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Abstract 

Alcohol dependence is a global societal problem, yet current avenues for its treatment 

are largely ineffective in slowing its chronic-relapsing trajectory. Animal studies of 

alcohol dependence have described neuroadaptations in the amygdala that may play a 

central role in mechanisms of relapse. In this thesis, spontaneous amygdala network 

function was examined in abstinent alcohol dependent patients (ADP) using 

functional magnetic resonance imaging within the framework of a multi-site 

neuroimaging platform: ICCAM. Participants underwent five scans that included 

baseline, as well as scans under placebo, acute antagonism of µ-opioid, Dopamine D3 

(DRD3) and Neurokinin-1 (NK1) receptor systems previously implicated in 

mechanisms of addiction. 

At baseline, amygdala – substantia nigra/ventral tegmental area (SN/VTA) resting 

state functional connectivity (RSFC) was elevated in abstinent ADP, despite 

widespread grey-matter (GM) volumetric atrophy, in both amygdala and SN/VTA, 

compared with age-matched healthy controls (HC). The strength of amygdala – 

SN/VTA RSFC in ADP was primarily associated with years of cumulative alcohol 

exposure, but not with amygdala or SN/VTA GM volume, length of abstinence, 

smoking status, or head motion. 

Amygdala RSFC with other regions showed sensitivity to core clinical features of 

ADP at baseline. Amygdala – frontoparietal (FPN) RSFC was inversely associated 

with abstinence length, with ADP in the first two months of abstinence showing 

significantly reduced amygdala – FPN RSFC compared with HC. 
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Voxelwise comparison of amygdala RSFC between each drug session and placebo, 

did not reveal differential effects of receptor blockade on ADP and HC. Across both 

groups, however, the three drugs exhibited both overlapping and differential effects 

on distinct brain networks. Notably, amygdala RSFC in the superior temporal gyrus 

showed increases under NK1-antagonism, and decreases under naltrexone compared 

with placebo. Finally, amygdala – SN/VTA was significantly elevated in ADP 

relative to HC across all four sessions, suggesting that it may represent a stable 

neurophysiological feature of alcohol dependence. 
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“I think I’m more afraid of stopping than to die. […] I’d be a completely different 

person. I mean I’m 45. I started drinking when I was 15, so it’s years of constant 

abuse, you know? It’s like trying to take the roots out of a tree. It will never work.” 

-Aurelie 

Drinking to Oblivion, Louis Theroux, BBC” 

 
 
 
 
 
 
 
To all individuals suffering from alcohol dependence and to their friends and families  
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Chapter 1: Introduction  

1.1 Thesis overview 

This chapter presents a summary of each subsequent chapter in the thesis and lists the 

key contributions of the thesis to the literature. 

Chapter 2 provides background information and presents the rationale for this work 

within the context of recent developments in the field. 

Chapter 3 provides an overview of ICCAM: the exclusion and inclusion criteria, the 

experimental procedures, data acquisition protocols, and the preprocessing 

methodology applied on the resting state dataset. 

Chapter 4 shows voxelwise group comparison of amygdala RSFC and amygdala GM 

volume in alcohol dependent patients and healthy controls. The chapter also examines 

relative contribution of cumulative alcohol exposure and age to amygdala RSFC and 

GM volumes. 

Chapter 5 explores the impact of individual differences in trait anxiety, and abstinence 

length on amygdala resting state function, while also relating them to measures of 

task activation. 

Chapter 6 examines the effects of µ-opioid, Dopamine D3 (DRD3), and Neurokinin-1 

(NK1) receptor antagonism on amygdala resting state function, with the aims of 

characterising differential effects on ADP and HC, and effects shared across the 

groups. 
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Chapter 7 synthesises the main findings of the thesis both in the context of their 

strengths, limitations and their implications for future work. 

 

1.2 Contributions to the field and conclusion 

This thesis has produced the following novel findings within the fields of 

neuroscience and substance dependence research: 

 

• Abstinent alcohol dependent patients (ADP) exhibited significantly elevated 

amygdala – substantia-nigra / ventral tegmental area (SN/VTA) resting state 

functional connectivity (RSFC) compared with age-matched healthy controls 

(HC); 

• Elevation of amygdala – RSFC in ADP was linearly associated with 

cumulative alcohol exposure, but not with abstinence length suggestive of 

long-term neuroadaptations; 

• The lack of association of amygdala – SN/VTA RSFC with smoking status in 

ADP was suggestive of specificity to alcohol over nicotine dependence; 

• Group-level differences in amygdala RSFC between ADP and HC were 

modulated by acute pharmacological blockade of µ-opioid, Dopamine D3 

(DRD3), and Neurokinin-1 (NK1) receptor antagonism; 

• In ADP, amygdala – frontoparietal (FPN) RSFC was positively correlated 

with abstinence length at baseline, but not under drug modulation; 

• Across both groups, µ-opioid and DRD3 antagonism were both associated 

with reduced amygdala – anterior insula and reduced amygdala – dorsal 

striatal RSFC; 

• Across both groups µ-opioid and NK1 antagonism were associated with 

opposing effects on amygdala – superior temporal gyrus RSFC, with the 

former showing reductions, while the latter showing increases. 
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The work presented in this thesis has greatly benefited from my time spent on the 

design and implementation of a pre-processing pipeline for optimal noise removal in 

resting-state datasets based on best practices according to the literature. In order to 

achieve this, the pipeline integrated pre-processing algorithms from multiple software 

libraries, in contrast to most other pipelines that stay within the constraints of a single 

software library. 

 

The following four publications made use of the resting state pipeline developed over 

the course of my PhD work: 

 

Carhart-Harris, R.L., Muthukumaraswamy, S.D., Roseman, L., Kaelen, M., et al. 

(2016) Neural correlates of the LSD experience revealed by multimodal 

neuroimaging. Proc. Natl. Acad. Sci. USA 113(17), 4853-4858. 

Tagliazucchi, E., Roseman, L., Kaelen, M., Orban, C., Muthukumaraswamy, S.D. et 

al. (2016) Increased global functional connectivity correlates with LSD-

Induced ego dissolution. Current Biology, 26(8), 1043-1050.  

Kaelen, M., Roseman, L., Kahan, J., Santos-Ribeiro A., Orban C., Lorenz R. et al., 

(2016) LSD modulates music-induced imagery via changes in 

parahippocampal connectivity. European Neuropsychopharmacology, 26(7), 

1099-1109. 

Roseman, L., Sereno, M.I., Leech R., Kaelen, M., Orban, C., McGonigle, J., et al. 

(2016) LSD alters eyes-closed functional connectivity within the early visual 

cortex in a retinotopic fashion. Human Brain Mapping, 37, 3031-3040.   

I have published a first-authored paper indirectly related to the topic of the Thesis: 

 

Orban, C., McGonigle, J., Kalk N.J., Erritzoe, D., Waldman, A.D., Nutt, D.J., 

Lingford-Hughes, A. (2013) Resting state synchrony in anxiety-related 

circuits of abstinent alcohol-dependent patients. The American Journal of 

Drug and Alcohol Abuse 39 (6), 433-440  
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In conclusion, amygdala resting state network function was sensitive to several key 

clinical characteristics of abstinent ADP. Cumulative alcohol exposure and time since 

onset of abstinence were reflected in the spontaneous interactions of distinct 

amygdala circuits across the brain. However, the three drugs of interest examined in 

this study, for their putative therapeutic function, did not specifically modulate 

amygdala RSFC in these circuits. 



 23 

Chapter 2: Background 

2.1 Alcohol dependence 

Alcohol dependence is a chronic-relapsing disorder affecting populations on a 

worldwide scale (Rehm et al., 2009). It is typically characterised by a cycle of 

bingeing/intoxication, withdrawal/negative affect and preoccupation/craving (Koob & 

Volkow, 2010). Similar to other forms of substance dependence, its onset may 

manifest as progressive loss of control over alcohol consumption, and an increasing 

prioritisation of drinking over other activities. Alcohol dependence is extremely 

damaging both on a personal and societal level (Nutt & Rehm, 2014). It reduces life 

expectancy, leads to cumulative organ damage, and may lead to social isolation and 

loss of employment.  

To date only a few pharmacological interventions are approved for assisting-relapse 

prevention. Randomised double-blind placebo-controlled trials have shown, that 

under a daily dosing regimen, Naltrexone and Acamprosate are each capable of 

significantly reducing total alcohol consumption and incidence of relapse in abstinent 

ADP (Carmen et al., 2004; Kranzler & Van Kirk, 2001). Despite the overall 

significance of their effects, these treatments only work in a small subset of the 

patients, and only within the early stages of abstinence (first 12 weeks). There is a 

clear need to develop more effective pharmacological interventions for longer-term 

prevention of relapse.  

Some experimental compounds, for example Corticotrophin-releasing factor (CRF) 

antagonists, have shown promise in animal models, while failing to show similar 

effectiveness in patients (Kwako et al., 2015). Current efforts to develop 
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pharmacological therapies are likely hindered by an insufficient understanding of the 

disease mechanisms of alcohol dependence in humans. In addition, the recent decade 

has witnessed a trend of large pharmaceutical companies increasingly withdrawing 

resources from drug development programs aimed at targeting psychiatric disorders 

(Hyman, 2012). 

2.2 Neurobiological models of substance 
dependence 

Various neurobiologically motivated models of substance dependence have been 

proposed over the years implicating system-level deficits across both cortical and 

subcortical regions. According to the incentive-salience model, the ventral 

dopaminergic system becomes sensitized to drugs and associated stimuli, resulting in 

craving, and accompanied by an excessive motivation or ‘wanting’ to take the drug, 

independent of its hedonic effects which diminish over repeated administrations 

(Robinson & Berridge, 1993). Other models have emphasised the role of frontal 

cortical deficits as contributing factors to impaired salience attribution, reduced 

response inhibition and impulsive decision making that is characteristic of substance-

dependent populations (Goldstein & Volkow, 2002).  

The habitual or compulsive pattern of drug taking that develops over time has been 

proposed to be mediated by a shift from ventral to dorso-striatal regulation of drug-

taking behaviours, thereby bypassing frontal, top-down regulatory systems (Everitt & 

Robbins, 2005). The reward deficiency hypothesis (Blum et al., 2000) and the 

allostasis model (Koob & Le Moal, 2001) view substance-seeking behaviour as an 

attempt to normalise hypofunctioning hedonic, motivational and affective processes 
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that are disrupted by pre-existing brain abnormalities or as a consequence of chronic 

substance exposure, respectively. 

These models are not necessarily mutually exclusive as they may refer to distinct 

processes that exert influence at different stages of the substance dependence cycle 

(Koob and Volkow, 2010). Constructs related to positive reinforcement such as 

impulsivity and incentive-salience may be important factors during the 

binge/intoxication stage and the acquisition of substance-use behaviour. Conversely, 

constructs related to negative reinforcements such as allostasis and reward deficiency 

may be more relevant to the withdrawal/negative affect and preoccupation/craving 

stages and exert a greater influence over longer-term substance dependence. One 

feature that is prominent in many of these models is the proposition that substance-use 

related neuroadaptations contribute to the persistence of the disorder. 

2.3 The allostasis model 

“Once an alcoholic, always an alcoholic” is a widely familiar adage. More than a 

simple reminder about the dangers of relapse, the statement implies a hypothesis: 

once a certain-level dependence to alcohol is established, the individual acquires 

persistent changes in its physiology, from which it does not recover with abstinence. 

According to Koob’s allostatic model (Koob & Le Moal, 2001) alcohol dependence is 

the consequence of key brain regions and neuroreceptor systems subserving hedonic 

and motivational processes undergoing neuroadaptations in response to chronic 

supraphysiological levels of stimulation.  

Allostasis, originally coined by Sterling & Eyer (1988), refers to the process of 

maintaining stability through physiological or behavioural change. It is distinct from 
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homeostasis: the process of returning physiological parameters to their optimal range 

of function through negative feedback processes. Allostasis involves the shift of 

physiological systems towards novel set points outside their normal range of function 

through feed-forward processes. This process provides an efficient and rapid 

mechanism for mobilizing physiological systems to respond to severe physiological 

and environmental changes. However, repeated activation of allostatic mechanisms 

comes at a cost, known as allostatic load. It becomes increasingly harder for the 

organism to return to its original physiological state, while also incurring cumulative 

damage as a result of operating outside it. 

2.4 Mesolimbic dopamine system  

For the past few decades, the dopaminergic mesolimbic system, which originates in 

the ventral tegmental area (VTA) and projects to the nucleus accumbens (ventral 

striatum in humans), has been an intense focus of research in studies of substance 

dependence (Nutt et al. 2015). Anticipation or unexpected receipt of drug rewards, 

including alcohol (Boileau et al., 2003; Urban et al., 2010), have been shown to 

trigger phasic striatal dopamine release in humans and animals alike, while blockade 

of dopaminergic signalling has been found to reduce the reinforcing properties of 

stimulants in animal models (Robledo et al., 1992). Alcohol dependent rats in 

withdrawal (Shen et al., 2007) or in prolonged abstinence (Diana et al., 1996) exhibit 

reduced VTA activity compared with controls, suggestive of long-term of 

neuroadaptations. Furthermore, studies of alcohol dependent patients have observed 

reduced ventral striatal BOLD activation during reward anticipation (Wrase et al., 

2007), an effect that was inversely related to impulsivity (Beck et al., 2009). 
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2.5 Amygdala  

The amygdala is a highly conserved collection of subcortical nuclei located bilaterally 

in the anterior portion of the medial temporal lobes. The name amygdala derives from 

its recognisable almond-like shape. In animal studies the amygdala nuclei are often 

grouped into subregions based on their histological features and circuitry, with the 

most widely studied of these being the central amygdala (CeA) and the basolateral 

amygdala (BLA; Ledoux, 2007). The BLA receives strong input from sensory 

association areas and has reciprocal connections with the hippocampus, medial 

prefrontal and orbitofrontal cortices unilateral efferent connections to the striatum, 

nucleus accumbens, CeA and Bed Nucleus of the Stria Terminalis (BNST; Ledoux, 

2007; Janak & Tye, 2015). The CeA receives most of its afferent input from within 

the amygdala, directly from the BLA, and indirectly via so-called intercalated cells, 

while sending efferent connections to the BNST, hypothalamus, periaqueductal grey 

(PAG), and other deep brain nuclei, including the substantia nigra (SN) and VTA 

(Ledoux, 2007; Janak & Tye, 2015). A simplified model of the amygdala views the 

BLA as the main input hub of the amygdala that filters and interprets features of 

salient sensory stimuli, and the CeA as the output region that initiates adaptive 

physiological and behavioural responses to these inputs (Gilpin & Roberto, 2012). 

The amygdala is thought to have evolved as a salience-detector that monitors the 

organism’s internal and external environments for stimuli that hold relevance for its 

survival (Janak & Tye, 2015). It plays a role in mediating innate responses to threat 

stimuli, e.g. innate freezing behaviour in the presence of a predator, as well as learned 

responses, e.g. avoidance of stimuli that have been paired with an electric shock 

(Ledoux, 2014). In animal studies, the amygdala has been predominantly studied in 
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the context threat-conditioning paradigms (Ledoux, 2014), while human 

neuroimaging studies have focused on its role in processing of negatively valenced 

stimuli (Costafreda et al., 2008). Findings of increased amygdala responsivity to 

affective stimuli in panic disorder, social-anxiety disorder and post-traumatic stress 

disorder (PTSD), have made the amygdala one of the central regions in models of 

anxiety disorders (Etkin & Wager, 2007). 

Although less studied outside the context of aversive processes, the amygdala has also 

been found to play an important role in the forming of stimulus-reward associations 

(Baxter & Murray, 2002). Its role in positive reinforcement mechanisms may be 

mediated by afferent connections from dopaminergic midbrain nuclei (See et al., 

2001), and from the ventral striatum (Setlow et al., 2002). More recent findings have 

also suggested surprising roles for the amygdala in long-term planning of reward 

goals (Hernadi et al., 2015) and a fundamental role in short-term memory 

maintenance (Kaminski et al., 2017). 

2.5.1 Amygdala in alcohol dependence 

The amygdala has received significantly less attention than the VTA or ventral 

striatum within the context of substance-dependence. However, there is evidence to 

suggest that, like the regions above, it may play important roles both the acute 

reinforcing properties of alcohol and the chronic neuroadaptations that may reinforce 

alcohol dependence (Gilpin et al., 2015). 

Acute ethanol treatment enhances γ-aminobutyric acid (GABA) release in a dose-

dependent manner in the central amygdala (CeA) of rats as observed with in vitro 

electrophysiology (Nie et al., 2004; Roberto et al., 2003), and in vivo microdialysis 
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methods (Roberto et al., 2004). Selective GABAA receptor blockade in the CeA 

reduces alcohol self-administration, without affecting water intake, suggesting a role 

for the amygdala in reinforcement of alcohol consumption (Hyytia & Koob, 1995).  

In alcohol-dependent rats, baseline levels of GABA release in the CeA are 

substantially elevated compared with alcohol-naïve rats (Roberto et al., 2004), an 

effect dependent on the upregulation of Corticotrophin Releasing Factor (CRF), a 

neuropeptide involved in stress-signalling (Sommer et al., 2008; Roberto et al., 2010). 

Selective antagonism of CRF in the CeA has been shown to eliminate symptoms of 

alcohol withdrawal (Rassnick et al., 1993), and to bring down excessive levels of 

alcohol consumption in alcohol-dependent rats to levels exhibited by non-dependent 

rats (Funk et al., 2007).  

In stark contrast to the abundance of mechanistic studies demonstrating the 

importance of the amygdala in animal models of alcohol dependence, similar 

evidence from human patient studies is severely lacking. Most findings have come 

from structural data, with many patient studies reporting markedly reduced grey-

matter (GM) volumes in alcohol dependent patients (ADP) relative to age-matched 

controls, both in early (Wrase et al., 2008) and in later stages of abstinence (Fein et 

al., 2006; Makris et al., 2008). One of these studies also found amygdala GM loss 

during early abstinence to be associated with greater levels of alcohol-craving, and 

higher likelihood of subsequent relapse (Wrase et al., 2008). 

It remains unknown whether the findings of persistent neuroadaptations in the rat 

CeA following chronic alcohol exposure translate to human clinical populations. The 

CeA is too small of a region to reliable study with fMRI at the conventional field 

strength of 3 Tesla. However, since amygdala sub-nuclei are heavily interconnected, 
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local neuroadaptations in the CeA may influence larger-scale patterns of activity that 

are amenable to observation at 3 Tesla. Similarly, small-scale neuroadaptations may 

modulate the network-level interactions of the amygdala with other functionally 

related cortical and subcortical regions. These changes in the large-scale functional 

interactions of the amygdala may be expressed as differential patterns of resting state 

functional connectivity (RSFC; introduced later in Subchapter 2.8) between alcohol 

dependent patients (ADP) and healthy controls (HC). 

If these group differences are present and are indeed the product of neuroadaptations 

as described by the allostatic model (Koob & Le Moal, 2001), then one would expect 

them to be present even in prolonged abstinence. Furthermore, the magnitude of these 

alterations of amygdala RSFC in ADP may reflect the allostatic load accumulated by 

ADP throughout their history of alcohol use. One measure that could provide a partial 

index of allostatic load may be a person’s cumulative duration of heavy alcohol 

exposure. Since amygdala GM volumes are markedly reduced in ADP compared with 

age-matched HC, it raises the question of whether these would relate to observed 

changes in amygdala RSFC. Loss of grey-matter due to chronic alcohol exposure may 

disrupt neuronal signalling and reduce RSFC, but it may also lead to compensatory 

upregulation of amygdala RSFC (Upadhyay et al., 2010, Filbey et al., 2014). 

While some neuroadaptations may remain persistently present even in longer-term 

abstinence, others may be expected to show recovery. ADP in shorter-term abstinence 

(e.g. under 1 year) are at significantly greater risk of relapse (Dawson et al., 2005), 

which suggests intrinsic differences between their brains and the brains of those in 

longer-term abstinence (e.g. over 1 year). Since as described above, the amygdala is 
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implicated in mechanisms of relapse in animal models (Gilpin & Roberto, 2015), the 

reduction of relapse risk over the time-course of abstinence may express itself as 

gradual changes in amygdala RSFC. This effect may be observable as a correlation 

between patterns of amygdala RSFC and abstinence length across ADP. 

Anxiety levels peak during alcohol withdrawal (Roelofs et al., 1987), although ADP 

have been found to exhibit significantly elevated levels of anxiety even after many 

months of abstinence (Orban et al., 2013). Studies of healthy populations and patients 

with anxiety disorders have implicated the amygdala in mechanisms of anxiety. 

Specifically, elevated levels of anxiety have been found to be associated with 

concurrent elevations of amygdala – insula RSFC. However, it remains unclear 

whether elevated anxiety within the context of alcohol dependence has the same 

mechanism, since my previous work has shown increased levels of anxiety with 

concurrent reductions in amygdala – insula RSFC in ADP (Orban et al., 2013). Given 

that anxiety is a known risk factor for relapse, this question warrants further 

investigation (Willinger et al., 2002).  

2.6 Pharmacological modulation of amygdala 
RSFC 

The ICCAM platform study is a multi-session, multi-site, pharmacological functional 

Magnetic Resonance Imaging (fMRI) study designed with the aim of investigating 

neurophysiological correlates and the potential effectiveness of putative treatments for 

substance dependence (Paterson et al., 2015). Substance dependent patients with an 

abstinence length of at least four weeks, and healthy controls, completed scanning 

sessions on five separate days that included both resting state and task fMRI. Other 
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than the first session that was treated as Baseline, the other four involved acute drug 

administration of Placebo, Naltrexone, GSK598809 and Vofopitant or Aprepitant. 

Naltrexone, a µ-Opioid receptor antagonist (Le et al., 2000; Liu et al., 2002), and 

GSK598809 (Vengeliene et al., 2006), a selective Dopamine receptor D3 (DRD3) 

antagonist, have both been shown to reduce alcohol-seeking and relapse-like drinking 

behaviours in animal models. Furthermore, Positron Emission Tomography (PET) 

studies have reported elevated DRD3 (Erritzoe et al., 2014) and µ-Opioid receptor 

availability (Heinz et al., 2005; Williams et al., 2009) in alcohol dependent 

populations, where the latter effect was found to be associated with higher-levels of 

alcohol craving (Heinz et al., 2005). 

Vofopitant and Aprepitant are Neurokinin-1 receptor (NK1) antagonists, whose use in 

ICCAM was motivated by a landmark study showing a reduction in voluntary alcohol 

consumption in NK1 receptor knockout mice (George et al., 2008). The same study 

also showed that NK1 antagonism under a repeated dose reduced subjective and 

endocrine responses to an alcohol-cue challenge in recently detoxified alcohol 

dependent patients (George et al., 2008).  The key endogenous ligand of the NK1 

receptor, Substance-P, is released in the amygdala during periods of stress (Ebner et 

al., 2004), and antagonism of the NK1 receptor has been shown to inhibit stress-

induced reinstatement of alcohol-seeking without affecting cue-induced alcohol 

seeking (Schank et al., 2011). 

DRD3 (Murray et al., 1994; Gurevich & Joyce, 1999), µ-Opioid (Lam et al., 2008; 

Weerts et al., 2011) and NK1 receptors (Hietala et al., 2005) all appear to show 

expression in the amygdala as suggested by animal autoradiography, human post-

mortem autoradiography or human PET studies. Therefore, acute administration of 
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these compounds may be able to exert a direct modulatory influence on amygdala 

activity or on its functional interactions with other regions as measured by resting 

state fMRI. Differences between groups in the magnitude or spatial pattern of acute 

pharmacological modulation, i.e. a group-by-drug interaction, may be of interest, 

since it may suggest underlying abnormalities in receptor numbers, occupancy or 

dynamics in ADP. 

As discussed above, the amygdala has been shown to undergo neuroadaptations in 

response to chronic alcohol exposure, which may influence amygdala resting state 

functional connectivity.  If ADP and HC turn out to show significant differences in 

amygdala RSFC at Baseline, then an important question to address is whether any of 

the three putative therapeutic compounds can normalise these abnormalities in ADP. 

Although the three drugs target different receptor systems, they may exert similar 

effects on amygdala network function, based on some overlap in their receptor 

distributions and behavioural effects. The ICCAM Platform study provides a unique 

dataset where the same group of participants have undergone a pharmacological 

challenge with multiple compounds. This feature of the study could be leveraged to 

explore the overlapping and non-overlapping modulatory effects of the three drugs on 

amygdala resting-state functional connectivity.  

2.7 Principles of magnetic resonance imaging 

The subchapters below provide a simplified description of the physical and 

biophysical principles of magnetic resonance imaging, based on a more detailed 

coverage of the topic by Huettel and colleagues (2008). 
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2.7.1 Nuclear Magnetic Resonance 

Spin is an intrinsic property of atomic nuclei, akin to angular momentum, that is 

determined by atomic composition. Hydrogen nuclei are widely distributed in the 

human body, as they are major building blocks of water, fat and other organic 

molecules. Hydrogen nuclei have a non-zero spin, which means they possess a 

magnetic moment. Under normal conditions, they can be thought of as spinning at a 

constant velocity in randomly determined orientations. 

When subjected to the strong magnetic field (B0) of an MRI scanner, the orientation 

of the hydrogen nuclei become aligned in one of two orientations: facing away from 

the B0 axis within a high-energy state or facing towards the B0 axis within a low-

energy state. In a field strength of sufficient magnitude (e.g. 3T), more hydrogen 

nuclei favour the low-energy state, thereby creating a net magnetization vector (M0) 

towards B0. At the same time the spin states begin to precess (i.e. “spin” in a wobbly 

manner) around the B0 axis (z) at a resonant frequency determined by the scanner’s 

field strength.  

2.7.2 Magnetic Resonance Imaging 

If a radiofrequency pulse of sufficient energy is emitted at the appropriate resonant 

frequency, two important processes occur: the hydrogen nuclei begin to precess in 

phase, and they tilt from their original orientation along the B0 axis (z), towards the xy 

plane. Since this new orientation represents a higher energy state, the hydrogen nuclei 

eventually return to their prior orientation. The relaxation of the nuclei produces a 

magnetic moment, which induces an oscillating electric current on a receiver coil, 

thereby allowing measurement. 
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The relaxation of the hydrogen nuclei from their excited spin states occurs in two 

ways. The return of nuclei to alignment with the B0 axis (z) is called T1 relaxation, 

while the decay of their xy component due to dephasing caused by local atomic 

interactions is called T2 relaxation. This loss of coherence occurs faster than would be 

predicted based on the dephasing effects of atomic interactions. The remaining decay 

time, called T2*, is accounted for by inhomogeneities in the local magnetic field, that 

are caused by scanner-related artifacts and variation in the biological properties of 

tissue, for example blood oxygenation. 

2.7.3. T1- and T2*-weighted images 

The versatility of MRI is derived from the experimenter’s ability to manipulate T1 

and T2 relaxation times through carefully calibrated pulse sequences. Two important 

parameters are TE, the time interval from the initial RF pulse to the signal readout, 

and TR, the time interval between consecutive RF pulses. A combination of short TE, 

and intermediate TR produces a T1-weighted image, as it allows some T1-relaxation 

to occur as a function of tissue-type, but only minimal T2 relaxation. T1-weighted 

signal is strongest in white matter (WM), significantly weaker in grey-matter (GM), 

and weakest in cerebro-spinal fluid (CSF), thereby providing an ideal contrast for 

visualizing anatomical features of the brain. 

T2 and T2*-weighted images require a combination of intermediate TE, and long TR, 

where T1 relaxation is mostly completed, but T2 relaxation and its T2* component 

are still at various stages of decay. T2-weighted images show the strongest levels of 

signal in CSF, followed by GM and the weakest levels in WM, resulting an inverse of 

ordering of shades as seen for T1-weighted images. T2*-weighted images are 

calibrated to maximise contrast for changes in blood-oxygenation over time, but have 
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a poorer effective spatial resolution than T1-weighted images. In addition, they suffer 

dropout in regions with strong magnetic field inhomogeneities, e.g. at the 

orbitofrontal cortex due to its proximity to air sinuses. Therefore, experiments that 

acquire T2*-weighted images, also tend to acquire T1-weighted images. During data-

analysis, the two images can be spatially aligned through spatial deformation 

methods, thereby allowing better spatial localization of the observed functional 

activity.  

2.7.4 Echo-Planar Imaging 

Echo-planar imaging (EPI) is the most widely adopted MR-based method for 

measuring brain activity. In this regime, an initial RF pulse is trailed by a train of 

gradient echo pulses that allow rapid sampling of T2* decay across a brain slice by 

exploiting a frequency encoding gradient. Using conventional EPI sequences, a frame 

of the whole brain can be acquired over 2 to 3 seconds in sequentially sampled slices 

of roughly 3 mm thickness. The magnitude of the derived signal is driven by (i) the 

initial magnetization in the xy plane (Mo), (ii) TE, and (iii) T2* decay time. Mo is 

determined by the net spins excited within a voxel, while TE is chosen by the 

experimenter to maximize BOLD sensitivity given the scanner’s field strength. T2* 

decay time varies as a function of the underlying tissue properties within voxels (GM, 

WM, CSF) and crucially, brain activity, which forms the basis of the Blood-Oxygen-

Level-Dependent (BOLD) signal. 

2.7.5 The biophysical and physiological basis of BOLD 

Neuroimaging methods such as Electroencephalography and 

Magnetoencephalography, can directly measure fluctuations in voltage or magnetic 



 37 

fields caused by ionic currents that underpin neuronal transmission. In contrast, 

BOLD fMRI provides an indirect measure of brain activity by exploiting the strong 

local coupling between neuronal metabolism and hemodynamic regulation. There are 

two key mechanisms that enable the BOLD contrast to function as an index of brain 

activity, which were discovered independently by Ogawa and colleagues (1992), 

Bandettini and coworkers (1992) and Kwong and colleagues (1992).  

First, increases in neuronal activity are associated with elevation of cerebral metabolic 

rate of oxygen consumption (CMRO2). The bulk of this energy expenditure is related 

neuronal signaling mechanisms such as action potentials, and postsynaptic effects of 

glutamate, rather than maintenance of resting membrane potentials (Attwell & 

Laughlin, 2001). This increase in metabolism is compensated for by a 

disproportionate increase in cerebral blood flow (CBF) and cerebral blood volume 

(CBV) through vasodilation of local blood capillaries, thereby supplying a 

concentration of oxyhaemoglobin that outstrips the initial increase in CMRO2. 

Second, oxyhaemoglobin and deoxyhaemoglobin have distinct magnetic properties: 

oxyhaemoglobin is diamagnetic, whereas deoxyhaemoglobin is paramagnetic. The 

paramagnetic property of deoxyhaemoglobin exerts a dephasing effect on the excited 

spins of the neighbouring protons, resulting in faster T2* decay times relative to 

oxyhaemoglobin rich regions. In summary, neuronal activity increases local oxygen 

consumption, which subsequently leads to an oversupply of oxyhaemoglobin, which 

in turn slows T2* decay in that region, thereby increasing signal levels relative to 

regions with lower neuronal activity. 

Working on the assumption that the BOLD response is relatively uniform across the 

brain, task fMRI studies tend to model brain activity by convolving the BOLD signal 
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in each voxel with a canonical hemodynamic response function (HRF). The HRF is 

commonly modeled using a double-gamma function, with a fixed delay of ~6 

seconds, which accounts for the interval between brain activation and the 

hemodynamic response (Glover, 1999).  

2.8 Resting state functional connectivity 

Functional connectivity was defined by Karl Friston as “the temporal correlation 

between neurophysiological (functional) measurements made in different brain areas” 

(Friston et al., 1993, Page 9). Initially, the concept was utilized in the context of 

characterising spatially distributed and temporally coherent patterns of activity 

measured during behavioural tasks with PET (Friston et al., 1993). The first 

experimental finding of resting state functional connectivity (RSFC) using fMRI is 

credited to Bharat Biswal and colleagues (Biswal et al., 1995), who found, using 

fMRI, that the left and right hemisphere sensorimotor regions engaged during a 

finger-tapping task exhibited highly-correlated spontaneous fluctuations even in the 

absence of a task, i.e. in the resting state (Biswal et al., 1995). In the following years, 

similar patterns of temporal coherence were observed in other sensory areas, as well 

as within functionally related regions across the association cortices. Today, resting 

state functional connectivity (RSFC) is a widely-used metric for elucidating 

functional neuroanatomy, and in studies of development, disease and therapeutic 

interventions. 

Resting state functional connectivity is strongly predicted by direct structural 

connectivity, however not vice versa, as a substantial proportion of RSFC appears to 

be driven by polysynaptic connections. RSFC is most commonly measured using 
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univariate statistics such as Pearson correlation or general linear models, or 

multivariate methods such as independent component analysis (ICA). These 

approaches are agnostic regarding the directionality or even the mere presence of 

causal interaction between regions showing strong RSFC. One must be careful not to 

infer functionality in a biological sense from the word ‘functional’ in the acronym 

RSFC, as here ‘functional’ merely denotes the fact that the measure is derived from 

time-series data.  

Nevertheless, RSFC may indeed have an important biological function that remains to 

be discovered. The high proportion of the brain’s total energy expenditure accounted 

for by spontaneous activity speaks in favour of a possible biological function (Raichle 

& Mintun, 2006). According to one hypothesis, RSFC may play a role in the 

maintenance of synaptic weights within large-scale ensembles during periods of 

inactivity (Buckner & Vincent, 2007). Indeed, several studies have documented a 

correspondence between large-scale networks defined by resting state functional 

connectivity profile, and patterns of co-activation observed during specific cognitive 

tasks (Smith et al., 2009; Mennes et al., 2010; Cole et al., 2014). However, the degree 

of correspondence between rest and task-associated co-activation patterns varies 

across brain networks and tasks (Mennes et al., 2010; Cole et al., 2014), therefore 

resting state fMRI is unlikely to provide a full account of the brain’s functional 

repertoire. 

Similar to the structural connectome, the broad topography of the core canonical 

networks defined by resting state functional connectivity appears to be universally 

expressed in humans. Analogues for some of these networks, such as the default mode 

network (DMN), have been also been shown to exist in primates (Vincent et al. 2007) 
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and rodents (Lu et al., 2012). Superimposed on these broad universal features, 

patterns of RSFC have been shown to exhibit inter-subject variability as a function of 

trait-level characteristics such as age, BMI, personality (Kelly et al., 2012). RSFC in 

specific networks has also been found to have sufficient test-re/test stability to allow 

detection of longitudinal effects of ageing (Fjell & Walhovd, 2017) and neurological 

and psychiatric diseases (Greicius et al., 2008). 

Moderate levels test-re/test reliability within many RSFC circuits has also enabled the 

feasibility of characterizing the effects of acute pharmacological modulation, i.e. 

resting state pharmacological fMRI (De Simoni et al., 2013). Since the advent of the 

technique, biologically plausible pharmacological effects have been reported for a 

wide range of compounds, for example L-dopa (Kelly et al., 2009), nicotine (Cole et 

al., 2010) and ketamine (De Simoni et al., 2013).  

2.9 Artifacts in resting state fMRI 

Since the advent of functional MRI, there has been a gradual effort to identify 

different sources of noise in the data and to develop effective pre-processing and 

modeling approaches to mitigate their effects. Some types of noise arise from 

biophysical constraints of functional MRI, such as signal distortion, signal dropout 

and thermal noise. Other types of noise originate from the subject’s physiological 

state and behaviour, for example patterns of cardiac cycle, respiratory volume or rate, 

head and chest motion. These latter types of artifacts affect resting state fMRI more 

severely than task fMRI, and the optimal method for dealing with them has been a 

focal point of debate in the field. 
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In task fMRI analyses, data is generally analysed within the framework of a so-called  

cognitive-subtraction paradigm, where brain activity is modeled as a contrast of 

similar events or blocks, whose distinguishing feature defines the phenomenon of 

interest. For example, the neural correlates of facial recognition may involve 

comparison of brain activity during observation of familiar with unfamiliar faces. 

Data is typically averaged across multiple events or blocks, which in this context is an 

effective approach for minimizing noise. Systematic bias may creep in if certain types 

of noise affect the compared events or blocks differentially, for example in reaction-

time experiments, more difficult trials may be associated with greater subject motion 

or changes in breathing patterns. 

Unlike in task fMRI where the task-model is determined prior to data-collection, in 

resting state fMRI the model is derived from the data itself, e.g. usually the mean 

spontaneous signal over time across voxels within a region of interest. Spurious signal 

introduced from head motion or respiratory influences may corrupt the model (seed 

voxels), the data (non-seed voxels), or both, which can result in over or under-

estimation of RSFC. These effects do not necessarily diminish when computing 

correlation metrics over longer durations, and a single outlier time-point can 

substantially alter RSFC measurements (Power et al., 2014). 

2.9.1 Motion 

Head motion has been known to be a major source of noise in functional MRI 

experiments since the mid-1990s (Hajnal et al., 1994; Biswal et al., 1995; Friston et 

al., 1996). It may manifest as a gradual shift in head position, a sudden change in head 

or body posture, or as small, periodic movements associated with respiration and 

cardiac pulsation.  
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The classical approach for correcting image misalignment is the rigid-body 

registration of all volumes to a single reference volume. An additional benefit of this 

realignment procedure is that it provides vector estimates of the frame-to-frame 

displacement of each volume with respect to the reference volume, along three 

principal dimensions (x,y,z) and three rotational axes (yaw α, pitch β and roll γ).  

Framewise displacement (FD) is defined as the sum of the first derivatives of these 

six parameters at each frame, while absolute displacement is the sum of the six 

motion parameters at each frame (Power et al., 2012). Prior to both calculations the 

three  rotational vectors can be converted to distances by calculating their arc length 

displacement on the surface of a 50 mm radius sphere (Power et al., 2012). FD 

predominantly reflects sudden movements between consecutive frames, while 

absolute displacement generally encodes gradual drifts in head position.  

The original six motion parameters (from the rigid-body realignment), and sometimes 

their first derivatives, are normally regressed out of the data as an additional 

denoising approach to suppress motion-related spikes (Bullmore et al., 1999). 

Although this method is useful and widely adopted, it is unable to capture the non-

uniform spatial distribution of artifacts or motion that occurs in-between the 

acquisition of slices. Head motion can sometimes also shift voxels into neighbouring 

slice positions, thereby altering the interval between RF excitation pulses. This 

artifact is called the spin-history effect and it can lead to large increases or decreases 

in signal depending on the direction of motion in relation to the slice acquisition 

pattern. Until recently, the consensus had been that unless a participant exhibited 

extreme levels of motion (e.g. > 1.0 mm mean FD), rigid-body realignment and 
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motion parameter regression were sufficient for removing motion-related artifacts in 

task and resting state fMRI data. 

However, in 2012 several studies observed that even submillimetre levels of motion 

exerted a significant effect on RSFC estimates, suggesting that re-alignment and 

motion-parameter regression were by themselves inadequate (Van Dijk et al., 2012; 

Power et al., 2012; Satterthwaite et al., 2012). In the first of these studies (Van Dijk et 

al., 2012), subgroups of healthy controls matched in key demographic variables, but 

separated by small differences in motion on the order of tenths of mm in mean FD, 

exhibited significant group-differences in. This was disconcerting since these 

observed group differences in RSFC were comparable in magnitude to group 

differences reported in previous studies where they were interpreted as neural 

correlates of ageing, ADHD and autism.  

Another important finding to arise from these studies was that motion artifacts 

exhibited a Euclidian distance-dependent bias, whereby subject motion lead to over-

estimation of RSFC between nearby regions and under-estimation of RSFC between 

distant regions (Satterthwaite et al., 2012; Power et al., 2012; Power et al., 2014a). 

Such a systematic bias may introduce apparent reductions of RSFC in networks 

anchored by distant nodes such as the midline structures in the default mode network 

(DMN), while at the same time causing apparent increases in RSFC in limbic or 

fronto-striatal networks.  

In order to address this problem, Power and colleagues (2012) proposed the technique 

of motion scrubbing, which involves removal of corrupted frames from the data. 

Frames were tagged for removal if they exceed a certain threshold of FD (e.g. > 0.2 

mm) or percent signal change (e.g. > 0.3 %), defined as the root mean square of the 
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temporal derivative of the whole-brain averaged BOLD time series (DVARS). Since 

then, various implementations of this method have been used, including ones where 

both the initially preceding frame and several succeeding frames are removed in 

relation to the motion outlier. Additional derivations of this approach, include 

scrubbing by interpolation over outlier frames (Carp, 2013), and scrubbing 

implemented within the framework of regression (Satterthwaite et al., 2013). 

Scrubbing has become a widely adopted method for removing distance-dependent 

motion artifacts (Power et al., 2014a). However, it does incur a trade-off, whereby 

aggressive censoring thresholds remove excessive variance from the data, while 

liberal thresholds may be ineffective in removing motion-related artifacts (Patel et al., 

2014). An additional guideline that has arisen from the above work is the importance 

of balancing motion between experimental groups, and running post-hoc tests to make 

sure that motion statistics do not correlate with measures of interest, e.g. disease 

severity.  

2.9.2 Physiological artifacts 

As described above, the BOLD signal provides a spatially selective measure of brain 

function through the local coupling between neuronal, metabolic (CMRO2), and 

hemodynamic physiological processes (CBV and CBF).  However due to its indirect 

origin, the BOLD signal is vulnerable to physiological confounds that are not related 

to neuronal activity.  

Arterial carbon dioxide (CO2) is a strong vasodilator. Hypercapnia induced through 

inhalation of CO2-enriched air has been shown to increase both CBF (Poulin et al., 

1996; Ide et al., 2003) and BOLD signal (Rostrup et al., 2000). Elevation of CBF is 



 45 

normally associated with a reduction of deoxyhaemoglobin concentration in the 

cerebral vasculature. Indeed, studies have observed global elevations of BOLD signal 

during cued-breath holds (Murphy et al., 2011), and reductions during epochs of 

cued-hyperventilation (Posse et al., 2001). Similar artifacts associated with 

intermittent deep breaths have also been found to be a common feature of fMRI 

experiments where participants are allowed to breath freely (Power et al., 2016). In 

addition, arterial CO2 concentration exhibits low frequency fluctuations (0-0.5 Hz), 

which have been shown to introduce artifactual variance into the BOLD signal via 

their modulatory effects on CBF (Wise et al., 2004). 

Independent of subjects’ ability to keep still and to breath at a constant rate and depth, 

the respiratory and cardiac cycles introduce small periodic motion-artifacts. Regions 

near large blood vessels such as the brainstem are particularly vulnerable to pulsatile 

motion resulting in tissue deformation and disruption of steady-state magnetization 

(Dagli et al., 1999). Cerebral spinal fluid in surrounding regions also incurs pulsatile 

movement patterns, which can spread these artifacts to farther regions (Greitz et al., 

1992). Since ventilation and pulse cycles occur at a higher frequency than the low 

resting state BOLD fluctuations of interest (0.01-0.1 Hz), bandpass filtering can 

remove some of this artifactual variance. However, a significant amount of respiratory 

variance remains aliased in the signal due to the slow sampling rate (TR 2-3) 

employed in conventional single-echo EPI sequences, which tend to prioritise whole-

brain coverage and spatial resolution over temporal resolution (Birn, 2012).  

Another method for removing respiratory influences from BOLD is RETROICOR 

(RETROspective Image CORrection), which involves slice-wise correction for 

respiratory and cardiac phase using multiple time-shifted regressors derived from 
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pulse oximeter and respiratory belt data (Glover et al., 2000). However, some studies 

have shown that these physiological regressors only account for a minimal amount of 

BOLD signal variance in grey-matter (Bianciardi et al., 2009; Jo et al., 2010). 

RETROICOR is maximally effective with a larger number of regressors, but this may 

lead to excessive loss of degrees of freedom that is a problematic in analyses of short 

scan (Jo et al., 2010). Furthermore, some experimenters may not have the necessary 

equipment or decide against the acquisition of respiratory data to minimise participant 

discomfort and scan preparation time. 

2.9.3 Nuisance regression 

As mentioned previously, the regression of rigid-body realignment parameters is a 

widely used method of denoising in both resting state and task fMRI studies. In 

resting state fMRI studies, experimenters tend also to regress additional sources of 

noise, so called nuisance regressors, in order to suppress spurious correlations in the 

data. These nuisance regressors are usually defined by averaging BOLD signal within 

anatomical masks of ventricles, white matter, cerebrospinal fluid and whole-brain 

mask that have been spatially co-registered to their corresponding functional images 

(Power et al., 2014b). The assumption behind nuisance signal regression is that tissue 

types other than grey-matter are unlikely to reflect neuronal components of BOLD 

(van Dijk et al., 2010). Regression of mean signal computed from a whole-brain 

mask, i.e. global-signal regression, therefore is controversial, since by definition it 

also includes signal from grey-matter regions. Here the rationale is that physiological 

noise is likely to comprise a large-component of correlations shared across the entire 

brain, the removal of which may improve detection of signal in grey-matter driven by 

local neurovascular coupling (Fox et al., 2009).  
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Without nuisance signal regression seed-based RSFC maps generally exhibit strong 

levels of correlations across voxels spanning almost the entire brain. As more 

nuisance regressors are included in the model, the RSFC maps generally become 

more specific to anatomically and functionally related regions, suggesting improved 

specificity (Jo et al., 2010). Amongst the commonly used nuisance regressors, global 

signal regression has the most drastic effects, while also removing the most amount of 

variance from the data. However, its use appears to have both desirable and 

undesirable features that have made it a topic of intense debate in the field (Murphy & 

Fox, 2016).  

Global signal regression is known to introduce spurious negative correlations in the 

data and to exacerbate distance-related motion artifacts (Satterthwaite et al., 2012). 

For example, use of global signal regression may contribute to overestimation of 

RSFC for nearby regions, and underestimation of RSFC for distant regions, as a 

function overall head motion levels in the dataset. Regression of signal from non-

brain tissue (Jo et al., 2010), or from principal components of white matter and 

ventricles have been proposed as effective alternatives for global signal regression 

that do not incur these same drawbacks (Behzadi et al., 2007; Muschelli et al., 2014). 

Furthermore, use of local white matter regression has also been found to reduce 

distance-related motion artifacts (Jo et al., 2010; Jo et al., 2013). This voxelwise 

regressor is calculated by averaging white matter signal within 25 mm radius spheres 

centered on each voxel. 
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2.10 Biomarkers 

One reason for the slow rate of progress in the development of effective treatments 

for alcohol dependence is likely to be our relative ignorance regarding its key 

mechanisms. Although it is widely understood that alcohol dependence is a disorder 

of the brain, we have yet to develop a neuroscientific methodology for its diagnosis. 

On the level of an individual, even state of the art neurophysiological metrics are 

inadequate for determining likelihood of acquiring alcohol dependence, the evolution 

of its symptoms and severity, or predicting likelihood of relapse during abstinence. 

Animal studies typically assess the effectiveness of putative treatments by their ability 

to curb relapse rates under experimental manipulations that precipitate drinking 

behavior. Although some compounds have shown good efficacy within these animal 

models, more often than not, their success fails to replicate in human clinical studies.  

Interspecies differences in brain physiology such as receptor distribution, or 

macroscopic cortical organization are likely to be a source of many failures of 

translation, reflecting the complexities of modeling a human disease in animals. In 

addition, the outcome of these studies, relapse, occurs under very different conditions. 

In animal models relapse is induced by carefully calibrated experimental 

manipulations that are observed under laboratory conditions, while in human clinical 

studies it occurs spontaneously in a naturalistic context, and is retrospectively 

reported by patients. Since large-scale clinical trials of relapse-prevention drugs are 

expensive and time consuming, there is a substantial incentive for the development of 

biomarkers that could potentially serve as surrogate-endpoints in these studies.  

A biomarker may be defined as “a characteristic that is objectively measured and 

evaluated as an indicator of normal biologic or pathogenic processes or 
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pharmacological responses to a therapeutic intervention” (Biomarkers Definitions 

Working Group, 2001). Although diseases may express a range of physiological 

correlates, only those that show a sufficiently high level of specificity and sensitivity 

to the target disease are suitable as biomarkers. An ideal biomarker will also exhibit a 

number of additional desirable features (Fedota & Stein, 2015; Woo & Wager, 2015): 

 (i) transparency – the mechanism of the measure should be well understood;  

(ii) replicability – produces similar results under constant conditions;  

(iii) robustness – produces similar results under different conditions and is 

generalizable across different demographics;  

(iv) mechanistic relevance – should be directly related to disease mechanism;  

(v) responsivity to treatment  

(vi) non-invasiveness;  

(vii) easy of acquisition;  

(viii) low cost. 

2.11 Thesis rationale and summary of 
hypotheses 

Over the last two decades, clinical neuroscience has undergone somewhat of a 

renaissance in its approaches to investigating diseases. There has been a gradual shift 

away from research aimed at modular localisation of function to network-level 

description of disease mechanisms. An increasing preference for systems-level 

models has been likely aided by significant increases in computational power over the 

years.  
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Recent times have also seen a recognition of the importance of data-sharing (e.g. 

ADNI; http://www.adni-info.org/), and collaborative data-collection through multi-

site studies, including in the field of mental health (e.g. IMAGEN, http://www. 

imagen-europe.com). These efforts can greatly reduce the potential interval between 

hypotheses and clinically relevant insights. 

Finally, the development of pharmacological functional MRI (phfMRI) has provided 

a powerful tool for investigating both disease mechanisms and the effects of putative 

treatments. The absence of ionizing radiation in phfMRI, unlike in PET, has enabled 

the design of imaging studies where participants undergo multiple sessions within 

weeks of each other, and at a fraction of the cost of PET. 

My PhD aims to exploit this rich dataset provided by the ICCAM platform study to 

characterise amygdala resting state network function in alcohol dependence during 

baseline conditions, and under acute antagonism of three receptor systems (µ-opioid, 

Dopamine D3, Neurokinin-1) that have been closely implicated in mechanisms of 

addiction.  

Investigating amygdala resting state functional connectivity (RSFC) through a seed-

based approach will provide me with a single target of interest around which to 

synthesise previous findings from animal and human studies. Both of these have 

suggested a significant role for the amygdala in mechanisms of alcohol dependence. 

At the same time, applying a whole-brain approach to the seed-based analysis will 

leave open the possibility of discovering novel effects in regions not currently 

associated with amygdala function. Although resting state function is intrinsically 

unconstrained, the rich phenotypic data provided by ICCAM in the form of task 
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fMRI, neuropsychological assessment, psychological measures, and clinical variables 

will significantly help in interpreting my results. 

The work presented in this Thesis is built around the following eleven hypotheses: 

Hypothesis I: Alcohol dependent patients in abstinence would show differences in 

patterns of resting state functional connectivity compared with age-matched healthy 

controls.  

Hypothesis II: Regions showing significant differences in amygdala RSFC between 

ADP and HC, would correlate with lifetime cumulative alcohol exposure in ADP.  

Hypothesis III:  The findings of lower amygdala GM volume would be replicated in 

the current sample of ADP, and amygdala GM volume in ADP would be inversely 

correlated with cumulative alcohol exposure.  

Hypothesis IV: ADP with smaller amygdala GM volumes would exhibit greater 

differences in amygdala RSFC compared with HC.  

Hypothesis V: Amygdala – insula RSFC would be positively correlated with 

measures of trait and state anxiety in ADP.  

Hypothesis VI: There would be a positive association between amygdala – insula 

RSFC and amygdala responsivity within the Evocative Images Task. 

Hypothesis VII: Abstinence length would be linearly associated with amygdala RSFC 

in ADP. 
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Hypothesis VIII: In regions where amygdala RSFC varies as a function of abstinence 

length, it would also show linear associations with magnitude of task-activation in the 

Evocative Images Task or the Go/No-Go task. 

Hypothesis IX: One or more of the three drugs may modulate amygdala RSFC 

differentially in ADP than in HC, producing a group-by-drug interaction.  

Hypothesis X: At least one of the three drugs would normalize alterations in 

amygdala RSFC in ADP to levels observed in HC. 

Hypothesis XI: The three drugs may exhibit both spatially overlapping and spatially 

non-overlapping effects on amygdala RSFC.  

These hypotheses are discussed in further detail in Chapter 4 (I-IV), Chapter 5 (V-

VIII) and Chapter 6 (IX-XI).  
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Chapter 3: Methodology 

3.1 Study description 

3.1.1 Introduction of ICCAM 

All imaging and clinical data in this work was collected as part of the ICCAM 

platform study: a multicentre, multisession study, set up with the core aims of 

identifying novel indicators of addiction mechanisms and to test the effectiveness of 

putative pharmacotherapies for relapse prevention.  

As only a subset of the data from the entire ICCAM platform study is relevant to the 

questions addressed in this thesis, the description of ICCAM below is not exhaustive. 

For a comprehensive summary of ICCAM please consult Paterson et al., 2015. This 

chapter provides an overview of ICCAM’s design, followed by a description of 

selection criteria used for participant recruitment, clinical assessment, the scanning 

protocol and the MRI acquisition parameters. Aspects of the design specifically 

relevant for each chapter are further described in-depth in their respective 

methodology sections.  

3.1.2 Overview of study procedures in ICCAM 

Following an initial assessment of eligibility through telephone interviews, 

participants attended up to five separate sessions on each site. A timeline of the 

experimental procedures implemented in ICCAM across various stages of the study 

are illustrated in Figure 3.1 below. 

On the first session, (referred to as ‘Baseline’ throughout the thesis), the MRI imaging 

protocol was flanked by an extended session of clinical assessment in the morning, 
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and by comprehensive testing of neuropsychological function in the afternoon. The 

clinical assessment included general medical and physical examination, as well as an 

in-depth interview of current and historical psychiatric and substance-use profiles. 

Additionally, participants underwent urine tests for recent recreational drug use and 

an alcohol breath-test. The neuropsychological assessment included tasks from the 

Cambridge Neuropsychological Test Automated Battery (CANTAB, 

www.camcog.com), as well as “paper-and-pencil” tests of cognitive function and 

psychological traits. No experimental drugs were administered on this session. 

On each of the other four sessions participants received an acute oral dose of either 

Naltrexone (50 mg), GSK598809 (60 mg), Vofopitant (10 mg) or Placebo (100 mg of 

Vitamin C), so that by completion of the study participants had under gone 

assessment under each drug. Vofopitant exceed its expiry date halfway through the 

study and was replaced by Aprepitant (80 mg), therefore this drug condition is 

referred to as Vofopitant/Aprepitant in the remainder of the thesis.  

The four ‘drug sessions’ included a brief medical examination, urine drug and alcohol 

breath tests, and drug dosing ~2 hours before the scanning protocol. At regular 

intervals throughout the session both before and after drug administration, 

physiological indicators were monitored through measurement of blood pressure, 

blood oxygen saturation, resting echocardiogram measurements, while subjective 

state over time was assessed through visual analog scales (Bond and Lader, 1974). 

The scanning protocol on Baseline sessions consisted of the following sequence of 

components: localiser, structural scan, resting state scan, Monetary Incentive Delay 

Task, Go/No-Go task and Evocative Image Task. This protocol was identical on all 

five sessions, except the structural scan was only acquired on the first session. 
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3.1.4 Recruitment strategy 

Participant recruitment and data-collection occurred in parallel at three collaborating 

institutions: Imperial College London, University of Cambridge and The University 

of Manchester. Study recruitment targeted both alcohol dependent patients (ADP) and 

polydrug-dependent patients who have reached at least one month of abstinence, as 

well as healthy controls (HC), who were matched for age and gender. An attempt was 

also made to maximise recruitment of HC with similar levels of education 

background and smoking status relative to the patient groups. At the Imperial site an 

additional cohort of healthy participants (Pilot) took part in a portion of the study 

protocol to fill-in unused scanner slots. The current thesis did not examine data from 

polydrug-dependent patients. 

Further details regarding the experimental design, including pseudo-randomisation of 

the drug sessions, criteria for excluding participants based on data quality, the 

descriptions of clinical and demographic profiles of participants, a detailed 

description of the Go/No-Go task and Evocative Image Tasks, are to be found in the 

specific chapters where they are relevant to understanding the analysis.  

3.1.4 Approvals 

Participants provided their written informed consent in accordance with the 

Declaration of Helsinki. Ethical approval was obtained from West London & GTAC 

NRES committee (11/H0707/9) and approvals from Research Governance and PICs 

(Participant Identification Centres). Recruitment, clinical assessments and scanning 

took place at three centres in the United Kingdom: Imanova Limited, London; The 
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Wolfson Brain Imaging Centre, University of Cambridge; Salford Royal NHS 

Foundation Trust, Manchester.  

3.1.5 Inclusion and exclusion criteria 

Inclusion criteria required ADP to meet DSM-IV criteria for current or prior alcohol 

dependence, but not dependence on other drugs, except for nicotine. ADP were 

required to have been abstinent for at least 1 month prior to the day of scanning. 

Healthy controls were not permitted any history of drug or alcohol dependence, 

except for nicotine.  

The following exclusion criteria were applied for both ADP and HC: (i) current 

primary axis I diagnosis; (ii) current or past history of enduring severe mental illness, 

including psychosis, however secondary or lifetime history of depression or anxiety 

was permitted due to high comorbidity; (iii) history of significant neurological 

diagnosis; (iv) prescription medication that could interfere with study integrity or 

safety (v) any MRI contra-indication (e.g. pregnancy, claustrophobia, pacemaker); 

(vi) positive breath alcohol or positive urine drug test on day of scan (amphetamines, 

barbiturates, cocaine, opiates, cannabinoids and benzodiazepines). Participants were 

advised to refrain from cannabis use for at least one week prior to day of scanning. On 

study days participants were permitted to smoke cigarettes up to ~1 h before 

scanning. 
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3.1.6 Materials 

A detailed account of lifetime drug and alcohol use of each participant was obtained 

through a combination of clinical interviews, the Alcohol, Smoking and Substance 

Involvement Screening Test (ASSIST) and timeline follow-back. The presence of 

Axis I psychiatric diagnoses were screened using a summarized version of the 

Structured Clinical Interview for DSM-IV (MINI; Sheehan et al., 1998), and a study 

physician undertook a further psychiatric history, including family history, and 

performed a medical examination. All psychiatric and substance dependence histories 

were subsequently reviewed by two psychiatrists to ensure uniformity of diagnostic 

thresholds across sites, and any discrepancies arbitrated by a third psychiatrist. 

Structural brain scans were assessed by a neuroradiologist for any clinical issues. 

Cumulative alcohol exposure measure was calculated for all ADP. This was counted 

in whole years due to the method of data collection using the timeline follow-back. 

For 1 year to be counted for a male patient it had to exceeded 50 UK units of alcohol 

per week, or have more than 3 binges of at least 8.75 UK units per week, and for a 

female patient it had to exceed 35 UK units per week or more than 3 binges of at least 

7 UK units per week. Abstinence length was measured from last date of alcohol 

consumption. Severity of nicotine dependence was estimated using the Fagerström 

Test for Nicotine Dependence (Heatherton et al, 1991). Cigarette package years (pack 

years) were defined as number of packs of cigarettes smoked per number of lifetime 

years. Symptoms of anxiety were characterized using Spielberger Trait Anxiety Scale 

(STAI), and Spielberger State Anxiety Scale (SSAI; Spielberger et al., 1983). 

Premorbid IQ was estimated using Wechsler Test of Adult Reading (WTAR; 

Wechsler D. 2001), and handedness measured using the Edinburgh Handedness 

Inventory (Oldfield et al., 1971). 
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3.1.7 Structural acquisition 

In London and Cambridge, high resolution (1mm isotropic), T1-weighted volumes 

were acquired with the following parameters on a Siemens scanner,  TR : 2300 ms, 

TE : 2.98 ms, matrix = 240 x 256, TI : 900 ms, FOV : 256 mm, flip angle : 9°. In 

Manchester, the high resolution T1-weighted volumes were acquired with slightly 

different parameters, on a Philips scanner, TR : 6.8 ms, TE : 3.1 ms, TI : 900 ms, flip 

angle : 9°, field of view : 270 mm, matrix : 256 x 256. Slice thickness was 1.2 mm 

with an in-plane resolution of 1.055 x 1.055 mm. Both of these acquisitions resulted 

in whole-brain coverage.  

3.1.8 Functional acquisition 

In London and Cambridge, acquisition of functional data (EPI) was implemented 

according to the following parameters, TR : 2000 ms, TE : 31 ms, flip angle : 80°, 

field of view : 225 mm, matrix = 64 x 64. Thirty-six slices were collected, at a 

thickness of 3mm, with an in-place resolution of 3.516 x 3.516 mm. In order to 

minimise dropout near sinuses in the ventral forebrain, slices were acquired at a 30° 

angle to the anterior and posterior commissure line. The initial three volumes of each 

run were discarded. Manchester implemented identical parameters except they 

collected 34 slices. 
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3.2 Preprocessing 

3.2.1 Structural preprocessing 

Structural T1 images were intensity normalized (AFNI’s 3dUniformize), brain 

extracted (as part of Freesurfer’s recon –all; followed by FSL’s bet), and registered to 

FSL’s default MNI152 2mm brain template using affine and diffeomorphic non-linear 

transformation models (ANTs’ AntsRegistration with SyN; Avants et al., 2008). The 

native structural images were segmented in order to define white matter (FSL’s fast), 

and CSF (FSL’s fast), ventricles (as part of Freesurfer’s recon –all), and a composite 

mask of subcortical structures (thalamus, amygdala, hippocampus, putamen, 

pallidum, caudate).  

For subsequent voxel-based morphometry, partial volume estimates of grey matter 

(FSL’s fast) were registered to MNI152 2mm space using the previously calculated 

transformation matrices, Jacobian modulated (ANTs’ ANTSJacobian), and spatially 

smoothed at 6 mm FWHM (AFNI’s 3dBlurinmask). 

3.2.2 Functional preprocessing 

Functional images initially underwent despiking (AFNI’s 3dDespike), slicing timing 

correction (AFNI’s 3dTshift), rigid-body motion correction (AFNI’s 3dvolreg), brain 

extraction (FSL’s bet) and boundary-based registration to their corresponding native 

T1 image (FSL’s epi_reg). This boundary based transformation matrix and the 

previously calculated transforms of the T1 image were applied in a single step 

(ANTS’ AntsapplyTransforms) to register the EPI images to MNI152 2mm space. EPI 

images were spatially smoothed at 6 mm FWHM (AFNI’s 3dBlurinmask). 
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After registration of EPI images, motion scrubbing was implemented for volumes 

with framewise displacement (FD) greater than a threshold of 0.5 mm. Scrubbing 

involved replacing each flagged volume with the arithmetic mean of the preceding 

and subsequent volumes. Following scrubbing, EPI images were bandpassed to retain 

frequencies between 0.01 and 0.1 Hz (AFNI’s 3dbandpass), and detrended (AFNI’s 

3dDetrend). After regression of noise parameters, EPI images were grand-median 

scaled to a subject-specific value of 1000 to allow compatibility with FSL’s feat.  

The preprocessing for the functional MRI task data was identical to the resting state 

preprocessing, except it did not involve despiking, scrubbing, low-pass filtering and 

nuisance signal regression. 

3.2.3 Regression of noise 

Noise parameters that were regressed out of the data included the six canonical 

vectors derived during the motion correction step, and mean signal from the 

ventricles, draining veins (DV), and local white matter (WMlocal). The six motion 

parameters were bandpassed and detrended in an identical manner as the EPI images. 

Ventricles were defined by Freesurfer’s automated segmentation algorithm, while DV 

was defined by subtracting the Ventricles from the CSF mask. WMlocal is a 

voxelwise regressor, calculated by assigning a value of activation to each voxel in the 

brain from the mean level of activation of voxels situated in white matter (FSL’s fast) 

within a 25 mm radius sphere, for each volume (AFNI’s 3dLocalstat; Jo et al., 2010). 

Several steps were taken to minimise accidental removal of signal of interest with 

regression of nuisance parameters: mean time-courses were derived from an 

unsmoothed EPI image, all tissue masks used for nuisance regression were eroded by 

2mm, and finally the previously calculated composite map of subcortical structures 
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was subtracted from the white matter mask of each subject. Regression of these 

putative nuisance time-series was undertaken in a single step during preprocessing 

(AFNI’s 3dBandpass).  

3.2.4 Rationale for preprocessing approaches used 

As readily apparent from the preceding subchapter, the preprocessing pipeline for the 

resting state data made use of algorithms from several software suites. The intention 

here was not to systematically compare distinct preprocessing approaches and their 

parameter spaces. Instead, the aim was to make maximal use of recent findings and 

observations in the field of preprocessing methodology. This subsection presents a 

number of salient examples of how insights from the literature were implemented in 

the current analysis. 

Rigid-body registration between the native T1 and native functional image was 

carried out in FSL using Boundary-Based Registration (BBR), an algorithm that was 

originally developed for Freesurfer (Greve & Fischl, 2009). BBR presents a 

significant improvement over FSL’s FLIRT approach, which is vulnerable to 

systematically misaligning structural and functional images due to the presence of 

signal dropout in the latter (Greve & Fischl, 2009).  

Non-linear registration accuracy is particularly important when studying patient 

populations with strong underlying structural abnormalities such as ADP. The ANTs’ 

SyN algorithm was chosen to non-linearly register the T1 images of participants to the 

MNI152 2mm template (Avants et al., 2008), due to its highly favourable 

performance across different brain regions and subject groups compared with other, 

more popular algorithms such as FSL’s FNIRT (Klein et al., 2009). 
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The threshold for scrubbing outlier time points was set at 0.5 mm, instead of the 

commonly used threshold of 0.2 mm in studies of healthy controls (Power et al., 

2014a). This was to be able to retain at least 5 minutes of data (150 time points) in 

ADP following scrubbing, which is the minimum amount of data recommended for 

safely interpreting RSFC (Van Dijk et al., 2012). Taking on the advice of Carp 

(2013), the scrubbing interpolation step was implemented prior to temporal bandpass 

filtering of the data to avoid spreading of movement artifacts to neighbouring time 

points. 

Global signal was not used as a nuisance regressor to avoid introduction of spurious 

negative RSFC, or unintended removal of signal of interest (Murphy et al., 2009). 

Instead, a draining vessel-based mask distributed within sulcal CSF was used to 

attempt to remove excessive variance of probable physiological origin (Jo et al., 

2010), without sampling signal from GM voxels. In order to avoid blurring in signal 

of interest from neighbouring GM voxels all tissue masks were unsmoothed and 

eroded prior to extraction of nuisance regressors (Jo et al., 2010). A localWM 

(voxelwise) regressor was used instead of the more conventionally derived global 

WM regressor. This has been shown to be effective at reducing distance-dependent 

motion artifacts (Jo et al., 2013), and spatially localised spikes caused by defects of 

coil arrays (Jo et al., 2010). 

 

Since the six motion parameters and nuisance time-courses were derived prior to 

bandpass-filtering of the data, these were separately band-pass filtered to prevent 

reintroduction of undesirable frequencies into the data during multiple regression, as 

suggested by Hallquist and colleagues (2013).  
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3.3 Statistical modelling 

3.3.1 Seed selection 

A bilateral amygdala seed (Figure 3.2) was defined by placing two 5mm radius 

spheres in grey-matter, centred within activation clusters reported in a previously 

published Activation Likelihood Estimation analysis of amygdala responsivity 

(Costafreda et al. 2008). Amygdala time series were extracted from the fully 

preprocessed resting state EPI of each participant and modelled within the framework 

of a GLM (FEAT, FSL), after correcting for local temporal autocorrelations (FILM, 

FSL). The resulting statistical maps provided a voxelwise estimate of amygdala 

resting state functional connectivity (RSFC) for each subject. 

3.3.2 Alternative approaches for mapping amygdala network 
function 

In this study, the amygdala seed was defined as bilateral 5 mm radius spheres placed 

on foci consistent with a large-scale meta-analysis of amygdala task-activation. Other 

studies have also defined the amygdala based on manual tracing (Entis et al., 2012), 

task-based functional localisation (Sutherland et al., 2013), automated segmentation 

of T1 images (Chupin et al., 2009), probability map from the Harvard-oxford atlas 

(Kim et al., 2011), AAL atlas (Hahn et al., 2011), or the Juelich histological atlas 

(Roy et al., 2009). The range of methodologies reveals the fact that there is no 

consensus on the optimal way of defining the amygdala. A systematic comparison of 

these various approaches may help the field converge on a single approach, which 

would facilitate interpretability of meta-analyses, and relating results across different 

studies. Although with in-vivo imaging methods ground truth is difficult to find, 
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benchmarks such as functional homogeneity, biological plausibility of RSFC maps 

and susceptibility to artifacts may prove useful. 

 

Figure 3.2 Amygdala seed used throughout this thesis for resting state functional 

connectivity analyses. Co-ordinates were placed according to a large Activation Likelihood 

Estimation study of emotional processing (Costafreda et al., 2008). 

Another related question is whether seed-based RSFC analyses of the amygdala 

should define the amygdala as a whole, or further subdivide it into subregions. 

Currently, the Juelich atlas (Amunts et al., 2005) is the most widely adopted atlas for 

defining amygdala subregions in fMRI studies. However as discussed in Chapter 2, 

the accuracy of this atlas is questionable due being based on a small sample of 

participants (n = 10) and its reliance on outdated, affine spatial registration. High field 

(7T) MRI studies offer another avenue for constructing subregional parcellations for 

in vivo-studies, although current efforts have also been hindered by small samples 

sizes (Solano-Castiella et al., 2012). Additionally, high tesla gradient echo-sequences 

suffer from susceptibility artifacts caused by nearby sinuses, the sinus sphenoidalis is 

located next the amygdala), while turbo spin echo sequences are known to incur 

contrast and intensity distortion caused by RF field inhomogeneity (Van de Moortele 

et al., 2005). 
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Chapter 4: Group-level effects of alcohol 
dependence 

4.1 Introduction 

4.1.1 Neuroadaptations  

Chronic, excessive alcohol consumption is associated with widespread 

neuroadaptations, whose effects become unmasked during withdrawal as intense 

autonomic and emotional disturbances, which in turn negatively reinforce alcohol 

consumption (Koob, 2008). Relapse is common within the initial months of 

abstinence (Charney et al., 2010), while in those who achieve longer-term abstinence, 

symptoms of anxiety and dysphoria often persist (Heilig et al., 2010). An influential 

model proposes that cumulative alcohol exposure elicits an allostatic load, a persistent 

shift in the baseline function of motivational and stress circuits, thereby predisposing 

individuals to relapse to their original state of alcohol consumption (Koob and 

LeMoal, 2008). 

4.1.2 Amygdala in alcohol dependence 

Animal models have highlighted the amygdala as a critical site for allostatic changes 

which drive escalation of alcohol intake and stress-induced reinstatement (Koob, 

2009). The amygdala is an evolutionarily well-conserved complex of subcortical 

nuclei involved in fear conditioning, acquisition of stimulus-reward associations and 

bodily responses to stressors (Janak and Tye, 2015). Chronic alcohol exposure has 

been shown to augment GABA release in the central nucleus of the amygdala 

(Roberto et al., 2004) via upregulation of ‘pro-stress’ neuropeptides (Roberto et al., 
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2010). The resulting increase in local inhibition in the central amygdala has been 

hypothesized to drive the net disinhibition of downstream effectors, e.g. 

hypothalamic, dopaminergic or noradrenergic brainstem nuclei, thereby providing a 

possible feed-forward mechanism for maintaining positive and negative 

reinforcement of alcohol consumption (Koob, 2009, Gilpin and Roberto, 2012, 2015).  

4.1.3 Amygdala RSFC and GM volume in alcohol dependence 

Although animal studies have made great strides in elucidating local neuroadaptations 

within circumscribed brain regions, a more comprehensive neurobiological model of 

alcohol dependence requires a systems-level mapping of interactions between 

multiple brain regions in man. Resting state functional connectivity (RSFC) has been 

increasingly applied to characterise network-level dysfunction in substance dependent 

populations. Studies that have looked at amygdala RSFC in alcohol (Orban et al., 

2013), cocaine (Gu et al., 2010) and opioid dependent patients (Upadhyay et al., 

2010) have reported reductions in amygdala RSFC.  

However, to date no study has specifically explored chronic alterations in amygdala 

functional connectivity at rest with reference to cumulative alcohol exposure in 

abstinent alcohol dependent patients. Additionally, there is evidence that alterations in 

RSFC in substance-dependent populations may be related to volumetric atrophy, 

possibly through loss of function or compensatory neuroadaptive mechanisms 

(Upadhyay et al., 2010, Filbey et al., 2014). Amygdala grey-matter (GM) atrophy is 

widely documented in alcohol dependent populations (Fein et al., 2006, Makris et al., 

2008, Beck et al., 2012), and has been linked to increased likelihood of craving and 

relapse at 6 months follow-up (Wrase et al., 2008), yet its relationship to amygdala 

RSFC has not been specifically investigated.  
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4.1.4 Hypotheses 

As described above, animal models of alcohol dependence have shown 

neuroadaptations in the amygdala that persist in prolonged abstinence. These 

neuroadaptations may not only manifest as changes in local patterns of activity, but 

may also influence large-scale circuit-level interactions of the amygdala (Gilpin and 

Roberto, 2015). Based on this premise, I hypothesised that: 

Hypothesis I: Alcohol dependent patients in abstinence would show differences in 

patterns of resting state functional connectivity compared with age-matched healthy 

controls.  

This analysis was whole-brain, i.e. not constrained to specific regions of interest, 

since chronic alcohol exposure has been shown to affect a large number of both 

cortical and subcortical regions, and changes in amygdala network interactions may 

include both regions with direct and indirect connections. 

The allostatic model of Koob suggests that chronic alcohol exposure may shift brain 

systems outside their normal state of functioning in a cumulative fashion over time. 

Based on the notion that neurodaptations may be cumulative, I hypothesised that: 

Hypothesis II: Regions showing significant differences in amygdala RSFC between 

ADP and HC, would correlate with lifetime cumulative alcohol exposure in ADP.  

In other words, those with a longer history of dependence, would show greater 

deviation in amygdala RSFC from healthy controls.  
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A large number of studies have shown reductions in amygdala volume in abstinent 

ADP compared with age-matched healthy controls. Therefore, I also hypothesised 

that: 

Hypothesis III:  The findings of lower amygdala GM volume would be replicated in 

the current sample of ADP, and amygdala GM volume in ADP would be inversely 

correlated with cumulative alcohol exposure.  

Finally, I also hypothesised that: 

Hypothesis IV: ADP with smaller amygdala GM volumes would exhibit greater 

differences in amygdala RSFC compared with HC. 

4.2 Methodology 

4.2.1 Participants 

On their first, baseline visit, 68 HC and 28 ADP underwent a 5-minute resting state 

scan with eyes closed. In the analyses presented here, 7 of these participants (3 HC, 4 

ADP) were excluded due to containing less than 5 minutes of resting state data after 

scrubbing of volumes with excessive head motion (>0.5 mm framewise 

displacement). Four additional ADP were excluded: 1 due to corrupted acquisition, 3 

due to abstinence of less than one month at the time of baseline scan. From the 

remaining pool of 65 HC, 39 were selected to maximise matching to the ADP group 

on age, gender, smoking status and head motion in scanner (mean framewise 

displacement). The demographic and clinical characteristics of the final groups are 

described in Table 4.1.  
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4.2.2 Preprocessing 

The preprocessing methodology for the functional resting state, and structural brain 

images is described in depth in Chapter 3.  

4.2.3 Statistical analyses 

Comparison of amygdala RSFC in ADP versus HC was implemented in a mixed-

effects model (FLAME1, FSL), controlling for site of scanning. Results were 

presented as Z statistic images, thresholded using clusters determined by Z > 2.3 and 

a corrected cluster significance threshold of p < 0.05. Comparison of grey-matter 

volumes (GM) in ADP versus HC was carried using a permutation-based two-sample, 

non-parametric t-test (FSL’s randomise; Nichols & Holmes, 2002), controlling for 

site and intracranial volume (ICV). Group differences in GM volume were calculated 

based on 5000 permutations with threshold-free cluster enhancement (Smith & 

Nichols, 2009) and family-wise error correction at p < 0.05.  

Further analyses of amygdala RSFC or GM volumes in regions of interest were 

undertaken using subject-level parameter estimates, after controlling for effects of site 

and ICV (only for GM volume) across the entire cohort (n = 59). Linear relationships 

between clinical variables and brain measures were examined using Pearson 

correlations (Python, Scipy) and multiple regression (Python, Statsmodels) where 

applicable. 
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4.3 Results 

Demographic and clinical characteristics of the 20 ADP and 39 HC participants are 

presented in Table 4.1. No significant group differences were observed for age, 

gender, body weight, handedness, IQ score, head motion, resting heart rate, systolic 

and diasystolic blood pressure. ADP reported significantly fewer years in full time 

education (t = -2.4, p = 0.02) and scored significantly higher on measures of trait (t 

= 3.9, p = 2.3 x 10-4) and state anxiety (t = 3.5 p = 9.5 x 10-4), compared with HC. A 

greater proportion of ADP had family history of alcohol dependence (χ = 5.2, p = 

0.02). There were trend level effects of ADP containing more smokers than HC (χ = 

3.5, p < 0.06), and for ADP smokers showing greater lifetime cigarette package years 

than HC smokers (t = 1.9, p = 0.06). 

4.3.1 Amygdala RSFC and impact of cumulative alcohol 
exposure 

Comparison of voxelwise amygdala RSFC between ADP and HC revealed 

significantly elevated RSFC in patients in a single cluster located in the midbrain 

(peak Z: 4.1, pcorrected < 0.05, 3936 mm3, MNI: 8,-20,-14), encompassing substantia 

nigra (SN) and ventral tegmental area (VTA) bilaterally (Figure 4.1). No additional 

clusters showed significant increases or reductions in amygdala RSFC in ADP 

compared with HC.  

To refine the anatomical specificity of this midbrain cluster, it was constrained to an 

anatomical mask of the substantia-nigra/ventral tegmental area (SN/VTA). This mask 

was originally published in the form of separate probability maps of the substantia 

nigra and ventral tegmental area (Murty et al., 2014).  
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Figure 4.1 Group-level comparison of whole-brain voxelwise amygdala RSFC between 

ADP and HC. ADP exhibited significantly greater amygdala RSFC in the midbrain relative 

to HC. Significant voxels were determined by a threshold of Z > 2.3 and a corrected cluster 

significance threshold of p < 0.05. Slice coordinates are presented in MNI space. Shaded out 

regions depict voxels without coverage. 

The two probability maps were each thresholded at 50% tissue-type probability, 

summed together, binarised, and multiplied with the midbrain cluster to produce the 

SN/VTA region of interest used in the analysis below (Figure 4.2). 

Mean RSFC between amygdala and SN/VTA was significantly elevated in ADP 

compared with HC (t = 3.3, p = 0.002; Figure 4.3A), and effect that remained 

significant after excluding those with family history of alcohol dependence (t  = 2.5, p 

= 0.02). In ADP, amygdala – SN/VTA RSFC was positively correlated with both 

cumulative alcohol exposure (r = 0.68, p = 0.001; Figure 4.3B) and age (r = 0.49, p = 

0.03; Appendix, Figure A1.1), when examined separately.  
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Figure 4.2 Visualisation of the SN/VTA region of interest. The SN/VTA region of interest 

(violet) was derived by multiplying voxels showing significant group differences in amygdala 

RSFC in Figure 4.1 (blue), with joint anatomical probabilistic maps of the substantia nigra 

and ventral tegmental area thresholded at 50% tissue-type probability (Murty et al., 2014). 

Slice coordinates are presented in MNI space. 

However, with both variables entered into the same multiple regression for ADP, only 

cumulative alcohol exposure was significantly associated with amygdala – SN/VTA 

RSFC (t = 2.7, p = 0.02), while age was not significant (t = -0.36, p = 0.7). 

Amygdala–SN/VTA RSFC was not significantly correlated with abstinence length, 

head motion, state anxiety, trait anxiety, amygdala GM, SN/VTA GM, resting heart 

rate, systolic and diasystolic blood pressure in ADP.  

It is worth noting that the effect size of the correlation between cumulative alcohol 

exposure and amygdala – SN/VTA may be overestimated in the above analysis. The 

SN/VTA region of interest was chosen based on voxels that demonstrated a 

significant group effect of increased RSFC in ADP compared with HC, within the 

same sample that was used to compute the correlation. Since the region of interest 

was not defined entirely independently of the exploratory group effects observed in 
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the same dataset, the strength of the above correlational findings could have been 

inflated through statistical circularity (Kriegeskorte et al., 2009). 

 

Figure 4.3 Distribution of amygdala – SN/VTA RSFC and family history of alcohol 

dependence in two groups, and association with cumulative alcohol exposure in ADP. 

(A) Amygdala – SN/VTA RSFC is significantly increased in ADP relative to HC 

(t  = 3.3, p = 0.002). Bars denote group means. Legend denotes first-degree family history of 

alcohol dependence. (B) Amygdala – SN/VTA RSFC is positively correlated with cumulative 

alcohol exposure (r = 0.68, p = 0.001). PE: parameter estimate.  

In order to rule out effects of GM atrophy on RSFC, the voxelwise amygdala RSFC 

group comparison between ADP and HC was repeated while accounting for scanning 

site, amygdala GM volume, ICV and voxelwise GM volume in a single model. This, 

more conservative, model produced almost identical results (Appendix, Figure A1.2) 

to the original findings (Figure 4.1). 

4.3.2 Amygdala GM volume and impact of age 

Voxelwise comparison of GM volume revealed smaller volumes in subcortical, 

midbrain and cerebellar regions, including in the amygdala, in ADP relative to HC 

(Figure 4.4). The amygdala region of interest in the GM volume analysis below was 
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identical to the amygdala seed region used in the RSFC analysis to allow their 

comparison. Amygdala GM volume, like amygdala – SN/VTA RSFC, was not 

significantly correlated with abstinence length. 

Age (Figure 4.5A; r = -0.63, p = 0.003) and cumulative alcohol exposure (r = -0.47, 

p = 0.03; Appendix, Figure A1.3), were both inversely correlated with amygdala GM 

in ADP. In order to separate their relative contributions, the two measures were 

entered into a multiple regression. In direct contrast to the findings related to 

amygdala – SN/VTA RSFC, amygdala GM volume remained significantly associated 

with age (t = -2.3, p = 0.04), but not with cumulative alcohol exposure 

(t = 0.2, p = 0.9) in the multiple regression. The observed age-related decline of 

amygdala GM volume was specific to ADP, as HC did not show the same pattern 

(Figure 4.5B). An ANOVA revealed a significant group by age interaction 

(F1,55 = 5.8, p = 0.02).  

 

Figure 4.4 Whole-brain voxelwise group-level comparison of GM volume between ADP 

and HC. ADP exhibited significantly lower GM volume than HC in subcortical regions, 

including in the amygdala (red sphere). Significant voxels were determined using 

permutation-based non-parametric testing, applying 5000 permutations, threshold free cluster 

enhancement and family-wise error correction at p < 0.05. The red sphere depicts the 

amygdala seed region used in the RSFC analysis (5mm radius sphere at MNI: +-22,-4,-12). 
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Figure 4.5 The effects of age on amygdala GM volume in ADP and HC (A) ADP showed 

significantly reduced amygdala GM volume relative to HC (t = -3.0, p = 0.004). 

Difference between groups remained significant when excluding those with family history of 

alcohol dependence (t = -3.6, p = 0.0007). Bars denote group means. Legend denotes first-

degree family history of alcohol dependence. (B) Amygdala GM volume was inversely 

correlated with age in ADP (r = -0.63, p = 0.003), but not in HC (r = 0.0, 0.87), exhibiting a 

significant group-by-age interaction (F1,55 = 5.8, p = 0.02). PE: parameter estimate. 

4.3.3 SN/VTA GM volume and LV volume 

SN/VTA GM volume was significantly lower (t = -2.6, p = 0.01), while LV volume 

was significantly greater in ADP relative to HC (t = 2.5, p = 0.02). Additionally, 

SN/VTA GM volume and LV volume showed trend-level positive (r = 0.44, p = 0.05) 

and negative associations with abstinence length (r = -0.44, p = 0.05), respectively. 

Neither LV nor SN/VTA GM was significantly correlated with age or cumulative 

alcohol exposure. 

4.3.4 Effect of smoking on amygdala RSFC and GM volume 

Only 4 of the ADP were non-smokers, therefore ADP smokers and non-smokers were 

grouped together for these analyses. This also meant that it was not possible to test for 
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a potential interaction between the effects of alcohol dependence and smoking on 

amygdala – SN/VTA RSFC or amygdala GM volume. 

ADP exhibited significantly greater amygdala – SN/VTA RSFC relative to both 

smoker and non-smoker HC subgroups (Figure 4.6A). Amongst ADP smokers, pack 

years were significantly correlated with amygdala - SN/VTA RSFC (r = 0.62, 

p = 0.02), although this association was no longer significant (t = 1.2, p = 0.25), after 

accounting for age and cumulative alcohol exposure in a multiple regression. 

Amygdala GM volume was significantly lower in ADP relative to both HC smokers 

and HC non-smokers (Figure 4.6B). ADP smokers showed a trend-level association 

between pack years and GM volume (r = -0.48, p = 0.07), although when age and 

cumulative alcohol exposure were also accounted for in a multiple regression the 

effect of pack years on amygdala GM volume was no longer significant (t = -0.39, 

p = 0.7). 

 

Figure 4.6 Post-hoc analysis of the impact of smoking status on amygdala RSFC and 

GM volume. (A) Amygdala – SN/VTA RSFC was significantly greater in ADP relative to 

both HC smokers and non-smokers. (B) Amygdala GM volume was significantly lower in 

ADP relative to HC smokers and non-smokers. ADP smokers and non-smokers were treated 

as a single group for these comparisons due to the low number of ADP non-smokers (n = 4). 
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4.3.5 Summary model  

The relationships between amygdala – SN/VTA RSFC, amygdala GM volume, age 

and cumulative alcohol exposure are summarised in Figure 4.7. Cumulative alcohol 

exposure and age were strongly positively correlated (r = 0.78, p = 4.4 x 10-5), i.e. 

older ADP were more likely to have accumulated lifetime years with heavy levels of 

alcohol consumption. However, cumulative alcohol exposure appeared to show a 

stronger correlation with amygdala – SN/VTA, while age exhibited a stronger 

correlation with amygdala GM volume, than vice versa. Notably, amygdala GM 

volume and amygdala – SN/VTA were not significantly correlated with each other (r 

= -0.15, p = 0.5).   

 

Figure 4.7 Summary diagram showing linear relationships between amygdala – 

SN/VTA RSFC, amygdala GM volume, cumulative alcohol exposure and age. Red and 

blue lines indicate significant positive and negative correlations, respectively, while black line 

indicates lack of significance. All statistics refer to separate Pearson’s correlations. Dotted 

lines indicate weak but significant correlations.  
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4.4 Discussion 

Abstinent ADP showed significant elevations of amygdala – SN/VTA RSFC and 

widespread reductions in GM in subcortical regions, including the SN/VTA and 

amygdala, compared with age-matched HC. Multiple regression analysis revealed that 

amygdala – SN/VTA RSFC elevations were associated with cumulative alcohol 

exposure, while amygdala GM volume reductions were associated with age in ADP. 

Amygdala GM volume did not exhibit the same decline with age in HC, suggesting 

accelerated age-related atrophy in ADP. Neither amygdala – SN/VTA RSFC nor 

amygdala GM showed an association with abstinence length, indicating persistent 

effects. These findings demonstrate long-term changes to structural and functional 

properties of the amygdala in ADP and suggest distinct underlying processes. 

The presence of group differences between ADP and HC in amygdala – SN/VTA 

RSFC and its association with cumulative alcohol exposure supported Hypotheses I  

and II, respectively. Hypothesis III received partial support since amygdala GM 

volumes were indeed reduced in ADP, however these reductions were better 

explained by age than cumulative alcohol exposure per se. Finally, Hypothesis IV, 

which predicted that greater amygdala GM volume reductions across ADP would be 

associated with proportionately greater alterations in amygdala RSFC relative to HC 

was not supported. 

Results of higher amygdala – SN/VTA RSFC in abstinent ADP are consistent with 

animal studies showing synaptic neuroadaptations in the amygdala (Roberto et al., 

2004, Gilpin and Roberto, 2012) and VTA (Diana et al., 1996, Shen et al., 2007) 

following chronic alcohol exposure. They raise the intriguing possibility that 

synaptic-level changes in response to chronic alcohol exposure may contribute to a 
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persistent increase in large-scale interactions between these regions. The amygdala 

and VTA are increasingly viewed as hubs that integrate circuits processing both 

aversive and appetitive motivational signals (Lüthi and Lüsher, 2014). While the 

biological significance of RSFC remains elusive, one model proposes a role for RSFC 

in maintaining synapses between functional networks (Fair et al., 2007). Based on this 

model, chronic co-activation of the amygdala and SN/VTA during the cycles of 

anticipation, intoxication and withdrawal that characterise alcohol dependence (Koob 

and Volkow, 2010), may account for persistent elevations of RSFC, as observed in 

this study. 

Anatomical tracing studies show direct projections from the central amygdala to the 

SN/VTA (Fudge & Haber, 2000; Lee et al., 2010, Beier et al., 2015), as well as 

indirect inputs via the BNST (Georges & Aston-Jones, 2000; Jennings et al., 2013), 

both rich in CRF receptors (Rodaros et al., 2007). Neuroadaptations in the extended 

amygdala may influence dopaminergic firing in the SN/VTA through direct 

glutamatergic afferents (Hahen et al., 2009), local SN/VTA-GABA interneurons (van 

Zessen et al., 2012, Tan et al., 2012) or indirectly through altering SN/VTA 

autoreceptor function (Kim et al., 2009). The SN/VTA (Loughlin & Fallon, 1983) and 

the PAG/dorsal raphe (Poulin et al.,2014) both send dopaminergic projections to the 

extended amygdala, with the latter expressing specific molecular-genetic markers 

absent in cortical and striatal dopaminergic projections. Dopamine release in the 

central amygdala has been found to modulate conditioned place preference/aversion 

in animal models of substance dependence (Rezayof et al., 2002; Zarrindast et al., 

2003).  
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The observed association between cumulative alcohol exposure and amygdala – 

SN/VTA RSFC may represent a pathological shift in brain function, i.e. the long-term 

negative consequence of alcohol exposure. Alternatively, higher amygdala – SN/VTA 

RSFC could also reflect a mechanism for achieving and maintaining abstinence. Of 

note, Beck and colleagues (2012) have shown increased SN/VTA-amygdala 

connectivity during cue-reactivity in early abstinent ADP patients who 3 months later 

maintained abstinence versus those who relapsed. They proposed that the 

hyperconnectivity of this circuit could have contributed to maintaining abstinence 

through representation of aversive aspects of alcohol-cues. While ADP showed 

increased levels of trait and state anxiety relative to HC, an association between these 

anxiety measures and amygdala – SN/VTA RSFC was not observed in ADP. 

However, the functional significance of amygdala – SN/VTA connectivity may be 

context dependent, showing distinct effects at rest and during exposure to alcohol 

cues as in the study by Beck and colleagues (2012). 

To my knowledge this is the first study to show a linear relationship between 

cumulative alcohol exposure and amygdala – SN/VTA RSFC in abstinent ADP. 

Previous studies have reported correlations between duration of substance use and 

RSFC in other circuits, albeit only in recently abstinent ADP (Camchong et al., 2013), 

currently using cocaine (Gu et al., 2010) and prescription opioid dependent 

populations (Upadhyay et al., 2010). In this study abstinence length was not 

associated with recovery of amygdala – SN/VTA RSFC, despite the ADP group 

comprising patients with up to 38 months of abstinence. The extent to which 

alterations of this circuit characterise other forms of substance dependence remains to 

be established, although in this study nicotine dependence was not sufficient to 

increase RSFC. In addition, it is possible that increased amygdala-SN/TA RSFC 
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could predate alcohol dependence, however its association with cumulative alcohol 

exposure and its lack of association with family history of alcohol dependence in this 

study is suggestive of neuroadaptive effects. 

Consistent with previous literature, ADP showed widespread smaller GM volume in 

subcortical regions including the amygdala and SN/VTA, and larger lateral ventricles 

(LV) relative to HC (Makris et al., 2008). Alterations of amygdala GM, like amygdala 

– SN/VTA RSFC, were more severe for ADP with longer cumulative alcohol 

exposure. However, in contrast to previous findings in prescription opioid dependent 

populations (Upadhyay et al., 2010), amygdala GM volume was not correlated with 

amygdala – SN/VTA RSFC in ADP. After accounting for both age and cumulative 

alcohol exposure in a multiple regression, amygdala GM volume was only associated 

with age (not cumulative alcohol exposure), while amygdala – SN/VTA RSFC was 

only associated with cumulative alcohol exposure (and not age). Accelerated age-

related GM atrophy has been previously described in recently abstinent ADP 

(Pfefferbaum et al., 1992) and in currently using cocaine dependent populations 

(Ersche et al., 2013), although this study is the first to find it in the amygdala in 

longer-term abstinent ADP. 

While SN/VTA GM and LV volumes varied with abstinence length in ADP which is 

consistent with and indicative of recovery, amygdala GM volume did not. Previous 

studies have reported amygdala GM atrophy in both shorter (mean: 17 days, Wrase et 

al., 2008) and longer-term abstinent ADP populations (7.1 yrs, Fein et al., 2006; 5.9 

yrs, Makris et al., 2008). These with the current study suggest lack of recovery of 

amygdala volume with abstinence and together with previous findings of decreased 

amygdala GM in offspring or unaffected first-degree relatives of ADP (Dager et al., 
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2004; Hill et al., 2001, Benegal et al., 2006) has been cited as evidence that reduced 

amygdala GM may be a predisposing trait to alcohol dependence, and to relapse 

susceptibility (Wrase et al., 2008). Although the findings here do not rule out this 

possibility, they do indicate that ageing may interact with chronic alcohol use to 

further reduce amygdala GM volume. It is possible that progressive age-related 

atrophy may additionally contribute to relapse risk in ADP. 

In summary, these findings suggest that alcohol dependence is associated with 

persistent alterations in amygdala morphology and resting-state network function 

compared with age-matched controls, and that these two effects may differentially 

interact with age and cumulative alcohol exposure. Longitudinal studies will be 

necessary to characterise the time course of these processes and to delineate their 

roles in mechanisms of abstinence and relapse. 
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Chapter 5: Effects of abstinence length 
and anxiety  

5.1 Introduction 

5.1.1 Individual differences 

Alcohol dependent patients comprise a heterogeneous population with diverse 

clinical, demographic, psychological and physiological profiles. This heterogeneity 

speaks against the possibility of discovering a single marker or therapeutic approach 

relevant to all cases of alcohol dependence. The cross-section of the alcohol 

dependent population in the current study presented with varying durations of 

abstinence, cumulative alcohol exposure, histories of detoxification, nicotine 

dependence, anxiety and impulsivity. 

The previous chapter examined the potential influence of many such moderating 

variables on amygdala – SN/VTA RSFC in ADP, but found only cumulative alcohol 

exposure to exert a significant effect on RSFC in this circuit1. However, some of these 

variables may still exert a moderating influence on other amygdala circuits, without 

necessarily showing group-level differences between ADP and HC. Both symptoms 

of anxiety and length of abstinence are indicators of relapse risk and are frequently 

reported in clinical studies (Elholm et al., 2011), yet our understanding of their 

respective effects on amygdala RSFC is limited. This chapter fills in an important gap 

                                                

 
1 Age was also significantly associated with amygdala – SN/VTA RSFC in ADP, 
however multiple regression analysis showed that the effect of age was driven by 
shared variance with cumulative alcohol exposure. 
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in the literature by examining the potential effects of anxiety and abstinence length on 

amygdala RSFC within ADP.  

It may be difficult to assess the significance of variation across ADP in amygdala 

RSFC associated with abstinence or anxiety by itself, without ADP showing overall 

group differences with respect healthy controls. However, the interpretation of such 

associations may be informed by correlation of amygdala RSFC with task-activation 

data across ADP. As previously described in the background chapter, large-scale 

network interactions as indexed by RSFC relate intimately to activation patterns 

during cognitive tasks. Individual variation in amygdala RSFC patterns may help 

explain individual variation in brain activation patterns during cognitive tasks. The 

ICCAM Platform study provides a unique dataset, where in addition to resting state, 

participants also underwent several cognitive tasks in the scanner, with potential 

relevance to substance-dependence. 

Variants of the Evocative Images Task, which index responsivity to aversive visual 

stimuli, robustly engage the amygdala, and have been used to demonstrate elevations 

of amygdala responsivity in patients with anxiety disorder (Shah et al., 2009) or 

alcohol dependence (Gilman & Hommer, 2008). The Go/No-Go task measures neural 

correlates of motor inhibition (Rubia et al., 2001), a cognitive process whose 

deficiency has been proposed to be a contributing factor to relapse (Goldstein & 

Volkow, 2011). Abstinent alcohol dependent patients have been shown to exhibit 

altered patterns of responses during motor inhibition in the frontal cortex and in 

subcortical regions, including in the amygdala (Li et al., 2009). 
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5.1.2 Anxiety 

Anxiety is a core symptom of alcohol withdrawal, which dissipates over the time 

course of abstinence (Roelofs et al., 1987), although it may continue to be elevated 

compared with age-matched HC even in longer-term abstinence (Orban et al., 2013). 

Higher levels of trait anxiety (Willinger et al., 2002), and stress-induced anxiety 

(Sinha et al., 2011) have been associated with greater risk of subsequent relapse, 

while in animal models stressors are an established approach for reinstating alcohol 

consumption (Le et al., 2000).  

Recent studies of anxiety in healthy populations and in those with anxiety disorders 

have converged on the notion that amygdala – insula interactions may play a general 

role in mechanisms of anxiety. Both amygdala and insula are hyper-responsive to 

emotional stimuli in anxiety-prone healthy individuals (Stein et al., 2007), in patients 

with social anxiety (Shah et al., 2009), PTSD or specific phobia (Etkin & Wager, 

2007). They have also been shown to be responsive to pharmacological modulation 

by anxiolytic medications (Paulus et al., 2005; Aupperle et al., 2011). 

In young healthy adults, RSFC and structural connectivity (axial diffusivity) between 

left amygdala and left anterior insula have been found to be strongly correlated with 

individual differences in state and trait anxiety respectively (Baur et al., 2013). 

Consistent with this model, two studies have also shown amygdala – insula RSFC 

elevations in PTSD patients (Rabinak et al., 2011; Sripada et al., 2012), although here 

increases were observed in the posterior rather than the anterior aspect of the insula. 

Based on these findings, I previously hypothesised that abstinent ADP would show 

increased amygdala – anterior insula RSFC relative to HC, due to the greater levels of 

anxiety of ADP (Orban et al., 2013). In contrast to this prediction, ADP showed 
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marked reductions of amygdala RSFC in the anterior insula relative to the control 

participants, and levels of state anxiety were not associated with amygdala – insula 

RSFC across ADP (Orban et al., 2013). 

Since ADP exhibited elevated state and trait anxiety also in the current study 

compared with HC, this provided an additional opportunity to examine the effect of 

anxiety on amygdala – insula RSFC in ADP using the ICCAM baseline dataset. 

Given the previous body of evidence on the impact of anxiety on amygdala – insula 

interactions, and the counterintuitive reductions in amygdala – insula RSFC observed 

in my earlier work in abstinent ADP (Orban et al., 2013), this subchapter focuses on 

amygdala – insula RSFC using a voxelwise approach with small-volume correction to 

an insula region of interest. 

5.1.3 Abstinence length 

Without medication, physiological symptoms of alcohol withdrawal in those with 

alcohol dependence (e.g. tremor, autonomic disturbances) typically peak at ~72 hours 

(Kosten et al, 2003), and diminish over the course of 7-14 days after last use. This 

withdrawal period is also characterised by cognitive deficits manifesting in the form 

of impaired perceptual-motor (Mann et al., 1999), short-term memory (Seifert et al., 

2003), as well as affective symptoms in the form of anxiety, dysphoria or depression 

(Liappas et al., 2002). Relative to the physiological symptoms of withdrawal, 

affective symptoms generally follow a more gradual rate of recovery spanning 4-6 

weeks after cessation of drinking, but may persist longer (Liappas et al., 2002).  

The literature is conflicted regarding the rate of recovery of cognitive deficits, with 

some longitudinal studies reporting rapid normalisation in the first weeks, in some 
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cases even days (Seifert et al., 2003), while others finding evidence of recovery on the 

scale of months (Loeber et al., 2010). A recent meta-analysis examined effect sizes of 

deficits in cognitive function in studies as a function of abstinence length (Stavro et 

al., 2012). In that meta-analysis, effect sizes were found to be moderate across a wide 

range of cognitive domains in both early (less than 1 month) and intermediate 

abstinence (1-12 months), while effect sizes were diminished in longer-term 

abstinence (greater than 12 months), indicative of a slow rate of recovery. 

Functional neuroimaging of resting state provides a potential avenue for 

characterising mechanisms that underpin recovery of cognitive and affective function. 

However, to my knowledge no study has examined how resting state network 

function evolves over the course of abstinence. Camchong et al. (2013) scanned ADP 

in early abstinence, and found that RSFC in ventral striatal and sgACC networks was 

associated with subsequent relapse 6 months later. The same two RSFC measures 

were not, however, associated with abstinence length in their study. It is worth noting 

that their sample was comprised of ADP in their first two to three months of 

abstinence, which would preclude detection of linearly associated individual 

differences in RSFC suggestive of longer-term recovery. In contrast, ADP in the 

current study had a wide range of abstinence lengths (1 to 36 months), thereby 

providing the opportunity to investigate effects of abstinence length on RSFC across a 

longer timescale of potential recovery. 
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5.1.4 Hypotheses 

As outlined above, there is a significant body of evidence supporting the importance 

of amygdala – insula circuits in anxiety states and disorders. This literature predicts a 

positive association between amygdala – insula RSFC and measures of anxiety. In 

contrast, my previous work has found significantly reduced amygdala – RSFC in 

abstinent alcohol dependent patients, who showed elevated levels of trait and state 

anxiety (Orban et al., 2013). This subchapter revisited this topic by testing the 

hypothesis that:  

Hypothesis V: Amygdala – insula RSFC is positively correlated with measures of 

trait and state anxiety in ADP.  

In order to maximise statistical power, the analysis was small-volume corrected 

within a bilateral insula region of interest. Neuroadaptations or pre-existing traits that 

underlie symptoms of anxiety in alcohol dependence may be reflected in both 

spontaneous amygdala interactions as indexed by RSFC, as well as in amygdala 

responsivity to affective stimuli. Therefore I hypothesised that: 

Hypothesis VI: There would be a positive association between amygdala – insula 

RSFC and amygdala responsivity within the Evocative Images Task. 

I then moved on to test the following hypothesis:  

Hypothesis VII: Abstinence length would be linearly associated with amygdala 

RSFC in ADP. 

Linear effects may be expected to occur because amygdala RSFC could exhibit 

gradual recovery of function following longer periods of abstinence. This analysis 
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was run across the whole-brain in a voxelwise manner, since there is no prior 

knowledge on impact of abstinence on amygdala RSFC.  

In addition, the chapter also explored whether regions where amygdala RSFC is 

associated with abstinence length, also show differential patterns of task-activation. 

Here, the hypothesis was that: 

Hypothesis VIII: Amygdala RSFC in regions associated with abstinence length, 

would show linear associations with magnitude of task-activation in the Evocative 

Images Task or the Go/No-Go task. 

5.2 Methodology 

5.2.1 Evocative Image Task description 

The Evocative Image Task was designed to measure brain activation in response to 

aversive visual stimuli. For each of the five sessions, 24 aversive and 24 neutral 

images were selected from the International Affective Picture System (IAPS; 

http://csea.phhp.ufl.edu/media/). The aversive stimuli selected depicted scenes of 

threat, violence, corpses, disease, traffic accidents, dangerous animals, environmental 

disasters, wounds, and emotional facial expression, while neutral stimuli depicted 

non-threatening scenes of human interaction, faces, animals, or geometric objects. 

Pictures depicting drugs or alcohol were not chosen from the IAPS database for this 

study to avoid effects of conditioned cue-reactivity in the ADP group. 

Aversive and neutral images were presented in alternating mini-blocks consisting of 

six stimuli presented for five seconds with an inter-trial-interval of 400 ms. Mini-
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blocks were separated by a rest period of 15 seconds. Each of the two runs began with 

the presentation of a fixation cross for 12 seconds. 

Each mini-block contained only aversive or neutral images. Stimuli were assigned so 

that mean valence and arousal ratings (http://csea.phhp.ufl.edu/media/) were balanced 

across neutral and aversive mini-blocks, respectively. Participants were advised to 

passively watch the stimuli without looking away and to click a button on seeing each 

image, as a way of providing feedback on their continuous participation.  

The 48 stimuli (24 aversive, 24 neutral) were presented across two runs, with the 

same set of images shown on the second run. In order to minimize habituation effects 

on the second run, the order of the mini-blocks and the order of images within each 

mini-block were shuffled.  

The main contrast of interest for this task was aversive > neutral images. It was 

modeled separately for the two runs for each participant, and subsequently averaged 

using a fixed-effects model as implemented in FSL. 

5.2.2 Go/No-Go Task description 

The Go/No-Go task was adopted as a means of measuring patterns of brain activation 

associated with motor inhibition in a conceptually simple design (Rubia et al., 2001). 

Participants were presented with series of alternating ‘X’ and ‘Y’ characters, with 

each character shown for 900 ms, followed by an inter-trial-interval of 100 ms. 

Participants were told to press a button as fast as possible, whenever the current 

character differed from the previously shown character (Go trial). On trials where the 

character shown was identical to the character shown on the previous trial participants 

were required to inhibit their response (No-go trial). 
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The task was administered across two runs, with each run containing a total of 250 

trials, 30 of which were no-go trials, and 220 were Go trials. No-go trials appeared at 

an average frequency of ~8 seconds, and a range of 4 to 14 seconds. On the beginning 

of each run a fixation cross was shown for 12 seconds. Reaction times and accuracy 

rates were recorded for further analysis. 

The main contrast of interest was successful No-go trials versus the implicit baseline 

of all Go trials. Following the approach outlined above for the Evocative Image Task, 

each run was modeled separately and the two runs were subsequently averaged in a 

fixed effects model for each participant. 

5.2.3 Participants 

The primary focus of this chapter was the baseline resting state data from the 20 ADP 

previously described in Chapter 4.2.1. In addition, the chapter also made use of task 

data collected from these same participants on the same baseline session, and data 

collected from an independent group of healthy participants, described below.  

ICCAM Pilot is an independent sample of 17 healthy participants that underwent the 

same fMRI scanning protocol (Resting state, Monetary Incentive Delay, Go-No/Go, 

and Evocative image tasks) administered to ADP and HC. This data was collected at 

Imperial, using the same scanner and acquisition parameters as for the ADP and HC 

cohorts. The participants were volunteers recruited through word of mouth locally at 

the university, some of whom were researchers involved in the ICCAM study. The 

reason for acquiring this data was to fill-in unused scanner slots, and in the process, 

build-up an independent dataset that can be used to test parameters and hypotheses, 
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independent of the main arm of ICCAM, thereby potentially avoiding problems of 

statistical circularity.  

The Pilot cohort was substantially younger (27.8 ± 4.2) than the HC cohort (44.3 ± 

7.4; t = 8.5, p = 1.4 x 10-11), although the two groups exhibited similar male to female 

ratios (Pilot 12 : 17, HC 32 : 7; χ = 0.4, p = 0.5). Although the clinical history of the 

Pilot cohort was not comprehensively assessed as other ICCAM participants, none 

declared current or past substance dependence, other than to nicotine. None of the 

participants had to be excluded within this cohort due to excessive movement during 

their resting state scan (FD: 0.11 ± 0.05, range 0.05 - 0.26) 

Evocative and Go/No-Go task data from baseline sessions were analysed to relate 

measures of task activation relevant to amygdala RSFC across participants. For this 

reason, task data was only analysed from 76 participants who were included in the 

original ADP (n = 20), HC (n = 39) or Pilot cohorts (n = 17). There were additional 

task-specific criteria for inclusion in the analysis to ensure sufficient data quality, 

described below. 

For the Evocative image task analysis participants were excluded if their mean head 

motion (FD) during the scan was greater than 0.5 mm in at least one run (n = 3). 

Three participants were excluded due to this criterion, leaving a total of 73 

participants across the three groups with usable Evocative image task data.  

For the Go-No/Go task analysis, participants were excluded if their mean head motion 

(FD) was greater than 0.5 mm in at least one run (n = 2), or if they presented with 

excessive dropout in the parietal lobules (n = 1). Omissions on Go trials were used as 

an indicator of inattention or poor task compliance, therefore participants with more 
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than 15% omission were also excluded (n = 3). Six participants were removed based 

on these criteria, leaving 70 participants with usable Go/No-Go task data. 

5.2.4 Preprocessing 

The preprocessing methodology for the resting state and two task datasets have been 

described in Chapter 3.   

5.2.5 Statistical analyses 

The three main explanatory variables of interest in this chapter: abstinence length, 

trait anxiety and state anxiety were entered into separate general linear models with 

voxelwise amygdala RSFC as the response variable, and site of scanning as a 

covariate of no interest. The models were implemented using FSL (FLAME1), and 

results were thresholded at Z > 2.3 with a corrected cluster significance threshold of p 

< 0.05. Voxelwise analyses for trait and state anxiety were small-volume corrected 

within a binarised, unthresholded bilateral mask of the insula from the Harvard-

Oxford atlas as available in FSL. All other statistical analyses were implemented in 

Python’s scipy, numpy, and StatsModels modules.  

5.3 Results 

5.3.1 Overall effects of state and trait anxiety 

ADP presented with significantly higher scores on self-report measures of trait 

(t = 3.9, p = 0.0002, Figure 5.1A), and state anxiety (t = 3.5, p = 0.0009, Figure 5.1B) 

relative to HC. ADP also showed greater within-group variation of both trait anxiety 

and state anxiety relative to HC. The relatively wide distribution of scores provided 
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the opportunity to explore how self-reported anxiety levels were related to amygdala 

RSFC. State and trait were correlated with each other both in ADP 

(r = 0.65, p =0.002) and HC (r = 0.58, p =0.0001).  

 

Figure 5.1 Group-level comparison of trait and state anxiety between ADP and HC. 

Horizontal lines denote mean. Anxiety scores were assessed using Spielberger’s State-Trait 

Inventory, where higher scores are associated with greater levels of subclinical anxiety. *** p 

< 0.001 

Separate voxelwise analyses were conducted to examine the effects of state and trait 

anxiety on amygdala RSFC in bilateral masks of the insula in ADP. State anxiety was 

found not to be associated with amygdala RSFC in the voxelwise analysis within 

bilateral insula. Trait anxiety was found to be positively associated with amygdala 

RSFC in the left posterior insula (Figure 5.2A). Scatter plot visualisation of this 

relationship showed a strong positive linear association between the two variables (r = 

0.73, p = 0.0003), and the presence of a potential outlier (Figure 5.2B). Excluding this 

participant from the post-hoc correlational analysis reduced the significance of this 

relationship (r = 0.51, p = 0.03), although it was still significant. However, 

recalculation of the original voxelwise analysis without this participant no longer 

yielded a significant effect in any voxels. It is worth noting that this participant not 
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only exhibited an extreme level of amygdala – insula RSFC, but also outranked its 

peers for trait and state anxiety, and was ranked second amongst ADP in cumulative 

alcohol exposure and head motion (Table 5.1).  

 

Figure 5.2. The relationship between trait anxiety and amygdala - insula RSFC.  (A) 

Voxelwise regression shows a cluster in the left posterior insula where RSFC with amygdala 

was positively associated trait anxiety in alcohol dependent patients (ADP). Significant 

voxels were determined by a threshold of Z > 2.3 and a corrected cluster significance 

threshold of p < 0.05. Cluster correction was restricted to masks of the insula from Harvard - 

Oxford atlas. (B) Scatter plot visualisation of significant linear relationship between trait 

anxiety and mean amygdala - left posterior insula RSFC (Pearson’s r = 0.73, p = 0.0003). The 

significance of this relationship fell after excluding a potential outlying participant (Pearson’s 

r = 0.51, p = 0.03). Lines of best fit were calculated using linear, (C) quadratic and (D) 

exponential polynomials. Dashed lines depict curve fit without potential outlying participant. 

Please note that the quadratic and exponential curve fits should be regarded as post-hoc. 



 98 

In order to explore the possibility of a non-linear relationship between amygdala – left 

posterior insula and trait anxiety, quadratic (Figure 5.2C), and exponential models 

(Figure 5.2D) were also fit to the parameter estimates derived from the original 

analysis of 20 ADP. Visual comparison of these models, suggested that the 

exponential model provided an optimal fit to all data points, including the participant 

that was flagged as a potential outlier in the linear model. 

Table 5.1 Outlier characteristics of participant 3039 

 
ADP group   Participant 3039 

Measure Mean ± SD    Value Rank  SD from Mean 
Amygdala – insula RSFC  2.7 ± 7.1  29.8 1. 3.8 
Trait anxiety (STAI-T) 39.6 ± 12.5  72 1. 2.6 
State anxiety (STAI-S) 33.5 ± 11.2  61 1. 2.5 
Alcohol exposure (mo) 21.7 ± 8.4  38 2. 1.9 
Head motion (FD, mm) 0.19 ± 0.07   0.32 2. 1.6 

‘Amygdala – insula RSFC’ refers to amygdala – left posterior insula RSFC parameter 

estimates, ‘mo’ refers months, and ‘FD’ to framewise displacement.  

Table 5.2 (on the next page) summarises the fit for the linear, quadratic and 

exponential models through root-mean-square residuals (RMSR), both with and 

without inclusion of the potential outlier participant. Note that the robustness of the 

exponential model fit to the exclusion of the potential outlier participant. 

5.3.2 Relationship between amygdala – left posterior insula 
RSFC and amygdala activation within the Evocative image task 

Amygdala exhibited significantly greater activation when participants viewed 

aversive images versus when they viewed neutral images presented in a blocked 

design (Figure 5.3). Individual parameter estimates averaged within the amygdala 
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from this contrast (aversive > neutral) were correlated with parameter estimates of 

amygdala – left posterior insula RSFC.  

Table 5.2 Root-mean-square residuals of linear and non-linear models, with and without 

potential outlier participant 

  
Root-mean-square residuals 

Model Form ADP  (n =20) ADP w/o 3039 (n = 19) 
Linear y = ax + b 3.57 2.28 
Quadratic y = ax2 + bx  3.23 2.20 
Exponential y = abx 2.14 2.16 

The explanatory variable is trait anxiety as measured by STAI-T, while the response variable 

is amygdala –left posterior insula RSFC parameter estimate. The third term in the quadratic 

model was omitted in order to have an equal number of parameters in all three models. 

This analysis was implemented in ADP and in a larger group of 73 participants 

pooled from ADP, HC and Pilot cohorts. However, the two variables were not 

significantly correlated in either case. 

 

Figure 5.3. Clusters significantly activated during passive viewing of aversive versus 

neutral images presented in a blocked design. Statistical map was calculated from 73 

participants pooled from Pilot, HC and ADP groups. Significant voxels were determined by a 

threshold of Z > 2.3 and a corrected cluster significance threshold of p < 0.05. Slice 

coordinates are presented in MNI space. 
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5.3.3 Overall effect of abstinence length 

Whole-brain analysis in ADP revealed that amygdala RSFC was positively associated 

with abstinence length in a frontoparietal network (FPN) comprised of three regions:  

the pre-supplementary motor area (preSMA), the dorsal posterior cingulate cortex 

(dPCC) and the superior parietal lobules, as shown in Figure 5.4A.  

In order to explore the anatomical specificity of this effect to the amygdala, post-hoc 

RSFC analysis was undertaken using the entire FPN as seed and abstinence length as 

the explanatory variable. Indeed, abstinence-associated effects on FPN-seeded RSFC 

were found to be predominantly localised to the amygdala bilaterally. There were a 

few additional clusters that were significant, although all in nearby regions such as 

hippocampus, subcallosal cortex and ventral pallidum (Figure 5.4B). 

with only a limited number of clusters in neighbouring regions to the amygdala, such 

as hippocampus, subcallosal cortex and ventral pallidum (Figure 5.4B). As only a few 

regions outside the amygdala were statistically significant, this would suggest the 

initial above effect to primarily reflect amygdala – FPN network interactions. 

5.3.4 Exploring the FPN further 

Subsequently, analyses were undertaken to assess whether the FPN regions delineated 

that emerged from the analysis above were suggestive of a single functional network 

or whether it was more appropriate to treat them as an ensemble of functionally 

distinct regions. As a means of establishing the construct of FPN as a functional 

network, superior parietal lobule seed-based RSFC analysis was run within the Pilot 

group (see Chapter 5.2.2 for details regarding this cohort). The superior parietal 

lobule seed was defined as a 5-mm sphere around the voxel (MNI co-ordinates: 48, -
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38, 46) that showed the strongest effect of abstinence length on amygdala RSFC in 

ADP. This analysis confirmed that the preSMA and dPCC exhibited strong RSFC 

with the superior parietal lobules at rest in an independent healthy cohort	

(Figure 5.4C).  

Additionally, it revealed that the ventral PCC (vPCC) and medial PFC (mPFC) 

exhibited significant inverse RSFC with the superior parietal lobule seed region. Most 

notably however, the amygdala did not exhibit significant RSFC to this superior 

parietal lobule seed. Therefore, while the three frontoparietal regions, that emerged 

from the analysis of abstinence length above, may be thought of as a single functional 

network, the amygdala is not intrinsically part of this network under resting state 

conditions in healthy participants. 

5.3.5 Subgroup analysis by abstinence length 

Amygdala RSFC was averaged across significant voxels shown in Figure 5.4A, and 

plotted versus abstinence length in order to visualise the strong underlying 

relationship between them (Figure 5.5A). Visual inspection of the scatter plot did not 

reveal any outliers. Overall HC and ADP were not significantly different in terms 

mean amygdala – FPN RSFC. The group mean Z-stat representing amygdala – FPN 

RSFC in ADP was 0.0, suggesting that overall in ADP amygdala did not exhibit 

strong RSFC with the FPN. However, as can be seen in Figure 5.5A, ADP exhibited 

considerable variability, with some patients showing negative, while others showing 

positive amygdala – FPN RSFC. 
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Figure 5.4 The impact abstinence length and amygdala resting state network function. 

(A) Effect of abstinence length on whole-brain voxelwise amygdala RSFC in ADP (n = 20), 

showing significantly greater RSFC in frontoparietal regions such as superior parietal lobule, 

dorsal posterior cingulate cortex (dPCC) and pre-supplementary motor cortex (preSMA).  (B) 

Effect of abstinence length on frontoparietal seed-based RSFC in ADP. Frontoparietal seed 

was defined post-hoc based on all significant voxels from Panel A, to assess the anatomical 

specificity of effect, shown in Panel A, to the amygdala (C). Superior parietal lobule seed-

based whole-brain RSFC in an independent group of healthy participants (n = 17, ICCAM 

Pilot), showing significant positive RSFC (green) with dPCC and preSMA (green) and 

significantly negative RSFC (violet) in ventral PCC and medial prefrontal cortex. Seed (red) 

was a 5-mm radius sphere centred on the voxel with highest Z-stat (MNI: 48,-38, 46) in Panel 

A.  
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To further explore these results ADP were subdivided into shorter-term (S-ADP; 1-2 

months; n = 6), intermediate-term (I-ADP; 2 months to 1 year’; n = 8) and longer-

term abstinent subgroups (L-ADP; at least 1 year; n = 6). As shown in Figure 5.5B, 

relative to HC, S-ADP exhibited significantly lower amygdala – FPN RSFC (t = -3.3, 

p = 0.002), while L-ADP showed significantly greater positive amygdala – FPN 

RSFC (t = 2.4, p = 0.02). Despite the fact that the S-ADP subgroup represented 

patients across a substantially narrower window of abstinence length, it revealed a 

greater variability of amygdala – FPN RSFC (SD: 1.6) relative to I-ADP (SD: 0.6), L-

ADP (SD: 0.7) and HC (SD: 1.2).  

 

Figure 5.5 Amygdala – FPN RSFC as a function of abstinence length in ADP and in HC. 

(A) Correlation plot showing relationship between abstinence length and amygdala – 

Frontoparietal Network (FPN) RSFC in ADP (n = 20). (B) Comparison of amygdala – FPN 

RSFC in subgroups of ADP defined by abstinence length relative to HC. S-ADP (n = 6): 1 to 

2 months’ abstinence; I-ADP (n = 8): 2 months to 1 year abstinence, L-ADP (n = 6): at least 

one year of abstinence. Horizontal line denotes mean.  * p < 0.05, ** p < 0.01 

5.3.6 Relationship between amygdala – FPN RSFC, Go-No/Go 
task-activation and inhibitory control 

Neural activation was modelled voxelwise during successful inhibition in the Go/No-

Go task in the sample of 70 participants who had both usable resting state and Go/No-
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Go task data pooled from the baseline session of the Pilot, HC and ADP cohorts 

(Section 5.2.2). The previously identified FPN was overlaid with a statistical map of 

regions significantly engaged during correct inhibition in the Go/No-Go task 

(Appendix, Figure A1.4) in order to isolate parts of the FPN that were associated with 

inhibitory control (Figure 5.4). This revised mask of the FPN (FPN-r) retained most 

of the SPL and preSMA clusters, while excluding the dPCC. 

 

Figure 5.6 Parts of the FPN engaged during successful motor inhibition. Conjunction of 

voxels (yellow) engaged during successful inhibition in the Go/No-Go task (green) and 

voxels showing significantly greater amygdala RSFC with longer duration of abstinence in 

ADP (red). Both statistical maps were thresholded at Z > 2.3 with a corrected cluster 

significance threshold of p < 0.05, and binarised.  

Within this pooled sample of 70 participants, there was a trend-level positive 

correlation between amygdala – FPNr RSFC and activation in the FPNr during 

successful inhibition in the GNG task (r = 0.22, p = 0.067; Figure 5.7A). In other 

words, participants with greater amygdala – FPNr RSFC showed a trend for greater 

activation of the FPNr during successful inhibition in the Go/No-Go task. A 

breakdown of this relationship per group, revealed a strong significant correlation in 

the Pilot Cohort (r = 0.61, p = 0.008; Figure 5.7B), while the same relationship in HC 

(Figure 5.7C) and ADP (Figure 5.7D) groups was not significant. 
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Amygdala – FPNr RSFC was not correlated with any of the reaction time (go trials 

RT) or accuracy measures (% correct NoGo trials, % correct Go trials) in the Go/No-

Go task across the 70 participants, in the Pilot, HC or ADP groups alone. 

In ADP and HC examined separately, or in the two groups combined, amygdala – 

FPN RSFC was not significantly correlated with measures of working memory 

(forward digit span), executive function (backward digit span), trait anxiety (STAI-T), 

state anxiety (STAI-S) or impulsivity (BIS-11). These measures were not collected 

for the Pilot cohort. 

In 73 participants, pooled from Pilot, HC and ADP groups, who had both usable 

resting state and Evocative Image Task data (Section 5.2.2), the relationship between 

amygdala – FPN RSFC and amygdala activation was examined. The two measures 

were not significantly correlated within the pooled group, nor across the Pilot, HC and 

ADP groups alone. 
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Figure 5.7 Association between amygdala-FPNr RSFC and FPNr activation during 

correct inhibition in the Go/No-Go task. (A) Scatter plots are shown together in the 

combined group of 70 participants (r = 0.22, p = 0.067), (B) and in the Pilot (r = 0.61, 

p = 0.008), (C) HC (n.s.) and (D) ADP groups separately (n.s.). FPNr refers to the 

frontoparietal network of interest defined in Figure 5.5. 

5.4 Discussion 

5.4.1 Amygdala – posterior insula RSFC and anxiety  

This chapter examined the hypothesis that amygdala – insula RSFC would be 

positively correlated with self-reported state or trait anxiety in ADP (Hypothesis V). 

This hypothesis was based on consistent evidence of elevated amygdala – insula 

RSFC in patients with anxiety disorders (Rabinak et al., 2011, Sripada et al., 2012), in 



 107 

healthy patients following exposure to stressful stimuli (van Marle et al., 2010) and in 

young, healthy participants with high scores of self-reported state anxiety (Baur et al., 

2013). The result of a voxelwise analysis, small-volume corrected to a bilateral insula 

mask of interest, was congruent with this hypothesis, showing a strong positive 

association between trait anxiety and amygdala RSFC in voxels located in the left 

posterior insula. However, a closer inspection of parameter estimates suggested a 

potential outlier participant. Recalculation of the voxelwise statistics without this 

participant no longer yielded a significant effect, although when the participant was 

removed from the correlational analysis using the original parameter estimates, this 

remained marginally significant. 

Amongst ADP this participant had the highest level of trait anxiety (2.6 SD from 

mean), state anxiety (2.5 SD from mean) and by far the strongest amygdala – left 

posterior insula RSFC (3.8 SD from mean). The disproportionately elevated RSFC in 

this particular participant may be indicative of an artifact, since the same participant 

also exhibited relatively high levels of head motion (mean FD: 0.32 mm , 2nd highest 

amongst ADP, 1.6 SD from mean). As described in Chapter 3, head motion may 

result in overestimation of RSFC between nearby regions (Power et al., 2012), so this 

is a possibility that cannot be ruled out. However, there were no categorical reasons to 

exclude this participant from the analysis, especially since the participant strongly 

exhibited the phenotype of interest: high, sub-clinical levels of anxiety and a history 

of alcohol dependence. 

Alternatively, higher levels of trait anxiety may indeed be associated with a 

disproportionate increase in amygdala – insula RSFC in ADP that is not captured by 

the linear models conventionally applied within the context of seed-based RSFC 
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analyses. Post-hoc visualisation of quadratic and exponential curve fits suggested a 

close agreement of the outlying data with the exponential model. Nevertheless, it 

should be noted that this model fit was strictly post-hoc and therefore should be 

further explored in an independent dataset. 

This chapter also tested a related hypothesis of whether individual differences in 

amygdala – insula RSFC were related to amygdala task-activation within the context 

of an Evocative Image Task (Hypothesis VI). One may expect to see an association 

between the two measures since the same functional properties of the amygdala may 

impact regional activation and its large-scale network interactions. Furthermore, 

participants underwent the EIT within the same scanning session as the resting-state 

task, hence the two scan segments would share both trait and state-related effects. 

Although the EIT produced robust engagement of the amygdala, there was no 

association between amygdala – insula RSFC and amygdala activation during the EIT 

or between state or trait anxiety and amygdala activation. The lack of association 

between the amygdala RSFC and amygdala activation in the EIT is consistent with 

findings by Mennes and colleagues (2013), who observed a poor correspondence for 

subcortical regions between their resting state function and task-activation patterns.  

The statistical power to detect effects related to anxiety may have been limited by 

insufficient prevalence of anxious ADP within the current sample. Although the 

group effect of greater trait and state anxiety in ADP relative to HC was robust, only 

four ADP (20%) scored above 50 for STAI-T, and two ADP (10%) scored above 50 

for the STAI-S, on a scale where scores ranged from 20 (not anxious) to 80 (highly 

anxious). At the same time, one must be careful not to mistake this for a reflection of 

prevalence rates of anxiety in the general population of abstinent ADP. In ICCAM 
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those with comorbid diagnosis of anxiety disorders were excluded from participation, 

yet future studies may want to recruit such participants in order to effectively 

characterise the role of amygdala – insula circuits in anxiety states in abstinent ADP.  

A meta-analysis of studies between 1990 and 2000 that reported estimates of 

reliability for the Spielberger State-Trait Anxiety Inventory’s found reasonable 

test/re-test reliability (STAI-S 0.70±0.20; STAI-T, 0.88±0.05) and internal 

consistency (STAI-S 0.91±0.05; STAI-T 0.89±0.05) for both trait and state anxiety 

subscales (Barnes et al., 2002). Nevertheless, the self-report approach for quantifying 

anxiety in this study possesses some intrinsic limitations that may have reduced the 

accuracy of detecting a state/trait – brain relationship in this study. 

For instance, participants may vary in their ability to introspectively assess and recall 

the intensity of their subjective states. Alexithymia is a stable personality trait 

associated with a reduced capacity to identify and describe emotional states (Taylor & 

Bagby, 2004). Prevalence is estimated at around ~10% in the general population 

(Salminem et al., 1999; Franz et al., 2008), while, estimates amongst substance 

dependent populations, including ADP are substantially greater at around 50-70% 

(Loas et al., 1997; Thornberg et al., 2009). A potentially greater incidence of this trait 

in the ADP group may interfere with the ability of participants to accurately assess 

and report their anxiety, thereby introducing systematic bias into the STAI-T and 

STAI-S scores.  

Second, the factor of social desirability may lead a subset of participants with high 

anxiety to underreport the intensity of their anxiety. Baur and colleagues (2013), dealt 

with this potential problem by removing those who scored high on subscales of the 

Eysenck Personality Inventory associated with susceptibility to social desirability 
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(Eysenck & Eysenck, 1964). The filtering of participants in this manner may have 

improved their ability to detect a strong relationship between amygdala – insula 

RSFC and state anxiety within their study. Susceptibility to social desirability was not 

assessed in the current study therefore it was not possible to implement this approach. 

Given that there is currently no universally accepted method for quantifying anxiety 

without reliance on subject’s own estimates, it is of paramount value for clinical 

neuroscience studies to continue to expand our understanding of anxiety’s 

physiological and neural correlates. This chapter sought to do the latter by attempting 

to translate a neurophysiological correlate of anxiety from studies of patients with 

anxiety disorders and healthy participants to a sample of abstinent ADP. 

5.4.2 Amygdala – frontoparietal RSFC and abstinence  

Consistent with Hypothesis VII, the results revealed that amygdala RSFC in several 

regions varies linearly as a function of abstinence length in ADP. Specifically, longer 

duration of abstinence was found to be associated with greater amygdala RSFC in a 

frontoparietal network consisting of the superior parietal lobules bilaterally, preSMA 

and dPCC. Control analyses in a fully independent group of healthy participants 

confirmed that the same three frontoparietal network regions exhibit robust RSFC at 

rest, and that the SPL and preSMA are co-activated during inhibitory control. While 

Camchong et al., 2013b has previously reported a negative relationship between 

sgACC – Dorsolateral PFC RSFC and abstinence length in ADP, this is the first study 

to find the effect in relation to amygdala RSFC.  

The observed linear relationship between abstinence length and amygdala – 

frontoparietal RSFC may reflect gradual recovery of brain function. Although the 
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most striking physiological changes have been reported to occur during the first week 

of detoxification from alcohol (McKeon et al., 2008), longitudinal studies of cognitive 

performance indicate that functional recovery extends beyond the first year of 

abstinence (Stavro et al., 2012). The linear increase in amygdala – frontoparietal 

RSFC extended from 1 month up to the longest period of abstinence present in the 

sample (38 months), consistent with persistent long-term recovery network function. 

However, due to the cross-sectional design of the study, one cannot rule out the 

possibility that these effects could also be related to individual differences in pre-

existing traits rather than recovery. If greater amygdala – frontoparietal RSFC is 

protective from relapse, then a greater proportion of ADP in longer-term abstinence 

would be expected to exhibit traits protective from relapse relative to ADP in early 

abstinence. 

ADP as a group did not show differences in amygdala – frontoparietal RSFC 

compared with HC. This is likely due to the wide range of abstinence lengths present 

in the ADP sample, since the six ADP who were in the first two months of abstinence 

did show differences relative to HC, in the form of reduced / more negative RSFC. 

This point underscores a potential trade-off of studying a clinically heterogeneous 

sample. Widespread differences in abstinence may have cancelled out potential 

effects on the group-level, while enabling correlational analyses to detect linear effect 

across years of abstinence that may go unnoticed in more homogenous samples.  

The reduced RSFC in the early-term abstinent subgroup was in the form of inversely 

correlated or anti-correlated activity between amygdala and frontoparietal regions. He 

and colleagues (2016) found that negative amygdala – frontoparietal RSFC was 

associated with greater trait anxiety in a sample of 280 healthy adults. Although this 
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relationship with anxiety was not replicated in ADP, this finding is an agreement in 

terms of directionality, suggesting that negative RSFC between amygdala – 

frontoparietal regions may constitute a maladaptive phenotype. 

The literature suggests that these frontoparietal regions are functionally related and 

can be thought of as a network. The SPL and preSMA are frequently co-activated in 

experimental paradigms that engage higher-level executive functions e.g. fluid 

intelligence (Duncan et al., 2010) or stop signal task (Sharp et al., 2010). Although the 

dPCC tends to show reduced activation during these tasks, it does show functional 

connectivity with frontoparietal regions at rest (Leech et al., 2011; Yeo et al., 2011; 

Spreng et al., 2012). Using the SPL as a seed, I confirmed that both the preSMA and 

dPCC exhibited strong RSFC at rest in a fully independent group of healthy 

participants (ICCAM Pilot dataset). In addition, the SPL and preSMA also showed 

co-activation during inhibitory phase of the Go/No-go task in the same independent 

healthy cohort. 

In the pooled samples of HC, Pilot and ADP groups, there was only a trend-level 

association between SPL/PreSMA activation during the Go/No-go task, and amygdala 

– SPL/PreSMA RSFC. This effect appeared to be driven by a strongly significant 

relationship in the Pilot group, while the effect was not significant in the ADP or HC 

groups alone. Activation in the EIT was also not correlated with amygdala – FPN 

RSFC at rest across the pooled cohort, nor across each of the three groups. Therefore I 

summary, Hypothesis VIII, which proposed that individual differences in amygdala 

RSFC related to abstinence length would be linearly associated with magnitude of 

task activation, was not supported. 



 113 

However, it is worth pointing out that tasks other than those available from ICCAM 

may be more relevant to assessing the functional significance of the amygdala – FPN 

circuit. The Go-No/Go task showed reliable activation of the SPL/Pre-SMA and had a 

clear mechanistic relevance to relapse and recovery mechanisms based on the 

literature (Goldstein & Volkow, 2011), while the EIT task is an effective assay for 

assessing amygdala activation to aversive stimuli (McGonigle et al., 2017). However, 

it’s possible that neither task was particularly well-suited to probing the interaction of 

amygdala and FPN regions. A variant of the Go/No-Go task that incorporated an 

affective component may be more effective in assessing this circuit.  

The precise role of amygdala – frontoparietal network interactions in healthy 

populations is unknown, and the two do not generally exhibit strong connectivity at 

rest (He et al., 2016). However, since relapse rates tend to decline over the course of 

abstinence (Dawson et al., 2005), greater amygdala – frontoparietal RSFC is likely to 

represent an adaptive phenotype in alcohol dependent populations. According to 

classical models, the amygdala is specialised for extracting motivationally salient 

features from perceptual input, while frontoparietal association cortices are thought to 

mediate selection of goal-directed behaviours. One may speculate that their increased 

interaction may enable more efficient detection of situations that predispose to 

relapse, and facilitate the formulation of plans that allow inhibition of actions plans or 

avoidance of situations that predispose to relapse. 
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Chapter 6: Pharmacological modulation of 
amygdala RSFC 

6.1 Introduction 

6.1.1 Pharmacological fMRI 

Pharmacological fMRI is an increasingly utilised method for characterising the 

consequences of manipulating specific neurotransmitter systems on brain function 

(Borsook et al., 2016), including resting state network interactions (Kelly et al., 

2012). For experimental medicine studies, such as ICCAM, it provides a tool for 

assessing the utility of putative therapeutic compounds in normalising functional 

deficits or in strengthening function in circuits that mediate clinical vulnerabilities. 

Comparing response profiles in controls and patient groups to specific 

pharmacological modulators may also reveal intrinsic differences in receptor system 

function that can inform models of disease mechanisms. 

This ICCAM Platform study was designed with the primary aim of characterising the 

effects of acute µ-opioid, Dopamine D3 (DRD3) and Neurokinin-1 (NK1) receptor 

antagonism on neural correlates of core cognitive processes likely to be dysregulated 

in substance-dependent populations. The rationale for targeting these three particular 

receptor systems for substance dependence treatment is supported by findings from 

both animal experiments and clinical studies as outlined below.  

6.1.1 μ-Opioid receptor 

Ethanol consumption has been found to be associated with β-endorphin release in the 

ventral striatum in humans (Mitchell et al., 2012), and in the nucleus accumbens 

(Olive et al., 2001) and amygdala (Lam et al., 2008) in rats. β-endorphin binds with 
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high affinity to the µ-Opioid receptor, a process that has been thought to mediate 

positive reinforcement, via disinhibition of dopamine function (Spanagel et al., 1991a, 

Spanagel et al., 1991b, Spanagel et al., 1992). Several clinical studies have observed 

upregulated µ-Opioid receptor availability in ADP in limbic regions such as the 

ventral striatum and amygdala, an effect associated with a greater intensity of craving 

(Heinz et al. 2005, Williams et al. 2009, Weerts et al., 2011). 

In animal models, Naltrexone, a µ-Opioid preferring antagonist, has been shown to 

reduce alcohol self-administration and to selectively inhibit cue-induced 

reinstatement, without affecting stress-related reinstatement, e.g. via foot-shock stress 

(Le et al.,1999; Liu et al., 2002). In a recent study, pre-treatment with Nalmefene, a 

compound with µ-Opioid antagonistic properties, was found to reduce dorsal striatal 

activation to anticipation of monetary reward while receipt of ‘alcohol clamp’ with a 

target breath level of 0.8%, in non-treatment seeking alcohol dependent men 

(Lingford-Hughes et al., 2015). In human clinical trials, Naltrexone has shown 

efficacy in reducing relapse risk (Kranzler & Kirk, 2001) and currently it is one of 

only two medications approved by the US Food and Drug Administration for relapse 

prevention in ADP. 

6.1.2 Dopamine receptor D3 (DRD3) 

Voluntary alcohol consumption for a year in alcohol preferring rats has been 

associated with upregulation of striatal DRD3 expression (Thanos et al., 2005), while 

repeated, systemic DRD3 blockade has been shown to dose-dependently reduce cue-

induced alcohol seeking and relapse-like drinking behaviours (Vengeliene et al., 

2006). In-vivo human PET imaging studies have shown high DRD3-related signal in 
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the SN/VTA, and globus pallidus, and low-levels of signal in the dorsal striatum 

(Searle et al, 2010, Tziortzi et al., 2011, Erritzoe et al., 2014).  

Human post-mortem studies are consistent with these findings, while also observing 

DRD3 expression in additional regions, including in the central amygdala (Murray et 

al., 1994, Gurevich & Joyce, 1999). Furthermore, in rats, selective blockade of DRD3 

receptors either in the nucleus accumbens or central amygdala, but not in the dorsal 

striatum, has been found to inhibit expression of cocaine-craving, without affecting 

sucrose seeking (Xi et al., 2013). 

A recent PET study found that abstinent ADP showed similar levels of DRD3-related 

signal as age-matched healthy participants in most dopaminergic regions, including 

the SN/VTA and globus pallidus, except in the hypothalamus (Erritzoe et al, 2014). 

To date only one study has examined any aspect of the DRD3 receptor function and 

resting state network function. Cole et al., (2011) found that rate of DRD3 

availability, as measured by [11C]-(+)-PHNO PET, in healthy participants was 

associated with the rate of coupling between distinct large-scale resting state networks 

and subregions of the OFC, as measured by resting state fMRI. However, amygdala 

network function was not specifically explored, and it is not clear how these findings 

relate to mechanisms of substance dependence.  

6.1.3 Neurokinin-1 receptor (NK1) 

Post-mortem autoradiography and in vivo [F-18]SPA-RQ PET experiments indicate 

that NK1 receptors are localised to dorsal striatal, as well as limbic regions such as 

hippocampus and amygdala (Hietala et al., 2005). Interest in NK1 receptor 

antagonism as a potential treatment target for substance dependence disorders has 
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been mostly motivated by its anti-anxiolytic properties (Ebner & Singlewald, 2006). 

Rats exposed to even mild levels of psychological stress have shown enhanced 

substance P release, the preferred ligand of NK1 receptors, in the medial amygdala 

(Ebner et al., 2004), while pharmacological antagonism of NK1 receptor function has 

been found to attenuate stress-responses in both rodents (Santarelli et al., 2001) and 

humans (Furmark et al., 2005). More recently, social anxiety disorder has been found 

to be associated with greater NK1 receptor availability in the right amygdala (Frick et 

al., 2015). 

In an influential study, George et al., (2008) found that NK1 receptor knockout mice 

exhibited reduced voluntary alcohol consumption, and additionally that repeated dose 

of NK1 antagonist reduced endocrine and subjective responses to alcohol-cue 

challenge in recently detoxified alcohol dependent in-patients. Since then other 

studies have built on these findings, for example by showing that NK1 knockouts also 

do not exhibit alcohol consumption in response to repeated cycles of deprivation 

(Thorsell et al., 2010). In another study, L822429, an NK1 antagonist was shown to 

suppress stress-induced reinstatement of alcohol-seeking at doses that did not affect 

cue-induced reinstatement, locomotor motion or sucrose self-administration (Schank 

et al, 2011). 

6.1.4 Hypotheses 

In summary, µ-opioid, Dopamine D3 (DRD3) and NK1 receptor pathways are all 

plausible targets for pharmacological treatment of relapse risk in alcohol dependent 

populations. However, the consequences of modulating these receptors, on large-scale 

brain function in human patient populations or even in healthy participants, is largely 

unknown. As outlined above, all three receptors are expressed in the amygdala, 



 118 

therefore examining their modulatory effects on amygdala RSFC may provide 

insights regarding their network-level mechanism. 

Chapter 4 showed findings of significantly elevated amygdala RSFC in the SN/VTA 

in ADP compared with HC. Based on the assumptions that elevated amygdala – 

SN/VTA RSFC is a feature of the alcohol dependent phenotype, and that the three 

compounds in ICCAM may be effective therapeutic modulators of circuit-level 

deficits underlying alcohol dependence, I hypothesised that: 

Hypothesis IX: One or more of the three drugs may modulate amygdala RSFC 

differentially in ADP than in HC, producing a group-by-drug interaction.  

A related question of interest was whether any of the three drugs would normalise 

levels of amygdala – SN/VTA to levels observed in HC, or whether elevated levels of 

amygdala – SN/VTA RSFC would persist under each drug condition. Therefore, I 

also tested the hypothesis that: 

Hypothesis X: At least one of the three drugs would normalize alterations in 

amygdala RSFC in ADP to levels observed in HC. 

An additional aim of this chapter was to characterise the modulatory effects of the 

three drugs on amygdala RSFC across all participants. As mentioned before, the 

target receptors of all three drugs are known to be expressed in the amygdala. 

Although the three drugs target different receptor systems, all of them are putative 

pharmaco-therapies for relapse-prevention based on animal studies, and in the case of 

Naltrexone also based on human studies. Therefore, I hypothesised that: 

Hypothesis XI: The three drugs may exhibit both spatially overlapping and spatially 

non-overlapping effects on amygdala RSFC.  
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6.2 Methodology 

6.2.1 Drug dosage 

The first session (Baseline) did not involve administration of a drug. Across sessions 

2 to 5, all participants received Placebo (Vitamin C, 100 mg), a µ-Opioid receptor 

antagonist (Naltrexone, 50 mg), a DRD3 receptor antagonist (GSK598809, 60 mg) 

and an NK1-antagonist (Vofopitant, 10 mg; or Aprepitant, 80 mg). Around halfway 

through the study the Vofopitant supply reached its date of expiry, therefore it was 

replaced with Aprepitant, another NK1-antagonist, for the remainder of the study.  

Doses for Naltrexone and Aprepitant were chosen to be equivalent to typical 

therapeutic doses. In addition, past PET tracer studies of GSK598809 (Searle et al., 

2010) and Aprepitant (Bergstrom et al., 2004), indicated that they would both 

correspond to approximately 80% receptor occupancy. The 80 mg dose for Aprepitant 

also matched receptor occupancy levels previously achieved for a 10 mg dose of 

Vofopitant (Paterson et al., 2015).  

Previous studies have observed peak plasma concentrations (tmax) to occur at 1 hour 

for Naltrexone (Mason et al., 2002), at 2 hours for GSK598809 (Te Beek et al., 2012), 

and at 4 hours for Aprepitant (Majumdar et al., 2006), following a single oral dose. In 

order to maintain blinding of the drug conditions, a fixed period of 2 hours was 

chosen between dosing and the start of scanning. The resting state scan was always 

the first task on each scanning session.  

Drugs were stored in identical white bottles, and dosing was carried out by nursing 

staff not involved in the study thereby ensuring that both the participant and the 

researchers were maximally blinded from the drug conditions. 



 120 

6.2.2 Pseudo-randomisation of session order 

The Baseline session always took place on the first visit, to allow participants to 

habituate to the protocol, and to provide an opportunity for the researchers to identify 

any reasons for excluding the participant from the subsequent drug arm of the study, 

if necessary2. The order of the four drug sessions was deployed in a cross-over, 

pseudo-randomised manner, where Placebo and Naltrexone were always administered 

on sessions #2 or #3, and GSK598809 and Aprepitant/Vofopitant were always 

administered on sessions #4 or #5.  

The rationale for this design was to minimise loss of data as a result of participants 

dropping out of the study before their Placebo session. Since all drug effects were 

contrasted with Placebo, the pseudo-randomisation ensured that the effects of at least 

one drug: Naltrexone, could be Placebo-controlled, even if participants only attended 

the first three sessions. This concern over potential dropout rates was motivated by 

the clinical experience chronic-relapsing nature of substance dependence. 

6.2.3 Participants 

Originally data was available from 20 ADP and 35 HC participants who completed all 

five sessions. From this initial pool of 20 ADP, one was removed due to failing 

abstinence length criteria of at least four weeks. Four additional ADP were removed 

due to having less than 140 volumes of resting state data intact after scrubbing of 

volumes with extreme levels of motion (> 0.5 mm FD). This threshold was relaxed 

from the initial threshold of 150 volumes (five minutes of acquisition) applied to the 

                                                

 
2 For example, claustrophobia, neuroradiological abnormalities or a poor ability to follow 
instructions in the scanner may become apparent during the Baseline session, allowing the 
exclusion of the participant from the study prior to the sessions involving drug dosing 
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Baseline session, since participants had to meet this criterion for all four drug 

sessions. 

From the initial pool of 35 HC, one was removed due to corrupted acquisition during 

the Placebo session, eight due to having less than 140 volumes intact after scrubbing 

of motion outliers (> 0.5 mm FD), and four due to being too young (<31 years old) to 

adequately match the age distribution of the ADP cohort. After these exclusions, 15 

ADP and 22 HC remained for analysis of drug effects through sessions 2 to 5.  

A subset of these participants, 13 ADP and 16 HC, met inclusion criteria (described in 

Chapter 4.1.1) on their Baseline scans as well. These two groups were smaller than 

the 20 ADP and 39 HC that were used in the Baseline analysis in Chapter 4 for two 

reasons: (i) not all participants with Baseline data went on to complete all five 

sessions; (ii) not all participants with sufficient data quality on the four drug sessions 

had sufficient data quality on their Baseline session. 

6.2.4 Group effects across different sessions 

One question of interest was whether the elevation of amygdala – SN/VTA RSFC, 

observed at Baseline between ADP and HC, was also present during the other 

sessions. This question was addressed using two approaches. The first one involved 

separate voxelwise analyses of the four sessions, comparing amygdala RSFC between 

ADP and HC (FLAME1, FSL). The second approach involved averaging subject-level 

amygdala RSFC across the four drug sessions (fixed effects), and comparing the 

voxelwise averages of ADP with HC (random effects), in a single mixed-effects 

model (FLAME1, FSL). Both approaches controlled for scanning site as a confound 

of no interest in the design matrix.  
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Significant voxels were determined by a threshold of Z > 2.3 and a corrected cluster 

significance threshold of P < 0.05. As a means of increasing statistical power, small 

volume correction was applied in both analyses using a midbrain region of interest 

defined as a 40 x 36 x 20 mm box covering the entire midbrain (Figure 6.1).  

Figure 6.1 A 40 x 36 x 20 mm box positioned around the midbrain for small-volume 

correction of voxelwise analysis. The box’s spatial extent was defined in MNI space as X: -

18 to +20, Y: -36 to -2, Z: -24 to -6. 

6.2.5 Stability of individual differences across sessions 

In order to assess the inter-session stability of individual differences in amygdala – 

SN/VTA RSFC, subject-level parameter estimates for this measure were correlated 

between each combination of the five sessions, using a Spearman’s Rank correlation. 

Results were visualised in the form of a 5 x 5 correlation matrix heat map (Seaborn, 

Python). For this analysis, only those participants were included who had usable data 

on all five sessions (ADP: 13, HC: 16), as described in Chapter 6.2.3. 

The same approach was implemented to characterise the inter-session stability of 

amygdala – fronto-partial RSFC.  
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6.2.6 Voxelwise analysis of drug effects 

Whole-brain voxelwise analysis of drug effects on amygdala RSFC was implemented 

separately for each of the three drugs (Naltrexone, GSK598809, and 

Aprepitant/Vofopitant). A mixed effects model was run in FSL (FLAME1) where 

group (ADP, HC) was treated as a random-effect and session (drug versus Placebo) as 

a fixed effect. The two main contrasts of interest were the group-by-drug interaction 

and the main effect of drug. Significant voxels were determined by a threshold of Z > 

2.3 and a corrected cluster significance threshold of P < 0.05. 

In order to further interpret the voxelwise effects, mean subject-level parameter 

estimates of amygdala RSFC in each of the five sessions (Baseline, Placebo, 

Naltrexone, GSK598809, and Aprepitant/Vofopitant) were extracted from significant 

clusters of interest.  Where these clusters spanned multiple clearly identifiable brain 

regions (e.g. putamen and insula), anatomical masks were used to constrain them to 

one region of interest. Parameter estimates extracted from these regions were 

controlled for effect of scanning site using Ordinary Least Squares regression 

(Statsmodels, Python) and displayed using column scatter plots, to allow visualisation 

of differences between groups (HC, ADP) and between the five sessions.  Although 

the significant clusters were always defined based on a single “drug X” versus 

Placebo contrast, extracting and visualising parameter estimates across all five 

sessions provided a means of assessing the specificity of apparent drug effects. 

Following visualisation of the data, post-hoc paired t-tests were carried out to 

compare parameter estimates between each drug session and Placebo. Drug sessions, 

for which significant differences were observed in relation to Placebo, were also 

compared with Baseline to assess specificity of underlying effects. Drug versus 
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Baseline comparisons were implemented through independent t-tests, due to fewer of 

the participants being present in the Baseline group.  

6.3 Results 

6.3.1 Amygdala – midbrain RSFC  

Separate voxelwise comparisons of ADP (n = 15) and HC (n = 22) in each of the four 

sessions did not reveal significant differences in amygdala RSFC between the groups. 

However, when the voxelwise average of the four sessions was used for comparison, 

ADP exhibited significantly greater amygdala - midbrain RSFC relative to HC 

(Figure 6.1A). The resulting cluster was spatially restricted to an SN/VTA anatomical 

mask (see Figure 4.2 for method) before extraction of subject-level parameter 

estimates of amygdala – SN/VTA RSFC for session-level post-hoc comparison. 

As shown in Figure 6.2B, parameter estimates of amygdala – SN/VTA RSFC for HC 

(Placebo: 1.5, Naltrexone: 1.6, GSK598809 1.5, Aprepitant/Vofopitant: 1.7) and to a 

lesser extent for ADP (Placebo: 3.1, Naltrexone: 2.8, GSK598809 3.2, 

Aprepitant/Vofopitant: 3.5) exhibited stable group means across the four experimental 

sessions. Independent-samples t-tests confirmed significantly greater amygdala – 

SN/VTA RSFC in ADP relative to HC under Placebo (t = 2.1, p = 0.04), GSK598809 

(t = 2.5, p = 0.02) and Aprepitant/Vofopitant (t = 2.8, p = 0.009). Under Naltrexone 

there was a trend-level difference between the groups, though in the same direction as 

on the other sessions (t = 1.9, p = 0.065). 
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Figure 6.2 Group-level differences in amygdala RSFC across the four drug sessions. (A) 

Voxelwise effect of group (ADP > HC) on amygdala RSFC across the mean of four 

experimental sessions, with small volume correction to the midbrain (40 x 16 x 20 mm box; 

see Figure 6.1 for more details). Significant voxels are shown prior to undergoing anatomical 

masking with SN/VTA probabilistic atlas region (Murty et al., 2014). (B) Comparison of 

Amygdala – SN/VTA RSFC between ADP and HC at each of the four experimental sessions. 

* p < 0.05, ** p < 0.01. Horizontal lines denote group mean. † denotes Aprepitant/Vofopitant 

sessions.  

The spatial distribution of voxels exhibiting significant group differences (ADP > 

HC) on the four experimental drug sessions (ADP: 15; HC: 22) revealed a strong 

overlap with the distribution of voxels showing significant group differences at 

Baseline in Chapter 4 (ADP: 20; HC: 39). The spatial overlap between the two 
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effects, both before (Figure 6.3A) and after masking (Figure 6.3B) with an SN/VTA 

anatomical region of interest, is depicted below. 

6.3.2 Subject-level stability of amygdala – SN/VTA RSFC 
between sessions 

Spearman’s rank correlations were calculated between each combination of the five 

sessions to examine the stability of individual differences in amygdala – SN/VTA 

RSFC over time and under different pharmacological manipulations. For this analysis 

amygdala – SN/VTA RSFC parameter estimates were extracted from a region of 

interest based on voxels showing group differences across sessions 2-5 (Figure 6.2A), 

and not based on group differences at Baseline (Figure 4.1). However, the two 

versions of the SN/VTA showed substantial overlap with each other (Figure 6.3B).  

In a combined group of 29 participants (13 ADP, 16 HC) who had useable data from 

all five sessions, amygdala – SN/VTA RSFC under Baseline was significantly 

correlated with amygdala – SN/VTA RSFC under Placebo (r = 0.68, p = 4.4 x 10-5 ; 

Figure 6.4A), under GSK598809 (r = 0.74, p = 5.4 x 10-6), and under 

Aprepitant/Vofopitant (r = 0.56, p = 0.001) but not under Naltrexone (r = 0.19, p = 

0.3, Figure 6.4B). In addition, amygdala – SN/VTA RSFC on GSK598809 was also 

significantly correlated with amygdala – SN/VTA RSFC under both Placebo (r = 

0.48, p = 0.009) and Aprepitant/Vofopitant (r = 0.59, p = 0.0008). 
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Figure 6.3 Spatial overlap of voxelwise significant group differences at Baseline and 

across drug sessions. Conjunction of voxels (yellow; Figure 6.2A) showing significantly 

greater amygdala RSFC in ADP compared with HC at Baseline (red; Figure 4.1) and across 

the voxelwise average of the four sessions including Placebo, Naltrexone, GSK598809 and 

Aprepitant/Vofopitant (green, Figure 6.2A). The spatial overlap is presented both before (A) 

and after (B) the clusters were masked with an SN/VTA anatomical region of interest (see 

Figure 4.2 for method). Brighter voxels depict the box region that was used for small-volume 

correction in the analysis of the four drug sessions. Slice coordinates are presented in MNI 

space. 

These same correlations were also tested within ADP (Figure 6.4B) and HC (Figure 

6.4C) groups separately. Here, the only correlations that reached significance were in 

HC, between Baseline and Placebo (r = 0.55, p = 0.03), and between Baseline and 

GSK598809 (r = 0.55, p = 0.03), showing identical statistics3. 

                                                

 
3 Since the statistics of the two correlations were identical all the way down to several 
floating point decimals, the data was further inspected in order to rule out the 
possibility of a calculation or data handling error. Furthermore, the two correlations 
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The same framework of analysis was implemented to assess stability of individual 

differences in amygdala – frontoparietal RSFC. No significant correlations were 

observed between any of the five sessions in the combined group of ADP and HC, nor 

in ADP or HC groups taken separately. 

6.3.3 Effects of Naltrexone 

The effect of Naltrexone on amygdala RSFC in ADP versus HC was not significantly 

different voxelwise across the brain, therefore the overall effect of the drug was 

examined across the average of the two groups. Whole-brain analysis across revealed 

significantly lower amygdala RSFC in the left mPFC, left anterior insula, left dorsal 

striatum, and bilateral superior temporal gyrus (STG), under Naltrexone relative to 

Placebo. Amygdala RSFC was significantly greater in left Crus I of the cerebellum 

and left lateral occipital cortex under Naltrexone relative to Placebo (Figure 6.5). 

Anterior insula and dorsal striatum appeared as a single cluster in the Placebo > 

Naltrexone contrast, therefore they were separated through overlapping them with 

Harvard-Oxford masks of the insula and caudate/ putamen, respectively.  

 

                                                                                                                                      

 

were repeated using Pearson’s correlation, instead of Spearman’s rank. Here the two 
statistics were still both significant, but no longer identical. 
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Figure 6.4 Subject-level stability of amygdala – SN/VTA RSFC between sessions. (A) 

Scatter-plot showing significant correlation between amygdala – SN/VTA RSFC at Baseline 

(BSL) and Placebo (PBO) within the 29 participants (13 ADP and 16 HC). (B) Correlations 

between all combinations of the five sessions: Baseline (BSL), Placebo (PBO), Naltrexone 

(MOR, i.e. µ -Opioid Receptor antagonist) GSK598809 (D3, i.e. DRD3 antagonist) and 

Aprepitant/Vofopitant (NK1, i.e. NK1 antagonist) within the pooled group participants (n = 

29), (C) ADP only (n = 13), and (D) HC only groups (n = 16). Participants were only 

included if they had usable data from all five sessions. r values to refer to Spearman’s r. 

Significant p values are depicted as star symbols. * p< 0.05, ** p < 0.01, *** p<0.001. 
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Figure 6.5 Voxelwise effects of Naltrexone on amygdala RSFC. The left medial prefrontal 

cortex, left anterior insula, left dorsal striatum and bilateral superior temporal gyrus exhibited 

significantly lower amygdala RSFC under Naltrexone relative to Placebo (PBO). Left Crus I 

of the cerebellum and lateral occipital cortex exhibited significantly greater amygdala RSFC 

under Naltrexone relative to Placebo. Contrast were calculated across 37 participants (15 

ADP and 22 HC) 

Amygdala – dorsal striatal RSFC was significantly reduced under Naltrexone (Figure 

6.6) both compared with Placebo (t = -3.9, p = 0.0003) and Baseline (t = -3.4, p = 

0.001). Likewise, amygdala – dorsal striatal RSFC was significantly lower under 

GSK59889 compared with both Placebo (t = -2.2, p = 0.04) and Baseline (t = -2.5, p = 

0.02). The effect of Aprepitant/Vofopitant was non-significant for the same contrasts 

versus Baseline and Placebo. 
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Figure 6.6 Post-hoc comparison of amygdala – dorsal striatal (dSTR) RSFC between the 

five sessions. Parameter estimates were extracted from a dorsal striatal cluster derived from a 

Placebo > Naltrexone contrast of amygdala RSFC in 27 participants (15 ADP, 22 HC). 

Amygdala RSFC was significantly lower under both Naltrexone and GSK598809, compared 

with Placebo and Baseline sessions. † Aprepitant/Vofopitant  * p < 0.05; ** p <0.01; *** p < 

0.001 

Anterior insula exhibited a similar overall pattern of modulation to the dorsal 

striatum, showing significantly reduced amygdala RSFC under both Naltrexone (t 

= -3.8, p = 0.0005) and GSK598809 (t = -2.2, p = 0.037), and no significant effects of 

Aprepitant/Vofopitant, compared with Placebo (Figure 6.7). However, amygdala - 

anterior insula RSFC was not significantly different between Baseline and any of the 

four drug sessions.  
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Figure 6.7 Post-hoc comparison of amygdala – anterior insula (aINS) RSFC between the 

five sessions. Parameter estimates were extracted from an anterior insula cluster derived from 

a Placebo > Naltrexone contrast of amygdala RSFC in 37 participants (15 ADP, 22 HC). 

Amygdala RSFC significantly was significantly lower under both Naltrexone and 

GSK598809, compared with Placebo but not in relation to Baseline. Horizontal lines denote 

group means. † Aprepitant/Vofopitant  * p < 0.05;  *** p < 0.001 

6.3.4 Effects of GSK598809 (or Placebo) 

Similarly, to Naltrexone, the voxelwise effect of GSK598809 on amygdala RSFC was 

not significantly different for ADP and HC, therefore effects of GSK598809 

modulation were examined across the average of the two groups (15 ADP and 22 

HC). 

Within this pooled group, whole brain analysis revealed significantly lower amygdala 

– left mPFC RSFC under both GSK598809 and Naltrexone compared with Placebo. 

The significant clusters from these two contrasts showed strong overlap (Figure 

6.8A), therefore parameter estimates of amygdala RSFC from voxels within this 

overlapping part of the left mPFC were further explored in post-hoc analyses.  
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Compared with Placebo, amygdala – left mPFC was significantly lower under all four 

of the other sessions, including Baseline (t = -3.3, p = 0.001), and 

Aprepitant/Vofopitant (t = -3.0, p = 0.005), in addition to GSK598809 (t = -3.4, 

p = 0.002) and Naltrexone (t = -4.6, p = 7.8 x 10-5; Figure 6.8B). Analysis of variance 

revealed a significant group-by-session interaction (F(1,27) = 7.1; p < 0.01), between 

Baseline and Placebo. This effect appeared to be driven by the ADP participants, who 

showed significantly greater amygdala – left mPFC RSFC compared to their HC 

counterparts (t =  3.3, p  = 0.002).  

6.3.5 Effects of Aprepitant/Vofopitant 

Again, as with Naltrexone and GSK598809 above, the voxelwise effect of 

Aprepitant/Vofopitant on amygdala RSFC was not significantly different for ADP 

and HC, therefore effects of Aprepitant/Vofopitant were examined across the average 

of the two groups (15 ADP and 22 HC).  

Under Aprepitant/Vofopitant amygdala RSFC was elevated compared with Placebo in 

a number of regions that included the bilateral superior temporal gyrus, bilateral 

posterior insula, right precuneus and left putamen. There were no significant clusters 

showing reduced amygdala RSFC under Aprepitant/Vofopitant compared with 

Placebo. 

6.3.6 Opposing effects Naltrexone and Aprepitant/Vofopitant 

Naltrexone and Aprepitant/Vofopitant showed opposing effects on amygdala RSFC in 

the Superior Temporal Gyrus (STG), where Naltrexone significantly increased (t = -

4.8, p = 3.0 x 105), and APR significantly decreased (t = 4.7, p = 4.1 x 105) RSFC 

relative to Placebo, across ADP and HC participants (n = 37). 
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Figure 6.8 Overlapping effects of Placebo on amygdala RSFC in the left mPFC. (A) 

Overlapping voxels in left mPFC showed significantly differential amygdala RSFC in the 

Placebo > Naltrexone, and the Placebo > GSK5988009 voxelwise contrasts across a sample 

of 37 participants (15 ADP and 22 HC). (B) Comparison of amygdala – left mPFC RSFC 

between baseline and the four drug sessions. Amygdala RSFC was significantly higher under 

Placebo compared with each of the other four sessions. Under Placebo ADP showed 

significantly higher amygdala – left mPFC RSFC than HC. Horizontal lines denote group 

means. * p < 0.05; ** p < 0.01; *** p < 0.001. 

Similarly, amygdala – STG RSFC was significantly reduced under Naltrexone (t = -

4.7, p = 1.3 x 105) and significantly increased under Aprepitant/Vofopitant (t = 2.5, p 

= 0.01) in relation to Baseline (ADP = 13, HC = 16). Amygdala – STG RSFC was not 

significantly different between GSK598809 and Placebo, between GSK598809 and 

Baseline or between Baseline and Placebo.  
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Figure 6.9 Whole-brain voxelwise effects of Aprepitant/Vofopitant on amygdala RSFC. 

Under Aprepitant, participants showed significantly greater amygdala RSFC in the bilateral 

superior temporal gyrus, bilateral posterior insula, right precuneus and left putamen than 

under Placebo. Drug effects were calculated across 37 participants (15 ADP and 22 HC).† 

Aprepitant/Vofopitant. 



 136 

 

Figure 6.10 Opposing effects of Naltrexone and Aprepitant/Vofopitant on amygdala – 

superior temporal gyrus (STG) RSFC. (A) Overlap of voxels in the bilateral STG that 

show negative modulation of amygdala RSFC by Naltrexone with those showing positive 

modulation by Aprepitant/Vofopitant. These contrasts were calculated across 37 participants 

(15 ADP and 22 HC). (B) Comparison of amygdala – bilateral STG RSFC between baseline 

and the four drug sessions. Horizontal lines denote group means. .† Aprepitant/Vofopitant.; * 

p < 0.05;  ***; p < 0.001. 

6.4 Discussion 

6.4.1 Summary 

In contrast to Hypothesis IX, the voxelwise analysis of amygdala RSFC did not reveal 

a significant group-by-drug interaction for any of the three drugs, i.e. effects of 

modulation by either Naltrexone, GSK598809 or Aprepitant/Vofopitant did not exert 
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significantly differential effects on ADP than on HC. Additionally, there was no 

evidence of normalization of the previously observed elevation of amygdala – 

SN/VTA RSFC in ADP, therefore hypothesis X was also not supported. Amygdala – 

SN/VTA RSFC was robustly elevated in ADP compared with HC across the three 

drug sessions as well as under Placebo. 

Furthermore, amygdala – SN/VTA RSFC between Baseline and three of the four drug 

sessions showed a strong association across ADP, suggesting that this finding may be 

a relatively robust feature of alcohol dependent populations. 

Since group-by-drug interactions were not found, voxelwise effects of drug 

modulation were explored across all participants. Hypothesis XI was supported as 

Naltrexone, GSK598809 and Aprepitant/Vofopitant showed both overlapping and 

differentially distributed effects of modulation, with respect to Placebo. Specifically, 

under Naltrexone, and to a lesser extent, under GSK598809, amygdala RSFC was 

significantly reduced in the dorsal striatum and anterior insula, regions that have been 

associated in the literature with habit formation (Everitt & Robbins, 2005) and 

salience detection (Menon & Uddin, 2010), respectively. 

Aprepitant/Vofopitant and Naltrexone exerted opposite effects on amygdala RSFC, 

where NK1 antagonism positively and Naltrexone negatively modulated amygdala – 

STG RSFC in relation to Placebo. This dichotomy may relate to animal models 

suggesting differential mechanisms, where NK1 antagonism acts through modulation 

of stress-related behaviours, while µ-opioid receptor antagonism through influencing 

cue-related relapse behaviours. NK1 was also found to significantly increase 

amygdala RSFC in the posterior insula bilaterally, a circuit that has been linked to 

mechanisms of anxiety, as described in Chapter 5.  
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Perhaps the most intriguing finding was the observation of significantly greater 

amygdala RSFC in the left mPFC under Placebo, compared with all other sessions, 

including Baseline. Post-hoc tests revealed that this effect was driven specifically by 

elevations of amygdala – left mPFC in the ADP group.  

6.4.2 Amygdala – SN/VTA RSFC 

Whole-brain amygdala RSFC on average across the four sessions, exhibited increased 

amygdala – SN/VTA in ADP relative to HC, in midbrain voxels that strongly 

overlapped with the same group effect observed under Baseline in Chapter 4. Pairwise 

comparison of ADP and HC for amygdala RSFC using an SN/VTA region of interest 

further confirmed this effect separately within each session. The replication of these 

findings in an overlapping group of participants, across four sessions, under the 

modulation of three separate receptor systems or placebo exemplifies the robustness 

of this effect as a neurophysiological correlate of alcohol dependence. 

In addition to the consistency of this effect between ADP and HC over time, its 

longitudinal stability within ADP is also important for this metric to be a viable 

pharmacological target. In experimental medicine studies, such as ICCAM, drug and 

placebo conditions are separated by time, often on the span of days or weeks. It is 

important for a marker measure of interest to show good test-retest reliability and to 

not be easily perturbed by daily variation in variables of no interest to the central 

question of the study e.g. what exactly the participant had for breakfast on each day. 

Good test-retest reliability increases the chance that the variance related to the 

experimental manipulation (drug vs placebo) can be separated from variance driven 

by background variables that are of no interest.  
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RSFC as measure is intrinsically dynamic, and assumed to be determined by a 

combination of trait and state effects, whose relative weights may vary depending on 

the circuit of interest. Subcortical networks generally show greater state-dependence 

than cortical networks (Mennes et al., 2013), therefore the relative stability of this 

measure given its subcortical-to-subcortical distribution is intriguing. While amygdala 

RSFC-based correlates of anxiety-disorders (Etkin et al. 2009) and of smoking 

dependence severity have previously been replicated across samples (Hong et al., 

2009; Hong et al., 2010), to my knowledge this is the first study to show a between-

session replication of an alcohol dependence related metric that uses RSFC. 

Another important feature of a useful neurophysiological marker in experimental 

medicine studies is sensitivity to pharmacological manipulation. Since amygdala – 

SN/VTA RSFC was correlated across sessions characterized by approximately 80% 

blockade of distinct receptor systems, this may suggest that this measure is not 

sensitive to pharmacological manipulation. However, it is also possible that while 

none of the three receptor systems targeted in this study are effective at normalising 

this marker, others may be. For example, corticotrophin releasing factor (CRF) 

receptors are expressed at both SN/VTA and amygdala (Grieder et al., 2014), while 

CRF antagonists have shown success in preventing relapse in animal models (Heilig 

et al., 2007). Although a recent experimental study of the CRF antagonist, 

Pexacerfont, was not successful reducing alcohol craving, or anxiety (Kwako et al. 

2015), resting state function was not specifically investigated in that study. 

6.4.3 Amygdala – insula and amygdala – dorsal striatal RSFC 

Acute Naltrexone treatment was associated with a reduction in amygdala RSRC in the 

dorsal striatum and anterior insula across participants. Neuroadaptations in the dorsal 
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striatum are thought to underlie the transition from voluntary to compulsive drug use 

(Everitt & Robbins, 2005). The anterior insula plays diverse roles in brain function, 

but its main role may be summarised as a salience detector (Menon & Uddin, 2010). 

Additionally, it has also been proposed to integrate physiological and affective 

representations that underpin craving (Garavan, 2010). The amygdala, insula and 

dorsal striatum all show µ-opioid, and κ-opioid receptor associated binding of 

selective radiotracers (Weerts et al., 2011). Since Naltrexone acts as an antagonist at 

both receptors (Nutt, 2014), either may have contributed to observed effects of 

reduced amygdala – anterior insula and amygdala – dorsal striatal RSFC.  

Aprepitant/Vofopitant also exerted significant modulation on amygdala – insula 

RSFC in comparison to Placebo. However, the effects NK1 antagonism on amygdala 

RSFC were localised to the bilateral posterior, not the anterior insula, and involved an 

upregulation, of RSFC, instead of the downregulation of RSFC associated with opioid 

receptor blockade. The literature outlined in the introduction of this Chapter has 

suggested a role for NK1-antagonism in protecting from stress-related mechanisms of 

relapse (Schank et al., 2012). However, since high levels of amygdala – posterior 

insula RSFC are suggestive of greater-levels of anxiety both in the literature (Sripada 

et al., 2012) and in the findings outlined in Chapter 5, it is difficult to see how the 

Aprepitant/Vofopitant mediated upregulation of RSFC observed in this circuit would 

be of therapeutic benefit. However, it is theoretically possible that endogenous 

upregulation and NK1-antagonist mediated upregulation of amygdala – posterior 

insula RSFC may be underpinned by different lower-level mechanisms, with 

opposing consequences for subjective experience of anxiety and clinical outcome. 
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6.4.4 Amygdala – STG RSFC 

Aprepitant/Vofopitant increased amygdala RSFC in the bilateral STG in overlapping 

voxels where Naltrexone reduced amygdala RSFC relative to placebo. These 

opposing effects of the two drugs on amygdala – STG RSFC demonstrate that our 

treatment protocol could exert specific pharmacological effects on amygdala resting 

state network function. However, their interpretation is made difficult by the dearth of 

literature on the effects of these two compounds on amygdala – STG circuits and the 

significance of this circuit to mechanisms of alcohol dependence. 

The spatially overlapping effects of Naltrexone and Aprepitant/Vofopitant on 

amygdala RSFC were localised inferior to the lateral sulcus, therefore indicating 

involvement of early auditory areas. In previous fMRI studies the STG has been 

found to be bilaterally engaged by pure tones, voice, music, vocal sounds and noise 

(Samson et al., 2011, Schirmer et al., 2012), including acoustic scanner noise 

(Bandettini et al., 1998, Gaab et al., 2007). Although resting state scans are often 

thought of as stimulus-free (e.g. Preminger et al., 2011), the rapidly alternating 

currents underlying the acquisition sequence produce repetitive, high-pitched clicking 

sounds that are loud enough to necessitate the wearing of earplugs.  

The amygdala plays an important role in monitoring and signalling the presence of 

salient and potentially threatening stimuli in the immediate environment, including 

those in the auditory modality. Tracing and electrophysiology studies in rodents have 

delineated projections from the auditory cortex and auditory thalamus to the lateral 

amygdala (Quirk et al., 1997). Glucose utilization as measured by 2-DG 

autoradiography in the macaque has shown evidence for amygdala engagement 

during passive listening to acoustic stimuli (Poremba et al., 2003). PET imaging in 
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humans has also shown correlated activity between amygdala and regions of the 

primary auditory cortex engaged during discriminative classical conditioning by 

aversive bursts of white noise (Morris et al., 1998). 

Based on these findings one can speculate that the observed differences in amygdala – 

STG RSFC under Aprepitant/Vofopitant, Naltrexone and Placebo may reflect 

differential levels of engagement with the scanner sounds that pervade the immediate 

environment. Although a visual analog scale (Bond and Lader, 1974) was used to 

assess mental state of participants after each scan (e.g. “Relaxed/Tense”, 

“Happy/Sad”, “Interested/Bored”), none of the items were relevant to how they coped 

with acoustic noise in their immediate environment. Differences in amygdala – STG 

RSFC may reflect differences in overall levels of apprehension, aversion from or 

attentional focus on scanner noise, but may also involve processes outside conscious 

awareness. 

It is unclear whether these drug effects preferentially modulate auditory processes or 

whether they affect overall responsivity to lower-level stimuli of other modalities as 

well, e.g. visual, thermal, tactile. The fact that the scanner noise is arguably the most 

dominant stimulus in the context of the scanner experience may result in greater 

sensitivity to detect pharmacological effects in regions subserving auditory processes 

versus other modalities. Novel, unpublished data (Leor Roseman, personal 

communication) also indicates that amygdala – left inferior parietal lobule (directly 

superior to STG above the Sylvian Fissure) RSFC is increased after psilocybin-

assisted psychotherapy, compared with scans taken before. It is possible that the 

modulation of these spatially overlapping auditory regions, may reflect alteration of 

broad cognitive processes, e.g. increased attention to all environmental stimuli, rather 
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than a more selective modulation of auditory function. While the role of DRD3 

signalling in cognitive function has been a subject of a recent review (Nakajima et al., 

2013), this still a relatively unexplored area for research on the NK1 and the Opioid 

receptor systems. 

6.4.5 Amygdala – mPFC RSFC 

Individual contrasts between Placebo and GSK598809 and between Placebo and 

Naltrexone suggested that both drugs reduced amygdala RSFC in overlapping regions 

of the left mPFC. However, comparison of parameter estimates extracted from 

Baseline and Aprepitant sessions indicated that the effects were driven by increased 

amygdala – mPFC RSFC under Placebo, rather than through modulatory effects of 

Naltrexone and GSK598809. Post-hoc comparison of subject-level parameter 

estimates of amygdala RSFC from this mPFC region, showed elevated amygdala –

mPFC RSFC in Placebo compared with all other four sessions, a finding that was 

unexpected. It should be reiterated here that the pill labels were packaged in identical 

containers, the labels were blinded, and were administered by nursing staff there were 

independent from the research (Paterson et al., 2015).  

Novelty effects provide one possible explanation for the observed differences in 

amygdala – mPFC RSFC between Baseline and Placebo sessions. The Baseline 

session was for some of the participants, from both the HC and ADP groups, the first 

experience of entering an MRI scanner. Since RSFC is shaped not only by enduring 

aspects of brain physiology but also by the participant’s current psychological state, 

the novelty of the first day of the study may have introduced variability into the 

observed RSFC. Different participants may have responded differently to being in the 

scanner for the first time, as well as to the novelty of the first day of being in the 
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study. From this point of view, the first session, i.e. Baseline, may not be ideal for 

detecting group effects. Since the Baseline condition was always on the first session, 

and Placebo always on the second or third session, it is impossible to dissociate the 

specific effects of session order versus effects of the experimental manipulation, i.e. 

Placebo administration versus the absence of Placebo administration. However, order 

effects (e.g. novelty on the first session) do not provide a simple account of why no 

differences were observed in amygdala – mPFC RSFC between Baseline and the 

three drug sessions: Naltrexone, GSK598809, and Aprepitant/Vofopitant. 

6.4.6 Neural mechanisms of Placebo 

Another account of these findings is that the increased amygdala – mPFC RSFC 

under Placebo relative to Baseline may reflect the neural correlates of a placebo 

effect. The placebo effect is a physiological, cognitive or affective response to 

treatment driven by individual expectations (Ploghaus et al., 2003) or conditioning 

(Colloca et al., 2010), rather than through the intended target mechanism of treatment, 

e.g. in this case pharmacological antagonism of a receptor subtype. 

Although participants in ICCAM were not instructed to expect a particular subjective 

response to the three compounds, they were aware that one of the aims of the study 

was to understand the effects of these compounds on the brain using MR imaging. 

This knowledge could have plausible induced an expectation that the compounds may 

elicit some observable subjective effects on their experience in the scanner. They 

were also informed that the compounds tested were investigated as potential 

treatments for abstinence prevention in substance-dependence populations. Therefore, 

the understanding that the compounds were specifically tailored to affect change in 

their brains may have resulted in stronger placebo effects in ADP than in HC.  
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The findings of increased RSFC between amygdala and mPFC under placebo are in 

tune with previous neuroimaging studies that have investigated the neural correlates 

of placebo effects. Increased activation of the rostral ACC (rACC) has been observed 

both under placebo-mediated hypoaglesia (Petrovic et al., 2002), and placebo-

mediated reduction of affective responsivity (Petrovic et al., 2005). In the latter study, 

greater placebo-mediated reductions of subjective ratings of unpleasantness were also 

associated with lower amygdala activation under placebo across participants. Another 

study also observed recruitment of rACC, as well as enhanced rACC connectivity 

with amygdala and PAG during placebo-mediated hypoalgesia (Bingel et al., 2006). 

Even if one accepts the interpretation that the placebo effect was responsible for the 

observed elevation of amygdala – mPFC RSFC under Placebo relative to the Baseline 

condition, one must still account for the absence of this same effect under Naltrexone, 

GSK598809 and Aprepitant/Vofopitant administration. A potential explanation is that 

the three compounds may have each blocked some underlying process associated with 

the Placebo state, through their own respective pharmacological mechanisms. 

Providing some support for this interpretation, there is a growing body of literature 

implicating µ-opioid and dopamine D2/D3 receptor function in the placebo effect 

(Pecina & Zubieta, 2015). 

Opioid mechanisms were first implicated in the placebo effect in a study of post-

operative dental pain where naloxone was shown to selectively block placebo-induced 

hypoalgesia in placebo responders, but not in non-responders (Levine et al., 1978). 

While no previous study has examined the effects of Naltrexone on mechanisms of 

the placebo effect, NTX and naloxone have similar affinity profiles for opioid 
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receptor classes (µ > κ > δ; Nutt et al., 2014), therefore are likely to have similar 

antagonistic properties on placebo effects. 

Since this pioneering study by Levine et al., 1978, modern PET imaging studies using 

the µ-opioid selective [11C]carfentanil radiotracer have demonstrated robust elevation 

of opioid neurotransmission in the rACC and amygdala under placebo (Wager et al., 

2007, Scott et al., 2008, Peciña et al., 2013), amongst other opioid receptor rich 

regions such as PAG, OFC and insula. One of these studies measured D2/D3 receptor 

binding potentials in addition to µ-opioid binding potentials in the same set of 

participants, showing that µ-opioid and D2/D3 were correlated in the amygdala, 

subgenual ACC, insula, and putamen (Scott et al., 2008). Activation of both D2/D3 

and µ-opioid receptor systems in the striatum was greater for placebo responders, and 

reduced for nocebo responders.  

In another study, using an overlapping cohort, the same team showed that stronger 

placebo-mediated hypoalgesia was associated both with greater D2/D3 binding 

potentials in NAc as measured by [11C]raclopride and with greater BOLD activation 

during monetary reward anticipation as measured by fMRI (Scott et al., 2007). This 

was not the first study to implicate D2/D3 signalling in the placebo effect. An earlier 

study has reported that injection of saline as placebo in Parkinson’s patients was 

associated with increased [11C]raclopride binding potential in the dorsal striatum, and 

greater self-reported clinical improvement (La Fuente-Fernández et al., 2002). 

These studies provide evidence for a role of µ-opioid and D2/D3 signalling in placebo 

mechanisms, and are compatible with the possibility that acute administration of 

GSK598809 and Naltrexone in the current study may have abolished placebo effects, 
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resulting in a reduction of amygdala – mPFC RSFC levels that are indistinguishable 

from measurements at baseline.  

The role of NK1 and its ligand Substance P in placebo effects has not been 

investigated directly. However, Substance P has been shown to regulate both opioid 

and dopaminergic function, and modulation of NK1 receptors appears to influence 

pain and reward processing. It is possible that NK1 antagonism may abolish placebo 

effects through modulation of opioid or dopaminergic pathways. 

6.4.7 Possible effects of Vitamin C on amygdala – mPFC RSFC 

A competing explanation for the unexpected rise in amygdala – mPFC observed 

under Placebo versus the other four sessions, is a potential effect of the 50 mg of 

Vitamin C contained in the placebo pill on brain function. Vitamin C is frequently 

used as the core ingredient in placebo pills in experimental medicine studies of brain 

function due to its assumed lack of physiological effects and inability to cross the 

blood brain barrier (Joules et al., 2015, Carhart-Harris et al., 2015, Kroes et al., 2010, 

Rubia et al., 2011). However, dehydroascorbic acid, an oxidised form of Vitamin C, 

can enter the brain via the glucose transporter GLUT1, and remain there in a reduced 

form as ascorbic acid (Agus and colleagues, 1997).  

Ascorbic acid is known to be present in the brain at a manifold higher concentration 

than in blood, yet its main functions remain elusive. Earlier studies have suggested a 

role in neuroprotection from free radicals and glutamate toxicity, and potential 

modulation of neuronal function (reviewed in Grunwald, 1992). Although few studies 

research neuromodulatory effects of vitamins, a 2011 paper reported allosteric 

modulation of GABAA and GABAC receptors in the retina by ascorbic acid (Calero et 
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al., 2011). If through future work ascorbic acid turns out to play preferential role in 

modulating certain neurotransmitters systems in the brain (e.g. GABA), then it may 

be able to account for preferential modulation of certain large-scale circuits (e.g. 

amygdala – mPFC) over others (amygdala – SN/VTA). However, until then, this 

account remains an unlikely explanation for the effects observed in this study under 

Placebo. 
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Chapter 7: General discussion 

7.1 Thesis summary 

7.1.1 Summary of aims 

One of the key challenges in the treatment of alcohol dependence is our lack of 

understanding of the neural mechanisms that underlie disease severity and relapse 

vulnerability. During the maintenance phase, and in the early stages of abstinence, 

intensity and frequency of craving, anxiety or dysphoria provide useful clinical 

measures of alcohol dependence severity, and relapse vulnerability. However, over 

the course of abstinence these may attenuate or completely subside, and yet 

individuals may continue to be at a risk for relapse. Since there is no objective 

measure for assessing disease severity in alcohol dependence, this makes it difficult to 

assess the potential efficacy of different treatment approaches on abstinence 

populations. Therefore, the overarching aim of this thesis was to discover novel 

neurophysiological correlates of disease severity in abstinence ADP populations, 

which could potentially serve as viable targets for therapeutic modulation.  

This aim was pursued in the sequence of steps outlined below: 

Chapter 3 – Design and implementation of a preprocessing pipeline for optimal 

artifact removal in resting state fMRI data, with carefully selected algorithms for each 

preprocessing step based on recent findings and recommendations from the literature. 

Chapter 4 – Experimental identification of brain regions showing altered amygdala 

RSFC in abstinent ADP relative to HC, and exploring the effects of GM atrophy, age, 

cumulative alcohol exposure, abstinence and smoking on these alterations. 



 150 

Chapter 5 - Examination of the effects of self-reported anxiety and abstinence length 

on amygdala RSFC across the brain, and the relationship between amygdala RSFC 

and BOLD activation during behavioural tasks relevant to models of addiction.  

Chapter 6 - Investigation of the effects of acute pharmacological modulation of 

amygdala RSFC in abstinent ADP and HC. Three receptor subtypes (µ-opioid, DRD3, 

NK1) were targeted through antagonists, two that are potential pharmacotherapies 

(GSK598809, Aprepitant/Vofopitant), and one that is a currently approved therapy for 

relapse prevention (Naltrexone).  

7.1.2 Summary of findings 

Chapter 4 presented a comparison of whole brain amygdala seed-based RSFC 

between ADP and HC in the baseline session of ICCAM. The only significant cluster 

in this contrast was located to the SN/VTA where ADP showed significantly greater 

amygdala RSFC than HC, despite the two groups not significantly differing on age, 

gender, head motion in scanner, resting pulse rate or blood pressure metrics. The ADP 

sample did contain more smokers, yet HC smokers and HC non-smokers showed 

similar levels of amygdala-SN/VTA RSFC, indicating that nicotine use by itself was 

unlikely account for these elevations. 

Amygdala-SN/VTA RSFC was significantly correlated with cumulative alcohol 

exposure and age, but not with abstinence duration in ADP. This pattern of results is 

compatible with neuroadaptations in amygdala network function from chronic alcohol 

exposure that fail to recover with abstinence. Although the possibility of pre-existing 

differences could not be ruled out, family history of alcohol dependence was not 

associated with elevations of amygdala RSFC in this circuit in either ADP or HC. 
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Furthermore, animal studies have shown that chronic alcohol exposure can trigger 

synaptic neuroadaptations that persist into pro-longed abstinence, both in the 

amygdala (Roberto et al., 2004, Gilpin and Roberto, 2012) and VTA (Diana et al., 

1996, Shen et al., 2007). 

As anticipated based on previous literature (Makris et al., 2008), ADP showed 

significantly lower GM volume in subcortical regions, including amygdala and 

SN/VTA. Amygdala GM volume was inversely correlated with age and cumulative 

alcohol exposure, but not with abstinence length. Age was not correlated with 

amygdala GM volume in HC, despite similar distribution of age as ADP, suggesting 

the possibility of accelerated age-related atrophy in ADP.  

These structural findings appeared to mirror the functional effects presented earlier in 

Chapter 4, thereby suggesting a model whereby chronic alcohol use is associated with 

both cumulative GM volume atrophy in the amygdala and concurrent elevations in 

amygdala – SN/VTA RSFC. However, surprisingly the two measures: amygdala – 

SN/VTA RSFC and amygdala GM volume, were not correlated with each other, 

across ADP, suggesting partially distinct underlying mechanisms. Since cumulative 

alcohol exposure and age were strongly correlated with each other in this sample, 

multiple regression analyses were undertaken to examine their differential effects 

within a single model. After accounting for their shared variance, only cumulative 

alcohol exposure was associated with amygdala – SN/VTA, not age, and only age was 

associated with amygdala GM volume, and not cumulative alcohol exposure. These 

findings suggest partially separable effects of ageing and cumulative alcohol exposure 

on amygdala structure and function, respectively, in ADP.  
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Chapter 5 explored the impact of abstinence length and anxiety, two putative 

moderators of relapse risk, on amygdala RSFC. Voxelwise whole-brain regression 

revealed a significant inverse association between abstinence length and amygdala 

RSFC in a frontoparietal network consisting of the inferior parietal lobules, pre-

supplementary motor area (preSMA), and dorsal PCC (dPCC). Post-hoc analyses 

confirmed that ADP with less than 2 months’ abstinence showed significantly reduced 

amygdala frontoparietal RSFC than HC or ADP with at least 6 months’ abstinence. 

Consistent with previous descriptions of frontoparietal resting state networks (Yeo et 

al., 2011), the inferior parietal lobule was found to show a high level of RSFC with 

the preSMA and dPCC, in an independent group of healthy participants collected as 

part of this study (Pilot cohort, Section 5.2.2). In addition, two of the same 

frontoparietal regions (inferior parietal lobules, preSMA) were found to engage 

during successful inhibitions in the Go/No-Go task, with the magnitude of activation 

showing a trend-level association with amygdala – frontoparietal RSFC across a 

pooled sample of ADP, HC and Pilot participants.  

ADP scored significantly higher on self-report measures of trait and sate anxiety than 

HC, while also reporting a wider range of anxiety levels. Trait anxiety was found to 

show a positive association with amygdala RSFC in the posterior insula (after small 

volume correction to the entire bilateral insula). This finding was consistent with 

previous studies of amygdala resting state function in patients with PTSD (Rabinak et 

al., 2011; Sripada et al., 2012), task activation studies of anxiety-prone healthy 

individuals (Stein et al., 2007) and patients with panic disorder (Etkin & Wager, 

2007). However, post-hoc analysis indicated that the significance of this result was 

driven by a single participant with a high level of anxiety and RSFC in this circuit, 

questioning the robustness of this effect. In addition, the directionality of this effect 
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was difficult to reconcile with previous findings from our group that showed reduced 

amygdala – anterior insula RSFC in ADP relative to HC (Orban et al., 2013). 

Chapter 6 investigated the potential capacity of acute µ-opioid, dopamine D3 and 

NK1 receptor antagonism in modulating amygdala resting state function. One 

hypothesis (Hypothesis X) tested was whether any of the three antagonists could 

normalise high levels amygdala – SN/VTA RSFC in ADP, which was shown to be 

associated with cumulative alcohol exposure in Chapter 4. Despite participants 

receiving a dose of each drug that was calibrated to produce 80% receptor occupancy, 

none of the drugs had a significant impact on RSFC in this circuit. ADP continued to 

show elevated amygdala – SN/VTA RSFC relative to HC under each of the three 

compounds, as well as Placebo. This observation and the additional finding that 

individual differences in amygdala – SN/VTA between Baseline, and under Placebo, 

NK1 and DRD3 blockade were significantly correlated indicated that amygdala – 

SN/VTA RSFC may be a relatively stable correlate of cumulative alcohol exposure. 

In addition to assessing the effects of the three drugs on a priori circuits of interest 

e.g. amygdala – SN/VTA, whole-brain exploratory analysis of their effects on 

amygdala RSFC was also undertaken. Since none of the three drugs modulated 

amygdala RSFC differentially between ADP and HC on the voxelwise level, 

voxelwise drug effects were examined on average across the two groups.  

Amygdala – dorsal striatal and amygdala – anterior insula RSFC were significantly 

reduced under Naltrexone and, to a lesser extent, under GSK598809 relative to 

Placebo. Amygdala – dorsal striatal RSFC under these two compounds was also 

significantly reduced in comparison to the Baseline session. Although at first glance 
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crosschecking these effects with respect to the Baseline session may seem redundant, 

the following results on amygdala – mPFC RSFC demonstrate its importance. 

The same overlapping cluster in the mPFC was found to show significantly lower 

amygdala RSFC under both Naltrexone and GSK598809 compared with Placebo. 

Initially these effects were interpreted as a simple down-regulation of amygdala 

RSFC by both drugs, until the parameter estimates for amygdala – mPFC were plotted 

and compared across all five sessions. Here it was revealed that amygdala – mPFC 

was significantly lower not only under Naltrexone and GSK598809, but also under 

Baseline and Aprepitant/Vofopitant conditions, relative to Placebo.  

In light of these findings, the more parsimonious explanation arose that the observed 

effects of increased amygdala – mPFC may reflect neural correlates of some aspect of 

the placebo effect. Indeed, previous neuroimaging studies have implicated both the 

amygdala and mPFC in mechanisms of the placebo effect, albeit in studies of 

placebo-mediated hypoalgesia (Petrovic et al., 2002) and expectation of relief from 

aversive perceptual stimuli (Petrovic et al., 2005). In this study, all participants were 

informed that the experimental drugs they took were investigated for their potential in 

relapse prevention, and that the fMRI scans were undertaken to understand their 

potential effects on brain function. Although participants were not told to specifically 

anticipate any subjective effects, the mere awareness that these drugs were designed 

for substance-dependent populations may have increased the intensity of placebo 

effects, associated with subjective expectations, preferentially in the ADP relative to 

HC. Indeed, a post-hoc assessment of a group-by-drug interaction, indicated that the 

observed overall increase in amygdala – left mPFC under Placebo versus Baseline, 

was driven by ADP rather than the HC cohort.  
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However, this interpretation also had to account for why amygdala – mPFC was not 

significantly elevated under GSK598809, Naltrexone, Aprepitant/Vofopitant, where 

placebo effects of expectation would be expected to be similar due to the blinded 

nature of the study. One viable explanation is that the three drugs may have each 

inhibited mechanisms of placebo through their respective mechanisms. This 

interpretation is consistent with previous studies that have linked placebo effects with 

µ-opioid, and DRD2/DRD3 receptor signalling pathways (Pecina & Zubieta, 2015). 

The consequence of NK1-receptor blockade on placebo effects has not been studied 

before, although it is possible that its endogenous ligand, Substance-P may also play a 

potential role in placebo related effects. 

Another key finding to arise from Chapter 6 was that µ-opioid and NK1 antagonism 

had opposing modulatory effects on amygdala – bilateral superior temporal gyrus 

(STG) RSFC. Under Naltrexone, the amygdala – STG RSFC was significantly lower, 

while under Aprepitant/Vofopitant it was significantly higher relative to both Baseline 

and Placebo sessions. The interpretation of this finding may be informed by the 

STG’s previously described role in auditory processing of environmental sounds, and 

the amygdala’s function as a salience detector. The scanner produces an extremely 

loud, repetitive stimulus. Acute µ-opioid and NK1 receptor blockade may 

differentially modulate the processing of aversive stimuli at the perceptual, 

attentional-level or its cognitive appraisal. Indeed, animal studies suggest that 

blockade of µ-opioid and NK1 receptor systems may protect from relapse through 

cue-related (Liu et al., 2002) and stress-related mechanism (Schank et al., 2012), 

respectively. However, it remains unclear whether the opposite effects of Naltrexone 

and Aprepitant/Vofopitant on amygdala – STG RSFC observed in current study relate 

to these differences in their mechanisms. 
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7.2 Implications, Limitations and Future Research 

7.2.1 SN/VTA RSFC: a neurophysiological correlate, but not 
quite a biomarker 

As previously described in Chapter 2, biomarkers provide objective indicators of 

disease states, which can serve as targets for development of novel therapeutics and as 

substitutes for clinical endpoints in experimental medicine studies. The desirable 

features of an ideal biomarker include a high level of sensitivity, specificity, 

robustness, mechanistic relevance, responsivity to treatment, non-invasiveness, easy 

of acquisition and low cost. Currently, no neurophysiological measure of any disease 

derived from fMRI data fulfils all of these criteria, including the current finding of 

elevated amygdala – SN/VTA RSFC in ADP. However, examining the degree to 

which such neurophysiological correlates of disease measure up these criteria may be 

useful in assessing their potential utility. 

Amygdala – SN/VTA RSFC exhibited sufficient sensitivity to allow detection of a 

significant group difference between 39 HC and 20 ADP. However, there was also 

substantial overlap between the HC and ADP groups in amygdala – SN/VTA RSFC, 

which would preclude the use of this measure for subject-level diagnostics. The 

measure’s association with cumulative alcohol exposure, but not with other measures 

that are often comorbid features of alcohol dependence such as smoking status, 

impulsivity, anxiety or head motion, suggest a certain degree of specificity. At the 

same time, the measure may not be particularly effective in separating alcohol 

dependent individuals who have only been alcohol dependent for a few years from 

healthy controls. 



 157 

The finding that amygdala – SN/VTA RSFC was greater in ADP than HC across all 

five sessions, suggests that the measure can be reliably detected in a range of brain 

states. Drug dosing was calibrated to elicit blockade of three different receptor 

subtypes, at approximately 80% receptor occupancy, and yet inter-session correlations 

of amygdala – SN/VTA RSFC between Baseline and three of the other sessions were 

still significant across the combined groups. The fact that amygdala – SN/VTA RSFC 

was not significantly modulated by any of the three drugs suggests that it may not be 

easily amenable to pharmacological modulation, or that it may require modulation of 

a receptor pathway that was not tested here. In addition, the inter-session reliability, 

and the out of sample generalizability of amygdala – SN/VTA remains to be 

established in future studies.  

The mechanistic relevance of the measure is supported by a wealth of animal studies 

implicating the amygdala (Roberto et al., 2004, Gilpin and Roberto, 2012) and the 

SN/VTA (Diana et al., 1996, Shen et al., 2007) chronic alcohol exposure related 

neuroadaptations. However, there currently doesn’t exist a model that clearly 

accounts for the role of amygdala – SN/VTA interactions in the long-term effects of 

alcohol dependence. Importantly, it even remains unclear whether elevated amygdala 

– SN/VTA RSFC is a pathological feature of alcohol dependence that 

pharmacotherapies should aim to normalise, or whether it is an endogenous 

neuroadaptive mechanism for relapse maintenance, which pharmacotherapies should 

aim to preserve. The transparency of this measure is further limited by our generally 

limited of understanding of the biological function of resting state functional 

connectivity.  
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Future studies employing a longitudinal design could investigate whether the 

elevation of amygdala – SN/VTA RSFC in ADP develops gradually throughout the 

course of alcohol exposure or whether it is a neuroadaptation that is triggered at the 

onset of abstinence in proportion to the participant’s history of alcohol exposure. 

Most importantly, longitudinal follow-up studies of ADP could assess the utility of 

quantifying amygdala – SN/VTA RSFC as a predictor of relapse. Beck et al. (2012) 

have shown that greater amygdala – SN/VTA RSFC within an alcohol-cue reactivity 

paradigm was associated with lower chance of relapse. The same design could be 

applied to test whether amygdala – SN/VTA circuit function in resting state 

conditions is similarly protective from relapse. 

The remaining pros and cons of amygdala – SN/VTA RSFC from the perspective of a 

potential biomarker are true to  all fMRI-based measures in general. The cost of an 

hour of fMRI data acquisition is between £300-600 pounds in the United Kingdom. 

Data acquisition is fairly non-invasive, as it does not involve drawing blood or 

injecting of a tracer. However, ease of data acquisition is limited by the availability of 

the MRI scanner infrastructure and the presence of exclusion criteria that preclude the 

participant from entering the scanner.  

7.2.2 The integrative potential of network models 

The observed group effect of increased amygdala - SN/VTA RSFC in ADP was not 

completely surprising since both regions have long been heavily implicated in models 

of addiction and substance dependence (Everitt & Robbins, 2005; Koob & Volkow, 

2010) However, historically work on these two regions has undergone mostly in 

parallel, spearheaded by different groups of researchers, who have focussed on 

distinct behavioural components and neurotransmitter subsystems of addiction 
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pathways (Luthi & Luscher, 2014). The amygdala has been primarily studied in the 

context of negative reinforcement (McBride, 2002), with studies focussing on alcohol 

exposure or withdrawal related neuroadaptations to GABA, and neuropeptide (e.g. 

CRF) signalling (Heilig & Koob, 2007). In contrast, work on the VTA has focussed 

on its role in positive reinforcement, through regulation of dopamine release in fronto-

striatal projection areas (Spanagel & Weiss, 1999), and its modulation by opioid 

systems (Spanagel & Herz, 1992). This division of focus has persisted despite early 

studies highlighting the role of amygdala in reinforcement learning and appetitive 

processing (Everitt & Robbins, 2005; Baxter & Murray, 2000), and the importance of 

the VTA in aversive conditioning and withdrawal states. The effects relating to 

amygdala – SN/VTA RSFC presented in this thesis underline the value of further 

exploring the dynamic interaction between these two hub regions, through a systems-

level view of alcohol dependence. 

7.2.3 Strengths of exploratory analyses 

This thesis adopted an exploratory approach for investigating the effects of alcohol 

dependence on amygdala network function, (i.e. amygdala RSFC was explored 

voxelwise across the whole brain), as opposed to focussing on a priori amygdala 

circuits of interest, e.g. amygdala – vmPFC. Choosing regions of interest would have 

been difficult due to the large number of regions that have been reported to show 

structural (Wrase et al., 2008) and functional (Sullivan & Pfefferbaum, 2005) 

alterations in alcohol dependence. Additionally, narrowing down the list of regions to 

ones with known direct structural connections with the amygdala was not an 

appropriate strategy, as indirect connections are known to significantly contribute to 

RSFC across the brain (Sporns et al., 2011). Although the voxelwise exploratory 
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approach had the disadvantage of a greater likelihood of false negative findings due to 

having to correct for a higher number of comparisons, it enabled the discovery of 

unanticipated effects. 

The benefit of this voxelwise exploratory approach is nicely demonstrated by the 

positive association found between abstinence length and amygdala RSFC in dPCC, 

inferior parietal lobules, preSMA. While latter two of these frontoparietal regions are 

normally found to co-active in tasks requiring executive processes (e.g. inhibitory 

control, or task-switching), and to show strong RSFC under resting state conditions, 

their interaction with the amygdala is not typically observed in studies of healthy 

individuals nor in substance-dependent populations. Top-down cortical modulation of 

the amygdala function is typically thought to be driven by inputs from the ACC, 

vmPFC and dmPFC, while the potential role of frontoparietal network as a unit has 

not been explored. The findings presented in this thesis suggest that gradual recovery 

from chronic alcohol abuse may entail greater synchronisation of brain systems that 

do not under normal conditions operate in close synchrony. 

The finding that GSK598809 and Aprepitant/Vofopitant had opposing modulatory 

effects on amygdala RSFC in a region, i.e. the STG, would’ve likely not been 

observed without the exploratory whole-brain approach employed here. Since the 

function of the STG is not thought to be directly relevant to mechanisms of addiction, 

it likely would not have been specifically investigated as an a priori region of interest. 

However, the current findings from Chapter 6, as well as from a recent study of the 

effects of Psilocybin-assisted therapy on amygdala RSFC (Leor Roseman, personal 

communication), indicate that the STG may be particularly sensitive to differential 

pharmacological modulation of amygdala network function. 
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The interpretation of the observed session-related effects on amygdala – left mPFC 

RSFC was greatly aided by undertaking post-hoc analysis beyond the initial planned 

voxelwise contrasts. The contrasts of Naltrexone versus Placebo, and GSK598809 vs 

Placebo had suggested an overlapping down-regulatory effect of both drugs on this 

circuit. However, post-hoc comparisons with the other two sessions, revealed similar 

differences at Baseline, and Aprepitant/Vofopitant, with respect to Placebo. These 

additional comparisons yielded further constraints on the interpretation of data, 

thereby signifying the importance of exploring datasets beyond the primary contrasts 

of interest. 

7.2.4 Limitations of exploratory analyses 

An important limitation of this work is that some of the findings were derived from 

post-hoc comparisons and therefore incurred the risk of potential false positives and 

overestimation of effect sizes (Kriegeskorte et al., 2009). For example, the SN/VTA 

region of interest mask used for computing the correlation between cumulative 

alcohol exposure and amygdala – SN/VTA RSFC was restricted to voxels that were 

both within an SN/VTA probability map and to voxels that were significant in the 

ADP > HC contrast. Ideally, the region of interest should be determined based on 

measurements independent from the analysis of interest, e.g. to avoid inflation of 

effect sizes for example by pre-selecting voxels with high signal-to-noise ratio 

(Kriegeskorte et al., 2009).  

However, post-hoc analyses, when considered within their limitations, can provide 

useful insights for informing the interpretation of the original analyses. For example, 

had amygdala – SN/VTA RSFC shown an inverse correlation with cumulative alcohol 

exposure in ADP, this finding would have complicated the interpretation of the initial 
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group effect that showed greater amygdala – SN/VTA RSFC in ADP than HC. Since 

the directionality of the effects in the initial group comparison and the post-hoc 

analysis was congruent, the latter increased the interpretability of the former. 

An ideal way of determining the robustness of an exploratory finding is through 

replication of the same effects in an independent group of participants. Earlier, our 

group has observed significantly reduced amygdala – anterior insula RSFC in a group 

of abstinent alcohol dependent patients with similar demographic and clinical 

characteristics as the ADP cohort in this thesis (Orban et al., 2013). However, this 

same effect was not observed between ADP and HC in ICCAM.  

Two possible explanations arise that may account for this discrepancy between the 

two findings. First, in the other study all participants were scanned early in the 

morning at around 7-8am, whereas in ICCAM participants underwent their scans 

generally around noon. Morning scans may be differentially influenced by diurnal 

variations in cortisol secretion, which may result in differential patterns of amygdala 

RSFC. Alcohol dependent patients have been previously shown to exhibit 

dysregulation in hypothalamic-pituitary-axis function (Sinha et al., 2011). Another 

possibility is that amygdala – insula RSFC may not be a reliable measure in alcohol-

dependent populations. For example, Sullivan et al. (2013) has shown that abstinent 

ADP exhibit markedly reduced perfusion of the bilateral insula, and furthermore they 

showed that this was associated with disruption of insula network interactions. 
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7.2.5 Potential follow-up studies in humans 

Based on the findings that emerged from Chapter 4, follow-up studies with the 

specific aim of quantifying amygdala RSFC in the SN/VTA could apply optimised 

acquisition protocols with substantially greater accuracy over the current 

implementation in this study. Since the amygdala and the midbrain are located in 

close proximity to each other, a smaller box with greater spatial and temporal 

resolution could be used to quantify amygdala – SN/VTA RSFC, than the one 

employed in the current study. The midbrain is continuously subjected to pulsatile 

motion due to the close proximity of major arteries, which creates noise and may 

confound interpretation of BOLD signal. While simple regression of cardiac rate 

appears to have a limited effect on midbrain signal integrity (Krebs et al., 2011), 

cardiac-gated fMRI acquisition may provide significantly greater improvement. 

D’Ardenne and colleauges (2008) have developed a scanning protocol, where the 

pulse oximeter was used to trigger the EPI acquisition. In addition, the number of 

slices, repetition time (TR) and maximum length of acquisition window were all 

calibrated based on each participant’s pulse rate. 

Causal evidence may also emerge from prospective clinical fMRI studies in the 

following decades. A large number of adolescents have already undergone resting 

state fMRI in the context of experimental research on healthy development (Nooner et 

al., 2012), and a proportion of these will likely succumb to alcohol dependence in 

their later years, within a large enough sample. In future studies of resting state 

function, participants will be more likely to have historic resting state data prior to 

disease onset for comparison. The timespan of data-acquisition for such studies may 

be facilitated through the increasing adoption of data-sharing initiatives (Milham et al, 
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2012), or through recruitment adolescents with first-degree relatives of alcohol 

dependence (Schweinsburg et al., 2004). 

7.2.6 Potential follow-up studies in animals 

Examination of amygdala – SN/VTA circuits in animal models of alcohol dependence 

could also help tackle a wider range of questions that are outside the scope of non-

invasive methodology. Brain function in ADP likely interacts with a range of genetic 

and environmental factors that are difficult to account for in experimental medicine 

studies. In addition to the availability of invasive techniques, animal studies also 

allow the full randomisation of treatment conditions, as well as the genetic make-up 

and environmental conditions of the animals. 

The causality between long-term alcohol exposure and elevated amygdala – SN/VTA 

RSFC could be explicitly tested using a within-group design by scanning rodents with 

resting state fMRI before and after chronic alcohol exposure. A between-group design 

could also explore the effects of amount, type and patterns of alcohol exposure on 

long-term changes in amygdala – SN/VTA RSFC, e.g. alcohol vapour exposure 

versus alcohol containing liquid diet, intermittent versus continuous exposure (Heilig 

& Koob, 2007). 

This reverse-translational approach has already shown some success in elucidating the 

causal role of amygdala circuits in anxiety disorders. Etkin et al. (2009) observed 

increased RSFC between the centromedial and basolateral amygdala subregions in 

patients with generalised anxiety disorder. Although the study reproduced these 

effects in an independent cohort of generalized anxiety patients, the experimental 

approach used still precluded the inference of causality between resting state function 



 165 

and anxiety. For example, based on what we now know the impact of head motion on 

RSFC (Power et al., 2012), potentially increased head motion amongst patients in this 

study may have led to a robust overestimation of RSFC between nearby regions, e.g. 

amygdala subregions. However, Tye and colleagues (2011) built on the findings of 

Etkin and coworkers (2009) and showed that optogenetical modulation of neural 

transmission from the basolateral to the central nucleus of the amygdala could 

bidirectonally influence anxiety-like behaviours in freely moving mice.  

A similar approach could be used to observe the effects of optogenetically stimulating 

SN/VTA - amygdala transmission in mice, specifically on cue- and stress-induced 

reinstatement. Recent work has shown that phasic stimulation of VTA dopamine 

neurons using ontogenetic methods elicits upregulation of BOLD signal in the 

amygdala. (Lohani et al. 2016). 
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Appendix A: Figures 

 

Figure A1.1 The relationship between age and amygdala – SN/VTA RSFC in ADP and 

HC. Amygdala-SN/VTA RSFC was positively correlated with age in ADP (r = 0.5, p = 0.03), 

but not in HC (r = 0.1, p = 0.5). PE: parameter estimate. 

 

Figure A1.2 Group-level comparison of whole-brain amygdala RSFC with an extended 

list of covariates. ADP showed significantly greater amygdala RSFC in the midbrain than 

HC, while controlling for site, amygdala GM volume, ICV and voxelwise GM volume. 

Significant voxels were determined by a threshold of Z > 2.3 and a corrected cluster 

significance threshold of p < 0.05. Slice coordinates are presented in MNI space. 
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Figure A1.3 The relationship between cumulative alcohol exposure and amygdala GM 

volume in ADP. Amygdala GM volume was inversely correlated with cumulative alcohol 

exposure in ADP (r = -0.48, p = 0.03). PE: parameter estimate. 

 
 

Figure A1.4 Clusters associated with correct inhibition trials in the Go/No-Go task in 70 

participants pooled from Pilot, HC and ADP groups. Significant voxels were determined 

by a threshold of Z > 2.3 and a corrected cluster significance threshold of p < 0.05. Slice 

coordinates are presented in MNI space. 


