergic system 

(Cochran et al., 2013; Dadds et al., 2014; Donadon et al., 2018), additional exploratory 

analyses were conducted to determine the effects of childhood trauma’, ‘callous-

unemotional traits’ and ‘pubertal maturation’ on the modulatory effects of IN-OXT on 

the brain. Firstly, the above analysis was repeated with the additional inclusion of 

‘pubertal maturation’ as a covariate in the model (See Supplementary Analyses – 
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Section 7.6.3). Secondly, the above analysis was repeated for exploratory purposes 

with the inclusion of ‘childhood trauma’ in the model, where the interaction between 

‘condition’ (oxytocin / placebo) and ‘childhood trauma’ was examined for both fearful 

and happy faces (Supplementary Analyses – Section 7.6.3). Finally, the above 

analysis was repeated with the inclusion of ‘CU traits’ in the model (as a continuous 

measure using the ICU scores), where the interaction between ‘condition’ (oxytocin / 

placebo) and ‘CU traits’ was also examined for both fearful and happy faces 

(Supplementary Analyses – Section 7.6.3). 

7.4 Results 

7.4.1 Sample Characteristics  

Participant characteristics are displayed in Table 7.1.  

Table 7.1. Sample characteristics for the whole CP group 

 Mean (SD) 
Age (in months) 122.85 (16.01) 

IQ 109.22 (10.25) 

CP scores (PACS) 1.62 (0.39) 

CP scores (SDQ) 5.55 (2.12) 

CU traits (ICU) 37.02 (9.22) 

ADHD 58.55 (11.68) 

Traumatic Life Events (total)* 247.85 (28.99) 

Pubertal Development Scale 3.45 (0.88) 

                         Prepubertal  15 (75%) 

                         Early Pubertal 4 (20%) 

                         Mid Pubertal 1 (5%) 

                         Late Pubertal 0 (0%) 

                         Post Pubertal  0 (0%) 

CP = Conduct problems; IQ = intelligent quotient; CU= callous-unemotional; PACS= parental 
accounts of children’s symptoms; SDQ=Strength and difficulties questionnaire; ADHD= 
attention deficit hyperactivity disorder. 
*Note: an increase in total score represents less traumatic life events encountered. 
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Continuous data variables are reported as mean (standard deviation) and categorical 
variables are reported as number of subjects (%).  
 

 

7.4.2 fMRI Results 

Behavioural Effects of Task 

Final MRI data included all 20 subjects who had a scan for each scanning condition 

(oxytocin and placebo). 

Overall, mean accuracy was 89.15% (SD = 16.23) and mean response time was 

955.14 milliseconds (SD = 129.94). For accuracy, there was no significant effects of 

‘condition’ (oxytocin or placebo) (F(1,19)=0.663, p=0.425), ‘emotion’ (Fearful, Happy or 

Neutral) (F(1,18)=0.513, p=0.607), or ‘condition-by-emotion’ (F(1,18)=0.848, p=0.445). 

Similarly, for ‘mean reaction time’ there were no significant effects of ‘condition’ 

(oxytocin or placebo) (F(1,19)=0.540, p=0.471) or ‘emotion’ (Fearful, Happy or Neutral) 

(F(1,18)=0.090, p=0.914), or ‘condition-by-emotion’ (F(1,18)=0.174, p=0.842). 

The behavioural effects of task were also analysed separately for ‘fearful’ and ‘happy’ 

expressions. These results are reported in the supplementary material for this chapter 

– Section 7.6.1. 

Overall Effect of Task 

The effect of task was examined on the placebo condition. There was no effect of task 

observed in response to the fearful or the happy stimuli at the significance threshold 

of punc<0.001.  
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To investigate if a task effect could be detected at a lower statistical threshold, the 

cluster threshold was lowered to punc<0.005. In response to fearful facial expressions, 

the overall effect of task in the main 3dLME analysis revealed that during the placebo 

condition, the participants showed increased activation in the left fusiform gyrus which 

survived correction for multiple comparisons (cluster size [k] = 281 voxels, MNI 32, 56, 

-18, significance p=0.005). 

In response to happy facial expressions, the overall effect of task in the main 3dLME 

analysis revealed that during the placebo condition an increase of activation was 

observed in the ventral diencephalon (VDC) (cluster size [k] = 269 voxels, MNI 10, 12, 

-16, significance p=0.005) and the visual cortex (cluster size [k] = 243 voxels, MNI -

34, 46, -14, significance p=0.005).  

The overall effect of task was additionally run for the oxytocin condition which is 

reported in the supplementary material for this chapter - Section 7.6.2. 

Processing of Fearful Expressions 

Whole Brain 

There were no effects of ‘condition’ (oxytocin vs. placebo) observed in the whole brain 

analysis in response to fearful faces at the significance threshold of p<0.001.  

 

Region of Interest 

There were no significant effects observed in the amygdala in response to fearful 

expressions using the SVC approach or in the whole brain analysis, under the oxytocin 

condition relative to the placebo condition at a significant threshold of punc<0.001.  
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Processing of Happy Expressions 

Whole Brain 

There was a significant increase in functional activity in the posterior cingulate cortex 

(PCC) / precuneus under the oxytocin condition relative to the placebo condition 

(cluster size [k] = 86, MNI coordinates 0, 52, 16; Z(1,19)=4.409, p<0.001), which 

survived correction for multiple comparisons (Figure 7.1 and Figure 7.2)  

 
Region of Interest  

There were no significant effects observed in the amygdala in response to happy 

expressions using the SVC approach or in the whole brain analysis, under the oxytocin 

condition relative to the placebo condition at a significant threshold of punc<0.001.  

 

    
Figure 7.1. Increased functional activation in the posterior cingulate cortex (PCC) / precuneus 

across all participants with persistent conduct problems in response to viewing happy faces. Colour 

bar represents the Z statistic. 
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7.5 Discussion 

The main aim of the current chapter was to establish if IN-OXT (in comparison to 

placebo) could modulate abnormal neural processing in children with CP who were 

previously resistant to psychological treatment. Whole brain and ROI analyses 

revealed that IN-OXT did not modulate amygdala activity to fearful faces in boys with 

treatment-resistant CP as hypothesized. Nonetheless, exploratory findings from the 

current study did provide evidence for the first time that IN-OXT may influence neural 

processing in response to happy faces in this cohort. Specifically, there was increased 

activation observed in the PCC / precuneus after oxytocin administration relative to 

placebo, in response to viewing happy faces. Although there was no a priori 

hypothesis to examine the modulatory effects of oxytocin on happy stimuli, this 

exploratory finding may have potential relevance for future research. Studies have 

provided evidence that the PCC / precuneus are activated during tasks involved in 

autobiographical memory retrieval, mentalising (i.e., the ability to understand or reflect 

 Figure 7.2. Individual beta values for happy 
processing (modulated happy faces 
regressor) in the posterior cingulate cortex 
(PCC) / precuneus for the placebo condition 
relative to the oxytocin condition. Means are 
indicated by horizontal bars. Error bars 
represent standard deviations.  
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on another person's mental state) (Atique et al., 2011) as well as emotional salient 

stimuli processing (Maddock et al., 2003, 2001). Furthermore, previous studies have 

reported that youth with CP and adults with ASB show deficits in the precuneus and 

PCC (see reviews - Noordermeer et al., 2016; Raine & Yang 2006). Therefore, 

although highly tentative, this significant cluster in the PCC / precuneus could suggest 

that IN-OXT promotes a more neurotypical profile in these brain regions in youth with 

persistent CP. However, the absence of a TD control group makes it difficult to 

interpret if this finding is specific to youth with CP.  

This significant finding observed in the PCC / precuneus region is somewhat 

consistent with previous studies. For instance, in ASD, IN-OXT induced an increase 

BOLD activity in the precuneus in response to viewing socially meaningful pictures 

(Gordon et al., 2013). Further, in response to listening to happy voices, Gordon et al. 

(2016) reported that oxytocin increased functional connectivity in individuals with ASD 

between the precuneus and both mesolimbic sites (i.e., precuneus-amygdala and 

precuneus- nucleus accumbens). Although the fMRI paradigms in both of these 

studies were not specific to the processing of happy faces, nonetheless, the stimuli 

used in these tasks (i.e., listening to happy voices and viewing socially meaningful 

pictures) were likely to also elicit a positive emotional state. Taken together, this 

suggests that oxytocin may induce its central effects in neurodevelopmental disorders 

such as CP and ASD through activation of the PCC / precuneus through the 

processing of happy cues.  

Contrary to our a priori hypothesis, there was no evidence to show that IN-OXT 

modulated amygdala activity in response to viewing fearful faces in children with 

persistent CP. The absence of significant findings in the amygdala (as well as other 
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brain regions) in response to fear is likely due to the large heterogeneity associated 

with this population. Even though efforts were made to fractionate out a specific 

subgroup of children with CP with impaired neural processing (i.e., early-onset, 

treatment-resistant children with CP from Study 1), other factors such as CU traits 

may also need to be considered when testing IN-OXT in this cohort. Previous studies 

have demonstrated that although dysfunctional processing in the amygdala has been 

observed in individuals with high CU traits (CP/CU+) and low CU traits (CP/CU-), these 

impairments however, appear to go in the opposite direction. For example, in response 

to fearful facial expressions, children and adolescents with CP/CU+ have reduced 

amygdala activation (Carré et al., 2013; Jones et al., 2009; Lozier et al., 2014; Marsh 

et al., 2008; White et al., 2012) whereas there is trend towards increased amygdala 

activation in children with CP/CU- (Herpertz et al., 2008; Viding et al., 2012). As the 

CP group in the current study included individuals with both high and low levels of CU 

traits, this may have resulted in our non-significant findings. Moreover, it has been 

reported that the oxytocin system differs in children with CP/CU+ in comparison to 

CP/CU- (Aghajani et al., 2018; Azzam et al., 2022; Dadds et al., 2014; Levy et al., 

2015), therefore it is plausible that extraneously administered oxytocin may have a 

differential individual effect depending on the severity of CU traits. This is supported 

by a recent PhD study conducted by Dr John Tully (2021, p. 94 - 123), whereby the 

effects of IN-OXT in comparison to placebo was examined in a group of adults with 

ASPD. Similar to the current study, there were no significant effects of IN-OXT 

observed on neural processing in response to fearful faces across the ASPD group as 

a whole. However, when the ASPD group was subtyped into individuals with and 

without psychopathic traits (ASPD+P (n = 19) and ASPD-P (n = 15)), the ASPD+P 

group showed a significant increase in functional activity following oxytocin 
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administration (relative to placebo) in the insula and the mid, anterior and posterior 

cingulate cortices, suggesting that IN-OXT may have a therapeutic effect on fear 

processing in adults with psychopathic traits. Although the influence of CU traits was 

examined as an exploratory post hoc analysis in the current study, which again 

resulted in non-significant findings, it is likely our sample size was too small to detect 

any significant results for CU traits. Further, it is noteworthy that CU traits can be 

fractionated into distinct subtypes, which may have variable susceptibility to the 

response of IN-OXT. Primary CU traits, for example, refers to those with a greater 

genetic underpinning, and have been associated with abnormalities in the oxytocin 

system (Fragkaki et al., 2019), and underpinned by deficits in emotion processing 

(Craig et al., 2020). However, secondary CU traits refer to those that are more related 

to environmental factors, such as parental rejection and childhood trauma (Craig et 

al., 2020). Thus, the primary variant may be a potential target for the therapeutic 

effects of IN-OXT. Future studies are therefore needed with a larger sample size to 

take into account the heterogeneous nature of the disorder. 

Limitations and Future Directions 

Although the current study has several strengths, such as being the first study to 

investigate the neuromodulatory effects of IN-OXT in youth with CP, achieved using a 

randomised, placebo-controlled method – this study is not without its limitations. 

Firstly, as discussed above, the relatively small sample size meant the study was not 

adequately powered to subtype the group according to severity of CU traits or 

childhood trauma. Previous studies have suggested that such factors may be linked 

to impairments in the oxytocinergic system (Cochran et al., 2013; Dadds et al., 2014; 

Donadon et al., 2018), and therefore should be considered in the design of future 

studies with larger sample sizes. 
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Secondly, although there is evidence to suggest that IN-OXT may have potential 

therapeutic effects on abnormal neural processing in several disorders, these findings 

have not been consistently replicated (Bernaerts et al., 2020; Domes et al., 2014, 

2007; Grace et al., 2018; Mayer et al., 2021; Procyshyn et al., 2021). One factor which 

is thought to be an attributable factor to inconsistent findings reported among studies 

is the variability in the dosage of oxytocin administration, which has not yet been 

systematically addressed (Erdozain and Peñagarikano, 2019). Previous fMRI studies 

have administered doses ranging from 8 IU to 76 IU, with the most common dose (and 

the dose selected in the current study) being 24 IU (See review Grace et al., 2018). 

Although an increasing number of neuroimaging studies have been testing the efficacy 

of various doses of IN-OXT on targeted brain regions, findings from these studies have 

been mixed. For instance, an fMRI study which investigated the dose response (12 

IU, 24 IU and 48 IU) of IN-OXT during an emotional faces task in healthy males, 

indicated that 24 IU was the most effective dose on amygdala reactivity (Spengler et 

al., 2017). However, two further fMRI studies on healthy controls implied that a lower 

dose (8 IU) was more effective (Quintana et al., 2019, 2016), while a study in healthy 

women reported that oxytocin significantly enhanced amygdala activity in response to 

fearful faces irrespective of the dose administered (6 IU, 12 IU and 24 IU) (Lieberz et 

al., 2019). In clinical populations, the dose-response of oxytocin has been less studied; 

however, a small number of studies have evaluated nominal doses on cognitive 

performance. For example, a study conducted in individuals with ASD reported that 8 

IU (compared to 24 IU or placebo) was the optimal dose for observing behavioural 

changes in an overt emotional salience task (Quintana et al., 2017). In patients with 

schizophrenia, a placebo-controlled cross-over study in which 47 patients were 
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randomly assigned one of eight doses of oxytocin (8, 12, 24, 36, 48, 60, 72 or 84 IU) 

reported that oxytocin was optimal at mid-range doses (36-48 IU) for the processing 

of social stimuli (Wynn et al., 2018). However, evidence from recent literature indicates 

that a low to medium dose (8 IU – 24 IU) is more effective than a higher dose (Erdozain 

and Peñagarikano, 2019; Martins et al., 2022). Taken together, these studies 

demonstrate that a standardized protocol for oxytocin administration is still lacking, 

and further studies investigating the optimal dose response on neural markers in 

clinical populations are warranted. 

Finally, despite several studies suggesting gender-specific roles of oxytocin (Domes 

et al., 2010; Frijling et al., 2016; Lieberz et al., 2020; Lischke et al., 2017, 2012), the 

lack of females included in oxytocin research has been highlighted in a recent review 

(Quintana et al., 2020), which means most research to-date is only applicable to 

males. Further, this underrepresentation of females is not only applicable to the field 

of IN-OXT research, but also to the general field of CP research. However, in recent 

years, females in CP research have gained a lot more attention due to large studies 

such as the FemNAT-CD consortium in the UK and the Adolescent Brain Cognitive 

Development (ABCD) study in the US. For instance, recent research has provided 

evidence that females with CP (in addition to their male counterparts) also have a 

diminished neuroendocrine stress response in comparison to healthy individuals, 

however, there may be sex-specific associations between neuroendocrine measures 

and CP (Bernhard et al., 2021; Bernhard et al., 2022). For example, a male specific 

sex hormone factor (testosterone/ dehydroepiandrosterone-sulfate (DHEA-S)) was 

found to be a risk factor for male CP, whereas dysregulation between oxytocin 

interacting with estradiol and the stress hormone system (cortisol/ alpha-amylase) was 

found to be a risk factor for female CP (Bernhard et al., 2021). Further, in recent years, 
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differences in brain structure and function have been identified between male and 

female youth with CP, indicating significant differences in the neurophysiology 

between the sexes (Cao et al., 2018; Fairchild et al., 2013; Rogers et al., 2019). 

Moreover, neuroimaging studies have reported contrasting modulatory effects of IN-

OXT on the brain in females compared to males. For instance, in a systematic review 

by Tully et al. (2018) which examined evidence of oxytocin modulation on neural 

correlates in response to facial recognition in healthy controls, one of the most 

consistent findings among males was that oxytocin decreased activity in several brain 

regions including the amygdala, ACC, inferior frontal gyrus and midtemporal gyrus in 

response to viewing negative emotions. In contrast, the three studies which were 

conducted in females reported that oxytocin enhanced brain activity in similar brain 

regions in response to negative facial emotions. To the best of my knowledge there 

have been no neuroimaging studies to-date which have investigated the effects of IN-

OXT in females with ASB, therefore future studies that include females are essential 

to explore if oxytocin induces similar neuromodulatory effects in females to their male 

counterparts. 

In summary, the findings from the current study demonstrate for the first time that IN-

OXT can modulate neural processing in boys with treatment-resistant CP, in the PCC 

/ precuneus – brain regions which have previously been implicated in ASB. Although 

IN-OXT did not shift amygdala hypoactivity to fearful stimuli, the findings from this 

study tentatively suggest that IN-OXT may promote a more neurotypical profile in 

children with treatment-resistant CP. 
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7.6 Chapter 7: Supplementary Material  

 

7.6.1 Behavioural Effects of Task 

Fearful Emotional Faces Only 

A 2 x 1 ANOVA with ‘condition’ (oxytocin, placebo) and emotion ‘fear’ was run to 

examine the behavioral effects of task of fearful emotions only. Mean Accuracy (%) 

for fearful expressions across both conditions was 88.7% (SD = 0.161). There was no 

significant effect of ‘condition’ (F(1,19)=0.427, p=0.521) observed for accuracy. Mean 

reaction time was 958.66 milliseconds (SD = 133.36). There was no significant effect 

of ‘condition’ (F(1,19)=0.160, p=0.693) on reaction time to fear. 

 

Happy Emotional Faces Only  

A 2 x 1 ANOVA with ‘condition’ (oxytocin, placebo) and emotion ‘happy’ was run to 

examine the behavioral effects of task of happy emotions only. Mean Accuracy (%) for 

happy expressions across both conditions was 89% (SD = 0.158). The was no 

significant effect of ‘condition’ (F(1,19)=0.460, p=0.506) on accuracy. Mean reaction 

(response) time: 955.08 milliseconds (SD = 122.76). The was no significant effect of 

‘condition’ (F(1,19)=0.462, p=0.505) on reaction time to happy. 

 

7.6.2 Overall Effect of Task for Oxytocin Condition 

For the oxytocin condition there was no effect of task observed in response to the 

fearful or the happy stimuli at the significance threshold of punc<0.001.  
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To investigate if a task effect could be detected at a lower statistical threshold, the 

cluster threshold was lowered to punc<0.005. In response to fearful facial expressions, 

the overall effect of task in the main 3dLME analysis revealed that during the oxytocin 

condition, the participants showed increased activation in the left ventral diencephalon 

(VDC) (cluster size [k] = 382 voxels, MNI 0, 8, -12, significance p=0.005) and the left 

middle temporal gyrus (cluster size [k] = 237 voxels, MNI 30, 68, 18, significance 

p=0.005) with both clusters surviving correction for multiple comparisons. 

In response to happy facial expressions, the overall effect of task in the main 3dLME 

analysis revealed that during the oxytocin condition, the participants showed 

decreased activation in the right cerebellum (cluster size [k] = 324 voxels, MNI -28, 

50, -38, significance p=0.005) 

7.6.3 Supplementary Analyses - Processing of Emotions 

Effect of Pubertal Status  

Whole brain or ROI results did not significantly change when ‘pubertal maturation 

status’ was added as a covariate in response to modulated fearful faces (i.e. no 

significant clusters were observed) at the significance threshold of punc<0.001.  

 

In response to happy faces, the significant findings in the whole brain remained (i.e., 

increased activity in the PCC / precuneus under the oxytocin condition relative to the 

placebo condition) when ‘pubertal maturation status’ was added as a covariate. ROI 

results using the SVC approach did not significantly change with the inclusion of 

‘pubertal maturation status’ as a covariate (i.e., no significant clusters were observed) 

at the significance threshold of punc<0.001.  
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Effect of Callous-unemotional Traits  

There were no significant findings for the interaction between ‘condition’ (oxytocin, 

placebo) and ‘CU traits’ in response to modulated fearful faces at the whole brain 

level or using the SVC approach at the significance threshold of punc<0.001.  

 

There were no significant findings for the interaction between ‘condition’ (oxytocin, 

placebo) and ‘CU traits’ in response to modulated happy faces at the whole brain 

level or using the SVC approach at the significance threshold of punc<0.001.  

Effect of Childhood Trauma  

There were no significant findings for the interaction between ‘condition’ (oxytocin, 

placebo) and ‘childhood trauma’ in response to modulated fearful faces either at the 

whole brain level or using the SVC approach at the significance threshold of 

punc<0.001.  

 

Further, there were no significant findings for the interaction between ‘condition’ 

(oxytocin, placebo) and ‘childhood trauma’ in response to modulated happy faces 

either at the whole brain level or using the SVC approach at the significance threshold 

of punc<0.001.  
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8.1 Overview of studies 

The current thesis set out to investigate the neural underpinnings of early-onset 

conduct problems (CP), firstly using a well-validated psychological intervention to 

determine whether behavioural change is associated with change in brain, and 

secondly, by using a novel pharmacological intervention – intranasal oxytocin (IN-

OXT).  

The first part of this thesis (Study 1; Chapters 3-6) was the first longitudinal study to 

explore whether structural and functional brain impairments in children with CP were 

‘fixed’ or if, following a parenting intervention, they could change in parallel to antisocial 

behaviour (ASB) improving. To achieve this, a group of boys with CP and TD boys 

completed two MRI scanning sessions, separated by 18 ± 5.8 weeks, with ASB 

assessed at each visit. Parents of the boys with CP also engaged in a parenting 

intervention between sessions. Functional MRI was used to compare amygdala 

activity to fearful faces in TD boys, with boys with CP whose ASB improved or 

persisted following a parenting intervention. Additionally, DTI data was used to 

compare microstructural changes in the uncinate fasciculus (UF) and the ventral 

amygdalofugal pathway (VAF) before and after the parenting intervention.  

The second part of this thesis (Study 2; Chapter 7) further explored whether 

functional brain abnormalities in children with persistent CP, (i.e., those who did not 

respond to the parenting intervention in ‘Study 1’), could ‘normalise’ following a single 

dose of IN-OXT compared to placebo. 
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The current chapter will summarize and critically appraise the findings reported in the 

five empirical chapters of this thesis with regards to relevance of findings, strengths, 

limitations, and potential directions for future research. 

 

8.2 Summary of Key Findings from ‘Study 1’ 

8.2.1 Summary of Chapter 3: Amygdala Hypoactivity Predicts Treatment Response 

Chapter 3 presented an empirical study which aimed to investigate if functional 

abnormalities in children with CP were ‘fixed’ or changeable following successful 

treatment. One of the most widely reported neurocognitive associates of CP is reduced 

amygdala activity to affective stimuli, particularly to fearful faces. Therefore, the main 

aim of this chapter was to assess whether amygdala hypoactivity to fear in children 

with CP could be remediated after successful treatment (hypothesis 1), and/or if it was 

a specific marker for persistent ASB (hypothesis 2).  

Contrary to hypothesis 1, amygdala hypoactivity to fear in boys with CP did not change 

following reduced ASB. However, hypothesis 2 was supported by the finding that 

amygdala hypoactivity to fear was only observed in boys with CP with ASB that 

persisted following the intervention and was absent in those with ASB that improved. 

Further, as the presence of CU traits is a reported risk factor for persistent ASB, and 

poor treatment response, the influence of CU traits on amygdala hypoactivity and 

treatment responsivity was also examined. However, the results indicated that the 

severity of CU traits did not significantly influence the results. Overall, the findings from 

Chapter 3 suggest amygdala hypoactivity to fear is a marker for ASB that is resistant 

to change following a parenting intervention, and a putative target for novel treatments. 
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8.2.2 Summary of Chapter 4: Rapid White Matter Changes in Children with CP 
Following a Parenting Intervention 

Chapter 4 explored whether a reduction in CP symptoms, following a parenting 

intervention, would be associated with altered microstructural integrity in the UF white 

matter tract. The findings demonstrated that, prior to the intervention, boys with CP 

had significantly higher measures of mean diffusivity (MD) and radial diffusivity (RD) 

in the UF compared to TD boys. However, following the intervention, the MD and RD, 

reduced significantly in the CP group. Further, these microstructural changes were 

associated with clinical improvement in CU traits (but not CP symptoms). No 

significant microstructural changes were observed in the TD group over the same 

period. These findings suggest, for the first time, that microstructural abnormalities in 

the UF of children with CP may be reversible following a parenting intervention. 

8.2.3. Summary of Chapter 5: Investigating the Subcomponents of the Uncinate 
Fasciculus  

This chapter fractionated the UF tract into three subcomponents (i.e., each terminating 

in different brain regions), to explore for the first time, whether: a) early-onset CP was 

associated with abnormalities in specific branches, and b) if the findings reported in 

Chapter 4 mapped on to changes in specific branches.  

This chapter reported, respectively, that: a) children with CP with persistent CU traits 

had microstructural differences in the medial subcomponent of the UF, and these 

microstructural differences remained stable in this subgroup after the parenting 

intervention. Although this finding requires replication, it suggests the medial 

subcomponent of the UF may be an early neural marker for children with CP with more 

stable forms of CU traits.  
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It was also reported that; b) UF abnormalities which decreased in boys with CP 

following the parenting intervention (as reported in Chapter 4) were widespread and 

did not map on to a specific UF subcomponent.  

8.2.3 Summary of Chapter 6: Exploring the Ventral Amygdalafugal Pathway in Boys 
with Conduct Problems 

Chapter 6 presented an empirical study exploring the ventral amygdalofugal pathway 

(VAF) – a limbic white matter tract. This tract, which had only recently been identified, 

connected brain regions understood to be important to CPs. However, to my 

knowledge, it had never been studied in this disorder. This chapter aimed to compare 

diffusivity properties in the VAF in boys with CP with that of TD control boys, and 

explore if any anatomical differences ‘normalised’ (i.e., in the direction of TD controls) 

following a parenting intervention. Further, due to the small size of the VAF, and the 

novelty of exploring this tract in humans, we investigated the reliability of dissecting 

this manually compared to a semiautomatic approach (MegaTrack). 

In summary, the findings of Chapter 6 found that children with CP had reduced volume 

in the VAF pathway compared to TD controls, which appeared to be driven by boys 

with CP with low levels of CU traits. However, these results were not significant after 

correction for multiple comparisons. There were no other significant group differences 

observed for any other DTI metric (AD, FA, RD and MD), implying that this tract may 

not be impaired in youth with CP. Further, we found high reliability when comparing 

findings from the manual white matter dissections and the semiautomatic approach 

employed using MegaTrack.  
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8.3 Summary of key findings from ‘Study 2’ 

8.3.1 Chapter 7: The Effect of Intranasal Oxytocin on Children with Treatment-
resistant Conduct Problems – an Exploratory Study. 

The main aim of Chapter 7 was to establish if, a ‘single-dose’ of IN-OXT, compared to 

placebo, could modulate abnormal neural processing in a subgroup of children with 

CP who had been resistant to psychological treatment (i.e., the parenting intervention 

from ‘Study 1’).  

The findings from this study demonstrated for the first time, that IN-OXT modulated 

neural processing in boys with treatment-resistant CP. Specifically, IN-OXT modulated 

neural processing in the posterior cingulate cortex (PCC) / precuneus in response to 

viewing happy faces. Although IN-OXT did not shift amygdala hypoactivity to fearful 

stimuli, these findings tentatively suggest that IN-OXT may promote a more 

neurotypical profile in children with treatment-resistant CP. 

8.4 Relevance and Implications of Findings 

Overall, the findings of this thesis contribute to our understanding of the neural 

underpinnings of ASB in children with CP. Further, this thesis increases our 

understanding of the brain changes associated with evidence for the first time that the 

pharmacological agent – IN-OXT can modulate neural processing in children with 

persistent CP. While each empirical chapter discusses the individual findings from 

each study in detail, as well as suggestions for further research, the following sections 

will discuss the main themes which have emerged from the findings of this thesis, with 

respect to their relevance for clinical implications and future research. 
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8.4.1 Changes in Behaviour are Associated with Changes in White Matter  

One of the primary findings of this thesis was the significant association between 

changes in ASB and changes in white matter microstructure. The decision to 

specifically assess changes in the UF pre and post the parenting intervention, was 

based on robust prior findings of anatomical differences in the UF of youth with CP, 

compared with TD controls (Graziano et al., 2002; Passamonti et al., 2012; Sarkar et 

al., 2013; Zhang et al., 2014). However, we also report for the first time that these 

differences are not ‘fixed’ but can ‘normalise’ following a parenting intervention. 

Specifically, following the intervention, anatomical differences in the UF of children 

with CP changed in the direction of TD controls. Moreover, these changes were 

associated with changes in CU traits. Also, over the same period, UF microstructure 

remained fixed in TD children (i.e., suggesting that the changes observed in children 

with CP were due to the intervention rather than maturational effects). These findings 

are consistent with other DTI studies reporting rapid changes in white matter 

microstructure following short-term training. For instance, children aged 7-12 years, 

who completed an 8-week intensive reading intervention were found to have 

microstructural changes in several associated white matter tracts including the UF, 

arcuate fasciculus, the inferior longitudinal fasciculus (ILF) and the posterior callosal 

connections (Huber et al., 2018). Similarly, after a 6-week intervention training for 

healthy adults (aged 18 - 33 years), it was reported that learning a complex visuo-

motor skill was associated with changes in white matter underlying the right posterior 

intraparietal sulcus (Scholz et al., 2009). Further, these changes were detectable four 

weeks later, suggesting that these white matter changes are maintained after the 

training period. 
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Although specific limitations have been discussed for each experimental chapter, it is 

worth highlighting that two important future directions based on these findings from 

‘Study 1’ should be the inclusion of control tracts in addition to the UF (such as the 

ILF or the inferior fronto-occipital tract as done so in a previous study (Craig et al., 

2009)). This would allow further understanding if these white matter findings were 

specific to the limbic amygdala-OFC network or more widespread across other brain 

networks. Secondly, despite prior studies suggesting that without a targeted 

intervention, it is highly unlikely that children with early-onset CP would show a sudden 

decrease in CU traits naturally, particularly over such a short period (Frick et al., 2005), 

the absence of a group of children with CP that did not go through a parenting program 

make it difficult to infer a direct link between the intervention and change in CU traits. 

Future studies are needed to replicate these results with the addition of a CP control 

group. 

Implications for Parenting Programs  

The behavioural effects of group parenting programs have been widely studied (See 

reviews Leijten et al., 2018; Zarakoviti et al., 2021). However, there has been an 

absence of research into the effects on brain structure and function. The findings from 

Chapter 4 suggest, for the first time, that changes in behaviour following a parenting 

intervention have an effect at both the behavioural and the neural level. Further, 

changes in brain structure observed in the current study were associated with changes 

in CU traits (rather than CP symptoms). It is probable that these changes were the 

direct result of the parenting intervention. However, the absence of a group of children 

with CP that were not exposed to a parenting program make it difficult to infer a direct 

causal link between the intervention and change in CU traits. Despite this, based on 

findings from four RCTs (Scott, 2005; Scott et al., 2014; 2010b; 2001), Professor 
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Stephen Scott (co-PI in the current study and an expert in the field of parent-training 

programs) has estimated spontaneous improvement in CU traits without intervention 

would typically only occur in approximately 9% of cases (Scott, 2022, personal 

communication). This suggests the rapid white matter changes observed in the UF are 

likely a direct result of the parenting program, and not due to maturation effects. 

Although future studies are needed to investigate this hypothesis more directly, our 

findings have important implications for policymaking and commissioning in providing 

resources to ensure such interventions remain funded and continue to be accessible 

to children who are most at-risk for developing ASB.  

 

Implications for future DTI studies 

One of the questions that arose from the findings of the UF study was whether the 

reported changes were selective to a specific UF subcomponent. This was further 

explored in a post hoc study reported in Chapter 5. This found that microstructural 

changes in the UF were generalised (i.e., not selective to any individual UF branch). 

However, it was also reported that microstructural impairments in the medial UF 

subcomponent were observed across both timepoints in boys with CP with CU traits 

that persisted following the intervention. This suggests that this subcomponent may 

be a neural marker for children with ASB with more stable CU traits, and further may 

represent a useful target to test novel treatments. 

 

Future directions in neuroimaging connectivity studies  

Based on the significant changes reported in structural connectivity in boys with CP in 

Chapter 4, a potential next step could be to examine functional connectivity 

longitudinally, across similar brain networks. Functional connectivity examines the 
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human brain as an integrative network of functionally interacting brain regions and can 

provide a deeper understanding about neuronal communication in the brain (van den 

Heuvel & Hulshoff Pol, 2010). Previous studies have reported that youth with CP show 

impairments in functional connectivity (both task-based and resting-state activity) 

across brain networks such as the amygdala and ventromedial prefrontal cortex 

(vmPFC) network (Blair et al., 2016; Aghajani et al., 2017; Lu et al., 2017), however it 

is unknown if these abnormalities in functional connectivity could also be ‘normalised’ 

following an intervention. Network neuroscience such as resting-state functional 

connectivity, has been predicted to make significant contributions towards disease 

classification and treatment in neurodevelopmental disorders (Clark et al., 2017) and 

is thought to have the potential to penetrate clinical practice (O’ Connor & Zeffiro, 

2019). Therefore, examining resting-state fMRI in children with CP before and after a 

parenting intervention could increase our understanding of the neural foundation of 

treatment response and persistence in CP. 

8.4.2 Could Changes in Behaviour be Associated with Changes in Brain 
Function? 

Findings from the DTI data from ‘Study 1’ provided evidence that reduced ASB in 

boys with CP is associated with normalisation in structural abnormalities. Conversely, 

data from the fMRI study, ‘Study 1 - Chapter 3’, failed to find a similar association. A 

possible reason for this null finding is that functional changes involved a network(s) 

that was not probed with the fMRI task employed in the current thesis.  

fMRI Task Probing Empathic Response 

The emotion processing task used in this fMRI study was designed to probe emotion-

circuitry associated with empathic response. Whilst the parenting intervention used in 
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‘Study 1’ does incorporate elements of teaching a child how to behave more 

empathically, it has been highlighted that a huge amount of planning and care needs 

to be undertaken when designing interventions aimed at increasing empathy in ASB 

cohorts - with particular focus on tailoring the intervention to participants’ individual 

differences and baseline empathy level (See review Trivedi-Bateman and Crook, 

2021). Therefore, it is possible that the parenting intervention described in the current 

thesis did not completely restructure deficits in empathy in these children, as it was 

not the sole target of the programme. Hence, functional change did not occur in brain 

regions known to be associated with empathic response (i.e., the amygdala). Although 

relatively few studies have empirically tested changes in empathy as an outcome of 

parenting interventions, there is evidence that interventions which are paired with 

child-focused emotion recognition training can increase empathy in children with CP, 

both with and without CU traits (Dadds et al., 2012; Kimonis et al., 2019). Further, it 

has been theorised that targeted empathy interventions can be effective in youth at 

risk of criminal offences if there is a strong focus on several empathy related 

constructs, such as perspective taking, prosocial behaviour and emotional regulation 

(Hein et al., 2018; Malti et al., 2016; Narvey et al., 2020). Therefore, it is plausible that 

dysfunctional amygdala activity could ‘normalise’ in children with CP who respond to 

an intervention which is primarily focussed on increasing empathy. However, future 

studies are needed to test this hypothesis.  

 

fMRI Task Probing Reward and Punishment Response 

On the other hand, one of the primary components of the parenting intervention 

employed in ‘Study 1’ is the use of reward, instead of punishment to modulate 

behaviour (Webster-Stratton and Reid, 2017). Therefore, it is likely that we might have 
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observed functional changes in this group of boys with CP with an fMRI task designed 

to probe the reward and punishment circuitries in the brain. One such paradigm is the 

‘passive avoidance’ reinforcement learning task, which encourages participants to 

learn to respond to stimuli that generate a reward and avoid responding to stimuli that 

leads to punishment (Blair et al., 2004; Finger et al., 2011; Newman and Kosson, 

1986). Although it was beyond the scope of the current thesis to incorporate a task of 

this category in the analysis, it is noteworthy that our group (P.I. Professor Michael 

Craig) is currently investigating the neural underpinnings of reinforcement learning in 

boys with CP, before and after the same parenting intervention, whilst engaging in a 

‘passive avoidance’ fMRI task. Hence, although highly speculative, the outcome of this 

study using the ‘passive avoidance’ task (as opposed to the ‘emotional processing 

faces’ task) may provide evidence that functional abnormalities in brain regions 

associated with reward (i.e., ventral and dorsal striatum) and punishment (i.e., 

amygdala) can normalise in youth with CP following change in ASB. This may assist 

in explaining the unexpected current situation, where reduced ASB is associated with 

structural, but not functional changes in the brain.   

 

Clinical implications of the fMRI findings (Study 1) 

Although there was no evidence that change in ASB would be associated with change 

in amygdala activity (as outlined above), one of the most prominent findings from the 

fMRI chapter from ‘Study 1’ which may have potential clinical relevance, was that 

amygdala hypoactivity to fear is solely observed in boys with treatment-resistant CP, 

but not in boys with CP whose ASB improved. This finding provides the first direct 

evidence for a widely held view (Blair, 2013; Marsh, 2016; Viding et al., 2012) that 

amygdala hypoactivity to fear underpins particularly stable forms of ASB and suggests 
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that more malleable forms of childhood ASB are underpinned by distinct neural 

mechanisms. These findings may have significant utility for future research into novel 

treatments. For instance, amygdala hypoactivity to fear could be used as a biomarker 

to fractionate out a CP subgroup who are unresponsive to the current ‘gold-standard’ 

treatment options for CP (i.e., group parenting programmes). These children may 

require a ‘personalised’ parenting program (e.g., a one-to-one, and/or home-based 

approach) that is more tailored to their specific needs (McKay et al., 2020; Niec et al., 

2016), and this is currently being explored in a subgroup of boys from our study who 

failed to respond to the group parenting program (the Personalised Programmes for 

Children (PPC) project (Research Ethics Committee number: N-434-525)). 

Alternatively, this distinct neurobiological profile observed in children with treatment-

resistant CP, may indicate that this subgroup should be targeted with alternative 

treatment options such as pharmacological agents that aim to shift abnormal neural 

processing. ‘Study 2’ of the current thesis aimed to explore this by targeting the 

oxytocin system for the first time in youth with CP, which is discussed further in the 

next section.  

 

It is noteworthy that the limitations of task-based fMRI in identifying individual-level 

biomarkers have been acknowledged in Chapter 3, nonetheless, task-based fMRI can 

be a reliable tool for making group-level inferences (Bennett and Miller, 2010) 

regarding phenotypes associated with clinical response (improvers versus persisters). 

In contrast, a promising approach for developing biomarkers at the individual-level in 

psychiatric disorders is machine-learning techniques, which can make predictions 

about individuals by using a model classification method to reveal patterns in the data 

(de Filippis et al., 2019; Veronese et al., 2013; Wolfers et al., 2015). This approach 
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has recently been applied to a large CP cohort to investigate whether differences in 

emotion recognition abilities are sufficiently reliable to act as individual-level markers 

for youth with CP with high CU traits (Pauli et al., 2021). This study provided evidence 

that machine-learning techniques can indeed segregate youth with high CU traits and 

youth with low CU traits from TD controls at above-chance accuracy levels. Future 

studies could build on this by exploring if similar machine-learning techniques using 

emotional processing response to fear could discriminate individuals with persistent 

CP relative to children with CP who respond to treatment. If a machine classification 

approach could reliably identify youth with treatment-resistant CP, then this could have 

huge clinical implications for these children and their families, by potentially identifying 

in advance who is likely to respond or not respond to current psychological 

interventions for CP. 

8.4.3 Can Intranasal Oxytocin Modulate Brain Function in Children with CP? 

The findings from ‘Study 2’ provide evidence for the first time that a single dose of IN-

OXT can shift neural processing in a group of boys with CP who were previously 

resistant to psychological treatment. However, these modulatory effects were not 

observed in the brain region that was initially expected. Contrary to our a priori 

hypothesis, there was no evidence to show that IN-OXT modulated amygdala activity 

in these boys in response to viewing fearful faces (which has been discussed in detail 

in Chapter 7). However, an exploratory post hoc analysis revealed that IN-OXT did 

increase activation in the PCC / precuneus regions in response to viewing happy 

faces. Previous studies have reported that youth with CP and adults with ASB show 

deficits in the precuneus and PCC (see reviews - Noordermeer et al., 2016; Raine & 

Yang 2006). Therefore, although highly tentative, IN-OXT may promote a more 
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neurotypical profile in these brain regions in youth with persistent CP. However, to the 

best of my knowledge, this was the first study to investigate the effects of IN-OXT on 

neural processing in youth with CP, and therefore caution should be applied to these 

interpretations until these results have been replicated in a larger sample. 

Interestingly, the findings reported from ‘Study 2’ are somewhat consistent with 

previous fMRI which were conducted in individuals with ASD. For instance, IN-OXT 

induced an increase in functional activity in the precuneus in response to viewing 

socially meaningful pictures in children with ASD (Gordon et al., 2013). Further, in 

response to listening to happy voices, Gordon et al. (2016) reported that oxytocin 

increased functional connectivity in individuals with ASD between the precuneus and 

both mesolimbic sites (i.e., precuneus-amygdala and precuneus-nucleus accumbens). 

Deficits in the precuneus and PCC have also been reported in individuals with ASD 

(Assaf et al., 2010; Jann et al., 2015; Kennedy and Courchesne, 2008), therefore a 

potential explanation for the relative similarity in findings is that IN-OXT upregulates 

activity in these brain regions to promote a more neurotypical response in youth with 

deficits in prosocial behaviour. It is worth noting that despite ASD being an exclusion 

criterion for participants in both ‘Study 1’ and ‘Study 2’ of this thesis, it could be 

argued that the CP ‘persisters’ who participated in ‘Study 2’ could be individuals who 

are at-risk for ASD, but have not yet been diagnosed with the disorder, and perhaps 

this is why a similar finding was observed to previous oxytocin research in ASD. 

However, as the Social Communications Questionnaire (SCQ) (Rutter and Lord, 2003) 

was collected as an additional measure to screen for those at high-risk of ASD, each 

individual’s SCQ score was subsequently investigated. The data from this measure 

confirmed that none of the 20 participants in our study exceeded the recommended 

cut-off score of 15 (mean SCQ score for the group was 10.65 ± 4.10). Therefore, the 
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modulation of neural processing observed in the precuneus / PCC following IN-OXT 

administration is unlikely due to our sample unintentionally including boys with ASD. 

It is recommended that future studies explore the similarity in findings further by 

directly comparing the effects of IN-OXT in ASD and CP cohorts using the same fMRI 

task. Although CP and ASD have similar core traits such as diminished empathy, those 

with CP (particularly with high CU traits) have been associated with deficits in affective 

empathy, whereas ASD has been linked to deficits in cognitive empathy (Blair, 2008b; 

Jones et al., 2010; Schwenck et al., 2012). Therefore, it would be interesting to 

disentangle the differential modulatory effects (if any) that IN-OXT has on the different 

constructs of empathy in these cohorts.  

Implications for Future Oxytocin Research in Humans 

Although there are no direct clinical implications resulting from ‘Study 2’, the findings 

reported from this thesis have deepened our understanding of what may be happening 

at the neural level in youth with treatment-resistant CP and may have significant 

relevance for directing future research studies. This exploratory study was the first to 

provide evidence that the neurochemical oxytocin could ‘shift’ neural processing in CP 

youth. These findings follow preliminary evidence from another PhD study in the 

department of Forensic and Neurodevelopmental Sciences, KCL (Tully, 2021, p. 94-

123), which revealed that IN-OXT can modulate abnormal neural processing in adults 

with antisocial personality disorder (ASPD) – specifically in those with psychopathic 

traits. Together, both studies provide evidence that extraneously administered 

oxytocin appears to have potential therapeutic effects in individuals with ASB, 

however, our exact understanding of these effects remain limited. In Chapter 7, based 

on the limitations of our study, I have discussed several initial first steps which should 

be considered in future studies (i.e., fractionating the CP group into further subgroups, 
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oxytocin dosage considerations and testing the effects IN-OXT in females with CP). 

However, before oxytocin could be considered as a potential therapeutic intervention 

for this cohort, there are several necessary steps that need to be undertaken. 

 

Firstly, it is essential to replicate and extend the findings from the current study. For 

instance, in a larger CP sample – whilst also taking into account the heterogeneity of 

the group, a promising next step would be to conduct a double-blind placebo-

controlled study whereby the effects of IN-OXT are studied using both an fMRI task 

and a behavioural task. For example, one could incorporate a neuropsychological task 

into the study to measure oxytocin induced changes in prosocial behaviour, in addition 

to measuring changes in functional activity in the brain. This could be achieved by 

including a behavioural paradigm such a ‘perspective taking’ task (Surtees and 

Apperly, 2012), which is known to measure callous and unempathic behaviours, as 

previous research suggests that acute oxytocin administration can affect these 

functions in healthy controls (Ramsey et al., 2013). Doing so could provide further 

useful information about any shifts in prosocial behaviour resulting from oxytocin 

administration in this cohort of children. This would be a similar concept to ‘Study 1’ 

of this thesis (i.e., are changes in behaviour associated with changes in the brain?) 

only it would be explored using a pharmacological, rather than psychological 

intervention. If these results are positive, they could form the basis of further work to 

accelerate the translation into the first therapeutic intervention that target the oxytocin 

system in children with treatment-resistant CP. 

Considerations for Oxytocin Research in Future Clinical Trials 

However, it is also important to note that clinical trials in oxytocin research which are 

already underway in other neurodevelopmental disorders (e.g., ASD and Prader-Willi 



 
 

249 

syndrome), have reported mixed findings on the efficacy of chronic oxytocin 

administration in altering prosocial behaviour (Rice et al., 2018; Sikich et al., 2021; 

Watanabe et al., 2015; Yamasue et al., 2018). For instance, Watanbe et al. (2015) 

reported that 6-week intranasal administration of oxytocin significantly reduced autism 

core symptoms related to social reciprocity. In contrast, a recent larger phase 2 clinical 

trial reported no clinical effect of twice daily doses of IN-OXT in improving social 

behaviour in ASD over a 24-week period (Sikich et al., 2021). It has recently been 

highlighted however, that for oxytocin administration to have therapeutic efficacy and 

influence behaviour, it should be paired with opportunities for constructive social 

learning, such as behavioural therapy (Ford and Young, 2021). Interestingly, this has 

been backed up by evidence from a recent 6-week clinical trial which reported that 

administering IN-OXT every other day can significantly improve symptoms in young 

children with ASD when followed by a period of positive social interaction (Le et al., 

2022). It has been proposed that oxytocin administration may open a brief window of 

time for the brain to receive and process new social information, and therefore could 

be used as a tool to help positively reinforce the learning of new behaviours (Ford and 

Young, 2021). This suggests that if IN-OXT was to reach clinical trials for CP, pairing 

it with a form of behavioural therapy such as the 14-week parenting intervention from 

‘Study 1’, may enhance its therapeutic effects. 

 

Implications for Future Oxytocin Research in Animal Models 

Although research has indicated that intranasally administered oxytocin may serve as 

a potential treatment for CP, it is unlikely that the intranasal method would be feasible 

for long-term treatment use, mainly due to the rapid degradation of oxytocin following 

administration (~20 minutes in the central nervous system and ~3 minutes in the 
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blood) (de Groot et al., 1995; Mens et al., 1983). An alternative direction for therapeutic 

intervention would be to develop a compound that directly works on the oxytocin 

receptor system but more efficaciously or perhaps targeting a signalling pathway that 

could increase the brain’s natural oxytocin production. To do this, a necessary next 

step would be to translate our current knowledge on how oxytocin affects ASB in 

humans to an animal model to gain better insight into the neurobiological mechanisms 

by which oxytocin affects behaviour. Animal models of aggression have proven to be 

highly useful over the past couple of decades to understand aggression-related 

psychopathologies (such as CP) at a deeper level (Golden et al., 2019; Haller, 2018). 

However, it has only been in recent years that translational animal models for 

callousness (Laviola et al., 2017; Zoratto et al., 2018) and empathy (Meyza and 

Knapska, 2018) have been developed, which has now further facilitated preclinical 

studies to consider the large heterogeneity of CP. The use of animal models enable 

research that cannot be done in vivo in humans such as blocking selected receptors 

or brain structures, changing the level of neurotransmitters and mapping the activity 

of the brain with single-cell resolution (Meyza and Knapska, 2018). This research is 

essential for a precise understanding on how pharmacological compounds work at the 

molecular level in the brain in order for a compound to progress towards clinical trials. 

Thus, conducting a human and animal oxytocin study in tandem could be a promising 

strategy so that relevant findings from human studies can be tested at the molecular 

level with immediate effect on the animal model (or vice versa) (Grinevich and 

Neumann, 2021). 
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8.5 Callous-unemotional Traits in Early-onset Conduct Problems 

An additional theme which has emerged throughout this thesis that is worthy of 

discussion, is the inconsistent findings associated with CU traits within our sample.  

Firstly, the results from Chapter 3 suggested that unlike some previous studies, there 

was no association found between severity of CU traits with either treatment response 

(Frick and Viding, 2009; NICE, 2013; Scott et al., 2014) or amygdala reactivity to fear 

(Aggensteiner et al., 2022; Blair, 2013; Hawes and Dadds, 2005; Viding et al., 2012). 

Further, in Chapter 6, there was no significant microstructural differences observed in 

the VAF white matter pathway in boys with CP/CU+ compared to CP/CU-, which was 

somewhat unexpected based on the prior association between CU traits and the 

amygdaloid-hypothalamic network (Fairchild et al., 2018; Johnson et al., 2014). 

Moreover, in Chapter 7, despite previous studies reporting a link between CU traits 

and impairments in the oxytocin system (Aghajani et al., 2018; Azzam et al., 2022; 

Dadds et al., 2014; Levy et al, 2015), there was no association found between CU 

traits and change in functional activity following administration of IN-OXT, albeit it 

could be argued that the lack of significant findings here was due to the small sample 

size (n = 20). 

However, in Chapter 4, the microstructural changes which were observed in the UF 

following the parenting intervention were associated with clinical improvement in CU 

traits, which may suggest a link between CU traits and abnormalities in the UF 

development.  

Taken together, these findings imply that the UF may be a more sensitive marker of 

CU traits in children with early-onset CP, in comparison to other limbic regions such 

as the amygdala and the VAF white matter pathway. However, based on the limited 
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number of neuroimaging studies investigating these brain regions in the early-onset 

CP cohort, future studies are needed to explore this further. 

 

8.6 Multimodal Neuroimaging for Future CP Research  

Based on the combined findings from the current thesis, a final direction worth 

highlighting which could be a promising avenue for future innovations in CP research, 

is multimodal imaging. This neuroimaging approach is typically obtained by combining 

two or more different MRI sequences (e.g., T1-weighted, electroencephalogram 

(EEG), fMRI or diffusion weighted imaging (DWI)), usually collected from the same 

scanning session, and yields more detailed information about brain dynamics than a 

single MRI modality alone (Tulay et al., 2019). Although each neuroimaging modality 

provides different and important information about brain anatomy and/or function, one 

of the main benefits of multimodal imaging is that it can compensate for the limitations 

of a single imaging technique (unimodal neuroimaging), resulting in more 

comprehensive picture of the brain. For instance, fMRI has high spatial, but low 

temporal resolution whereas modalities such as EEG has low spatial but high temporal 

resolution. Therefore, by simultaneously analysing both imaging modalities, brain 

activity can be depicted from different perspectives. Furthermore, multimodal imaging 

can also provide various types of predictors from brain structure, connectivity and 

function with high spatial resolution which is advantageous for targeting disease 

biomarkers (Li et al., 2021; Liu et al., 2015). For example, previous work combining 

DTI and fMRI data reported that increased fractional anisotropy (FA) within the 

uncinate fasciculus (UF) predicted reduced amygdala activation to emotional faces in 

healthy children and adolescents (Swartz et al., 2014). Future research based on the 
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findings from the current thesis could employ a similar approach by combining the 

task-based fMRI and the DTI longitudinal datasets from ‘Study 1’ to simultaneously 

examine the relationship between structural connectivity of the UF and amygdala 

function to fearful stimuli in youth with CP. This could potentially provide us with a 

more comprehensive understanding of the underlying mechanisms of treatment 

response in CP, in addition to potential biomarkers predicting who will respond to early 

intervention.  

 

8.7 Conclusion 

In conclusion, the work presented in this thesis has enhanced our understanding of 

the neural mechanisms underlying treatment response and persistence in children 

with early-onset CP. The main findings can be summarised in three points: 

Study 1 

(i) Microstructural impairments in the UF can ‘normalise’ in boys with CP following 

a ‘gold-standard’ parenting program. Further, these microstructural changes 

were associated with reduction in CU traits and not CP symptoms. These 

findings suggest a link between CU traits and abnormalities in the UF 

development, as well as the plasticity of white matter tracts in response to early 

intervention. 

 

(ii) Amygdala hypoactivity to fear was only observed in boys with CP with ASB that 

persisted following the intervention and was absent in boys with CP with ASB 
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that improved. This indicates that amygdala hypoactivity to fear underpins 

particularly stable forms of ASB and represents a compelling treatment target 

for currently hard-to-treat cases of early ASB. 

 

Study 2  

(iii) The neurochemical oxytocin can modulate neural processing in boys with CP 

in the PCC / precuneus, which are ‘core hubs’ of the DMN – a brain network 

which has previously been implicated in CP. Although highly tentative, these 

findings suggest that IN-OXT may promote a more neurotypical profile in 

children with treatment-resistant CP. 
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