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Summary
Impulsivity typically refers to actions made without sufficient forethought or 
consideration of their consequences. This dissertation focuses on the neural 
underpinnings of this trait from a perspective of a striatal-based reward 
anticipation system interacting with a prefrontal-centred inhibitory control 
mechanism. That is to say, impulsivity might stem from the relationship 
between reward-seeking drives and behavioural control mechanisms that 
attempt to exert control over such drives. Drug-addicted populations tend 
to show elevated levels of impulsivity on a number of measures, suggesting 
that disruptions to any identified impulsivity neural network might exist 
within such populations.

Initially, response inhibition and reward anticipation processes were 
investigated in a drug-using population that, surprisingly, has not received 
much attention in terms of neurocognitive research; an adolescent chronic 
cannabis-using group. During a Go/No-Go task, users exhibited deficits in 
performance levels, but no activation differences between groups were 
observed. Subsequent correlation analyses identified networks displaying 
elevated correlation patterns in users, which may be linked to a putative 
compensatory mechanism. One of these networks (involving the right and 
left inferior parietal lobules and cerebellum) also exhibited this increased 
correlation pattern in resting state fMRI data, suggesting that such 
observations may be an intrinsic feature. To examine the other cognitive 
process linked to impulsivity - reward anticipation - users completed a 
monetary incentive delay (MID) task. Although no between-group 
differences were observed during the prospect of a financial win, users 
exhibited less activation to the prospect of a financial loss in several regions 
including the parahippocampus. Users also displayed significantly slower 
reaction times during these trials suggesting that the observed reduced 
activity may be linked to the anhedonia and depressive symptoms often 
associated with cannabis use.

Following these studies, attention turned toward the development of a novel 
functional magnetic resonance imaging (fMRI) task to assay impulsivity. A 
novel task - the MID-STOP task - was created which combined elements of



task previously demonstrated to engage prefrontal-based inhibitory control 
and striatal-related reward anticipation. A psychophysiological analysis 
revealed that impulsivity, in this instance, appeared to stem from a coupling 
between a right inferior frontal gyrus region and bilateral ventral striatum. 
This coupling appeared to tap into the category of impulsive choice-making 
as the average blood-oxygen-level-dependent (BOLD) signal from the right 
prefrontal region correlated with individual differences in the temporal 
discounting of rewards. It was also determined that this observed 
relationship between the right inferior frontal gyrus and bilateral ventral 
striatum was independent of any response inhibition processes.

Finally, this identified coupling was then investigated within a nicotine- 
addicted population. Participants from the initial fMRI study involving the 
MID-STOP task formed the majority of a non-smoking group. Both a 
currently-smoking group and a former smoker group were recruited for the 
study, as levels of impulsivity have been associated with successful 
abstinence as well as current usage. Preliminary fMRI analyses identified 
that the non-smoker group engaged a widely distributed network compared 
to both current and ex-smokers on trials where a behavioural control 
system might have had to exert influence over reward-seeking drives, 
suggesting that altered levels of impulsivity within addicted populations 
might involve more than alterations to frontal-striatal interactions. When 
the current and former smoker groups were compared, current smokers 
displayed greater activation of the dorsal striatum during such trials, while 
former smokers exhibited increased recruitment of several regions within 
the frontal, temporal and occipital lobes. With the dorsal striatum being 
closely linked to drug cue responding, this suggests that former smokers 
might recruit a number of discrete neural areas, rather than rely on any 
dorsal striatal involvement, when an impulsive urge needs to be controlled. 
Such a mechanism might be a key factor in successful abstinence.
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Chapter 1 Introduction

Human drug addiction is a complex process involving neural processes 
during various stages of its development and maintenance; from initial drug 
experimentation to regular but "controlled" use and through to the final 
stage of compulsive, uncontrolled drug taking (Baler and Volkow, 2006, 
Everitt and Robbins, 2005, Goldstein and Volkow, 2002, Leshner, 1997, 
Volkow et al., 2003). Volkow et al., 2003 identified key neural substrates 
whose aberrant functioning was involved in drug abuse and drug addiction. 
A contemporary model of addiction was then developed with four discrete 
neural circuits identified (Figure 1.1): i.) A motivation/drive circuit involving 
the orbitofrontal and subcallosal cortices, ii.) A memory and learning circuit 
centered in the amygdala and hippocampus, iii.) A control circuit primarily 
located in the prefrontal and anterior cingulate cortices, iv.) A reward circuit 
encompassing the ventral striatum (VS) and ventral pallidum. In this 
dissertation, I will focus on the postulated control and reward circuits with a 
particular focus on how these two may interact with one another to produce 
behavioural impulsivity; a trait frequently observed in drug-addicted 
populations (reviewed in Verdejo-Garcia et al., 2008).



OFC

Figure 1.1: Putative Neural Circuits underlying Addiction: 1.) A 
motivation circuit (green) centered in the orbitofrontal cortex 
(OFC), 2.) A memory and learning circuit (purple) located in the 
amygdala (Amyg) and hippocampus (HIP), 3.) A control circuit 
(blue) situated in the prefrontal cortex (PFC) and anterior cingulate 
gyrus (ACG), 4.) A reward circuit (red) involving the Nucleus 
Accumbens (NAcc), a section of the ventral striatum, and ventral 
pallidum (VP). (Adapted from Baler and Volkow, 2006).

1.1 Response Inhibition

1.1.1 Response Inhibition and its Neural Correlates

Executive functioning is a collective term for a number of higher order 
cognitive processes whose functioning helps to accomplish a set goal in a 
flexible manner (Elliott, 2003, Miller and Cohen, 2001). Response inhibition 
- the ability to suppress a dominant prepotent response - belongs to this 
category of cognitive processes and is essential in guiding appropriate



behaviour (Chambers, 2009, Chikazoe, 2010). It has been postulated that 
two forms of response inhibition exist: action restraint (the ability to 
withhold a strong response tendency) and action cancellation (the ability to 
cancel an ongoing action) (Schachar et al., 2007). These processes of 
restraint and cancellation can be assayed by specific experimental 
paradigms; the Go/No-Go task assesses action restraint whereas the Stop- 
Signal task is a measure of action cancellation (Aron, 2011, Logan et al., 
1984). During the completion of a Go/No-Go paradigm, participants are 
required to respond to particular stimuli - "Go" trials - and to inhibit their 
response to others - "No-Go" trials (Aron, 2011, Garavan et al., 1999). 
Stop-Signal tasks also involve participants responding to "Go" stimuli, but 
during some trials a "Stop-Signal" is presented (after the initiation of the 
"Go" response) and participants are required to inhibit their response (Aron, 
2011, Logan et al., 1984). Both tasks allow efficiency of inhibition to be 
assayed in terms of accuracy and response time, with the Stop-Signal task 
also providing for the calculation of the internal speed of stopping i.e. Stop- 
Signal reaction time (SSRT) (Aron, 2011, Verbruggen and Logan, 2008). 
Although both tasks probe the same cognitive processes underlying 
response inhibition, there appears to be discrete neurotransmitter system 
involvement; with the serotonergic system implicated in action restraint and 
the noradrenergic system linked to action cancellation (Eagle et al., 2008).

Early work probing the neural origins of response inhibition identified 
inferior portions of the prefrontal cortex (PFC) in non-human primates as 
being heavily involved (Butters et al., 1973, Iversen and Mishkin, 1970). 
Sasaki et al., 1989 used surgically implanted electrodes in monkeys and 
measured significant dorsolateral prefrontal activity during No-Go trials of a 
Go/No-Go task. Electroencephalogram (EEG) studies in humans 
demonstrated maximal potential differences in the frontal lobes during 
response inhibition tasks (Gemba and Sasaki, 1989, Pfefferbaum et al., 
1985, Thorpe et al., 1996). Functional magnetic resonance imaging (fMRI) 
studies, with their superior spatial resolution, allowed for greater 
exploration of the precise locations underlying response inhibition. Several 
studies in the late 1990s replicated earlier EEG work in highlighting that 
ventral and inferior frontal regions appeared to play a major role



(Humberstone et al., 1997, Kawashima et al., 1996, Konishi et al., 1998). 
Caravan et al., 1999 then utilized event-related fMRI to disentangle neural 
processes underlying successful response inhibition (i.e. excluding trials 
where participants were unable to inhibit their prepotent response) in a 
Go/No-Go task. From this, it was demonstrated that the right RFC was a 
crucial component for such inhibitory control. Subsequent work involving 
lesion studies and transcranial magnetic stimulation have further underlined 
the importance of this area in response inhibition processes (Aron et al., 
2003, Chambers et al., 2006). Other brain regions linked to intact response 
function capability include the basal ganglia and the parietal cortex (Aron, 
2011, Liddle et al., 2001, Rubia et al., 2001, Rubia et al., 2003).

1.1.2 Response Inhibition and Addiction

Compromised executive abilities, such as response inhibition, may be a 
feature of drug addiction where aberrant functioning may lead to impulsive 
behaviour and result in an impaired control over drug intake (Baler and 
Volkow, 2006, Volkow et al., 2003). Various studies point to deficits in this 
cognitive domain in drug-addicted populations. During a Go/No-Go task, 
opiate addicts demonstrated poorer performance levels, as indexed by 
making more commission errors compared to age-matched non-drug-using 
controls, and this was accompanied by reduced rostral anterior cingulate 
cortex (ACC) activation (Forman et al., 2004). Alcohol-dependent subjects 
have been noted to display poorer performance levels in both Go/No-Go and 
Stop-Signal tasks (Bjork et al., 2004a, Goudriaan et al., 2006, Kamarajan 
et al., 2005). Kamarajan et al., 2005 recorded lower response inhibition- 
related event-related potentials (ERPs) in an alcohol-dependent population, 
compared to gender-matched healthy controls, during the No-Go trials of a 
Go/No-Go task. Similarly, Kaufman et al., 2003 reported that a cohort of 
cocaine users made more commission errors in a Go/No-Go task, compared 
to healthy nondrug users, with users exhibiting hypoactivity during both 
successful inhibitions and errors in several areas including the ACC and 
insula. These response inhibition deficits in cocaine-using populations have 
been replicated (Fillmore and Rush, 2002, Li et al., 2006, Verdejo-Garcia et 
al., 2007). In a study that paired response inhibition with another important



cognitive process, working memory, it was demonstrated that the inhibition 
performance of drug-naive controls was significantly better than cocaine 
users, with this advantage increasing as working memory demands 
increased (Hester and Caravan, 2004). Cocaine users demonstrated 
reduced activation in the ACC and right superior frontal gyrus compared to 
healthy controls, but increased activation of the left culmen and left pyramis 
within the cerebellum, a putative compensatory mechanism previously 
observed in alcoholics (Desmond et al., 2003). These studies highlight that 
altered inhibitory control is a general characteristic of drug-addicted 
populations. Such deficits may be also related to disruptions in other 
executive processes (e.g. self-monitoring and decision-making) that are 
commonly observed in drug-addicted subjects (Bechara and Damasio, 2002, 
Ernst et al., 2003).

1.2 Reward

1.2.1 Reward and its Neural Correlates

Reward can be broadly defined as desirable outcomes that serve to 
influence behaviour (Delgado, 2007). The processing of reward-related 
stimuli is a central component of incentive-based learning, the drive 
motivating appropriate responses to stimuli, and the development of goal- 
directed behaviour (Delgado, 2007, Haber and Knutson, 2010). Olds and 
Milner(1954) demonstrated that rodent models would work for electrical 
stimulation, termed "self-stimulation", in specific brain sites (particularly a 
septal area) leading to the supposition that anatomically distinct reward- 
related neural networks existed. Since this discovery in the middle of the 
last century, the striatum and its dopaminergic inputs have come under 
great scrutiny in relation to their putative role in reward-related processes.

The striatum can be divided into dorsal and ventral components, with the 
former consisting of the caudate nucleus and the putamen while the latter 
includes striatal elements of the olfactory tubercle, ventral and medial parts 
of the caudate-putamen complex and the nucleus accumbens (NAcc) - a 
nuclear mass ventral to the head of the caudate nucleus (Basar et al., 2010,
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Delgado, 2007). Both components receive significant projections from 
midbrain dopamine (DA) neurons with the mesolimbic system projecting to 
the VS and the nigrostriatal system innervating the dorsal striatum (DS) 
(Delgado, 2007). The mesolimbic dopaminergic projection from the ventral 
tegmental area (VTA) of the midbrain to the VS is believed to be a crucial 
component of reward processing (Haber and Knutson, 2010). Projections 
from several frontal regions (the orbitofrontal and ventral frontal cortices) 
to the VS also exist, while both the VS and DS possess efferent projections 
to the pallidum and midbrain (Delgado, 2007, Haber and Knutson, 2010).

Early pharmacological research in animal models demonstrated that 
dopaminergic transmission between the ventral portions of the striatum and 
the midbrain played a critical role in the aforementioned self-stimuiation 
studies, with microinjections of DA receptor antagonists into the VS 
reducing levels of self-stimulation (Fibiger, 1978, Stellar et al., 1983, Wise, 
1998). At a neuronal level, implanted microelectrodes have measured 
heightened striatal activity in non-human primate groups during the 
anticipation and receipt of rewards (Apicella et al., 1991, Apicella et al., 
1992, Hikosaka et al., 1989, Schultz et al., 1992). Advances in 
neuroimaging technology have allowed researchers to assay such reward 
processes within the human brain.

Early studies involving positron emission tomography (PET) revealed 
increased striatal DA release when participants played a video game for 
incentives and when food was rewarded (Koepp et al., 1998, Volkow et al., 
2002b). With the development of fMRI paradigms, Knutson et al., 2000 
created a novel task - the monetary incentive delay (MID) task - which 
presented cues to participants about potential financial rewards. The task 
design allowed for reward-related anticipation to be assayed and resulted in 
the identification of several regions associated with this process - most 
notably, the right and left VS and other components of the striatum. 
Knutson et al., 2001b replicated the findings the following year and 
disassociated this anticipatory activation from consummatory-related 
activity which was time-locked to the delivery of the reward. Subsequent 
work has demonstrated that VS activation increases in proportion to the



magnitude of the anticipated monetary reward and that the VS also 
becomes activated during the anticipation of primary rewards, such as a 
pleasant taste (Knutson et al., 2001a, O'Doherty et al., 2002, Yacubian et 
al., 2006).

It must be acknowledged, however, that these observed VS activations may 
not be exclusively related to the processing of reward-related stimuli. 
Rather, they may stem from a coding for all salient events, including and 
extending beyond rewards, with salience being defined as "any unexpected 
stimuli or environmental changes that are either arousing or that elicit an 
attentional-behavioural switch" (Redgrave et al., 1999, Zink et al., 2003). 
The VS has been demonstrated to activate in response to novel stimuli and 
has exhibited similar levels of activation to both appetitive and aversive 
stimuli (Legault and Wise, 2001, Ravel et al., 1999, Setlow et al., 2003, 
Williams et al., 1993). The mesolimbic system has also exhibited increased 
dopaminergic transmission in relation to the presence of arousing changes 
in environmental conditions, regardless of the associated motivation valence 
(Horvitz, 2000).

1.2.2 Reward and Addiction

The action of addictive drugs on the mesolimbic DA system are believed to 
underlie their reinforcing properties (Hyman et al., 2006, Wise, 2004). 
Addictive drugs stimulate dopaminergic neurons in the midbrain tegmentum 
resulting in increased firing and release of DA in the VS (Benwell and 
Balfour, 1992, Corrigall et al., 1992). In rodent models, responses to 
acquire cocaine or amphetamine infusions are attenuated by the depletion 
of DA in the VS or VTA (Lyness et al., 1979, Roberts and Koob, 1982, 
Roberts et al., 1977, Roberts et al., 1980). Furthermore, animal models 
learn to self-administer amphetamine, cocaine or DA receptor agonists 
directly into the VS (Carlezon et al., 1995, Hoebel et al., 1983, Ikemoto et 
al., 1997, Rodd-Henricks et al., 2002).

Several theories of drug addiction highlight altered reward processing as a 
hallmark of drug addiction. The incentive-sensitization theory of addiction



posits that drug use alters neural circuits that mediate incentive salience 
functions associated with natural rewards such as food (Robinson and 
Berridge, 1993). Through repeated drug use, these areas become sensitized 
to the effects of the drug and drug-related stimuli. This triggers a 
motivation state of "wanting" for both the cue and its associated reward and 
it is this change in the attribution of incentive salience that results in 
increased drug taking. Other theories, such as the reward deficiency 
syndrome (RDS) and allostatic hypotheses, suggest that addiction results 
from deficits in DA-related motivational circuitry towards natural rewards 
(Blum et al., 2000, Koob et al., 2004). These theories subsequently propose 
that drugs of abuse are used in order to bring about a normalization of this 
circuitry within the VS.

Neuroimaging of reward-related processes within drug-addicted populations 
has expanded upon these theories. Beck et al., 2009 reported that 
detoxified alcoholics (who had abstained for at least seven days prior to 
participation) displayed reduced activation of the VS compared to healthy 
control subjects during the anticipation of monetary rewards relative to the 
anticipation of neutral outcomes. This finding of reduced VS activation to 
monetary cues has been replicated in other alcohol-dependent populations, 
with the VS notably becoming activated instead to alcohol cues (Wrase et 
al., 2007). Similarly, a cohort of cocaine abusers exhibited reduced 
activation in several reward-related neural regions in relation to obtaining 
monetary rewards during a forced-choice task, when compared to healthy 
controls (Goldstein et al., 2007). However, inconsistencies in the literature 
exist with anticipation of non-drug rewards eliciting similar levels of VS 
activation in substance-dependent populations when compared with controls 
(Bjork et al., 2008). This absence of activation differences during the 
anticipation of monetary rewards has also been observed in cocaine- 
dependent participants while completing a MID task, when compared to 
age- and gender-matched controls (Jia et al., 2011).

An area of neuroimaging investigations into reward and addiction that has 
provided consistent results however is the role of DA D2 receptors. Several 
populations of drug-addicted subjects have exhibited long-lasting decreases
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in the levels of DA D2 receptors (reviewed in Volkow et al., 2002a). To 
assess whether DA D2 receptor levels might be a predisposing factor in the 
development of addiction, Volkow et al., 1999 conducted a study where 
methylphenidate (a psychostimulant drug used in the treatment of 
attention-deficit hyperactivity disorder (ADHD) whose molecular actions 
mirror those of cocaine in that they both block the DA active transporter, 
thus increasing extracellular levels of DA) was administered intravenously to 
drug-naive subjects, who subsequently rated their levels of agreeableness. 
Participants who found the effects pleasant possessed significantly lower 
levels of DA D2 receptor levels compared to participants who disliked the 
effects, suggestive of an involvement in the reinforcement aspect of drug 
taking. A study reporting increased self-administration of cocaine in rodents 
with reduced DA D2 receptor levels supports this notion (Dailey et al., 
2007). Volkow et al., 2006 reported that individuals with a family history of 
alcoholism, but who themselves were not addicted, displayed increased DA 
D2 receptor levels, suggestive of DA D2 receptors playing a protective factor 
against the occurrence of addiction. It should also be noted that levels of DA 
D2 receptors might be susceptible to environmental conditions. In a study 
examining the establishment of a hierarchy in a population of non-human 
primates, DA D2 receptor levels were shown to be increased in the dominant 
animals (Morgan et al., 2002). Subordinate animals did not exhibit such 
increased receptor levels and were more prone to cocaine self
administration compared to dominant members of the hierarchy. There also 
appears to be a genetic aspect to the involvement of DA D2 receptor 
systems in addiction with a notable association between the DA D2 TaqIA 

polymorphism and substance misuse (Esposito-Smythers et al., 2009). 
Overall, this suggests that DA transmission and associated receptor levels 
may be a crucial component in the development of drug addiction.

1.3 The Adolescent Brain

Overall brain size does not change substantially beyond early school age, 
but the adolescent brain continues to undergo appreciable levels of



maturation (Bava and Tapert, 2010, Pfefferbaum et al., 1994). A range of 
neuropsychiatric disorders - anxiety disorders, depression, psychosis 
(including schizophrenia) and substance abuse - all commonly emerge 
during adolescence and may be related to the structural and functional 
neuromaturation that occurs throughout this time period (Paus et al., 
2008). Adolescents and young adults generally exhibit higher rates of drug 
experimentation and substance use disorders than older adults which may 
also be related to such neuromaturation processes (Chambers et al., 2003). 
However, environmental influences including family drug history, drug 
availability and peer influence also appear to influence drug use patterns 
among adolescents (Brook et al., 2001, Brook et al., 2008). Initiation of 
drug use in adolescence is an important factor as earlier onset of substance 
use predicts greater addiction severity and morbidity (Paus et al., 2008).

At an anatomical level, initial studies identified that volumes of grey matter 
(GM) in the frontal and parietal lobes reached their peak levels at the onset 
of puberty and subsequently declined, whereas declines in temporal lobe 
GM occurred at a later timepoint in adolescence and GM levels in the 
occipital lobes tended to increase linearly (Giedd et al., 1999). In a 
subsequent study, where MRI scans were acquired in a cohort of 13 
subjects who had been scanned four times over a 10-year period spanning 
their adolescence, GM maturation processes were shown to occur first in 
phylogenetically older brain areas before progressing to more higher-order 
association cortices (Gogtay et al., 2004). It was noted that the dorsolateral 
prefrontal cortex (DLPFC), a region often implicated in cognitive processes, 
was one of the final areas to complete maturation (Miller and Cohen, 2001). 
In contrast to GM reductions, white matter (WM) displays growth and 
enhancement of pathways during the adolescent years (Giedd, 2008). Both 
GM volume decreases and WM enhancement appear to have a close 
spatiotemporal relationship and this may be due to the microstructural 
processes (synaptic pruning, dendritic arborizations, myelination) that tend 
to occur throughout adolescence (Luna and Sweeney, 2001).

1.3.1 Development of Response Inhibition
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A large-scale study, involving 275 participants from 6 to 81 years of age 
completing the Stop-Signal task, identified that response inhibition 
capabilities tended to improve as a function of age (Williams et al., 1999). 
The neural correlates of such differences were then investigated by Rubia 
and colleagues who compared adults and adolescents on an event-related 
fMRI Go/No-Go paradigm (Rubia et al., 2006). Adolescents displayed poorer 
performance levels and adults exhibited increased brain activation in the 
mesial RFC, bordering the right OFC, and caudate during "No-Go" trials. In a 
follow up study, Rubia et al., 2007 utilized a Tracking Stop task (similar in 
design to a Stop-Signal task) and compared adults and young adolescents. 
Adults demonstrated increased activation in the right inferior RFC during 
successful inhibitions suggesting an age-related specialization of this 
important region. Stevens et al., 2007 identified three neural circuits 
crucial to response inhibition (encompassing mostly frontal, parietal and 
thalamic areas) and investigated whether adolescents differed in how they 
engaged these networks. Subsequent independent components analysis 
(ICA) revealed a fronto-striatal-thalamic network that was less engaged in 
adolescents. Vidal et al., 2012 used a magnetoencephaolograhy (MEG) 
approach to examine potential differences in inhibitory control between 
adolescents and adults during a visual Go/No-Go task. Both groups 
displayed similar bilateral prefrontal activity during the inhibitory condition 
but temporal differences in MEG signal in the frontal gyri were observed; 
adults exhibited an earlier onset of response inhibition-related signal. 
Overall, it appears that adolescents tend to display poorer inhibitory control 
over a variety of paradigms. Such reductions in behavioural control may be 
linked to the risk-taking trait often associated with adolescents (Steinberg, 
2008). In line with this, Eshel et al., 2007 reported that adolescents 
displayed reduced activity in several frontal areas during a monetary 
decision-making task and this reduction in activity was correlated with 
greater risk-taking performance.

1.3.2 Development of Reward Processing

Such increased risk taking during adolescence may also be related to 
alterations in the brain's reward circuitry. Animal studies have reported
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increases in striatal DA levels and increased sensitivity of DA neurons to 
environmental and pharmacological challenges during adolescence 
(Andersen et al., 1997, Laviola et al., 2001, Teicher et al., 1993). It has 
also been demonstrated that there is an overproduction of DA receptors 
followed by pruning during adolescence and that DA binding to Di and D2 

receptors peak during this time (Tarazi et al., 1998, Teicher et al., 1995). 
Human postmortem studies support this latter finding with the observation 
that a significant proportion of striatal Di-like and Da-like receptors present 
in adolescents are lost by adulthood (Seeman et al., 1987). It should be 
noted however that adolescent animal models have lower rates of DA 
release (Stamford, 1989). Thus, a scenario may exist whereby adolescents 
seek out stimulation to account for this lowered DA release and once 
stimulated, adolescents might exhibit greater dopaminergic transmission 
which will motivate subsequent reward-seeking behaviour (Galvan, 2010). 
Two theories of reward processing development in adolescence exist which 
incorporate elements of this putative scenario.

One theory suggests that hypoactivation of the reward system results in 
adolescents engaging in reward seeking as a compensatory mechanism; 
whereas another posits that the reward system exhibits hyperactivity 
(potentially after overcoming an initial hypoactivation) which consequently 
leads to heightened reward-seeking behaviour (Bava and Tapert, 2010, 
Galvan, 2010). FMRI evidence exists for either theory. Bjork et al., 2004b 
reported hypoactivation in the VS of adolescents compared to young adults 
when anticipating a financial reward (in contrast to anticipating a neutral 
outcome). Bjork et al., 2010 replicated these results a few years later with 
increased sample sizes and increased focus on the striatal functioning. 
However, other studies have reported the opposite effects with adolescents 
displaying greater VS activation in response to reward, compared with 
children and adults (Ernst et al., 2005, Galvan et al., 2006). Such 
differences have been attributed to differences in task design, baseline 
conditions and comparison groups but nonetheless all provide evidence that 
altered reward-related activation patterns are frequently observed during 
adolescence (Bava and Tapert, 2010, Galvan, 2010).
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1.4 Cannabis

Cannabis is the most widely used illicit drug worldwide with an estimated 
125-203 million users (Degenhardt and Hall, 2012, UN Office on Drugs and 
Crime, 2009). The main psychoactive ingredient is A9-tetrahydrocannabinol 
(THC) (Gaoni and Mechoulam, 1964). Following its discovery and 
subsequent synthesis, attention turned towards its potential mechanisms of 
action within the brain (Gaoni and Mechoulam, 1964, Mechoulam et al., 
1967). Although it was initially thought that cannabinoids acted through a 
nonspecific membrane-associated mechanism, two receptors were later 
identified and cloned in the early 1990s (Matsuda et al., 1990, Munro et al., 
1993). Both receptors belong to the superfamily of G protein-coupled 
receptors (GPCRs) and are distributed in discrete locations throughout the 
body - with the CBl receptor highly expressed in the hippocampus, 
cerebellum and basal ganglia while the CB2 receptor is found on immune 
cells (Quickfall and Crockford, 2006, Cabral et al., 2008). Animal studies 
have demonstrated that THC administration increases reinforcement-related 
dopaminergic transmission, in line with other drugs of abuse (Gardner, 
2002, Tanda and Goldberg, 2003). A recent positron emission tomography 
(PET) study confirmed the same in humans by demonstrating striatal DA 
release following THC administration (Bossong et al., 2009).

1.4.1 Cannabis and Neurocognitive Effects

Several studies have demonstrated abnormalities in executive functioning in 
adult users with heavy cannabis use histories (Fletcher et al., 1996, Pope 
and Yurgelun-Todd, 1996, Solowij et al., 2002). However, whether such 
differences exist following cessation is unclear. Pope et al., 2001 
demonstrated that users differed from comparison subjects on 
neuropsychological tests but these differences were no longer apparent 
following 28 days of abstinence. Further to this. Grant et al., 2003 
conducted a meta-analysis of residual neurocognitive effects resulting from 
cannabis use and concluded that there were only very slight differences in 
the cognitive domain of learning. In contrast, Bolla et al., 2002 
demonstrated that heavy cannabis users continued to demonstrate
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cognitive deficits following 28 days of abstinence. Although inconsistencies 
persist, neuroimaging technology has allowed for any potential deficits in 
executive functioning to be explored.

Gruber and Yurgelun-Todd, 2005 utilized a Stroop task to probe response 
inhibition processes in a cohort of adult cannabis users. Users displayed 
greater mid-cingulate and bilateral DLPFC activation during inhibition trials 
compared to matched control subjects but did not display altered 
performance levels, suggesting that users recruited several region to 
achieve comparable performance. Gruber et al., 2012 reported similar 
results with users exhibiting increased activation of the anterior cingulate 
while completing a Multi-Source Interference Task. With cannabis being the 
most used illicit drug among adolescents, attention has also turned to how 
inhibitory control processes might be altered in this population (SAMHSA, 
2010). Tapert et al., 2007 reported that adolescents did not differ from 
comparison subjects on performance levels in a Go/No-Go task with users 
displaying increased recruitment of frontal, parietal and occipital regions. 
However, this adolescent group was abstinent at the time of participation 
which may have impacted upon results, as it has previously been 
demonstrated that abstinent and currently-using cocaine groups, as well as 
former smokers and current smokers, differ on performance and blood- 
oxygen-level-dependent (BOLD) activation during Go/No-Go tasks (Connolly 
et al., 2011, Nestor et al., 2011, Kaufman et al., 2003).

There has also been some neuroimaging research into reward processes 
within cannabis-using populations. Users have exhibited increased 
recruitment of the VTA when viewing cannabis-related pictorial cues, when 
compared to non-using controls (Cousijn et al., 2012, Filbey et al., 2009). 
However, in paradigms involving non-drug reward anticipation, users have 
demonstrated both hyper- and hypoactivation in the VS during the prospect 
of a financial reward, when compared to healthy controls (Nestor et al., 
2010, van Hell et al., 2010). The study reporting VS hypoactivation included 
a cigarette smoking group that exhibited similar levels of reduced activity 
suggesting that the effects may have been somewhat driven by tobacco 
usage (van Hell et al., 2010). The comparison subjects from the study
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reporting VS hyperactivation reported low tobacco usage measures, which 
were comparable to the cannabis users', suggesting that this altered 
activation pattern might be specific to cannabis usage. Consistent with this 
notion of hyperactivity within the reward system, cannabis users have 
previously exhibited increased sensitivity for small, but immediate rewards 
(Whitlow et al., 2004, Simons and Arens, 2007).

1.5 Tobacco

Tobacco is one of the most widely abused drugs in the world with recent 
estimates suggesting that there may be approximately 1.1 billion smokers 
worldwide, with an estimated 5 million deaths caused by tobacco each year 
(World Health Organization, 2011). In a classification scale of drugs of 
abuse, where factors for physical harm, social harm and dependence were 
incorporated, tobacco ranked behind heroin and cocaine as exhibiting the 
highest score for dependence potential - although all 3 drugs exhibited 
similar levels of psychological dependence and tobacco ranked just below 
heroin in terms of physical dependence (Nutt et al., 2007). This position is 
borne out by studies reporting low average levels (ranging from 5 to 15 %) 
of successful abstinence in cigarette smokers at 6 and 12-month follow up 
(Messer et al., 2008, Zhu et al., 2000).

Nicotine is considered to be the main addictive component within tobacco 
(De Biasi and Dani, 2011). At a cellular level, nicotine exerts its effects via 
stimulation of nicotinic acetylcholine receptors (nAChRs) - a group of 
ligand-gated receptors widely distributed throughout the brain that is 
closely linked to cholinergic signaling (Dani and Bertrand, 2007). By 
stimulating nAChRs on midbrain DA neurons, nicotine increases 
dopaminergic transmission in the central reward circuit between the VTA 
and VS (Corrigall, 1999). Acute nicotine administration has been 
demonstrated to lower intracranial self-stimulation thresholds and enhances 
DA release (Bauco and Wise, 1994, Rice and Cragg, 2004). Chronic 
exposure to nicotine results in an increase in the number of nAChRs in the 
brains of animal models which may act as a compensatory mechanism for
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nicotine-induced receptor desensitization (Dani and Heinemann, 1996, 
Govind et al., 2009).

1.5.1 Tobacco and Neurocognitive Effects

Investigations into tobacco addiction and its relationship with neurocognitive 
functioning have provided mixed results. In relation to response inhibition 
processes, studies have consistently demonstrated no performance 
differences between smokers and non-smokers during the completion of 
Go/No-Go and Stop-Signal tasks (Dinn et al., 2004, Monterosso et al., 
2005, Reynolds et al., 2007). A cohort of adolescent smokers demonstrated 
similar levels of performance and prefrontal activity to that of education- 
matched non-smokers in a Stop-Signal task (Galvan et al., 2011). In 
addition, acute administration of nicotine does not appear to affect 
inhibition-related processes (Bekker et al., 2005). However, a recent study 
assaying response inhibition ERPs in a Go/No-Go task incorporating 
smoking-related and neutral pictures revealed that smokers displayed 
reduced task-related ERR amplitudes and this was associated with poorer 
performance levels (Luijten et al., 2011). Further to this, Nestor et al., 2011 
reported that smokers demonstrated lower performance levels in a Go/No- 
Go task, in terms of both accuracy and reaction time, when compared to 
non-smoking controls and ex-smokers. These behavioural differences were 
accompanied by reductions in prefrontal activity in smokers during 
successful inhibitions. A notable result was that during commission errors, 
ex-smokers demonstrated heightened activation patterns in several regions 
including the right inferior and middle frontal gyri. This observation is of 
interest as a key component of successful abstinence may be an increased 
ability to monitor one's behaviour (Garavan and Stout, 2005).

Regarding neuroimaging studies of reward processes, David et al., 2005 
demonstrated that addicted smokers displayed greater VS activation to 
smoking-related cues compared to neutral images. However, a recent study 
reported that a cohort of smokers displayed similar VS BOLD signal to 
monetary and cigarette rewards (Buhler et al., 2010). This study included 
an occasional smoker group whose mesolimbic system only became
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activated to monetary rewards. This indicates that addicted smokers may 
possess hyperactive reward circuitry that attributes equivalent salience to 
different types of rewards. In support of this, Luo et al., 2011 reported that 
smokers exhibited increased VS activation to an immediate monetary 
reward compared to non-smokers. However, a recent study reporting 
hypoactivation in the VS of adolescent smokers during the prospect of a 
financial reward indicates that tobacco usage and the neurodevelopment of 
reward circuitry may be linked to one another (Peters et al., 2011).

1.6 Impulsivity

Impulsivity is a multidimensional construct that typically refers to actions 
made without sufficient forethought or consideration of their consequences 
(Evenden, 1999, Verdejo-Garcia et al., 2008). A range of measures exist to 
probe this trait including self-report measures of personality dimensions 
(e.g. Barratt Impulsiveness Scale (BIS), Patton et al., 1995; Eysenck 
Impulsiveness Questionnaire, Eysneck et al., 1985), laboratory measures of 
impulsive choice (e.g. Delay Discounting tasks where participants choose 
between an immediately available award and a later larger reward, Kirby 
and Marakovic, 1996), tasks assaying impulsive responses (e.g. Stop-Signal 
tasks where participants aim to countermand a motor response, Logan et 
al., 1984) and insufficient samplings of available information prior to 
making a decision (e.g. the Matching Familiar Figures Test, Kagan, 1966; 
Information Sampling Test, Clark et al., 2006).

While all measures claim to probe impulsivity, it is of interest to note that 
correlations between them tend to be poor (Dailey et al., 2011). Solanto et 
al., 2001 reported that performance levels from a Stop-Signal task and 
delay discounting measures did not significantly correlate. Similarly, Aichert 
et al., 2012 investigated the relationship between the BIS and several 
response inhibition paradigms and reported that only a small percentage of 
the variance associated with prepotent response inhibition could be 
explained by impulsivity scores obtained from the BIS. Finally, a recent 
study highlighted that measures of impulsive choice (Stop-Signal task) and
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impulsive action (an immediate and delayed memory task) did not correlate 
in both humans and rodent models (Broos et al., 2012). Thus, it appears 
that impulsivity may not be a unitary construct and instead is expressed at 
a behavioural level in different ways.

1.6.1 Impulsivity and Addiction

Despite the aforementioned lack of intercorrelations between measures, 
drug-addicted populations tend to show heightened impulsivity on a number 
of them. Studies investigating response inhibition processes and addiction 
have been previously discussed so will not be mentioned here. Greater 
discounting of delayed rewards, a measure of impulsive choice, has been 
observed in opiate-dependent individuals (Madden et al., 1997, Madden et 
al., 1999), current smokers compared with both never-smokers and ex
smokers of cigarettes (Bickel et al., 1999), cocaine abusers (Kirby and 
Retry, 2004), methamphetamine abusers (Monterosso et al., 2007), and 
individuals with early-onset alcoholism compared to those with late-onset 
alcoholism (Dom et al., 2006). Elevated impulsivity scores on self-report 
measures (e.g. BIS) have been demonstrated in cocaine-dependent 
individuals (Coffey et al., 2003, Moeller et al., 2004), heroin users (Kirby et 
al., 1999, Madden et al., 1997) and alcohol-dependent subjects (Mitchell et 
al., 2005).

Increased BIS scores have been negatively correlated with age of first 
cocaine use (Moeller et al., 2002) suggestive of high impulsivity 
predisposing early drug experimentation. Animal studies appear to support 
this notion of impulsivity representing a vulnerability marker. Dailey et al., 
2007 reported that a high impulsive group exhibited lower levels of striatal 
DA D2 receptor binding; a feature commonly associated with drug-addicted 
populations. High impulsive animals have also displayed rapid acquisition of 
drug self-administration and increased cocaine consumption (Perry et al., 
2005). Further to this, Stansfield and Kirstein, 2005 have also 
demonstrated that high impulsive adolescent rats exhibit a heightened 
striatal dopamine release to cocaine administration.
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This common observation of heightened impulsivity in drug-addicted 
populations has fuelled interest into whether impulsivity may precede drug 
use and potentially be a predisposing factor in the development of drug 
addiction (Verdejo-Garcia et al., 2008). Several studies support this notion 
with reports of impulsivity measures in 10-12 years old predicting 
subsequent drug use at age 19 and rates of disinhibitory behaviour at age 
11 predicting the age at which adolescents subsequently had their first drink 
(McGue et al., 2001, Tarter et al., 2003). A longitudinal study involving 
participants from early childhood (ages 3 to 5) through to late adolescence 
revealed that early behavioural control measures were a significant 
predictor of alcohol consumption in adolescence (Wong et al., 2006). As well 
as the initiation of early drug use, impulsivity appears to be an important 
factor in another aspect of addiction; the ability to be successfully abstinent.

Elevated scores on the BIS have been shown to predict poorer treatment 
outcomes (Moeller et al., 2001, Patkar et al., 2004). During abstinence, the 
ability to control one's impulses might be important in the suppression of 
drug seeking behaviour. A recent study involving cigarette smokers 
supports this view as it was demonstrated that practising small acts of self- 
control significantly improved abstinence rates (Muraven, 2010). 
Engagement of the PFC might be a key factor in controlling these impulses 
with activation patterns in this region being highly predictive of successful 
treatment outcomes in a treatment-receiving cohort of cocaine users 
(Brewer et al., 2008). Other fMRI studies support this notion with abstinent 
cocaine users and ex-smokers exhibiting hyperactivity in prefrontal regions 
during tasks probing response inhibition processes (Connolly et al., 2011, 
Nestor et al., 2011). With impulsivity appearing to be frequently implicated 
in various stages of addiction, it is noteworthy that no clear neural circuitry 
underlying behavioural impulsivity has been identified.

1.6.2 Theoretical Model of Impulsivity

One proposition is that impulsivity might stem from the interactions 
between two systems: a reward system, involving the VS, that attributes
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salience to various stimuli and a prefrontal-centred control system that 
modulates behaviour and the maintenance of goals. Impulsivity might arise 
in situations where there is an excessive incentive motivation drive and/or 
when there are disruptions in the control system altering its ability to 
regulate behaviour. There appears to be a gap in the current literature 
regarding the exploration of this putative relationship. Studies involving 
emotion regulation have identified altered activation patterns in prefrontal 
and striatal regions prior to the receipt of a reward (Delgado et al., 2008, 
Staudinger et al., 2011). Another study also reported an increased negative 
correlation between the RFC and VS when participants selected in favour of 
a long-term goal over a more immediate reward (Diekhof and Gruber, 
2010). These few fMRI studies illustrate that relatively little research has 
taken place into how these systems may contribute to impulsivity. One 
potential way of assaying this relationship is to combine elements of 
paradigms known to activate either system and thus, create a scenario 
where they interact with one another. Not only would this allow for the 
assessment of the relationship between impulsivity and the reward and 
control systems, but it would also allow for separate activation measures for 
these processes to be recorded. With drug-addicted populations tending to 
show alterations in response inhibition, reward-related and various 
impulsivity-associated processes, such a novel paradigm would be useful in 
the examination of aberrant cognitive functioning on a number of levels.
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Chapter 2 Response Inhibition and Elevated 

Parietal-Cerebellar Correlations in Chronic 

Adolescent Cannabis Users.

2.1 Abstract
The ability to successfully inhibit an inappropriate behaviour is a crucial 
component of executive functioning and its impairment has been linked to 
substance dependence. Cannabis is the most widely used illicit drug in 
adolescence and, given the accelerated neuromaturation during 
adolescence, it is important to determine the effects of cannabis use on 
neurocognitive functioning during this developmental period. In this study, 
a cohort of adolescent heavy cannabis users and age-matched non- 
cannabis-using controls completed a Go/No-Go paradigm. Users were 
impaired in performance on the task but voxelwise and region-of-interest 
comparisons revealed no activation differences between groups. Instead, an 
analysis of correlation patterns between task-activated areas revealed 
heightened correlation scores in the users between bilateral inferior parietal 
lobules and the left cerebellum. The increased correlation activity between 
these regions was replicated with resting state fMRI data and was positively 
correlated with self-reported, recent cannabis usage. The results suggests 
that the poorer inhibitory control of adolescent cannabis users might be 
related to aberrant connectivity between nodes of the response inhibition 
circuit and that this effect is observable in both task-induced and intrinsic 
correlation patterns.
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2.2 Introduction
The potential deleterious effects of cannabis on the maturing adolescent 
brain (and consequently the adult brain) has been a major focus of concern 
in recent years, due in part to the link between cannabis use and an 
increased risk of psychotic outcomes (Moore et al., 2007, Semple et al., 
2005, Smit et al., 2004). While such links have been established, the full 
impact of cannabis use upon neurocognitive functioning remains 
unresolved. In adult users, evidence points to impaired learning and 
memory (Solowij et al., 2002) but whether such deficits persist after 
prolonged abstinence is still unclear (Pope et al., 2001). However, 
adolescence may be a critical time period for long-lasting disruptions to 
neurocognitive functioning as cessation of use did not reverse IQ decline 
observed in a cohort of adolescent-onset cannabis users (Meier et al., 
2012).

Adolescence is defined as the gradual transition from childhood to adulthood 
and is accompanied by brain maturation processes such as cortical thinning, 
synaptic reorganization and myelination of white matter tracts (Crews et al., 
2007, Giedd et al., 1999, Gogtay et al., 2004, Somerville et al., 2010). The 
endocannabinoid system appears to be involved in such development due to 
its regulatory role in neurotransmitter release, particularly the 
glutamatergic and GABAergic systems (Bossong and Niesink, 2010). The 
main psychoactive ingredient in cannabis is A-9-tetrahydrocannabinol (THC) 
which acts as an agonist at the endocannabinoid CBl and CB2 receptors 
(Quickfall and Crockford, 2006). CBl receptors are highly expressed in 
distinct brain regions - most notably, the cerebellum, basal ganglia and the 
hippocampus - while CB2 receptors tend to be located on immune cells 
throughout the body (Cabral et al., 2008). Cannabis is the most popular 
illicit drug among adolescents (Hibell et al, 2012, SAMHSA, 2010) which, in 
light of the role of the endocannabinoid system in the maturation of the 
brain during adolescence (Bossong and Niesink, 2010), raises significant 
public health concerns of cannabis's impact upon neurocognitive 
functioning.
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Response inhibition, the ability to suppress an inappropriate behaviour, is a 
crucial executive function whose development appears to run parallel to the 
maturation of the brain (Luna et al., 2001, Luna and Sweeney, 2004, 
Williams et al., 1999). Successful response inhibition involves the 
recruitment of several brain regions including medial, inferior frontal, 
cerebellar and parietal cortices (Caravan et al., 1999, Rubia et al., 2001). 
Deficits in such control have been linked to the initiation and continuation of 
substance abuse (Verdejo-Garcia et al., 2008, Whelan et al., 2012) and 
have been shown to predict future drug dependence in a cohort of 
adolescents from families with a history of substance abuse (Nigg et ai., 
2006).

Studies probing inhibitory control in adult cannabis users have 
demonstrated altered activation patterns. Gruber and Yurgelun-Todd, 2005 
reported greater mid-cingulate and bilateral dorsolateral prefrontal cortex 
(DLPFC) activation in chronic adult users while completing a modified Stroop 
task. Following on from this, Gruber et al., 2012 utilized a multi-source 
interference task, an assay of inhibitory processing, and found that users 
who started smoking cannabis at an earlier age displayed increased 
cingulate activation but reduced performance levels compared to later-onset 
smokers. Early onset of cannabis use also appears to impact upon brain 
structure with users who initiated smoking cannabis before the age of 17 
displaying reduced cortical grey matter (Wilson et al., 2000).

Previous studies investigating inhibitory processing in cohorts of adolescent 
cannabis users have provided mixed results. Tapert et al., 2007 reported no 
significant behavioural differences between a group of users and non-using 
controls when completing a Go/No-Go paradigm. Users appeared to recruit 
more frontal, parietal and visual areas (as evidenced by increased blood 
oxygen level dependency (BOLD) response in these regions) on No-Go 
trials. However, No-Go trials were not split in accordance with participant 
behaviour so whether the reported activation differences were driven by 
activation on successful inhibition trials, commission error trials, or both is 
uncertain. In addition, this study tested users who were 28 days abstinent 
at the time of scanning. Such abstinence may have influenced activation
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patterns as it has previously been shown that recently abstinent cocaine 
users display increased prefrontal, cerebellar and cingulate activation during 
successful inhibitions on the same Go/No-Go task on which current cocaine 
users tend to perform poorer and display reduced recruitment of several 
regions including the midcingulate (Connolly et al., 2011; Kaufman et al., 
2003).

A more recent study by Smith and colleagues did examine response 
inhibition in currently-using adolescent cannabis users (Smith et al., 2011). 
Here, neither behavioural differences nor between-group functional 
magnetic resonance imaging (fMRI) activation differences (that survived co
varying for nicotine/alcohol use) were reported but BOLD activation in 
thalamic, premotor and middle frontal regions was observed to increase 
with increased self-reported cannabis use. The absence of activation 
differences may seem surprising, given the evidence of poor inhibitory 
control in adolescents and in adult cannabis users, as outlined above. 
However, differential activation amplitudes may not be the best marker of 
functional alterations but rather, more subtle differences in inter-regional 
connectivity within the developing adolescent brain may be at play. A recent 
study in adult cannabis users, completing a task probing cognitive control, 
underlines the importance of assessing such connectivity: In the absence of 
differences in activation amplitude, users exhibited increased frontoparietal 
functional connectivity as cognitive control demands increased, which may 
have enabled them to perform at a level comparable to non-using controls 
(Harding et al., 2012). Here, we examine differences in inhibitory 
processing between a cohort of adolescent cannabis users and non- 
cannabis-using controls while completing a Go/No-Go task, previously 
demonstrated to reliably activate response inhibition circuitry (Garavan et 
al., 2002). We assay inter-regional correlations patterns during performance 
of the task and, additionally, we assess intrinsic correlations using resting 
state fMRI data.
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2.3 Methods

2.3.1 Participants
Seventeen current cannabis users (1 female, mean age: 16.5, range 15 - 
18) and 18 comparison subjects (1 female, mean age: 16.1, range 14-19) 
took part in the experiment. Participants were screened for no history of 
neurological/psychiatric illness or any past loss of consciousness which 
required hospitalization. All participants were right-handed. Users were 
recruited from several drug treatment centres in Dublin, Ireland and were 
being treated for cannabis dependency at the time of scanning. Users were 
asked to refrain from smoking the night before the scan so as to avoid the 
potential confounding effects of acute intoxication. All participants gave 
informed consent and the study was approved by the School of Psychology 
in Trinity College Dublin. All participants provided a urine sample which 
tested for the presence of THC, methadone, benzodiazepines, cocaine, 
amphetamines, opiates, barbiturates and tricyclic antidepressants (Triage® 
Drugs of Abuse Panel, Inverness Medical UK Limited). Comparison subjects 
were recruited through university mailing lists. Within this control group, 4 
had reported previous minimal usage of cannabis. Of these, three had 
reported smoking cannabis in the preceding month, each having smoked an 
average of 3 joints during this time period. Altogether, their averaged 
estimated lifetime usage was 13 joints.

2.3.2 Questionnaires
The word reading subtest from the wide range achievement test 4 (WRAT 4) 
(Wilkinson GS, 2006) was administered to all participants, and subsequently 
standardized in accordance with participant age. The DASS (short form), a 
21 item self-reported questionnaire was completed by all participants to 
assess mood during the week prior to participation (Lovibond, 1995, 
Lovibond and Lovibond, 1995). Participants also completed the NEO five 
factor personality scale inventory designed to give measures of the five 
personality domains: neuroticism, extraversion, openness to experience, 
agreeableness, and conscientiousness (Costa and McCrae, 1992). Current 
and overall drug use history was assessed in both groups via the completion

25



of a 28-day drug use time-line follow back calendar and a general drug use 
questionnaire (Hibell et al., 2003). Drug dependence and abuse for the 
cannabis-using group were assessed with modules taken from the WHO 
CIDI-SF, which is based on diagnostic criteria from the Diagnostic and 
Statistical Manual on Mental Disorders version IV (Kessler et al., 1998). 
Relevant questionnaires are located in Appendix A. One participant from the 
cannabis-using group did not complete all questionnaires.

2.3.3 Stimuli and Behavioural Protocol

Go/No-Go Task
Participants completed a Go/No-Go paradigm that has previously revealed 
differences in BOLD activation in cocaine, ecstasy and cigarette users 
(Kaufman et al., 2003, Nestor et al., 2011, Roberts and Garavan, 2010). 
Participants were presented with a stream of alternating X and Y letter 
stimuli and were instructed to respond to each letter stimulus when the 
letters alternated e.g. 'XYXYXY' but to withhold their response if the 
stimulus presentation was repeated e.g. 'XX' (see Figure 2.1).

r
Respond Inhibit Response

Figure 2.1: Go/No-Go task. Participants were instructed to make singie 
keypress responses to the ietters X and Y when they aiternated but withhoid 
their response when a ietter was repeated. Stimuli were presented at a rate 
of 1 Hz. Participants completed two runs of the task, each lasting 264s and 
comprising of 225 Go trials intermixed with 25 No-Go trials.

Participants completed two runs of the task. Each run lasted 264 s and 
consisted of 225 Go trials intermixed with 25 No-Go trials with stimuli being
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presented at 1 Hz. Successful inhibitions and commission errors (when 
participants were unable to withhold their prepotent response) to No-Go 
trials were recorded. The experiment was programmed and run using 
Presentation software® (Version 14.1, www.neurobs.com').

2.3.4 Imaging Parameters
Scanning was conducted on a Philips Intera Achieva 3.0 T MR system (Best, 
The Netherlands). A coil-mounted mirror reflected a 800 x 600 pixel display 
that was projected onto a panel behind the participant's head outside the 
magnet.

An initial reference scan allowed for the resolution of sensitivity variations. 
All imaging utilised a parallel sensitivity encoding (SENSE) approach with a 
reduction factor of 2 (Pruessmann et al., 1999).

180 high-resolution Tl-weighted anatomic MPRAGE transverse images (FOV 
230mm, thickness 0.9mm, voxel size 0.9x0.9x0.9) were then acquired 
(total duration 343 s) to allow subsequent activation localization and spatial 
normalization.

39 non-contiguous (0.35 mm gap) 3.5 mm transverse slices covering the 
entire brain were acquired using a T2* weighted echo-planar imaging 
sequence (TR=2000ms, TE=30ms, FOV 224 mm, 64x64 matrix size in 
Fourier space). Functional scans had a total duration of 264 s per run. The 
resting state acquisition was identical but had a total duration of 420s. 
Participants were instructed to rest with their eyes open during this scan.

2.3.5Go/No-Go Task Time-series analysis
fMRI data analyses were conducted using AFNI software (Cox, 1996; 
http://afni.nimh.nih.gov/afni). Data were corrected for slice time acquisition 
and motion-corrected using 3-D volume registration (least-squares 
alignment of three translational and three rotational parameters). The two 
runs of the task were concatenated and edge detection algorithms removed 
activation outside of the brain.
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General linear modelling analysis involved estimating activation measures 
for timepoints when participants successfully inhibited their prepotent 
response (STOPs) and when participants failed to do so (ERRORs). Distinct 
event-related haemodynamic response functions at 2s temporal resolution 
were calculated using deconvolution techniques. The haemodynamic 
response functions were then modelled voxelwise with a gamma-variate 
function using non-linear regression (Murphy and Garavan, 2005). An area- 
under-the-curve measure of the gamma-variate model was expressed as a 
percentage of the tonic baseline activity and served as the activation 
measure for these event-related responses. These activation maps were 
warped into standard Talairach space (Talairach and Tournoux, 1988) and 
spatially smoothed with a 4.2 mm full-width at half-maximum isotropic 
Gaussian kernel.

Separate, between-groups, voxelwise f-tests were then conducted for 
STOPS and ERRORS. For all analyses, significant voxels passed a voxelwise 
statistical threshold (t=3.01, p<0.005) and were required to be part of a 
larger 277 pi cluster of contiguous voxels to arrive at a cluster-level 
threshold of p<0.05, corrected. A series of Monte Carlo simulations (1000 
iterations) were performed to determine cluster sizes. Voxelwise f-tests 
covarying for recent nicotine use (number of cigarettes smoked in preceding 
week and month) were also performed with a covariate detailing nicotine 
usage entered into the voxelwise f-test.

The voxelwise analyses were supplemented by a region-of-interest analysis. 
A one-sample f-test, including the combined participants of both groups, 
tested STOP condition activation against the null hypothesis of zero 
activation change. This f-test identified a response inhibition network and 
defined the STOP-related regions of interest (ROIs). Significant voxels 
passed a voxelwise statistical threshold (t=4.64048, p<0.00005) and were 
required to be part of a larger 65 pi cluster of contiguous voxels to arrive at 
a cluster-level threshold of p<0.01, corrected (a more stringent threshold 
was used given the added statistical power of the combined groups and 
yielded separate non-contiguous clusters for subsequent functionally-
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defined region of interest analysis). Peak voxels were identified within the 
22 clusters that resulted and 8mm radius spheres around these peak voxels 
were created.

To examine connectivity within this response inhibition network, correlation 
matrices for each subject were calculated for the averaged time-series from 
the 22 ROIs. We conducted an exploratory analysis (with subsequent 
corroboration from resting-state data, described below) to identify networks 
of regions whose averaged connectivity (average of all pairwise 
correlations) differed between the groups. All possible sets of 2, 3, 4 and 5 
regions were constructed, average pairwise correlations were calculated for 
the set of regions for each participant, and between-group t-tests on this 
average were performed. Having identified networks that passed between- 
group t-test of p<0.001 threshold, intrinsic connectivity patterns within 
these networks were then assessed.

2.3.6 Resting State fMRI Data Analysis
RSFC preprocessing was performed using a combination of AFNI and FMRIB 
Software Library (FSL) (http://www.fmrib.ox.ac.uk/fsl/) and was based on 
the processing pipeline of the 1000 Functional Connectomes Project (Biswal 
et al., 2010) (http://www.nitrc.org/projects/fcon_1000). Preprocessing 
consisted of slice time correction, 3D motion correction, removal of time 
series outliers, spatial smoothing using a 6 mm FWHM Gaussian kernel, 
mean-based intensity normalization (in 4D), bandpass temporal filtering 
(0.009 - 0.1 Hz), and removal of linear and quadratic trends. Each 
participant's high-resolution anatomical image was registered to standard 2 
X 2 X 2 mm MNI space by first using FLIRT (linear affine transformation) 
(Jenkinson and Smith, 2001, Jenkinson et al., 2002) then further refined 
using the FNIRT non-linear transformation (Andersson et al., 2007). The 
preprocessed data of each participant were regressed on eight nuisance 
covariates including the averaged signal from white matter and 
cerebrospinal fluid and the six motion parameters in order to control for 
motion and other physiological fluctuations (Kelly et al., 2008). The average 
resting-state time-series were extracted for the 22 ROIs of the response
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inhibition network and correlation matrices were calculated for each 
participant in a similar fashion to the methods outlined above for the 
functional data.

2.3.7 Statistical Analysis
Behavioural data were analysed with the statistical package SPSS (version 
16). Demographic information was compared with independent samples t- 
tests and Mann-Whitney U tests, where appropriate. Independent samples 
t-tests were used to compare accuracy (% successful inhibition), omission 
rates and reaction times. Bivariate correlations assessed the relationship 
between recent drug usage and fMRI inter-regional correlation scores.

2.4 Results

2.4.1 Demographics
Demographics are reported in Table 2.1. All participants in the cannabis
using group provided urine samples that tested positive for cannabinoid 
metabolites but not for any other drugs. Groups significantly differed 
(t(33)=2.938, p<0.01) on intellectual ability (as measured by the word 
reading section from the WRAT 4) with cannabis users displaying lower 
scores. Cannabis users also exhibited higher scores for current levels of 
stress (t(32)=2.204, p<0.05) and anxiety (t(32)=2.228, p<0.05) as 
indexed by the Depression Anxiety Stress Scales (DASS).

Self-reported drug use for both groups is reported in Table 2.2. Regarding 
alcohol, groups only differed on the age at which they first consumed a beer 
(U(32)=68, Z=2.655 p<0.01). In relation to nicotine, the cannabis-using 
group contained more smokers and these had smoked more cigarettes in 
the week (U(32)=20, Z=4.577, p<0.001) and month prior to participation 
(U(32) = 21.5, Z=4.490, p<0.001).
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Table 2.1: General Demographics. Values are expressed as averages (± 
standard error of the mean). The p-value column Indicates whether groups 
significantly differed in values.

Item Cannabis Controls p-value

Age 16.5 (± 0.2) 16.1 (± 0.4) 0.402

WRAT Reading 100.1 (± 2.4) 113.7 (± 3.8) 0.006

Subtest Score

DASS

Depression 8.1 (± 2.4) 3.4 (± 1.3) 0.095

Stress 13.1 (± 2.4) 6.7 (± 1.6) 0.033

Anxiety 12.7 (± 2.3) 6.5 (± 1.5) 0.035

NEO-FFI

Agreeableness 24.3 (± 1.2) 31.4 (± 1.4) 0.001

Conscientiousness 24.3 (± 1.6) 32.1 (± 1.2) 0.001

Extroversion 27.0 (± 1.5) 29.7 (± 1.2) 0.193

Neuroticism 20.6 (± 1.2) 19.8 (± 1.9) 0.737

Openness 26.7 (± 1.4) 26.9 (± 1.2) 0.920
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Table 2.2: Drug Use Information. Values are expressed as averages (± 

standard error of the mean). The p-value column indicates whether groups 

significantly differed in values.

Drug Item Cannabis Controls p-value

Alcohol

Age of First Beer 12.1 (± 0.2) 14.8 (± 0.3) 0.008

Age of First Wine 13.1 (± 0.4) 15.1 (± 0.4) 0.626

Age of First Alcopop 13.1 (± 0.4) 15.1 (± 0.4) 0.294

Age of First Spirits 13.6 (± 0.3) 15.7 (± 0.4) 0.635

Occasions of use (last week) 1.4 (± 0.3) 1 (± 0.3) 0.434

Occasions of use (last month) 4.8 (± 0.8) 2.5 (± 0.8) 0.073

Nicotine

Age of First Use 12.2 (± 0.3) 14.2 (± 0.6) 0.153

Occasions of use in last week 36.6 (± 5.7) 5.06 (± 3.3) <0.001

Occasions of use in last month 51.9 (± 4.4) 6.9 (± 4.2) <0.001

Cannabis

Age of onset of use 13 (± 0.2) 16 (± 0.3) 0.003

Average amount of cannabis used in 42.9 (± 9.7) 0.1 (± 0.09) <0.001

last week (# of joints)

Average amount of cannabis used in 178.4 (± 38) 0.5 (± 0.4) <0.001

last 30 days (# of joints)

Estimated lifetime use of cannabis (#

of joints)

4168.1

i± 1113.7)

2.9 (± 1.7) <0.001

Estimated lifetime occasions of

other drug use

Amphetamine 1.1 (± 0.9) 0

Cocaine 11.5 (± 5.05) 0

Ecstasy 21.6 (± 6.1) 0

GHB 1.4 (± 0.3) 0

Hallucinogens 2.3 (± 1.03) 0.08 (± 0.08)

Inhalants 2.9 (± 1.9) 0.08 (± 0.08)

Ketamine 1.7 (± 0.9) 0

LSD 3.1 (± 1.9) 0

Narcotics 4 (± 3.7) 0

Tranquilisers 9 (± 5.01) 0
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2.4.2 Performance Results
Cannabis-using adolescents performed significantly worse on this task with 
lower numbers of successful inhibitions (t(33)=2.275, p<0.05; see Table 
2.3). There were no significant between-group differences on Go reaction 
time (t(33) = 1.024, p=0.313), No-Go reaction time (t(33) = 1.671,
p=0.104), and rates of omissions on Go trials (t(33) = 1.412, p=0.167). 
Subsequent analysis of covariance (ANCOVA) analyses revealed that WRAT 
reading subtest scores, tobacco usage in the preceding week and month, 
and self-reported depressive and anxiety symptoms were not correlated 
with performance measures.

Table 2.3: Performance levels In Go/No-Go Task. Values are expressed as 
averages (± standard error of the mean). The p-value column indicates 
whether groups significantly differed in values.

Performance levels Cannabis Controls p-value

Accuracy (% successful inhibitions) 36.1 (± 3.2) 50.2 (± 5.1) 0.03

Omission Rates (% omissions) 6.9 (± 1.7) 3.9 (± 1.2) 0.167

Go Reaction time (msec) 290.7 (± 7.3) 303.1 (± 9.5) 0.313

No-Go Reaction Time (msec) 287 (± 10.8) 266 (± 6.7) 0.104

2.4.3 FMRI Results
A voxelwise t-test revealed two regions that displayed increased activity in 
the control group. However, their locations were in the right [20, 27, 24] 
and left [-21, 16, 22] white matter tracts adjacent to the anterior cingulate 
(encompassing the forceps major and anterior thalamic radiation) and are 
thus unlikely to reflect meaningful differences in the neural circuitry 
underlying response inhibition. When a less conservative threshold 
(p<0.001, uncorrected) was set, the regions that differed in activation 
remained as above. To confirm the apparent lack of between-group 
differences in regions associated with response inhibition, a region-of- 
interest (ROI) approach was then adopted where we identified 22 ROIs 
which exhibited significant activation across all participants (p<0.01,
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corrected) during successful inhibition. These regions included frontal, 
parietal and cerebellar areas (Table 2.4).

The groups did not differ significantly in the averaged activation of any of 
these 22 ROIs. Correlations between the time-series of these 22 ROIs were 
calculated per subject and exploratory analyses revealed two sets of 
regions, each comprised of three regions, that differed between groups 
(p<.001; uncorrected for the total number of sets tested). The first network 
was comprised of left and right inferior parietal lobule and the left tuber of 
the cerebellum and the second was comprised of the right inferior frontal 
gyrus and the aforementioned left parietal and left cerebellar regions 
(Figure 2.2). These networks exhibited increased correlation scores in 
cannabis users compared to controls.
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Table 2.4: Response Inhibition Activations. Regions-of-Interest (ROIs) were 
created from a one-sample t-test of the STOP activation condition against 
the null hypothesis of zero activation change. Positive values for x, y and z 
Talairach co-ordinates identify the centre of mass of each ROI and denote, 
respectively locations that are right, anterior and superior relative to the 
anterior commissure. The p-value column indicates whether the groups 
significantly differed in mean intensity values in each ROI. These ROIs were 
used for the inter-regional correlational analyses.

Structure Hemisphere Brodmann

Area

X Y Z P-
value

Frontal

Inferior Frontal Gyrus Right 47 50 18 0 0.41

Inferior Frontal Gyrus Left 10 -42 56 1 0.81

Inferior Frontal Gyrus Left 47 -52 22 3 0.34

Medial Frontal Gyrus Right 10 2 48 13 0.81

Middle Frontal Gyrus Right 46 44 43 29 0.53

Middle Frontal Gyrus Right 6 44 6 52 0.72

Middle Frontal Gyrus Right 8 41 30 44 0.58

Superior Frontal Gyrus Left 8 -18 51 41 0.85

Superior Frontal Gyrus Left 6 -12 24 59 0.63

Cingulate Gyrus Right 32 3 29 28 0.84

Cingulate Gyrus Left 24 0 -23 36 0.3

Cingulate Gyrus Right 31 2 -49 26 0.92

Temporal

Insula Right 13 43 15 1 0.77

Insula Left 13 -38 6 3 0.59

Middle Temporal Gyrus Right 21 65 -43 -9 0.59

Middle Temporal Gyrus Right 21 53 4 -29 0.21

Middle Temporal Gyrus Left 21 -67 -35 -1 0.74

Striatum

Lentiform Nucleus Right 25 -11 4 0.85

Parietal

Inferior Parietal Lobule Right 40 45 -53 54 0.57

Inferior Parietal Lobule Left 39 -50 -65 39 0.95

Cerebellum

Tuber Left -40 -73 -29 0.3

Culmen Right 18 -40 -24 0.35
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Figure 2.2: Both a Frontal-Parietal-Cerebellar (yellow) and a Parietal- 
Cerebellar (blue) network exhibited increased correlation patterns in 
cannabis users during a Go/No-Go task. Users also demonstrated increased 
correlation patterns in the Parietal-Cerebellar network while at rest.

Resting state fMRI data were utilized to examine the connectivity of these 
two sets of regions in the resting state. One of these sets, the bilateral 
parietal and cerebellar network, showed significantly heightened correlation 
patterns in the cannabis-using group (p<0.01) while the second set, frontal- 
parietal-cerebellar, did not (p<0.42). This result corroborates the findings 
of the exploratory analysis of task-related regions while also extending the 
observation from task-based to intrinsic patterns of correlations in cannabis 
users in the bilateral parietal and cerebellar network.
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Finally, correlations between the task and resting connectivity of this 
parietal-cerebellar network and self-reported measures of cannabis use 
were conducted. Positive correlations were found between the network's 
average correlation score and the amount of recent cannabis use in the 
week (r=0.49, p<0.05) and the month (r=0.56, p<0.02) prior to scanning. 
As cannabis users significantly differed from controls on their cigarette 
consumption, partial correlation analyses, in which recent cigarette usage 
was controlled for, revealed that both weekly (r=0.49, p=0.05) and monthly 
(r=0.54, p=0.03) cannabis usage still significantly correlated with this 
heightened connectivity. Including recent nicotine usage in the 
aforementioned voxelwise and ROI approaches did not alter the significance 
levels of any of the results.

2.5 Discussion
When performing a Go/No-Go task that probed inhibitory control, 
adolescent cannabis users, relative to controls, showed increased 
correlations between parietal and cerebellar regions. This effect was 
replicated in resting state fMRI data acquired during the same session 
indicating that the significant correlation pattern between the parietal and 
cerebellar regions was not solely a response to a particular task demand but 
may, instead, reflect an intrinsic feature of the connectivity of the 
adolescent cannabis user's brain. Finally, these differences at rest were 
linked to cannabis usage as self-reported usage amounts in the week and 
month prior to participation positively correlated with this heightened 
connectivity.

Previous studies examining response inhibition processes in chronic 
cannabis users - both in adults and in adolescents - have largely focused 
on examining differences in activation amplitudes, with users tending to 
exhibit increased patterns of activity (Gruber and Yurgelun-Todd, 2005, 
Tapert et al., 2007, Gruber et al., 2012). These heightened activations were 
observed in the absence of group differences in performance, although 
Abdullaev et al., 2010 reported that adolescent cannabis users had 
increased recruitment of the right prefrontal cortex during a task probing
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attentional control but yet failed to achieve similar performance levels 
compared to drug-naive controls. On the whole, it appears that cannabis 
users often achieve comparable performance levels to controls through an 
increased engagement of task-related neural regions. In many regards, the 
present results are consistent with the hypothesis that users need to 
activate more in order to perform at a comparable level to controls: Here, 
users did not activate more and performed worse than controls.

Recently, the importance of probing inter-regional connectivity differences 
has been underscored by findings that adult cannabis users display 
increased functional connectivity between frontal and occipitoparietal 
cortex, in the absence of activation amplitude differences, as the cognitive 
control demands of a paradigm increase (Harding et al., 2012). Here, a 
similar approach was adopted whereby patterns of activity between task- 
defined regions (regions that exhibited significant activity during the stop 
condition of the Go/No-Go paradigm) were correlated. This approach 
yielded two networks (one comprised of a right frontal gyrus, left inferior 
parietal lobule, and left vermis of the cerebellum; the other included the 
same left parietal and left cerebellar regions, as well as a right inferior 
parietal lobule area) displaying increased correlation patterns in adolescent 
cannabis users during the task. Our results are similar to previous findings 
of heightened frontal-parietal functional connectivity displayed by cannabis 
users (Harding et al., 2012). However, while Harding et al., 2012 reported 
frontal-parietal hyperconnectivity to be accompanied by similar performance 
levels as controls, the cohort of users in the present study demonstrated 
significantly more errors of commission. Thus, it appears that during the 
completion of the Go/No-Go task, the increase in correlated activity 
between the parietal, bilateral cerebellar and right frontal regions may have 
been somewhat disadvantageous.

A potentially unfavourable over-reliance on the cerebellum during cognitive 
tasks has been previously demonstrated in cocaine users (Hester and 
Garavan, 2004). While completing a task probing inhibitory control coupled 
with additional, incremental working memory demands, cocaine users 
exhibited increased recruitment of a left cerebellar area as the requirements
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of the task steadily increased. In spite of this increased engagement of the 
cerebellum, users still demonstrated poorer performance levels. In contrast, 
Desmond et al., 2003 reported that alcohol-dependent subjects 
demonstrated increased activation of the right cerebellum, as well as the 
left prefrontal cortex, during a working memory task and maintained similar 
performance levels to controls. These findings suggest that the cerebellum 
might compensate when other task-related regions are not engaged. In our 
analysis of correlation patterns during the Go/No-Go paradigm, at a more 
liberal threshold (p<0.01), we identified lower correlation scores within the 
cannabis-using group between networks comprising right inferior frontal and 
right middle frontal gyri. The right inferior frontal gyrus has been repeatedly 
shown to be crucial for successful response inhibition (Aron et al., 2003, 
Chambers et al., 2006, Garavan et al., 1999, Whelan et al., 2012). Thus, 
the tighter coupling between the cerebellum and fronto-parietal cortex may 
reflect compensation for reduced prefrontal control. As noted however, the 
adolescent cannabis users in the present study did not show increased 
activity in the cerebellum, only increased correlations with fronto-parietal 
cortex, and they performed worse than controls. Thus, with CBl receptors 
highly expressed in the cerebellum and previous reports indicating that 
cerebellar-mediated processes such as eyeblink conditioning are disrupted 
in young adult cannabis users, any putative compensatory mechanism 
involving the cerebellum may be disrupted by heavy cannabis use (Quickfall 
and Crockford, 2006, Skosnik et al., 2008).

Having identified differences in task-dependent neural circuitry, an 
independent measure - resting state fMRI data which examines low 
frequency fluctuations in the BOLD signal (Lee et al., 2012) - was then 
employed to examine whether altered inter-regional correlations were an 
intrinsic feature of the brain. Correlation analyses revealed that one of the 
previously identified networks - comprising the right and left inferior 
parietal lobules and left vermis of the cerebellum - once again displayed 
heightened correlation patterns in the adolescent cannabis-using group and 
this was positively correlated with recent cannabis usage. No resting state 
fMRI studies relating to adolescent cannabis usage have been published, to 
our knowledge. However, cerebral blood volume measures, taken at rest,
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have been recorded in adult cannabis users following cessation of use 
(Sneider et al., 2006, Sneider et al., 2008). At day 0 and following seven 
days of abstinence, users exhibited increased blood volume differences in 
frontal, temporal and cerebellar areas. However, following 28 days of 
abstinence, only a left temporal area and the cerebellum still displayed 
increased blood volume rates in users. Such long-lasting cerebellar 
alterations have been supported by previous structural imaging work 
demonstrating increased grey matter vermis volumes in adolescent 
cannabis users following one month of abstinence (Medina et al 2010). 
Similar differences in cerebellar structure in adult users have also been 
noted (Cousijn et al., 2012). It also appears that development of the 
cerebellum is not as heavily determined by genes as are other brain regions 
and thus this structure may be particularly vulnerable to environmental 
conditions (Wallace et al., 2006). Future research might address the extent 
to which increased parieto-cerebellar connectivity in adolescent cannabis 
users has a neuroanatomical structural basis, persists into abstinence or 
indeed is predictive of long-term neurocognitive abilities.
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Chapter 3 Reduced Activation during the Prospect 
of a Financial Loss in Chronic Adolescent Cannabis 
Users

3.1 Abstract
Adolescence is a time of considerable neuromaturation which may result in 
altered cognitive functioning related to the processing of reward-related and 
aversive stimuli. Most substance use disorders also tend to originate from 
drug experimentation during this time period, but the current literature on 
whether drug users show differences in the processing of reward-related 
and aversive stimuli is unclear. With cannabis being the most popular illicit 
drug of choice among adolescents, we investigated whether processing of 
these stimuli is potentially altered in users. For this purpose, we utilized a 
monetary incentive delay (MID) task which contained cue periods indicating 
the prospect of a financial reward or a financial loss. Performance levels 
were comparable, with the exception of the cannabis-using group displaying 
significantly longer reaction times during the prospect of financial loss. 
Functionally, cannabis users displayed reduced BOLD signal in an occipital 
and a dorsal caudate region while anticipating a financial reward. During the 
prospect of a financial loss, cannabis users displayed less activation in 
bilateral middle temporal gyrus, parahippocampal gyrus, and bilateral left 
middle frontal gyrus regions. These results suggest that the function of 
structures implicated in the processing of reward and aversive stimuli are 
impacted upon by cannabis usage during adolescence.
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3.2 Introduction
The neural circuitry supporting reward processing primarily includes the 
orbitofrontal cortex (OFC), medial prefrontal cortex (mPFC), and the dorsal 
and ventral portions of the striatum (Delgado, 2007, Haber and Knutson, 
2010, McClure et al., 2004, Schultz et al., 2000). During adolescence, these 
areas display continued thinning of grey matter which temporally correlates 
with increased synaptic pruning (Giedd et al., 1996, Gogtay et al., 2004, 
Sowell et al., 1999, Toga et al., 2006). Other processes such as elaboration 
of dendritic aroborization and increased myelination also tend to occur 
throughout adolescence (Luna and Sweeney, 2001).

Although structural alterations in reward-related regions during adolescence 
have been well-characterized, functional changes in these regions during 
this critical time period are less clear. The first functional magnetic 
resonance imaging (fMRI) study to investigate neural responses to rewards 
in adolescents replicated earlier work involving adult participants in 
demonstrating that areas such as the ventral striatum (VS) and the lateral 
and medial OFC became activated upon processing a reward (May et al., 
2004). Bjork et al., 2004b subsequently demonstrated that adolescents, 
compared to young adults, had lower activity in the right VS during the 
anticipation of a financial reward. Bjork et al., 2010 replicated this finding 
with increased sample sizes, increased sampling of the striatum (by 
reducing repetition time to 1000 msec as opposed to 2000) and the 
adoption of a mixed-effect analysis approach designed for outlier-resistant 
calculations.

In contrast, other studies point to heightened ventral striatal activation in 
adolescents during the processing of a reward. During a 'wheel of fortune' 
paradigm, adolescents displayed increased recruitment of the left nucleus 
accumbens, compared to an adult group, when winning money (Ernst et al., 
2005). Galvan et al., 2006 reported that adolescents displayed increased 
activation of the nucleus accumbens during reward receipt when compared 
to both children and adults. In a similar vein, although in relation to a social 
reward, a cohort of adolescents exhibited greater activation in reward- 
related regions (both the OFC and the VS) during a simulated driving task
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when their peers observed their behaviour, as opposed to completing the 
task alone (Chein et al., 2011). This activity predicted subsequent risk 
taking and was not observed in cohorts of young and older adults who also 
completed the paradigm.

Finally, Geier et al., 2010 reported both hypoactivation and hyperactivation 
of the VS in adolescents during various stages of an antisaccade task that 
incorporated the anticipation and receipt of rewards. Adolescents displayed 
reduced and increased ventral striatal activation (during the anticipation 
phase and a response preparation phase, respectively) prior to reward 
delivery (an unspecified monetary reward). This suggests that the 
aforementioned inconsistencies in the literature may stem from discrete 
reward-related processes being assayed by the different tasks.

Substance dependence is often, but not always, associated with alterations 
in reward-related circuitry (Volkow et al., 2012). With the majority of 
substance use disorders originating in adolescence (Paus et al., 2008), 
there is the potential that heavy substance use may interact with adolescent 
brain development in shaping the reward networks of the brain. A recent 
study examined reward processing in a cohort of adolescent cigarette 
smokers and reported lower VS activation in response to a reward cue 
during a monetary incentive delay task (MID) (Peters et al., 2011). A 
secondary analysis was restricted to a subgroup of smokers with < 10 
lifetime occasions of smoking. Even in such an extremely mild smoking 
group, the ventral striatal hypoactivity remained, raising the possibility that 
these effects preceded use.

Cannabis appears to be the most popular illicit drug of choice among 
adolescents (SAMHSA, 2010). With evidence demonstrating that cannabis 
usage does affect striatal dopamine release (Bossong et al., 2009), it is 
somewhat surprising that little research has taken place into how reward 
processing may be potentially altered in cannabis users. Previous work in 
adult cannabis users has revealed functional alterations in the VS during the 
processing of non-drug reward-related stimuli (Nestor et al., 2010, van Hell 
et al., 2010), but to our knowledge no research has taken place into how
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such reward processing may be affected by the usage of cannabis in 
adolescence.

Along with the development of the brain's reward system throughout 
adolescence, other systems such as the emotional/affect system tend to 
mature during this time period (Derryberry and Tucker, 1992). The 
emotional/affect system includes the prefrontal cortex, hippocampus and 
amygdala and is associated with the processing of aversive stimuli 
(Derryberry and Tucker, 1992).The hippocampus has previously been 
observed to activate during this monetary loss cue condition, with its 
functional connectivity to the amygdala correlating with Gray's trait 
sensitivity to aversive events (Hahn et al., 2010). Increased striatal activity 
has also been demonstrated in paradigms involving punishment (Knutson et 
al., 2000, Knutson et al., 2003) and aversive stimuli (Becerra et al., 2001) 
although it should be noted that the prospect of a punishment does not 
necessarily result in increased BOLD signal in the striatum (Delgado et al., 
2000).

Thus, to investigate brain function in adolescent cannabis users, we 
employed a MID task that included reward and loss trials. The anticipatory 
cues and outcome periods were separated allowing for an uncontaminated 
measures of anticipation activity to be measured. With the previous chapter 
highlighting the importance of investigating correlation patterns, a 
correlation analysis was also undertaken to assess whether regions 
exhibiting altered activation between groups also displayed correlation 
pattern differences.
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3.3 Methods

3.3.1 Participants
Eighteen current cannabis users (1 female, mean age: 16.5, range 15 -18) 
and 18 drug-naive controls (1 female, mean age: 16.11, range 14-19) took 
part in the experiment. These groups also participated in the study 
described in chapter 2 (an additional participant for the cannabis-using 
group was recruited for this current chapter). For details on participants and 
administered questionnaires, refer to chapter 2. All significance levels 
regarding drug use measures and questionnaire scores remain the same as 
those indicated in chapter 2.

3.3.2 Stimuli and Behavioural Protocol

Monetary Incentive Delay (MID) Task

Participants completed a variant of the monetary incentive delay (MID) task 
previously reported in Nestor et al., 2010 (Figure 3.1). Cues indicating 
potential monetary gain, loss, or neutral outcome were presented for 
between 2-8 seconds. Cues were presented as squares in one of three 
colours: green indicating potential monetary gain, red indicating potential 
monetary loss, and blue indicating a neutral outcome. Following cue 
presentation, participants made a button press to a target (a star within a 
circle) that was presented for 400 ms. Participants received feedback (1500 
ms) following their response. Following outcomes, there was an end fixation 
period (2-8 sec) before the commencement of the next trial. Participants 
completed 3 runs of the task with each containing 27 trials which were 
equally split among "win", "loss", and "neutral" trials. The duration of each 
epoch was 340 s. The task was programmed and run using E-Prime version 
1.1 (Psychology Software Tools, Pittsburgh, USA). Accuracy (% "hits") and 
reaction times were recorded.
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Figure 3.1: Monetary Incentive Delay (MID) Task. Trials began with square 
cues presented for 2-8 seconds. The colour of the shape indicated trial 
type - green indicated potential monetary gain, red indicated potential 
monetary loss, and blue indicated neutral outcome. Following cue 
presentation, participants made a button press to a target (a star within a 
circle) that was presented for 400 ms. Participants received feedback (1500 
ms) following their response. Following outcomes, there was an end fixation 
period (2-8 sec) before the commencement of the next trial. Participants 
completed 3 runs of the task with each containing 27 trials which were 
equally split among "win", "loss", and "no outcome" trials. The duration of 
each run was 340 s.
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3.3.3Imaging Parameters
Scanning was conducted on a Philips Intera Achieva 3.0 T MR system (Best, 
The Netherlands). A coil-mounted mirror reflected a 800 x 600 pixel display 
that was projected onto a panel behind the participant's head outside the 
magnet.

An initial reference scan allowed for the resolution of sensitivity variations. 
All imaging utilised a parallel sensitivity encoding (SENSE) approach with a 
reduction factor of 2 (Pruessmann et al., 1999).

180 high-resolution Tl-weighted anatomic MPRAGE transverse images (FOV 
230mm, thickness 0.9mm, voxel size 0.9x0.9x0.9) were then acquired 
(total duration 343 s) to allow subsequent activation iocalization and spatial 
normalization.

39 non-contiguous (0.35 mm gap) 3.5 mm transverse slices covering the 
entire brain were acquired using a T2* weighted echo-planar imaging 
sequence (TR=2000ms, TE=30ms, FOV 224 mm, 64x64 matrix size in 
Fourier space). Functional scans had a total duration of 340 s per run.

3.3.4Time-series analysis
fMRI data analyses were conducted using AFNI software (Cox, 1996); 
http://afni.nimh.nih.gov/afni). Data were corrected for slice time acquisition 
and motion-corrected using 3-D volume registration (least-squares 
alignment of three translational and three rotational parameters). The three 
runs of the task were concatenated and subsequent edge detection 
algorithms were used to remove activation outside of the brain.

General linear modeling (GLM) analysis involved estimating activation 
measures for the three cue period types - "win", "loss", and "neutral" - as 
well as controlling for the influence of outcome periods. Outcomes were 
estimated with a single event-related regressor as our preliminary analyses 
revealed very noisy activation maps when each outcome was estimated 
separately. Square-wave regressors that coded for the duration of each cue
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period were created and subsequently convolved with a standard 
haemodynamic response function (HRF). Regression analyses calculated cue 
period activation as a percentage change in activation relative to an implicit 
baseline (i.e., activation that was not expicitly coded with a task regressor). 
These activation maps were re-sampled to Imm^ resolution and then 
warped into standard Talairach space (Talairach and Tournoux, 1988) and 
spatially blurred with a 4.2-mm isotropic rms Gaussian kernel.

Group activation maps for each condition were created using one-sample t- 
tests against the null hypothesis of zero activation difference. Significant 
voxels survived a voxelwise statistical threshold (t=2.996, p<0.005) and 
were required to be a part of a larger 274 pi cluster of contiguous voxels to 
arrive at a cluster-level threshold of p<0.05, corrected. A series of Monte 
Carlo simulations (1000 iterations) were performed to determine cluster 
sizes. Voxelwise t-tests subsequently compared group activation patterns 
during "win", "loss" and "neutral" cue periods.

3.3.5 Correlation Analysis - "Loss" Cue Period
Having identified five areas displaying differential activation patterns during 
the "loss" cue period, inter-regional correlation analyses were conducted. 
The average timeseries values were extracted for each of the 5 areas from 
each participant. Signal drift measures, subject motion effects and values 
from time periods during which excessive head motion occurred were 
removed. For each participant, average values from the parahippocampal 
gyrus region were correlated with the 4 other regions displaying differential 
activation. Fisher transformations were conducted to convert these 
correlation values into z-scores and independent-samples t-tests were 
performed.

As hippocampal-amygdala connectivity has previously been demonstrated 
to exist during the "loss" cue condition (Hahn et al., 2010), similar 
correlation analyses, as outlined above, were performed involving amygdala 
ROIs (left central co-ordinate (1149 pi): -22, -4, -14, and right central co-
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ordinate (1147 pi): 23, -4, -14) created from the Talairach daemon atlas in 
AFNI (Talairach and Tournoux, 1988, Cox, 1996).

3.3.6 Statistical Analysis
Behavioural data were analysed with the statistical package SPSS (version 
16). 2-factor (group x condition) ANOVAs were used to compare accuracy 
and response time differences on targets.

3.4 Results

3.4.1 Performance Results
Figure 3.2 displays MID accuracy (% "hits") for the three conditions in the 
control and cannabis groups. A two (group) by three (condition) univariate 
analysis of variance showed that there was a significant effect of condition 
(F2,68=10.978, p=0.000074), no effect of group (Fi,34=3.56, p<0.068) and 
no condition x group interaction (F2,68=0.034, p=0.966). Pairwise
comparisons confirmed a significant difference in accuracy between the 
"neutral" and "loss" (p=0.023), "neutral" and "win" (p = 0.000012), and the 
"loss" and "win" conditions (p=0.042).

Figure 3.2 also displays MID reaction time (RT) (ms) on "hit" trials on the 
three conditions for both groups. A two (group) by three (condition) 
univariate analysis of variance revealed there was a significant effect of 
condition (F2,68=13.613, p=0.000011), no effect of group (Fi,34=3.4444, 
p=0.072) and no condition x group interaction (F2,68=-705, p=0.498). 
Pairwise comparisons indicated a significant difference in reaction time 
between the "neutral" and "win" (p=0.000024), between the "neutral" and 
"loss" (p=0.001), but not between the "loss" and "win" (p=0.130) 
conditions. Neither the main effect of group nor the interaction were 
significant but, in light of the activation differences that were observed for 
the loss trials, we conducted independent-samples t-test for each condition 
separately and found that the cannabis-using group responded significantly 
slower on "loss" trials t(34) = 2.096, p<0.05).
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Figure 3.2: Average % accuracy ("hits") and reaction times (RTs) between 
groups. Error bars represent standard error of the mean.
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3.4.2 FMRI Results

Between-groups activation differences in the occipitai gyrus and 

dorsal striatum, but not the VS, during the prospect of a financial 

reward.

In line with previous studies utilizing the MID task (Knutson et al., 2000), 
the prospect of a financial reward reliably activated bilateral striatal regions 
(Figure 3.3). A subsequent voxelwise t-test, comparing activation patterns 
between groups during the financial reward-related anticipatory cue, 
revealed increased activation in controls in a left superior occipital gyrus 
region [-42, -79 31]. When the clustersize criterion was lowered, a region 
within the left dorsal caudate (Figure 3.4) (177 pi) [-14, 10, 15] was 
identified which demonstrated lower BOLD signal in the cannabis-using 
group. A region-of-interest (ROI) approach, utilizing VS areas previously 
shown to activate in response to reward cues (Cooper et al., 2012), 
revealed no between-group differences during the prospect of a financial 
reward (left VS: t(34) = 0.838, p=0.408, right VS: t(34)=0.315 , p=0.96).

Cannabis-using adolescents display reduced levels of activation 

during the prospect of a financial loss.

During the prospect of a potential financial loss, the cohort of cannabis 
users exhibited decreased activation in bilateral middle temporal gyrus 
regions, a right parahippocampal gyrus area and two separate regions 
within the left middle frontal gyrus (Table 3.1). As the hippocampal region 
has been linked to both trait and state anxiety (Hahn et al., 2010), 
correlation analyses between the parahippocampal region (Figure 3.5) and 
the other four areas were performed. Groups did not differ in any of those 
correlations.

A subsequent correlation analysis between the parahippocampal area and 
amygdala ROIs - an area also implicated in anxiety (Bishop et al., 2004) - 
revealed no between-group differences but a one sample t-test across 
groups indicated significant correlations during the "loss" cue period (Left
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Amygdala t(34) = 2.872, p<0.01; Right Amygdala t(34) = 2.646, p=0.01) 
replicating earlier work showing hippocampal-amygdala connectivity during 
the processing of loss aversive stimuli (Hahn et al., 2010).

Finally, voxelwise f-tests revealed that groups did not differ in activation 
patterns during outcome periods.

Figure 3.3: The prospect of a financial reward reliably activates striatal 
regions.
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Figure 3.4: Cannabis users exhibit reduced activation in a dorsai caudate 
region during the prospect of a financial win.

Figure 3.5: Parahippocampal area demonstrating more activation in non- 
cannabis-users during the prospect of a financial loss.
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Table 3.1: Regions displaying increased activity in the non-cannabis-using 
group from a voxelwise t-test contrasting activation patterns during a "loss" 
cue period. Positive values for x, y and z Talairach co-ordinates identify the 
centre of mass of each cluster and denote, respectively, locations that are 
right, anterior and superior relative to the anterior commissure.

Structure Hemisphere Volume
(Ml)

Brodmann
Area

X Y Z

Frontal

Middle Frontal Gyrus Left 333 46 -41 15 23

Middle Frontal Gyrus Left 309 10 -24 54 21

Temporal

Middle Temporal 
Gyrus

Right 650 21 48 -30 -8

Middle Temporal 
Gyrus

Left 383 21 -62 -2 -21

Limbic

Parahippocampal
Gyrus

Right 340 35 -7 -14

3.5 Discussion
Cannabis-using adolescents displayed lower BOLD signal in an occipital 
cortical region, as well as a dorsal caudate area when the clustersize 
criterion was slightly lowered, during the prospect of a financial reward. In 
response to a cue indicating the prospect of a financial loss the cannabis
using cohort exhibited decreased activation in several regions including the 
middle temporal gyrus, middle frontal gyrus and parahippocampal gyrus. 
Subsequent correlation analyses, with a central focus on the 
parahippocampal gyrus, however revealed no between-group differences, 
although connectivity with the amygdala was demonstrated.

The reward deficiency syndrome (RDS) hypothesis of substance dependence 
postulates that insufficiencies in dopamine motivation circuitry for non-drug 
rewards predisposes individuals to turn to the usage of drugs in order to 
bring about a neurochemical stabilization within the VS (Blum et al., 2000). 
Several studies have supported this hypothesis by demonstrating reduced
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recruitment of the VS during the anticipation of non-drug-related reward in 
alcoholics (Wrase et al., 2007, Beck et al., 2009) and the OFC in cocaine- 
dependent individuals (Goldstein et al., 2007). However, not all studies 
investigating reward processing in substance-dependent populations 
support the hypothesis of functional differences in the VS while anticipating 
non-drug rewards (Bjork et al., 2008, Jia et al., 2011, Hyatt et al., 2012). 
In line with the latter studies, our sample of adolescent-using cannabis 
users exhibited no differences in VS activation during the prospect of a 
financial reward, although there was a trend towards differential activation 
in a dorsal caudate region.

Although a clear boundary between the ventral and dorsal portions of the 
striatum does not exist, it is acknowledged that the dorsal striatum 
primarily consists of the caudate nucleus and putamen and receives 
projections from frontal regions including the dorsolateral prefrontal cortex, 
premotor cortex and frontal eye field (Delgado, 2007). The dorsal striatum 
is implicated in the transition from initial drug experimentation to habitual 
use that characterizes drug dependence (Everitt and Robbins, 2005). Adult 
cannabis users have previously exhibited significantly lowered activation in 
bilateral caudate regions during the anticipation of a financial reward (van 
Hell et al., 2010). Notably, not only were these differences apparent when 
activation patterns in the cannabis-using group were compared to drug- 
naive controls, but also when compared to a group of cigarette smokers. It 
was postulated that such cannabis-specific reductions may have resulted 
from the chronic use of cannabis down-regulating and desensitizing CBl 
receptors in the caudate (Martin et al., 2004). The present evidence of a 
possible reduction in dorsal striatum activity may stem from similar cellular 
modulations as our cannabis-group possessed comparable cannabis
smoking histories (please refer to table 2.2 in chapter 2).

There was a trend for cannabis users to exhibit slower reaction times 
across all conditions. During the "loss" cue period (where a slower reaction 
time may be indicative of less motivation to avoid the financial loss), 
cannabis users displayed reduced activation levels in a number of areas 
including a right parahippocampal gyrus area. The parahippocampal region
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is a major conduit of cortical input for the hippocampus (Burwell, 2000). 
Immunohistochemistry has revealed substantial numbers of cannabinoid 
receptors in this area, particularly the dentate gyrus and cornu amonis (CA) 
3 regions (Tsou et al., 1998). It has been postulated that the hippocampal 
region and amygdala form a secondary motivational circuit that directly 
projects onto the primary motivation circuit of the VS and prefrontal cortex 
and carries contextual memory and affective information pertaining to 
motivational stimuli (Chambers et al., 2003). Cannabis use may affect this 
motivational circuitry as it has previously been demonstrated that 
motivational statements presented to chronic cannabis users prior to 
neuropsychological testing improved performance levels on tests of verbal 
learning and memory (Macher and Earleywine, 2012). Performance did not 
differ in non-users after such motivational presentations indicating that 
cannabis users may suffer from a lack of motivation, which may be related 
to deficits in neural motivation circuitry. Such amotivational states may also 
be linked to the anhedonia and depressive systems often associated with 
cannabis usage (Bovasso, 2001). It is of interest to note then that the 
cannabis-using group self-reported significantly higher depressive and 
anxiety symptoms in the week prior to participation.

The majority of experiments involving the MID task and drug-using 
populations have often tended to focus on the reward processing trials 
(Nestor et al., 2009, Van Hell et al., 2010). However, our results 
demonstrate that the aversive stimulus processing aspect appears to be 
important in discriminating users from non-users. These results should 
refocus attention on putative anxiety/motivational processes underlying 
drug use.
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Chapter 4 Right prefrontal and ventral striatum 

interactions underlying impulsive choice and 

impulsive responding

4.1 Abstract
Although a multifaceted concept, many forms of impulsivity may originate 
from interactions between prefrontally-mediated cognitive control 
mechanisms and limbic, reward or incentive salience approach processes. 
We describe a novel task that combines reward and control processes to 
probe this putative interaction. The task involves elements of the Monetary 
Incentive Delay task (Knutson et al., 2000) and the STOP task (Logan 
1997) and requires subjects to make fast responses to targets for financial 
reward but to occasionally inhibit responding when a STOP signal rather 
than a target is presented. In elucidating the dynamic between reward 
anticipation and control we observed that successful inhibitions on monetary 
trials, relative to unsuccessful inhibitions, were associated, during the 
anticipation phase, with increased activation in the right inferior frontal 
gyrus (rIFG), decreased activity in the ventral striatum, and altered 
functional connectivity between the two. This rIFG area was also more 
active in those individuals who showed the smallest temporal discounting of 
reward as assessed by a delayed-discounting task. Notably, this rIFG area 
was distinct from an adjacent rIFG region that was active for the 
subsequent motor response inhibitions. Combined, the results suggest a 
role for distinct regions of the rIFG in impulsive choice and in impulsive 
responding and identify a functional coupling between the rIFG and the 
ventral striatum.
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4.2 Introduction
Although impulsivity is a multifaceted trait, characterizations often include 
actions that are poorly conceived, made without forethought of their 
appropriateness and lack a full consideration of their consequences 
(Evenden, 1999). Laboratory-based methods attempting to measure 
impulsivity range from self-report measures (e.g. Barratt Impulsivity Scale, 
BIS; Patton et al., 1995), to tasks that assess motor response 
countermanding (Logan et al., 1997), information selection prior to a 
decision (Kagan, 1966), and delaying gratification measured using the delay 
discounting paradigm (Kirby and Marakovic, 1996). Despite the multiplicity 
of measures, many of the essential aspects of impulsivity may reflect an 
antagonistic dual system wherein impulsive behaviour is guided by the 
interactions between an impulsive system and a reflective system (Hofmann 
et al., 2009). Here, the latter is proposed to serve a regulatory role, while 
the former is thought responsible for motivating an approach behaviour that 
may need to be regulated.

A prime candidate for playing a major role in a reflective, cognitive control 
system is the prefrontal cortex (PFC; Miller and Cohen, 2001). Tasks that 
measure the ability of a person to inhibit a prepotent motor response (e.g. 
STOP-Signal and Go/No-Go tasks) can be used to assay this control and 
reliably activate the PFC (Chikazoe, 2010, Whelan et al., 2012). On the 
other hand, the striatum, particularly the ventral portion, may play an 
important role in the theorised impulsive system, as it has been linked to 
the drive for immediate reward gratification (McClure et al., 2004) and 
impulsive responding (Dailey et al., 2007) and this region has been shown 
to be activated during the anticipation of a financial reward in a monetary 
incentive delay (MID) task (Knutson et al., 2000). Relatively few studies 
have examined connections between the impulsive and regulatory systems. 
Diekhof and Gruber, 2010, reported an increased negative correlation 
between the PFC and ventral striatum (VS) when participants selected in 
favour of a long-term goal over a more immediate reward. The magnitude 
of the negative correlation was itself correlated with the aforementioned BIS 
and the novelty-seeking scale of the Temperament and Character Inventory 
(TCI-NS) (Cloninger et al., 1993). Similarly, an emotion regulation (ER)
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study demonstrated decreased VS activation and increased left frontal 
activation during a cue period prior to a potential monetary reward in which 
participants were instructed to regulate their expectation of reward 
(Delgado et al., 2008). Unfortunately, no attempts to functionally connect 
the two areas were reported. On the other hand, Staudinger et al., 2011 did 
perform such a connectivity analyses with a similar paradigm in which 
participants employed cognitive ER prior to monetary gain and showed 
dorsolateral prefrontal cortex (DLPFC) activity correlating more positively 
with putamen activity prior to a small monetary gain compared to a large 
monetary gain.

We postulate that impulsive actions are dictated by an interplay between a 
RFC regulatory system involved in top-down cognitive control and a VS- 
based impulsive system concerned with reinforcement-seeking. We attempt 
to assay this interaction with a novel task that combines aspects of well- 
established tasks that are known to activate these regions of interest. The 
task couples reward anticipation, as assayed by the monetary incentive 
delay (MID) task (Knutson et al., 2000) with response inhibition processes, 
as assayed by the STOP paradigm (Logan, 1997). In addition to providing 
separate activation measures for both processes, it also combines the two 
such that participants are required to regulate their reward anticipation 
which we predict will be reflected in a prefrontal modulation of striatal 
activation levels. Unlike previous studies, the task also enables us to 
determine if the same prefrontal regions that underlie response inhibition 
also regulate reward anticipation. There is evidence that the right PFC's role 
in inhibitory control may extend beyond motor response inhbition processes 
to include the suppression of memories and drug cravings (Depue et al., 
2007, Tabibnia et al., 2011, Volkow et al., 2010). Although this structure's 
role in cognitive control may extend beyond inhibition (Hampshire et al., 
2010) it is of theoretical importance to determine if it is a common node in 
the two main domains of impulsive choice and impulsive responding.
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4.3 Methods

4.3.1 Participants
Twenty right-handed participants (11 female, mean age: 23.05, range 18- 
35) took part in the experiment. Participants were screened for no history of 
neurological/psychiatric illness or any past loss of consciousness which 
required hospitalization. All participants were right-handed. All participants 
gave informed consent and the study was approved by the School of 
Psychology in Trinity College Dublin. Participants were financially 
compensated for their time.

4.3.2 Stimuli and Behavioural Protocol

Monetary Incentive Delay-STOP (MID-STOP) Task
In the MID-STOP task (Figure 4.1), a cue in the form of either a square or 
circle was presented on screen for between two and eight seconds, with 
colour coding for the possibility of obtaining a monetary reward (green) or 
not (blue). Targets (a star within a circle) appeared after the presentation of 
all square cue periods and half the time after the presentation of circle cue 
periods. Participants were required to respond upon presentation of the 
target. The other 50% of the time after circle cues, a STOP signal was 
presented instead of a target and participants were required to inhibit their 
response. Trials on which a target was always bound to follow the cue (i.e. 
squares) are hereafter termed MID trials. Trials on which a response 
withhold is required (i.e. STOP signals presented after circles) are hereafter 
termed MID-STOP trials.
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Figure 4.1: The MID-STOP Task. A cue in the form of either a square or 
circle was presented on screen for between two and eight seconds, with 
colour coding for the possibility of obtaining a monetary reward (green) or 
not (blue). Targets (a star within a circle) appeared after all square cues 
and half the time after circle cues. Participants were required to respond 
upon presentation of the target. Foilowing 50% of the circle cues, a STOP 
signal was presented Instead of a target and participants were required to 
inhibit their response. Trials on which a target always followed the cue (i.e. 
squares) are hereafter termed MID trials. Trials on which a response 
withhold Is required (i.e. STOP signals presented after circles) are hereafter 
termed MID-STOP trials. A response to a target during its presentation was 
considered a HIT and yielded a financial reward (green trials; 20 cent), 
whereas a lack of response was considered a MISS and no financial reward 
was obtained. There were no financial consequences for HITS and MISSES 
on neutral trials (blue trials). Targets were initially presented for 400ms 
with an adaptive algorithm reducing the target duration by 50 ms following 
a HIT, and increasing it by 50 ms following a MISS. For reward MID-STOP 
triais, a response was considered a MID-STOPermr and incurred a financiai 
loss (40 cent), whereas successful Inhibitions were classified as a MID- 
STOPsuccess and yielded a financial reward (20 cent). There were no financial 
consequences on neutral MID-STOP trials. The response duration for MID
STOP trials was set at 600 ms for all trials. For trials containing targets, 
feedback was displayed for a period dictated by the adaptive algorithm 
(2000 ms minus the response time window of the target). Feedback was 
displayed for 1400ms for trials containing STOPs. A fixation cross was 
presented for between 2-8 seconds before the next triai commenced.
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A response to a target during its presentation was considered a HIT and 
yielded a financial reward (green trials; 20 cent), whereas a lack of 
response was considered a MISS and no financial reward was obtained. 
There were no financial consequences for HITS and MISSES on neutral trials 
(blue trials). Targets were initially presented for 400ms with an adaptive 
algorithm reducing the target duration by 50 ms following a HIT, and 
increasing it by 50 ms following a MISS. For reward MID-STOP trials, a 
response was considered a MID-STOPError and incurred a financial loss (40 
cent), whereas successful inhibitions were classified as a MID-STOPsuccess 

and yielded a financial reward (20 cent). There were no financial 
consequences on neutral MID-STOP trials. The response duration for MID

STOP trials was set at 600 ms for all trials. For trials containing targets, 
feedback was displayed for a period dictated by the adaptive algorithm 
(2000 ms minus the response time window of the target). Feedback was 
displayed for 1400ms for MID-STOP trials. A fixation cross was presented 
for between 2-8 seconds before the next trial commenced.

Participants were informed that their performance on the task would 
determine their level of winnings. Prior to scanning, the task was 
demonstrated to all participants and participants also practiced the task 
themselves. There was a total of 30 trials in each run (five of each type of 
cue period) presented in random order. There were five runs of the task in 
total, with each run lasting 352 s. Response times and percentage accuracy 
were recorded for each trial. The experiment was programmed and run 
using Presentation software® (Version 14.1, www.neurobs.com).

Psychometric Questionnaires

The Barratt Impulsivity Scale (BIS; Patton et al., 1995) and the Behavioural 
Activation System (BAS; Carver and White, 1994) were administered to all 
participants. Participants were also asked to complete a monetary-choice 
questionnaire in which they were asked to select between financial amounts 
available immediately and larger amounts available after a delay period (a 
written format of the Delay Discounting task; Kirby and Marakovic, 1996). 
No actual rewards were obtained for this task which provided a measure of 
the degree to which participants discount rewards as a function of the delay

62



incurred before their receipt. Relevant questionnaires are located in 
Appendix B.

4.3.3 Imaging Parameters
Scanning was conducted on a Philips Intera Achieva 3.0 T MR system (Best, 
The Netherlands). A coil-mounted mirror reflected a 800 x 600 pixel display 
that was projected onto a panel behind the participant's head outside the 
magnet.

An initial reference scan allowed for the resolution of sensitivity variations. 
All imaging utilised a parallel sensitivity encoding (SENSE) approach with a 
reduction factor of 2 (Pruessmann et al., 1999).

180 high-resolution Tl-weighted anatomic MPRAGE transverse images (FOV 
230mm, thickness 0.9mm, voxel size 0.9x0.9x0.9) were then acquired 
(total duration 343 s) to allow subsequent activation localization and spatial 
normalization.

39 non-contiguous (0.35 mm gap) 3.5 mm transverse slices covering the 
entire brain were acquired using a T2* weighted echo-planar imaging 
sequence (TR=2000ms, TE=30ms, FOV 224 mm, 64x64 mm matrix size in 
Fourier space). Functional scans had a total duration of 358 s per run.

4.3.4Time-series analysis
fMRI data analyses were conducted using AFNI software (Cox 1996; 
http://afni.nimh.nih.gov/afni). Data were corrected for slice time acquisition 
and motion-corrected using 3-D volume registration (least-squares 
alignment of three translational and three rotational parameters). All five 
runs of the task were concatenated and subsequent edge detection 
algorithms were used to remove activation outside of the brain.

General linear modelling analysis involved estimating activation measures 
for seven cue period types: rewarded and neutral square cue periods (MID 
trials), rewarded and neutral circle cue periods that were followed by
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targets and rewarded and neutral circle cue periods that were followed by 
STOPS (MID-STOP trials). Rewarded MID-STOP trials were split into two 
types depending on whether participants subsequently successfully inhibited 

(MID-STOPsuccess cue period) or not (MID-STOPError cue period). Activations 
for twelve outcome periods were also estimated (HITS and MISSES for cue 
periods which were followed by targets, and MID-STOPsuccess and MID- 

STOPError for cue periods which were followed by STOPs). Motion effects 
were also included as regressors of no interest.

Regression analyses calculated activation for cue periods as a percentage 
change relative to the baseline (the fixation periods between trials). These 
activation maps were warped into standard Talairach space (Talairach and 
Tournoux, 1988) and spatially smoothed with a 4.2 mm full-width at half
maximum isotropic Gaussian kernel. Group activation maps for each cue 
period were calculated with one-sample t-tests against the null hypothesis 
of zero activation change. To identify the regions associated with reward- 
anticipation, voxelwise paired t-tests compared rewarded and neutral MID 

trial cue periods. To identify cue-period predictors of inhibition success, 

voxelwise paired t-tests compared MID-STOPsuccess and MID-STOPError cue 
periods. For all analyses, significant voxels passed a voxelwise statistical 
threshold (t=3.17, p<0.005) and were required to be part of a larger 281 pi 
cluster of contiguous voxels to arrive at a cluster-level threshold of p<0.05, 
corrected. A series of Monte Carlo simulations (1000 iterations) were 
performed to determine cluster sizes.

To assess outcome-related activations, distinct event-related 
haemodynamic response functions at 2s temporal resolution were calculated 
using deconvolution techniques. The haemodynamic response functions 
were then modelled voxelwise with a gamma-variate function using non
linear regression (Murphy and Garavan, 2005). An area-under-the-curve 
measure of the gamma-variate model was expressed as a percentage of the 
tonic baseline activity and served as the activation measure for these event- 
related responses. Activation maps were warped and spatially blurred, as 
above. Group activation maps for each outcome were created with one- 
sample t-tests.
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4.3.5 Psychophysiological interaction (PPI) analysis
Psychophysiological interaction analysis (PPI) (Friston et al., 1997) was 
employed to investigate whether functional connections between frontal and 

striatal regions differed prior to a MID-STOPsuccess and a MID-STOPError- A 
rIFG region, identified from the voxelwise MID-STOPsuccess vs. MID-STOPError 

cue period t-test, was chosen as the seed region and its time series served 
as the physiological regressor. Psychological regressors coded for the time 

periods of interest (namely, MID-STOPsuccess and MID-STOPError cue periods). 
To create the PPI term, the physiological regressor was first deconvolved 
(the rationale for the deconvolution step is that the PPI occurs at the 
neuronal and not the haemodynamic BOLD level), the interaction with the 
psychological regressor was calculated, this was then convolved with a 
standard haemodynamic response to create the PPI term which, finally, was 
mean-corrected.. The physiological regressor, PPI term and psychological 
regressor were entered into a regression analysis along with all the other 
cue periods and outcomes in the task and z-scores for the PPI term were 
obtained. These z-scores were normalized and spatially smoothed, as 
described above. One-sample voxelwise t-tests were run on these z-scores 
and corrections for multiple comparisons were the same as above.

4.3.6 Statistical analysis
Behavioural data were analysed with the statistical package SPSS (version 
16). 2-factor (cue condition x reward/neutral) ANOVAs were used to 
compare accuracy and response time differences on targets. Paired t-tests 
compared % successful inhibition and commission error reaction times 
differences between rewarded and neutral cue periods that were followed by 
STOPS.
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4.4 Results

4.4.1 Behavioural Results

The potential presence of a STOP affects both % accuracy and RT

Figure 4.2 displays accuracy (% HITS) and mean response times (RTs) for 
the reward and neutral trials of the square (MID trials) and circle cue 
conditions (recall that STOP signals were presented on 50% of circle-cue 
trials but never for square-cue trials). A 2 (Cue condition) x 2 
(reward/neutral) ANOVA for accuracy found a significant effect for Cue 
condition (Square cue > Circle cue; Fi,19=20.61, p < 0.001), a significant 
effect of reward (Reward > Neutral; Fi,19=44.383, p < 0.001), but no 
interaction (Fi,19=1.01, p < 0.73). There was no difference in % successful 
inhibitions between the reward and neutral MID-STOP trials (t(19) = 1.21, 
p=0.24). Participants successfully inhibited 73% of the time on reward MID
STOP trials and 76% on neutral MID-STOP trials.

A 2 (Cue condition) x 2 (reward/neutral) ANOVA on RTs found a significant 
effect for Cue condition (Square cue faster than Circle cue; Fi,i9=27.75, 
p<0.001, a significant effect of reward (Reward faster than Neutral; 
Fi,19=59.231, p<0.000001), but no interaction (Fi,19=0.09, p=.762). There 
was no difference in commission error RTs between the reward and neutral 
MID-STOP trials (t(19) = 1.67, p=0.11).

Combined, these results demonstrate that the presence of reward improved 
performance while the possibility of a response inhibition led to slower 
responses.
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Figure 4.2: Average % accuracy (%HITs) and reaction times (RTs) for 
targets on MID (square cue) and circle cue trials.
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4.4.2 Functional magnetic resonance imaging (fMRI) Results

The MID-STOP task reliably activates the ventral striatum

To demonstrate that the prospect of a financial reward activated 
reward/reinforcement circuitry, as evidenced in other studies utilising the 
MID task (Knutson et al., 2000), a voxelwise t-test compared reward and 
neutral MID trials (i.e., anticipation periods that were never followed by a 
STOP trial). Greater cue period activation was observed for the reward 
trials, particularly in bilateral medial VS areas and in the left putamen 
(Table 4.1 and Figure 4.3(a)) and also in motor and visual areas.

Predictors of STOP success

Next, we investigated the cue-period activity that preceded successful and 
unsuccessful response inhibitions in reward MID-STOP trials. A voxelwise t- 
test compared reward MID-STOP cue periods that were split according to 
subsequent behaviour (i.e. MID-STOPsuccess cue periods and MID-STOPerror 

cue periods). As reported in Table 4.2 and shown in Figure 4.3(b), left 
parietal and right inferior frontal gyrus (rIFG) both demonstrated increased 
activation during the MID-STOPsuccess cue period while, conversely, the left 
caudate exhibited more activation during the MID-STOPError cue period.

Given a priori interest in rIFG as a critical node for inhibitory control, a 
psychophysiological (PPI) analysis was conducted for this functionally- 

defined area with the MID-STOPsuccess and MID-STOPError cue periods serving 
as the specific conditions of interest. A whole-brain, voxelwise analysis 
revealed the rIFG to be significantly more negatively coupled with left (-14, 

20, 2) and right VS (12, 27, 7) during a MID-STOPsuccess cue period 
compared to an MID-STOPError cue period (see Figure 4.3(c)). Similar effects 
were also observed for the cerebellum, cuneus, lingual gyrus and left 
inferior frontal gyrus. These VS areas overlapped with the left VS region 
shown above to be more active during the cue periods that preceded MID- 

STOPsuccess relative to MID-STOPError (Figure 4.3(b)) and also overlapped with 
the VS regions previously shown to be reward-related (Figure 4.3(a)). We 
confirmed that the bilateral VS regions observed in the PPI analysis were
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reward-related by demonstrating significantly more activation in these 

functionally-defined regions-of-interest during rewarded MID trials relative 

to neutral MID trials (left caudate: t=2.72, p=.014; right caudate: t=3.1,

p=.006).

Figure 4.3: (A) Bilateral striatal regions showing more activation preceding 
a reward target compared to a neutral target during MID trials. (B) The 
right IFG showed significantly more activation during a MID-STOPsuccess cue 
period compared to a MID-STOPErmr cue period while the left caudate 
showed the opposite. (C) Left ventral striatal regions which displayed 
significant differences in functional connectivity with the rIFG during MID- 

STOPsuccess and MID-STOPEmrCue periods.
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Table 4.1: Regions of activation from a voxeiwise t-test between reward and 
neutral MID trials. Positive values for x, y and z Talairach co-ordinates 
identify the centre of mass of each cluster and denote, respectively 
locations that are right, anterior and superior relative to the anterior 
commissure. All areas exhibited more activation during reward MID trials, 
except for the left parahippocampal gyrus/amygdala which was more active 
during neutral MID trials.

Structure Hemisphere Volume
(Ml)

Brodmann
Area

X Y Z

Frontal

Medial Frontal Gyrus Right 6048 6 2 -3 57

Orbitofrontal Cortex Right 1055 10/32 16 39 -9
(Medial Frontal Gyrus)

Middle Frontal Gyrus Right 386 9 31 37 36

Middle Frontal Gyrus Left 472 9 -31 32 37

Postcentral Gyrus Left 6639 4 -40 -20 54

Limbic

Parahippocampal Left 344 34 -20 -7 -14
Gyrus/Amygdala

Striatum

Caudate Right 2836 13 11 7

Caudate Left 2567 -15 7 10

Lentiform Nucleus & Left 285 -24 -4 2
Putamen

Parietal

Precuneus Left 793 7 -12 -73 43

Paracentral Lobule Left 772 4 -8 -37 59

Occipital

Lingual Gyrus Right 6605 18 23 -91 -6

Lingual Gyrus Left 3502 18 -25 -92 -6

Cerebellum

Culmen Right 3048 23 -52 -21

Cerebellar Tonsil Right 1205 39 -47 -32
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Table 4.2: Regions of activation from a voxelwise t-test contrasting MID
STOP cue periods prior to a successful inhibition (MID-STOPsuccess cue 
periods) against MID-STOP cue periods prior to a commission error (MID
STOP Error cue periods). Positive values for x, y and z Talairach co-ordinates 
identify the centre of mass of each cluster and denote, respectively, 
locations that are right, anterior and superior relative to the anterior 
commissure. The left inferior parietal area and the right inferior frontal 
gyrus exhibited more activation during a MID-STOPsuccess cue period, while 
the caudate area demonstrated more activity during a MID-STOPEmr cue 
period.

Structure Hemisphere Volume Brodmann X Y Z

(Ml) Area
Inferior Parietal Lobule Left 1690 19/39 -46 -61 38

Caudate Left 539 -14 22 1

Inferior Frontal Gyrus Right 302 44 39 15 18

The rIFG and Delayed Discounting of rewards

The selection of an immediate reward as opposed to a delayed, larger 
reward is a defining characteristic of impulsive choice behaviour (McClure et 
al., 2004). The k parameter from the Delay-Discounting task (Kirby and 
Marakovic, 1996) quantifies the steepness by which delayed rewards are 
discounted in subjective value and was obtained from a written monetary 
choice questionnaire that participants completed outside of the scanner. 
Activation in the rIFG area defined by the MID-STOPsuccess cue period was 
negatively correlated with k (r = -0.58, p < 0.007) indicating less activation 
in this region in those participants who discount delayed rewards more. 
(One of the participants presented with an extreme k-value and when this 
participant is excluded from the analysis, the negative correlation borders 
on the level of significance; r =-.45, p=.057.)

Discrete areas of the right inferior frontal cortex are active at the 

point of successful inhibition

Finally, as areas in the right inferior frontal cortex have previously been 
linked to response inhibition (Caravan et al., 1999, Aron et al., 2003), we 
investigated if the increased rIFG activation we had observed during the 
MID-STOPsuccess cue period was also active during motor inhibition. A one- 
sample t-test of whole-brain event-related activation for successful
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inhibitions revealed several motor, visual and frontal areas including activity 
in the right inferior frontal gyrus. However, this lateral rIFG region did not 
overlap with the medial area whose activation was observed during the cue 
period (see Figure 4.4) and, indeed, activity levels in this lateral 
functionally-defined region-of-interest did not differ between MID-STOPsuccess 

and MID-STOPError cue periods (t=1.62 ; p=0.12). Similarly, the rIFG region 
that did show cue-period activity was not significantly active at the time 
point of successful inhibition (t= .42; p=0.6).

Figure 4.4: Adjacent but distinct regions of the right inferior frontal gyrus 
were activated during response inhibition (green) and during MID- 

STOPsuccess trials (red).
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4.5 Discussion
Using a novel task the current results reveal a functional coupling between 
right inferior frontal cortex and bilateral VS when an impulsive drive (the 
prospect of a monetary reward if one makes a sufficiently fast response) 
must be regulated to avoid a negative consequence (a financial loss if one 
executes the response when a response inhibition is required instead). 
Moreover, activation levels in this impulse control-related right inferior 
cortical area were related to impulsive choice behaviour with lower activity 
in those participants who showed the greatest discounting of delayed 
rewards. Conversely, this same impulse control-related right prefrontal 
region was adjacent to, but anatomically separate from, a right inferior 
frontal cortex activation that underlay motor response inhibition. Together, 
the results identify the right inferior frontal gyrus and its correlations with 
the ventral striatum to underlie a range of distinct inhibitory processes.

There are a number of lines of evidence pointing to roles for both the right 
PFC and the VS in impulsivity. Transcranial magnetic stimulation, lesion 
and neuroimaging studies link right prefrontal cortex with successful 
response inhibition (Aron et al., 2003, Chambers et al., 2006, Caravan et 
al., 2002, Whelan et al., 2012). Differences in the structural integrity of the 
right ventromedial prefrontal cortex have been shown to predict impulse 
control in a sample of male children (Boes et al., 2009) while impulse 
control deficits after frontal lobe injury are common (Bechara and Van Der 
Linden, 2005). On the other hand, the VS is commonly associated with the 
representation of incentive or reward states (Knutson et al., 2000, Robinson 
and Berridge, 1993) whose aberrant functioning may lead to the occurrence 
of an impulsive drive. Studies, using animal models, have linked lesions of 
the ventral striatum to increased impulsive choice selection in a delayed 
reinforcement choice task in a rodent model (Cardinal et al., 2001), while 
an inverse relationship between dopamine D2/3 receptor availability in the 
VS and impulsivity (as characterized by premature responses on a 5-choice 
serial reaction time task) has also been observed (Dailey et al., 2007).

Evidence also points to interactions between the two areas to underlie 
impulsive choice selection. Individuals with a stronger preference for
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immediate over delayed rewards in an fMRI-based delay discounting 
paradigm demonstrated larger VS activations in response to monetary 
reward feedback (Hariri et al., 2006). In the same study, PFC activations 
were also linked to regulating behaviour on the task leading the authors to 
suggest that there may exist a "functional balance" between the two regions 
in relation to the selection of appropriate behavioural responses. In 
addition, there are known anatomical connections between prefrontal and 
ventral striatal regions (Leh et al., 2007) and, complementing the present 
study's functional connectivity findings, the strength of these anatomical 
connections predict better impulse control in a delay discounting paradigm 
(Peper et al., 2012).

As noted earlier, impulsivity is a multi-dimensional construct (Evenden, 
1999). For example, impulsive choice selection often refers to a decision 
that is deficient in forethought of possible consequences, whereas impulsive 
response refers to the execution of a response that is inappropriate (Basar 
et al., 2010). Although right PFC is typically implicated in response inhibiton 
and/or the attentional processes that accompany motor inhibitory control 
(Dodds et al., 2011, Hampshire et al., 2010, Sharp et al., 2010), motor 
inhibitory control may be just one example of a broader regulatory role that 
includes the modulation of subcortical functions (Munakata et al., 2011). For 
example, successful suppression of drug cravings in cocaine-dependent 
individuals produced increased right inferior frontal gyral activation and 
decreased nucleus accumbens activity (Volkow et al., 2010). Similarly, the 
ability to successfully suppress a memory linked the right inferior frontal 
cortex to interactions with subcortical structures such as the thalamus and 
visual cortex (Depue et al., 2007). Structurally, gray matter intensity in the 
pars opercularis portion of the rIFG was shown to correlate with 
performance in two inhibitory control tasks - a Stop Signal task and an 
emotional appraisal task (Tabibnia et al., 2011). The present results are 
consistent with these prefrontal-striatal interactions showing an inverse 
relationship on the level of the individual time-series data between the two 
structures and showing that the magnitude of the interactions between the 
two precede the subsequent selection with greater PFC activity preceding 
successful inhibitions.
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At an anatomical level we were able to dissociate medial and lateral areas of 
the rIFG (Figure 4.4), with the former correlating with subcortical regions in 
advance of the target/STOP signal and the latter active at the timepoint of 
successful inhibition. Such dissociation may reconcile why the rIFG has been 
implicated in numerous inhibitory control processes with the evidence of 
there being distinct inhibitory processes that tend not to correlate with one 
another (Evenden, 1999). That activation in the more medial rIFG region 
correlated with individual differences in the temporal discounting of rewards 
but was not active at the timepoint of successful response inhibitions re
affirms that this region and its frontostriatal functional connectivity 
mediates inhibitory control over impulsive choice selection.
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Chapter 5 An Exploration of the Relationship 

between Impulsivity and Nicotine Addiction

5.1 Abstract
Alterations in both inhibitory control and reward processes have been noted 
in addicted-populations. Such altered functioning may be related to the 
occurrence of heightened impulsivity; a trait frequently observed in these 
populations. In the previous chapter, a novel task - the MID-STOP task - 
was presented which demonstrated that impulsivity appeared to stem from 
a coupling between the right inferior frontal gyrus and bilateral ventral 
striatum. In this chapter, we employed this task to assay reward, control 
and putative impulsive processes in a cohort of non-smokers, smokers and 
ex-smokers. Small differences between groups during the prospect of a 
financial reward were noted in visual and motor regions. When successfully 
countermanding a prepotent response, the non-smoker group exhibited 
increased activation in motor, cingulate and hippocampal areas compared to 
both the smoker and ex-smoker groups. Finally, during trials investigating 
the regulation of reward-anticipation, non-smokers demonstrated 
significantly more whole-brain (frontal, striatal, visual and cerebellar) 
activation compared to the two other groups. When the smoker and ex
smoker groups were compared on these trials, ex-smokers appeared to 
recruit more frontal, temporal and occipital areas whereas smokers 
exhibited more activity in bilateral dorsal posterior striatal regions. From 
this preliminary analysis, it appears that non-smokers are better able at 
engaging a widely distributed network to deal with situations where an 
impulse drive might need to be controlled. Further, successful abstinence 
may be associated with increased engagement of discrete cortical regions 
and less reliance on subcortical areas during the same scenario.
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5.2 Introduction
Drug-addicted populations tend to show heightened levels of impulsivity on 
a number of measures (Verdejo-Garcia et al., 2008). Alcohol-dependent 
subjects, heavy cocaine users and opiate-addicted populations have all 
displayed deficits in their ability to control impulsive responses; as assayed 
by reduced performance levels in Go/No-Go and Stop-Signal tasks (Bjork et 
al., 2004a, Forman et al., 2004, Goudriaan et al., 2006, Kamarajan et al., 
2005, Kaufman et al., 2003). Several drug-addicted populations have also 
exhibited greater discounting of delayed hypothetical rewards, a measure of 
impulsive choice (Kirby and Retry, 2004, Madden et al., 1997, Madden et 
al., 1999, Monterosso et al., 2007). Increased impulsivity in self-report 
measures of personality have also been observed with cocaine-dependent 
individuals, heroin users and alcohol-dependent subjects (Coffey et al., 
2003, Kirby et al., 1999, Madden et al., 1997, Mitchell et al., 2005, Moeller 
et al., 2004).

Tobacco is a highly addictive drug with recent estimates suggesting that 
there may be approximately 1.1 billion smokers worldwide (Bruijnzeel, 
2012, World Health Organization, 2011). Smoking populations frequently 
display altered levels of impulsivity. Regarding impulsive choice, smokers 
tend to exhibit more impulsive delayed discounting compared to non- 
smokers, and oftentimes ex-smokers (Baker et al., 2003, Bickel et al., 
1999, Reynolds et al., 2004, Reynolds, 2006, Wing et al., 2012). On the 
other hand, several studies have demonstrated no differences between 
smokers and non-smokers in impulse control during the completion of 
Go/No-Go and Stop-Signal tasks (Dinn et al., 2004, Monterosso et al., 
2005, Reynolds et al., 2007). However, two recent studies have reported 
poorer performance levels, and reduced prefrontal activity, in smokers 
compared to non-smokers in these tasks (Luijten et al., 2011, Nestor et al., 
2011). Smokers have also displayed heightened levels of impulsivity on the 
Barratt Impulsivity Scale (BIS), compared to both non-smokers and ex
smokers (Mitchell, 1999, Skinner et al., 2004). Interestingly, Mitchell, 1999 
reported that a heavy smoker group exhibited elevated levels of impulsivity 
on both self-report measures and a Delay Discounting task, but correlations
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between the two measures were negligible which indicates that impulsivity 
might not be a unitary construct.

Although approximately 70% of regular smokers report the desire to quit, 
studies examining levels of successful abstinence in cigarette smokers 
report low average levels (ranging from 5 to 15 %) at 6 and 12-month 
follow up (CDC, 2002, Messer et al., 2008, Zhu et al., 2000). Successful 
abstinence might be related to impulsivity. Doran et al., 2004 conducted a 
study where smokers were required to quit for 48 hours (with status check
ins during this time period). It was observed that those who were higher in 
trait impulsivity (as assayed by the BIS) relapsed more quickly than other 
participants in the study. Similarly, elevated scores on the BIS have been 
shown to predict poorer outcomes in cocaine users seeking treatment 
(Moeller et al., 2001, Patkar et al., 2004). The ability to control such levels 
of impulsivity might be crucial to successful abstinence in smokers. 
Muraven, 2010 reported that smokers who practised small acts of impulse 
control 2 weeks prior to quitting remained abstinent longer than those who 
practiced tasks that did not involve self-control. Increased recruitment of 
prefrontal areas may also underlie such successful abstinence, with ex
smokers exhibiting heightened prefrontal cortical activation during the error 
monitoring portion of a Go/No-Go task (Nestor et al., 2011).

In Chapter 4, a novel task - the MID-STOP task - was introduced that 
demonstrated that impulsivity might be linked to interactions between a 
control region (the right inferior frontal gyrus) and a reward circuit (bilateral 
ventral striatal areas). Differences in impulse control in smoking-populations 
have been previously mentioned but how reward circuitry is potentially 
altered in smokers remains unclear. Buhler et al., 2010 reported that 
smokers displayed similar ventral striatal BOLD signal to both monetary and 
cigarette reward, but in a more recent study, smokers exhibited increased 
ventral striatal activation to an immediate monetary reward compared to 
non-smokers (Luo et al., 2011).

With smokers tending to display elevated levels of impulsivity on a number 
of measures and previous demonstrations of altered functioning within

78



neural regions putatively linked to impulsivity, we recruited a cohort of 
smokers and non-smokers to complete the MID-STOP task. As there also 
appears to be a link between impulsivity and successful abstinence, we 
included an ex-smoker group in our analysis.

5.3 Methods 

5.3.1 Participants
Twenty-six right-handed non-smokers, which included all participants from 
Chapter 4, (13 female, mean age: 23.4, range 18-35), 21 current smokers 
(9 female, mean age: 21.2, range: 18-35), and 17 ex-smokers (6 female, 
mean age: 31.9, range 22-44) took part in the experiment. Participants 
were screened for no history of neurological/psychiatric illness or any past 
loss of consciousness which required hospitalization. All participants were 
right-handed. All participants gave informed consent and the study was 
approved by the School of Psychology in Trinity College Dublin. Participants 
were financially compensated for their time.

Non-smokers self-reported minimal estimated lifetime occasions of cigarette 
use (< 20 times). Current smokers and ex-smokers were required to have 
consumed > 10 cigarettes per day for a minimum of 2 years. Ex-smokers 
were also required to have a minimum of 1 year continuous abstinence prior 
to participation. Smoking abstinence was confirmed by measuring expired 
carbon monoxide (CO) on the day of scanning. Smokers were given the 
opportunity to smoke 15 minutes before the scan in order to avoid the 
potential confounding effects of nicotine withdrawal. All groups reported 
minimal estimated lifetime occasions of cannabis use (< 40 times) and 
other illict drug use (< 20 times). Such drug use information was obtained 
from participants in all groups using a questionnaire taken from the 
Addiction Severity Index Lite-CF (McLellan et al., 1992). Stimuli and 
behavioural protocol were similar to those outlined in Chapter 4, with the 
addition of the Fagerstrom Test for Nicotine Dependence (FTND) for the 
smoker group to complete. The FTND is a 6-item questionnaire that 
measures the degree of nicotine dependence in a smoker (Heatherton et al., 
1991). Relevant questionnaires are located in Appendix C.
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5.3.2 Imaging Parameters
Scanning was conducted on a Philips Intera Achieva 3.0 T MR system (Best, 
The Netherlands). A coil-mounted mirror reflected a 800 x 600 pixel display 
that was projected onto a panel behind the participant's head outside the 
magnet.

An initial reference scan allowed for the resolution of sensitivity variations. 
All imaging utilised a parallel sensitivity encoding (SENSE) approach with a 
reduction factor of 2 (Pruessmann et al., 1999).

180 high-resolution Tl-weighted anatomic MPRAGE transverse images (FOV 
230mm, thickness 0.9mm, voxel size 0.9x0.9x0.9) were then acquired 
(total duration 343 s) to allow subsequent activation localization and spatial 
normalization.

39 non-contiguous (0.35 mm gap) 3.5 mm transverse slices covering the 
entire brain were acquired using a T2* weighted echo-planar imaging 
sequence (TR=2000ms, TE=30ms, FOV 224 mm, 64x64 matrix size in 
Fourier space). Functional scans had a total duration of 358 s per run.

5.3.3 MID-STOP Analysis
fMRI data analyses were conducted using AFNI software (Cox 1996; 
http://afni.nimh.nih.aov/afniT Between-group ANOVAs were conducted using 
SPM8 (Statistical Parametric Mapping, http://www.fil.ion.ucl.ac.uk/spm/). 
Data were corrected for slice time acquisition and motion-corrected using 3- 
D volume registration (least-squares alignment of three translational and 
three rotational parameters). All five runs of the task were concatenated 
and subsequent edge detection algorithms were used to remove activation 
outside of the brain.
General linear modelling analysis involved estimating activation measures 
for seven cue period types: reward and neutral square cue periods (MID 
trials), reward and neutral circle cue periods that were followed by targets
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and reward and neutral circle cue periods that were followed by STOPS 

(MID-STOP trials). Reward MID-STOP trials were split into two types 
depending on whether participants subsequently successfully inhibited 

(MID-STOPsuccess cue period) or not (MID-STOPError cue period). Activations 
for twelve outcome periods were also estimated (HITS and MISSES for cue 
periods which were followed by targets, and MID-STOPsuccess and MID- 

STOPError for cue periods which were followed by STOPs). Motion effects 
were also included as regressors of no interest.

Square-wave regressors that coded for the duration of each cue period were 
created and subsequently convolved with a standard haemodynamic 
response function (HRF). Regression analyses calculated activation for cue 
periods as a percentage change relative to the baseline (the fixation periods 
between trials). These activation maps were warped into standard Talairach 
space (Talairach and Tournoux, 1988) and spatially smoothed with a 4.2 
mm full-width at half-maximum isotropic Gaussian kernel. Group activation 
maps for each cue period were calculated with one-sample t-tests against 
the null hypothesis of zero activation change.

To assess outcome-related activations, distinct event-related 
haemodynamic response functions at 2s temporal resolution were calculated 
using deconvolution techniques. The haemodynamic response functions 
were then modelled voxelwise with a gamma-variate function using non
linear regression (Murphy and Garavan, 2005). An area-under-the-curve 
measure of the gamma-variate model was expressed as a percentage of the 
tonic baseline activity and served as the activation measure for these event- 
related responses. Activation maps were warped and spatially blurred, as 
above. Group activation maps for each outcome were created with one- 
sample t-tests.

To examine the effects of the prospect of a financial reward, activation 
maps (where the prospect of a neutral outcome was subtracted from the 
prospect of a financial reward) from all 3 groups were entered into a one
way voxelwise ANOVA. The main effect of this ANOVA was thresholded as 
follows: significant voxels passed a voxelwise statistical threshold
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(t=5.76219, p<0.005) and were required to be part of a larger 265 pi 
cluster of contiguous voxels to arrive at a cluster-level threshold of p<0.05, 
corrected. A series of Monte Carlo simulations (1000 iterations) were 
performed to determine cluster sizes. This thresholded map was then used 
for subsequent small-volume correction (SVC) analyses on between-group 
contrasts resulting from the ANOVA. These contrasts were thresholded in a 
similar manner with voxelwise statistical thresholds for the non-smoker vs. 
smoker contrast (t=2.95208, p<0.005), non-smoker vs. ex-smoker contrast 
(t=2.96696, p<0.005), and smoker vs. ex-smoker contrast (t=2.99049, 
p<0.005) set and with voxels being required to be part of a larger 10 pi 
cluster of contiguous voxels to arrive at a cluster-level threshold of p<0.05, 
corrected. A series of Monte Carlo simulations (1000 iterations) were 
performed to determine cluster sizes.

To examine response inhibition processes, activation maps for MID- 
STOPsuccess (where participants successfully inhibited their prepotent 
response) were entered into a one-way voxelwise ANOVA. The main effect 
of this ANOVA was thresholded using the same procedure outlined for the 
one-way ANOVA examining reward processes. This thresholded map was 
then used for subsequent small-volume correction (SVC) analyses on 
between-group contrasts resulting from the ANOVA. Voxelwise statistical 
thresholds for contrasts were as above with a series of Monte Carlo 
simulations (1000 iterations) determining that voxels were required to be 
part of a larger 21 pi cluster of contiguous voxels to arrive at a cluster-level 
threshold of p<0.05, corrected.

To examine putative impulsivity processes, activation maps for MID- 

STOPsuccess cue period and MID-STOPerror cue period were entered into a 2 x 
3 voxelwise ANOVA (with the other factor being group). The main effects 
and interaction effect of this ANOVA were thresholded using the same 
procedure outlined for the one-way ANOVA examining reward processes. As 
the main effect of group was only the effect from this ANOVA displaying 
significant clusters, this thresholded map was then used for subsequent 
small-volume correction (SVC) analyses on between-group contrasts (with 
conditions collapsed) resulting from the ANOVA. Voxelwise statistical
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thresholds for contrasts were as above with a series of Monte Carlo 
simulations (1000 iterations) determining that voxels were required to be 
part of a larger 53 pi cluster of contiguous voxels to arrive at a cluster-level 
threshold of p<0.05, corrected.

5.3.4Statistical analysis
Behavioural data were analysed with the statistical package SPSS (version 
16). Demographic information was compared with one-way ANOVAs and 
independent samples t-tests, where appropriate. 3-factor (cue condition x 
reward/neutral x group) ANOVAs were used to compare accuracy and 
reaction time differences on targets. One-way ANOVAs compared % 
successful inhibition and commission error reaction time differences 
between groups on trials where STOPs followed reward and neutral cue 
periods (i.e. MID-STOP trials).

5.4 Results

5.4.1 Demographics
Demographics are reported in Table 5.1. A one-way ANOVA found that 
groups differed in relation to age (F2,61=18.134, p<0.000005) with Tukey 
Post Hoc tests revealing that the ex-smoker group was significantly older 
compared to the non-smoker group (p<0.000005) and compared to the 
smoker group (p<0.00005). Groups did not differ in any of the 
psychometric measures with the exception of overall Barratt Impulsivity 
Scale (BIS) scores. A one-way ANOVA found a significant effect of group 
(F2,61=9.813, p<0.0005) with Tukey post-hoc tests revealing that smokers 
exhibited elevated levels of self-report impulsivity compared to non- 
smokers (p<0.0005). Post-hoc tests also revealed that ex-smokers 
displayed non-significantly higher levels of impulsivity compared to non- 
smokers (p=0.081). Smokers expired higher levels of CO compared to ex
smokers - t(36) = 6.725, p<0.000001. Regarding the usage of tobacco, ex
smokers had used tobacco for a significantly longer time than smokers - 
t(33)=3.530, p<0.001.

83



Table 5.1: Demographics. Values are expressed as averages (± standard 
error of the mean). The p-value column indicates whether groups 
significantly differed in values.

Item Non-Smoker Smoker Ex-Smoker P-Value

Age 23.4 (± 1.0) 21.2 (± 0.8) 31.9 (± 2.0) <0.000001

NART 115.4 (± 0.5) 116 (±0.7) 117.5 (± 0.6) 0.106

Psychometric
Questionnaires

BIS 61.1 (± 1.7) 72.3 (± 2.1) 67 (± 1.4) <0.0005

Delayed Discounting 0.02 (± 
0.008)

0.01 (± 
0.004)

0.01 (± 
0.003)

0.735

BAS Drive 9.8 (± 0.4) 10.2 (± 0.4) 10.3 (± 0.4) 0.705

BAS Fun 11.2 (± 0.3) 12.3 (± 0.5) 11.3 (± 0.3) 0.105

BAS Reward 16.7 (± 0.4) 17 (± 0.5) 16.7 (± 0.3) 0.857

Smoking-Related
Items

Carbon Monoxide 
(ppm)

NA 18.1 (± 2.1) 2 (± 0.2) <0.000001

Fagerstrom Score NA 4 (± 0.3) NA

Years of tobacco
use

NA 5.4 (± 0.4) 10 (± 1.4) <0.001

Age of use 15.9 (± 0.7) 15 (± 0.2) 15.1 (± 0.4) 0.8

Average Smoking 
Pattern (/day)

NA 13 (± 0.5) 15 (± 1.4) 0.2

Nicotine Abstinence 
(years)

NA NA 4.4 (± 0.9)

Alcohol Usage

Age of use 14.6 (± 0.6) 14.5 (± 0.2) 15.7 (± 0.5) 0.17

Occasions of use 
(last month)

4.8 (± 1.3) 6.8 (± 0.7) 4.5 (± 0.5) 0.078
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5.5 Results

5.5.1 Performance Results
Figure 5.1 displays accuracy (% HITS) and mean reaction times (RTs) for 
the reward and neutral trials of the square (MID trials) and circle cue 
conditions (recall that STOP signals were presented on 50% of circle-cue 
trials but never for square-cue trials. The circle trials included here are 
those that were not followed by a STOP signal).
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Figure 5.1: Average % accuracy (%HITs) and reaction times (RTs) for 
targets on MID (square cue) and circle cue trials.
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A 2 (Cue condition) x 2 (reward/neutral) x 3 (Group - Ex-Smokers, Non- 
Smokers, Smokers) ANOVA for accuracy found a significant effect of 
condition (Fi,6i=17.411, p<0.0001), a main effect of reward (Fi,6i=212.022, 
p<0.000001) but no condition*group interaction effect (F2,6i=2.974, 
p=0.059), no reward*group interaction effect (F2,6i=0.827,p=0.442), no 
condition*reward interaction effect (F2,6i=0.719, p=0.141), no
condition*reward*group (F2,6i=0.719, p=0.491), and no main effect of 
group (F2,6i=0.907, p=0.409). Pairwise comparisons confirmed greater 
accuracy during MID trials compared to Circle trials (p<0.000001), and 
during reward trials compared to neutral trials (p<0.000001).

A 2 (reward/neutral MID-STOP trials) x 3 (Group - Ex-Smokers, Non- 
Smokers, Smokers) ANOVA for % successful inhibition on MID-STOP trials 
found a main effect of condition (Fi,61=21.266, p<0.00005), no main effect 
of group (F2,61=0.566, p=0.571) and no condition^group interaction effect 
(F2,61=0.566, p=0.571). Pairwise comparisons revealed that participants 
successfully inhibited more on MID-STOP neutral trials compared to MID
STOP reward trials (p<0.00005) (see Table 5.2).

Table 5.2: Performance levels during MID-STOP trials. Values are expressed 
as averages (± standard error of the mean).

Performance levels

MID-STOP Reward Trials

Non-Smoker Smoker Ex-Smoker

% Successful Inhibition 72.3 (± 3.1) 63.4 (± 4.1) 68 (± 4.1)

Commission Error Reaction

Time

MID-STOP Neutral Trials

301.7 (± 9.7) 291.7 (± 5.1) 283.7 (± 7.3)

% Successful Inhibition 76.7 (± 2.4) 77.3 (± 2.6) 75.5 (± 3.9)

Commission Error Reaction

Time

320.4 (± 9.8) 323 (± 9.1) 315.2 (± 9.8)

A 2 (Cue condition) x 2 (reward/neutral) x 3 (Group - Ex-Smokers, Non- 
Smokers, Smokers) ANOVA on RTs found a significant main effect of 
condition (Fi,61=22.299, p<0.00005), a main effect of reward 
(Fi,6i= 193.589, p<0.000001), a condition*group interaction effect 
(F2,6i=3.364, p=0.041), but no reward^'^group interaction effect
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(F2,61=1-954,p=0.150), no condition*reward interaction effect (F2,6i=0.620, 
p=0.434), no condition*reward*group (F2,6i=0.119, p=0.888), and no main 
effect of group (F2,6i=2.254, p=0.114). Pairwise comparisons confirmed 
shorter RT during MID trials compared to Circle trials (p<0.000001), and 
during reward trials compared to neutral trials (p<0.000001).

To explore the condition*group interaction, the pooled error term from the 
3-way ANOVA was used to test between-subjects simple effects. This 
analysis revealed that during MID trials, groups significantly differed in RT 
(F2,86=4.58,p<0.01) with the non-smoker group displaying short RTs 
compared to both the smoker (p<0.022) and ex-smoker group (p<0.025). 
However, these differences were no longer present during the Circle Trials 
(F2,86=0.33, p=0.71). Separate error terms were used to analyze simple 
effects involving within-subject factors as sphericity corrections are 
inadequate if a pooled error term is used (Cardinal and Aitken, 2005). This 
simple effects analysis revealed that RTs for the non-smoker (Fi,125=45.16, 
p<0.001) and smoker (Fi,i25=5.44, p=0.021) groups changed as a result of 
condition (RTs became longer for Circle trials compared to MID trials), but 
not for the ex-smoker group (Fi,125=3.45, p=0.066).

A 2 (reward/neutral MID-STOP trials) x 3 (Group - Ex-Smokers, Non- 
Smokers, Smokers) ANOVA for commission error RT found a main effect of 
condition (Fi,61=21.266, p<0.00005), no main effect of group (F2,61=0.566, 
p=0.571) and no condition*group interaction effect (F2,61=0.566, p=0.571). 
Pairwise comparisons revealed that participants display shorter RTs on MID
STOP reward trials compared to MID-STOP neutral trials (p<0.00005).
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5.5.2 Functional Magnetic Resonance Imaging (fMRI) Results
A one-way ANOVA, exploring differences in neural response to the prospect 
of a financial reward on reward MID trials revealed a significant effect of 
group in a right inferior occipital gyrus and a left precentral gyrus region 
(Table 5.3). Subsequent small-volume correction (SVC) analyses on 
contrasts between groups found that the non-smoker group exhibited 
increased activation in the occipital area compared to smokers, whereas 
smokers displayed increased activation of the left precentral gyrus 
compared to non-smokers. Ex-smokers exhibited increased activation of the 
left precentral gyrus and right inferior occipital gyrus compared to non- 
smokers and smokers, respectively (Table 5.3). A region-of-interest (ROI) 
approach, utilizing ventral striatum (VS) areas previously shown to activate 
in response to reward cues (Cooper et al., 2012), revealed no between- 
group differences during the prospect of a financial reward (left VS: 
F2,61=1.029, p=0.36 right VS: F2,6i=1.12, p=0.33).

Table 5.3: Results from one-way ANOVA comparing activity during the 
prospect of a financial reward. Positive values for x, y and z Talairach co
ordinates identify the centre of mass of each cluster and denote, 
respectively, locations that are right, anterior and superior relative to the 
anterior commissure.

Area Voxel Hemisphere BA X Y Z

Main Effects

Inferior Occipital Gyrus

Size (|jl)

647 Right 18 29 -92 -6

Precentral Gyrus 354 Left 34 -16 40

Contrasts

Non-Smoker > Smoker

Inferior Occipital Gyrus 286 Right 18 31 -93 -1

Non-Smoker < Smoker

Precentral Gyrus 311 Left 35 -16 40

Non-Smoker < Ex-

Smoker

Precentral Gyrus 68 Left 32 -19 37

Smoker < Ex-Smoker

Inferior Occipital Gyrus 358 Right 18 28 -91 -10
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A one-way ANOVA, exploring differences in neural response during 
successful motor inhibition on reward MID-STOP trials (i.e. MID-STOPsuccess) 

revealed a significant effect of group in several regions including the 
caudate, the precentral gyrus and the hippocampus (Table 5.4). Subsequent 
SVC analyses on contrasts between groups demonstrated that the non- 
smoker group exhibited increased activation in these areas compared to 
smoker and ex-smoker groups (Table 5.4). There were no differences 
between the smoker and ex-smoker groups.

Finally, a 2 (MID-STOPsuccess cue period/MID-STOPError cue period) x 3 
(Group - Ex-Smokers, Non-Smokers, Smokers) voxelwise ANOVA revealed a 
large main effect of group, but no main effect of condition or an interaction 
effect (Figure 5.2). Subsequent SVC analyses on contrasts between groups 
revealed that non-smokers exhibited much more activation in frontal, 
striatal, hippocampal, occipital and cerebellar regions during the reward 
MID-STOP cue periods compared to both smokers (Figure 5.3) and ex
smokers (Figure 5.4). Although not as extensive, there were also 
differences between the smoker and ex-smoker group during these cue 
periods as well (Table 5.5). The ex-smoker group exhibited increased 
activation in a wide range of areas including the frontal, temporal and 
occipital lobes. On the other hand, smokers displayed increased BOLD signal 
in a smaller number of regions, most notably, the right and left caudate tail.
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Figure 5.2: The main effect of Group from a 2 (MID-STOPSuccess cue 
period/MID-STOPError cue period) x 3 (Group - Ex-Smokers, Non-Smokers, 
Smokers) ANOVA revealed an extensive whole-brain effect. The sagittal 
section indicates where the coronal sections were taken from.
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Figure 5.3: Small-Volume Correction Analyses comparing Non-Smokers and 
Smokers during reward MID-STOP trials. Non-smokers exhibited increased 
activation in all areas shown in red, compared to smokers. The sagittal 
section indicates where the coronal sections were taken from.
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Figure 5.4: Small-Volume Correction Analyses comparing Non-Smokers and 
Ex-Smokers during reward MID-STOP trials. Non-smokers exhibited 
increased activation in all areas shown in red, compared to ex-smokers. The 
sagittal section indicates where the coronal sections were taken from.
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5.6 Discussion
Similar to the results outlined in Chapter 4, all participants responded faster 
and more accurately to both the prospect of a financial reward and to cues 
that were never followed by STOP signals. Analyses of RTs revealed that 
non-smokers reacted faster to targets during MID trials compared to the 
smoker and ex-smoker groups, suggestive of these participants being more 
attracted to trials where there was no associated 'risk-taking' aspect, as 
there was for all Circle cue period trials. Analyses involving MID-STOP trials 
did not reveal any between-group differences. As well as these 
performance-related differences, smokers also self-reported elevated levels 
of impulsivity on the BIS compared to non-smokers (with ex-smokers also 
reporting near significant heightened impulsivity levels compared to non- 
smokers also). With such differences in self-report measures of impulsivity, 
attention then turned to whether the novel MID-STOP task would be able to 
assay any potential differences in cognitive processes related to impulsivity.

As described in Chapter 4, the MID-STOP task combines elements of tasks 
related to reward anticipation and response inhibition processes. By 
employing the MID-STOP task, it is possible to assay either process 
separately as well as explore putative impulsive processes involving the 
two. Regarding reward anticipation, a one-way voxelwise ANOVA, 
comparing activation levels during the prospect of a financial reward, 
revealed no significant differences between groups in reward-related neural 
circuitry. This was confirmed by ventral striatal ROIs. To our knowledge, no 
studies have been published comparing adult smokers and non-smokers on 
a MID task. One study has demonstrated that adolescent smokers displayed 
VS hypoactivity compared to non-smokers during the prospect of a financial 
reward (Peters et al., 2011). However, with extensive neuromaturation 
during this time period, extrapolating to adult studies can be somewhat 
problematic (Galvan et al., 2012, Giedd et al., 1999, Gogtay et al., 2004). 
In a similar vein to our results, Buhler et al., 2010 reported that heavy 
smokers and occasional smokers did not differ during the anticipation of a 
monetary reward. In the same study, heavy smokers exhibited comparable 
levels of VS activity to both monetary and cigarette reward, whereas 
occasional smokers only displayed increased recruitment of the VS during
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the former, suggesting that this addiction may not involve alterations to 
how 'natural' rewards are perceived per se, but rather to how drug-related 
cues and stimuli resonate. A study reporting that smokers demonstrated 
significantly greater activation of the VS to smoking-related pictorial cues, 
compared to neutral cues, appears to support this (David et al., 2005).

In relation to response inhibition processes, a one-way voxelwise ANOVA 
examined activation patterns from when participants in all 3 groups 
successfully countermanded a prepotent response on reward MID-STOP 

trials (i.e. MID-STOPsuccess)- No significant differences between the smoker 
and ex-smoker group were observed, but the cohort of non-smokers 
displayed increased activation in several areas including primarily 
hippocampal regions but also the cingulate gyrus, motor cortex and 
striatum. A previous study examining response inhibition processes 
revealed that smokers and ex-smokers displayed reduced activation in 
some similar areas such as the parahippocampus and motor cortex, 
compared to non-smokers (Nestor et al., 2011). No significant between- 
group differences in prefrontal regions, traditionally associated with 
response inhibition processes (e.g. right inferior frontal gyrus), were noted 
in this study, however. With no differences between smokers and ex
smokers during this portion of the task, it suggests that successful 
abstinence might be potentially related to other prefrontal-related cognitive 
processes separate from inhibitory control. The ability to monitor one's 
errors, for example, might be crucial in this respect, as it has been 
demonstrated that ex-smokers displayed increased recruitment of superior 
frontal gyri while processing errors during a Go/No-Go task (Nestor et al., 
2011).

During reward MID-STOP trials, non-smokers exhibited significantly more 
whole-brain activation compared to both the smoker and ex-smoker groups. 
Both frontal and bilateral striatal regions (as well as several other areas, 
most notably the occipital lobe) exhibited increased BOLD signal in the non- 
smoker group, suggesting that this group engaged more cortical areas in 
the service of top-down reward regulation. This increased whole-brain 
activation was accompanied by the best behavioural performance (as
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assayed by % successful inhibitions on reward MID-STOP trials) out of the 3 
groups, albeit non-significant. This whole-brain activation difference 
suggests that differences in coupling between prefrontal control and striatal 
reward systems may not be solely responsible for any alterations in 
expressions of impulsivity. Both smokers and ex-smokers exhibited 
significantly reduced activation in bilateral hippocampal regions, for 
example, during these trials which is interesting as a recent study 
demonstrated that lesions of both the prefrontal cortex and hippocampus in 
a rodent model resulted in increased levels of impulsive responding 
(Chudasama et al., 2012). Interestingly, when smokers and ex-smokers 
were compared on reward MID-STOP trials, the former smokers exhibited 
increased levels of activation in the left superior frontal gyrus and right 
medial frontal gyrus as well as several other regions in the cerebellum, 
temporal area and occipital lobe. In the opposite contrast, smokers 
displayed increased recruitment of a few select regions, most notably 
bilateral dorsal posterior caudate regions. The transition from voluntary 
drug use to compulsive drug taking has been postulated to stem from a 
progression from ventral to more dorsal domains of the striatum (Everitt 
and Robbins, 2005). With the dorsal striatum implicated in drug cue 
responding, ex-smokers are potentially recruiting several discrete neural 
regions to combat any dorsal striatal influence in situations involving the 
control of impulsive urges. Such a putative mechanism might be related to 
ex-smokers having to exercise control when cues associated with their 
smoking past are presented (Caravan and Stout, 2005).

Overall it appears, from this study, that nicotine addiction is not related to 
hypoactivity within the brain's reward system to non-drug rewards nor is it 
due to reduced prefrontal cortex activity guiding behavioural control. 
Rather, it appears that this addiction may involve some aspect of 
impulsivity, where a widely distributed network is not sufficiently engaged 
to deal with situations where reward anticipation may need to be 
modulated. This difference is not exclusively related to currently addicted 
individuals, with successfully abstinent participants demonstrating a similar 
pattern of reduced activity compared to non-smokers. Within the nicotine- 
addicted populations however, successful abstinence may be linked to one's
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ability to increase prefrontal, as well as tennporal and occipital, activation 
while reducing dorsal posterior striatal activity when scenarios involving the 
control of impulsive urges are presented.
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Chapter 6 Discussion

The ability to control one's impulsive urges appears to be a crucial factor in 
various aspects of addiction; from initial drug experimentation to 
compulsive drug taking, through to successful abstinence. Despite several 
lines of research indicating an association between impulsivity and 
addiction, the exact neural regions involved have not been clearly 
delineated (Verdejo-Garcia et al., 2008). The main objective of this 
dissertation was to uncover such origins and investigate how they could be 
potentially altered in drug-addicted populations. It was hypothesized that 
impulsivity might stem from interactions between two of the brain's 
dominant cognitive systems - prefrontal control and subcortical reward. 
Initially, cognitive processes related to either system were investigated 
separately in an adolescent cannabis-using population.

In chapter 2, it was determined that adolescents with heavy cannabis use 
histories performed significantly worse on a Go/No-Go task, when compared 
to age-matched comparison subjects with minimal use of cannabis. This 
poor performance was in line with similar findings from studies involving 
alcohol-dependent participants, cocaine users, opiate-addicts and heavy 
smokers (Bjork et al., 2004a, Forman et al., 2004, Goudriaan et al., 2006, 
Luijten et al., 2011, Nestor et al., 2011, Kamarajan et al., 2005, Kaufman 
et al., 2003). fMRI analyses revealed no between-group differeneces in 
regions traditionally associated with response inhibition. An alternative 
approach was then adopted whereby correlation patterns from areas linked 
to response inhibiton were compared between groups. This method 
produced two networks (involving parietal, frontal and cerebellar regions) 
which displayed increased correlation patterns in the cannabis-using group. 
Analyses of resting state fMRI data acquired during the same session 
indicated that the increased correlation patterns in one of these networks 
(left cerebellum and bilateral parietal) appeared to be an intrinsic feature of 
cannabis-using adolescents.

This chapter illustrated that observed performance differences in inhibitory 
control may not necessarily involve differences in recruitment of prefrontal
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regions or other regions linked to these processes, for that matter. Instead, 
subtle differences in how these regions correlate or functionally interact with 
one another may be at play. A study by Harding et al., 2012 is a prime 
example of the importance of assessing such potential changes in inter
regional connecitivty. In that study cognitive control mechanisms within 
adult cannabis users were probed. While no differences in activation 
amplitudes between users and comparison subjects were recorded, follow
up functional connectivity analysis, revealed increased connectivity between 
prefrontal and occipitoparietal cortices within the cannabis-using group. 
With no behavioural performance differences between groups during that 
task, it was suggested that this elevated connectivity might have have been 
a compensatory mechanism to achieve comparable performance levels.

Such a putative compensatory mechanism may have been at play in the 
cannabis-using group in chapter 2, with the major difference being that 
elevated correlation patterns were not sufficient to improve performance 
levels. This finding was similar to an earlier study that found increased 
activation of the cerebellum in cocaine users during a Go/No-Go task that 
was coupled with working memory. Despite recruiting the cerebellum as 
working memory demands increased, this did not ulitmately improve 
performance levels within the cocaine-using group. With endocannabinoid 
receptors being widely distributed in the cerebellum (Quickfall and 
Crockford, 2006), and previous work highlighting abnormal cerebellar 
morphometry in adolescent cannabis users (Medina et al., 2010), therein 
lies the potential that cognitive processes which involve the cerebellum, as 
a putative compensatory mechanism or otherwise, might be disrupted by 
cannabis use. In support of this, Skosnik et al., 2008 reported deficits in 
eyeblink conditioning, a process mediated by the cerebellum, in chronic 
adolescent and young adult cannabis users.

One final important issue raised in this chapter was how resting state fMRI 
data can assist with functional analysis by providing a supplemental, 
independent measure of brain function. Resting State fMRI allows for the 
investigation of spontaneous low frequency fluctuations (<0.1 Hz) in the 
BOLD signal (Lee et al., 2012). Analyses of these data in chapter 2 revealed
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that one of the networks that exhibited heightened correlation patterns 
during the Go/No-Go task also displayed similar patterns at rest suggesting 
that the alterations observed during a task might have been an intrinsic 
feature. Linking resting state connectivity patterns to task-related activity 
may be an important point to consider for future work. Janes et al., 2012, 
for example, reported that a cohort of heavy smokers exhibited greater 
coupling between left fronto-parietal and medial prefrontal cortex networks. 
Interestingly, smokers who displayed the greatest coupling between these 
networks also exhibited the most dorsal striatal activity to smoking cues, an 
area implicated in drug-cue responding (Everitt and Robbins, 2005). This 
activity was measured during an fMRI smoking cue reactivity paradigm, 
suggesting that strong underlying prefrontal brain networks could have 
potentially facilitated drug-cue responding. With the duration of the resting 
state acquisition protocol in chapter 2 lasting approximately 7 minutes, 
future work should consider adopting such an approach as it may yield a 
better insight into how any observed task-related differences might be an 
intrinsic feature of neural functioning.

Chapter 3 addressed how heavy cannabis-using adolescents processed the 
prospect of a financial reward, as well as the prospect of a financial loss in a 
monetary incentive delay (MID) task. The most significant finding from this 
chapter was the reduced levels of activation in the parahippocampus and 
other regions in cannabis users during the prospect of a financial loss. Such 
reductions in activity were also accompanied by slower reaction times to 
save money. The location of activation differences suggested that users 
may have possessed deficits in motivational circuitry, as the hippocampal 
region has been linked to providing contextual and affective information 
related to motivational stimuli (Chambers et al., 2003). Disruptions to such 
circuitry may be linked to the anhedonia and depressive systems often 
associated with cannabis use (Bovasso, 2001). However, such amotivational 
states may be malleable as Macher and Earleywine, 2012 demonstrated 
that presenting chronic cannabis users with motivational statements 
improved performance levels on tests of verbal learning and memory. With 
studies employing the MID task tending to gear towards examining
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differences in reward processes, this chapter illustrated that other cognitive 
processes employed during this paradigm deserve due consideration.

These two initial experimental chapters introduced the cognitive processes 
that we believed were central to the neural origins of impulsivity. Although 
results from either study provided evidence that cannabis use in 
adolescence is linked to altered brain functioning, there are naturally 
limitations with this work. The major limitation with these studies, as well as 
with most other studies involving drug-addicted populations, is that they 
tend to be cross-sectional in design; that is, there is uncertainty about 
whether any potential differences were present prior to or occurred as a 
result of drug use. However, extensive longitudinal studies, such as the 
IMAGEN study, where 2000 14-year-olds adolescents across Europe have 
participated in neuroimaging studies and will be followed up over the 
coming years, will hopefully aid in bringing some clarity to the issue 
(Schumann et al., 2010). Another limitation within these two initial studies 
was the absence of investigations into any potential structural differences 
between groups. A recent study reported that adolescent cannabis users 
displayed increased cerebellar vermis volumes when compared to drug- 
naive controls (Medina et al., 2010). Tl-weighted high-resolution 
anatomical scans were acquired from all participants, so there is the 
potential to investigate whether any structural alterations within the 
cerebellum, or other regions, may be linked to the functional differences we 
observed.

Following these investigations, a novel task - the MID-STOP task - to probe 
impulsivity was created which combined elements of paradigms routinely 
used to probe response inhibition and reward anticipation processes; the 
Stop-Signal task and the MID task. Chapter 4 described this novel paradigm 
and results from a cohort of 20 participants who completed the task. We 
had postulated that impulsivity might stem from interactions between 
reward-seeking drives and behavioural control systems attempting to exert 
control over such drives. The MID-STOP task allowed for the assessment of 
whether regulation over such reward-related approach behaviours stemmed 
from prefrontal modulation of reward anticipation areas. Using a
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psychophysiological analysis approach, it was determined that impulsivity 
stemmed from interactions between the right inferior frontal cortex and 
bilateral ventral striatum (VS) where an impulsive drive had to be regulated 
in order to prepare for a possible response inhibition. This result supported 
the theoretical model of impulsivity proposed at the end of the introduction 
chapter; where impulsivity might arise in situations where an excessive 
incentive motivation drive competes against a behavioural control network. 
As discussed elsewhere in the introduction, various measures exist that 
probe this trait. Exploration of the relationship between these measures and 
the MID-STOP task revealed a link between the prefrontal system and 
impulsive choice, as the right prefrontal region correlated with individual 
differences in the temporal discounting of reward. Such a correlation 
indicated that this coupling within the MID-STOP task was tapping into an 
important aspect of impulsivity.

The final issue that this chapter addressed was whether the activation 
within the right prefrontal system was independent of any response 
inhibitory role. As the MID-STOP task allowed for response inhibition 
processes to be assessed separately, it was determined that while other 
areas within the right inferior frontal gyrus became activated during motor 
inhibition, the right prefrontal region linked to impulsivity did not. Thus, a 
functional dissociation within the right inferior frontal gyrus was observed. 
This was interesting at it demonstrated that the coupling between the right 
prefrontal cortex and bilateral VS was not linked to the traditional category 
of tasks assaying impulsive responses (e.g. Go/No-Go tasks). Rather, it was 
a separate construct that appeared to have some links to impulsive choice 
(as the significant correlation with performance on the Delay Discounting 
task demonstrated).

After identifying this coupling between prefrontal and striatal regions 
underlying impulsivity, attention turned towards ascertaining whether the 
altered levels of impulsivity often associated with addiction stemmed from 
differences in this frontal-striatal relationship. As outlined in the 
introduction, addicted populations tend to show heightened impulsivity on a 
number of measures, while successful abstinence appears to be linked to
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effectively controlling impulsive urges. In Chapter 5, three groups (non- 
smokers v\/hose had participated in the initial experiment presented in 
Chapter 4, smokers, and ex-smokers) completed the MID-STOP task and 
were compared in terms of activation patterns. Preliminary analyses 
revealed that non-smokers were better able to engage a widely distributed 
cortical network when an impulsive urge had to be controlled. When 
smokers and ex-smokers were compared on the same condition however, 
former smokers exhibited more widespread neural activity while smokers 
displayed increased activation in a select few areas including the right and 
left dorsal striatum. These results suggested that the differences in 
impulsivity seen between addicted and non-addicted populations might 
involve more than simply an alteration to frontal-striatal coupling. Rather, a 
more extensive network including the hippocampus, thalamus, occipital lobe 
and other areas within the frontal lobes and striatum might be play (as 
evidenced by the widespread differences in Figures 5.3 and 5.4). Several of 
these structures have previously been described as "key components in 
regulating the reward circuit" (Haber and Knuston, 2010). With a recent 
study demonstrating that hippocampal-frontal lesions increased impulsive 
responding in a rodent model (Chudasama et al., 2012), there lies the 
potential that other the function of other brain structures may impact upon 
any frontal-striatal coupling linked to impulsivity. The other interesting 
finding from this chapter was the distinction between smokers and ex
smokers regarding the activation of the dorsal striatum. The dorsal striatum 
has been linked to the habit-forming aspect of drug addiction and 
associated drug-cue responding (Everitt and Robbins, 2005). With ex
smokers appearing not to recruit the dorsal striatum, in contrast to current 
smokers, during trials where impulsive urges had to be controlled, it is 
possible that successful abstinence might be related to reduced dorsal 
striatal involvement in such situations and rather increased activation of 
other brain regions within mainly the frontal, occipital and temporal lobes. 
Such a mechanism may be important for successful abstinence when drug 
cues are presented (Caravan and Stout, 2005). Psychophysiological 
analysis of the data presented in chapter 5 will help elucidate the 
connectivity patterns differentiating addicted from non-addicted groups (and 
current users from former users within the former). As demonstrated in
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earlier chapters, both connectivity and correlation analyses can provide a 
window into identifying, sometimes subtle, differences and supplement any 
observed differences in activation patterns. Other connectivity analyses 
such as those modelling effective connectivity (structural equation 
modelling and dynamic causal modelling) may also provide information in 
this regard (Penny et al., 2004).

The limitations mentioned in relation to the initial studies involving the 
cannabis-using populations apply for this final study as well. Another 
limitation, which may be addressed in future work, is that no genetic 
information was acquired from participants completing the MID-STOP task. 
Esposito-Smythers et al., 2009 reported that a dopamine (DA) D2 receptor 
TaqIA polymorphism was closely linked to substance abuse and associated 
impulsivity. It would be of interest to note whether the DA D2 receptor is 
involved in the impulsivity observed in the MID-STOP task, especially as 
reductions in DA D2 receptor levels have been closely linked to addiction 
(Volkow et al., 2002a). Another prospect for future work involving the MID
STOP task is to alter the design so that drug-related rewards could be 
included (e.g. cigarette rewards). Such a design would allow for impulsive 
urges related to drug cues/stimuli to be assessed with the groups recruited 
for such a study potentially comprising of both heavy smokers and 
occasional smokers (similar to that of Buhler et al., 2010, who recruited 
both groups for a paradigm assaying reward anticipation). Such an 
approach would allow for a thorough investigation into how one's control 
over impulsive urges in relation to a drug can influence the development of 
addiction to the drug in question.
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Appendix A: Questionnaires from Chapter 2
NEO-FFI Personality Questionnaire

Participant ID
PERSONALITY QUESTIONNAIRE

In this questionnaire, you will find statements people might use to 

describe their attitude, opinions interests, and other personal 

feelings.

Try to describe the way you USUALLY or GENERALLY act and feel, 

not just how you are feeling right now.

Please indicate the answer that best represents your opinion by 

ticking ONE of the following five answers:

1- Strongly disagree
2- Disagree
3- Neutral
4- Agree
5- Strongly agree

READ every statement carefully and decide which choice best 

describes but don't spend too much time deciding the answer.

REMEMBER, there are no right or wrong answers, just describe your 

own personal opinions and feelings.
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Q Strongly
Disagree

Disagree Neutral Agree Stronjiy
Agree

1. I am not a worrier.
2. I like to have a lot of 

people around me.
3. I don't like to waste my 

time daydreaming.
4. I try to be courteous to 

everyone I meet.
5. I keep my belongings 

neat and clean.
6. I often feel that I'm not 

as good as others.
7. I laugh easily.
8. Once I find the right way 

to do something, I stick 
to it.

9. I often get into 
arguments with my 
family and co-workers.

10. I'm pretty good about 
pacing myself so as to 
get things done on time.

11. When I'm under a great 
deal of stress, sometimes
I feel like I am going to 
pieces.

12. I'm not happy-go-lucky.
13. I am intrigued by the 

patterns I find in art and 
nature.

14. Some people think I'm 
selfish and egotistical.

15. I'm not a very orderly or 
methodical person.

16. I rarely feel lonely or 
blue.

17. I really enjoy talking to 
people.

18. I believe letting students 
hear controversial
speakers can only
confuse and mislead 
them.

19. I would rather cooperate 
with others than compete
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Q Strongly
Disagree

Disagree Neutral Agree Strongly
Agree

with them.
20. I try to perform all the 

tasks assigned to me 
conscientiously.

21. I often feel tense and 
jittery.

22. I like to be where the 
action is.

23. Poetry has little or no 
effect on me.

24. Often, people aren't as 
nice as they seem to be.

25. I have a clear set of goals 
and work toward them in 
an orderly fashion.

26. Sometimes I feel
completely worthless.

27. I usually prefer to do 
things alone.

28. I often try new and 
foreign foods.

29. I believe that most 
people will take
advantage of you if you 
let them.

30. I waste a lot of time 
before settling down to 
work.

31. I rarely feel fearful or 
anxious.

32. I often feel as if I'm 
bursting with energy

33. I seldom notice the 
moods or feelings that 
different environments 
produce.

34. Most people I know like 
me.

35. I work hard to
accomplish my goal.

36. I often get angry at the 
way people treat me.

37. I am a cheerful, high-
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Q Strongly
Disagree

Disagree Neutral Agree Strongly
Agree

spirited person.
38. I believe we should look 

to our religious
authorities for decisions 
on moral issues.

39. Some people think of me 
as cold and calculating.

40. When I make a
commitment, I can
always be counted on to 
follow through.

41. Too often, when things 
go wrong, I get
discouraged and feel like 
giving up.

42. I am not a cheerful 
optimist.

43. Sometimes when I am 
reading poetry or looking 
at a work of art, I feel a 
chill or wave of
excitement.

44. I don't worry much about 
the homeless.

45. Sometimes I'm not as 
dependable or reliable as
I should be.

46. I am seldom sad or 
depressed.

47. My life is fast-paced.

48. I have little interest in 
speculating on the nature 
of the universe or human 
condition.

49. I generally try to be 
thoughtful and
considerate.

50. I am a productive person 
who always gets the job 
done.
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Q Strongly
Disagree

Disagree Neutral Agree Strongly
Agree

51. I often feel helpless and 
want someone else to 
solve my problems.

52. I am a very active 
person.

53. I have a lot of intellectual 
curiosity.

54. If I don't like people, I let 
them know it.

55. I never seem to be able 
to get organized.

56. At times I have been so 
ashamed I just wanted to 
hide.

57. I would rather go my own 
way than be a leader of 
others.

58. I often enjoy playing with 
theories or abstract
ideas.

59. If necessary, I am willing 
to manipulate people to 
get what I want.

60. I strive for excellence in 
everything I do.
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General Drug Use Questionnaire

DRUG USE QUESTIONNAIRE

This questionnaire will ask you about your drug use history.
This questionnaire does not include your name - you will be given a participant’s 
number. This code number will be used for all the questionnaires and the code linking 

to your name will be stored in a password-protected file.

Read each question carefully.
Read every answer to each question before deciding which is the best one for you.

This is not a test, there are no right or wrong answers and there are no trick 

questions.
If you do not find an answer that fits exactly, choose the one that comes closest.

Thank you in advance for your participation.
Nicotine

1) At what age did you FIRST smoke cigarettes (at least one)?

2) On how many occasions OVER THE LAST WEEK have you smoked cigarettes?

3) On how many occasions OVER THE LAST 30 DAYS have you smoked cigarettes?

4) On how many occasions OVER THE LAST 12 MONTHS have you smoked cigarettes?

5) On how many occasions IN YOUR WHOLE LIFETIME have you smoked cigarettes? 

Alcohol

6) At what age did you FIRST drink beer (at least one glass)?

7) When did you FIRST drink wine (at least one glass)?

8) When did you FIRST drink alcopops (e.g. Baccardi breezer) (at least one bottle)?

9) When did you FIRST drink spirits (at least one glass)?

10) On how many occasions OVER THE LAST WEEK have you had any alcoholic 
beverages to drink?

11) On how many occasions OVER THE LAST 30 DAYS have you had any alcoholic_____
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beverages to drink?

12) On how many occasions OVER THE LAST 12 MONTHS have you had any alcoholic 
beverages to drink?

13) On how many occasions IN YOUR WHOLE LIFETIME have you had any alcoholic 
beverages to drink?

Other drugs
14) Have you ever heard of any of the following drugs? Tick the appropriate box.

Yes No

Marijuana (weed, grass, skunk, pot, ganja)

Hashish (hash, hash oil)

Inhalants like giue or aerosols

Tranquillisers or sedatives (e.g. benzodiazepines such as Valium or
Xanax; barbiturates, barbs or downers such as Amytal or Seconal)

Amphetamines (speed, uppers, crystal meth) or Desoxyn

LSD (acid)

Magic mushrooms or other hallucinogens (excluding LSD)

Crack

Cocaine

Relevin

Heroin

Narcotics (e.g. opium, morphine, codeine)

Ecstasy (MDMA)

Ketamine (Ket, K) or Phencyclidine (POP or angel dust)

GHB or liquid ecstasy

Anabolic steroids

Marijuana
15) At what age did you FIRST smoke marijuana (grass, pot)?

16) On how many occasions OVER THE LAST WEEK have you smoked marijuana?

17) On how many occasions OVER THE LAST 30 DAYS have you smoked marijuana?

18) On how many occasions OVER THE LAST 12 MONTHS have you smoked marijuana?

19) On how many occasions IN YOUR WHOLE LIFETIME have you smoked marijuana? 

Hashish
20) When did you FIRST try hashish (hash, hash oil)?______________________________
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21 )0n how many occasions OVER THE LAST WEEK have you used hashish?

22) On how many occasions OVER THE LAST 30 DAYS have you used hashish?

23) On how many occasions OVER THE LAST 12 MONTHS have you used hashish?

24) On how many occasions IN YOUR WHOLE LIFETIME have you used hashish?

Inhalants (glue, aerosols)
25) When did you FIRST use inhalants (glue, aerosols etc) to get high?

26) On how many occasions OVER THE LAST WEEK have you used inhalants to get high?

27) On how many occasions OVER THE LAST 30 DAYS have you used inhalants to get 
high?

28) On how many occasions OVER THE LAST 12 MONTHS have you used inhalants to 
get high?

29) On how many occasions IN YOUR WHOLE LIFETIME have you used inhalants to get 
high?

Tranquillisers or sedatives (without a doctor’s prescription)
30) When did you FIRST use tranquillisers or sedatives (e.g. benzodiazepines such as 
Valium or Xanax; barbiturates, barbs or downers such as Amytal, or Seconal) without a 
doctor’s prescription?

31) On how many occasions OVER THE LAST WEEK have you tranquillisers or sedatives 
(without a doctor’s prescription)?

32) On how many occasions OVER THE LAST 30 DAYS have you used tranquillisers or 
sedatives (without a doctor’s prescription)?

33) On how many occasions OVER THE LAST 12 MONTHS DAYS have you used 
tranquillisers or sedatives (without a doctor’s prescription)?

34) On how many occasions IN YOUR WHOLE LIFETIME DAYS have you used 
tranquillisers or sedatives (without a doctor’s prescription)?

Amphetamines (speed), methamphetamine (crystal meth) or Desoxyn
35) When did you FIRST try amphetamines (speed), methamphetamine (crystal meth) or 
Desoxyn?

36) On how many occasions OVER THE LAST WEEK have you used amphetamines 
(speed), methamphetamine (crystal meth) or Desoxyn?

37) On how many occasions OVER THE LAST 30 DAYS have you used amphetamines 
(speed), methamphetamine (crystal meth) or Desoxyn?
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38) On how many occasions OVER THE LAST 12 MONTHS have you used amphetamines 
(speed), methamphetamine (crystal meth) or Desoxyn?

39) On how many occasions IN YOUR WHOLE LIFETIME have you used amphetamines 
(speed), methamphetamine (crystal meth) or Desoxyn?

LSD (acid)
40) When did you FIRST try LSD (acid)?

41 )On how many occasions OVER THE LAST WEEK have you used LSD?

42) On how many occasions OVER THE LAST 30 DAYS have you used LSD?

43) On how many occasions OVER THE LAST 12 MONTHS have you used LSD?

44) On how many occasions IN YOUR WHOLE LIFETIME have you used LSD?

Magic mushrooms or other hallucinogens (excluding LSD)
45) When did you FIRST magic mushrooms or other hallucinogens (excluding LSD)?

46) On how many occasions OVER THE LAST WEEK have you used magic mushrooms or 
other hallucinogens (excluding LSD)?

47) On how many occasions OVER THE LAST 30 DAYS have you used magic mushrooms 
or other hallucinogens (excluding LSD)?

48) On how many occasions OVER THE LAST 12 MONTHS have you used magic 
mushrooms or other hallucinogens (excluding LSD)?

49) On how many occasions IN YOUR WHOLE LIFETIME have you used magic 
mushrooms or other hallucinogens (excluding LSD)?

Crack
50) When did you FIRST try crack?

51) On how many occasions OVER THE LAST WEEK have you used crack?

52) On how many occasions OVER THE LAST 30 DAYS have you used crack?

53) On how many occasions OVER THE LAST 12 MONTHS have you used crack?

54) On how many occasions IN YOUR WHOLE LIFETIME have you used crack?

Cocaine (coke)
55) When did you FIRST try cocaine?

56) On how many occasions OVER THE LAST WEEK have you used cocaine?

57) On how many occasions OVER THE LAST 30 DAYS have you used cocaine?________
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58) On how many occasions OVER THE LAST 12 MONTHS have you used cocaine?

59) On how many occasions IN YOUR WHOLE LIFETIME have you used cocaine ?

Relevin
60) When did you FIRST try Relevin?

61 )On how many occasions OVER THE LAST WEEK have you used Relevin?

62) On how many occasions OVER THE LAST 30 DAYS have you used Relevin?

63) On how many occasions OVER THE LAST 12 MONTHS have you used Relevin?

64) On how many occasions IN YOUR WHOLE LIFETIME have you used Relevin?

Heroin
65) When did you FIRST try heroin?

66) On how many occasions OVER THE LAST WEEK have you used heroin?

67) On how many occasions OVER THE LAST 30 DAYS have you used heroin?

68) On how many occasions OVER THE LAST 12 MONTHS have you used heroin?

69) On how many occasions IN YOUR WHOLE LIFETIME have you used heroin?

Narcotics (e.g. opium, morphine, codeine)
70) When did you FIRST try narcotics (e.g. opium, morphine, codeine)?

71 )On how many occasions OVER THE LAST WEEK have you used narcotics?

72) On how many occasions OVER THE LAST 30 DAYS have you used narcotics?

73) On how many occasions OVER THE LAST 12 MONTHS have you used narcotics?

74) On how many occasions IN YOUR WHOLE LIFETIME have you used narcotics?

Ecstasy (MDMA)
75) When did you FIRST try ecstasy (MDMA)?

76) On how many occasions OVER THE LAST WEEK have you used ecstasy?

77) On how many occasions OVER THE LAST 30 DAYS have you used ecstasy?

78) On how many occasions OVER THE LAST 12 MONTHS have you used ecstasy?
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79) On how many occasions IN YOUR WHOLE LIFETIME have you used ecstasy?

Ketamine (Ket, K) or Phencyclidine (PCP or angel dust)
80) When did you FIRST try ketamine (Ket, K) or Phencyclidine (PCP or angel dust)?

81 )On how many occasions OVER THE LAST WEEK have you used ketamine or 
phencyclidine?

82) On how many occasions OVER THE LAST 30 DAYS have you used ketamine or 
phencyclidine?

83) On how many occasions OVER THE LAST 12 MONTHS have you used ketamine or 
phencyclidine?

84) On how many occasions IN YOUR WHOLE LIFETIME have you used ketamine or 
phencyclidine?

GHB or liquid ecstasy
85) When did you FIRST try GHB or liquid ecstasy?

86) On how many occasions OVER THE LAST WEEK have you used GHB or liquid 
ecstasy?

87) On how many occasions OVER THE LAST 30 DAYS have you used GHB or liquid 
ecstasy?

88) On how many occasions OVER THE LAST 12 MONTHS have you used GHB or liquid 
ecstasy?

89) On how many occasions IN YOUR WHOLE LIFETIME have you used GHB or liquid 
ecstasy?

Anabolic steroids
90) When did you FIRST try anabolic steroids?

91 )On how many occasions OVER THE LAST WEEK have you used anabolic steroids?

92) On how many occasions OVER THE LAST 30 DAYS have you used anabolic steroids?

93) On how many occasions OVER THE LAST 12 MONTHS have you used anabolic 
steroids?

94) On how many occasions IN YOUR WHOLE LIFETIME have you used anabolic 
steroids?

END

Thank you for taking your time to complete this questionnaire. Please hand it back into the 

investigator and take the attached debriefing document home with you.
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TimeLine Follow-Back Questionnaire

TIME LINE FOLLOW BACK INTERVIEW - IMAGEN Study

Instructions for Filling In the Timeline Alcohol and Drug Use Calendar 
To help us evaluate your drinking and drug use, we need to get an idea of what your alcohol 

and drug use was like in the past 30 days (from the day before we fill this in).

To do this, we would like you to help us filling in the attached calendar.

Filling in the calendar is not hard!

Try to be as accurate as possible.

y We recognize you won’t have perfect recall. That’s OKAY.

^ WHAT TO FILL IN

• The idea is to put a number in for each day on the calendar.

• On days when you did not drink or use a drug, we will write a ”0”.

• On days when you did drink or use a drug, we will write in the kind of drug you took and the 

total number of drinks you had or the amount of drug you took (in grams, or puffs etc.).

• For example, if you had 6 cans of beer, we will write this in the calendar. If you drank two or 

more different kinds of alcoholic beverage in a day such as 2 beers and 3 glasses of wine, we 
would write the number 5 for that day.

• Furthermore, we are interested in how much money you might have spent on the alcohol and 

drugs. So if you have bought any drugs or alcohol, please tell us the amount of money you 
spent.

(For the interviewer: It’s important that something is written for every day, even if it is a 

“0”)

^ YOUR BEST ESTIMATE

• We realize it isn’t easy to recall things with 100% accuracy.

• If you are not sure whether you drank 7 or 11 drinks or whether you drank on a Thursday or a 

Friday, give it your best guess!

• What is important is that 7 or 11 drinks is very different from 1 or 2 drinks or 25 drinks (or that 
£3 is very different from £30). The goal is to get a sense of how frequently you drank, how much 

you drank, and your patterns of drinking, and to get a sense for the same for your drug use.

v' HELPFUL HINTS
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• If you have an appointment book you can use it to help you recall your drinking and drug use.

• If you have a mobile phone, you can also look up which text messages you have received 

during the past 30 days to help you recall the events or appointments you have had in the past 

30 days.

• We will mark holidays on the calendar to help you better recall your drinking and drug use. 

Also, think about how much you consumed on personal holidays & events such as birthdays, 

vacations, or parties.

• If you have regular drinking or drug taking patterns you can use these to help you recall 

your drinking and drug use. For example, you may have a daily or weekend/weekday pattern, or 

drink more in the summer or on trips, or you may drink on Wednesdays after playing sports.

^ COMPLETING THE CALENDAR

• A blank calendar is attached.

• In the calendar sheet, we will start writing TODAY in the last row 'This Week” in the 
appropriate weekday’s cell (for example, if today is a Monday, we will write TODAY in the first 

cell of the last row).

• Next, we will add helpful hints in the calendar as described above.

• Then we will write in the type and number and kind of drinks and drugs that you had each 

day.

• The time period we are talking about on the calendar is the last 30 days.

• In estimating your drinking and drug use, be as accurate as possible.

• Before we start we will have a look at the SAMPLE CALENDAR.

(For the interviewer: Please check that all days are filled in!)
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SAMPLE CALENDAR

MON TUES WED THURS FRI SAT SUN

This
Week

6

0

7 Sports

0

8

0

9

0

10

0

11

0

12

0

13

0

11 Sports

0

12

0

13 Party

with Joe

3 liquors

14

0

15

0

16

0

17

0

18 Sports

6 cans of

beer

19

0

20

0

21 Bank
holiday
1 joint

22

0

23

0

24

0

25 Sports

6 cans of

beer

26

0

27

0

28

0

29

0

30

0

01

0

02 Sports

3 cans of

beer

TODAY
03.10.’07

Instructions; In each cell, i.e. for every day, we will first note the date. Then we will add the kind of 

alcohol or drug used, and the estimated amount. We will add 0 for no alcohol and drug 

consumption
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Depression, Anxiety and Stress Scales

DASS Name:
Date:

Please read each statement and circle a number 0, 1, 2 or 3 which indicates how much the 
statement applied to you over the past week. There are no right or wrong answers. Do not 
spend too much time on any statement.

The rating scale is as follows:
0 Did not apply to me at all
1 Applied to me to some degree, or some of the time
2 Applied to me to a considerable degree, or a good part of time
3 Applied to me very much, or most of the time

1

2

3

4

5

6

7

8 

9

10

11

12

13

14

15

16

17

18

19

20 

21

found myself getting upset by quite trivial things 0 1

was aware of dryness of my mouth 0 1

couldn't seem to experience any positive feeling at all 0 1

experienced breathing difficulty (eg, excessively rapid breathing, 0 1
breathlessness in the absence of physical exertion)

just couldn't seem to get going 0 1

tended to over-react to situations 0 1

had a feeling of shakiness (eg, legs going to give way) 0 1

found it difficult to relax 0 1

found myself in situations that made me so anxious I was most 0 1
relieved when they ended

felt that I had nothing to look forward to 0 1

found myself getting upset rather easily 0 1

felt that I was using a lot of nervous energy 0 1

felt sad and depressed 0 1

found myself getting impatient when I was delayed in any way 0 1
(eg, lifts, traffic lights, being kept waiting)

had a feeling of faintness 0 1

felt that I had lost interest in just about everything 0 1

felt I wasn't worth much as a person 0 1

felt that I was rather touchy 0 1

perspired noticeably (eg, hands sweaty) in the absence of high 0 1
temperatures or physical exertion

felt scared without any good reason 0 12 3

felt that life wasn't worthwhile 0 12 3

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

3

3

3

3

3

3

3

3

3

3

3

3

3

3

3

3

3

3
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Word Reading Subsection of Wide Range Achievement Test-4

-I-

Ai'iS VOK A'.i niPisicrP;! I I: l.eiu'i l.'iaJ-.iig Jiiil. [>)■ I’oilVf'.vil IV.id'iw Dis.;rnnniif.iostirij: ifi* Kad.'ii'.iri; la:'
a'.-ipMkW iiMirrcctl) to 10conscculiti- iirmi(IIIRill-I).

AGES S OK OLDEB; Administer Pari 2; Word Rending first. Discontinue the Woid Reading scciion if the Participani has answcnal 10 
consecutive items incorrectly {10 RULE). If tk Participant has coriictly answered 5 or more items on the Word Reading section before meeting 
the discontinue criterion, do not administer the preliiiiinary Letter Reading section. If the Participant did not answer at least 5 items correctly on 
the Word Reading section, then administer Pan 1: Letter Reading (j RULE).

.'S Part 1: letter Reading Administration

After handing the Panicipant the Blue Word Reading List, say. I want you to look at tlie Iciiers on this line. (Point to the row of letters at the top of 
the card) Read to me the letters onc-by-one across the line. After the Panicipant has finished, say, Thai's all. Now let’s do something diirerent.

AROSE
ID |2) (31 W (5)

R T H u r
(6i (7) (81 (91 (10)

I V Z J 0
(111 (12) |13| |1<) (15)

After handing the Panicipant the Blue Word Reading List, say, Look at each of these words carefully. (Point to the words) Read the worA 
across the page so I can hear you. When you finish the first line, go right on to the second line, and so on down the page until you finis!; 2 
or 1 tell you to stop. Read slowly and say the words clearly. Allow 10 seconds for the Participant to respond to exh won!. If there is no J’slf; 
response after 10 seconds, say, OK, try the next one. If you did not hear a word clearly, .say, I could not bear you clearly. Please say the word 
again just as you did the first time. When the Participant has finished the Word Reading section, say, Tliat’s all. Good joli. Thanks. Now we 
are going to do something else.

49. disingenuous 
dis-in-jen-yoo-il.s

50. covetousness 
kuv-?-lus-ncs

51. Dinnlsrienl 
ora-nish-?nl

52. oli»archy 
ol-i-gahrkee

53. egregious 
i-gree jus

54. assuage 
a-swayj

55. terpsichorean 
lurp-sT-koreean

1. cat 13. laugh 25. gigantic 37. iinaniinous
kat laf ji-gan-tic you-nan-Tmus

2. in 14. straight 26. contemporary 38. discretionary
in slrayt kon-tem-po-reree diskresh-o-ncri

3. book 15. stretch 27. contagious 39. seismograph
buuk sircch konday-Jus .slz-ino-graf

4. tree U. split 28. exterior 40. benign
tree split ik-slecrd-oi hi nin

5. how 17. lame 29. horizon 41. itinerary
how la) m h5-ri-z5n Tdin-e-rer-ee

6. animal 13. bulk 30. triumph 42. heresy
ani-nial bulk trldfraf licr-esee

7. hair 19. knowledge 31. alcove 43. usurp
hair nol-lj al-kohv yoo-surp, zurp

8. spell 20. abuse 32. tranijuilitv 44. stratagem
spel T-byoes, byoot trang-kwild-lce slrat-a-jem

9. even 21. ceiling 33. efficiency 45. pseudonym
ee-vtii .seeding i-fish-eni-see soo-do-nim

10. siie 22. diagram 34. inquisitive 46. irascible
sli di-'a-gram iii-kwiz-i-tiv irasd-bei

11. finger 23. doubt 35. bibliography 47. heinoas
fingper dowi bibdi-og-i?lec bay-nils

12. fell 24. collapse 36. municipal 48. poignant
felt ko laps myoo-nisd-pal poin-yaht

Next admeiistei the Sentence 
Ccuiprehensicin suUesI, i appGcatile.
'Use this value for determining starting 
point on Sentence Comprehension sublest.

•AGES 7 OR YOUNGER; Administer Part 1: Letter Writing first, followed by Part 2: Spelling. The Spelling section must be administered .' jL 
individually for participants ages 7 and younger. On tlie Spelling section, the lest should he discontinued after tlie Participant .spelLs 10 ’
consecutive words incoiTCCtly(/0Rt/L£'). . '

AGES 8 OR OLDER; Administer Pait 2; Spelling first. Discontinue if 10 consecutive errors have been made (10 RULE). If the Panicipant has 
correctly spelled 5 w imrc items on the Spelling section before meeting the discontinue crilenon, the preliminaiy' Letter Writing section d»uld not be 
administered. If the Particiiwni does not spell at least 5 words concctly on the Spelling section, dicn administer Part 1: Letter Writing (.5 RULE)
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Lifetime Cannabis Use Questionnaire

Questionnaire for establishing average lifetime use (no. of uses) and

amounts used

1. Do you currently use cannabis? (if answer is no, ask when they stopped 
using)

2. When did you take cannabis for the first time (age)? (prompt - was it a 
special occasion, a particular time in your life etc)

3. How would you normally take cannabis? (prompt - do they make joints, 
joints with tobacco, bongs etc)

4. How much do you commonly smoke in one use? (prompt - one joint, 
half a joint etc)

5. How regularly to you use cannabis? (prompt - twice a day, every day, 
one or twice a week, every week etc)

6. How old were you when you started taking cannabis every day?

7. How old were you when you started taking cannabis every week?

8. How old were you when you started taking cannabis every month?

Prompt - depending on age of first use gauge an idea of how much was

smoked between then and first instance of regular use (monthly then 
weekly etc as required) up to present day.

Lifetime average use - calculate:
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WHO CIDI Dependence Scales
IU21 INTRO 1.
You reported using (MENTION DRUG 
CHECKED ON REFERENCE CARD COLUMN 
A ). The next questions are about any 
problems you ever had because of your 
use of (TYPE OF DRUG).

*IU21 INTRO 2.
Let me review. You reported that in 
your lifetime you have used (MENTION 
ALL DRUGS CHECKED ON REFERENCE 
CARD COLUMN A). The next questions 
are about any problems you ever had 
because of your use of (either/ all) of 
these substances.

IU21.Was there ever a time in your life 
when your use of [DRUG] frequently 
interfered with your work or 
responsibilities at school, on a job, 
or at home?

(KEY PHRASE: interfered with your 
work)

YES
(1)

NO
(5)

DK
(8)

REF
(9)

=*=IU22. Was there ever a time in your 
life when your use of [DRUG} 
caused arguments or other serious 
or repeated problems with your 
family, friends, neighbors, or co
workers?

YES
(1)

NO
(5)

DK
(8)

REF
(9)

1U23. Did you continue to use [DRUG] 
even though it caused problems 
with these people?

(KEY PHRASE: caused problems 
with family or friends)

YES
(1)

NO
(5)

DK
(8)

REF
(9)

IU24. Were there times in your life 
when you were often under the 
influence of [DRUG] in situations 
where you could have gotten hurt, 
for example when riding a bicycle, 
driving, operating a machine, or 
anything else?
(KEY PHRASE: occurred in
situations where you could have 
gotten hurt)

YES
(1)

NO
(5)

DK
(8
)

REF
(9)

IU25. Were you arrested or stopped by 
the police more than once because 
of driving under the influence of 
[DRUG] or because of your 
behavior while you were under the 
influence of [DRUG]?
(KEY PHRASE: resulted in
problems with the police)

YES
(1)

N
O

(5

DK
(8)

REF
(9)
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IU31INTRO. The next questions are 
about some other problems vou mav 
have had due to your substance use. 
*IU31. Was there ever a time in your 

life when you often had such a 
strong desire to use [DRUG] that 
you couldn't stop using or found it 
difficult to think of anything else? 

(KEY PHRASE: you had a strong and 
irresistible urge to use [DRUG])

YES
(1)

NO
(5)

DK
(8)

REF
(9)

*IU32. Did you ever need larger
amounts of [DRUG] to get an 
effect, or did you ever find that 
you could no longer get high on 
the amount you used to use?

(KEY PHRASE: you needed larger
amounts of [DRUG] to get an effect)

YES
(1)

NO
(5)

DK
(8)

REF
(9)

♦IU33. Did you ever have time when 
you stopped, cut down or went 
without using [DRUG] and then 
experienced withdrawal
symptoms?

(KEY PHRASE: you experienced
withdrawal symptoms from [DRUG])

YES
(1)

NO
(5)

DK
(8)

REF
(9)

*IU34. Did you ever have times when 
vou used [DRUG! to keeo from 
having problems like these?

(KEY PHRASE: you used [DRUG] to keep 
from feeling physical problems)

YES
(1)

NO
(5)

DK
(8)

REF
(9)

*11135. Did you ever have times when 
you used [DRUG] even though 
you planned not to or when you 
used a lot more than you 
intended?

(KEY PHRASE: you used when you 
planned not to, or you used more than 

you planned)

YES
(1)

NO
(5)

DK
(8)

REF
(9)

*IU36. Were there ever times when you 
used [DRUG] more frequently or 
for more davs in a row than vou 
intended?

(KEY PHRASE: you used more 
frequently than you intended)

YES
(1)

NO
(5)

DK
(8)

REF
(9)

*IU37. Were there times when you 
tried to stop or cut down on your 
use of [DRUG] and found that 
you were not able to do so?

(KEY PHRASE: you tried but weren't 
able to stop or cut down using)

YES
(1)

NO
(5)

DK
(8)

REF
(9)
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*IU38. Did you ever have several days 
or more when you spent so much 
time using or recovering from the 
effects of [DRUG] use that you 
had little time for anything else?

(KEY PHRASE: you spent periods of 
several days doing little more than using 
or getting over the effects of using)

YES
(1)

NO
(5)

DK
(8)

REF
(9)

IU39. Did you ever have time when 
you gave up or greatly reduced 
important activities because of 
your [DRUG] use - like sports, 
work, or seeing friends and 
family?

[KEY PHRASE; you gave up or reduced 
important activities because of your use]

YES
(1)

NO
(5)

DK
(8)

REF
(9)

*IU40. Did you ever continue to use 
[DRUG] when you knew you had 
a serious physical or emotional 
problem that might have been 
caused by or made worse by 
using [DRUG]?

(KEY PHRASE: you continued to use 
even though it caused or worsened 
physical or emotional problems)________

YES
(1)

NO
(5)

DK
(8)

REF
(9)

DSM-IV Drug Abuse is defined as a maladaptive pattern of drug use leading to 
clinically significant impairment or distress, as manifested by one (or more) of the 
following, occurring within a 12-month period:

(1) recurrent drug use resulting in a failure to fulfill major role obligations at work, 
school, or home

IU21 series is Yes(l) for specified drug

(2) recurrent drug use in situations in which it is physically hazardous

IU24 series is Yes(l) for specified drug

(3) recurrent drug-related legal problems (e.g., arrests for drug-related disorderly 
conduct)

IU25 series is Yes(l) for specified drug

(4) continued drug use despite having persistent or recurrent social or interpersonal 
problems caused or exacerbated by the effects of drugs

IU22 series is Yes(l) AND IU23 series is Yes(l) for specified drug

AND there is no drug dependence
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DSM-IV Drug Dependence is defined as a maladaptive pattern of drug use, leading 
to clinically significant impairment or distress, as manifested by three(or more) of the 
following:

(1) tolerance, as defined by the following:

(a) IU32 series is Yes (1) for specified drug

(2) withdrawal, as manifested by either of the following:

(a) IU33 series is Yes (1) for specified drug

(b) IU34 series is Yes (1) for specified drug

(3) the drug is often taken in larger amounts or over a longer period than was 
intended.

(IU35 series is Yes(l) OR IU36 series is Yes(l)) for specified drug

(4) there is a persistent desire or unsuccessful efforts to cut down or control drug 
use

IU37 series is Yes(l) for specified drug

(5) a great deal of time is spent in activities necessary to obtain the drug(e.g., 
visiting multiple doctors or driving long distances), use the drug, or recover from its 
effects

IU38 series is Yes(l) for specified drug

(6) important social, occupational, or recreational activities are given up or reduced 
because of drug use.

IU39 series is Yes(l) for specified drug

(7) the drug use is continued despite knowledge of having a persistent or recurrent 
physical or psychological problem that is likely to have been caused or exacerbated 
by the drug(e.g., current cocaine use despite recognition of cocaine-induced 
depression, or continued drinking despite recognition that an ulcer was made worse 
by alcohol consumption).
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Appendix B: Questionnaires from Chapter 4
Behavioural Activation System (BAS) Questionnaire

Strongly agree

Strongly agree

Strongly agree

Strongly agree

Please circle as appropriate

1. When I get something I want, I feel excited and energized.

Strongly disagree Disagree Agree

2. When I'm doing well at something, I love to keep at it.

Strongly disagree Disagree Agree

3. When good things happen to me, it affects me strongiy.

Strongly disagree Disagree Agree

4. It would excite me to win a contest.

Strongly disagree Disagree Agree

5. When I see an opportunity for something I iike, I get excited right away.

Strongly disagree Disagree Agree Strongiy agree

6. When I want something, I usually go all-out to get it.

Strongly disagree Disagree Agree Strongiy agree

7. I go out of my way to get things I want.

Strongly disagree Disagree Agree Strongiy agree

8. If I see a chance to get something I want, I move on it right away.

Strongly disagree Disagree Agree Strongiy agree

9. When I go after something I use a "no holds barred" approach.

Strongly disagree Disagree Agree Strongly agree

10. I will often do things for no other reason than they might be fun.

Strongly disagree Disagree Agree

11. I crave excitement and new sensations.

Strongly disagree Disagree Agree

12. I'm always willing to try something new if I think it will be fun.

Strongly disagree Disagree Agree

13. I often act on the spur of the moment.

Strongly disagree Disagree Agree

Strongly agree

Strongly agree

Strongly agree

Strongly agree



Barratt Impulsivity Scale

DIRECTIONS: People differ in the ways they act and think in different situations. This is a test 
to measure some of the ways in which you act and think. Read each statement and put an X on 
the appropriate circle on the right side of this page. Do not spend too much time on any 
statement. Answer quickly and honestly.

o
Rarely/Never

0 0 o
Occasionally Often Almost Always/Always

1 1 plan tasks carefully. 0 o 0 o
2 I do things without thinking. 0 o 0 o
3 I make-up my mind quickly. 0 o 0 o
4 I am happy-go-lucky. 0 o 0 o
5 I don’t “pay attention.” o o o o
6 I have “racing” thoughts. o o o o
7 I plan trips well ahead of time. o o o o
8 lam self controlled. 0 o o o
9 I concentrate easily. 0 o 0 o
10 I save regularly. 0 o o o
11 I “squirm” at plays or lectures. 0 o 0 o
12 I am a careful thinker. o o 0 o
13 I plan for job security. 0 o o o
14 I say things without thinking. 0 o o o
15 I like to think about complex problems. 0 o o o
16 I change jobs. 0 o o o
17 I act “on impulse.” 0 o o o
18 I get easily bored when solving thought problems. 0 o 0 o
19 I act on the spur of the moment. 0 o 0 o
20 I am a steady thinker. 0 o 0 o
21 I change residences. o o 0 o
22 I buy things on impulse. o o 0 o
23 I can only think about one thing at a time. o o 0 0
24 I change hobbies. o o 0 o
25 I spend or charge more than I earn. 0 o 0 0
26 I often have extraneous thoughts when thinking. 0 o 0 o
27 I am more interested in the present than the future. 0 o 0 o
28 I am restless at the theater or lectures. 0 o 0 o
29 I like puzzles. 0 o 0 o
30 I am future oriented. 0 o 0 o
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Delay Discounting Task

Monetary-Choice Questionnaire

For each of the next 27 choices, please indicate which reward you would 

prefer: the smaller reward today, or the larger reward in the specified 

number of days.

1. Would you prefer 54 Euro today, or 55 Euro in 117 days?

2. Would you prefer 55 Euro today, or 75 Euro in 61 days?
3. Would you prefer 19 Euro today, or 25 Euro in 53 days?

4. Would you prefer 31 Euro today, or 85 Euro in 7 days?

5. Would you prefer 14 Euro today, or 25 Euro in 19 days?

6. Would you prefer 47 Euro today, or 50 Euro in 160 days?
7. Would you prefer 15 Euro today, or 35 Euro in 13 days?

8. Would you prefer 25 Euro today, or 60 Euro in 14 days?
9. Would you prefer 78 Euro today, or 80 Euro in 162 days?
10. Would you prefer 40 Euro today, or 55 Euro in 62 days?
11. Would you prefer 11 Euro today, or 30 Euro in 7 days?

12. Would you prefer 67 Euro today, or 75 Euro in 119 days?
13. Would you prefer 34 Euro today, or 35 Euro in 186 days?

14. Would you prefer 27 Euro today, or 50 Euro in 21 days?

15. Would you prefer 69 Euro today, or 85 Euro in 91 days?

16. Would you prefer 49 Euro today, or 60 Euro in 89 days?

17. Would you prefer 80 Euro today, or 85 Euro in 157 days?

18. Would you prefer 24 Euro today, or 35 Euro in 29 days?

19. Would you prefer 33 Euro today, or 80 Euro in 14 days?

20. Would you prefer 28 Euro today, or 30 Euro in 179 days?

21. Would you prefer 34 Euro today, or 50 Euro in 30 days?

22. Would you prefer 25 Euro today, or 30 Euro in 80 days?

23. Would you prefer 41 Euro today, or 75 Euro in 20 days?

24. Would you prefer 54 Euro today, or 60 Euro in 111 days?

25. Would you prefer 54 Euro today, or 80 Euro in 30 days?

26. Would you prefer 22 Euro today, or 25 Euro in 136 days?

27. Would you prefer 20 Euro today, or 55 Euro in 7 days?
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Appendix C: Questionnaires from Chapter 5

Fagerstrom Test For Nicotine Dependence (FTND)

1. How soon after you wake up do you smoke your first cigarette?
a. Within 5 minutes 3 points
b. 6 - 30 minutes 2 points
c. 31-60 minutes 1 point
d. After 60 minutes 0 points

2. Do you find it difficult to refrain from smoking in places where it is 
forbidden, e.g., in church, at the library, in the cinema, etc.?
a. Yes 1 point
b. No 0 points

3. Which cigarette would you hate most to give up?
a. The first one in 1 point

the morning.
b. Any other 0 points

4. How many cigarettes/day do you smoke?
a. 10 or less 0 points
b. 11 - 20 1 point
c. 21 - 30 2 points
d. 31 or more 3 points

5. Do you smoke more frequently during the first hours after awakening than 
during the rest of the day?
a. Yes 1 point
b. No 0 points

6. Do you smoke if you are so ill that you are in bed most of the day?
a. Yes 1 point
b. No 0 points

The FTND has been correlated with biochemical measures of nicotine dependence including 
exhaled air carbon monoxide, salivary cotinine, and salivary nicotine.

The FTND has also been found to reliably predict smoking cessation.
Possible range is 0 - 10: Scores of 4 or greater indicating nicotine dependence

Scores of 6 or greater indicating severe nicotine dependence

® 2003 MAYO FOUNDATION FOR MEDICAL EDUCATION AND RESEARCH. ALL RIGHTS RESERVED.

163



Smoking Use Questionnaire

Questions for establishing average lifetime use (number of uses):

1. Do you currently smoke cigarettes? (if answer is no, ask when did you stop using?)

2. When did you smoke cigarettes for the first time (age)?

3. When did you first start smoking cigarettes every day?

4. What was your usage pattern like between the first time you smoked cigarettes 
and when you started smoking cigarettes every day?

5. For smokers, what has your usage pattern been like between when you started 
smoking cigarettes every day and today? (Have you ever tried to quit? If yes, how 
many times and in what ways? How long were you off cigarettes for?)

6. For ex-smokers, what was your usage pattern like between when you started 
smoking cigarettes every day and when you quit?

7. Leading on from question 6, for ex-smokers, how did they successfully quit? (cold 
turkey? or other means ..)
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Drug Use Section from Addiction Severity Index Lite-CF

ALCOHOiyPRlGS

Route of Administration Types:
l. Oral 2. Nasal 3. Smoking 4. Noo-IV'injection 5.1\'

Xoie t/K tesMsl or man recent raae. Far more than one roure. choose dte most 
sev ere. The routes are listed from least se\ ere to most se\-ere

Lifetime Route of 
Past 30 Days (years) Admin

Alcohol (any use at all) | | | | | | H

Cd^ Alcohol (to intoxication) m □□ ■
cS) Heroin m m □

Metliadone m m □
SI) Otlier Opiates'Analgesics m m □
Sfi) Barbimratcs m m □
S) Sedatives/Hy'pnotics/ 

Tranquilizers m m □
Cocaine m m □

S) Amphetamines m m □
Caimabis m m □

•S) Hallucinogens m m □
hihalants m m □

D13) More than 1 substance 
^ per day (including alcohol) m m ■

D17. How many times have you liad Alcohol DT's?
Delirium I remens (Ui ‘s): Occur J4-48 hours alter last <lrmk, or 

sigoificant decrease in alcohol intate, shaking, sev ere disonentatkxL 
fjagC haBudnatioos. fcev usually require medical attentioo-

ALCOHOL/DRUGS COMMENTS
(Inclode question number «itii Ntur notes)
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