
 

	
	

 

 

 

 

Neurocognitive Risk and Protective Factors  

in Addictive Disorders 

 

 

 

Dana G. Smith 

King’s College 

 

 

 

A dissertation submitted for the degree of Doctor of Philosophy at the 

University of Cambridge



 

	
	



 

3 
 

Declaration 

 

This dissertation is the result of my own work and includes nothing that is the outcome of 

work done in collaboration, except where specifically indicated in the text. This 

dissertation does not exceed the word limit specified by the School of Biological Sciences 

and has not been submitted in whole or in part for any other degree or qualification at any 

other university.  

 

The research reported in this dissertation has been presented in the following 

publications: 

 

Smith DG, Jones PS, Bullmore ET, Robbins TW, & Ersche KD. (2013). Enhanced  

orbitofrontal cortex function and lack of attentional bias to cocaine cues in 

recreational stimulant users. Biological Psychiatry. Published online. 

Smith DG, Jones PS, Williams GB, Bullmore ET, Robbins TW, & Ersche KD. (2013).  

Overlapping decline in orbitofrontal gray matter volume related to cocaine use 

and body mass index. Addiction Biology. Published online. 

Smith DG, Jones PS, Bullmore ET, Robbins TW, & Ersche KD. (2013). Cognitive  

control dysfunction and abnormal frontal cortex activation in stimulant drug users 

and their siblings. Translational Psychiatry. 3: e257. 

Ersche KD, Jones PS, Williams GB, Smith DG, Bullmore ET, & Robbins TW. (2013).  

Distinctive personality traits and neural correlates associated with stimulant drug 

use versus familial risk of stimulant dependence. Biological Psychiatry. 74: 137-

144. 



 

4 
 

Smith DG & Robbins TW. (2012). The neurobiological underpinnings of obesity and  

binge eating: A rationale for adopting the food addiction model. Biological 

Psychiatry. 73: 804-810. 

Robbins TW, Gillan CM, Smith DG, de Wit S, & Ersche KD. (2012). Neurocognitive  

endophenotypes of impulsivity and compulsivity: Towards dimensional 

psychiatry. Trends in Cognitive Science. 16: 81-91. 



 

5 
 

Acknowledgments	

 

Thank you, first and foremost, to Trevor Robbins and Karen Ersche for giving me this 

opportunity and for all of their guidance, knowledge and support throughout the PhD. I 

have learned so much from you both. 

Thank you to Annemieke Apergis-Schoute, Ed Bullmore, Gonzalo Urcelay, Mercedes 

Arroyo, Naresh Subramaniam, Sanja Abbot, Sharon Morein-Zamir and the other 

members of the BCNI for their patience and advice. Special thanks to Simon Jones for his 

invaluable help with fMRI analyses. 

Thank you to Abigail Turton, Claire Whitelock, Rania Christoforou and Heatha 

Agyepong for their assistance with data collection and organization during the ICCAM 

project. 

Thank you to Claire Gillan, Yasemin Yazar and Jane Garrison for sharing their time, 

space and chocolate with me.  

Thank you to all the participants who took part in these studies for sharing their stories. 

Thank you to the Cambridge Overseas Trust for providing the funding for my PhD. 

Thank you to the King’s College Graduate community for providing much-needed 

distraction, commiseration, humour and friendship throughout these three years. Thank 

you especially to Ruth Watkinson and Sam Greenbury  

Thank you to my parents, without whose love and support I could not have done this. 



 

6 
 



 

7 
 

Abstract 

 

Cognitive impairments and changes in the structure and function of related brain regions, 

namely the prefrontal cortex and striatum, have long been implicated in drug addiction. 

However, it is unknown whether these abnormalities predate substance abuse, potentially 

serving as risk factors for dependence, or if they are the consequence of protracted use. 

To address this question, endophenotype research using stimulant-dependent individuals’ 

biological siblings has been used to investigate traits implicated in the pathology of 

addiction. Impairments present in both groups suggest an underlying risk-state for 

dependence, while additional abnormalities present only in stimulant-dependent 

individuals reflect potential effects of the drugs themselves. Contrastingly, there are also 

individuals who use stimulant drugs in a controlled manner without developing 

dependence. These ‘recreational users’ may lack the underlying traits that comprise a 

greater risk for dependence, or they might maintain additional protective factors against 

the development of addiction. Experiments in the first half of this dissertation used 

functional magnetic resonance imaging to investigate neurocognitive similarities and 

differences between dependent stimulant users, their non-dependent siblings, recreational 

users of cocaine, and unrelated healthy control volunteers. In Chapter 2, performance on 

a colour-word Stroop task was impaired in both stimulant-dependent individuals and their 

siblings, suggesting an endophenotype of cognitive inefficiency. However, neural activity 

significantly differed between the groups, indicating additional changes specific to the use 

of stimulant drugs. In Chapter 3, dependent users showed significant attentional bias to 

salient stimuli on a cocaine-word Stroop task, with a concurrent increase in prefrontal 

activation. Conversely, recreational users showed resilience in the face of cocaine cues 

and a decrease in arousal. Finally, Chapter 4 explored differences in reward sensitivity to 
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both generic and drug-specific reinforcers, comparing the effects of personal and family 

history of stimulant exposure on a monetary incentive delay task.  

It is also under debate whether the neurocognitive differences seen in stimulant-

dependent individuals are unique to substance abuse, or if parallel changes in behaviour 

and neurobiology are present in similar addiction-spectrum disorders, such as binge 

eating leading to obesity. In Chapter 5, stimulant-dependent and obese individuals with 

binge-eating behaviours showed differences in their substance-specific and general 

reward responsivity on a novel reward-valuation task. However, in Chapter 6 a similar 

decline in orbitofrontal cortex grey matter volume in relation to both years of stimulant 

use and body mass index was identified, implicating an overlap in this area between both 

conditions. These findings are integrated in Chapter 7, discussing the neurocognitive risk 

and protective factors that underlie an individual’s vulnerability for addiction, not only to 

stimulant drugs, but also potentially for other addictive behaviours.  
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Chapter 1. General Introduction 

 

Addictive disorders are a major mental health concern, with roughly 300,000 individuals 

in the UK currently dependent on an illicit substance (National Treatment Agency for 

Substance Misuse, 2012). The economic costs of this disease are estimated to reach 

fifteen billion pounds every year in health care, treatment services, law enforcement, lost 

productivity, and drug-related crime (Gordon, 2006). However, with almost three million 

people reporting having used an illicit substance in the last year, it appears that only ten 

percent of individuals who try drugs will become dependent upon them. The question 

thus arises, what are the risk and protective factors involved in these odds? How can nine 

out of ten individuals try drugs of abuse without developing a dependence upon them, and 

what is different in those one in ten who do become addicted? 

 

1. Definition of Addiction 

Drug addiction is a relapsing and remitting disorder characterized by the compulsive 

seeking and taking of a substance, despite severe negative consequences such as poor 

health, legal and financial problems, and the damaging of social relationships. This 

includes a loss of control over use of the drug, consuming greater quantities and using 

more frequently than intended or despite a desire to stop, and a strong feeling of negative 

affect, including distress, anxiety and dysphoria when experiencing withdrawal 

(American Psychiatric Association, 2000). Intense feelings of craving consisting of a 

powerful urge and desire to use frequently accompany physical and psychological 

dependence, and are often triggered by associated environmental stimuli, such as certain 

people or places, or drug-related paraphernalia.  
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Originally begun as a hedonic choice, drug taking can devolve into a compulsive habit 

where the behaviour is maintained despite a loss of the rewarding sensations first 

associated with the action. The initial positive reinforcement for drug taking comes from 

the pleasure derived from the euphoric ‘high’ effects of the stimulant itself, while 

negative reinforcement maintains continued drug-seeking behaviours, attempting to stave 

off withdrawal and the associated negative affect that can follow (Koob & Le Moal, 

2001; Solomon, 1980). Positive reinforcers from the drug producing pleasurable 

experiences are followed by disparate effects in an opponent-process model, generating 

contrasting negative feelings in a simple dynamic control system (Solomon, 1980). These 

withdrawal symptoms typically manifest as opposing physiological and psychological 

reactions to those experienced during the initial high, motivating users to take more of the 

drug to alleviate the unpleasant symptoms.  

  

2. Striatal Dopamine System and Bottom-Up Motivation 

All drugs of abuse act on the mesolimbic dopamine system, impacting it either directly or 

indirectly (Di Chiara, 1999; Koob & Nestler, 1997; Nutt, 1996). Stimulant drugs like 

cocaine and amphetamine directly alter ventral striatal dopamine levels by interfering 

with monoamine transporters, inhibiting the reuptake of endogenous dopamine from the 

synapses, or by increasing dopamine concentration and release in presynaptic vesicles. 

Psychostimulants also significantly elevate dopamine levels in the prefrontal cortex via 

their action on noradrenergic neurons (Di Chiara, 1999; Tanda, Pontieri, Frau, & 

DiChiara, 1997). Other substances like cannabis and opiates affect the system indirectly, 

with cannabinoid receptors and opioid peptides synapsing onto dopaminergic neurons in 

the nucleus accumbens shell and ventral tegmental area, causing a cascade of dopamine 

release throughout the mesolimbic system (Tanda, Pontieri, & DiChiara, 1997).		
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Dopamine is crucially involved in reward valuation and reinforcement learning, as well as 

the development of habits (Baldo & Kelley, 2007; Di Chiara, 1999; Wise & Bozarth, 

1985; Wise, 2004). As such, the mesolimbic dopamine system is not limited to the 

rewarding sensations associated with drugs of abuse, but also plays a reinforcing role in 

all pleasurable experiences. This includes anticipation and receipt of food, sex and money 

(Deadwyler, 2010; Everitt, 1990; Hernandez & Hoebel, 1988; Schott et al., 2008; Wise & 

Rompre, 1989), with dopaminergic activity underlying the positive reinforcing properties 

of both intrinsically rewarding and conditioned stimuli (Di Chiara, 1999; Wise, 2004). 

Dopamine agonists such as amphetamine magnify the reinforcing effects of conditioned 

stimuli that already depend on dopamine activity, and this enhancement makes stimulant 

drugs particularly susceptible to abuse and the development of compulsive tendencies. 	

2.1 Incentive Salience 

Elevation of dopamine levels in the striatum can also create associations between drug 

cues and the ‘high’ experienced upon administration. This enhances the substance’s abuse 

potential, potentiating relevant stimulus-reward associations. The anticipation of 

receiving the drug can then cause similar increases in dopamine release, even before the 

substance’s excitatory properties are experienced (Berridge & Robinson, 1998; Di Chiara, 

1999; Ito, Dalley, Howes, Robbins, & Everitt, 2000; Koob & Le Moal, 2001). A formerly 

neutral accompaniment can thus be rendered desirable or rewarding through its 

association with the drug and its acute effects, initiating a transfer of incentive salience 

and phasic dopamine release to the associated cue (Ito, Dalley, Robbins, & Everitt, 2002; 

Schultz, Dayan, & Montague, 1997). Administration of psychostimulants can increase 

acquisition of conditioned reinforcement learning, potentiating responding for a 

conditioned reinforcer, as well as enhancing pavlovian-instrumental transfer and certain 

forms of conditioning (Everitt & Robbins, 2005; Taylor & Robbins, 1986; Wise, 2004; 
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Wyvell & Berridge, 2001). Conversely, dopamine receptor antagonists diminish 

incentive-motivation and may impede conditioning (Koob & Le Moal, 2001; Wise, 

Spindler, DeWit, & Gerberg, 1978; Wise, 2004). Thus, the reinforcing qualities of drugs 

of abuse are thought to be facilitated through both direct and indirect activation of the 

mesolimbic dopamine circuit, eliciting positive feelings of reward and incentivising 

future use, instilling the substance and its associated cues with particular potency (Di 

Chiara, 1999; Koob & Le Moal, 2001).  

Learned drug associations can increase the likelihood for relapse long after acute 

withdrawal effects have dissipated. This occurs by triggering anticipatory or craving 

sensations upon encounter with environmental cues that were previously associated with 

drug administration. These stimuli have been engendered with greater incentive salience 

by associative learning, granting them many of the same reinforcing properties of the 

drug itself. These secondary drug cues can then cause a release of striatal dopamine 

themselves, independent of the presence of the original substance, thus hypothetically 

instigating anticipation and desire for the subsequent effects of the drug that typically 

follow (Berridge & Robinson, 1998). Feelings of craving precipitated by exposure to 

drug-related cues and memories have been shown to be accompanied by greater 

activation in the prefrontal cortex, dorsal striatum and regions implicated in the limbic 

system (Childress et al., 1999; Daglish et al., 2001; Garavan et al., 2000; Grant et al., 

1996; Volkow et al., 2006, 2010).  

2.2 Transition from Goal-Directed to Habitual Drug Behaviour 

There are also changes in dopamine firing within the basal ganglia that mediate the 

transition from initially goal-directed or hedonically motivated drug taking to more 

compulsive drug-related habits. This is theorized to involve a signalling transfer shift 
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from ventral to dorsal striatal control, which subserves a devolution from action-outcome 

to stimulus-response behaviours (Belin & Everitt, 2008; Everitt & Robbins, 2005; Everitt 

et al., 2008; Robbins, Gillan, Smith, de Wit, & Ersche, 2012). As drug taking is devalued 

through a loss of the initial subjective pleasure experienced upon administration, drug 

seeking can become compulsive and habitual, triggered by salient cues like environment 

or drug-related paraphernalia. These behaviours are thought to be perpetuated by 

signalling from the lateral caudate and putamen, which contribute to sustained movement 

and habitual actions (Everitt et al., 2008; Yin, Knowlton, & Balleine, 2004; Yin, Ostlund, 

& Balleine, 2008).  

 

3. Dopamine System Abnormalities in Stimulant Dependence 

Stimulant-dependent individuals have known impairments in fronto-striatal functioning, 

which are potentially exacerbated by stimulant drugs’ manipulation of the dopamine 

system. Alterations in cortico-striatal circuitry include reduced baseline levels of 

endogenous dopamine, lower dopamine D2 receptor availability, diminished dopamine 

transporter activity, and eventually a decline in dopamine receptor sensitivity through a 

down-regulation of the system via over-stimulation from prolonged drug administration 

(Dalley et al., 2007; Lee et al., 2009; Martinez et al., 2004, 2009; Porrino, Daunais, 

Smith, & Nader, 2004; Volkow et al., 1997). These can all contribute to dysfunctional 

patterns of responding and impulsive behaviour typically seen in stimulant-dependent 

individuals. 

For example, diminished dopamine release in the nucleus accumbens in response to 

methylphenidate has been seen in cocaine-dependent individuals as compared with 

healthy controls, and decreased dopamine receptor binding has been reported in 

stimulant-dependent patients (Martinez et al., 2004, 2009; Volkow et al., 1997, 2001, 
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2007). Additionally, lower endogenous dopamine receptor density in healthy individuals 

make them more likely to rate the stimulating effects of amphetamine as pleasant, 

compared with reports of noxious or over-arousing and anxiety-inducing effects in those 

with naturally higher levels (Thanos et al., 2001; Volkow et al., 1999). Performance-

enhancing stimulant drugs are also most effective in individuals with higher baseline rates 

of impulsivity, which has been linked to reduced dopamine receptor availability (Cools, 

Sheridan, Jacobs, & D’Esposito, 2007). Thus, subjective pleasure experienced from 

stimulant drugs, as well as their abuse potential, can largely depend on an individual’s 

underlying dopamine activity (Volkow et al., 2006). This has led to the self-medication 

hypothesis for the initiation and eventual compulsive continuation of stimulant use in 

dependent individuals, presumably subconsciously ‘treating’ their low endogenous 

dopamine activity with psychostimulant drugs. 

There have also been reports of structural abnormalities in the basal ganglia in stimulant-

dependent individuals, specifically increased grey matter volume in the caudate, putamen 

and pallidum (Chang et al., 2005; Ersche et al., 2011; Jacobsen, Giedd, Gottschalk, 

Kosten, & Krystal, 2001). Differences in basal ganglia volume have also been linked to 

attention deficit/hyperactivity disorder (ADHD) (Castellanos et al., 1996), with decreases 

in striatal volume thought to potentially underlie the pathological impulsive responding. 

The finding of similar rates of impulsivity in patients with ADHD as in those with 

stimulant-dependence, as well as similar treatment options using dopamine and 

noradrenaline agonists, provides further support for the self-medication hypothesis in 

stimulant dependence (Vaidya et al., 1998). 
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3.1 Genetic Variants Implicated in Addiction 

These findings may be modified by a genetic profile affecting dopamine pathways, 

placing individuals at a greater susceptibility for reward system dysfunction. Due to its 

role in dopamine receptor availability, the A1 allele of the TaqIA gene has historically 

been a target for drug and alcohol research over the last 20 years (Hall, Drgonova, Jain, & 

Uhl, 2013; Noble, 2000). Presence of the A1 allele can cause a 30-40% reduction in 

striatal dopamine D2 receptors (Jonsson et al., 1999), and has been implicated in 

corresponding deficits in glucose metabolism in the orbitofrontal cortex (OFC), frontal 

and temporal gyri, insula, hippocampus, and dorsal and ventral striatum (Noble, 

Gottschalk, Fallon, Ritchie, & Wu, 1997). As such, some studies have reported that 

chronic drug users show a greater preponderance of A1 compared to the general 

population, and its presence is thought to underlie some of the structural and behavioural 

abnormalities seen in dependent individuals (Comings, Muhleman, Ahn, Gysin, & 

Flanagan, 1994; Noble, 2000). Another possible genetic target for the dopamine system’s 

role in addiction that has received significant attention is the dopamine transporter gene 

(DAT) (Guindalini et al., 2006; Uhl, Hall, & Sora, 2002). However, it should be noted 

that research has veered away from dopamine gene expression theories in recent years, 

and critiques about prior genetic research in addiction have been raised (Hall et al., 2013).  

 

4. Impulsivity 

Decreased striatal D2 receptor availability is frequently cited as a risk factor in stimulant 

dependence, as it has been empirically linked to an increased tendency for impulsive 

behaviours (Dalley, Everitt, & Robbins, 2011; Dalley et al., 2007; Kirby & Petry, 2004; 

Lee et al., 2009; Perry & Carrol, 2008; Volkow et al., 1993, 1996, 2001). Impulsivity is 

the tendency to act prematurely, without foresight, and despite adverse consequences 
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(Robbins et al., 2012). Conversely, sensation-seeking has been defined as an interest in 

searching out new experiences, even if they are risky or potentially dangerous. Trait 

impulsivity is highly implicated in addictive tendencies, often divided into difficulties 

with waiting or delaying gratification, and problems with stopping a prepotent response 

(Dalley et al., 2011; Perry & Carrol, 2008). This places impulsive individuals at a 

disadvantage in inhibiting maintained actions or urges, as well as potentially increasing 

their susceptibility to the immediate rewarding properties of drugs of abuse over 

consideration of long-term consequences. Increases in impulsivity are therefore 

particularly associated with the acquisition of drug-taking behaviours, as well as the loss 

of control seen during the transition from goal-directed to compulsive drug use (Perry & 

Carrol, 2008; Everitt et al., 2008).  

In animal models, Dalley and others have shown a greater preference for to cocaine and 

an increase in self-administration rates in highly impulsive animals, thought to correspond 

with a decrease in D2 receptor binding availability in the ventral striatum (Dalley et al., 

2007). Increases in sensation- or novelty-seeking in rats has also been linked to a higher 

proclivity for initial stimulant administration, whereas impulsivity as a distinct trait is 

more associated with the development of compulsive drug behaviours (Belin, Mar, 

Dalley, Robbins, & Everitt, 2008). High impulsivity has also been linked to greater risk 

for relapse after drug abstinence (Everitt et al., 2008). 

Similarly, high levels of impulsivity and impairments in inhibitory control, as measured 

by self-report assessments and behavioural tasks, are associated with increased severity in 

human drug dependence (Clark, Robbins, Ersche, & Sahakian, 2006; Ersche, Roiser, 

Robbins, & Sahakian, 2008). The most commonly administered self-report measure for 

impulsivity is the Barratt Impulsivity Scale (BIS-11), a 30-item questionnaire assessing 
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subjective tendencies towards impulsive-related actions, such as frequent moves or job 

changes, and self-control abilities like paying attention, concentrating and future planning 

(Patton, Stanford, & Barratt, 1995). Items are divided into three subscales: attention, 

motor behaviour and non-planning.  

Behaviourally, impulsivity can be assessed with either ‘stopping’ or ‘waiting’ paradigms. 

This is typically done using the Stop Signal Reaction Time Task (SSRTT), a behavioural 

test assessing stopping ability as an indicator of impulsivity and poor motor inhibitory 

control (Ersche et al., 2011; Logan, Schachar, & Tannock, 1997; Robbins et al., 2012). In 

the task, the participant must respond rapidly to a repeated visual stimulus (i.e., pressing a 

button every time an arrow appears on the screen); however, they must inhibit this 

ongoing response when they are presented with a stop signal, such as a loud beep. 

Successful stops indicate adequate inhibitory control functioning, whereas impairments 

are suggestive of ‘stopping impulsivity’.  

Similarly, cognitive control is often measured using a Stroop task. Here, participants must 

name the font colour of a target word that spells out either the same or a different colour-

word as the font (MacDonald, Cohen, Stenger, & Carter, 2000; Stroop, 1935). Responses 

to incongruent colour-word combinations present a greater cognitive demand than 

congruent pairings because of the interference of the prepotent tendency to read a word 

rather than determine its colour. The interference score indexes how well a person exerts 

cognitive control over this automatic behaviour (word-reading) in favour of a more 

unusual behaviour (colour-naming). The task can also be adapted to measure emotional 

interference causing attentional bias (i.e., for phobias or drug-related material in 

substance users).  
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Waiting or choice impulsivity can be assessed with delay discounting measures, in which 

the participant must choose between a small immediate reward and a larger delayed 

option (Kirby & Petry, 2004). Impulsive individuals often over-value the smaller sooner 

option, unable to wait and devaluing the larger delayed reward. Stopping and waiting are 

thought to be two distinct aspects of the generalised impulsivity umbrella, and both of 

these constructs only correlate mildly with self-report ratings (Reynolds, Ortengren, 

Richards, & de Wit, 2006).  

An illuminating study by Lee et al. (2009) successfully synthesised these concepts of 

underlying biological and personality risk-traits for dependence with the consequential 

effects of stimulant use. Elevated BIS-11 self-report impulsivity scores in 

methamphetamine users were related to decreased dopamine D2/D3 receptor binding in 

the caudate and putamen, and both measures were significantly influenced by lifetime 

exposure to methamphetamine (Lee et al., 2009). Additionally, poor behavioural 

inhibitory performance on the SSRTT has been identified as a predictive factor for drug 

and alcohol related problems in adolescents (Nigg et al., 2006; Whelan et al., 2012). 

Together, this evidence suggests that there are potentially both predating differences in 

dopamine system functioning, with related elevations in impulsivity in those who become 

dependent on stimulants, as well as potential additional exacerbatory effects on the 

dopamine system and impulsive behaviour from prolonged use of the drug itself (Ersche, 

Bullmore, et al., 2010). 

 

5. Prefrontal Cortex and Top-Down Control 

In addition to dopamine-related abnormalities in the striatum, structural and functional 

aberrations in the prefrontal cortex (PFC) have been implicated in stimulant dependence. 

Decreases in D2 receptor availability in the PFC have been reported in stimulant-
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dependent individuals, with correlations seen between striatal and prefrontal dopamine 

functioning (Schoenbaum & Shaham, 2008; Volkow et al., 1993, 2001). This suggests an 

important feedback loop between the striatum and PFC, modulated by dopamine and 

potentially malfunctioning in stimulant-dependent individuals.  

Porrino and colleagues have shown metabolic changes in both cortical and subcortical 

limbic regions accompanying acute cocaine exposure in non-human primates (Porrino, 

Smith, Nader, & Beveridge, 2007). This includes decreases in ventral striatal and 

ventromedial prefrontal cortex glucose metabolism (Porrino et al., 2002). These effects 

were exacerbated by prolonged stimulant administration, with both more severe and more 

widespread disruption seen throughout these regions in association with chronic use 

(Beveridge, Smith, Daunais, Nader, & Porrino, 2006). Advancing changes into the dorsal 

striatum with long-term exposure was also evident, providing support for the proposed 

shift in dopamine signalling control from the ventral to the dorsal striatum, as previously 

suggested (Everitt & Robbins, 2005).  

Abnormalities in prefrontal structural integrity have also been associated with prolonged 

stimulant use, including significant reductions in both grey matter volume and white 

matter connectivity. This finding has been reliably reproduced in numerous samples of 

both abstinent and currently dependent stimulant users from a variety of different groups 

(Ersche et al., 2011; Franklin et al., 2002; Lim, Choi, Pomara, Wolkin, & Rotrosen, 2002; 

Liu, Matochik, Cadet, & London, 1998; Matochik, London, Eldreth, Cadet, & Bolla, 

2003; Tanabe et al., 2009). The cognitive ramifications of these structural differences are 

listed below. 
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5.1 Cognitive Impairment 

The prefrontal cortex is critically involved in self-control and impulsivity, as well as goal 

representation, making dysfunction in this area especially significant. Thus, these 

structural changes can have considerable consequences, and the PFC abnormalities cited 

above are thought to be at the root of many of the cognitive difficulties seen in drug-

dependent individuals.  

Several decades of work have reported on a wide-range of cognitive deficits observed in 

stimulant-dependent individuals (Ersche & Robbins, 2011; Goldstein & Volkow, 2011; 

Rogers & Robbins, 2001; Verdejo-Garcia, Bechara, Recknor, & Perez-Garcia, 2006; 

Verdejo-García & Pérez-García, 2007). This includes crucial difficulties with response 

inhibition and self-control (Goldstein, Volkow, Wang, Fowler, & Rajaram, 2001; Hester 

& Garavan, 2004; Kaufman, Ross, Stein, & Garavan, 2003; Monterosso, Aron, Cordova, 

Xu, & London, 2005; Verdejo-Garcia, Perales, & Perez-Garcia, 2007), as well as 

detriments in working memory (Ersche, Clark, London, Robbins, & Sahakian, 2006; 

Tomasi et al., 2007), decision-making (Bechara & Damasio, 2002; Bechara, 2005; 

Bechara et al., 2001; Ersche et al., 2005; Ersche, Fletcher, et al., 2006), sustained 

attention (Gooding, Burroughs, & Boutros, 2008; Horner, 1999; Levine et al., 2006; 

London et al., 2005), task-switching (Ersche et al., 2008), and affective responding and 

emotion regulation (Fox, Axelrod, Paliwal, Sleeper, & Sinha, 2007). These impairments 

often correlate with years of substance use, implicating prolonged exposure to stimulant 

drugs in more severe dysfunction. However, other studies have shown executive function 

difficulties in the drug-naïve relatives of dependent users, including both biological 

siblings and offspring, suggesting that these impairments may also be underlying risk 

factors for dependence (Ersche, Turton, et al., 2012; Silveri, Rogowska, McCaffrey, & 

Yurgelun-Todd, 2011).  
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6. Orbitofrontal Cortex 

A ventromedial component of the PFC, encompassing medial areas of the orbitofrontal 

cortex (OFC) and stretching back into the anterior cingulate cortex (ACC), has been 

particularly implicated in stimulant dependence.  

The OFC is defined as the anterior portion of Brodmann areas 10 and 11, wrapping 

medial to lateral; areas 12 and 25 more medially and caudally; and laterally extending 

posteriorly into area 47 (Elliott, Dolan, & Frith, 2000). The medial OFC – often 

synonymous with the ventromedial prefrontal cortex, an area overlapping both 

structurally and functionally (Noonan, Mars, & Rushworth, 2011; Rushworth, Noonan, 

Boorman, Walton, & Behrens, 2011) – is critical in reward valuation, affective decision-

making and goal-directed behaviour (Gottfried, O’Doherty, & Dolan, 2003; Rolls, 2000; 

Schoenbaum, Roesch, & Stalnaker, 2006; Schoenbaum & Shaham, 2008; Volkow & 

Fowler, 2000). This is thought to be due in part to the region’s projections to and from 

limbic regions, including the ventral striatum and basolateral amygdala (Elliott, Dolan, & 

Frith, 2000; Rushworth, Behrens, Rudebeck, & Walton, 2007; Schoenbaum et al., 2006). 

This is distinct from the executive control functions and ‘colder’ cognitive processes of 

the more lateral, posterior and superior regions of the prefrontal cortex. Indeed, the more 

lateral regions of the OFC are typically associated with suppressing previously initiated 

responses, as in the case of reversal learning (Elliott et al., 2000). The lateral OFC has 

also been linked to the processing of both positive and negative feedback, whereas the 

medial OFC is most strongly implicated in reward learning (Noonan et al., 2011). There 

is also evidence that the lateral OFC is involved in compulsive behaviours, such as in 

obsessive-compulsive disorder (Joel, Doljansky, Roz, & Rehavi, 2005). 
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In the current thesis, I am most concerned with the ventromedial prefrontal cortex/medial 

orbitofrontal cortex and this region’s role in reward processing and affective decision-

making; and in discussion of the OFC, this is the region being referred to unless otherwise 

specified. 

6.1 OFC Abnormalities in Stimulant Dependence 

Similar structural abnormalities as those seen in the wider prefrontal cortex in dependent 

stimulant users have been reported in the OFC, including a reduction in glucose 

metabolism relating to dopamine receptor availability in the striatum, as well as 

significant decreases in medial OFC grey matter volume in chronic drug users (Nader, 

Czoty, Gould, & Riddick, 2008; Porrino et al., 2007; Volkow et al., 1997, 2001). Using 

voxel-based morphometry analysis, these decreases in OFC grey matter volume and 

connectivity have been linked to increases in drug-related compulsivity, as determined by 

the Obsessive-Compulsive Drug Use Scale (OCDUS) (Franken, Hendriksa, & van den 

Brink, 2002), with greater disruption in the OFC associated with higher compulsivity 

ratings (Ersche et al., 2011; Meunier et al., 2011). Conversely, enlarged basal ganglia 

volume, particularly in the left caudate nucleus, was related to elevated impulsivity levels 

in these individuals (Ersche et al., 2011).  

6.2 Reward Valuation 

Activation of the OFC is associated with the expected value of an outcome, and neurons 

in the OFC exhibit greater firing for a preferred reward, with the amplitude of the cell’s 

response dependent on the subjective value of the anticipated receipt (Gottfried et al., 

2003; Schoenbaum et al., 2006; Tremblay & Schultz, 1999). This subjective reward 

valuation includes a comparison of outcomes of different natures and over different time-

courses, and is a changing and transient response dependent on an individual’s current 
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state and motivations (Levy & Glimcher, 2012; Rolls, 2000). These anticipatory reward 

valuations are learned over time through past experiences and, combined with feedback 

processing via the anterior cingulate cortex, are crucial in the process of affective 

decision-making (Elliott et al., 2000; Rushworth et al., 2007; Rushworth & Behrens, 

2008). Consequently, abnormal or reduced medial OFC functioning has been linked to 

impaired decision-making in a variety of paradigms and patient groups (Bechara, 

Damasio, Damasio, & Anderson, 1994; Bechara, Damasio, & Damasio, 2000; Clark et 

al., 2008; Grant, Contoreggi, & London, 2000). In dependent drug users this effect is 

particularly evident, and it is thought to partially underlie the known risky behaviours that 

often accompany chronic drug taking (Bechara & Damasio, 2002; Ersche & Robbins, 

2011). This includes needle sharing, unsafe sexual behaviour and driving while 

intoxicated (Aitken, Kerger, & Crofts, 2000; Albery, Strang, Gossop, & Griffiths, 2000; 

Cavazos-Rehg et al., 2009; Hwang et al., 2000), actions that are indicative of potential 

decision-making impairments. 

In addition to the structural and metabolic reductions seen in the OFC in drug-dependent 

individuals, decreased functional activation in response to cognitive tasks has also been 

reported in a number of studies (Bolla et al., 2003; Ersche et al., 2011; London, Ernst, 

Grant, Bonson, & Weinstein, 2000; Matochik et al., 2003; Schoenbaum & Shaham, 2008; 

Volkow et al., 1993). This includes dampened responding to universal reinforcers like 

food, money and sex (Garavan et al., 2000; Goldstein & Volkow, 2011). In one study, 

cocaine-dependent individuals showed reduced functional magnetic resonance imaging 

(fMRI) blood oxygen level dependent (BOLD) responding in the OFC in response to a 

monetary reward compared with control participants, and they also demonstrated a lack 

of sensitivity to different reward magnitudes (Goldstein, Tomasi, Alia-Klein, et al., 2007; 

Goldstein et al., 2007). However, increased activation in this same region is also present 
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in response to drug-related stimuli in dependent users, which is often implicated in 

maintaining or rekindling drug-seeking behaviour, even despite a desire to stop (Childress 

et al., 1999; Schoenbaum & Shaham, 2008; Tiffany & Carter, 1998; Volkow & Fowler, 

2000). This heightened response is suggestive of drug craving and a ‘hijacking’ of the 

reward system by prolonged stimulant use in dependent individuals (Ehrman, Robbins, 

Childress, & O’Brien, 1992; Garavan et al., 2000; Volkow & Fowler, 2000). Supporting 

this theory, in a forced choice task cocaine-addicted animals consistently chose drug 

rewards over a food option (Aigner & Balster, 1978; Woolverton & Anderson, 2006), and 

a separate study has shown elevated OFC and striatal responses following the 

administration of cocaine compared with receipt of a juice reward in non-human primates 

(Opris, Hampson, & Deadwyler, 2009).  

6.3 Attentional Bias 

In human drug users, heightened drug-related salience is often assessed through 

attentional bias tasks, measuring emotional interference from associated cues. As 

mentioned above, an emotional Stroop task can be used to assess drug-related distraction 

and cognitive interference. In previous studies, greater impairment on the cocaine-word 

Stroop has been related to abnormal responding in the medial OFC and ACC, areas 

implicated in craving, reward and attention (Ersche, Bullmore, et al., 2010; Franken, 

2003; Goldstein, Tomasi, Rajaram, et al., 2007). Franken (2003) posits that this biased 

attention network in drug users stems from dysfunctional involuntary reactions to drug-

related cues. Due to the limited nature of the brain’s attentional capacity, attention is 

typically allocated to only a subset of external stimuli to avoid overstimulation. However, 

when a stimulus is particularly potent it can ‘hijack’ this system and assume a greater 

proportion of the attentional resources. Modelled in an emotional Stroop task, this results 

in higher response latencies for salient words, as too much attention is paid to the content 
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of the word rather than the colour of the font, distracting the individual from the task at-

hand (Field & Cox, 2008; Hester, Dixon, & Garavan, 2006). 

Elevated activation in limbic regions, including the striatum, amygdala, ACC and OFC, is 

also associated with increased craving in response to drug-related cues (Childress et al., 

1999; Daglish et al., 2001; Daglish & Nutt, 2003; Garavan et al., 2000; Grant et al., 1996; 

Volkow et al., 2006). However, purposeful cognitive inhibition of craving upon cue 

exposure can result in a decrease in glucose metabolic activity in these regions (Volkow 

et al., 2010). Therefore, although these responses are automatic and unintentional – 

similar to the prepotent urge to read the content of a word rather than name the colour of 

the font – they appear to be able to be controlled at times through cognitive effort and 

resistance. 

6.4 Compulsive Behaviour 

The lateral OFC is also central in obsessive-compulsive disorder and is theorized to be 

linked to the compulsive nature of substance dependence. This is due to its possible 

involvement in habit development and updating goal-directed information; impairments 

in these processes are thought to be present in individuals with greater compulsive 

tendencies (Balleine & O’Doherty, 2010). This is most often demonstrated through 

reversal-learning or set-shifting tasks, where a previously rewarded response is devalued 

while the alternate option becomes the target. Individuals with OFC damage or 

dysfunction are frequently impaired on reversal-learning assessments, perseverating on 

the previously reinforced behaviour and failing to update their responses (Cools, Clark, 

Owen, & Robbins, 2002; Izquierdo, Suda, & Murray, 2004). Devaluation or aversive 

learning appears to be similarly impaired in animals with OFC lesions, with a failure to 

devaluate a stimulus-response association even after a punishment or noxious pairing 

(Izquierdo et al., 2004; Schoenbaum et al., 2006). These effects have been related to 
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prolonged drug exposure in animal models (Jentsch, Olausson, De La Garza, & Taylor, 

2002; Schoenbaum & Shaham, 2008; Schoenbaum & Setlow, 2005), and are also evident 

in human substance users (Ersche et al., 2008), with dependent individuals continuing to 

use even in the face of severe negative consequences. 

 

7. Reward System Abnormalities 

As discussed above, in addition to the cognitive impairments seen in drug-dependent 

individuals, there is also dysfunction present in reward valuation caused by abnormalities 

in striatal dopamine system functioning, as well as in the ventromedial prefrontal cortex / 

orbitofrontal cortex. The brain’s reward system synthesizes both the bottom-up and top-

down inputs from the ventral striatum, orbitofrontal cortex and anterior cingulate cortex 

to create an integrated view of the subjective value of various stimuli. This evaluation is 

often based on previous experiences, forming both explicit and implicit recollections and 

shaping future decisions, resulting in reinforcement-guided choices (Rushworth & 

Behrens, 2008). However, when this evaluative process is disrupted, as through 

prolonged exposure to stimulant drugs, decision-making can become impaired (Bechara, 

2005; Schoenbaum et al., 2006). 

There are currently two well-accepted, yet conflicting theories of potential abnormal 

reward processing in addiction involving the responses to organically salient rewards. 

One, the reward deficiency theory (Bjork, Smith, & Hommer, 2008; Blum et al., 2000), 

premises that individuals at risk for substance abuse maintain a generally underactive 

reward system due to a pre-morbid reduction in the number of D2 dopamine receptors 

available in the mesolimbic circuit, particularly in the striatum. At-risk individuals then 

‘self-medicate’, seeking out drugs and other stimulating activities to offset this imbalance 

and artificially elevate their naturally low levels of striatal dopamine. Additional down-
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regulation of these dopamine receptors due to increased dopamine turnover in the 

mesolimbic reward pathway after prolonged drug exposure further compacts this problem 

by de-sensitizing the individual and lowering the homeostatic threshold, thereby requiring 

greater reward salience to achieve activation (Bjork et al., 2008; Koob et al., 2004; 

Volkow, Wang, Fowler, & Telang, 2008; Wang et al., 2001; Wang, Volkow, Thanos, & 

Fowler, 2004). This further diminishes the already reduced effect of naturally rewarding 

stimuli to signal the release of dopamine, causing the system involving both the OFC and 

striatum to be under-responsive to non-drug rewards (Bjork et al., 2008; Koob & Le 

Moal, 2005). This decrease in D2 receptor availability is also associated with diminished 

OFC metabolism (Volkow et al., 2001; Volkow, Wang, Telang, et al., 2008), which is 

linked to both objective and subjective reward valuation and decision-making, and where 

impairment can result in impulsive actions (Bechara, 2005; Goldstein, Tomasi, Alia-

Klein, et al., 2007; Goldstein et al., 2007; Knutson, Westdorp, Kaiser, & Hommer, 2000; 

Robbins, Ersche, & Everitt, 2008). 

Conversely, the opponent-process, or incentive sensitization, theory proposes that drug 

users are overly sensitive to rewards, manifested in impulsive and sensation-seeking 

behaviour (Robinson & Berridge, 1993). Immediate rewards are disproportionately 

valued via delay discounting, and the ventral striatum is overly activated in response to 

salient stimuli. These individuals may also experience an up-regulation in striatal 

dopamine receptor sensitivity after excess activation of the reward pathways as a 

consequence of drug use, rendering them increasingly more responsive to both 

anticipation and receipt of reward, regardless of type. Additionally, these individuals 

typically have deficient or under-utilized prefrontal cortices, making self-control and 

impulse restriction even more challenging (Bechara, 2005; Bjork et al., 2008; Goldstein 

& Volkow, 2002). 
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8. Endophenotype Research 

For all of these abnormalities, there is an ongoing debate as to whether the cortical and 

subcortical aberrations present in stimulant dependence are predating risk factors for 

addiction or are the consequence of protracted stimulant use, resulting in potential 

neurotoxic effects on the brain. This includes both the alterations in reward sensitivity 

subserved by the dopamine system and the suboptimal frontal cortex control circuitry. 

Research from animal models provides strong evidence for both the chicken and the egg 

argument, with underlying predefined personality traits, such as impulsivity and 

sensation-seeking, implicated in a greater risk for both the initiation and development of 

compulsive or addictive drug behaviours (Belin et al., 2008; Dalley et al., 2007). 

However, there is also strong evidence for further disruption in the fronto-striatal 

dopamine circuitry, particularly involving structural abnormalities in the prefrontal 

cortex, that are associated with prolonged drug abuse and the devolution into compulsive 

drug-seeking and taking (Porrino et al., 2007).  

In human participants, one of the few means to investigate this chicken-or-egg debate is 

through endophenotype research. Endophenotypes are stable quantifiable variables 

associated with the genetic risk for a disorder and that are abnormal both in patients and 

their relatives (Gottesman & Gould, 2003; Robbins et al., 2012). This includes both the 

structural and behavioural abnormalities typically associated with the phenotype for a 

pathology, such as the increased impulsivity and reduced frontal cortical volume 

implicated in stimulant dependence. If there is evidence of impairment in both the 

patients and their non-drug using biological relatives, it suggests an underlying risk factor 

for dependence. However, greater dysfunction present only in the patient group is 

indicative of potentially exacerbated abnormalities from the chronic stimulant use itself, 

or perhaps an additional predisposing element unique to this group.  
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A new line of research from our group has attempted to address this question by studying 

stimulant-dependent individuals, their non-dependent biological siblings and unrelated 

healthy control volunteers on a variety of cognitive, personality and structural imaging 

assessments (Ersche, Jones, et al., 2012; Ersche, Turton, et al., 2012; Ersche, Turton, 

Pradhan, Bullmore, & Robbins, 2010). In an initial report, higher levels of trait 

impulsivity, as measured by the BIS-11, and sensation-seeking, assessed using the 

Zuckerman Sensation Seeking Scale (SSS-V) (Zuckerman, Eysenck, & Eysenck, 1978),  

were evident in the stimulant-dependent individuals compared with controls (Ersche, 

Turton, et al., 2010). However, their non-dependent siblings also showed elevated 

impulsivity as compared to controls, but no difference in sensation-seeking. This suggests 

that impulsivity may be an underlying trait predating stimulant dependence, which would 

indicate potential genetic or childhood environmental effects on dopamine levels in both 

members of the sibling pair, such as presence of the TaqIA allele. However, sensation-

seeking, which has been linked to the initiation of drug use and experimentation, was 

unique to the stimulant-dependent individuals, likely spurring their initial drug-seeking 

behaviour (Belin et al., 2008; Ersche, Turton, et al., 2010). An absence of this trait in the 

sibling participants may therefore have protected them from initiating drug use, and 

subsequently from following the same path as their dependent brothers and sisters. 

In addition to self-report trait impulsivity, performance on the SSRTT was equally poor in 

both stimulant-dependent individuals and their siblings as compared with healthy 

controls. These behavioural impairments corresponded to abnormalities in cortical and 

subcortical brain structure, including decreases in grey matter volume in the posterior 

postcentral gyrus, superior temporal gyrus and posterior insula, as well as increases in the 

medial temporal lobe and basal ganglia (Ersche, Jones, et al., 2012). Notably, 

performance on the SSRTT was also directly related to reductions in white matter 
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integrity, particularly in tracts adjacent to the inferior frontal gyrus, an area important for 

self-control. Specifically, white matter fractional anisotropy (FA) values significantly 

negatively correlated with SSRTT ability, such that a decrease in FA integrity 

corresponded to increased time needed to stop a prepotent response. These structural 

impairments were evident in the stimulant-dependent and sibling participants and were 

significantly higher in both groups compared with control participants. These findings 

persuasively demonstrate shared structural and behavioural abnormalities in both 

stimulant-dependent individuals and their non-dependent biological siblings, providing 

evidence for underlying dysfunction in the self-control circuitry that predates and 

potentially predisposes an individual for substance abuse. However, there was also 

evidence of crucial differences that might have served as additional risk factors in the 

dependent individuals, or, conversely, protective factors in the siblings. 

 

9. Recreational Stimulant Use 

It is important to note that the vast majority of individuals who use drugs do not become 

addicted, and of the estimated 16.2 million people who use cocaine worldwide, only one 

out of every eight is thought to develop dependence (United Nations Office on Drugs and 

Crime, 2012). Furthermore, there appears to be a unique subset of individuals who are 

able to maintain stable, controlled, occasional use of stimulant drugs without developing 

dependency or abuse. These ‘recreational users’ are thought to possess greater self-

control over their drug-taking behaviours. They are also potentially lacking some of the 

crucial risk factors involved in the development of dependence, including increases in 

impulsivity and compulsivity (Ersche, Jones, Williams, Smith, et al., 2013). Recent 

research has suggested that there are inherent differences in the brains of individuals who 

are able to use drugs recreationally, most notably increased volume in the orbitofrontal 
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cortex compared with dependent stimulant users, as well as healthy control volunteers 

(Ersche, Jones, Williams, Smith, et al., 2013). Differences in key personality traits also 

emerged between these groups, with recreational users reporting significantly lower 

levels of impulsivity and compulsivity than both dependent individuals and their non-

dependent siblings, providing further support that these characteristics are underlying 

elements. However, the recreational users did crucially share elevated levels of sensation-

seeking with the dependent individuals, suggesting that this trait is implicated in the 

tendency towards initial drug experimentation, yet not in the development of dependence 

(Ersche, Jones, Williams, Smith, et al., 2013).  

Previous research into non-dependent stimulant users has been limited and the results are 

somewhat conflicting. This is thought to largely be due to varying definitions of the 

quality and quantity of use classifying an individual as ‘recreational’. Some prior studies 

have shown evidence of impairment on tasks of executive function in recreational users 

compared with controls (Colzato, Huizinga, & Hommel, 2009; Colzato, van den 

Wildenberg, & Hommel, 2007; Soar, Mason, Potton, & Dawkins, 2012), while other 

assessments showed no difference in performance (Colzato et al., 2009).  

If the structural and functional abnormalities reported in stimulant-dependent individuals 

were largely due to the effects of cocaine exposure on the brain, recreational users would 

be expected to show similar, though not as severe, changes in structure and function. 

However, they would not possess the attributes associated with increased pre-morbid risk 

for dependence. Furthermore, there may be additional changes in individuals who can use 

stimulant drugs recreationally that serve as protective factors against the development of 

dependence. Other key dissociations between dependent cocaine users, their non-

dependent biological siblings and recreational users of the drug, similar to that of 

impulsivity and sensation-seeking, could help elucidate the distinction between 
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underlying neurobiological abnormalities associated with risk for dependence, and those 

traits that are consequential from the effects of cocaine on the brain. 

 

10. Food Addiction 

It has been suggested that the behavioural patterns and neurochemical changes implicated 

in heightened risk for addiction do not just apply to drugs of abuse. Similar 

disadvantageous habits have been associated with problem gambling behaviour and, more 

recently, compulsive overeating leading to obesity (Avena, Rada, & Hoebel, 2008; Davis 

& Carter, 2009; Ifland et al., 2009; Parylak, Koob, & Zorrilla, 2011; Pelchat, 2002). 

Binge eating is defined as: “recurring episodes of eating, in a discrete period of time, an 

amount of food that is definitely larger than most people would eat during a similar 

period of time [with a]…lack of control during the episodes” (American Psychiatric 

Association, 2000), criteria that closely match those used to describe drug dependence 

(Table 1.1). Specifically, addicted individuals experience a lack of control in the face of 

food or drugs of abuse, have a continuation of over-use despite severe health, social, legal 

and financial problems, and are unsuccessful at attempts to cut back or reduce their 

consumption. These behaviours are typically accompanied by feelings of guilt, remorse 

and distress. 
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Table 1.1. A categorical comparison of the DSM-IV definitions of substance 

dependence and criteria for binge eating behaviour 

Co-Morbid Symptom Substance Dependence Binge Eating Disorder 

Escalation of use 
The substance is taken in larger 
amounts or over a longer period 
than intended 

Eating large amounts of food 
when not feeling physically 
hungry 

Loss of control 
There is a persistent desire or 
unsuccessful effort to cut down 
or control substance use 

A sense of lack of control 
during the episodes, e.g., a 
feeling that one can’t stop 
eating or control what or how 
much one is eating 

Social consequences 

Important social, occupational 
or recreational activities are 
given up or reduced because of 
use 

Eating alone because of being 
embarrassed by how much one 
is eating 

Personal distress 

The substance use is continued 
despite knowledge of having a 
persistent physical or 
psychological problem that is 
likely to have been caused or 
exacerbated by the substance 

Feeling disgusted with oneself, 
depressed, or feeling very guilty 
after overeating; Marked 
distress regarding binge eating; 
Eating until feeling 
uncomfortably full 

 

In addition to analogous behavioural traits, there are also similarities in the brain structure 

and neurochemical profile of substance-dependent and obese individuals. These include 

abnormalities in the dopamine and opioid neurotransmitter systems, changes in fronto-

striatal circuitry, and associated dysfunctional impulsive and compulsive behaviours 

(Avena, Rada, Bocarsly, & Hoebel, 2005; Avena, Rada, & Hoebel, 2009; Volkow, Wang, 

Fowler, et al., 2008; Wang et al., 2004). Obese individuals show a decrease in striatal 

dopamine D2 receptor availability, similar to those with problem drug use (Wang et al., 

2001, 2004). Highly palatable foods also directly affect the mesolimbic dopamine and 

opioid pathways, and cue-induced anticipation for foods high in fat or sugar can elevate 
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activity in the fronto-limbic circuitry, thought to correspond with striatal dopamine 

release (Rada, Avena, & Hoebel, 2005; Small, Jones-Gotman, & Dagher, 2003). The 

reward deficiency hypothesis has thus similarly been advanced for obese individuals to 

explain how a baseline hypo-functioning dopamine system might lead to self-medication 

through over-consumption of high-fat/high-sugar foods (Davis & Fox, 2008; Davis, 

Strachan, & Berkson, 2004).  

Although the premise is still controversial (Ziauddeen & Fletcher, 2013; Ziauddeen, 

Farooqi, & Fletcher, 2012), it has been proposed that in instances of uncontrollable binge 

eating behaviour leading to obesity there are several behavioural and neurobiological 

parallels with drug addiction, and that using an addiction model (and similar 

pharmacological treatments) may help when addressing this behaviour (Cambridge et al., 

2013; Giuliano, Robbins, Nathan, Bullmore, & Everitt, 2012). 

 

11. Aims and Objectives 

The neurobiological underpinnings of key traits involved in drug addiction, namely 

impulsivity, cognitive control and reward valuation, will be compared in dependent 

stimulant users, their non-dependent biological siblings, recreational cocaine users, and 

non-drug using healthy control volunteers in an attempt to parse out the underlying risk 

and protective factors involved in susceptibility for stimulant dependence. If additional 

similarities were seen between dependent individuals and their biological siblings, it 

would provide further support for the notion of endophenotypes for drug dependence, 

with traits and behaviours implicated in addiction predating drug initiation and creating a 

greater risk for dependence. Conversely, greater similarities between the two drug-using 

groups – dependent and recreational – would suggest shared abnormalities as a result of 

stimulant drug use. Alternatively, unique differences in the siblings and recreational 
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participants from the dependent users, and even from healthy control individuals, could 

indicate potential protective factors in these groups that prevented them from developing 

drug dependence.  

In Chapter 2, this will be investigated using the classic colour-word Stroop task to assess 

cognitive control ability and its neurobiological correlates in dependent stimulant users, 

their non-dependent biological siblings and healthy control volunteers. This will help 

determine whether impairments in cognitive control serve as an endophenotype for 

stimulant dependence, as difficulties with impulsivity and motor control have been 

previously shown to do. 

In Chapter 3, these cognitive control abilities will be assessed in the face of salient cues, 

using an emotional drug-word Stroop task during fMRI to measure attentional bias and 

distraction to drug cues. This will be administered to the same group of dependent 

stimulant users and healthy control volunteers, as well as to a group of recreational users 

of cocaine to determine if recreational users experience similar symptoms of craving and 

attentional bias as dependent individuals. 

In Chapter 4, responses to both drug rewards and a universal reinforcer, money, will be 

compared between all four groups to assess differences in behavioural and functional 

reward responding, and to determine its role as a potential risk or protective factor in 

stimulant dependence. 

I will also explore these traits in another potential addiction spectrum disorder, binge 

eating leading to obesity, comparing obese and stimulant-dependent individuals to assess 

the wider dimensionality and application of these neurobiological behaviours. Similar 

tendencies between the two groups would provide support for the notion of ‘addiction 

spectrum disorders’, classifying over-eating as a type of food addiction – a currently 
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contentious proposal. Additionally, comparisons between these groups – both potentially 

types of behavioural and chemical dependencies – could provide further insight into 

whether the differences seen in addicted individuals are a result of the use of stimulants or 

are a maladaptive pattern of behaviour that go beyond drugs of abuse. 

In Chapter 5 the work on reward responding from Chapter 4 will be expanded to explore 

responding to a variety of different reward conditions in a separate group of dependent 

stimulant users and healthy controls, as well as compared to obese adults with binge 

eating disorder. 

In Chapter 6 grey matter volume in the orbitofrontal cortex, an area crucial for the 

previously explored behaviours of reward valuation, will be compared between cocaine-

dependent individuals and healthy control participants, investigating changes in cortical 

volume relating to both years of stimulant use and increases in body mass index. 

Finally, in Chapter 7, the findings reported in the preceding chapters will be summarized 

and contextualized in a general discussion, remarking on the significance of these 

findings and the impact and possibilities for future research. 
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Chapter 2. Cognitive Control Dysfunction and Abnormal Frontal 

Cortex Activation in Stimulant Drug Users and their Biological Siblings 

 

1. Introduction  

As outlined in the General Introduction, disability in drug-dependent individuals is 

commonly marked by impairments in cognitive function and concomitant neural 

biomarkers. This includes abnormalities in the orbitofrontal cortex (OFC) and loss of 

prefrontal cortex grey matter volume (Ersche et al., 2011; Franklin et al., 2002; Matochik 

et al., 2003; Schoenbaum & Shaham, 2008; Tanabe et al., 2009; Volkow et al., 2001), 

along with increases in impulsivity and poor inhibitory control (Garavan et al., 2000; 

Jentsch & Taylor, 1999). These deficits are typically viewed as the consequence of 

protracted stimulant use (Koob & Volkow, 2010), however, evidence suggests they may 

also predate heavy drug taking and facilitate the transition from recreational to 

compulsive use (Belin et al., 2008; Dalley et al., 2011; Ersche, Turton, et al., 2010; 

Ersche, Jones, et al., 2012). As such, these behavioural and neurological traits may serve 

as endophenotypes for dependence, potentially predisposing an individual for addiction. 

An endophenotypic trait is a stable, quantifiable biological or behavioural characteristic 

that is intrinsically associated with the pathology of a disorder. Importantly, it is present 

not only in the patient group, but also in their unaffected relatives. This suggests that the 

trait is heritable and possibly tied to a genetic risk for the condition, however, it is also an 

intermediate variable – involved in the disorder but not necessarily deterministic as it also 

appears in the unaffected relatives.  

The colour-word Stroop is a well-known test of cognitive inhibition (MacDonald et al., 

2000; Stroop, 1935), assessing executive control over an automatic behaviour (word-
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reading) in favour of a more unusual behaviour (colour-naming). Interference represents a 

conflict between the two sources of information (font colour and word meaning), and 

cognitive control is needed to overcome this conflict. Performance is measured by 

response latencies and interference scores, derived from the difference between congruent 

and incongruent trial response times (RTs). Greater discrepancy between these conditions 

indicates increased impairment. 

Previous research investigating Stroop performance in stimulant-dependent individuals 

(SDIs) using functional magnetic resonance imaging (fMRI) has shown impaired 

inhibition on the task, with corresponding abnormalities in brain activation (Nestor, 

Ghahremani, Monterosso, & London, 2011; Salo et al., 2002; Verdejo-Garcia et al., 

2007). Performance has been used to successfully predict drug treatment outcomes 

(Brewer, Worhunsky, Carroll, Rounsaville, & Potenza, 2008; Carpenter, Schreiber, 

Church, & McDowell, 2006; Streeter et al., 2008), with increased activity in the 

prefrontal cortex (PFC), anterior cingulate cortex (ACC) and dorsal striatum positively 

correlated with self-reported abstinence and time spent in rehabilitation facilities (Brewer 

et al., 2008; Nestor et al., 2011). Other studies of the Stroop have reported no differences 

in behavioural performance between SDIs and controls, but have shown significantly less 

activation in the OFC, inferior frontal gyrus (IFG), ACC, parietal lobe, thalamus and 

caudate nucleus (Barros-Loscertales et al., 2011; Bolla et al., 2004; Brewer et al., 2008; 

Ersche, Bullmore, et al., 2010; Goldstein et al., 2001; Salo, Fassbender, Buonocore, & 

Ursu, 2012). 

However, as with most cognitive impairments in stimulant dependence, it is unknown 

whether these behavioural differences and corresponding neural abnormalities are due to 

pre- or post-morbid factors – i.e. whether they precede or are the result of long-term drug 
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taking. Comparing SDIs and their unaffected biological siblings on the colour-word 

Stroop could provide insight into whether the present impairments in inhibitory control 

are precursory or consequential to drug abuse via exploration of endophenotypes for 

stimulant dependence. Shared abnormalities in behavioural performance and brain 

activation during the task would suggest an endophenotype of impaired cognitive control 

and increased risk for stimulant dependence, whereas greater disability in the SDIs could 

indicate direct consequences of chronic stimulant use. 

On an assessment of Stroop performance using fMRI in SDIs, their biological siblings 

and unrelated healthy control volunteers, we predicted: 1) that both SDIs and their 

siblings would be impaired compared with controls, suggesting an endophenotype of poor 

cognitive control; 2) that SDIs would be more impaired than their siblings, indicating 

further drug-induced disability; and 3) that interference scores would correlate with 

abnormalities in IFG activation on the task, a region previously implicated in inhibitory 

control (Bunge, Ochsner, Desmond, Glover, & Gabrieli, 2001; Nestor et al., 2011; Zysset, 

Muller, Lohmann, & von Cramon, 2001).  

 

2. Materials and Methods 

2.1 Participants 

Three equal groups of 50 stimulant-dependent individuals, 50 of their non-dependent 

biological siblings and 50 unrelated healthy control volunteers were tested according to 

protocol approved by the Cambridge Research Ethics Committee (Ersche, Jones, et al., 

2012; Ersche, Turton, et al., 2012, 2010). SDIs were recruited through drug-treatment 

centres and word-of-mouth; sibling participants were recruited through the initial contact 

with their dependent brother or sister. Healthy control volunteers were recruited through 

the community using local advertisements.  
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All participants were between the ages of 18-55, had no history of psychotic or 

neurodevelopmental disorder, neurological illness or traumatic head injury, and were 

fluent in English. Participants were screened for mental illness using the Structured 

Clinical Interview for DSM-IV-TR Axis I Disorders (SCID) (First, Spitzer, Gibbon, & 

Williams, 2002), semi-structured interview for drug history, and checked for current 

physical health, colour-blindness and demographic information. Written informed consent 

was obtained prior to enrolment. 

SDIs were included in the study if they satisfied DSM-IV-TR criteria for cocaine (94%) 

or amphetamine (6%) dependence, had a first-degree sibling who had no personal history 

of drug abuse (with the exception of nicotine), shared both biological parents, and was 

able to take part. Control volunteers had no personal or family history of drug or alcohol 

dependence and were matched for age, gender and education levels. Severity of drug use 

in SDIs was measured using the Obsessive Compulsive Drug Use Scale (OCDUS) 

(Franken, Hendriksa, & van den Brink, 2002), age of onset and years of use. Drug abuse 

tendencies in control and sibling participants were assessed using the Drug Abuse 

Screening Test (DAST-20) (Skinner, 1982). Alcohol use and depression levels were 

measured in all participants using the Alcohol-Use Disorder Identification Test (AUDIT) 

(Saunders, Aasland, Babor, Delafuente, & Grant, 1993) and Beck Depression Inventory 

(BDI-II) (Beck, Steer, & Garbin, 1988); IQ levels were estimated with the National Adult 

Reading Test (NART) (Nelson, 1982). See Table 2.1 for demographic information. 

Twelve individuals were excluded due to head movement (greater than 1.5 mm in any 

direction, or enough to cause inter-slice variance), the presence of a clinically significant 

structural abnormality, or inadequate task performance in which blocks of trials had to be 

discarded. This resulted in 138 total participants: control=47, SDI=42, sibling=49.
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Table 2.1. Demographic information and ANOVA group comparisons for 42 

stimulant-dependent individuals, 49 of their biological siblings and 47 unrelated 

healthy control volunteers 

 
Control  

Mean (SD) 
Sibling 

Mean (SD) 
SDI 

Mean (SD) 
Demographics    
Age 32.34 (8.63) 32.63 (8.35) 34.24 (7.39) 
Sex (% male) 63.8% 49.0% 95.2% 
IQ (NART) 112.67 (8.09) 108.91 (8.88) 110.64 (7.46) 
Education (years) 12.70 (1.92) 12.12 (2.00) 11.69 (1.70) 
Depression (BDI-II) 2.21 (2.56) 5.22 (6.19) 18.43 (12.18) 
Smoking status (% 
smoker) 

10.6% 55.1% 92.9% 

Average daily cigarettes 2.47 (4.79) 5.08 (7.82) 15.92 (13.02) 
Alcohol use (AUDIT 
score) 

3.32 (2.28) 3.86 (4.50) 12.51 (11.53) 

Drug Use    
DAST-20  0.00 (0.00) 0.51 (1.10)  
OCDUS   23.86 (9.07) 
Age onset stimulant use   16.45 (2.86) 
Years stimulant use   15.74 (6.44) 
Urine stimulants (%)   92.9% 
Last stimulant use (days)   2.17 (2.41) 

Bonferroni group post-hoc comparisons 

Demographics F/χ2 P 
Control vs. 

SDI 
Control vs. 

Sibling 
SDIs vs. 
Sibling 

Age 0.68 0.506 0.828 1.00 1.00 
Sex (% male) 21.45 <0.001 <0.001 0.205 <0.001 
IQ (NART) 2.42 0.093 0.770 0.089 1.00 
Education (years) 3.22 0.043 0.039 0.406 0.837 
Depression (BDI-II) 53.45 <0.001 <0.001 0.183 <0.001 
Smoking status  
(% smoker) 

68.16 <0.001 <0.001 <0.001 <0.001 

AUDIT 23.53 <0.001 <0.001 1.00 <0.001 

SDI: Stimulant-dependent individuals; NART: National Adult Reading Test; BDI-II: 

Beck Depression Inventory; AUDIT: Alcohol-Use Disorder Identification Test; DAST-

20: Drug Abuse Screening Test; OCDUS: Obsessive Compulsive Drug Use Scale. 
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2.2 Measures 

The Stroop task was administered during fMRI scanning. Both the colour-word and drug-

word Stroop (discussed in Chapter 3) were administered in succession during the 

scanning session, counter-balanced for the order of the two tasks. The tasks were 

presented in a block design in an attempt to prevent any spill over effects of activation 

incurred from the salient drug words to the colour-word trials.  

In the current task, participants were presented with one of four colour words displayed in 

one of the four font colours – red, blue, green, yellow. They were asked to identify the 

font colour of the word using a four-button box, each button corresponding to a colour. 

Participants were trained on button-colour allocation before entering the scanner. During 

the congruent condition, the word was identical to the font colour in which it was 

presented; for the incongruent condition the word was displayed in one of the other three 

colours. Performance was measured by accuracy and response latencies. Interference 

scores were calculated by subtracting the difference in median RTs on correct trials 

between the challenge and control conditions (incongruent–congruent). 

2.3 Procedure 

The task was administered as a blocked paradigm to prevent interfering carry-over effects 

between trial conditions (Ersche, Bullmore, et al., 2010; Nestor et al., 2011). Two blocks 

were presented containing 16 trials of either congruent or incongruent colour words; the 

order of words within each block was randomized and the order of blocks was 

counterbalanced across participants. Each trial lasted 2.2 seconds, the stimulus word 

presented for 1.9 seconds followed by an inter-trial fixation cross for 0.3 seconds. The 

allocation of font colours to words was randomized; each of the four colours occurred 

equally often in each condition and no two identical colours ever followed one another. A 
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cigarette break was allowed no less than one hour before scan time to prevent either 

nicotine withdrawal or acute nicotine effects from influencing performance. 

2.4 Imaging Acquisition 

Identical imaging acquisition methods were used for all fMRI studies included in this 

dissertation. Thus, imaging procedures will be described in full detail here, and the reader 

will be referred to this section for imaging parameters in subsequent chapters. 

Whole-brain fMRI data were acquired at the Wolfson Brain Imaging Centre, University 

of Cambridge, Cambridge, England, using a Siemens Magnetom TIM Trio scanner 

operating 3T (Siemens Medical Solutions, Erlangen, Germany). During the task, 32 

transaxial sections of gradient echo, echoplanar imaging (EPI) data depicting blood 

oxygen level dependent (BOLD) contrast were acquired parallel to the intercommissural 

line with the following parameters: repetition time (TR)=2000 ms, echo time (TE)=30 

ms, flip angle=78°, slice thickness=3 mm plus 0.75 mm, matrix of 64x64 with field of 

view (FOV)=192x192 mm giving 3x3 mm in-plane resolution. Prior to data analysis, the 

first five images were discarded for T1 equilibration.  

T1 structural scans were collected using magnetization-prepared rapid acquisition 

gradient-echo (MPRAGE) sequence: 176 slices of 1 mm thickness, with TR=2300 ms, 

TE=2.98 ms, inversion time (TI)=900 ms, flip angle=9°, FOV=240x256 mm. 

2.5 Data Analysis 

Behavioural data were analysed using Statistical Package for Social Science (SPSS v.18; 

IBM SPSS Statistics, Chicago, Illinois). Analysis of variance (ANOVA) and chi-square 

tests assessed differences in demographic information. A general linear model (GLM) 

multivariate analysis in a 2x3 condition by group design with Bonferroni post-hoc 

corrections was used to compare RTs, as well as interference scores and error rates 
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between groups. Paired samples t-tests assessed RTs within groups. Median scores on 

correct trials only were used in response latency analyses, and significance levels were set 

at p<0.05. In preparation for parametric analyses, BDI-II data were square-root 

transformed to reduce skew. As gender, education, smoking status, AUDIT and BDI-II 

scores differed between participant groups, multivariate analyses were conducted both 

with and without these variables as covariates (see Appendix A, Table S2.1).  

FMRI analysis was conducted using Cambridge Brain Analysis software (CamBA) 

(http://www-bmu.psychiatry.cam.ac.uk/software/; Cambridge, UK). Data were 

preprocessed to correct for motion, differential slice-timing and smoothed in plane by 0.5 

voxels (Bullmore et al., 1999, 2001; Suckling et al., 2006). Cluster significance levels 

were set for all imaging analyses using family-wise error (FWE) correction for multiple 

comparisons p<0.05. Significant cluster values from CamBA fMRI contrast analyses 

were exported and further evaluated comparing group activation means using GLM 

multivariate analyses with Bonferroni corrections in SPSS. Correlations between 

behavioural data and group fMRI contrast activations were also conducted using Pearson 

correlations in SPSS. 

First-level whole brain analysis measured activation among all participants contrasting 

incongruent–congruent conditions on successful trials. A design matrix composed of trial 

onset and response times was convolved with hemodynamic response function (Glover, 

1999), producing statistical maps of voxelwise responses. These maps were normalized to 

Montreal Neurological Institute (MNI) standard space by affine transformation to an 

echo-planar imaging template (http://www.fil.ion.ucl.ac.uk/spm) to obtain a group 

activation map of the contrast.  
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A three-way GLM omnibus analysis in CamBA assessed group differences in activation 

on the incongruent–congruent contrast. In accordance with previous studies with the 

Stroop (Bolla et al., 2004; Brewer et al., 2008; Ersche, Bullmore, et al., 2010), as well as 

our a priori hypothesis, this group analysis was repeated with restricted search volume 

masks of the IFG and ACC, taken from Hammer’s probabilistic atlas (Hammers et al., 

2003). 

Behavioural interference scores were regressed onto first-level contrast clusters, and 

within-groups GLM was processed amongst all participants in CamBA. This resulted in a 

group activation map of significant clusters from the incongruent–congruent contrast that 

directly correlated with behavioural interference scores in all participants. This analysis 

was repeated with restriction to the IFG. 

A grey matter voxel-based morphometry (VBM) analysis previously conducted in these 

individuals (Ersche, Jones, et al., 2012) was employed with post-hoc application of the 

IFG mask to focus differences in cortical volume to this region. The VBM analysis was 

conducted by P. S. Jones using FSL (http://www.fmrib.ox.ac.uk/fsl/fslvbm/index.html, 

Oxford, UK) on T1-weighted images collected during the same session as the functional 

data, and then compared for group differences using CamBA software for permutation 

testing (Smith & Nichols, 2009). In the current study, IFG grey matter volume was 

compared between groups using ANOVA and correlated with behavioural performance 

using Pearson coefficients. 

 

3. Results 

Stimulant-dependent individuals had been on drugs for an average of 15.7 years (±6.4 

SD), beginning use at the age of 16.5 (±2.9 SD). Ninety-three percent (n=39) tested 
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positive for stimulants at the time of testing using urinalysis drug screen, with a mean 

time since last use of 2.2 days (±2.4 SD). SDIs had significantly higher depression and 

alcohol abuse scores than both sibling and control participants. There were also 

significantly more males in the stimulant-dependent group and higher rates of cigarette 

smoking. Control and sibling participants did not differ in terms of sex, depression rates 

or alcohol use, though there were differences between the two groups in smoking status 

(Table 2.1). There were no differences in age or IQ between any of the three groups, and 

only SDIs and controls differed in terms of educational attainment. 

3.1 Stroop Performance 

Using GLM multivariate analyses, significant differences arose between groups on 

response latencies for congruent (F(2,135)=7.243, p=0.001) and incongruent 

(F(2,135)=4.452, p=0.013) trials (Table 2.2). These values remained significant after 

controlling for gender, education, smoking status, alcohol use and BDI-II depression 

scores in the model. As there were no differences in any of the results when using 

covariates or not, we report the rest of the results without covariates in the model. See 

Supplemental Information (Appendix A, Table S2.1) for a full set of results with 

covariates. In the congruent condition SDIs had significantly slower responses than 

controls (Bonferroni post-hoc p=0.001), while the siblings were slower than controls at 

p<0.10. On incongruent trials, both the SDIs (p=0.031) and their siblings (p=0.035) were 

significantly slower than controls. Stimulant-dependent and sibling groups did not differ 

from one another in either condition.  

There were no differences between groups on interference scores contrasting congruent 

from incongruent trials (F(2,135)=0.797, p=0.45). However, in a paired samples t-test all 

three groups were significantly slower on the incongruent than congruent condition 
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within their own cohorts (controls: t(46)=7.319, p<0.001; SDI: t(41)=5.372, p<0.001; 

siblings: t(48)=7.327, p<0.001). This confirms the additional cognitive load of the 

incongruent trials, regardless of group. Groups did not differ in the number of errors made 

on the task (F(2,135)=1.915, p=0.151).  

 

Table 2.2. Behavioural results and group comparisons on the colour-word Stroop  

 
Control 

Mean (SD) 
Sibling 

Mean (SD) 
SDI 

Mean (SD) 
F/χ2 P 

Behavioural Results      

Congruent med RT 653.17(125.99) 723.14(137.50) 768.99(171.36) 7.24 0.001 

Incongruent med RT 802.72(181.25) 904.85(214.90) 910.76(188.10) 4.45 0.013 

Interference med RT 149.55(140.08) 181.70(173.58) 141.77(171.05) 0.80 0.454 

Total mean errors 2.30 (7.2%) 3.37 (10.5%) 3.43 (10.7%) 1.92 0.151 

Congruent and incongruent trial results represented via median response latencies 

(ms); interference scores reported as the difference in response times between the 

two trial conditions (ms); total mean errors and error percentage are given.  

 

3.2 Neuroimaging Analysis 

In a first-level analysis, four clusters emerged that significantly differed in BOLD 

activation on the incongruent–congruent contrast among all participants. Increases in 

activity on incongruent compared with congruent trials were seen in the left IFG, 

stretching into the dorsolateral prefrontal cortex and precentral/middle frontal gyrus, 

while decreases in activation on the incongruent compared with congruent trials were 

present in the right rolandic operculum and caudate (Figure 2.1, Table 2.3). These 

differences in BOLD signal represent greater (or less) relative activation in all 

participants during performance of incongruent word trials, as compared to activity 

present during performance of congruent word trials. Follow-up analyses using a GLM 
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multivariate analysis conducted in SPSS comparing group activation in these four clusters 

did not reveal any differences in activity levels between groups. 

 

 
Figure 2.1. Whole-brain fMRI activation among stimulant-dependent individuals, 

their non-dependent siblings and healthy control volunteers on the Stroop, 

contrasting congruent from incongruent colour word median response latencies. 

Four clusters were identified as having significantly different activation on 

incongruent than congruent conditions, with peak values in: A) the left precentral 

gyrus (Montreal Neurological Institute coordinates (x, y, z): -44, 4, 34) and left 

inferior frontal gyrus (-50, 14, 28); and B) the right caudate (4, 4, 12) and right 

rolandic operculum (60, -22, 12). Activation in these regions did not differ between 

groups.  
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Table 2.3. Mean activation cluster voxels for imaging contrasts amongst all groups 

Contrast activation areas 
Brodmann 

Area 
Cluster size 

(voxels) 
Peak value 
coordinates 

Whole-brain contrast (incongruent-congruent) analysis among all participants 
Cluster 1    
Right rolandic operculum, right superior temporal 
gyrus, right heschl gyrus, right insula, right 
postcentral gyrus, right supramarginal gyrus 

13, 22, 40, 
41, 42, 43 

105 60, -22, 12 

Cluster 2    
Right caudate 125 59 4, 4, 12 
Cluster 3    
Left inferior frontal gyrus – triangularis, 
opercularis, left precentral gyrus 

9, 45, 46 114 -50, 14, 28 

Cluster 4    
Left precentral gyrus, left middle frontal gyrus, 
left postcentral gyrus 

6, 8, 9 126 -44, 4, 34 

Between group contrast comparison 
Cluster 1    
Right rolandic operculum, right insula, right 
caudate, right supramarginal gyrus 

13 232 40, -26, 28 

Cluster 2    
Left medial superior frontal gyrus, left middle 
frontal gyrus, left superior frontal gyrus, left 
inferior frontal gyrus – opercularis 

8, 24, 32 110 -28, 14, 34 

Between group comparison with IFG Mask 
Cluster 1    
Left inferior frontal gyrus – opercularis, 
triangularis, left rolandic operculum, left insula 

13 43 -42, 10, 20 

Interference regression activation with IFG Mask 
Cluster 1    
Left inferior frontal gyrus – triangularis, left 
insula 

13, 45, 47 25 -38, 28, 4 

Cluster 2    
Right inferior frontal gyrus – triangularis, 
operculum 

13, 45 30 42, 24, 12 

Contrasts represent activation on incongruent compared to congruent trials, first 

amongst all participants and then comparing contrast activations between groups. 

Interference scores are regressed onto contrast activations in the fourth analysis, 

using all participants. Significance set a p<0.05 family-wise error correction for 

multiple comparisons. Coordinates listed are in MNI standard space. 



Chapter 2. Cognitive control endophenotype in drug dependence 
 
 

54 
 

In a whole-brain omnibus group comparison, two clusters emerged that significantly 

differed between groups during the incongruent–congruent contrast: right insula/rolandic 

operculum (F(2,135)=18.373, p<0.001) and left medial/superior frontal gyrus 

(F(2,135)=12.094, p<0.001; Table 2.3). In these regions, siblings registered a significant 

relative decrease in activation compared to control and stimulant-dependent participants 

(Bonferroni p<0.001 for all comparisons). SDIs and controls did not differ from one 

another.  

After restriction of the analysis to the IFG, an additional cluster was revealed in the left 

hemisphere that significantly differed between groups during the incongruent–congruent 

contrast (F(2,135)=11.981, p<0.001). The siblings again had significantly lower activity 

than both SDIs (p<0.001) and controls (p=0.006), whereas SDIs and controls did not 

significantly differ (Figure 2.2, Table 2.3). Application of a mask of the ACC did not 

result in any significant clusters emerging that differed in activation in this region 

between the three groups. 
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Figure 2.2. Activation differences in the IFG between groups during Stroop 

performance, with application of an IFG mask. Siblings demonstrated a significant 

decrease in activation in the left IFG compared with both SDIs and controls, 

whereas SDIs and controls did not differ from one another in this region. A) Group 

differences in fMRI activation in the left IFG, representing a decrease in activation 

in the siblings. B) Left IFG cluster.  
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3.3 Regression of Stroop Performance to Neuroimaging Findings 

When behavioural interference scores were regressed onto the incongruent–congruent 

imaging contrast in CamBA no significant areas were found. However, upon application 

of the IFG mask two bilateral clusters arose that were significantly deactivated in 

association with interference scores among all participants.  

Follow-up analyses in SPSS confirmed that activity in these areas negatively correlated 

with behavioural performance in all participants (left: r=-0.351, p<0.001; right: r=0-.398, 

p<0.001), with greater deactivation during the contrast signifying greater interference. 

When each group was analysed individually, the correlation with interference scores 

during the incongruent–congruent interference regression contrast remained significant in 

the left (r=-0.454, p=0.001) but not right IFG for control participants. Among SDIs, 

interference scores negatively correlated with activity in both the left and right IFG 

during the incongruent–congruent interference regression contrast (left: r=-0.366, 

p=0.017; right: r=-0.580, p<0.001). In sibling participants only right IFG activation in the 

incongruent–congruent interference regression contrast negatively correlated with 

interference scores (r=-0.377, p=0.008). 

3.4 Relationship of Structural Changes to Stroop Performance 

A structural analysis comparing grey matter volume between these groups revealed 

further differences in performance based on cortical volume. Upon application of the IFG 

mask onto the VBM analysis, we discovered differences in grey matter volume bilaterally 

in the IFG in both SDIs and their siblings as compared to controls (left: F(2,135)=11.749, 

p<0.001; right: F(2,135)=9.384, p<0.001). These structural changes related to behavioural 

performance, such that bilateral decreases in IFG grey matter volume were correlated 

with RTs on both congruent and incongruent trials among all participants (congruent: left 
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r=-0.337, p<0.001; right r=-0.320, p<0.001; incongruent: left: r=-0.253, p=0.003; right 

r=-0.224, p=0.008; Figure 2.3). However, interference scores did not correlate with 

cortical volume. Additionally, IFG volume and BOLD activity levels did not correlate. 

 
M

ea
n

 G
re

y 
M

at
te

r 
V

ol
u

m
e 

Mean Response Time 

L inferior frontal gyrus 

R inferior frontal gyrus 

L inferior frontal gyrus 

R inferior frontal gyrus 

  

  

A) 

B) 

    SDIs

Correlation Between Response Times and IFG Grey Matter 

Differences in IFG Grey Matter Volume Between Groups 

  

  

M
ea

n
 G

re
y 

M
at

te
r 

V
ol

u
m

e 



Chapter 2. Cognitive control endophenotype in drug dependence 
 
 

58 
 

Figure 2.3. Structural differences in the IFG between stimulant-dependent 

individuals (SDIs), their siblings and control participants. A) SDIs and siblings both 

demonstrated a significant decrease in grey matter volume in the bilateral IFG as 

compared to controls. There was no difference in volume between SDIs and their 

siblings. B) IFG grey matter volume decreases significantly correlated bilaterally 

with an increase in response times on both conditions of the colour-word Stroop 

task, with a decrease in volume relating to an increase in response latencies.  

 

3.5 Effects of Drug Use History on Performance 

Among the SDIs, there was a significant correlation between years of stimulant use and 

errors made on the task (r=0.388, p=0.011), such that the longer an individual had used 

stimulant drugs, the greater number of errors were committed. There were no other 

significant relationships between drug use history and either colour-word Stroop 

performance or neuroimaging activation. This includes time since last stimulant use, 

which did not correlate with any measure of task ability, including reaction times, 

interference scores and errors committed, or functional activation on the Stroop. A 

median split for time since last use (≥ 2 days) also did not reveal any significant 

differences in either behavioural or functional performance. 

 

4. Discussion 

Stimulant-dependent individuals and their non-dependent biological siblings were 

significantly more impaired on the colour-word Stroop task than unrelated healthy control 

volunteers, as demonstrated by longer response latencies during the task. However, the 

sibling-pairs did not differ from one another on any variable, and there were no 

differences between any of the groups in interference scores. In terms of BOLD activity, 
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significant differences were evident between the sibling participants and both stimulant-

dependent and control individuals, with the siblings comparatively under-activating the 

bilateral IFG and left superior/middle frontal gyrus. However, the SDIs and controls did 

not differ in activity levels in any region. Two primary questions arise from these results: 

why was there no difference in activity between SDIs and controls despite differences in 

behavioural performance?; and why did the siblings significantly under-activate frontal 

gyral regions compared with the other groups? 

The lack of differentiation between groups on interference scores suggests that, despite 

slowing in the SDIs and siblings, there was no greater dysfunction on the challenging 

incongruent condition. Instead, there appeared to be globalised slowing or inefficiency 

rather than task-specific impairment. This absence of differences in interference scores 

was not unexpected, as previous studies investigating colour-word Stroop performance in 

SDIs have shown no impairments in behavioural performance compared with control 

individuals (Barros-Loscertales et al., 2011; Bolla et al., 2004; Ersche, Bullmore, et al., 

2010; Goldstein et al., 2001). Cognitive slowing corresponded to structural differences in 

the IFG in both SDIs and their siblings, with decreases in grey matter volume correlating 

with increased response times on both conditions. This suggests that these structural 

changes affected cognitive efficiency, but did not cause a condition-specific impairment. 

Earlier findings in these groups support these results, with decreases in white matter 

connectivity adjacent to the IFG associated with increased slowing on a motor control 

task (Ersche, Jones, et al., 2012). 

The question remains as to why SDIs, despite their similar patterns of activation, had such 

a significant increase in activity compared with their siblings. It is possible that the hypo-

activation exhibited by the siblings was the endophenotype-like response, and that SDIs 
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prior to drug abuse would have demonstrated similar decreases in activation during 

inhibitory control. However, the effect of stimulant use, whether chronic or acute, may 

have altered this original response. An assessment of motor inhibition in adolescents 

showed similar results, with a relative over-activation in the same right IFG region in 

adolescents who had experimented with drugs compared with those who had not (Whelan 

et al., 2012). This suggests that the increase in neural activation during cognitive control 

(including inhibitory response) occurs relatively early as a consequence of drug abuse. 

Conversely, the decreased activation in the siblings could be representative of a protective 

factor against drug abuse, despite similar manifestations of behavioural impairments in 

inhibitory control. This account suggests that SDIs and siblings may experience similar 

baseline activation, but that the effects of stimulants could have elevated stimulant users’ 

BOLD activity to that of controls.  

Alternatively, as 93% of SDIs tested positive for stimulants, their surprising relative 

hyper-activation compared with their siblings could be an acute effect of stimulant drugs 

on the brain. Cocaine can increase neural activity (Breiter et al., 1997), elevating low 

baseline levels in abstinent users to those of non-drug-using controls (Garavan, Kaufman, 

& Hester, 2008). This may explain the lack of difference in BOLD activation between 

SDIs and control participants in the current study, which is in conflict with previous 

investigations of the colour-word Stroop in dependent drug users (Barrós-Loscertales et 

al., 2011; Bolla et al., 2004; Brewer et al., 2008; Nestor et al., 2011). This phenomenon 

has also been proposed to support the self-medication hypothesis in individuals with 

decreased dopaminergic activity. However, in the current investigation time since last use 

did not correlate with any behavioural or functional imaging results in the SDIs. 

Moreover, a median split conducted on time since last use did not reveal any significant 

differences in performance or activation between individuals with shorter or longer 
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periods of abstinence. Thus, we do not believe that either the acute effect of stimulants or 

stimulant withdrawal significantly affected SDIs’ behavioural performance or functional 

activation on the task. 

Finally, as the colour-word Stroop task was administered in succession with the cocaine-

word Stroop task, it is possible that participants who completed the cocaine-word Stroop 

task first could have experienced a carry-over effect of heightened BOLD activation that 

was initially in response to the salient cocaine cue words. This may have resulted in an 

unintentional increase in activation during subsequent non-salient trials. However, the 

task was administered as a counter-balanced block design in an attempt to prevent this 

spill over from occurring, and only half of the SDIs would have completed the task in this 

order. Thus, we do not believe that the results in the current study were significantly 

affected by this task design. 

The absence of activation in the ACC, a key area in Stroop performance (Bolla et al., 

2004; Brewer et al., 2008; Kerns et al., 2004; MacDonald et al., 2000; Salo et al., 2002) 

was perhaps surprising. However, absence of cingulate activation on the Stroop has also 

been noted in other studies with drug using participants (Ersche, Bullmore, et al., 2010; 

Zysset et al., 2001). The ACC is thought to control conflict monitoring, and it is most 

activated during changing task demands (such as switching from congruent to 

incongruent stimuli), resulting in greater cognitive conflict (Kerns et al., 2004). However, 

the present study used a block design, circumventing the change in task demands. This 

adjustment of task structure may explain the lack of ACC activation, as there was no 

conflict between task demands within each block. Additionally, greater ACC activation 

on error trials is commonly cited, with incorrect responses requiring behavioural 

adjustments on subsequent trials (Kerns et al., 2004). As only correct responses were 
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included in the current model, it is possible this region was not significantly recruited 

during correct responding. Finally, dissociation between IFG and ACC activation during 

Stroop performance has been suggested, the ACC compensating for diminished IFG 

control (MacDonald et al., 2000). Given the significant increase in IFG activity, 

particularly in SDIs and controls, it is possible that the ACC was not requisitely recruited 

by participants during the current task.  

To further explore the different effects of acute and chronic stimulant use, as well as the 

presence or absence of an underlying risk for dependence, research into an alternative 

group of cocaine users – individuals who use the drug recreationally without developing 

dependence – will be discussed in the next chapter to help parse out the impact of these 

different variables. Additionally, the colour-word Stroop task is a measure of ‘cold’ 

cognitive function, assessing inhibitory control in a neutral valence condition. However, 

as stimulant-dependent individuals are known to also have impairments in their responses 

to more salient stimuli, particularly in regard to drug-related cues, we explored 

differences in inhibitory processes in the face of emotional stimuli in the next chapter 

using a drug-word Stroop task. 
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Chapter 3. Enhanced Orbitofrontal Cortex Function and Lack of 

Attentional Bias to Cocaine Cues in Recreational Stimulant Users 

 

1. Introduction 

In addition to the cognitive dysfunction present in dependent stimulant users discussed in 

the previous chapter, there is profound evidence of a disruption in affective system 

processing, thought to stem from abnormalities in the frontostriatal reward circuitry. This 

is particularly evident in the face of salient drug stimuli, where the associated cues are 

thought to ‘hijack’ the reward system, emphasizing drug rewards over other priorities. 

This can lead to significant drug craving, which can in turn cause unplanned or undesired 

use.  

Attentional bias to drug-related cues can elicit feelings of craving and, combined with the 

poor decision-making and inhibitory control characteristic of stimulant-dependent 

individuals (SDIs), can precipitate relapse (Bechara, 2005; Copersino et al., 2004; Field & 

Cox, 2008; Garavan et al., 2000). These experiences are thought to be subserved by 

dysfunction in the prefrontal cortex (PFC) (Everitt et al., 2007; London et al., 2000; 

Schoenbaum & Shaham, 2008), where, as discussed previously, dependent stimulant 

users have been shown to have decreased grey matter volume compared with healthy 

control individuals (Alia-Klein et al., 2011; Ersche et al., 2011; Franklin et al., 2002; 

Hanlon, Dufault, Wesley, & Porrino, 2011; Sim et al., 2007). Additionally, SDIs typically 

exhibit a significant decrease in PFC activation on executive function tasks, often 

accompanied by behavioural impairments in self-control, inhibition and working memory 

(Barros-Loscertales et al., 2011; Bolla et al., 2004; Nestor et al., 2011; Tomasi et al., 

2007; Verdejo-Garcia et al., 2006).  
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However, it is important to note that although these cognitive impairments can be serious, 

they do not afflict all drug users. In fact, the vast majority of individuals who try 

stimulant drugs do not become addicted to them (United Nations Office on Drugs and 

Crime, 2012). Moreover, there seems to be a select subset of the population who are able 

to use cocaine recreationally in a controlled manner without developing dependence 

(Ersche, Jones, Williams, Smith, et al., 2013). These individuals report consistent, 

occasional, social use of cocaine without experiencing a loss of control or exhibiting 

symptoms of dependence or abuse (Ersche, Jones, Williams, Smith, et al., 2013). They 

also do not report feeling cravings for cocaine, and their use is planned rather than 

impulsive. 

These individuals who have used cocaine in a stable manner for an extended period of 

time without developing a dependency are an intermediary group that can be used to 

assess potential cocaine-induced abnormalities and distinguish them from traits involved 

in compulsive use and dependence. Recreational users would be expected to show 

similar, though not as severe, changes in structure and function attributed to prolonged 

stimulant use, but not the abnormalities associated with increased premorbid risk for 

dependence. Furthermore, there may be additional differences between the brains of 

dependent and recreational stimulant users that serve as protective factors in these non-

dependent individuals (Ersche, Jones, Williams, Smith, et al., 2013). However, it should 

be noted that inherent differences in cocaine exposure between the dependent and 

recreational users may create potential confounds when comparing cognitive function and 

attentional bias to drug cues.  

The emotional cocaine-word Stroop is a well-established measure of cognitive control 

and attentional bias to cocaine-related stimuli (Field & Cox, 2008). Like the classic 
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version of the Stroop task, participants are asked to ignore the content of a target word, 

responding instead to the colour of the font. Performance is assessed via a relative 

increase in response latencies to cocaine cues compared to those for matched neutral 

words. Impairment stems from a problem with attention allocation and selective 

processing of more salient cues, as stimulant users become distracted by the cocaine 

words (Carpenter et al., 2006; Copersino et al., 2004; Ersche, Bullmore, et al., 2010; 

Hester et al., 2006). Preoccupation with cocaine stimuli is thought to interfere with the 

normal cognitive processes required to name the font colour of the word, resulting in 

higher reaction times than on emotionally neutral words (Cox, Fadardi, & Pothos, 2006; 

Field & Cox, 2008). In several studies this bias has been linked to cocaine craving scores, 

with longer response latencies correlating with greater self-report levels of craving 

(Copersino et al., 2004; Franken, Kroon, & Hendriks, 2000).   

In the current study, we investigated selective bias to cocaine-cue words on an emotional 

Stroop task using a functional magnetic resonance imaging (fMRI) paradigm. We 

assessed the same groups of 50 stimulant-dependent individuals and 50 healthy control 

volunteers from the previous chapter, with the addition of a new group of participants – 

27 recreational users of cocaine – in an attempt to determine the effect of drug use 

severity on attentional bias to cocaine-related cues. Data was collected from the 

recreational users after the original study was completed; however, an identical testing 

battery and study procedures were used in these individuals. There were no differences in 

the scanning facility or parameters used during the experiment, ensuring consistency 

between the groups. 

For the cocaine Stroop task, the sibling individuals from the previous chapter were 

excluded from the contrast as the current investigation was specifically testing the effects 
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of cocaine exposure on responses to drug-related cues, not endophenotype effects. This 

means that the primary contrast was between the SDIs, recreational users of cocaine and 

unrelated control volunteers. The sibling individuals could not be used as control subjects 

in the current assessment as they had greater than normal experience with stimulant-

related stimuli via their dependent brothers and sisters (though no direct exposure to 

stimulant drug-taking themselves), which can still result in salient drug associations 

(Barnard, 2005). However, as they had no personal direct stimulant exposure they could 

not provide any insight into mechanisms regarding automatic drug-cue associations, or 

the resistance to such salient connections. 

We compared the groups on both their behavioural and neural responses to cocaine versus 

neutral stimuli during the Stroop. To the best of our knowledge, this is the first 

investigation into the functional neural activity of recreational cocaine users, as well as 

the first to assess responses to cocaine-related stimuli in this group. We predicted that 

recreational users would fall between stimulant-dependent and control individuals in 

terms of both behavioural and neurocognitive responses, given their greater familiarity 

with cocaine cues but non-dependent patterns of use. 

 

2. Materials and Methods 

2.1 Participants 

As in the previous chapter, 50 stimulant-dependent individuals were recruited through 

drug-treatment centres and word-of-mouth; 27 recreational cocaine users and 52 healthy 

control volunteers were recruited from the community using local advertisements. Two 

additional control volunteers were added to the sample from the previous study in an 

attempt to better match the groups, taking into account the new cohort of recreational 

users. All SDIs met DSM-IV-TR criteria for stimulant dependence; control volunteers 
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had no personal or family history of drug abuse or dependence. Recreational users had 

been using cocaine for a minimum of two years without displaying any DSM-IV-TR 

symptoms of physical or psychological dependence. Cocaine non-dependence was 

screened for in these individuals focusing not only on frequency and amount of use, but 

also on patterns of use and associated cognitive and emotional perceptions. For example, 

recreational participants reported no feelings of guilt or remorse about using and stated 

that their occasional use did not interfere with work, school, family or social obligations. 

They also reported no feelings of cravings or urges to use the drug and could “take it or 

leave it”. The Obsessive Compulsive Drug Use Scale (OCDUS) was also administered to 

assess drug use severity, measuring thoughts and obsessions regarding cocaine use, as 

well as success at resisting these urges (Franken et al., 2002). Drug urinalysis was 

collected from all participants, and control and recreational users tested negative for all 

substances. Conversely, 93% of SDIs tested positive for stimulants. Members from all 

three groups also reported either current or prior use of tobacco and cannabis. As in the 

previous chapter, depression scores, alcohol use tendencies and verbal IQ were assessed 

using the Beck Depression Inventory (BDI-II) (Beck et al., 1988), Alcohol-Use Disorder 

Identification Test (AUDIT) (Saunders et al., 1993), and National Adult Reading Test 

(NART) (Nelson, 1982), respectively. 

In the present task, 15 individuals were excluded from analysis, resulting in a total of 114 

participants. Reasons for exclusion included incomplete dataset, excessive head motion 

during scanning, poor understanding of task requirements, and neurological abnormalities 

discovered post-hoc. An updated table with demographic information for the present 

study is included below (Table 3.1). 
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Table 3.1. Demographic information and group differences for 41 dependent and 26 

recreational stimulant users, and 47 healthy control volunteers  

 
Control 

Mean (SD) 
Recreational 
Mean (SD) 

Dependent 
Mean (SD) 

F/χ2 P 

Demographics      

Age* 32.52 (8.86) 29.15 (7.56)c 34.28 (7.25)c 3.609 0.030 
Gender (n male:%)* 33 (63.5%) 14 (51.9%)c 44 (88.0%)c 13.127 0.001 
NART (score)* 112.61 (8.18) 115.64 (5.39)c 110.64 (7.52)c 3.609 0.030 
Education (years)* 12.69 (1.92)a 13.41 (1.74)c 11.58 (1.74)ac 9.917 <0.001 
BDI-II (total score)* 2.27 (2.54)a 3.78 (4.32)c 18.08 (11.91)ac 58.405 <0.001 
AUDIT (total score)* 3.35 (2.25)a 5.74 (0.30)c 11.14 (1.59)ac 15.703 <0.001 
Tobacco use history (%)* 30 (57.7%)ab 23 (88.9%)bc 49 (98.0%)ac 23.640 <0.001 
Cannabis use history (%)* 11 (21.2%)ab 26 (96.3%)b 50 (100%)a 85.116 <0.001 

Drug Use      

Last stimulant use (days)*  100.35 (96.86) 2.78 (4.70) -7.08 <0.001 
Age of use onset (years)  21.26 (5.10) 19.56 (4.81) -1.44 0.155 
Duration of use (years)*  7.85 (5.87) 12.64 (6.51) 3.145 0.002 
OCDUS (total score)*  1.19 (1.62) 23.66 (9.35) 12.35 <0.001 
Cannabis use (n:%)*  11 (40.7%) 33 (66.0%) 4.57 0.033 

*Significant group difference at p<0.05. a Significant difference between Dependent 

and Control groups at Bonferroni post-hoc p<0.01. b Significance between 

Recreational and Control. c Significance between Dependent and Recreational. 

NART: National Adult Reading Test; BDI-II: Beck Depression Inventory; AUDIT: 

Alcohol-Use Disorder Identification Test; OCDUS: Obsessive Compulsive Drug Use 

Scale. 

 

2.2 Behavioural Measures 

All participants completed the cocaine-word Stroop task during fMRI scanning. The task 

consisted of two 16-trial blocks of either common cocaine-related words (i.e. coke, line, 

snort) or neutral words that were matched for length and frequency of use (i.e. song, 

band, piano). Each trial lasted 2.2 seconds, the target word presented for 1.9 seconds 
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followed by an inter-trial interval of 0.3 seconds. Word order was randomised within each 

block and blocks were counter-balanced between participants. Individuals were asked to 

respond to the font colour of the word using a four-button box, with each button 

corresponding to one of the four font colours (red, blue, green, yellow). Participants were 

trained on the task and button-colour allocation before entering the scanner. Performance 

was measured using response latencies and accuracy. Interference scores were calculated 

as the difference between response times on cocaine and neutral trials. 

2.3 Behavioural Analysis 

As before, data were analysed using the Statistical Package for Social Science (SPSS 

v.18). Demographic information and error scores were analysed using analysis of 

variance (ANOVA), chi-square and independent samples t-tests. Response times and 

interference scores were compared between groups using general linear model (GLM) 

multivariate and repeated-measures analyses, controlling for age, gender, education, 

smoking status, BDI-II and AUDIT scores. Post-hoc analyses were conducted using 

Bonferroni tests. Pearson correlation coefficients were used to assess relations between 

variables, and paired samples t-tests compared categorical differences in response times 

within groups. Median values were used for response latency analyses and only correct 

trials were included; significance levels were set at p<0.05. 

2.4 Imaging Analysis 

Imaging acquisition procedures were identical to those discussed in the previous chapter; 

see Chapter 2, Section 2.4 for detailed information. 

FMRI data were analysed using Cambridge Brain Analysis software (CamBA) 

(http://www-bmu.psychiatry.cam.ac.uk/software/; Cambridge, UK). Images were motion-

corrected and registered to Montreal Neurological Institute (MNI) standard stereotactic 
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space using affine transformation (http://www.fil.ion.ucl.ac.uk/spm), and were spatially 

smoothed in-plane with a Gaussian kernel of 0.5 voxels FWHM. 

The presentation time of each word was modelled as an event onset, with the duration as 

time until response. Each event was convolved with a canonical blood oxygen level 

dependent (BOLD) hemodynamic response function in CamBA to assess brain activation 

up to the time of response on all trials. A comparison of BOLD responses during cocaine 

versus neutral word trials was conducted, first among all participants and then comparing 

contrast activation between groups. Analyses were repeated using the inferior frontal 

gyrus (IFG) as a region of interest, given our significant findings from the previous 

chapter, as well as reports from other studies identifying the IFG as a region involved in 

Stroop task performance (Ersche, Bullmore, et al., 2010) and an area commonly found to 

be abnormal in stimulant-dependent individuals (Bolla et al., 2004). Significance levels 

were set at family-wise error (FWE) correction p<0.05 for all analyses. 

Whole-brain imaging analysis compared activation during cocaine and neutral word 

conditions on successful trials among all participants, creating a group contrast map of 

significant voxel-wise responses of the cocaine–neutral contrast. Significant clusters were 

then exported to SPSS and compared between groups using GLM multivariate analysis 

and Bonferroni post-hoc corrections, including the demographic variables listed above as 

covariates in the model. 

Between-group activation differences were also assessed using a three-way GLM 

omnibus analysis in CamBA, identifying clusters that significantly differed between 

groups on the cocaine versus neutral contrast. These results were then exported into SPSS 

for further analysis, comparing group differences in BOLD response in the identified 

clusters using GLM multivariate analysis. 
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A within-group GLM was conducted in CamBA, regressing behavioural interference 

scores onto the group activation contrast map. This identified regions in which BOLD 

contrast activity levels directly correlated with cocaine interference scores. These regions 

were further analysed in SPSS using Pearson correlation and GLM multivariate analyses. 

Within-group GLM and between-group GLM omnibus analyses were repeated after 

application of a restricted small volume mask of the IFG taken from Hammer’s 

probabilistic atlas (Hammers et al., 2003). 

 

3. Results 

The three groups significantly differed in terms of age and gender, with recreational users 

being younger than stimulant-dependent individuals and more females present in the 

control and recreational groups. SDIs also had significantly lower verbal IQ scores than 

recreational users and fewer years of education than both control and recreational 

participants. There were higher rates of tobacco and cannabis use in the stimulant-

dependent and recreational users, as well as higher alcohol and depression scores in SDIs. 

As such, age, gender, education, smoking status, BDI-II and AUDIT scores were 

controlled for in all analyses. 

3.1 Behavioural Performance 

Stimulant-dependent individuals were more impaired than both recreational and control 

participants on the cocaine-word Stroop task, demonstrated via a greater number of errors 

committed on both cocaine (Kruskal-Wallis χ2=23.01, p<0.001) and neutral trials 

(χ2=6.62, p<0.036), and increased interference scores (F(2,105)=3.017, p=0.053), though 

this lost significance after controlling for demographic variables. Conversely, recreational 

users did not differ from controls on any behavioural measure (see Appendix B, Table 

S3.1 for full behavioural results). In a mixed-model ANOVA with participant group and 
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word type (cocaine versus neutral), SDIs had significantly slower response times 

compared with the other two groups (F(2,105)=3.787, p=0.026). Within the groups, SDIs 

also demonstrated attentional bias to cocaine cues, with significantly increased response 

latencies to cocaine over neutral stimuli (t(40)=3.665, p=0.001). Neither recreational 

users nor controls had an increase in response times from cocaine to neutral words 

(control: t(46)=1.238, p=0.222; recreational: t(25)=-1.561, p=0.131).  

3.2 Functional Imaging 

Six clusters emerged that demonstrated significantly different activation during cocaine 

versus neutral trials amongst all participants (Figure 3.1; Appendix B, Table S3.2). This 

included increases in left orbitofrontal and inferior frontal gyrus activity, as well as 

bilaterally in the superior medial frontal lobe and anterior cingulate cortex. A significant 

decrease in activation was also seen in the right cuneus/precuneus and superior and 

inferior parietal lobe. Activity in these regions did not differ between groups.  
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Figure 3.1. Significant clusters identified during the first-level fMRI contrast, 

comparing activation in response to cocaine versus neutral words amongst all 

participants. Six significant clusters were identified; regions shown include increases 

in activation on cocaine compared to neutral trials in the A) left orbitofrontal cortex, 

bilateral superior medial frontal gyrus and bilateral anterior cingulate cortex, and 

B) left inferior frontal gyrus and left angular gyrus. Activation in these areas did not 

differ between participant groups. Significance was set at p<0.05 family-wise error 

correction for multiple comparisons. Coordinates listed are in MNI standard space. 

Two clusters in the right orbitofrontal/anterior cingulate cortex and right angular 

gyrus/posterior cingulate cortex significantly differed between groups during a second-

level GLM omnibus contrast comparing activation to cocaine–neutral trials between 

participants. In both of these areas, recreational users demonstrated a significant decrease 

in activity compared with SDIs and control participants. There were no differences in 

activation levels between controls and SDIs in these regions (Figure 3.2; Appendix B, 

Table S3.3).  
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Figure 3.2. Second-level group contrast, comparing activation between groups 

during the cocaine–neutral word contrast. Significant differences emerged in two 

clusters: the right orbitofrontal cortex and anterior cingulate cortex, and the right 

angular gyrus and posterior cingulate cortex. Recreational cocaine users 

significantly under-activated these two regions in comparison with the other two 

groups. Coordinates listed are in MNI standard space. Cluster significance set at 

Cluster 1 – R OFC/ACC 
Cluster 2 – R angular gyrus 

A) 

B) 

Z= -4 Y=48 X=16 
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p<0.05 family-wise error correction for multiple comparisons. Group comparisons 

made using ANCOVA models, controlling for age, gender, years of education, 

smoking status, BDI-II depression and AUDIT alcohol scores, with Bonferroni post-

hoc correction p<0.05. 

 

After restricting analysis to the inferior frontal gyrus, three additional clusters emerged 

that significantly differed between participants in the cocaine–neutral word GLM 

omnibus contrast (Appendix B, Table S3.3). These three areas spanned across the right 

IFG, including the insula and operculum. Control participants showed a significant under-

activation in the first cluster compared with both dependent and recreational users; these 

two groups did not differ from each other in this area. In the second cluster, there was 

again a significant decrease in activity in the recreational participants compared with both 

stimulant-dependent and control individuals, whereas in the third cluster the dependent 

stimulant users had significantly greater activation compared to recreational users but not 

controls (Figure 3.3). 
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Figure 3.3. Between-group differences in contrast activation in the lateral inferior 

frontal gyrus (IFG) upon application of a small-volume correction mask. Stimulant-

dependent individuals demonstrated an increase in activity throughout the IFG, 

whereas recreational users showed a relative decrease in activity in two of the three 

clusters, but had equal levels to dependent users in the third. Control participants 

IFG cluster 1  
IFG cluster 2 
IFG cluster 3 

A) 

B) 

X=36 Y=14 Z=10 
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typically fell between the two stimulant using groups in terms of activation. 

Coordinates listed are in MNI standard space. Cluster significance set at p<0.05 

family-wise error correction for multiple comparisons. Group comparisons made 

using ANCOVA models controlling for age, gender, years of education, smoking 

status, BDI-II depression and AUDIT alcohol scores, with Bonferroni post-hoc 

correction p<0.05. 

 

When interference scores were regressed against activation levels among all groups on 

the cocaine–neutral contrast, no significant clusters arose. However, upon application of a 

mask of the IFG, three areas in the right IFG emerged where activity significantly 

correlated with cocaine interference scores in all participants. These were centred in the 

right IFG pars triangularis and pars orbitalis. The trend again remained of recreational 

users showing a comparative under-activation of these regions, while dependent stimulant 

users exhibited a relative over-activation (Appendix B, Figure S3.1); however, these 

differences were only significant in the cluster centred on the right IFG pars orbitalis. 

Activity levels in control participants fell between the other two groups, and did not differ 

from either recreational users or controls. Activation in all three regions significantly 

negatively correlated with interference scores in all groups, with greater impairment 

associated with greater activity on cocaine versus neutral trials (r=0.377, 0.405, 0.381; 

p<0.001 all correlations). 

 

4. Discussion 

Recreational cocaine users were unimpaired on a cognitive control task measuring 

attentional bias to cocaine-related stimuli, performing on par with non-drug using control 

participants. Conversely, stimulant-dependent individuals were significantly impaired 
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compared to the other two groups, registering longer response times, higher interference 

scores and more errors committed. Recreational users also demonstrated very different 

patterns of activation during task performance, significantly under-activating prefrontal 

and orbitofrontal regions compared with both stimulant-dependent and control 

individuals. 

The absence of a significant increase in response times among recreational users to 

cocaine-related stimuli indicates that they do not share an attentional bias to these words 

with dependent users. Drug-related attentional bias has been linked to increased 

motivation to obtain the substance, as well as heightened emotional salience for these 

cues (Field & Cox, 2008; Goldstein & Volkow, 2002). The absence of preferential 

attention to cocaine cues in the recreational users suggests an inherent difference in 

automatic drug-related stimulus processing between the two participant groups, 

underlying an intrinsic difference in the pattern and type of drug use. Similar results have 

been reported in dependent and recreational cannabis users, with more severe users 

reporting greater drug craving and increased attentional bias on a cannabis-modified 

Stroop task (Field, 2005). Similarly, light social drinkers had less attentional bias to 

alcohol cues than heavy drinkers (Field, Christiansen, Cole, & Goudie, 2007; Townshend 

& Duka, 2001). In the current assessment, SDIs were impaired on all aspects of the task, 

registering significantly slower responses on both trial conditions. This is suggestive of a 

more globalized inefficiency in these individuals that is not unique to the cocaine-related 

stimuli, potentially relating to increased age, lower IQ or general cognitive impairment 

from prolonged stimulant use. However, the higher interference scores in these 

participants, demonstrating significantly slower responses on cocaine versus neutral trials, 

are indicative of greater content-specific impairment as well.  
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The decrease in activation in the IFG and OFC seen in the recreational users also suggests 

that these words do not hold the same salience as they do for the dependent users. The 

IFG is thus not equivalently recruited in the recreational users, as the need to inhibit an 

initial attentional bias is less prevalent in these individuals. Increased activation in the 

SDIs compared with recreational users could reflect greater effort being exerted to resist 

the distracting cocaine words, represented via increased interference scores on the task. 

Higher prefrontal activity in these participants could also be due to the increased salience 

of the words for these individuals, resulting in greater neuronal excitation. However, it 

should be noted that in only one cluster in the IFG did SDIs show greater BOLD 

activation than control individuals. Thus, the significant contrast was primarily between 

the dependent and recreational users of cocaine, rather than between dependent 

individuals and control participants. This result is surprising given the significant 

attentional bias to these cues in the SDIs compared with the control group, and previous 

evidence showing heightened BOLD response in response to drug-related cues in 

dependent individuals (Ersche, Bullmore, et al., 2010).  

Resistance to drug-related attentional bias as measured by the Stroop has previously been 

cited as an indicator of successful abstinence efforts in treatment seekers (Brewer et al., 

2008; Carpenter et al., 2006; Marissen et al., 2006). In the brain, impairments in response 

inhibition manifested as abnormal activation in the frontal pole and cingulate cortex, 

thought to correspond with the increased cognitive demand required to override an initial 

emotional reaction to the drug words (Ersche, Bullmore, et al., 2010; Goldstein et al., 

2009; Goldstein, Tomasi, Rajaram, et al., 2007; Wexler et al., 2001). The inferior frontal 

gyrus in particular has been found to exhibit increased activation in response to drug cues, 

and is known to be associated with cognitive control and the inhibition of prepotent 

responses (Bunge et al., 2001; Ersche, Bullmore, et al., 2010).  
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Previous work with the current participant groups has shown differences in cortical 

structure, with recreational users having significantly greater volume in the OFC, while 

dependent users showed a significant reduction in OFC grey matter, as well as in the 

posterior insula (Ersche, Jones, Williams, Smith, et al., 2013; Ersche, Jones, et al., 2012). 

Similar dissociation in OFC activation during the cocaine-word Stroop task between 

dependent and recreational users of cocaine may reflect the structural differences in this 

area, which could be serving as a protective factor against the development of dependence 

in recreational users. In the previous chapter, increased frontal volume was associated 

with more efficient cognitive processing, and it is possible that the enlarged OFC in the 

recreational users compared with control and SDIs resulted in them having to recruit less 

cortical activity during task performance, rendering the task less cognitively demanding.  

Rather than being at an earlier stage in the development towards dependence, we believe 

that these individuals are able to maintain a recreational pattern of cocaine use without 

devolving into full-fledged dependency. The cognitive, behavioural, structural and 

functional data all point to a unique pattern of use in these individuals that is distinct from 

those who are dependent on cocaine (Ersche, Jones, Williams, Smith, et al., 2013). 

Additionally, data from the biological siblings of SDIs show very different results, 

displaying cognitive, personality and structural traits that are most similar to those of their 

dependent siblings, despite never having been dependent on drugs (Ersche, Jones, et al., 

2012; Ersche, Turton, et al., 2012, 2010). Thus, these findings suggest two possible 

important qualitative differences between dependent and recreational stimulant users. 

Underlying and potentially predisposing factors for stimulant dependence, such as 

decreased cognitive efficiency and impaired impulse control, may be present in the 

former, as well as in their non-drug abusing siblings, while these potentially predisposing 

factors are not present in recreational users. Conversely, recreational users may exhibit 
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resilience against the development of dependence, including neurobiological changes 

such as increased orbitofrontal cortex size and efficiency that are not evident in dependent 

users or their siblings. This pattern of qualitative differences would seem to make it 

unlikely that recreational users are merely at an earlier stage on an ultimate trajectory to 

dependence.  

In the current cocaine-word Stroop task, it is difficult to parse out whether the differences 

between recreational and dependent users are due to impaired executive control in the 

SDIs in response to cocaine stimuli, or a global increase in cognitive control in the 

recreational users. Future studies should include a non-drug related evocative word 

condition to test whether the difference is specific to cocaine-related words or is also 

present for other salient emotional stimuli. Additionally, the Stroop paradigm has been 

shown to have poor internal reliability (Cools et al., 2007), and studies employing 

objective indices of attentional bias, such as eye-tracking, should be administered to test 

the reproducibility of this effect. 

The findings reported here focus on the responses of qualitatively different groups of 

cocaine users – dependent and recreational individuals – to drug-related stimuli. Given 

the known abnormalities in the mesolimbic dopamine circuitry and corresponding 

differences in reward system responding associated with heavy stimulant use, comparing 

reactions to a more general reinforcer could help illuminate how wide-spread these 

differences in reward responsivity are in dependent and recreational users. Additionally, 

reintroducing the sibling participants to this analysis would enable a comprehensive 

comparison of predating and consequential differences in the brain and behaviour 

involved in stimulant use and dependence. This analysis is pursued in the following 

chapter. 
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Chapter 4. A Comparison of Endophenotype and Stimulant Exposure 

Effects in Reward Sensitivity  

 

1. Introduction 

In addition to the ‘top-down’ cognitive impairments seen in dependent stimulant users, there 

are also known dysfunctions in ‘bottom-up’ processes, such as atypical reward responding 

associated with altered dopamine activity in the striatum (Schott et al., 2008). A growing 

body of research has suggested that abnormalities in the mesolimbic dopamine reward 

circuitry may both underlie and be perpetuated by the effects of stimulant drugs acting 

directly on this system (Blum et al., 2000; Volkow, Wang, Telang, et al., 2008). In the 

previous section, neural responses to cocaine cues were measured using functional 

neuroimaging to assess cognitive bias to drug-related stimuli. In the current study, we 

examined blood oxygen level dependent (BOLD) activation during functional magnetic 

resonance imaging (fMRI) in response to a more universal (though secondary) reinforcer – 

money – to determine if changes in general reward responsivity are linked to increased risk 

for drug dependence, or if abnormalities in reward circuitry are observed only in response to 

drug cues.  

The Monetary Incentive Delay task (MID) is a well-validated paradigm that assesses 

sensitivity to differing magnitudes of financial rewards (Knutson et al., 2000). Larger 

rewards typically elicit greater activation in the ventral and dorsal striatum during 

anticipation to respond, as well as the medial orbitofrontal cortex (OFC) (Knutson, Adams, 

Fong, & Hommer, 2001; Knutson, Fong, Adams, Varner, & Hommer, 2001; Schott et al., 

2008). The striatum has long been implicated in reward responding and, as discussed 
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previously, is also a key target for addiction research, with stimulant drugs acting directly on 

the dopamine-rich circuitry (Berridge & Robinson, 1998; Everitt & Robbins, 2005; Wise & 

Bozarth, 1985; Wise & Rompre, 1989). Manipulation of the striatal dopamine system 

through the use of illicit substances is thought to ‘hijack’ normal reward processing in 

stimulant-dependent individuals (SDIs), with stimulant drugs becoming over-valued while 

other rewards, such as food or sex, lose their reinforcing properties (Bjork et al., 2008; 

Garavan et al., 2000; Goldstein et al., 2007; Jia et al., 2011). Likewise, decreases in grey 

matter volume and BOLD activation in the OFC, an area involved in reward valuation and 

decision-making (Bechara et al., 2000; Levy & Glimcher, 2012) have also been observed in 

addicted individuals, and are potentially a consequence of prolonged stimulant use (Bolla et 

al., 2004; Ersche et al., 2011; Franklin et al., 2002; Matochik et al., 2003). 

Previous studies administering the MID to substance-dependent individuals have reported 

somewhat conflicting results. Studies in stimulant- and cannabis-dependent individuals have 

shown a hyper-activation of the BOLD response, particularly in the ventral striatum, medial 

frontal lobes, insula and anterior cingulate cortex (Bjork et al., 2008; Jia et al., 2011; Nestor, 

Hester, & Garavan, 2010). Conversely, alcohol-dependent individuals exhibit a hypo-

activation to reward relative to healthy control volunteers (Beck et al., 2009; Wrase et al., 

2007). 

As with most impairments associated with stimulant dependence, it is unclear whether the 

differences in activation are an underlying issue, predating and potentially predisposing an 

individual to find stimulant drugs more rewarding and thus making them more susceptible to 

the development of dependence, or if the disruption is a result of the effects of stimulant 

drugs on the brain. In the current study, we compared behavioural performance and neural 
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responses between all four of the same participant groups from the previous two chapters – 

dependent stimulant users, their non-dependent biological siblings, recreational users of 

cocaine, and healthy control volunteers – on a modified MID task during fMRI scanning. We 

compared BOLD responses to different magnitudes of monetary rewards in a priori 

designated regions of the striatum and OFC, and additionally completed an exploratory 

whole-brain analysis. We also adapted the task to include drug-related stimuli in an attempt 

to determine if responses to drug-specific rewards mirror those seen to money, a more 

general reinforcer.  

If abnormalities in reward processing represent underlying risk factors for dependence, we 

would expect the siblings and SDIs to display similar responses to the money cues. 

Conversely, if alterations in reward processing are a consequence of the effects of stimulant 

drugs or an indicator of a willingness to use drugs, we would expect dependent and 

recreational users to show similar responses, and for both to differ from the control and 

sibling participants (though due to greater exposure the SDIs might show a greater effect than 

the recreational users).  

In the current investigation, we hypothesised that stimulant-dependent individuals would 

exhibit heightened sensitivity to both monetary and drug stimuli via increases in BOLD 

activation in the striatum and OFC compared with the other participant groups, as shown in 

previous studies (Bjork et al., 2008; Jia et al., 2011). We predicted recreational users to also 

show an increase in activation to reward anticipation compared with control and sibling 

participants, but not to the same extent as the dependent users due to differences in exposure 

and drug use severity. Finally, we hypothesised that sibling and control participants would 

not differ in their responses to either condition. Thus, we predict that sensitivity to reward 
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will not reflect an endophenotypic trait, but will instead be more suggestive of a potential 

consequence of stimulant use on the brain’s reward circuitry. 

 

2. Materials and Methods 

2.1 Participants 

Recruitment, screening and demographic information for the four participant groups have 

been described in the preceding two chapters. Four groups of 50 stimulant-dependent 

individuals (SDIs), 50 of their non-dependent biological siblings, 27 recreational cocaine 

users, and 52 unrelated healthy control volunteers took part in the study.  

In the current investigation, 39 individuals were excluded from the analysis due to excessive 

head movement, presence of a clinically significant neurological abnormality, or poor 

performance on the task in which a condition had to be discarded due to no correct responses. 

This resulted in 140 total participants (control=43, SDI=35, sibling=40, recreational=22). 

Demographic information for this subset of participants is provided in Appendix C (Table 

S4.1). 

2.2 Behavioural Task 

Participants completed a modified version of the Monetary Incentive Delay task (Knutson et 

al., 2000) during fMRI scanning using two types of motivationally salient outcomes: 

monetary rewards – similar to those used in the original task – and images of drug stimuli. 

The task was administered in two runs (money, drug), presented in randomised order. 

Participants were told that they would be paid according to their performance, i.e. the money 

that they earned during the monetary condition plus an equivalent financial bonus reflecting 

their performance on the drug condition.  
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In the task, participants were presented with one of five different cues signalling the trial 

type. In the money condition, the cue was associated with a large (50 pence) or small (10 

pence) reward, or a neutral (no reward) outcome (see Figure 4.1). As in the original MID 

task, the neutral cue was an empty circle, the small money cue was a circle transected by a 

single horizontal line, and the large money cue was a circle transected by two horizontal 

lines. In the drug condition, the rewarding cue consisted of an image of the stimulant-using 

individual’s drug of choice (either powder cocaine, crack cocaine or amphetamine), while a 

picture of a water bottle constituted the neutral cue. The rewarding feedback slides depicted 

an image of an individual self-administering the drug of choice or drinking water for the 

neutral trial. 

Cues were presented for 250 ms, followed by a jittered blank anticipation screen for 3000-

5000 ms with a mean of 4000 ms. A target stimulus (white square) was then presented for 

between 100-400 ms, during which time the participant had to respond in order to receive 

reward. If the participant responded before the target disappeared, a feedback screen 

depicting the amount of money won, or an image of a person using their drug of choice, was 

presented for 1650 ms. If the respondent was too slow, an image of the neutral feedback slide 

was presented representing a non-win trial – i.e. either the blank circle depicting 0 pence or 

the image of a person drinking from a water bottle.  

At the end of the experiment, participants were asked to rate their willingness to pick up 

either a 10 pence or 50 pence coin off the floor on a visual analogue scale (Always – Never) 

as a proxy for subjective value of each monetary reward. 
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Figure 4.1. Image displays for the modified Monetary Incentive Delay task for the 

money and drug conditions. Participants were primed with a cue designating the type of 

Target 100-400 ms 

  Feedback 1650 ms 

Cue 250 ms 
  Anticipation  
  3000-5000 ms 
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trial that was about to take place, followed by a jittered anticipation slide and then the 

target to which they must respond. A feedback slide signifying either a successful or 

unsuccessful trial was then displayed. Unsuccessful trials were represented by the 

neutral image conditions. 

 

2.3 Behavioural Analysis 

Mean response times for each condition were compared between groups using general linear 

model (GLM) multivariate analyses, with Bonferroni post-hoc corrections for multiple 

comparisons, in the Statistical Package for Social Sciences (SPSS v.19). A repeated measures 

GLM was conducted for the drug and money conditions separately, with group (four levels: 

SDIs, siblings, recreational users and healthy volunteers) as the between-subjects factor and 

cue type (two levels: reward, collapsed across high and low value stimuli for the money 

condition, and neutral) as the within-subjects factor. For post-hoc analysis, simple main 

effects were calculated using relevant variations of this GLM. Subjective monetary 

valuations of 10 pence and 50 pence, as well as the total amount of money earned, were 

compared between groups using GLM multivariate analyses with Bonferroni post-hoc 

corrections.  

2.4 Imaging Analysis 

See image acquisition parameters described in Chapter 2, Section 2.4. 

FMRI data were analyzed using Statistical Parametric Mapping software (SPM v.8) 

(http://www.fil.ion.ucl.ac.uk/spm/software/spm8/; London, UK). The first five images were 

discarded to account for T1 equilibration. Images underwent motion and slice-timing 

correction and were registered to Montreal Neurological Institute (MNI) standard stereotactic 
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space. Images were spatially smoothed using a 5 mm Gaussian kernel full-width at half 

maximum. Scans with movement greater than 1.5 mm in any direction, or enough to cause 

inter-slice variance, were excluded from analysis. Other scan exclusion criteria included large 

dropout in the key regions of the basal ganglia and OFC. 

At the first-level, design matrices modelling BOLD hemodynamic response functions at the 

time of anticipation (cue onset) and receipt of feedback (outcome) were created for each 

stimulus type (money large, money small, money neutral, drug, drug neutral). Large and 

small money trials were combined in contrasts to compare responses across the reward 

conditions with the money neutral trials. Comparisons between anticipation of reward 

(money/drug) and neutral trials were conducted, as were comparisons for receipt of reward 

for successful (win) compared with unsuccessful (no win) outcomes. In total, four contrasts 

were computed: anticipation of money minus anticipation of neutral; anticipation of drug 

minus anticipation of neutral; feedback during successful money trials minus feedback during 

unsuccessful money trials; and feedback during successful drug trials minus feedback during 

unsuccessful drug trials. 

In second level analyses, the main effect of each contrast (collapsing across group) was 

computed using one-sample t-tests. The groups were then compared on each of the four 

contrasts using analysis of variance (ANOVA) F-statistics. Further contrasts between the 

participant groups were also run, enabling us to better answer our a priori question of which 

traits in stimulant dependence are due to potential endophenotype effects and which may be 

attributed to stimulant use. This included a contrast of those with a personal or family history 

of drug dependence (SDIs and siblings) to those without (control individuals and recreational 



Chapter 4. Decreased reward sensitivity protects against stimulant dependence 
 

90 
 

users), as well as an investigation into the effects of stimulant exposure (SDIs and 

recreational users versus control and sibling participants). 

Analyses for all contrasts were repeated applying a priori specified regions of interest (ROIs: 

ventral and dorsal striatum; orbitofrontal cortex), defined using PickAtlas 

(http://www.nitrc.org/projects/wfu_pickatlas/) with Anatomic Automatic Labelling (AAL) 

coordinates. We corrected for multiple comparisons, controlling the family-wise error rate 

(FWE) at the voxel-level.  

Principal eigenvariates for significant clusters identified during the second-level analyses 

comparing groups were extracted from SPM and compared post-hoc in SPSS using ANOVA. 

This was used to determine the direction of differences in BOLD response between groups, 

but not to make formal statistical interference. These eigenvariates were also used for 

comparisons with other behavioural variables to determine relationships between functional 

and behavioural performance, using Pearson correlation coefficients. 

 

3. Results 

3.1. Demographic 

As in the previous analyses with these groups, the participants significantly differed on 

several measures, including age, gender, education levels and smoking status (Appendix C, 

Table S4.1). As such, these variables were included as covariates in group comparisons of 

behavioural and functional imaging variables in SPSS in an attempt to control for these 

differences. 
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3.2 Behavioural 

There was no significant main effect of task condition on reaction times (F(3,136)=1.098, 

p=0.350; Table 4.1). However, we detected a significant group-by-condition interaction 

(F(3,9)=2.400, p=0.012). Analyses of simple main effects revealed that within the dependent 

and recreational groups, responses to the money trials were significantly faster than to neutral 

trials (dependent: F(1,34)=13.119, p=0.001; recreational: F(1,21)=5.799, p=0.025). This 

effect was also present in the control group at trend level (control: F(1,42)=3.350, p=0.074), 

but not in the sibling group (F(1,39)=1.296, p=0.262). There were no significant differences 

in response latencies among any of the groups on the drug versus drug neutral trials, and 

there was no main effect of group on global response times. 

There was a significant difference in the total money earned between the four groups 

(F(3,136)=2.741, p=0.011), with SDIs obtaining significantly more money than recreational 

users at Bonferroni corrected p<0.05. The four groups also trended towards a difference in 

their self-reported likelihood of picking up a 10 pence coin off the ground (F(3,136)=1.993, 

p=0.061), used as a subjective measurement of the value attributed to the two rewards 

presented in the task (Figure S4.1). This effect was driven by the sibling participants rating 

themselves as less likely to pick up 10 pence off the floor than the other three groups; 

however, this did not survive Bonferroni post-hoc comparisons. There was no difference 

between groups in subjective valuation for the 50 pence reward (F(3,136)=0.891, p=0.516). 
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Table 4.1. Behavioural performance differences on the Monetary Incentive Delay task between groups 

 
Control n=43 

Mean (SD) 
Sibling n=40 
Mean (SD) 

Recreational n=22 
Mean (SD) 

Dependent n=35 
Mean (SD) 

F P 

Behavioural Results      
Money cue mean RT (ms) 205.52 (17.05) 209.49 (22.40) 201.38 (20.32) 206.92 (26.10) 0.365 0.921 
Money neutral cue mean RT (ms) 209.17 (21.75) 211.59 (24.51) 206.64 (23.48) 217.83 (30.91) 1.065 0.389 
Drug cue mean RT (ms) 208.28 (18.14) 215.74 (27.18) 203.30 (21.53) 213.47 (32.06) 1.322 0.245 
Drug neutral cue mean RT (ms) 205.54 (17.21) 217.48 (27.11) 203.54 (23.23) 217.43 (31.20) 1.539 0.160 
Money won (£)* 9.30 (1.08) 9.32 (0.91) 9.08 (1.16) 9.89 (1.03) 2.741 0.011 
10 pence value (% pick up) 65.05 (29.64) 49.35 (35.38) 55.36 (32.20) 70.54 (28.88) 1.993 0.061 
50 pence value 76.70 (23.80) 67.42 (31.98) 75.59 (22.18) 79.89 (25.77) 0.891 0.516 

*Significant group difference at p<0.05. In Bonferroni post-hoc tests, dependent individuals won significantly more money than 

recreational users, and sibling participants trended towards ranking a 10 pence coin as less desirable. Analysis corrected for age, 

gender, education levels and smoking status. 
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3.3 Neuroimaging 

Anticipation of Monetary Reward 

Analysis of the monetary anticipation contrast (money minus no money trials) revealed 

significant activation in the right medial OFC and putamen using ROI analyses among all 

participants (both p<0.05; Figure 4.2; Table 4.2). However, testing the group-by-condition 

interaction, no significant differences emerged between the four groups in activation during 

anticipation of the monetary reward in the OFC or striatum. There were also no significant 

group effects at the whole brain level that survived FWE correction. Additionally, no 

significant differences arose that survived FWE correction when concentrating on the a priori 

contrasts testing potential endophenotype effects (those with a personal or family history of 

dependence versus those without) or the effects of stimulant drug use (stimulant users versus 

non-users).  

In the sibling participants, reward-related speeding (i.e. the difference in reaction time 

between the neutral and money conditions) significantly negatively correlated with activation 

in the striatum (right putamen: r=0.381, p=0.015; left putamen: r=0.348, p=0.028), such that 

heightened anticipatory putamen activity corresponded to relatively slower responses on the 

money compared with the neutral trials. This effect did not emerge in any other participant 

group, and no other behavioural measures correlated with BOLD activity.  
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Figure 4.2. Striatal activation amongst all participants during anticipation of money versus 

neutral trials using region of interest analysis (MNI coordinates (x,y,z) mm: -8, 12, 7). There 

were no significant differences in activation in either cluster between participant groups.  

 

Receipt of Monetary Reward 

Analysis of the money feedback contrast (successful minus unsuccessful trials) revealed 

significant activation in the left caudate, bilateral putamen and medial OFC across groups 

using ROI analyses (all p<0.05; Table 4.2). Across all participants, activation in the caudate 

was significantly correlated with the amount of money won on the task (r=0.171, p=0.043); 

no other behavioural measures correlated with BOLD activity. No regions survived FWE 

correction for the group-by-condition interaction. Likewise, there was no significant 

activation supporting an endophenotype effect during feedback on money trials. However, 

there was a significant difference in BOLD response in the OFC ROI (FWE p<0.05) between 

those with and without a personal history of stimulant exposure: the control and sibling 

participants exhibited a significant relative increase in activation bilaterally in the medial 

OFC compared with SDIs and recreational users (Figure S4.2). However, during post-hoc 

analysis no differences survived Bonferroni post-hoc correction. 
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Table 4.2. Significant cluster activation among participants during money conditions: 

anticipation of money compared to anticipation of neutral trials, and feedback for successful 

versus unsuccessful money trials.  

 

Anticipation of Drug Reward 

Analysis of the drug anticipation contrasts revealed a significant cluster in the right medial 

OFC (FWE p<0.05), but no activation in the striatum with ROI analyses among all 

participants. However, in the group-by-condition interaction, there was significantly different 

activation in the right putamen (F(3,136)=4.042, p<0.001) but no interaction in the OFC. 

This effect was largely driven by the SDIs, who exhibited an increase in activation in this 

region compared with their siblings and recreational users, while the sibling participants 

demonstrated a decrease in activity compared to SDIs and controls (Figure 4.3). There was 

also a significant group-by-condition interaction in the left middle cingulum, stretching into 

Anticipation Money – Neutral  
Cluster 

Size 
Peak 
Voxel 

T 
Post-hoc 

ANOVA F 
Post-hoc 

ANOVA P 

All participants ROI striatum 
FWE p<0.05 

     

Right putamen 552 30, 17, 4 10.36 1.70 0.113 
Left putamen 521 -27, 14, 4 9.51 1.68 0.120 
All participants ROI OFC 
FWE p<0.05 

     

Right medial orbitofrontal cortex 170 12, 35, -11 6.56 0.58 0.769 

Feedback Money       
Successful – Unsuccessful   

Cluster 
Size 

Peak 
Voxel 

T 
Post-hoc 

ANOVA F 
Post-hoc 

ANOVA P 

All participants ROI striatum 
FWE p<0.05 

     

Right putamen 381 27, -10, 10 7.48 1.09 0.374 
Left putamen 301 -30, -10, 1 8.55 1.20 0.305 
Left caudate 69 -18, -16, 22 6.63 0.63 0.728 
All participants ROI OFC 
FWE p<0.05 

     

Left medial orbitofrontal cortex 183 -3, 41, -14 6.86 0.31 0.950 
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the left supplementary motor area, and vermis at the whole-brain level (FWE p<0.05), with 

effects evident in the same direction (drug users over-activating and siblings under-activating 

compared with all of the other groups). There was no correlation between behavioural 

performance and BOLD activation in any cluster during the anticipation condition. 

Examining the contrasts focused on our hypotheses, the combined stimulant-using group 

(recreational and dependent) showed a significant increase in activation in the right OFC ROI 

compared with the combined sibling and control group (Figure S3). This effect was strongest 

compared with the siblings (recreational: p=0.08; SDI: p=0.020, Bonferroni corrected); the 

controls did not differ from either of the drug-using groups in post-hoc analyses. There was 

no effect of stimulant exposure in the striatum. At the whole-brain level, an effect in the same 

direction was also evident in the left angular gyrus, with the stimulant-using participants 

demonstrating greater activation than the combined sibling and control group 

(F(3,136)=3.17; FWE p=0.004). In post-hoc analyses, the recreational users had significantly 

greater BOLD activity than the siblings (p=0.006, Bonferroni corrected); no other post-hoc 

comparisons reached significance. There were no differences relating to an endophenotype 

effect.  
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Figure 4.3. A) Activity in the left middle cingulum (MNI coordinates	(x,y,z) mm: -6, 

11, 40), which significantly differed between participant groups during anticipation 

of drug–neutral trials at the whole-brain level. This was driven by dependent 

individuals having greater activity in this area than all of the other three groups, as 

well as an increase in control participants compared to the sibling individuals. Other 

regions that showed a significant group effect during the drug anticipation contrast 

were the left precentral gyrus/supplementary motor area and in the vermis. B) After 

a region of interest analysis focusing on the striatum, an additional cluster emerged 

in the right putamen (MNI coordinates: 30, 17, 4) that significantly differed between 

participants during the contrast. Again, dependent individuals showed greater 

activity compared with their siblings and recreational users. Controls also displayed 

greater activity than the sibling participants. 

 

Receipt of Drug Reward  

Analysis of the drug feedback contrast (successful minus unsuccessful trials) revealed 

significant activation in the left and right putamen and left OFC using ROI analyses 

across all participants (all p<0.05; Table 4.3). There were no significant group-by-

condition interactions and no significant effects in the planned comparisons relating to 

either an exposure effect or an endophenotype effect. Activation during drug feedback did 

not correlate with any behavioural measures. 
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Table 4.3. Significant cluster activation among participants during drug conditions: 

anticipation of drug compared to anticipation of neutral trials; and feedback for successful 

versus unsuccessful drug trials.  

*Significant group difference at p<0.05.		

Anticipation Drug – Neutral 
Cluster 

Size 
Peak 
Voxel 

T 
Post-hoc 

ANOVA F 
Post-hoc 

ANOVA P 

ANOVA  
FWE p<0.05 

     

Left middle cingulum*     65 -6, 11, 40 12.38 5.56 <0.001 
     Dependent > Control: p=0.025 
     Dependent > Sibling: p<0.001 
     Dependent > Recreational: p=0.010 
     Control > Sibling: p=0.011 
Left supplementary motor area* 2 -30, 5, 40 4.90 5.11 <0.001 
     Dependent > Sibling: p<0.001 
     Control > Sibling: p=0.013 
     Recreational > Sibling: p=0.001 
Vermis* 14 6, -58, -11 4.69 6.05 <0.001 
     Dependent > Sibling: p<0.001 
     Dependent > Recreational: p=0.012 
     Control > Sibling: p=0.008 
All participants ROI striatum 
FWE p<0.05 

     

Right putamen 11 30, 17, 4 9.33 4.04 <0.001 
     Dependent > Sibling: p<0.001 
     Dependent > Recreational: p=0.075 
     Control > Sibling: p=0.010 
All participants ROI OFC 
FWE p<0.05 

     

Right medial orbitofrontal cortex* 1 12, 50, -14 3.33 1.52 0.164 
     No significant group differences 

Feedback Drug            
Successful – Unsuccessful 

Cluster 
Size 

Peak 
Voxel 

T 
Post-hoc 

ANOVA F 
Post-hoc 

ANOVA P 

All participants ROI striatum 
FWE p<0.05 

     

Left putamen 407 -21, 8, -5 9.20 0.58 0.768 
Right putamen 381 21, 11, -5 8.90 0.61 0.746 
All participants ROI OFC 
FWE p<0.05 

     

Left medial orbitofrontal cortex 120 -3, 44, -14 6.22 0.46 0.862 
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4. Discussion 

A test of reward-responsivity was administered to stimulant-dependent individuals, their 

non-dependent biological siblings, recreational users of cocaine, and unrelated healthy 

control volunteers in an attempt to determine whether abnormalities in reward system 

functioning that commonly accompany stimulant dependence are due to underlying 

impairments or are the result of long-term stimulant use. Stimulant-dependent individuals 

and recreational users of cocaine both showed a relative increase in activation during 

anticipation of stimulant cues compared with non-drug-using control and sibling 

participants, particularly in the OFC. SDIs also demonstrated an additional increase in 

striatal activation in response to these stimulant cues. However, both drug-using groups 

exhibited a relative under-activation compared with that of non-drug-using participants in 

response to the receipt of a monetary reward. These findings suggest a potential effect of 

stimulant drugs like cocaine on the mesolimbic dopamine circuitry, and might support the 

theory of a ‘hijacking’ of the reward system by drugs of abuse, rendering other non-drug 

reinforcers less effective. 

4.1 Effects of Stimulant Use 

Differences in activity in reward circuitry in the stimulant-using participants – with an 

increase in activation in response to drug cues, but a decrease in activity upon receipt of a 

monetary reward – may be a consequence of their drug use, resulting in a disruption of 

the mesolimbic striatal dopamine circuitry. Alternatively, these varying sensitivities to 

reward may be a contributor to the initiation of stimulant use, present only in those who 

are more likely to try drugs.  

It is notable that the primary group differences between drug-using and non-using 

participants in response to both types of reward stimuli were in the OFC. This was a 
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primary region of interest due to its involvement in value (Levy & Glimcher, 2012) and 

being an area known to be particularly affected by stimulant use (Ersche, Williams, 

Robbins, & Bullmore, 2013). However, it is somewhat perplexing that the dependent and 

recreational users demonstrated similar activation in this region on the current task given 

the significant differences in activation in the area these same individuals displayed in the 

previous chapter in response to the cocaine Stroop task. Additionally, these same 

participant groups have also shown significant differences in grey matter volume in this 

region, with SDIs having a decrease in cortical volume while the recreational users 

showed an increase in OFC grey matter (Ersche, Jones, Williams, Smith, et al., 2013).  

While both drug-using groups demonstrated increased OFC activation during anticipation 

of the drug trials compared with the non-drug users, further differences in activity 

occurred in the dependent individuals; SDIs showed greater activation in the striatum, left 

middle cingulum and vermis compared with recreational users. This may be suggestive of 

a potential dose effect in the SDIs given their greater exposure to cocaine, or this may be 

indicative of a ‘dependence effect’, reflecting the different patterns of stimulant use in the 

two drug using groups. This finding is supported by the recreational users’ notable lack of 

a significant response to cocaine cues in the emotional Stroop task reported in Chapter 3. 

Curiously, there was no difference in activation between the groups during feedback for 

drug rewards. It is possible that after prolonged stimulant use, it is only the anticipation 

of reward that is arousing for stimulant users, while the notice of receipt no longer elicits 

a significant response. Supporting this, it was only during the feedback condition for 

money that there was a difference between the stimulant using and non-using groups, 

with the sibling and control individuals exhibiting a higher BOLD signal. This finding 

supports the incentive salience model of reward processing, where the cues predicting a 
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reward come to be over-valued, taking on the reinforcing properties of the stimulus itself 

(Robinson & Berridge, 1993). Thus, it is potentially only in anticipation of a reward, 

prompted by the associated cue, that objects are valued, particularly for drug-associated 

stimuli. However, previous investigations of the MID in stimulant users have reported 

conflicting results, with SDIs exhibiting a relative increase in activation to monetary 

reward receipt compared with control individuals (Bjork et al., 2008; Jia et al., 2011).  

4.2 Evidence for an Endophenotype 

Notably, there were no behavioral or functional responses that were uniquely present in 

both the sibling and stimulant-dependent groups that might have been suggestive of an 

endophenotype trait. This is in striking contrast to the results reported in Chapter 2, as 

well as previous investigations in these participant groups in which they displayed 

evidence of similarities suggestive of an endophenotype, including impulsivity and poor 

motor control (Ersche, Jones, et al., 2012). However, the different nature of the task used 

in the current investigation – targeting a reward-related motivation to respond – may 

explain this unique finding.  

Interestingly, during anticipation for the drug cues the sibling individuals not only 

displayed a decrease in activation compared with the SDIs, they also showed a relative 

decrease in activity compared with the control participants. This may be due to an 

aversion to the drug-related stimuli due to their experiences with their stimulant-

dependent brothers and sisters (Barnard, 2005). Supporting this specificity, during the 

money trials striatal activation in the siblings was no different from that of control 

volunteers. Prior research in individuals with a family history of alcohol dependence has 

shown a relative increase in striatal dopamine receptor availability in family-history 

positive participants (Volkow et al., 2006). This increase was proposed to potentially lead 
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to a reduced sensitivity for drug reinforcement, acting as a potential protective factor 

against addiction. In the current study, there do not appear to be any general abnormalities 

in striatal activity in the sibling individuals, however, any potential striatal dopamine 

effects similar to those listed above may be limited to drug-specific cues.  

4.3 All Group Comparisons 

Among all participant groups, there was significant activation in the striatum and 

orbitofrontal cortex in response to rewarding stimuli. This supports the general notion that 

these areas are crucial for reward processing; it also importantly demonstrates that the 

current version of the MID accesses the same circuitry as previous investigations using 

variants of the task (Beck et al., 2009b; Bjork et al., 2008; Knutson, Adams, et al., 2001; 

Schott et al., 2008). However, there were few differences in activation between groups in 

this area, limited to the drug anticipatory condition only. The lack of differences in striatal 

activation was surprising and somewhat conflicting with previous studies in stimulant-

dependent individuals (Bjork et al., 2008; Jia et al., 2011). The wider and more diverse 

spread of participant groups in the current investigation may have washed out this effect 

during the four-group comparisons, particularly as the recreational users fell between the 

control and dependent participants in their activation during the money anticipation 

condition, not differing from either group.  

Shortcomings of this investigation include the ranging demographic differences between 

the participant groups. Although we included these demographic data as covariates in the 

analysis, better matching for these variables during recruitment could be improved in 

future studies. Furthermore, it was not possible to directly compare responses to drug and 

money rewards within the participant groups due to inherent differences in task design 
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between the two conditions, thus preventing a direct contrast of responsivity to these two 

types of reinforcers.  

Prior research has suggested that with chronic use, dependent stimulant users become 

increasingly more sensitive to the reinforcing properties of their drug of choice, but 

relatively less sensitive to other more generic rewards, such as money or food (Aigner & 

Balster, 1978; Opris et al., 2009; Woolverton & Anderson, 2006). Our results tentatively 

support this hypothesis, however, going forward, it would be illuminating to test this 

theory more directly by comparing BOLD response to drug and non-drug rewards in 

these groups. Furthermore, it is possible that money cues may also have attained drug-

related salience for dependent individuals through the continual purchasing and 

procurement of illicit substances. Thus, it would be beneficial to look at primary 

unconditioned reinforcers, such as food or erotic images, which do not suffer from this 

confound.  
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Chapter 5. Reward Valuation and Incentive Motivation in Addictive 

Disorders 

 

1. Introduction 

In the previous chapter, responses to a universal conditioned reinforcer, money, and drug-

specific cues were examined separately. Stimulant-dependent individuals (SDIs) exhibited an 

increase in activation to both types of stimuli, suggesting a potentially hypersensitive reward 

system. This heightened responsivity may place them at a greater susceptibility to first seek 

out rewarding drug-related experiences and later contribute to maintained use despite 

negative consequences, as is characteristic of dependence. However, these two different 

reinforcers were examined separately, preventing a direct comparison of responses to each 

type of reward.  

Prior research has suggested that with chronic use, dependent drug users become increasingly 

more sensitive to the reinforcing properties of their drug of choice, but relatively less 

sensitive to other more generic rewards, such as money or food (Aigner & Balster, 1978; 

Opris et al., 2009; Woolverton & Anderson, 2006). This distinction has been used in the 

debate over the two different reward dysfunction theories involved in stimulant-dependence, 

the reward deficiency argument (Bjork et al., 2008; Blum et al., 2000) and the theory of 

incentive sensitization (Robinson & Berridge, 1993). As reported in the General Introduction, 

in the former, individuals at risk for substance dependence are thought to have a generally 

under-active reward system, underpinned by a decrease in dopamine D2 receptor availability 

in the fronto-striatal circuitry. This can then lead to ‘self-medication’ with drugs or other 

types of dopamine-boosting reward substances, such as high-caloric foods or sex. Further 
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down-regulation of dopamine receptors in the striatum and prefrontal cortex due to the 

chronic effects of drug use can exacerbate the problem, resulting in greater amounts and 

more potent substances being required to activate the mesolimbic reward system. If this were 

the case, SDIs would be thought to show a general decrease in responding to universal 

reinforcers, both compared with control individuals and in contrast to drug-related cues. 

In incentive sensitization, individuals at risk for substance dependence are thought to have a 

general over-arousal to rewarding stimuli, leaving them particularly susceptible to the 

reinforcing properties of activities that tap into the mesolimbic dopamine circuitry. These 

individuals are generally more impulsive and are drawn towards acutely rewarding stimuli, 

exhibiting traits of ‘waiting’ impulsivity (Dalley et al., 2011), including steeper delayed 

reward discounting. If this were the case, SDIs would demonstrate heightened responsivity to 

all reinforcing cues compared to control individuals. Results from the previous chapter 

provide support for this theory, as the dependent participants exhibited an increase in 

responding to both types of reward cues – drugs and money – particularly compared with 

their biological siblings and recreational users of cocaine. However, a potential caveat of that 

prior study is the possibility that the money cues may also have attained drug-related salience 

for dependent individuals through the continual purchasing and procurement of illicit 

substances. Thus, it is also important to look at more primary unconditioned reinforcers that 

have no associations with drug use. 

The question then arises as to how responding to various different types of rewards – drug 

and non-drug – might vary within an individual with stimulant dependence, and how this 

might differ from the responses of non-dependent individuals. 
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The majority of prior research on incentive motivation in SDIs has either examined responses 

only to drug-related cues (Goldstein, Tomasi, Rajaram, et al., 2007; Volkow, Wang, Fowler, 

et al., 2008; Volkow et al., 2006), or they have explored SDIs’ reactivity to a single other 

type of salient image (i.e., money, erotic cues or non-specific affective images) (Aguilar de 

Arcos et al., 2008; Aguilar de Arcos, Verdejo-Garcia, Peralta-Ramirez, Sanchez-Barrera, & 

Perez-Garcia, 2005; Asensio et al., 2010; Beck et al., 2009; Bjork et al., 2008; Gerra et al., 

2003; Goldstein, Tomasi, Alia-Klein, et al., 2007; Goldstein et al., 2007; Wexler et al., 2001; 

Wrase et al., 2007). Very few of these studies have directly compared responding to drug-

related cues with that of other types of more organically rewarding stimuli (Garavan et al., 

2000; Goldstein et al., 2009). However, one good example of such research is Garavan and 

colleagues’ study comparing neural responses to an explicit sex film and a film depicting 

cocaine use (Garavan et al., 2000). Cocaine-dependent individuals exhibited significantly 

greater activation for the cocaine film, particularly in reward processing areas such as the 

anterior cingulate cortex and ventral striatum. Conversely, healthy control participants were 

significantly more aroused by the sex film, both in contrast to the drug film and compared 

with the cocaine users’ reactions. While the areas of activation in response to the sex film 

were similar in both subject groups, as well as overlapping with the activated areas in 

cocaine-dependent individuals viewing the drug film, the control individuals demonstrated 

more widespread global activity, as well as significantly greater levels of activation in these 

regions. This suggests that ordinarily salient stimuli are still excitatory for SDIs and activate 

the same reward system as cocaine cues, but to a lesser degree and not to the same spatial 

extent as for drug-naïve controls. Therefore, this study suggests that reward processing in 

SDIs, though similar for both cocaine and other salient stimuli, appears to be blunted in 

response to non-drug reward cues.  
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Still, it is difficult to discern whether stimulant-dependent individuals’ abnormal reward 

responses are due to a pre-morbid system abnormality or are a direct result of the effects of 

stimulant use on the mesolimbic dopamine system. In the previous chapters, we aimed to 

address this question by testing the non-dependent biological siblings of SDIs and 

recreational users of cocaine in an attempt to identify possible risk and protective factors 

involved in dependence. In the current section we will explore this question by comparing 

SDIs’ responses to different types of rewards with those of a group of individuals who 

potentially qualify as having another kind of addictive disorder, but without the external 

elevation of striatal dopamine levels caused by stimulant drugs: obese individuals with binge 

eating behaviours (OBE).  

Parallels between the diagnostic pathology, as well as underlying neurobiological 

abnormalities, have been made between SDIs and OBEs, suggesting that the latter may have 

a type of ‘food addiction’ (Davis & Carter, 2009). Binge eating is defined as: “recurring 

episodes of eating, in a discrete period of time, an amount of food that is definitely larger 

than most people would eat during a similar period of time [with a]…lack of control during 

the episodes” (American Psychiatric Association, 2000). The Diagnostic and Statistical 

Manual of Mental Disorders’ criteria for binge eating disorder are reminiscent of those for 

drug dependence, including an escalation and loss of control over consumption of the 

substance, and a continuation of the behaviour despite personal distress, and health, social, 

legal or financial problems. Neurocognitive similarities also abound, with shared dysfunction 

identified in fronto-striatal circuitry involving dopamine and opioid neurotransmitter systems 

in both groups (Baldo & Kelley, 2007; Volkow, Wang, Fowler, et al., 2008; Wang et al., 

2004). Highly palatable foods, such as those high in fat and sugar, also tap into the same 
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mesolimbic dopamine system as drugs of abuse, implicating dysfunction in this area in both 

conditions (Rada et al., 2005; Small et al., 2003). 

By examining this separate set of individuals who theoretically have an alternative type of 

addictive disorder, it will be possible to control for the potential neurotoxic effects of long-

term stimulant use on the mesolimbic dopamine reward circuitry. Additionally, measuring 

responses to a variety of different types of incentive stimuli, including general and drug-

specific ones, will enable a differentiation between the two theories of reward processing by 

testing whether SDIs and OBEs show a general over-activation and arousal in response to 

any kind of rewarding stimuli, or if they demonstrate atypical responding only to their 

particular substance of choice. 

In the current study, a novel reward incentive task was administered to assess responses to a 

variety of different salient stimuli, including cocaine and alcohol drug cues, money, sweet 

and savoury high caloric foods, erotic images and pleasant nature scenes. If a system-wide 

down-regulation in the mesolimbic dopamine circuitry were present, we would predict that 

SDIs and OBEs would exhibit diminished responses for conventionally rewarding stimuli, 

represented by slower reaction times, but have faster responses to cues of their ‘drug of 

choice’. Conversely, an up-regulation of the dopamine receptors would hypothetically result 

in all salient stimuli carrying greater incentive value and eliciting quicker responses. 

Additionally, by testing OBEs’ responses and comparing their reactions to food cues with 

SDIs’ responses to cocaine stimuli, we would be able to more confidently establish whether 

these impairments were due to the dopaminergic effects of the drugs themselves. Finally, 

similar decreases in arousal to classically motivating images, both compared with healthy 



Chapter 5. Reward valuation in addictive disorders 

110 
 

controls and against each population’s substance of choice, would further support the notion 

of addiction spectrum disorders.  

 

2. Materials and Methods  

2.1 Participants 

Fifty-four individuals from three different participant groups were recruited: cocaine-

dependent individuals (n=11), obese persons with binge eating behaviours (n=23), and 

healthy control volunteers (n=20). All participants were between the ages of 20 and 65, able 

to read and write in English, and provided written informed consent for participation. 

Stimulant-dependent participants were recruited from a concurrently running study on 

cocaine-dependent men (NREC10/H0306/69, PI: KD Ersche). At the end of this initial 

testing session, the men were offered the opportunity to stay for an additional half hour to 

complete another computerized test (the reward valuation task) and some follow-up 

questionnaires. Eleven out of the thirty men approached agreed to stay and take part. These 

men all met DSM-IV-TR criteria for cocaine dependence and all tested positive for stimulant 

drugs at the onset of the study testing day, confirming use within the last 72 hours; none were 

actively seeking treatment for cocaine dependence. 

Participants with binge eating behaviours were recruited from a subject pool at 

GlaxoSmithKline from a previous investigation on obese individuals with binge eating 

behaviours. Binge eating was initially assessed using the Binge Eating Scale (BES) 

(Gormally, Black, Daston, & Rardin, 1982) for inclusion in the original GlaxoSmithKline 

study and participant pool. This questionnaire, along with other measures of binge and 

disordered eating behaviours, was re-administered upon enrolment in the current 
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investigation to confirm presence of binge eating. Twenty-three individuals from the 

participant pool took part in the study; however, five were excluded from analyses as their 

current BES scores did not meet criteria for binge eating disorder. 

Control participants were recruited from the local community and had no history of drug or 

alcohol abuse, or disordered eating. One individual was excluded from the analysis for 

having a BMI over 30, which placed them into the obese range. 

2.2 Behavioural Task 

The reward valuation task is a novel computerized test modelled on the Monetary Incentive 

Delay task (Chapter 4) (Knutson et al., 2000). Participants were first primed for 3000 ms with 

one of six different types of salient images (alcohol, cocaine, erotic pictures, high caloric 

foods, money, pleasant nature scenes) or a neutral control image (furniture). After the prime, 

a short jittered delay period from 500-1500 ms was presented, followed by a separate distinct 

target cue to which the participants had to respond as quickly as possible by pressing the 

‘Enter’ key (see Figure 5.1). Participants were given feedback for 1000 ms after each trial 

and were rewarded based on their reaction times (RT). Responses under their mean RT 

resulted in a reward of 20 pence; responses faster than one standard deviation below their 

personal mean won them one pound. If their response was above the mean RT they won 

nothing and were urged to try again. Each image category contained six different pictures and 

presentation was randomized throughout the task. The entire image set was repeated four 

times for a total of 168 trials. Participants were trained on the task with neutral cues before 

beginning testing, from which their mean reaction time was determined to compare 

responding during task performance. 
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Figure 5.1. Reward valuation task experiment design. In the task, participants were 

first primed by a rewarding salient picture (alcohol, cocaine, erotic, food, money, 

pleasant nature scenes) or a neutral image (furniture). They were instructed to respond 

only when they saw the target response cue, which was presented after a jittered 

anticipation phase ranging from 500-1500 ms. After the target cue was presented, they 

had to press the ‘Enter’ key as fast as possible, and they were told that the faster they 

responded the more money they could win.  

 

Try Again!
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2.3 Self-Report Measures 

After the task, participants were asked to rate one image from each of the different categories 

in regards to pleasantness, arousal, wanting and liking using a series of visual analogue scales 

– i.e. ranging from ‘Very pleasant’ to ‘Very unpleasant’. Participants completed a series of 

questionnaires to assess impulsive and sensation-seeking personality traits, as these variables 

have been linked to greater risk for addictive tendencies and are affected by the fronto-striatal 

dopamine system (Barratt Impulsivity Scale (BIS-11); Zuckerman Sensation-Seeking Scale 

(SSS-V)) (Patton, Stanford, & Barratt, 1995; Zuckerman, Eysenck, & Eysenck, 1978). 

Participants were also administered several questionnaires asking about eating behaviours 

and attitudes towards food (Eating Disorder Examination-Questionnaire (EDE-Q); Binge 

Eating Scale (BES)) (Fairburn & Beglin, 1994; Gormally et al., 1982). The Beck Depression 

Inventory (BDI-II) (Beck, Steer, Ball, & Ranieri, 1996) was administered to judge current 

mood; education levels and the National Adult Reading Test (NART) (Nelson, 1982) were 

used as a measure of IQ. Questions asking about the participants’ eating patterns and 

preferred foods, drug and alcohol use, gambling behaviour and disposable income were also 

included. 

2.4 Analysis 

Between-groups analyses for response times and subjective ratings were conducted using 

general linear model (GLM) multivariate analyses. Age and gender were controlled for in 

GLM analyses on response latencies, as these variables differed between groups and 

significantly affected group performances on reaction times. Within-group repeated measures 

analyses were conducted to compare responses to the different variables within each group. 

Analysis of variance (ANOVA) was used to compare demographic and questionnaire data 

between groups. Pearson’s correlation analyses were used to determine relationships between 
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task performance and self-report data. Significance levels were set at p<0.05 and Tukey tests 

were used in post-hoc analyses.  

 

3. Results 

3.1 Self-Report Data 

Participants significantly differed on several demographic variables, including age, sex, 

education levels and IQ scores (Table 5.1). Groups also differed on self-report assessments, 

including measures of disordered eating behaviour, impulsivity and sensation-seeking. 

Specifically, obese individuals with binge eating behaviours had significantly higher scores 

on disordered eating measures than either of the other two groups. Both stimulant-dependent 

and obese participants also had higher ratings of depression and impulsivity than controls; 

however, obese individuals had significantly lower sensation-seeking scores than stimulant-

dependent and control participants. 
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Table 5.1. Demographic information and self-report responses for 19 control 

participants, 18 obese individuals with binge eating behaviour, and 11 stimulant-

dependent men   

 
Control 

Mean (SD) 
OBE 

Mean (SD) 
SDI 

Mean (SD) 
F/χ2 P 

Demographics      
Ageac 28.47 (8.54) 46.06 (10.92) 35.11 (8.77) 15.82  <0.001 
Sex (% male)bc 47.4% 50% 100% 9.18   0.010 
Educationab 17.56 (2.43) 12.89 (1.88) 11.64 (2.25) 31.77  <0.001 
NARTab 118.65 (5.70) 111.18 (9.10) 106.91 (10.02) 7.42  0.002 
BMIac 22.54 (2.46) 35.47 (3.95) 24.87 (3.06) 80.16 <0.001 
Disposable 
Income 

£365.56  £670.59  £1030.00  3.04  0.058 

Smoker (% yes) 36.8% 61.1% 81.8% 2.91  0.233 
THC (% yes) 36.8% 27.8% 81.8% 2.02  0.364 
Gamble (% yes) 15.8% 27.8% 40.0% 2.05 0.358 
Questionnaires      
EDE-Qac 27.06 (20.36) 107.35 (46.66) 43.56 (48.70) 12.00 <0.001 
BESac 7.33 (3.72) 22.00 (6.62) 10.11 (10.32) 14.27 <0.001 
BDI-IIab 6.22 (4.52) 14.18 (8.78) 16.33 (13.22) 5.08 0.002 
BIS-11ab 63.78 (10.29) 69.59 (7.97) 67.44 (8.78) 3.15 0.024 
SSS-Vac 21.50 (5.86) 13.82 (5.81) 24.00 (9.32) 7.48 <0.001 

a Significant difference between control and obese individuals (OBE) 

b Significant difference between control and stimulant-dependent individuals (SDI) 

c Significant difference between OBE and SDI 

National Adult Reading Test (NART), Body Mass Index (BMI), Eating Disorder 

Examination-Questionnaire (EDE-Q), Binge Eating Scale (BES), Beck Depression 

Inventory (BDI-II), Barratt Impulsivity Scale (BIS-11), Zuckerman Sensation-Seeking 

Scale (SSS-V). 
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3.2 Response Time Behavioural Analysis 

Response times for each of the different conditions were compared between groups using a 

general linear model multivariate analysis, controlling for age and gender as these variables 

significantly related to response time differences on the task (Table 5.2; Figure 5.1). After 

taking into account these variables, there was a significant difference between groups for 

alcohol (F(2,43)=3.217, p=0.022), money (F(2,43)=3.340, p=0.018), and pleasant nature 

scenes (F(2,43)=2.806, p=0.038). Reaction times for food stimuli differed at p<0.10 

(F(2,43)=2.324, p=0.072). However, in post-hoc analyses, significant differences only 

emerged between groups for the food condition, with OBE participants responding 

significantly slower than both controls (p=0.036) and SDIs (p=0.046). 

Response times for the different stimuli were also compared within each participant group 

using GLM repeated measures analyses. For controls, there were no significant differences in 

response times between the different conditions at p<0.05, however, several trended towards 

significance at p<0.10. This primarily consisted of slower response times for the neutral 

images (compared to alcohol p=0.083, food p=0.058 and money p=0.064). There were also 

slower times for the cocaine compared with the food condition (p=0.080). Stimulant-

dependent participants were significantly faster on the money condition than for all other 

reward images (compared to cocaine p=0.003, erotic p=0.012, nature p=0.006 and neutral 

p=0.007; trending at p<0.10 for alcohol p=0.058 and food p=0.085). There was also a 

significant effect between food and nature images (p=0.048), food and cocaine images 

(p=0.038), and food and neutral images at p<0.10, with participants responding significantly 

faster on food images in both contrasts. For the OBE group there were no differences 

between response times in any of the conditions, except for a difference at p<0.10 between 

nature and neutral images. 
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Figure 5.1. Mean response times for each condition by group. Across the board, obese 

individuals with binge eating behaviour (OBE) were slower at responding than controls 

and stimulant-dependent individuals (SDI). There were no differences between controls 

and SDIs on their response times for any condition. Within the groups, SDIs were 

significantly faster on the money condition and to a lesser degree in response to food 

cues, while the control participants were slower overall to the neutral images. The OBE 

participants did not differ within their responses to the different stimuli. 
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Table 5.2. Reaction times for reward image conditions and differences between groups 

controlling for age and gender 

 
Control 

Mean (SD) 
OBE 

Mean (SD) 
SDI 

Mean (SD) 
F P 

Behavioural Results     
Alcohol* 237.58 (36.36) 263.64 (32.97) 241.81 (30.67) 3.22 0.022 
Cocaine 244.94 (41.66) 260.38 (33.91) 250.48 (33.38) 1.53 0.211 
Erotic 238.18 (37.93) 261.74 (28.39) 247.15 (39.75) 1.70 0.168 
Food 234.34 (33.60) 268.86 (41.01) 239.32 (32.88) 2.32 0.072 
Money* 237.29 (31.43) 263.41 (44.45) 230.59 (32.33) 3.34 0.018 
Nature* 242.93 (35.28) 265.77 (41.05) 250.01 (28.76) 2.81 0.038 
Neutral 247.65 (37.15) 256.66 (30.31) 251.21 (40.84) 0.75 0.562 

* Response times significantly differed between groups at p<0.05 

 

3.3 Subjective Ratings  

On the subjective ratings, there were group differences for cocaine (F(2,42)=20.451, 

p<0.001), erotic (F(2,42)=3.981, p=0.008), sweet food (F(2,42)=3.378, p=0.017), and money 

images (F(2,42)=3.336, p=0.018). The differences for cocaine and erotic trials were driven 

by the SDIs judging the images significantly more positively than the other two groups 

(cocaine p<0.001; erotic p=0.002). However, for the sweet food images the group differences 

were driven by the SDIs rating the images less highly than the other groups (p=0.039). There 

were no differences between groups for savoury foods. Finally, ratings for the money 

condition also significantly differed, this time with the control participants reporting that they 

liked the images less than the other two groups (p=0.034). 

3.4 Correlation Analyses 

Age significantly correlated with reaction times for all conditions except for food and neutral 

images. Self-reported discretionary income did not correlate with responses to any condition 
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and most notably did not correlate with response times for monetary rewards. BMI and 

ratings of disordered eating behaviour did significantly positively correlate with reaction 

times on all task conditions, which was most likely driven by the obese participants having 

significantly slower responses across the board compared to the other two groups. Sensation-

seeking scores significantly negatively correlated with response times on alcohol, erotic, 

food, money and nature images. However, sensation-seeking also significantly negatively 

correlated with age, with younger individuals having higher sensation-seeking scores as well 

as faster response times overall, so this may have been driven by an age effect. 

Within each group individually, age correlated with all response times in control participants. 

BMI also significantly correlated with reaction times on cocaine, food, money and nature 

scenes in this group. Notably, age and BMI did not correlate in these participants, suggesting 

that it is not a combined effect of age influencing BMI and response times. Sensation-seeking 

did not correlate with responses in these individuals. In the OBE group, age did not correlate 

with response times, however, BMI did still positively correlate with reactions to cocaine, 

erotic, nature and neutral images. Disordered eating only significantly correlated with 

responses to food cues, with greater dysfunction relating to slower responses. Interestingly, 

neither eating disorder nor binge eating scales correlated with BMI, though the two measures 

did highly correlate with one another. Binge eating scores also positively correlated with 

alcohol and erotic reaction times in this group. BIS-11 impulsivity scores correlated with 

reaction times for the food images, but not with any other condition. Sensation-seeking total 

scores did not correlate with reaction times. In stimulant-dependent men, the only significant 

correlation that existed was between responses to erotic images and sensation-seeking total 

scores. 
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4. Discussion 

In the current investigation, it was predicted that stimulus cues that were judged as more 

rewarding would elicit faster response times due to either an increase in incentive salience for 

those stimuli or because of a more generalised decrease in responsiveness to other rewarding 

cues. Specifically, we hypothesised that participants dependent on cocaine would respond 

faster for cocaine cues compared to other types of rewarding images, as well as compared 

with other participant groups, and that obese individuals with binge-eating behaviours would 

respond relatively faster for food cues. Instead, there were few differences either between or 

within the groups, and those that did emerge seemed to adhere more to a general pattern of 

group differences in response times, potentially influenced by age and gender, rather than to 

the groups’ particular reward preferences.  

For example, money and food cues elicited the fastest times within SDIs, rather than cocaine 

trials, and there were no significant differences between groups during the drug condition. 

Conversely, OBE participants were slower on the majority of trials compared with the other 

groups, and particularly in response to food cues. Overall, there were trends for both age and 

BMI to be positively correlated with reaction times on all conditions, while sensation-seeking 

scores corresponded to faster response times on most task conditions, though this effect may 

also have been influenced by differences in age on the measure. 

A potential alternative explanation for results on the task is that rather than being incentivised 

by the targeted rewarding stimuli, the two clinical participant groups were actually distracted 

by these specific images, resulting in slower reactions. This would be similar to the cocaine-

word Stroop effect seen in Chapter 3, with dependent individuals responding significantly 

slower in the face of cocaine cues. However, within these groups responses to cocaine and 
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food trials, respectively, did not differ from the reaction times for other reinforcers, 

regardless of direction, though higher eating disorder scores in the OBE group did correspond 

specifically to slower reaction times on food trials. 

Interestingly, within the groups there were no correlations between subjective ratings for 

each of the different stimuli and the reaction times elicited in response to them. This could 

have one of two implications: 1) there is a ‘disconnection’ or uncoupling between the 

participants’ subjective experiences and their behavioural responses, or 2) the current task 

may not be sufficiently sensitive to allow a behavioural correlate of individuals’ subjective 

experiences. The Monetary Incentive Delay task (MID), on which this paradigm is based, 

rarely produces behavioural performance effects between groups as there is both a 

hypothetical ceiling and floor effect for response times – i.e. an individual can only respond 

so quickly on a measure of reaction times, and if a participant is too slow on the task they 

will not win any money, so they must respond on most trials within a certain amount of time. 

As such, the MID was designed to be administered using functional magnetic resonance 

imaging (fMRI), as reported in the previous chapter. Whilst there are typically no 

behavioural effects present in the task, activation in various reward regions, most notably the 

ventral striatum and orbitofrontal cortex, often show differences in responding between task 

conditions, as well as between participant groups. Therefore, it would be interesting to 

develop the current reward valuation task into an imaging paradigm to determine if there 

were differences in functional responses to the various stimuli, both within and between the 

participant groups. 

The poor matching between the different participant groups in key demographic variables, 

particularly age and gender, which can significantly affect response times (Tun & Lachman, 
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2008) places a major caveat on the conclusions of this study. Thus, the most stable group 

effect seen on the task of OBEs responding significantly slower than the other groups may 

have been driven by the significant increase in age and greater number of female members in 

this group. However, it should be noted that after controlling statistically for both of these 

variables there were still significant differences between the groups, with the OBEs again 

responding more slowly. Additionally, within the control group, BMI significantly correlated 

with response times on the task. It is possible that this trend could be indicative of an overall 

flattening of reward responsivity corresponding to increased BMI, similar to the suggested 

reward deficiency theory. Previous studies investigating responding to a food reward in obese 

individuals demonstrated an increase in neural activation in fronto-striatal circuitry during 

anticipation of a food reward, but a subsequent decrease in striatal activation upon receipt 

(Stice, Spoor, Bohon, & Small, 2008; Stice, Yokum, Blum, & Bohon, 2010). It is possible 

that the slower response times seen in the OBE group reflect a decrease in motivation for 

general rewards; however, the absence of a difference in anticipatory excitation to the food 

rewards somewhat refutes this theory. Again, it would be illuminating to administer the 

reward valuation task during fMRI scanning to determine if there were any differences in 

neural activation to the different reward stimuli. 

On the other hand, the stimulant-dependent individuals were quicker to respond to the money 

cues and subjectively rated some of the images more highly than the other two groups. This 

finding is similar to that of the previous chapter, with stimulant-dependent individuals 

showing a heightened arousal to both types of rewarding cues, potentially reflective of the 

incentive sensitization theory. Thus, in the obese individuals there appeared to be a general 

flattening of responses, suggestive of the reward deficiency theory, while the drug users 

demonstrated behaviours perhaps more characteristic of incentive sensitization. It could be 



Chapter 5. Reward valuation in addictive disorders 

123 
 

that the effect of protracted stimulant use on the dopamine reward system resulted in this 

sensitization in the cocaine-dependent men, or these differences could still reflect underlying 

disparities between the two groups. 

These differences in response patterns between the SDI and OBE groups, the two potential 

‘addiction spectrum’ cohorts, tends to contradict the notion of shared abnormalities or 

underlying risk traits in reward responding in these individuals. However, there are still other 

potential similarities between the two groups that provide a case for classifying them as 

similar disorders along a spectrum. This includes shared structural and functional 

abnormalities in self-control and reward processing regions, such as the lateral and medial 

frontal cortices (Franklin et al., 2002; Pannacciulli et al., 2006; Volkow, Wang, Fowler, et al., 

2008; Volkow et al., 2001; Volkow, Wang, Telang, et al., 2008). In the following chapter we 

explore this concept through an investigation of structural similarities between the groups. 
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Chapter 6. Overlapping Decline in Orbitofrontal Grey Matter Volume 

Related to Cocaine Use and Body Mass Index 

 

1. Introduction 

Although there was no evidence of behavioural similarities between stimulant-dependent and 

obese individuals with binge eating behaviours in the previous chapter, there are still shared 

structural brain abnormalities that may both underlie and be exacerbated by these two 

conditions. Specifically, grey matter reductions in the OFC have been seen in obese (Gunstad 

et al., 2008; Pannacciulli et al., 2006; Taki et al., 2008; Walther, Birdsill, Glisky, & Ryan, 

2010) and cocaine-dependent individuals (Ersche et al., 2011; Franklin et al., 2002; Liu et al., 

1998; Matochik et al., 2003), and deficiencies in OFC glucose metabolism have been 

reported in both groups (Volkow et al., 1991, 1993, 2001, 2009; Volkow, Wang, Telang, et 

al., 2008). Additionally, corresponding impairments in associated cognitive processes, such 

as executive functioning and affective decision-making, are also present in both conditions 

(Davis, Levitan, Muglia, Bewell, & Kennedy, 2004; Ersche, Clark, et al., 2006; Gunstad et 

al., 2007; Verdejo-Garcia et al., 2006). 

As discussed in the General Introduction, the orbitofrontal cortex (OFC) is critically involved 

in integrating emotion and behaviour, as in cases of reward valuation (Bechara et al., 2000; 

Levy & Glimcher, 2012). These abilities comprise goal-directed behaviour, actions carried 

out to achieve a certain objective (Balleine & O’Doherty, 2010). Dysfunction in the OFC can 

impair these abilities, resulting in behaviour that becomes compulsive, maintained despite 

attempts to stop or a shift in desired outcome. The OFC is also crucially implicated in the 

gustatory cortex, providing evaluative judgments on taste (Rolls, 2000). This overlap 
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between reward valuation and motivated behaviour makes the OFC a key target for 

impulsive/compulsive disorders, like drug addiction and, more recently, compulsive over-

eating leading to obesity, as in cases of binge eating. Both conditions can be thought of as 

behaviours that began as hedonically motivated actions but devolved into undesirable habits, 

and as such, both have been linked to variations in this region. 

These neurobiological commonalities, particularly in this key area of the OFC, have led to 

the discussion of classifying over-eating leading to obesity, as in instances of binge eating, as 

an addictive disorder (Davis & Carter, 2009) – though this is still considered to be a 

contentious proposal (Ziauddeen & Fletcher, 2013). However, despite the reported overlap 

between these behavioural and structural deficits, no direct comparisons of cortical volume 

between the two conditions have been made. In the current investigation, we used voxel-

based morphometry to contrast structure volume in the OFC relating to both body mass index 

(BMI) and years of cocaine use in a previously collected dataset of stimulant-dependent and 

matched control participants with BMIs ranging up to obese. We hypothesised that there 

would be overlapping regions of OFC volume decline corresponding to both years of cocaine 

use and BMI, both within the stimulant-dependent group, as well as between stimulant-

dependent and control individuals.  

 

2. Materials and Methods 

2.1 Participants 

We compared structural MRI scans of a previously published sample of 60 healthy control 

volunteers with BMIs ranging from normal weight to obese (17.8–33.5, mean=25.5), and 60 

cocaine-dependent individuals with a similar range of BMIs (16.6–32.7, mean=24.2) and a 

span of 31 years of stimulant use (mean=9.8 years) (Ersche, Jones, Williams, Robbins, & 
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Bullmore, 2013; Ersche et al., 2011). Cocaine-dependent individuals were recruited from 

local drug treatment services and satisfied criteria for stimulant dependence according to the 

DSM-IV-TR (American Psychiatric Association, 2000). Control participants were free from 

any neuropsychiatric clinical history and were recruited from the community. Control and 

cocaine-dependent participants did not differ in terms of age, gender or mean BMI, though 

there was a significant difference in years of education (Table 6.1). Body-weight from two 

controls was missing, resulting in 118 total participants. 

 

Table 6.1. Demographic information and group differences for 60 cocaine-dependent 

individuals and 58 healthy control volunteers 

 
Control 

Mean (SD) 
Cocaine Dependent 

Mean (SD) 
T/χ2 P 

Demographics     
Gender (n male: %) 46 (76.7%) 53 (88.3%) 2.83 0.148 
Age (years) 32.3 (8.3) 32.5 (8.5) -0.12 0.905 
NART (score) 110.0 (7.0) 109.5 (6.9) 0.36 0.716 
Education (years)* 12.3 (1.6) 11.5 (1.7) 2.78 0.006 
Body mass index 25.53 (3.3) 24.22 (4.3) 1.83 0.070 

 

To address the current hypothesis, grey matter data were newly processed by P.S. Jones using 

voxel-based morphometry (VBM) analysis to take into account the effects of BMI and 

stimulant use on brain volume. Groups were analysed separately to account for previously 

discovered differences in brain structure (Ersche et al., 2011), and analyses were focused on 

the a priori designated region of the OFC. BMI scores were regressed onto OFC volume in 

all participants, and years of cocaine use were regressed onto OFC grey matter in the cocaine 

users. We compared affected areas, identifying shared regions of decline associated with both 

years of cocaine use and BMI, as well as comparing OFC volume between the two groups.	
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2.2 Imaging Procedures  

T1 structural MRI data were obtained using a 3T Siemens Magnetom Tim Trio scanner 

(Siemens Medical Solutions, Erlangen, Germany) at the Wolfson Brain Imaging Centre, 

University of Cambridge, UK. One hundred seventy-six scans were collected using a 

magnetically prepared rapid acquisition gradient echo sequence (MPRAGE) with the 

following parameters: thickness=1 mm, repetition time=2.30 ms, echo time=2.98 ms, 

inversion time=900 ms, flip angle=9˚, field of view=240 x 256.  

Grey matter volume maps from each participant were processed using FSL VBM 1.1 

(http://www.fmrib.ox.ac.uk/fsl/fslvbm/index.html). Images were tissue-segmented using 

FAST (Zhang, Brady, & Smith, 2001), and resulting grey matter volumes were aligned to 

standard MNI stereotactic space using FLIRT affine registration, followed by non-linear 

registration using FNIRT (Andersson, Jenkinson, & Smith, 2007a, 2007b; Jenkinson, 

Bannister, Brady, & Smith, 2002; Jenkinson & Smith, 2001). Images were averaged to create 

a grey matter template, and each image was then non-linearly re-registered to the group map. 

Images were smoothed using a full-width half-maximum (FWHM) 2.3 mm Gaussian kernel. 

Images were analysed in CamBA 2.3.0 (http://www-bmu.psychiatry.cam.ac.uk/software/; 

Cambridge, UK) using a restricted search volume mask of the orbitofrontal cortex taken from 

Hammer’s probabilistic atlas (Hammers et al., 2003). Body mass index values for each 

participant were regressed onto the grey matter volume maps, searching for voxels that were 

significantly associated with BMI. Years of cocaine use were similarly regressed on grey 

matter maps in cocaine-dependent individuals. Association was determined using cluster-

level spatial permutation testing (Suckling & Bullmore, 2004), and significance levels were 

set at p~0.0002, controlling for multiple comparisons. These results were exported to 
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Statistical Package for Social Sciences (SPSS v.19) and compared post-hoc using Pearson 

correlation coefficients and independent samples t-tests for group comparisons of grey matter 

volume loss; significance levels were set at p<0.05. 

 

 3. Results 

In control participants four significant clusters negatively correlated with BMI bilaterally 

throughout the OFC (r=-0.688, p<0.001; Figures 6.1 and 6.2), while in cocaine users two 

regions in the right OFC negatively correlated with BMI (r=-0.624, p<0.001; see Appendix 

D, Table S6.1 for coordinates). These areas overlapped in the right middle orbitofrontal 

gyrus, superior orbitofrontal gyrus and gyrus rectus (Brodmann Areas 10, 11, 25). 

Additionally, OFC volume negatively correlated with years of cocaine use in cocaine-

dependent individuals in two bilateral clusters (r=-0.705, p<0.001). The cocaine-related 

decline in grey matter overlapped with BMI-related reductions bilaterally in the superior 

orbitofrontal gyrus, middle orbitofrontal gyrus and left gyrus rectus (Brodmann Area 11).  
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Figure 6.1 Overlapping regions of orbitofrontal cortex (OFC) grey matter volume 

decline among healthy control and cocaine-dependent individuals, corresponding to 

increased body mass index (BMI) and years of cocaine use. Magenta – clusters for 

reduced grey matter with BMI in controls; Blue – clusters for reduced grey matter with 

BMI in cocaine users; Green – clusters for reduced grey matter with years of cocaine 

use; Cyan – overlapping voxels from magenta and green.  
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Figure 6.2. A) Negative correlation between OFC grey matter volume and BMI in 

control and cocaine-dependent individuals. Groups were analysed separately and then 

overlaid to demonstrate similar decreases in OFC volume in association with increased 

BMI. B) Correlation between OFC volume reductions and years of cocaine use. 
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In cocaine users, we observed a significant correlation between grey matter volume decline 

associated with increased BMI and with years of cocaine use (r=0.354, p=0.006; Figure 6.3); 

however, cocaine use and BMI itself did not correlate significantly (r=-0.127, p=0.338). This 

suggests an overlapping reduction related to both increased BMI and prolonged cocaine use, 

their effects on the brain potentially impacting the same regions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3. Correlation between OFC grey matter volume associated with years of 

cocaine use and OFC volume related to BMI in cocaine-dependent individuals. As there 

was no direct correlation between years of cocaine use and BMI, a significant positive 

correlation suggests there is a relationship between the effect these two variables (years 

of cocaine use and BMI) have on the OFC independently of one another.  
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When directly comparing total OFC volume between the two groups, cocaine-dependent 

individuals had significantly less grey matter than controls (t=7.694, p<0.001). This effect 

remained significant after including only overweight controls (n=34) and lean cocaine-

dependents (n=37; t=4.097, p<0.001). However, the steepness of the linear regressions 

between the key variables (grey matter and BMI, and grey matter and cocaine years) did not 

significantly differ. This suggests that while the most pronounced effects on orbitofrontal 

structure were associated with cocaine use, this is perhaps more indicative of premorbid 

differences rather than an accumulated effect of stimulant use, though other studies have 

shown evidence to the contrary (Ersche, Williams, Robbins, & Bullmore, 2013; Porrino et 

al., 2007).  

 

4. Discussion 

Years of cocaine use and increased BMI both negatively correlated with grey matter volume 

in the OFC in healthy control and cocaine-dependent individuals. Additionally, select OFC 

regions showed decreases relating to both variables, suggesting an overlap between volume 

reductions associated with over-consumption of food and drugs of abuse. This decline may 

reflect underlying differences in the OFC’s role in goal-directed behaviour present in both 

groups, as both begin as motivated behaviours (taking drugs or eating high-caloric foods for 

hedonic reasons), but in some instances can become compulsive, habitually maintained after 

the behaviour is no longer desired (Balleine & O’Doherty, 2010). Both cues for high-caloric 

foods and drugs of abuse activate similar regions in dependent drug users and obese 

individuals (Tang, Fellows, Small, & Dagher, 2012), and the OFC is activated in terms of 

reward responding to multiple types of stimuli, including monetary reward, food and drugs of 

abuse during experiences of craving (FitzGerald, Seymour, & Dolan, 2009; Garavan et al., 
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2000; Kim, Shimojo, & O’Doherty, 2011; Levy & Glimcher, 2012). Associated impairments 

in inhibitory control and decision-making may also be implicated as consequences of OFC 

volume reduction. 

It should be noted that while many studies show similar BMI-related declines in grey matter 

volume, other investigations report no differences in brain structure associated with obesity. 

For example, one longitudinal study of middle-aged to elderly adults found no additional 

changes in grey matter volume associated with an increase in BMI (Driscoll et al., 2012). 

Another investigation actually reported an increase in grey matter in the medial orbitofrontal 

cortex and ventral striatum in obese individuals (Horstmann et al., 2011). Other research has 

suggested that the changes seen in grey matter volume are related to fat-free mass, rather than 

body fat percentage (Weise, Thiyyagura, Reiman, Chen, & Krakoff, 2013). There are also 

notable gender differences seen in prior research on the topic, with some studies showing 

associations between BMI and brain volume only in male participants (Taki et al., 2008), 

while other investigations report these results solely in women (Walther et al., 2010). Finally, 

many of these studies have been conducted in elderly individuals, particularly those already 

showing evidence of cognitive impairment or Alzheimer’s disease (Ho et al., 2010; Raji et 

al., 2010). This is a confounding variable and suggests that the effect of BMI on the brain 

may be greatest in patients already experiencing cognitive and structural decline; however, 

recent investigations into obese children and adolescents have also reported similar grey 

matter volume decline (Alosco et al., 2014; Yokum, Ng, & Stice, 2012). Thus, with the 

recent proliferation of research into the topic, there are conflicting reports regarding the 

extent and potential mechanisms behind these findings, and more research is needed on the 

topic to better examine these findings. 
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Importantly, the participants in the current study were not recruited on the basis of their 

BMIs, and their range of normal weight to obese was representative of the general 

population. They were also healthy individuals without any pre-existing physical, 

psychological or cognitive impairments. This demonstrates that the relationship with grey 

matter volume is present even in persons of normal or slightly elevated body weight, and is 

not limited to obese individuals.  

While these findings provide some support for the argument that some individuals who 

overeat may display characteristics similar to those of addictive disorders, this comparison 

does have its limitations and is currently under debate (Ziauddeen et al., 2012).		
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Chapter 7. General Discussion 

 

1. Summary 

The research presented in this thesis provides evidence for both neurocognitive risk and 

protective factors involved in addictive disorders, focusing on the conditions of stimulant 

dependence and obesity resulting from binge eating behaviour. These include differences in 

inhibitory control and reward valuation in the face of both general and substance-specific 

stimuli. Behavioural abnormalities also corresponded to variations in structure and function 

in regions of the brain implicated in cognitive control and reward processing, particularly in 

areas of the prefrontal cortex, such as the inferior frontal gyrus (IFG) and medial 

orbitofrontal cortex (OFC). 

The first half of this thesis centred on stimulant addiction, researching both dependent and 

recreational users of cocaine, as well as the non-dependent biological siblings of addicted 

individuals using endophenotype research. These studies were conducted in an attempt to 

identify underlying risk factors for dependence, compared with more long-term effects of 

drugs on the brain and behaviour, as well as potential protective or resilience traits against its 

development. This research was aimed at answering the chicken-or-egg question of which 

abnormalities typically seen in cases of substance dependence are predating neurocognitive 

differences that can place an individual at a heightened risk for dependence, and which are 

the result of chronic drug use. 

The study presented in Chapter 2 investigated executive control and correlative neural 

activation in stimulant-dependent individuals (SDIs), their non-dependent biological siblings 
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and unrelated healthy controls using the classic colour-word Stroop task. A decline in 

cognitive efficiency resulting in significantly slower global response times and relating to 

decreased volume in the IFG was seen in both SDIs and their siblings, suggesting that these 

impairments are not the result of drug abuse but are instead underlying risk factors for 

addiction. However, there was an additional decrease in cortical volume in the dependent 

individuals, indicating a potential exacerbating effect of stimulant use on this pre-existing 

trait.  

The lack of difference in activation during the task between SDIs and controls was 

surprising, particularly when compared with the significant decrease in activity seen in the 

sibling participants. One possible explanation is that the SDIs may have potentially initially 

experienced decreases in activation similar to their non-dependent siblings, but that either the 

acute or the chronic effects of stimulant drugs on the brain have affected their neural 

responding. This would imply that the decreased IFG activation was, in fact, an 

endophenotype of dependence, perhaps reflecting poor cognitive efficiency. However, this 

interpretation is speculative and should be taken with caution. 

In Chapter 3, a study of dependent and recreational stimulant users and healthy control 

volunteers revealed that stimulant-dependent individuals were significantly more impaired on 

the cocaine-word Stroop – a task of cognitive inhibition involving cocaine cues – 

demonstrating significant attentional bias to the salient cocaine words, while recreational 

users showed no signs of impairment on the task. Additionally, recreational individuals 

displayed significantly different patterns of activation during performance, with a decrease in 

prefrontal and orbitofrontal cortical activity compared with SDIs. One possible interpretation 

for these findings is that cognitive control was more efficient in recreational users, with 
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resistance to distraction by cocaine cues being less effortful in these individuals. Meanwhile 

in the SDIs, performance of the task may have required greater recruitment of neural 

resources, as the objective was significantly more difficult to execute.  

The relative decrease in OFC activity in the recreational users could also be linked to an 

absence of craving in these individuals. The OFC has been implicated in reward valuation 

and motivation for a stimulus (O’Doherty, 2002), and craving for cocaine cues has been 

linked to increased OFC activity (London et al., 2000; Wang et al., 1999). A higher value 

placed upon cocaine for dependent users could result in greater activation in this region, and 

activity in the area has been correlated with self-report craving scores in dependent users 

(Grant et al., 1996; London et al., 2000; Volkow et al., 1991). The relative decrease in OFC 

activity in recreational users suggests they are not experiencing cue-induced craving for 

cocaine in a similar manner as the SDIs and instead may have some resilience against these 

types of addictive behaviours. 

Decision-making abilities have also been linked to the OFC, with patients with ventromedial 

prefrontal cortex lesions exhibiting severe impairment on a decision-making task (Bechara et 

al., 1994). Dependent drug users have shown similar dysfunction on decision-making 

assessments, potentially due to drug-induced abnormalities in this region (Bechara et al., 

2000; Ersche et al., 2005). The under-activation of recreational users in this area, combined 

with larger structural volumes, suggests that they may exert greater self-control and 

demonstrate improved decision-making abilities, particularly compared to dependent 

individuals. This could be particularly applicable in situations involving ‘myopia for the 

future’ where long-term consequences must be weighed against short-term rewards. Drug 

users are typically impaired when making these types of decisions (Kirby, Petry, & Bickel, 
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1999), particularly when drug use is involved. However, the recreational users’ anecdotal 

ability to prioritize work or school above drug taking suggests they may have improved self-

control and future planning.  

Finally, the OFC is commonly implicated in habitual repetitive behaviours characteristic of 

obsessive-compulsive disorder (OCD), and impairment in this region in drug-dependent 

individuals is thought to contribute to the compulsive drug-seeking and taking behaviours 

present in addiction (London et al., 2000). Several studies investigating patients with OCD 

have demonstrated an increase in glucose metabolism in the OFC, indicating hyperactivity in 

this region (Baxter et al., 1988; Menzies et al., 2008). The contrasting decrease in activity in 

the recreational users in this area may act as a potential protective factor against compulsive 

behaviours (Ersche, Jones, Williams, Smith, et al., 2013), thus making them less likely to 

develop drug dependence.  

Building on these findings, in Chapter 4, we investigated all four participant groups – SDIs, 

their non-dependent biological siblings, recreational users of cocaine and unrelated healthy 

control volunteers – on a separate neurobiological construct, assessing differences in 

responding to both universal (money) and drug-specific reward cues. We examined how 

reactions to these two stimuli related to both stimulant use and a risk for dependence. Rather 

than finding a potential endophenotype for dependence, as reported in previous investigations 

with these groups (Ersche, Jones, et al., 2012; Ersche, Turton, et al., 2012), the results of the 

current study pointed towards consequential effects of drug exposure on brain responses to 

reward, particularly in the OFC and striatum. Both SDIs and recreational users displayed 

increased BOLD activation in response to drug cues compared with the sibling and control 

participants; however, there were additional increases in striatal activity in the SDIs that were 
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not present in the recreational users. This may be indicative of an increased exposure effect in 

the SDIs resulting in greater anticipatory excitation, reflective of the findings presented in 

Chapter 3 of greater attentional bias to cocaine cues.  

Curiously, there was a difference between the recreational and dependent individuals in the 

area that was most activated in response to anticipation for drug reward. The SDIs showed a 

greater response in the striatum compared with all the other participant groups, including the 

recreational individuals, whereas the recreational users showed the greatest difference in the 

OFC. This may be suggestive of a difference between the quality of drug use between the 

two groups, or this may be representative of the difference in exposure between these 

participants. One possibility is that increased activation in the striatum in response to drug 

cues is reflective of greater compulsive-like tendencies in regards to drug taking. The 

putamen is strongly implicated in habit formation (Yin & Knowlton, 2006),  and SDIs 

showed significantly increased activation in this area in response to anticipation for drug 

reward, suggesting they have a compulsive or habitual response to these stimuli that is not 

present in the recreational cocaine users. Conversely, activation in the OFC in response to 

drug cues may be reflecting an evaluative response to these stimuli (Levy & Glimcher, 2012), 

which both groups of drug users would presumably rate more highly.  

In addition to the differences in responding to drug cues, there was also an exposure effect in 

regard to monetary rewards. The sibling and control individuals displayed greater activation 

in the OFC in response to successful feedback on the money trials compared with both 

dependent and recreational users. This suggests there may be a partial flattening to non-drug 

rewards in the stimulant users, potentially reflective of the reward deficiency theory of 

addiction, with a ‘hijacking’ of the reward system by drugs of abuse. However, this exposure 
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effect was only present in response to monetary reward receipt, not anticipation. This is 

perhaps suggestive of the incentive salience theory of reward processing (Robinson & 

Berridge, 1993), with anticipatory cues becoming ‘more valuable’ and eliciting a heightened 

response compared with obtaining the reward itself. 

One potential explanation for these differences in sensitivity to reward is an alteration in 

dopamine receptor density in the mesolimbic system. A decrease in dopamine receptor 

availability has been linked to a greater proclivity for stimulant drug use, with individuals 

with fewer dopamine D2 receptors finding the acute effects of stimulants more enjoyable, 

and thus reinforcing repeated use (Volkow et al., 1996, 1999). A previous investigation into 

the relatives of alcohol-dependent individuals showed an increase in striatal dopamine 

receptor density compared with control individuals without a family history of dependence 

(Volkow et al., 2006). Thus it is possible that the sibling individuals in the current study have 

a relative increase in striatal dopamine receptor density compared with their dependent 

brothers and sisters, protecting them potential reinforcing properties of drugs of abuse. 

However, we did not see any increases in striatal responding in the sibling participants, so 

there does not appear to be support for this theory in the current findings.  

In the second half of this thesis, research was extended to include an additional group of 

individuals who, it has been argued, also fall within the spectrum of addictive disorders – 

obese individuals with binge eating behaviours (Davis & Carter, 2009; Ifland et al., 2009; 

Parylak, Koob, & Zorrilla, 2011; Pelchat, 2002). This cohort, who show some of the same 

behavioural and neurobiological tendencies as individuals with substance dependence (Avena 

et al., 2008; Volkow, Wang, Fowler, et al., 2008; Wang et al., 2004), was considered as a 

potential comparison group for dependent stimulant users, as they maintain similar traits of 
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impulsivity, compulsivity and decreased executive function, but do not have any of the 

additional changes in the fronto-striatal dopamine system caused by the use of stimulant 

drugs. Thus, this group could potentially provide further insight into possible shared 

underlying risk traits for maladaptive addictive behaviours and help to distinguish them from 

the consequences of long-term drug use on the brain. 

In Chapter 5, responding to cues of reward was again investigated, this time with a novel 

group of cocaine-dependent men, as well as obese individuals with binge eating behaviours 

(OBEs). Behavioural responses to a variety of rewarding stimuli were studied to provide a 

more thorough investigation of differences in sensitivity to both generic and substance-

specific reinforcers. This enabled us to address the two theories of disordered reward 

responding in substance-dependent individuals: an overall under-active reward system 

causing drugs of abuse to be deemed disproportionately reinforcing (Blum et al., 2000), or a 

general increase in responsivity to rewarding stimuli, which is then transferred particularly to 

drug-related cues and can hijack this system (Robinson & Berridge, 1993). 

There were few significant differences in response times both between and within participant 

groups to the different stimuli. Overall, the OBE participants trended towards displaying 

slower reactions to the cues, particularly in response to food stimuli. Conversely, the SDIs 

showed quicker response times, especially for the money cues. From these results, rather than 

sharing similar abnormalities in reward processing systems, it appears that the two addiction 

spectrum groups might each potentially fulfil one of the different theories on dysfunctional 

reward valuation. The overall depressed responding to reward cues in the OBE group is 

suggestive of the reward deficiency theory (Bjork, Smith, & Hommer, 2008; Blum et al., 

2000; Blum, Cull, Braverman, & Comings, 1996), which has been proposed previously to 
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explain some of the behavioural traits specifically involved in obesity (Davis & Fox, 2008; 

Davis, Strachan, & Berkson, 2004). Conversely, based on results from Chapters 4 and 5, it 

appears that stimulant-dependent individuals adhere more to the incentive sensitization 

theory, displaying heightened sensitivity to several types of rewarding stimuli, including 

those associated with drug use (such as stimulants and potentially monetary rewards) as well 

as more general reinforcers. 

However, it should be cautioned that the results from Chapter 5 are only suggestive, and 

significant demographic differences between the groups, particularly age and gender, may 

have accounted for the group effects. This included an overall increase in age in the OBE 

group compared both to SDIs and controls, which was strongly associated with globalized 

slower responding on the task. 

In Chapter 6, these group comparisons were further explored by investigating how structural 

differences in the key region of the orbitofrontal cortex – implicated in reward valuation and 

decision-making – were associated with both cocaine use and body mass index (BMI). A 

decline in OFC volume was associated with years of stimulant use, as reported in previous 

investigations (Ersche et al., 2011; Franklin et al., 2002; Matochik et al., 2003; Sim et al., 

2007), as well as an increase in BMI in both cocaine-dependent men and healthy control 

volunteers. Moreover, there was an overlap in the regions and specific voxels in which 

declines were seen both between participant groups and associated with each condition. 

This finding is the first to identify a specific overlap in areas affected by stimulant use and 

weight gain, which potentially provides fodder for the argument of overeating leading to 

obesity in some instances qualifying as an addictive disorder. However, it should be noted 

that an overall greater decline was seen in cocaine-dependent men compared to the healthy 
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control volunteers, regardless of their BMI. This indicates that although there was an overlap 

in brain volume trends between the two conditions, greater structural dysfunction was 

associated with stimulant use. 

While a decrease in grey matter volume has been shown to directly result from drug use 

(Porrino et al., 2004, 2007), and despite the several studies showing a decrease in structural 

integrity in the brains of obese individuals (Gunstad et al., 2008; Maayan, Hoogendoorn, 

Sweat, & Convit, 2011; Pannacciulli et al., 2006; Taki et al., 2008; Walther et al., 2010), it is 

as yet unknown whether these differences are caused by an increase in BMI or are underlying 

abnormalities contributing to the condition. It is possible that predating decreases in 

orbitofrontal volume in both groups led to a pattern of behaviour associated with heightened 

risk for addictive behaviours, such as low self-control or a greater tendency towards habit 

formation. Additionally, evidence of cognitive disruption in obese individuals, which would 

be hypothesised to mirror that of substance-dependent individuals given some of their similar 

structural abnormalities, has been conflicting. Some studies provided evidence for deficits in 

executive functioning in obese individuals, such as decreased working memory or decision-

making abilities; however, other investigations have shown no such dysfunction, or even an 

improvement in performance on other cognitive constructs (Elias, Elias, Sullivan, Wolf, & 

D’Agostino, 2003; Gunstad et al., 2008; Gunstad, Lhotsky, Wendell, Ferrucci, & Zonderman, 

2010; Stanek et al., 2013). Thus, the functional impact of these structural differences, as well 

as their origin, is still unknown. 

 

2. Links to Personality Traits 

Other research that has been referred to throughout this dissertation, and that I have 

contributed to, reports on key personality traits involved in addiction in the four participant 
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groups examined in Chapters 2-4 (Ersche, Jones, Williams, Smith, et al., 2013). This paper is 

included as Appendix E. Briefly, it was discovered that the SDIs and their biological siblings 

had significantly higher rates of impulsivity and compulsivity than healthy control 

volunteers, suggesting that these personality traits may serve as endophenotypes for stimulant 

dependence. However, there was an additional increase in these qualities in the SDIs 

compared with their siblings, implying an additional drug effect on these characteristics. 

Conversely, sensation-seeking scores were elevated only in the SDIs and recreational users of 

cocaine, suggesting that this trait may correspond to an increased likelihood to initiate drug 

use. Recreational users were no different in rates of impulsivity and compulsivity than 

control volunteers, potentially protecting them from transitioning to drug dependence (Figure 

7.1).  

These findings led us to believe that impulsivity and compulsivity are endophenotypic traits, 

acting as underlying risk factors for stimulant dependence. Conversely, sensation-seeking 

appears to be specific to the initiation of drug use, possibly representing a motivating quality 

to first seek out experiences with stimulant drugs. The decrease in impulsive and compulsive 

traits in the recreational users may have protected them from the development of dependence 

from their casual drug-taking, while low sensation-seeking may have prevented the biological 

siblings of dependent drug users from ever initiating drug use, thus protecting them against 

the potential increased likelihood for a development of dependence had they started taking 

drugs. 
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Figure 7.1. Group differences in the personality traits of impulsivity, compulsivity and sensation-seeking in the four groups of 

stimulant-dependent individuals, their non-dependent biological siblings, recreational users of cocaine, and unrelated control 

volunteers, as reported on in Chapters 2-4. Reproduced from (Ersche, Jones, Williams, Smith, et al., 2013). 
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These personality traits were also linked to the behavioural and neurobiological 

characteristics examined in this dissertation. Decreases in grey matter volume in the inferior 

frontal gyrus, as reported in Chapter 2, was associated with an increase cocaine-specific 

compulsivity as measured by the OCDUS (right IFG: r=-0.297, p=0.056; left IFG: r=-0.308, 

p=0.047), as well as compulsivity scores on the PADUA (Burns, Keortge, Formea, & 

Sternberger, 1996), an assessment of general obsessive-compulsive behavioural traits (right 

IFG: r=-0.237, p=0.05; left IFG: r=-0.297, p<0.01). Impulsivity, as measured by the BIS-11, 

correlated with response times on the congruent condition of the colour-word Stroop 

(r=0.249, p=0.003); and scores on the PADUA, BIS-11 and SSS-V sensation-seeking scale 

all negatively correlated with activation in the right IFG during the group contrast on the 

colour-word Stroop (r=-0.228, p=0.007; r=-0.271, p=0.001; r=-0.196, p=0.022, respectively), 

such that higher scores on these measures was associated with a decrease in right IFG 

activation on the task.  

On the cocaine Stroop task, BIS-11 impulsivity scores were positively correlated with 

response times on the cocaine word trials (r=0.280, p=0.002), as well as with interference 

scores (r=0.193, p=0.040) and errors committed on the task (r=0.344, p<0.001). Impulsivity 

scores were also correlated with activation during the cocaine Stroop task in the orbitofrontal 

cortex/anterior cingulate cortex (r=0.218, p=0.019) and two clusters in the inferior frontal 

gyrus (r=0.220, p=0.018; r=0.277, p=0.003). Sensation-seeking scores did not relate to 

behavioural performance on the task, but there was a significant negative correlation between 

sensation-seeking and activation in the right angular gyrus during the group performance 

comparison (r=-0.205, p=0.028).  
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On the Monetary Incentive Delay task, anticipatory activation for the drug rewards in the left 

middle cingulum significantly correlated with impulsivity and sensation-seeking (r=0.210, 

p=0.013; r=0.213, p=0.011, respectively). BIS-11 impulsivity scores also related to increased 

activity in the striatum during anticipation for drug rewards (r=0.174, p=0.040). 

Behaviourally, there were no correlations between personality traits and performance on the 

task, except for an increase in money won on the task relating to increased impulsivity 

(r=0.260, p=0.002) and OCDUS cocaine compulsivity scores (r=0.272, p=0.040). 

From this research it appears there are three crucial components in the development of 

substance dependence: sensation-seeking and high reward sensitivity to facilitate and spur 

initial experimentation with the drug; impulsivity and poor cognitive control resulting in the 

continued and escalated use of the substance, despite potentially disadvantageous 

consequences or a desire not to; and following from that, compulsivity leading to habitual use 

of the drug even in the face of punishment, attempts to stop, and loss of the acutely rewarding 

sensations first experienced. Accordingly, stimulant-dependent individuals met all of these 

criteria, with high levels of sensation-seeking, impulsivity and compulsivity, as well as low 

cognitive control. Their non-dependent biological siblings shared similar levels of 

impulsivity, compulsivity and poor self-control, but crucially did not demonstrate the 

sensitivity to reward or sensation-seeking traits to cause them to take the first step and initiate 

drug use. Conversely, recreational users of cocaine had high levels of sensation-seeking and 

in similar tendencies towards reward valuation as the dependent individuals, particularly 

during anticipation for drug rewards. However, these individuals lacked the critical increases 

in impulsivity and compulsivity implicated in dependence, and had much higher levels of 

cognitive control compared with the dependent individuals and their siblings, and even in 

some instances compared with healthy control participants. 
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These patterns of behaviour appear to be stable traits in these participant groups, manifested 

in several different types of behavioural and neurobiological assessments, including a neutral 

cognitive control test (colour-word Stroop), an assessment of attentional bias and distraction 

to cocaine stimuli (cocaine-word Stroop), and responsivity to both general and drug-related 

reward cues (Monetary Incentive Delay). Thus, these tendencies seem to be robust findings 

strongly suggestive of predating abnormalities in the brains and behaviours of individuals 

who maintain a greater risk for stimulant dependence, as well as crucial unique protective 

factors in those who have remained resilient to it. 

 

3. Synthesis 

Despite the evidence for endophenotypic traits present in both the dependent participants and 

their biological siblings, there were also additional changes in the brains of dependent 

individuals compared to their siblings. These differences may have been the result of chronic 

stimulant use on the brain, though they were largely unseen in the recreational users, or they 

could represent additional deficits that placed these individuals at a heightened risk for 

dependence. Conversely, the additional differences in the recreational and sibling participants 

could be protective traits that were present in these individuals and kept them safe from the 

development of drug dependence, either preventing initial use or enabling them to maintain 

control over their behaviours if they did take drugs. 

In the studies involving the recreational participants, the finding of critical differences 

between recreational and dependent users of cocaine, including a lack of distraction, 

emotional salience and sensitivity to reward in the face of cocaine-related stimuli, indicates 

that there may be inherent behavioural and neurobiological differences between those who 
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can use a class A drug such as cocaine recreationally without making the transition to 

dependence, and those who have become dependent upon the substance. 

In the second half the thesis, a separate cohort of individuals potentially on the addiction 

spectrum – obese individuals with binge eating behaviours – was investigated for similar 

traits of reward valuation and orbitofrontal cortex functioning as those of stimulant-

dependent individuals. However, in the few tests conducted on these participants, there was 

only a small overlap in their characteristics compared to the stimulant-dependent individuals. 

Instead, the greatest similarity appeared to be between OBEs and the sibling participants 

tested in the earlier studies. This included tendencies towards impulsive behaviours, but no 

increase in sensation-seeking, as well as flattened reward responding to both general and 

specific reinforcers. For example, while these participant groups were not tested on the same 

battery and were not initially planned on being compared, it is interesting to note that in post-

hoc analyses, the sibling and OBE participants did not differ on self-report measures of 

impulsivity using the BIS-11, but both groups were significantly higher than control and 

recreational participants on this measure (see Figure 7.2). Additionally, both groups also 

showed lower sensation-seeking scores than the dependent and recreational users, with the 

OBE participants scoring even lower than the controls and sibling participants. Thus, these 

obese individuals appear to maintain impulsive traits potentially placing them at a higher risk 

for addictive tendencies, but not the reward and sensation-seeking characteristics that would 

incite them to initiate drug use. Instead, their maladaptive patterns of behaviour manifested 

onto the more traditional and omnipresent reinforcer of high-caloric foods.  
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Figure 7.2. Group differences in impulsivity (BIS-11) and sensation-seeking (SSS-V) 

scores between control participants, obese individuals with binge-eating behaviours, 

recreational cocaine users, dependent stimulant users and their non-dependent 

biological siblings. Obese binge-eating individuals were most similar to the sibling 
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participants, with impulsivity scores higher than controls and recreational users, but 

lower than dependent individuals. On a measure of sensation-seeking, obese individuals 

expressed the lowest scores, most similar to sibling and control participants. This 

provides evidence for a strong similarity between obese individuals with binge-eating 

tendencies and the siblings of stimulant-dependent individuals, possibly showing 

attributes suggestive of dependent behaviours, but without the high sensation-seeking 

that is most strongly linked to the initiation of drug experimentation. Thus, these 

individuals’ addictive tendencies may manifest in a different manner or to another type 

of substance, like food, rather than through drug use. Personality measures taken from. 

 

Several genetic links have been explored to potentially explain some of the overlap between 

addictive and eating disorders. This has primarily focused on differences in genes, such as 

TaqIA, involved in dopamine transmission due to the neurotransmitter’s role in motivated 

behaviours and reward system functioning (Blum et al., 1990; Comings et al., 1993; 

Comings, Muhleman, Ahn, Gysin, & Flanagan, 1994; Davis et al., 2009; Felsted, Ren, 

Chouinard-Decorte, & Small, 2010; Jonsson et al., 1999; Noble, 2000; Noble et al., 1993; 

Stice, Spoor, Bohon, & Small, 2008). Specifically, alleles resulting in reduced dopamine 

receptor density or decreased dopamine transporter availability have been linked to a greater 

risk for impulsive disorders and an increase in both the expected and experienced pleasure 

derived from rewarding substances, such as high-caloric foods or drugs of abuse (Comings et 

al., 1993, 1994; Felsted et al., 2010; Spitz et al., 2000; Stice et al., 2008; Thanos et al., 2001).  

An alternative genetic explanation involves the monoamine oxidase A (MAOA) gene, which 

is implicated in the metabolism of monoamine neurotransmitters, subsequently affecting 

cerebral levels of dopamine, noradrenaline and serotonin (Ducci et al., 2006). A 
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polymorphism in the gene transcription results in a decrease in monoamine oxidase A 

activity, reducing the turnover of monoamines and thus leading to an increase of these 

neurotransmitters in the synapse. This sequencing has subsequently been associated with 

heightened aggression, impulsivity and increased risk for addiction (Caspi et al., 2002; 

Philibert, Gunter, Beach, Brody, & Madan, 2008; Saito et al., 2002), although other 

investigations have found no such link between the polymorphism and these behaviours 

(Koller, Bondy, Preuss, Bottlender, & Soyka, 2003). Due to dopamine’s known involvement 

in eating behaviours and reward valuation (Baldo & Kelley, 2007; Wang et al., 2001), the 

MAOA gene has also been investigated as a potential factor in over-eating leading to obesity 

(Camarena et al., 2004; Ducci et al., 2006). As such, the presence of the polymorphism 

resulting in low MAOA activity was found to be associated with elevated dopamine 

metabolites and an increase in body weight and body mass index among both alcohol-

dependent and healthy control individuals (Ducci et al., 2006). Finally, the MAOA gene is 

also implicated in cortical volume, particularly in the OFC, and presence of the 

polymorphism resulting in low monoamine oxidase A activity has been linked to decreased 

functioning in this area (Meyer-Lindenberg et al., 2006). Furthermore, when combined with 

stimulant use, presence of the low MAOA expression type can lead to a significant 

exacerbation of the effects of stimulant drugs on cortical volume, resulting in escalated grey 

matter decline, particularly in the OFC (Alia-Klein et al., 2011). Thus, there is a potential 

genetic link between elevated BMI, substance dependence and decline in OFC grey matter 

volume, as presented in the findings reported in Chapter 6. 
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4. Future Directions 

A primary concern regarding the investigations presented in this thesis is the ranging 

differences in demographics between the participant groups. These include age, gender 

distribution, educational attainment, and the co-morbid presence of depression and alcohol 

abuse in the SDIs. Although we attempted to control for these variables in statistical analyses, 

better matching for these variables and other demographics during recruitment could be 

improved in future studies. However, it should be noted that some of these demographic 

differences might be intrinsically linked to the participant groups, such as higher education 

acting as a protective factor in recreational users, or the presence of polysubstance abuse in 

the dependent individuals.  

Another possible point of contention in these investigations is that ‘recreational cocaine use’ 

is not a precisely defined categorization. In the studies presented in this thesis, criteria based 

on the quantity and quality of use, as well as an absence of any family history of substance 

dependence, were used to make these classifications. However, research from other 

laboratories has focused solely on the quantity and frequency of cocaine used when making 

their evaluations. As such, previous investigations have included individuals who our 

classifications would have designated as ‘abusive’ rather than ‘recreational’ users. These 

discrepancies in inclusion criteria may help to explain the difference in findings reported here 

in comparison to prior studies of non-dependent stimulant users (Colzato et al., 2007; Soar et 

al., 2012). A universal definition for this type of use would be highly beneficial when making 

these sorts of distinctions between recreational, abusive and dependent behaviours in future 

research. 
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The relatively short abstinence period of the stimulant-dependent individuals should also be 

better controlled for, with a minimum abstinence requirement to ensure results are not effects 

of either acute stimulant use or withdrawal, but are stable traits of this group. 

Subsequent studies could employ genetic analyses to elucidate whether similarities in 

performance between the stimulant-dependent and sibling groups were due to inherited traits 

or shared environmental experiences during development. As the sibling pairs were raised in 

the same households, it is difficult to discern the extent to which environmental effects, such 

as low socioeconomic status, might have affected these individuals. These experiences could 

cause them to differ in performance from control and recreational participants, who were less 

likely to be exposed to these challenges growing up. Conversely, inherited polymorphisms 

involving the TaqAI or MAOA genes, among others, may have contributed to their 

differences in performance and heightened risk for dependence.  

Future investigations should use positron emission tomography (PET) to measure dopamine 

receptor availability and binding, particularly in recreational users of cocaine and the non-

dependent siblings of addicted individuals, given the neurotransmitter’s known involvement 

in addictive disorders. This would be particularly informative in regards to aberrations in 

reward sensitivity, as stated in Chapter 4, and could help provide a neurobiological 

explanation for some of the behavioural and functional differences seen between these 

participant groups. 

In order to determine other potential similarities between substance dependence and binge 

eating disorder, assessments traditionally used to measure impairments associated with 

stimulant dependence – such as impulsivity using the Stop Signal Reaction Time task, or the 

Monetary Incentive Delay task as a more standardised assessment of reward sensitivity – 
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should be administered. Additionally, an assessment of attentional bias to food-related 

stimuli, such as a food-related Stroop task, should be implemented. Another assessment, the 

delay discounting task, could also be used to measure reward-related impulsivity to both 

general (money) and substance-specific (food or drugs) stimuli. 

 

5. Conclusions and Implications 

The chicken-or-egg debate of substance dependence has dominated much of the field of 

addiction research over the last decade – whether behavioural and neurobiological 

abnormalities commonly seen in drug-dependent individuals are underlying traits that foster 

an increased vulnerability for dependence, or if they are the consequence of long-term use. 

Here, evidence is presented regarding predating risk factors that can place an individual at a 

greater susceptibility for experimentation with illicit substances, as well as an additional 

heightened risk for the subsequent development of dependence. However, evidence is also 

presented for resilience traits that can potentially protect against the initiation of drug use, as 

well as the slide into addiction.  

The findings presented in this thesis provide support for the notion that drug addiction is an 

underlying neurobiological disorder, rather than a volitional choice made by those who are 

dependent on a substance (Nutt, 2013). These studies could be used as evidence in the 

argument for using rehabilitative treatments rather than more draconian tactics when dealing 

with drug-related crimes. This research could also help in the development of addiction 

prevention programs that are specifically targeted towards individuals who maintain a higher 

risk for dependence. By identifying these individuals earlier on – i.e. during adolescence and 

before they have begun experimenting with drugs – and with simple and easily administered 

questionnaires or neurocognitive tests – more focused prevention or harm reduction methods 
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could be implemented. Additionally, the protective factors identified in the sibling and 

recreational participants, particularly of decreased reward valuation, could be utilized to 

encourage those at risk to indulge in other sorts of less harmful rewarding stimuli instead of 

drugs of abuse or over-eating.  

Finally, while there was only marginal support for the classification of binge eating leading 

to obesity as an addictive disorder, the findings from these investigations could still be used 

to identify and target those individuals who might be at a greater susceptibility to this type of 

behaviour as well. This also includes those individuals with cognitive control difficulties, 

increases in impulsivity, and potentially greater tendencies towards habitual or compulsive 

behaviour stemming from abnormalities in the orbitofrontal cortex, but without the key trait 

of sensation-seeking. 

While these studies cannot yet answer the question of how to prevent unhealthy 

dependencies, they can help bring us one step closer to identifying and potentially treating 

those who are at the highest risk for addiction. 
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Appendices 

 

Appendix A. Supplemental Information for Chapter 2 

Table S2.1. As sex, education, smoking status, depression scores and alcohol use all 

significantly differed between participant groups, largely driven by the stimulant-

dependent individuals, we included these as covariates in the general linear model 

multivariate regression analysis. However, there were no differences in the results both 

with and without these covariates (Miller & Chapman, 2001). As these variables seem to 

be somewhat intrinsically linked to drug addiction — nicotine dependence, alcohol abuse 

and depression commonly occurring as co-morbidities in the disorder — we thought it 

prudent to report the results without using these variables as covariates. However, we 

report the results including covariates in the model, as there were slight discrepancies. 

 Covariates included Covariates excluded 
 F(2,129) P F(2,135) P 

Behavioural analysis     
Congruent RT 3.74 0.026* 7.243 0.001* 
Incongruent RT 3.86 0.024* 4.452 0.013* 
Interference 0.96 0.387 0.797 0.450 
Errors 2.92 0.057 1.915 0.151 

Imaging analysis: First level     
Left precentral / middle frontal gyrus 0.14 0.873 0.330 0.719 
Left inferior frontal gyrus 0.74 0.482 0.261 0.771 
Right caudate 0.86 0.424 0.542 0.583 
Right rolandic operculum 0.16 0.851 0.001 0.999 

Behavioural analysis: Second level    
Right insula / rolandic operculum 16.94 <0.001* 18.373 <0.001* 
Left medial superior frontal gyrus 11.85 <0.001* 12.094 <0.001* 

Behavioural analysis: Second level: Inferior frontal gyrus mask 
Left inferior frontal gyrus 8.96 <0.001* 11.981 <0.001* 

*Significant group difference at p<0.05 
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Appendix B. Supplemental Information for Chapter 3 

Table S3.1. Behavioural results for the cocaine-word Stroop, comparing recreational 

cocaine users, stimulant-dependent individuals (SDI) and healthy control volunteers using 

ANCOVA models with Bonferroni post-hoc corrections. Dependent stimulant users were 

significantly more impaired on the task, demonstrated via greater interference scores, 

higher response latencies and more errors committed. Recreational users and controls did 

not differ behaviourally on any measure. Covariates in the analysis include age, gender, 

education, smoking status, BDI-II depression and AUDIT alcohol scores. 

 Control 
Median (SD) 

Recreational 
Median (SD) 

SDI 
Median (SD) 

F/X2 P 

Behavioural Results     
Cocaine RT* 687.05(144.35)a 655.00(85.25)c 874.44(222.20)ac 6.57 0.002 
Neutral RT* 669.37(138.45)a 677.94(101.40) 784.11(187.27)a 3.67 0.029 
Interference 17.68(97.90) -22.94(74.96) 90.32(161.07) 3.02 0.053 
Cocaine word 
errors* 

0.70(0.91)a 0.61(0.70)c 2.32(2.25)ac 23.01 <0.001

Neutral word 
errors* 

1.41(3.26)a 1.31(1.26) 2.53(3.27)a 6.62 0.036 

*Significant group difference at p<0.05 X2 Kruskal-Wallis Test 

a Significance between SDI and Control groups in Bonferroni post-hoc test at p<0.01.  

c Significance between SDI and Recreational groups in Bonferroni post-hoc test at 

p<0.01.  
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Table S3.2. Peak activation voxels for clusters identified during a first-level whole-brain 

imaging analysis amongst all participants, contrasting differences in activation during 

cocaine versus neutral word trials. Significance set a p<0.05 family-wise error correction 

for multiple comparisons. Coordinates listed are in MNI standard space. 

First-level analysis 
Contrast activation areas 

Brodmann 
Area 

Cluster size 
(voxels) 

Max F 
Peak MNI 

coordinates 
Cluster 1     
Left gyrus rectus, left middle 
frontal orbital, right gyrus rectus 

11 83 3.51 -6, 50, -16 

Cluster 2     
Left inferior frontal gyrus – pars 
triangularis, left inferior frontal 
gyrus – pars orbitalis, left insula 

13, 45, 47 153 2.70 -50, 36, -2 

Cluster 3     
Left superior medial frontal 
gyrus, right superior medial 
frontal gyrus, left anterior 
cingulum, right anterior cingulum  

9, 10, 32 80 2.68 6, 54, 26 

Cluster 4     
Left angular gyrus, left middle 
temporal gyrus 

39 93 2.33 -52, -58, 24 

Cluster 5     
Right precuneus, right cuneus, 
right superior parietal lobe, right 
superior occipital lobe 

7 98 -2.78 10, -74, 48 

Cluster 6     
Right inferior parietal lobe, right 
postcentral sulcus, right 
supramarignal gyrus, right 
superior parietal lobe 

1, 2, 40 84 -2.59 50, -48, 48 
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Table S3.3. Mean activation levels for second-level fMRI general linear model omnibus 

contrasts comparing brain activation between groups during the cocaine–neutral word 

contrast, both with and without a small-volume correction mask of the inferior frontal 

gyrus. Coordinates listed are in MNI standard space. Cluster significance set a p<0.05 

family-wise error correction for multiple comparisons. Post-hoc group comparisons made 

using ANCOVA models, controlling for age, gender, years of education, smoking status, 

BDI-II depression and AUDIT alcohol scores, with Bonferroni correction p<0.05. 

 Mean Activation Levels  
 Control Recreational SDI F P 
GLM activation areas 

Cluster1 – 169 voxels* 
BA 10, 11, 32 

4.32b -126.03bc 102.43c 10.297 <.001 

    R middle orbitofrontal cortex      
    R anterior cingulate cortex      
    R superior med frontal lobe      
    R superior orbitofrontal cortex      
Cluster 2 – 111 voxels* 
BA 31 

0.89b -111.23bc 37.93c 10.649 <.001 

    R angular gyrus      
    R posterior cingulate cortex      
GLM IFG activation areas 

Cluster1 – 27 voxels* 
BA 44 

-15.64ab 7.56b 11.24a 9.761 <0.001

    R IFG pars opercularis      
    R rolandic operculum      
Cluster 2 – 21 voxels -0.48b -19.36bc 16.60c 8.129 <0.001
    R IFG pars triangularis      
    R insula      
Cluster 2 – 31 voxels* 
BA 13, 44 

-11.79 -27.77c 11.58c 5.604 0.005 

    R IFG pars opercularis      
    R insula      
    R rolandic operculum      

*Significant group difference at FWE p<0.05  

a Significance between SDI and Control groups in Bonferroni post-hoc test at p<0.01 

b Significance between Recreational and Control in Bonferroni post-hoc test at p<0.01 

c Significance between SDI and Recreational in Bonferroni post-hoc test at p<0.01 
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IFG Interference Cluster 1 
IFG Interference Cluster 2 
IFG Interference Cluster 3 
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Figure S3.1. A) A regression of behavioural interference scores onto fMRI imaging 

contrasts comparing cocaine and neutral words resulted in a positive correlation between 

interference on the task and activation in three clusters in the right inferior frontal gyrus 

(IFG). Greater activity in the right IFG related to increased impairment on the task, with 

greater distraction to the cocaine-salient words. This effect was largely driven by the 

stimulant-dependent individuals, who had significantly more activation in this region 

compared with recreational cocaine users. B) Between group comparison of BOLD 

activation in clusters in the right IFG that correlated with interference scores on the 

cocaine Stroop task. Recreational cocaine users again showed less activation than 

dependent users, though this was only significant in one cluster using ANCOVA models, 

controlling for age, gender, years of education, smoking status, BDI-II depression and 

AUDIT alcohol scores, with Bonferroni post-hoc correction p<0.05.  
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Appendix C. Supplemental Information for Chapter 4 

Table S4.1. Demographic information for sample used in the Monetary Incentive Delay task of 35 stimulant-dependent individuals, 40 of their 

non-dependent biological siblings, 22 recreational users of cocaine, and 43 unrelated healthy control volunteers. 

 Control 
Mean (SD) 

Sibling 
Mean (SD) 

Recreational 
Mean (SD) 

Dependent 
Mean SD) 

 F / χ2 P 

Demographics        
Age* 32.44 (8.90) 31.77 (8.48) 27.50 (6.16) 34.48 (7.83)  3.38 0.020 
Gender (n male:%)* 28 (65.1%) 19 (47.5%) 11 (50.0%) 33 (94.3%)  20.61 <0.001 
NART (score)* 111.60 (1.29) 108.89 (8.33) 115.75 (5.40) 110.48 (7.85)  3.43 0.019 
Education (years)* 12.60 (1.94) 12.00 (1.95) 13.41 (1.79) 11.63 (1.75)  4.78 0.003 
BDI-II (total score)* 2.05 (2.21) 4.98 (6.09) 3.68 (4.42) 17.91 (12.07)  36.36 <0.001 
AUDIT (total score)* 3.32 (2.36) 4.12 (4.78) 5.73 (1.61) 13.76 (11.82)  19.16 <0.001 
Tobacco use (%)* 26 (60.5%) 37 (92.5%) 19(86.4%) 34(97.1%)  32.90 <0.001 
Cannabis use (%)* 10 (23.3%) 30 (75.0%) 21(95.5%) 35(100%)  64.69 <0.001 

National Adult Reading Test (NART), Beck Depression Inventory (BDI-II), Alcohol-Use Disorders Identification Test (AUDIT) 
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Figure S4.1. Differences in subjective ratings for a 10 pence piece, judged by self-

reported likelihood to pick the coin up off the ground. Sibling participants reported 

themselves as less likely to pick up the coin compared with their stimulant-dependent 

brothers and sisters, though this did not survive more stringent Bonferroni post-hoc 

corrections. This decrease in reward valuation was later reflected in their neural activation 

during the Monetary Incentive Delay task, particularly in functional activity in the right 

supplementary motor area during anticipation of a money trial, which significantly 

correlated with this subjective 10p rating.  
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Figure S2. Difference between non-drug-using and drug-using participant groups in 

BOLD activity in the right orbitofrontal gyrus during feedback for successful versus 

unsuccessful trials during the money condition. The sibling and control participants 

displayed significantly more activation than both the dependent and recreational cocaine 

users in this area at FWE p<0.05, though the groups did not differ with Bonferroni post-

hoc tests for directionality. 
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Figure S3. Difference between drug-using and non-drug-using groups in BOLD activity 

in the right orbitofrontal gyrus during anticipation of drug versus neutral cues. The sibling 

participants displayed significantly less activation than both the dependent and 

recreational cocaine users. Control individuals did not differ from either group.  
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Appendix D. Supplemental Information for Chapter 6 

Table S6.1. Voxel coordinates of orbitofrontal clusters associated with either body mass 

index (BMI) or years of cocaine use in control and cocaine-dependent individuals. 

Regions overlapping, or nearly overlapping – no more than four voxels away in any 

direction, are highlighted as follows: 

Control (con) BMI and cocaine-dependent (coc) BMI 

Control BMI and cocaine-dependent years of use (YOU) 

Cocaine-dependent BMI and YOU 

 



Appendices 
 
 

193 
 

Cluster 
Con BMI 1 
56 voxels 

Con BMI 2 
223 voxels 

Con BMI 3 
45 voxels 

Con BMI 4 
23 voxels 

Coc BMI 1 
93 voxels 

Coc BMI 2 
81 voxels 

Coc YOU 1 
269 voxels 

Coc YOU 2 
192 voxels 

21 -4,40,-30        
22 -4,40,-28 

-6,56,-28 
     -6,42,-28  

23 -2,42,-26 
4,44,-26 
-2,52,-26 
-6,56,-26 

-2,42,-26 
4,44,-26 
-2,52,-26 
-6,56,-26 

  -2,22,-26  16,24,-26 
-8,42,-26 

16,24,-26 
-8,42,-26 

24 -4,32,-24 
2,34,-24 
6,36,-24 
-4,40,-24 
2,40,-24 
-8,56,-24 
2,-46,-24 
8,54,-24 

-4,32,-24 
2,34,-24 
6,36,-24 
-4,40,-24 
2,40,-24 
-8,56,-24 
2,-46,-24 
8,54,-24 

  0,26,-24 
0,38,-24 

 18,24,-24 
-12,42,-24 
-14,46,-24 

18,24,-24 
-12,42,-24 
-14,46,-24 

25 -2,28,-22 
2,34,-22 
6,36,-22 
2,44,-22 
-4,42,-22 
-2,46,-22 
14,48,-22 
4,52,-22 
6,58,-22 
-6,56,-22 

-2,28,-22 
2,34,-22 
6,36,-22 
2,44,-22 
-4,42,-22 
-2,46,-22 
14,48,-22 
4,52,-22 
6,58,-22 
-6,56,-22 

  4,34,-22 
2,38,-22 
2,42,-22 
16,60,-22 

4,34,-22 
2,38,-22 
2,42,-22 
16,60,-22 

24,26,-22 
28,32,-22 
-20,32,-22 
18,34,-22 
-24,34,-22 
-12,42,-22 
-16,46,-22 
-12,50,-22 
-12,56,-22 

24,26,-22 
28,32,-22 
-20,32,-22 
18,34,-22 
-24,34,-22 
-12,42,-22 
-16,46,-22 
-12,50,-22 
-12,56,-22 

26 8,62,-20 
22,42,-20 
-4,42,-20 
16,48,-20 

8,62,-20 
22,42,-20 
-4,42,-20 
16,48,-20 

  4,40,-20 
12,60,-20 

4,40,-20 
12,60,-20 

24,26,-20 
-20,26,-20 
30,32,-20 
-24,34,-20 

24,26,-20 
-20,26,-20 
30,32,-20 
-24,34,-20 
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-2,46,-20 
-6,56,-20 

-2,46,-20 
-6,56,-20 

20,40,-20 
-16,46,-20 
-16,52,-20 

20,40,-20 
-16,46,-20 
-16,52,-20 

27  2,28,-18 
4,46,-18 
14,54,-18 
-28,54,-18 
4,54,-18 
-4,56,-18 
-12,60,-18 
10,62,-18 
-20,64,-18 

2,28,-18 
4,46,-18 
14,54,-18 
-28,54,-18 
4,54,-18 
-4,56,-18 
-12,60,-18 
10,62,-18 
-20,64,-18 

2,28,-18 
4,46,-18 
14,54,-18 
-28,54,-18 
4,54,-18 
-4,56,-18 
-12,60,-18 
10,62,-18 
-20,64,-18 

4,34,-18 
16,56,-18 

4,34,-18 
16,56,-18 

22,18,-18 
30,24,-18 
-22,26,-18 
30,32,-18 
18,32,-18 
-30,38,-18 
20,36,-18 
28,42,-18 
-18,44,-18 
-16,52,-18 
-12,60,-18 

22,18,-18 
30,24,-18 
-22,26,-18 
30,32,-18 
18,32,-18 
-30,38,-18 
20,36,-18 
28,42,-18 
-18,44,-18 
-16,52,-18 
-12,60,-18 

28  -2,52,-16 
24,44,-16 
18,54,-16 
-28,54,-16 
-18,52,-16 
-20,62,-16 
4,60,-16 

-2,52,-16 
24,44,-16 
18,54,-16 
-28,54,-16 
-18,52,-16 
-20,62,-16 
4,60,-16 

-2,52,-16 
24,44,-16 
18,54,-16 
-28,54,-16 
-18,52,-16 
-20,62,-16 
4,60,-16 

4,28,-16 
4,44,-16 
24,48,-16 
12,60,-16 
 

4,28,-16 
4,44,-16 
24,48,-16 
12,60,-16 
 

24,24,-16 
-22,26,-16 
26,42,-16 
-16,30,-16 
16,32,-16 
40,36,-16 
-26,40,-16 
-22,50,-16 
-28,48,-16 

24,24,-16 
-22,26,-16 
26,42,-16 
-16,30,-16 
16,32,-16 
40,36,-16 
-26,40,-16 
-22,50,-16 
-28,48,-16 

29  -8,46,-14 
-18,48,-14 
18,54,-14 
-2,48,-14 
4,52,-14 
-20,62,-14 

-8,46,-14 
-18,48,-14 
18,54,-14 
-2,48,-14 
4,52,-14 
-20,62,-14 

-8,46,-14 
-18,48,-14 
18,54,-14 
-2,48,-14 
4,52,-14 
-20,62,-14 

4,28,-14 
24,48,-14 
22,56,-14 
2,56,-14 
12,60,-14 

4,28,-14 
24,48,-14 
22,56,-14 
2,56,-14 
12,60,-14 

24,24,-14 
-40,26,-14 
-24,30,-14 
20,34,-14 
-28,32,-14 
40,36,-14 
-28,36,-14 
-34,36,-14 

24,24,-14 
-40,26,-14 
-24,30,-14 
20,34,-14 
-28,32,-14 
40,36,-14 
-28,36,-14 
-34,36,-14 
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-20,56,-14 
24,44,-14 

-20,56,-14 
24,44,-14 

30  20,52,-12 
-18,48,-12 
-24,46,-12 
-28,56,-12 
-18,60,-12 

20,52,-12 
-18,48,-12 
-24,46,-12 
-28,56,-12 
-18,60,-12 

 4,32,-12 
24,56,-12 
12,58,-12 

4,32,-12 
24,56,-12 
12,58,-12 

-38,28,-12 
-20,28,12 
40,32,-12 
20,34,-12 
-28,32,-12 
30,32,-12 
36,34,-12 
-26,44,-12 
38,38,-12 
30,38,-12 
-18,44,-12 

-38,28,-12 
-20,28,12 
40,32,-12 
20,34,-12 
-28,32,-12 
30,32,-12 
36,34,-12 
-26,44,-12 
38,38,-12 
30,38,-12 
-18,44,-12 

31  -16,48,-10 
20,52,-10 
24,62,-10 

-16,48,-10 
20,52,-10 
24,62,-10 

 4,28,-10 
8,34,-10 
16,58,-10 
26,60,-10 

4,28,-10 
8,34,-10 
16,58,-10 
26,60,-10 

-30,42,-10 
40,30,-10 
28,34,-10 
36,40,-10 
-28,36,-10 
30,38,-10 
-16,48,-10 
-30,52,-10 

-30,42,-10 
40,30,-10 
28,34,-10 
36,40,-10 
-28,36,-10 
30,38,-10 
-16,48,-10 
-30,52,-10 

32  22,58,-8   6,36,-8 
24,60,-8 

6,36,-8 
24,60,-8 

36,36,-8 
-34,38,-8 
-30,38,-8 
38,42,-8 

36,36,-8 
-34,38,-8 
-30,38,-8 
38,42,-8 

33     6,40,-6  38,30,-6 
-30,40,-6 

38,30,-6 
-30,40,-6 

34     4,42,-4  -32,36,-4  
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TW. (2013). Distinctive personality traits and neural correlates associated with stimulant 
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