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Abstract 

Despite the negative consequences, stimulant users often struggle to quit, which has been 

attributed to altered risk-taking and/or impulsivity. While the growing evidence suggests 

structural and functional alterations in stimulant users (e.g., cortical deficits and striatal 

hypersensitivity), the precise neurobehavioural mechanisms underlying risk and impulsivity 

are poorly understood. To complicate matters, polydrug use is highly prevalent, making it 

difficult to distinguish neuroadaptations attributed to a particular stimulant alone. 

In this thesis, we aimed to investigate neural processing of risk and reward in abstinent 

methamphetamine users (MAP) and current smokers (NIC). In Study I, grey matter (GM) 

volume was compared with control subjects using voxel-based morphometry, and effect of drug 

use parameters (e.g., years of use and cumulative amount) were also explored. In Study II, we 

used a modified version of the monetary incentive delay task (MIDT) in conjunction with 

functional MRI to compare neural activation between stimulant users and controls.  

While both MAP and NIC exhibited smaller volume in the anterior cingulate cortex (ACC) and 

enlarged striatal volume, relative to controls, a different neuroanatomical profile was observed 

in the prefrontal cortex (PFC), i.e., MAP exhibited GM deficits while NIC showed larger 

volume. Among MAP, a correlation with years of use was observed in the striatum (negative) 

and PFC (positive); no correlation was detected with smoking parameters in NIC. 

Furthermore, we observed distinct risk-related activation patterns between MAP and NIC, i.e., 

MAP exhibited attenuated PFC activation during risk processing, but increased activation in 

response to loss prospect; while NIC exhibited hyperactivation to risk in the amygdala, and 

attenuated activation to loss prospect in the ACC and insula. In addition, during reward 

prospect, MAP showed hyperactivation in the striatum, while NIC exhibited attenuated PFC 

activation, relative to controls. 

Consistent with previous literature, our preliminary findings support structural alterations in 

both MAP and NIC but implicate distinctive neurophysiological changes in MAP. Considered 

together with neurotoxicity findings in animal studies, these findings seem to support the notion 

that long-term methamphetamine abuse alters the brain. However, due to high smoking 

prevalence among MAP, the overlapping alterations may also be attributed to long-term 

smoking. 
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1 General Introduction 

The abuse of psychoactive stimulants continues to rise worldwide, with the global market 

dominated by synthetic stimulants such as amphetamines [1]. The World Drug Report 2020 

estimated that 27 million people worldwide have used amphetamines [1]. Methamphetamine 

has become the main illicit stimulant used in New Zealand, with 1% of the adult population 

(aged 15-64), equivalent to roughly 39,000 people, having used the drug in the past year [2]. 

By comparison, the global prevalence of amphetamines use (data from 2018) is 0.55%, 

equivalent to 27 million users globally [3]; which makes methamphetamine use in New 

Zealand among the highest in the world. Despite political campaigns and on-going measures 

to combat methamphetamine production, importation, and use for the last ten years [4], 

methamphetamine consumption in New Zealand remains high [5–8]. Police wastewater testing 

reveals approximately 15 kg of methamphetamine is consumed per week across the country, 

or equivalent to 3 g per week per 1000 inhabitants [9]. As a comparison, the average quantity 

of methamphetamine found in wastewater in 140 European cities (33 countries) is equivalent 

to 245 mg per week per 1000 inhabitants [3]. While there are some uncertainties related to 

sampling, stability of metabolites, excretion rate, and population estimates, wastewater analysis 

provides invaluable estimates of methamphetamine consumption in the population in a real-

time frame, and should be combined with a population survey to improve the accuracy of data 

[10,11].  

Methamphetamine use disorder (see text box below for definition of stimulant use disorder) 

may cause serious physical harms which include, but are not limited to, overdose-induced 

cardiac arrythmia, seizure, and stroke; blood-borne infection from needle sharing; and injuries 

resulting from drug-driving accidents, all of which may lead to premature death [12]. Yet, the 

most serious problems reported by frequent users are often psychological rather than physical 

[13]. Indeed, several psychiatric disorders, such as psychosis, suicidality, depression, and 

violent behaviour have been significantly linked to methamphetamine use [12,14]. 

Furthermore, the harms associated with methamphetamine extend beyond personal 

impairments sustained by those who abuse the drug. These include: (1) harms to family and 

friends of drug users, (2) acquisitive crimes, such as burglary, (3) organised crimes associated 

with drug trafficking and (4) losses of revenue due to tax avoidance [15]. Together, the total 

cost of community harms associated with illicit methamphetamine use reached a staggering 
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sum of $91.4 million a year (data from 2014) [15], with $16.4 million being attributed to 

hospital admission, treatment and counselling, law enforcement (police and customs), and 

courts and prisons, which added up to $16.4 million a year [15]. 

Whilst methamphetamine is the most used illicit stimulant in the country, tobacco is the most 

widely consumed legal psychostimulant [16,17]. Moreover, methamphetamine users often 

report high rates of cigarette smoking (87-92%) [18]. Tobacco, which contains psychoactive 

nicotine, contributes significantly to the global and national burden of disease. According to 

the World Health Organization, tobacco kills more than 8 million people every year, and 

around 1.2 million deaths are attributed to second-hand smoking [19]. Perhaps, no single source 

of stimulant contains more toxins than a cigarette, with thousands of chemicals contained in its 

smoke and more than 60 of them known to be carcinogenic [20–22]. Nicotine, along with other 

constituents such as reactive oxygen/nitrogen species, carbon monoxide, polycyclic aromatic 

hydrocarbons, and particulates, also contributes to development of cardiovascular disease, 

mainly by accelerating atherosclerosis [23,24]. Every year, 4,500-5,000 New Zealanders die 

from smoking-related disease [25]. Cigarette smoking contributes to 9% of total health loss 

from all causes, 40% of cancers, and 26% of vascular disease and diabetes [26]. In New 

Zealand, smoking prevalence has decreased in the last several years, from 18.2% in 2011 to 

14.2% in 2018, and reports estimated that the measures in place to lead to this reduction cost 

approximately $61.7 million annually [2]. With roughly 490,000 daily smokers and 34,000 

Stimulant use disorder is defined as clinically significant impairment or distress 

within a 12-month period, due to continuous use of stimulants, which may be 

manifested by the following symptoms: (1) taking a larger amount of stimulant or 

using it over a longer period than intended; (2) having persistent desire to control 

stimulant use despite unsuccessful efforts; (3) spending a great deal of time to obtain 

and use stimulant or to recover from its effects; (4) having a strong urge to use 

stimulant (craving); (5) failing to fulfil obligations at work, school, and/or home due 

to recurrent stimulant use; (6) continuously using despite recurrent interpersonal 

problems caused by the effects of stimulant; (7) giving up important social, 

occupational, and/or recreational activities because of stimulant use; (8) taking 

stimulant while in situations that can be physically hazardous; (9) continuously using 

despite recurrent physical or psychological problem associated with stimulant use (10) 

having the need to increase the amount to achieve the desired effect (tolerance); and 

(11) suffering from withdrawal symptoms when abstaining from using. At least 2 

symptoms must be present for mild disorder; 4-5 symptoms must be present for 

moderate disorder; and 6 or more must be met for severe stimulant use disorder. 

(American Psychiatric Association’s Diagnostic and Statistical Manual of Mental 

Disorders, Fifth Edition) 
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heavy smokers (smoking more than 20 cigarettes per day) in 2018/2019, much work remains 

to be done to achieve the country’s smoke-free goal by 2025 [2]. 

Stimulant addiction is a complex neuro-behavioural disorder, which involves multiple 

neurotransmitters [27], among the most intensively studied is dopamine. Having a molecular 

structure resembling dopamine, methamphetamine exerts its pharmacological mechanism 

mostly in dopamine-rich regions, such as the ventral striatum and prefrontal cortex [28,29]. 

When methamphetamine enters dopamine neurons, it promotes the release of dopamine, either 

by disrupting the neurotransmitter vesicle to release its contents (dopamine, among others 

neurotransmitters) into the cytoplasm, or by ‘hijacking’ the monoamine transporters to release 

dopamine (and other monoamines) from the cytoplasm into the synapse while at the same time 

inhibiting dopamine uptake (see Figure 1) [28,30]. The abundance of dopamine in the synapse 

is primarily responsible for the euphoric effects of methamphetamine (half-life: 10-11 hours) 

[31]. Yet, the role of dopamine is far more complex than creating pleasure; it also modulates 

the motivational process of drug-seeking (craving), as well as attentional processing of reward-

related stimuli (attentional bias), which leads to the vicious cycle of addiction [32]. 

Nicotine can also promote dopamine release, which occurs via modulation of nicotinic 

acetylcholine receptors, particularly in the ventral tegmental area (see Figure 2) [20,33]. 

Nicotinic receptors are expressed by dopamine neurons and presynaptic glutamate terminals, 

and upon reaching ventral tegmental area, nicotine can stimulate both dopamine neurons and 

glutamatergic terminals simultaneously [33,34]. Nicotinic activation on dopamine neurons 

produces its acute effect [34]. These receptors located on dopamine neurons, however, 

desensitise rapidly and recover slowly during overnight abstinence, which may explain why 

according to smokers, the first cigarette of the day is the most pleasurable [20,34,35]. 

Throughout the day, smokers smoke mainly to maintain plasma nicotine levels, which declines 

rapidly with the half-life of ~2 hours [33]. Some rewarding effects associated with prolonged 

enhancement of dopamine release are achieved primarily via nicotinic activation on the 

presynaptic glutamate terminals [20,33,34]. In the same manner as with methamphetamine, 

dopamine is universally thought to play a pivotal role in development and maintenance of 

nicotine dependence [32,34].  



Introduction 

4 

 

Figure 1 Mechanism of Dopamine Release and Neuronal Damage by Methamphetamine 

Methamphetamine (drawn in pink) entered dopamine neuron via dopamine transporter (drawn in red) or direct 

diffusion. Methamphetamine promotes dopamine synthesis and inhibits dopamine intake into monoamine 

vesicles, both resulting in high concentration of cytosolic dopamine. Dopamine in the cytosol is easily oxidised 

to form dopamine-quinone and by-product peroxynitrite (ONOO-). Both are highly radical and can attack DNA, 

endoplasmic reticulum, mitochondria, and any protein, eventually resulting in cell death. Methamphetamine can 

also hijack vesicles to release dopamine and block dopamine re-uptake into the cell by inhibiting dopamine 

transporter. (based on Sulzer et al., 2005 [30] and Krasnova and Cadet, 2009 [36]) 

MA = methamphetamine, DA-quinone = dopamine quinone, PTP = permeability transition pore, ATP = adenosine 

triphosphate 

Acute stimulant use has been known to alter the neurotransmission systems in the brain [37,38]. 

It is therefore rational to acknowledge that repeated use of stimulants results in some 

temporary, and potentially long-term, changes [39,40]. Indeed, in the last three decades, with 

the advancement of neuroimaging technology, researchers have been trying to study metabolic, 

structural, and functional changes in the brain of stimulant users [41–43]. Long-term stimulant 

users show a distinctive profile in dopamine-rich regions such as the striatum and prefrontal 

cortex [44–46], such as: (1) loss of dopamine transporter and dopamine receptor availability 

[47–55]; (2) larger striatal volume [56–60] and smaller frontal grey matter (GM) volume 

[45,60–65]; and (3) frontal hypoactivation and striatal hyperactivation during cognitive control 
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and decision-making tasks [66–73]. However, these findings cannot be linked directly as the 

outcome of chronic stimulant use, due to possible pre-existing conditions. While it is highly 

likely that dopaminergic alterations, due to the pharmacological mechanism of 

psychostimulants, are neuroadaptive changes associated with chronic abuse [74], the same 

assumption cannot be made for the structural and functional findings. Interestingly, a study 

conducted in siblings of stimulant (cocaine) users reported structural ‘abnormalities’ in both 

users and their non-using siblings, suggesting that some alterations may predate drug use [75].  

 

Figure 2 Glutamate-Mediated Dopamine Neuron Activation by Nicotine 

Nicotine activates dopamine neurons in the ventral tegmental area (midbrain) via α4β2 receptors, or via 

GABAergic input to dopamine neurons. Nicotine can also activate dopamine neuron via presynaptic α7 receptors 

(located in glutamatergic terminals). Prolonged exposure to nicotine desensitises α4β2 receptors, but α7 receptors 

remains activated. Reprinted from Koob & Le Moal. 2006 [20] with permission from Elsevier© 2006. 

Stimulant dependence has also been associated with deficits in cognitive control, memory and 

learning, and decision-making, which are reported in both current and past users [76–81]. Poor 

cognitive control and higher impulsivity/sensation-seeking are also observed at the early stage 

of addiction (occasional use) and even in siblings of chronic stimulant users, suggesting 

behavioural endophenotypes for addiction [82–86]. Perhaps both are equally true: while 

impaired cognitive functioning may represent vulnerability markers of drug dependence, 

chronic stimulant use alters the corticostriatolimbic circuit associated with learning deficit, 

poor inhibitory control, and higher risk-taking which make it more difficult to maintain 
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abstinence [87–90]. It is therefore important to assess cognitive functioning in abstinent 

stimulant users, notably related to risky/impulsive decision-making, since this may have 

clinical relevance in identifying individuals at risk of relapse [91,92]. 

To better understand the extent of brain alterations and cognitive deficits associated with 

stimulant use, and identify the gaps in our current knowledge, two literature reviews are 

presented separately on research pertaining to methamphetamine and nicotine use. Within the 

scope of this introduction chapter, the terms “cognitive control” and “executive function” are 

used interchangeably. Furthermore, cognitive control may be used to describe either inhibitory 

control, or cognitive flexibility, or both. And finally, the term “impulsivity” is defined as 

impulsive choice (e.g., choosing small-immediate reward over larger-delayed reward) rather 

than impulsive action (e.g., failure to inhibit response during stop signal task) [93]. 

1.1 Literature Review 1: Methamphetamine Use and Cognitive Function 

1.1.1 Introduction 

Chronic methamphetamine abuse has been associated with impaired cognitive function in 

several domains, such as attention, memory, and executive function [94–96]. While it is not 

possible to conclude that these deficits were the results of methamphetamine use due to the 

cross-sectional design of the studies conducted, animal studies have provided the evidence for 

the causal effect: memory deficits have been observed in rodents treated with 

methamphetamine [97–100] and impaired inhibitory control has been observed in monkeys 

[101]. Study in twins also reported that amphetamine users had poorer performance on 

attention and psychomotor functions, than their non-using twins [102]. Interestingly, despite 

the higher rates of ‘impairment’ in methamphetamine group relative to controls in learning, 

psychomotor, and attention domains, impaired and normal methamphetamine subjects were 

comparable in all methamphetamine use parameters, such as age of first use, years of use, 

amount of use, and length of abstinence, suggesting the potential contribution of other factors, 

e.g., genetics [103,104]. Taken together, these findings support the notion that 

methamphetamine abuse causes cognitive decline, at least in some individuals [103]. 

Neuroimaging techniques have been used to study brain structure, metabolism, and function in 

methamphetamine users. Some regions have been reported to show significant differences 

between methamphetamine and control groups, such as prefrontal cortex (PFC) and anterior 

cingulate cortex (ACC), striatum, and the frontal white matter (WM). In early studies using 
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Positron Emission Tomography (PET), lower dopamine transporters [47–49] and dopamine 

receptor availability [50,51], as well as lower serotonin transporter density [105] have been 

observed in the striatal region in groups of methamphetamine subjects. Studies using Magnetic 

Resonance Imaging (MRI) have reported larger striatal volume [56] and smaller cortical 

volume in methamphetamine groups [61,62]. Meanwhile, studies using Magnetic Resonance 

Spectroscopy (MRS) in methamphetamine individuals have observed lower N-acetylaspartate 

(NAA) level, a proposed marker for neuronal integrity [106,107], in the frontal WM and the 

ACC [108–110]. Diffusion Tensor Imaging (DTI) studies have reported lower restricted 

diffusion or fractional anisotropy (FA) in frontal WM of methamphetamine groups [111,112]. 

Lower restricted diffusion or higher apparent diffusion may indicate impaired WM integrity. 

Lastly, studies using Functional Magnetic Resonance Imaging (fMRI) have reported lower 

activation in the PFC and the ACC in groups of methamphetamine users during attention [68] 

and decision-making tasks [66,67]. Attenuated activation may reflect reduced resources to 

process information and may result in performance deficits. 

This review (now published in Drug and Alcohol Dependence volume 194 p. 75-87, 2019, 

titled Methamphetamine use and cognitive function: A systematic review of neuroimaging 

research; see Appendix for Supplement 1) aims to systematically clarify the link between 

cognitive performance and brain measures, such as regional volume, glucose metabolism, 

NAA levels, FA values, and neuronal activation, in individuals with a history of amphetamine 

abuse. In this review, we identify relevant studies using different imaging modalities such as 

PET, MRI, DTI, MRS, and fMRI.  

1.1.2 Material and Methods 

Relevant articles were collected from three databases: Ovid, Scopus, and Web of Science 

between 1980 and January 2017. The search strategy was designed to retrieve as many studies 

as possible that were conducted using neuroimaging techniques and evaluated cognitive 

function in participants who were users or past users of methamphetamine. The search was 

performed using three groups of keywords: (1) terms related to cognitive function; (2) 

methamphetamine or amphetamine; and (3) terms related to neuroimaging (see Appendix for 

Supplement 2). Search strategies were defined specifically for each database; some terms were 

truncated, and some were found using subject headings. Terms in each group of keywords were 

combined with “OR”, and the search was run by combining the three groups at once with 

“AND”. The articles found from each database were screened by abstract and/or title. The 
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results were combined, and duplicates were removed. Full-text articles were then assessed for 

eligibility based on inclusion criteria. 

Studies were considered for potential inclusion if they met all the following criteria: (1) were 

original research; (2) were published in English; (3) studied methamphetamine or amphetamine 

effects on the human brain; (4) used a neuroimaging technique that could be applied globally 

to examine brain structure, function, or metabolism, along with a task to assess cognitive 

function; (5) methamphetamine or amphetamine was the primary drug of abuse; and (6) 

reported correlation analyses between cognitive performance and brain imaging. Studies were 

excluded if they met any of the following criteria: (1) were reviews or case studies; (2) exposure 

to methamphetamine or amphetamine was prenatal; (3) methamphetamine or amphetamine use 

was comorbid with other diseases or neurological disorders (e.g., HIV, psychosis); (4) the task 

used did not have an objective measure for cognitive deficit (e.g., prediction task); and (5) 

correlations with task-specified cognitive performance were not clearly presented (e.g., scores 

from Stroop task and Wisconsin card sorting task are averaged for executive function). 

1.1.3 Results 

Twenty-nine studies met the inclusion criteria: 28 studies of methamphetamine users and 1 

study of polydrug users [113]. Two studies were performed in active users [58,114], while the 

rest were carried out with abstinent subjects (n = 27). The neuroimaging techniques used in 

these studies were PET (n = 6), MRI (n = 6), perfusion MRI (n = 1), DTI (n = 3), MRS (n = 3), 

and fMRI (n = 10). The included studies were assessed and grouped by cognitive domain: 

psychomotor function (n = 3); working memory (n = 4); attention (n = 9); cognitive flexibility 

(n = 5); inhibitory control (n = 2); cognitive impulsivity (n = 4); and risky decision-making (n 

= 4). The tasks used for each domain were described in Table 1. 

Table 1 Cognitive Tasks and Descriptions – Methamphetamine Review 

Task Description Cognitive 

Domain 

Grooved 

Pegboard 

Subjects are asked to insert pegs in small holes angled in 

different directions. Performance is measured by RT. 

Psychomotor 

Timed Gait Subjects are asked to walk in a straight line for a defined 

distance. Performance is measured by RT. 

Psychomotor 
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Task Description Cognitive 

Domain 

One-Back Cued 

Response Task 

Subject are asked to respond whenever ‘X’ follows ‘A’. 

Performance is measured by RT and accuracy. 

Working 

Memory 

One-Back Task Subject are asked to respond when two targets in sequence 

are identical. Performance is measured by RT and accuracy. 

Working 

Memory 

Two Back Task Subject are asked to respond when the current target is the 

same as the target that appeared two back in the sequence. 

Performance is measured by RT and accuracy. 

Working 

Memory 

One-Increment 

Task 

Subject are asked to respond when two numbers are in 

ascending sequence. Performance is measured by RT and 

accuracy. 

Working 

Memory 

One Card 

Learning 

A card is presented face up in the centre of the screen. 

Subjects must decide whether they have seen the card 

before. Performance is measured by accuracy. 

Working 

Memory 

Rey Auditory 

Verbal Learning 

Task (RAVLT) 

Subjects are required to learn and recall lists of unrelated 

words immediately, after a time delay, and after a distractor. 

Performance is measured by accuracy. 

Working 

Memory 

Repeated 

Memory Test 

The task presents words and drawings for 1 second each. 

Subjects are asked to perform unrelated tasks to distract 

them, and then they will be tested for recall and recognition. 

Performance is measured by accuracy. 

Working 

Memory 

International 

Shopping List 

Subjects are asked to read a shopping list and to remember 

as many items as they can. Performance is measured by 

accuracy. 

Working 

Memory 

Continuous 

Paired 

Association 

Learning 

A picture is presented in the centre of the screen surrounded 

by several pictures, one of them matches the picture in the 

centre. Next, all the surrounding pictures are covered, 

showing only the central picture. Subjects must tap on the 

location where the picture previously appeared. 

Performance is measured by accuracy. 

Working 

Memory 

Groton Maze 

Learning 

A 10 x 10 grid of tiles is presented on the screen. A 28-step 

pathway is hidden among these tiles. A blue tile indicates 

the start and a tile with red circles indicates the finish. 

Subjects must move one step at a time from the start toward 

the end by touching a tile next to their current location. A 

green checkmark appears if the correct move is made, and a 

red cross is revealed if the move is incorrect. Once 

completed, they are returned to the start location to repeat 

the test and must try to remember the pathway they have 

just completed. Performance is measured by accuracy. 

Working 

Memory 
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Task Description Cognitive 

Domain 

Symbol Digit 

Modalities 

Subjects are asked to identify the number associated with 

each one of the symbols arranged randomly in a row. 

Performance is measured by accuracy. 

Attention 

Auditory 

Continuous 

Performance 

Task (CPT) 

The task presents tones every 2 seconds, and subjects are 

required to respond to the target tones (high pitch) that are 

presented within a sequence of distracting tones (lower 

pitch). Performance is measured by RT and accuracy. 

Attention 

Stroop Task 

(Word) 

In each trial, task displays a word (name of a colour), tinted 

with the colour of the word itself (congruent/non-conflict), 

or with a different colour (incongruent/conflict). The 

conflict occurs when the colour does not match the word; 

naming a colour takes longer than reading a word. 

Performance is measured by the Stroop effect (RT from 

incongruent trials – RT from congruent trials) or the Stroop 

interference (RT from incongruent trials – RT from neutral 

trials). The higher the Stroop effect or the Stroop 

interference, the poorer the performance is. 

Attention 

Spatial Stroop 

Task 

In each trial, task displays a word (UP or DOWN), located 

at the top or bottom of the screen. The conflict occurs when 

the word does not match the position (i.e., UP located at the 

bottom of the screen). Performance measures are identical 

to the word Stroop task. 

Attention 

Wisconsin Card 

Sorting Task 

(WCST) 

The task requires subjects to sort the cards based on colour 

or shape or number. Subjects are not informed on how to 

sort the card, but they will get feedback whether it is right 

or wrong. The rule keeps changing after n number of trials. 

Performance is measured by accuracy. 

Cognitive 

Flexibility 

Go/No-Go Task Subjects are instructed to press the button (‘go’) when they 

see some stimuli, and not to press (‘no go’) when they see a 

different stimulus. Performance is measured by RT and 

accuracy. 

Inhibitory 

Control 

Iowa Gambling 

Task (IGT) 

Subjects are presented with four decks of cards. 

Unbeknown to subjects, two decks are the advantageous 

decks, associated with small rewards and low penalties 

(overall net gain); whereas the other two decks are the 

disadvantageous decks, associated with large rewards and 

high penalties (overall net loss). Performance is measured 

by net score (number of advantageous cards – number of 

disadvantageous cards). 

Cognitive 

Impulsivity 
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Task Description Cognitive 

Domain 

Delay 

Discounting Task 

(DDT) 

In each trial, subjects are given two choices of hypothetical 

rewards. One offers a smaller reward in a short delay, and 

the other one offers a larger reward with a longer delay. 

Performance is measured from k value, where a higher 

value is associated with a higher impulsivity. 

Cognitive 

Impulsivity 

Decision-Making 

Task (DMT) 

Subjects are presented with two choices of gamble depicted 

in histogram, showing the probability ratio of winning ¢X0 

or losing ¢Y0 amount of money. One histogram is the 

control gamble, offering a small amount of money (¢10) 

with equal chances (50:50) of winning and losing. The other 

histogram is the experimental gamble, offering a higher 

amount of money (¢20 or ¢80) with low chance (25:75) or 

high chance (75:25) of winning. Performance is measured 

by frequency of experimental gamble and money earned. 

Risky Decision-

Making 

Balloon 

Analogue Risk 

Task (BART) 

Subjects are given two choices: to pump the balloon or to 

cash in. With each pump, subject may gain more money 

($0.25), or may also gain nothing if the balloon explodes. 

Performance is measured by number of pumps and money 

earned. 

Risky Decision-

Making 

Risky Gains Task 

(RGT) 

In each trial, the points are presented in an ascending order 

(20 – 40 – 80). The task consists of +20, +40, and +80 

unpunished trials, and -40 and -80 punished trials, presented 

in randomised order. Subjects may either respond to take 

the points on display or wait for the higher points to appear 

with the risk of losing more points. For example, on -80 

punished trial, subjects can earn the points if they respond 

to 40, but once 80 is on display, they will lose 80 points. 

Performance is measured by frequency of risk-taking. 

Risky Decision-

Making 

1.1.3.1 Psychomotor Function 

The methamphetamine group was not significantly different from the control group in 

psychomotor task performance [57]. However, performance in methamphetamine subjects was 

positively correlated with regional volume and metabolism [57]. Volkow et al. reported a 

correlation between performance on the grooved pegboard task and glucose metabolism in the 

parietal cortex (higher in the methamphetamine group than in controls) [115]. In the following 

study by Wang et al., a positive correlation was observed between change in performance on 

the timed gait test and metabolic change in the thalamus after protracted abstinence (11-17 

months) [116]. In an MRI study, Chang et al. also observed a correlation between performance 
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on the non-dominant grooved pegboard task and the volumes of putamen and globus pallidus 

(larger in the methamphetamine group than in controls) [57]. 

1.1.3.2 Working Memory 

Methamphetamine subjects performed significantly more poorly than controls on the memory 

tasks [117]. A positive correlation was observed between performance and brain measures 

(regional blood flow, metabolism, and volume), except in one study by Du et al. [118]. Chang 

et al. observed a correlation between performance on the one-back cued response task and 

regional cerebral blood flow (rCBF) in the right lateral parietal cortex (lower in the 

methamphetamine group than in controls) [117]. Wang et al. reported a correlation between 

performance on the RAVLT (delayed recall) and increased metabolism in the thalamus after 

protracted abstinence (≥ 9 months) [116]. Thompson et al. also observed a correlation between 

performance on the repeated memory test (word-recall) and hippocampal volume (smaller in 

the methamphetamine group than in controls) [119]. 

1.1.3.3 Attention 

Methamphetamine  groups showed poorer performance than control groups on the CPT and 

Stroop tasks, and the performance was positively associated with regional metabolism, volume, 

NAA level, and FA value [114,120–124]. In one PET study, a correlation was observed 

between performance on the symbol digit modalities task and increased thalamic metabolism 

after protracted abstinence [116]. In another PET study, a correlation was observed between 

performance on the CPT and glucose metabolism in the ACC (lower in the methamphetamine 

group than in controls), left insula, and left hippocampus [120]. Three MRS studies observed 

a correlation between performance in the Stroop task and NAA level in the ACC (lower in the 

methamphetamine group than in controls) [114,121,125], and one study using DTI observed a 

correlation between Stroop performance and FA value in the genu of the corpus callosum [122]. 

Two studies have reported a negative association between performance and regional 

metabolism or activation [124,126]. Berman et al. observed a correlation between change in 

performance on the CPT and increased parietal metabolism after four weeks of prolonged 

abstinence, which was due to a decline in performance after retest [126]. Meanwhile, Salo et 

al. reported a correlation between Stroop performance on conflict – conflict sequence (relative 

to non-conflict – conflict sequence) and PFC activation in the methamphetamine group; 
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whereas a trend towards positive correlation was observed in controls [124]. It was observed 

that, while controls showed improvement in reaction time (RT) on conflict trials when preceded 

by conflict trials and increased PFC activation, methamphetamine subjects showed no 

advantage and reduced PFC activation [124]. 

1.1.3.4 Cognitive Flexibility 

Poorer performance was observed in the methamphetamine group relative to the control group 

in all five studies [127–131]. In addition, a positive correlation was observed between WCST 

performance and brain measures, except in one study [127]. In the three studies with 

overlapping subjects, performance was correlated with glucose metabolism and FA value in 

the right frontal WM (lower in the methamphetamine group than in controls) [128,129], as well 

as with GM density in the right PFC (lower in the methamphetamine group than in controls) 

[130]. YT Kim et al. did not observe any correlation between performance and glucose 

metabolism in the left inferior frontal WM (lower in the methamphetamine group than in 

controls) [127], while IS Kim et al. observed a correlation between performance and FA value 

in the genu of the corpus callosum (lower in the methamphetamine group than in controls) 

[131]. 

One study compared two groups of methamphetamine subjects in short-term (< 6 months) and 

protracted abstinence (≥ 6 months) [130]. Subjects in short-term abstinence showed lower GM 

density in the PFC and had worse performance than those in protracted abstinence [130]. 

However, when compared to controls, subjects in protracted abstinence still showed lower PFC 

density and performed more poorly [130].  

1.1.3.5 Inhibitory Control 

Abstinent methamphetamine subjects made more errors on the task, but performed comparably 

to controls on the trials preceded by cues [132]. In addition, methamphetamine subjects 

activated the ventral ACC in response to the predictive cues and this activation was positively 

associated with performance [132]. In another study, Jan et al. also observed a positive 

correlation between performance and GM density in the right putamen (higher in the 

methamphetamine group than in controls) [58]. 
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1.1.3.6 Cognitive Impulsivity 

Methamphetamine groups discounted more heavily on the DDT [133–135] and had lower 

scores on the IGT relative to the control group [136]. A negative correlation was observed 

between impulsivity and regional activation or GM density [133,134]. Monterosso et al. 

observed that delay discounting across subjects was associated with activation in the left PFC 

on the “hard choice > no choice” contrast (lower in the methamphetamine group than in 

controls) [134]. Schwartz et al. also observed a negative correlation between impulsivity and 

GM density in the left PFC (lower in the methamphetamine group than in controls) [133]. 

Meanwhile, a positive correlation was also observed between impulsivity and brain measures 

[135]. Hoffman et al. observed a correlation between delay discounting in methamphetamine 

subjects and differential activation in the PFC on the “hard task – control task” contrast (lower 

in the methamphetamine group than in controls) [135]. The MRI study by Schwartz et al. also 

reported a positive correlation between impulsivity and GM density in the putamen-ventral 

striatum [133]. In another study, Bischoff-Grethe et al. found that, within the 

methamphetamine group, higher impulsivity (lower IGT score) was associated with activation 

in the ventral striatum in response to loss outcomes [136]. In addition, methamphetamine 

subjects exhibited greater activation in the caudate on loss outcomes relative to gain outcomes, 

whereas controls did not show differential activation between the two outcomes [136]. 

1.1.3.7 Risky Decision-Making 

Methamphetamine/amphetamine users made more risky decisions [113,137] and earned less 

money than controls [69]. In two studies, Gowin et al. reported a negative correlation between 

the frequency of risky decisions in methamphetamine subjects and activation in the rostral ACC 

and anterior insula [92,137]. The other two studies did not observe any correlation between 

behavioural performance and regional activation in methamphetamine/amphetamine users 

[69,113]. Both studies, however, observed lower activation in the lateral PFC associated with 

high gain risky decisions in the methamphetamine/amphetamine group relative to the control 

group [69,113]. In addition, higher activation in the ventral striatum was observed in 

methamphetamine group as a function of risk-taking, relative to controls [69]. 

One study compared behaviour and regional activation between methamphetamine subjects 

who maintained abstinence and those who relapsed in the following year [92]. No behavioural 

difference was observed between groups, but relapsed subjects showed less or no activation in 
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the anterior insula on the “risky decisions > safe decisions” contrast, relative to non-relapsed 

subjects [92]. In addition, there was a negative correlation between differential activation in 

the right insula and probability of relapse [92]. 

1.1.4 Discussion 

The main finding of this review is that there is a strong indication of relationship between brain 

imaging measures and cognitive performance in methamphetamine users. In all cognitive 

domains, methamphetamine subjects showed poorer performance than controls. Qualitative 

comparisons across different imaging modalities showed that in most cases, poorer 

performance was associated with deficits in the brain measures, such as lower metabolism, GM 

density, FA, NAA, and activation. In this discussion, deficits in cognitive control and neural 

correlates of impulsivity have been identified as the core issues. In addition, the disparities of 

findings and limitations of the review will be discussed. 

1.1.4.1 Cognitive Control Deficits in Methamphetamine Dependence 

Cognitive control or executive function is the ability to pursue goal-directed behaviour [138]. 

Cognitive control in this review has been studied using the auditory CPT, Stroop task, WCST, 

and Go/No-Go tasks. The ACC has been most consistently observed to show group difference 

on these tasks. Lower metabolism [120] and NAA levels [114,121,125] in the ACC have been 

associated with poorer performance on the auditory CPT and the Stroop task, while ACC 

activation has been associated with better performance in the Go/No-Go task [132]. 

Meanwhile, studies using the WCST have reported prefrontal deficits (lower glucose 

metabolism, GM density, and FA) in methamphetamine subjects, and these deficits were 

associated with poorer performance on the task [128–130]. 

Both the PFC and ACC are engaged in cognitive control and have been proposed to be 

connected through dopamine projections that run from the ACC to the PFC [139,140]. The 

ACC detects the occurrence of conflict, while the PFC is responsible for maintaining goal-

directed behaviour [139]. PFC activation in the absence of ACC activation has been observed 

in the tasks that require maintenance and manipulation of information in working memory, 

e.g., the WCST [140]. On the other hand, the ACC has been found more active than the PFC 

in the tasks that require divided attention [140], such as the Stroop task and the Go/No-Go task. 
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In a more difficult task, however, it becomes impossible to dissociate the roles of the PFC and 

ACC as there is a demand for more resources to process the information. 

1.1.4.2 The Neural Correlates of Impulsivity in Methamphetamine Subjects 

Despite using different tasks, studies of decision-making in this review have consistently 

provided evidence for impulsive behaviour in methamphetamine subjects. Studies using the 

DDT and the IGT have reported higher rates of delay discounting in methamphetamine groups 

(a higher tendency to choose a smaller-immediate reward over a larger-delayed reward) relative 

to controls [133–136]. Delay discounting has been associated with lower activation [134] in 

the PFC, but higher activation in the striatum [136]. The methamphetamine group exhibited 

similar PFC activation during ‘hard’ and ‘easy’ trials [134], and during ‘hard’ and control tasks 

[135], suggesting an inefficiency in cortical processing that may contribute to delay 

discounting. In addition, methamphetamine subjects showed lower striatal response on loss 

anticipation, but higher on loss outcome, suggesting an impaired ability to evaluate future risks 

and benefits [136]. 

Meanwhile, studies using tasks to assess risky decision-making (DMT and BART) have also 

suggested higher impulsivity in the methamphetamine group. When choosing an experimental 

gamble, experienced users exhibited lower PFC activation when the reward was high but higher 

parietal activation when the probability was high, suggesting that they were more attracted by 

the availability of reward rather than the magnitude of reward [113]. Similarly, another study 

observed a decreased sensitivity (change in activity as a function of risk-taking) of the 

dorsolateral PFC and an increased sensitivity of ventral striatum in methamphetamine group 

[69]. Methamphetamine subjects also took fewer risks and earned less money than controls 

[69]. The authors argued that the activation of dorsolateral PFC was responsible for the 

selection of large, long-term reward despite incurring small immediate losses, while the 

activation of ventral striatum led to the selection of short-term reward, hence resulting in the 

lower risk-taking observed in methamphetamine subjects [69]. 

Dopamine has long been thought to play a significant role in impulsivity. It has been proposed 

that reward-directed behaviour is regulated by the balance between cortical and striatal 

dopamine levels, as PFC dopamine promotes cognitive stability, while striatal dopamine 

promotes cognitive flexibility [141]. Increasing dopamine level in the PFC has been reported 

to reduce impulsivity in healthy subjects performing the DDT [142]. On the contrary, greater 
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striatal dopamine transporter availability was associated with higher impulsivity in healthy 

individuals [143]. In addition, impulsivity in methamphetamine-dependent subjects seems to 

be mediated by dopamine D2 receptors (auto-receptors), which regulate the release and uptake 

of dopamine [144,145]. Lower dopamine D2 receptor availability in the striatum has been 

observed in methamphetamine users, and has been associated with higher impulsivity 

[50,51,144]. 

1.1.4.3 Disparities and Absence of Findings 

Five studies in this review reported no correlation between brain measures and behavioural 

performance. The absence of a brain-behaviour correlation may simply mean there is no 

correlation between the region of interest and the behaviour studied. One study failed to find a 

correlation between number of errors on the WCST and glucose metabolism in the left frontal 

WM (the region of significant group difference) [127], while it has been reported to be 

associated with the right frontal WM [129]. Another possible reason is the small sample size. 

Salo et al. failed to observe a significant correlation between RT on the Stroop task and PFC 

activation [123]. However, with a larger sample size (including subjects from the previous 

study), a negative correlation was observed in the subsequent study [124]. Poor task design can 

also contribute to the lack of correlation. Koester et al., who also did not find a correlation 

between neuronal activation and behavioural performance in their study, argued that “the 

paradigm at hand was potentially not specific enough in a way that the gap between risky 

choices and safe choices was too big” [113]. Appropriate identification of an objective 

behavioural measure is also critical. For example, money earned and regional activation may 

not reflect a brain-behaviour relationship [69]. Lastly, segmentation techniques may also play 

a significant role. Using an automatic extraction method, one study failed to observe a 

correlation between hippocampal volume and memory performance [118]. However, an early 

study using a manual tracing technique has observed a group difference in hippocampal volume 

as well as a positive correlation with performance on memory task [119]. 

In most studies, a positive association was observed between task performance and brain 

measure. However, four studies have reported the opposite, where increased metabolism and 

activation were associated with poorer performance [124,126,135,136]. One study observed a 

negative correlation between change in glucose metabolism and change in performance after 

retest (one week versus four weeks later) [126]. The correlation emerged from a decline in 

performance, accompanied by increased metabolism in the parietal cortex, which may be 
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attributed to reactive gliosis that occurred after the first week of abstinence [126]. One study 

observed a negative correlation between RT adjustment between trials on the Stroop task and 

PFC activation in methamphetamine group, with a trend towards positive correlation in control 

group [124]. The authors suggested that, while control subjects activated the PFC in response 

to RT adjustments, methamphetamine subjects failed to activate the PFC in order to sustain 

adaptive trial-to-trial RT adjustments [124]. The other two studies reported regional activation 

associated with poorer performance on impulsivity task (higher impulsivity) [135,136]. The 

latter cases are commonly observed in functional imaging, where one task can activate several 

regions (task-positive network) and deactivate other regions (task-negative network) 

[146,147]. 

Lastly, not all studies observed differences between methamphetamine and control groups in 

both brain measures and behavioural performance. Comparable performance between groups 

has been observed with significant group differences in brain measures. On one hand, normal 

performance in methamphetamine group may be a result of compensatory responses of the 

brain (striatal enlargement) to maintain function [57,58]. On the other hand, the task may be 

too easy (e.g., spatial Stroop task) [125] or lack the sensitivity to detect a behavioural difference 

between two similar groups (e.g., relapsed versus non-relapsed subjects) [92]. Interestingly, 

one study has reported a group difference in performance but not in the brain measures [122]. 

In this case, it appears that the region of interest (corpus callosum) might not best represent the 

cognitive function measured by the task (Stroop task) [122]. 

1.1.4.4 Limitations of the Review 

The current article summarised brain-behaviour correlations from different imaging modalities 

which measured different properties. This review was not designed to directly compare the 

regions of interest between studies, and hence readers are advised to treat the imaging results 

as relevant data rather than as the main findings. 

Second, the effect of comorbid cigarette smoking, which is highly prevalent in 

methamphetamine subjects, cannot be ruled out as potential confounder. Nicotine withdrawal 

during scanning may lead to confounding results, and to avoid this, some studies allowed 

subjects to smoke on the day of scanning [120,129,135]. Chronic cigarette smoking may also 

partially contribute to GM deficits observed in the PFC, ACC, and caudate [61,148,149]. To 

account for this, some studies used smoking status as a covariate, while others did post-hoc 
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analysis on smoker versus non-smoker methamphetamine subjects. However, half of the 

studies did not report smoking status, and none of the studies provided the duration of 

abstinence from nicotine. 

Third, multiple studies with overlapping samples may lead to potential bias. Findings across 

studies may seem consistent when, in fact, they were attributed to the same subjects, only 

scanned for different measures. For example, the right frontal WM was found to correlate 

positively with WCST performance in two studies with partially overlapping subjects, one 

using DTI and the other one using MRI [128,129]. Multiple studies from the same authors may 

also be subject to bias, as they often focused on specific regions of interest based on findings 

from their previous studies. 

Finally, despite our objective to review brain-behaviour relationship in individuals with 

methamphetamine use history, we did not take into consideration the correlation with 

methamphetamine use parameters, e.g., cumulative dose, years of use, length of abstinence, 

etc. In fact, only three studies actually observed significant correlations between brain 

measures and methamphetamine use, as well as between brain measures and performance 

[57,133,137]. Two-thirds of the studies did not report regression analyses between 

methamphetamine use parameters and brain measures or performance. And several studies, 

despite reporting significant correlations between brain measures and task performance, failed 

to observe any correlation between brain measures and methamphetamine use parameters 

[58,114,117]. Therefore, caution is advised when interpreting the findings in this review as 

methamphetamine related. 

1.1.5 Conclusion 

Recent studies have provided some evidence for altered cognitive function in 

methamphetamine users in several domains, notably in cognitive control and decision-making. 

Consistent correlations have also been observed between performance on these functions and 

brain measures in some regions, particularly in the ACC, PFC, and striatum. Future research 

that investigates the relationship between the brain-behaviour data and methamphetamine use 

parameters is essential to identify regions that are more vulnerable to the neurotoxic effects of 

methamphetamine and, at the same time, rule out the findings unrelated to methamphetamine 

use, and is, therefore, strongly encouraged. 
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1.2 Literature Review 2: Nicotine Use and Cognitive Function 

1.2.1 Introduction 

Cigarette smoking has also been linked to some degree of cognitive impairment [150]. Relative 

to non-smokers, smokers were observed to exhibit significant impairment in cognitive 

flexibility and increased impulsivity, which paradoxically might have predisposed them to 

develop nicotine dependence [150]. Smokers also scored lower in cognitive tests (e.g., IQ) 

compared to their non-smoking siblings [151]. Furthermore, chronic cigarette smoking is 

associated with both structural and functional changes in the brain [43,152]. Nicotine exposure 

may induce widespread changes in the brain of smokers, which subsequently leads to altered 

cognitive processing [153]. In a multimodal meta-analysis of structural-functional alterations 

related to smoking, three regions in which GM deficits were often observed in smokers, 

ventromedial PFC, insula, and thalamus, were found to be linked to cigarette smoking [152]. 

These regions have a high density of nicotinic receptors, are involved in cognitive control as 

well as impulse control [154–156], and appear to be implicated in the initiation, escalation, and 

maintenance of smoking [152]. 

In other domains, the evidence for smoking-related cognitive impairment from the literature 

has been mixed. Nicotine has been known to produce different effects on cognition depending 

on the smoking status, e.g., satiated, deprived, past smokers, and acute exposure in non-

smokers [157]. For example, acute nicotine exposure is associated with enhanced performance 

in psychomotor and attention [158]. Nicotine withdrawal, on the other hand, is associated with 

cognitive deficits in attention, memory, and inhibitory control [78,159]. Interestingly, even 

with acute nicotine effects on memory and attention, chronic smokers still perform more poorly 

compared with non-smokers, implying that the baseline of performance may even be lower 

during abstinence [150,157,160]. 

To shed some light on the effects of nicotine on cognition, this review will present the evidence 

of cognitive enhancement or impairment in regular smokers/nicotine users, relative to non-

regular smokers, and in satiated smokers (smoking as usual) relative to deprived/abstaining 

smokers. The effects of acute nicotine on healthy subjects, and the long-term effect of nicotine 

in past smokers, are not within the scope of this review.  
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1.2.2 Methods 

Original research articles were extracted from Scopus database, using combination of nicotine 

and cognition-related terms, such as “nicotine and brain”, “nicotine and cognitive”, “nicotine 

and fmri”, “nicotine and task”, “nicotine and activation”, “nicotine and neuronal”, “nicotine 

and impulsivity”, and “nicotine and decision”. The search was limited to articles published 

between 1990 and 2020. Any article containing the search terms in the title, keywords, and/or 

abstract was then screened further for eligibility. Studies were included if they compared 

cognitive function between current smokers (including e-cigarettes) and non-current smokers 

(former or never-regular smokers), or between two conditions within smokers: smoking as 

usual or satiated’ (including a nicotine patch) vs abstaining from smoking for up to 24 hours 

or ‘deprived’ (including smoking denicotinised cigarette or wearing a placebo patch). The 

exclusion criteria were: (1) comorbidity with other neurological disorders (e.g., nicotine 

dependence and schizophrenia); (2) any tasks that used smoking-related cues and/or cigarette 

reward; (3) tasks that measured eye movement (e.g., anti-saccade task); and (4) tasks that 

assessed language and/or perception. 

1.2.3 Results 

Forty studies were included in this review; of which ten compared between satiated and 

deprived/withdrawal/placebo conditions [161–170], two compared between current and past 

smokers [171,172], two compared between smokers and non-smoking twins [173,174], and 

one compared between heavy drinker smokers and heavy drinker non-smokers [175]. Studies 

were grouped by cognitive domains: psychomotor function/attention (n = 3); working memory 

(n = 3); inhibitory control (n = 2); learning (n = 3); cognitive impulsivity/reward processing (n 

= 20); and risk-taking (n = 10). Due to the complexity of some tasks, the same studies might 

be mentioned in two different domains. The tasks used and their descriptions were presented 

in Table 2.  

Table 2 Cognitive Tasks and Descriptions – Nicotine Review 

Task Description Cognitive Domain 

Choice Reaction 

Task 

Subjects are presented with random stimulus (in either 

two or four choices) and are instructed to respond as 

quickly as possible by pressing the right key 

corresponding to the stimulus. 

Psychomotor, 

Attention 
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Task Description Cognitive Domain 

Conners' 

Continuous 

Performance Task 

Subjects are presented with random stimulus and are 

instructed to respond to any of them with one button, 

except when the letter X appears (no response). 

Psychomotor, 

Attention 

Stimulus-

Response 

Compatibility 

Task 

Similar to spatial Stroop task, subjects are presented 

with either the word 'LEFT' or 'RIGHT' and are 

instructed to respond by pressing the button on the 

corresponding side (left side for 'LEFT' stimulus and 

vice versa), regardless of the stimulus location (e.g., 

'LEFT' may appear on the right side and vice versa) 

Psychomotor, 

Attention 

Memory 

Scanning 

Paradigm 

Before each trial, subjects are given a set of letters to 

memorise. During the task, subjects are presented with 

random letter and are instructed to indicate (by pressing 

the response button) if the letter appears is from the 

memory set. 

Working Memory 

Prospective 

Memory Task 

Subjects are given two target items: word 'history' and 

non-word 'bolin'. Subjects then perform a lexical 

decision-making task in which they are required to 

indicate whether the stimulus presented is a word or 

non-word. At some points, the target items may appear 

as stimuli and subjects are instructed beforehand to 

withhold response when they identify the target items. 

Working Memory, 

Inhibitory Control 

Word Recall In each trial, subjects are presented with a stimulus word 

and are instructed to indicate whether it is living or non-

living. In the second half of the trial, another stimulus 

word is presented in colour and subjects are asked to 

name the font colour and to indicate whether the word is 

associated or not associated with the first stimulus. After 

completing the task, subjects are given a free-recall test 

to list as many words as they can from the task. 

Working Memory 

Go/Stop Task Subjects are presented with a series of three-digit 

numbers separated by 1-sec interval. Subjects are 

instructed to respond as quickly as possible when they 

see an identical number appears after another (go 

signal). Randomly in some trials, the matching number 

appears in red (instead of black) and upon seeing this, 

subjects are instructed beforehand to refrain from 

responding (stop signal). 

Inhibitory Control 

Contingency-

Shifting Iowa 

Gambling Task 

(csIGT) 

A variant of Iowa Gambling Task in which the reward 

and punishment contingencies of each deck are altered 

after 5 blocks, e.g., an advantageous deck may shift to a 

disadvantageous deck. 

Learning  
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Task Description Cognitive Domain 

Market Task Subjects are endowed with $100 to invest in a market 

game. At the beginning of the block, price history from a 

historical stock market is displayed. Subjects then invest 

a percentage (0 to 100%) of their endowment in each 

market segment. After each investment, the next market 

segment is revealed (fictive experience), and subjects’ 

current portfolio value and the percentage profit/loss are 

updated (actual experience). The process then repeats. 

Each market comprises 20 investment decisions. 

Learning 

Probabilistic 

Selection Task 

In the learning phase, subjects are presented with a pair 

of stimuli: A & B, C & D, and E & F, presented in 

Japanese Hiragana characters, and are required to select 

one in each trial. One stimulus in each pair is associated 

with higher probability of reward (e.g., 70% chance of 

reward and 30% chance of punishment) and the other 

stimulus is associated with the opposite contingencies 

(70% chance of punishment and 30% chance of reward). 

Subjects must learn themselves the contingencies of 

each stimulus from the feedback they receive. During 

the testing phase, subjects are presented with more 

combinations of stimuli, e.g., A & D, B & C, A & F, B 

& E, C & F, D & E, and are again required to select one 

which they believe to be the 'good' stimulus but without 

receiving any feedback. 

Learning 

Delay 

Discounting Task 

As described in Table 1 Cognitive 

Impulsivity 

Experiential 

Discounting Task 

A variant of Delay Discounting Task which includes 

probabilistic outcomes. For example, subjects are asked 

to choose between option A: 35% chance of getting 

$0.30 in 7 sec, and option B: 100% chance of receiving 

$0.10 immediately. 

Cognitive 

Impulsivity 

Intertemporal 

Choice Task 

Also known as Delay Discounting Task Cognitive 

Impulsivity 

Effort 

Expenditure for 

Reward Task 

In each trial, subjects must choose between two options 

to earn money: low- and high-effort. Low-effort option 

requires subjects to press the response button 30 times 

with their dominant index finger within 7 sec. The high-

effort option requires 100 button presses with non-

dominant little finger within 21 sec, with reward varies 

between $1.24 and $4.30. For both options, reward 

probability applies (either 12%, 50%, or 88% chance of 

receiving reward, with no punishment) and are displayed 

at the start of each trial, along with reward magnitude 

($1 for low effort and $1.24-$4.30 for high effort). 

Reward Processing 
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Task Description Cognitive Domain 

Probabilistic 

Reversal Learning 

Task 

Subjects are presented with two abstract colour patterns 

and are instructed to select one in each trial. One pattern 

is associated with monetary reward with 75% chance of 

reward and 25% chance of punishment, while the other 

pattern has the opposite contingencies (75% chance of 

punishment and 25% of reward). Subjects are not 

informed about the contingencies of each pattern and are 

instructed to try to win as much money as possible. 

Unbeknownst to them, the contingencies reverse once 

the rewarding pattern is selected 5 times consecutively. 

Reward Processing 

Monetary 

Incentive Delay 

Task (MIDT) 

At the beginning of each trial, subjects are presented 

with one of several cue shapes indicating potential 

incentive for that trial. Subjects then fixate on a 

crosshair while waiting for a target stimulus to appear, 

which they must respond to in time, in order to win the 

reward. 

Reward Processing 

Number Guessing 

Task 

At the beginning of each trial, a question mark is 

presented in the middle of the screen and subjects are 

asked to guess whether the number behind the question 

mark is smaller or larger than 5 (number could range 

between 1 to 9). Subjects win $1 for correct guess and 

lose $0.50 for incorrect guess. 

Reward Processing 

Wheel of Fortune 

Task 

A two-choice decision-making task with probabilistic 

outcomes. For example, subjects are asked to choose 

between option 1: 30% chance of receiving $2, and 

option 2: 70% chance of receiving $1. 

Reward Processing 

Balloon Analogue 

Risk Task 

(BART) 

As described in Table 1 Risk-Taking 

Columbia Card 

Task 

Subjects are asked to draw out cards from a stack of 32 

cards, each with possible gain or loss outcomes. In the 

'Hot' version of the task, subjects turn one card at a time 

with immediate feedback provided after each selection. 

Subjects can choose to stop drawing out cards at any 

time and cash in the money, or to continue until they 

draw out a losing card. 

Risk-Taking 

Iowa Gambling 

Task (IGT) 

As described in Table 1 Risk-Taking, 

Learning 
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1.2.3.1 Psychomotor and Attention 

Among smokers, those in the nicotine satiated condition showed improved performance 

relative to the placebo condition (denicotinised cigarette) during the Choice Reaction Task 

[161]. Similarly, satiated smokers also performed better than deprived smokers in the Stimulus-

Response Compatibility Task [163]. During Conners’ Continuous Performance Task, 

adolescent smokers were slower and made more errors than non-smokers [176]. One study 

comparing smokers and their non-smoking twins, also using the Choice Reaction Task, found 

that smokers performed more poorly than their non-smoking twins [173].  

1.2.3.2 Working Memory 

After smoking, smokers performed the Memory Scanning Paradigm more poorly than before 

smoking [162]. During the Prospective Memory Task, no difference was observed in 

performance between satiated and abstaining smokers [165]. Under the satiated condition, 

smokers performed better in word recall than non-smokers and smokers under placebo 

(denicotinised cigarette) [164].  

1.2.3.3 Inhibitory Control 

During the Go/Stop Task, male adolescent smokers performed better (faster stop time) than 

male non-smokers [176]. The opposite was observed in female smokers, who performed slower 

than female controls [176]. In another study, smoking did not improve accuracy in the 

Prospective Memory Task relative to abstaining [165]. 

1.2.3.4 Learning 

Current smokers, relative to non-smokers, performed more poorly on the Contingency-Shifting 

Iowa Gambling Task (csIGT) [172]. When compared with 24-hour abstinent smokers, satiated 

smokers performed better on the Probabilistic Selection Task [170]. In another study using the 

Market Task, smokers were observed to ignore fictive experience (what might have happened 

had they chose a different action) and only learned from actual experience (what they won or 

lost from their decision), while non-smokers learned from both fictive and actual experience 

[177]. 
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1.2.3.5 Cognitive Impulsivity and Reward Processing 

Current smokers were observed to discount more steeply during the Delay Discounting Task 

(DDT) relative to non-smokers [176,178–181] and former smokers [171]. Similarly, e-cigarette 

users also showed higher impulsivity on the DDT relative to never users [182]. Among heavy 

drinkers, smokers discounted delayed reward more heavily than non-smokers [175]. Among 

smokers, nicotine deprivation or abstinent condition was associated with steeper discounting 

compared with satiated condition [166,167], except in one study where no difference was 

observed between the two conditions [169]. 

Smokers were less sensitive to the changes in reward magnitude and probability during the 

Effort Expenditure for Reward Task, relative to non-smokers [183]. During performance of the 

Wheel of Fortune Task, nicotine deprivation (withdrawal) was associated with increased 

reward anticipation-related activation in the insula and paracingulate cortex, and decreased 

activation in the putamen and precentral gyrus [168]. In another study using the Probabilistic 

Reversal Learning Task, smokers showed decreased reward sensitivity (reward – punishment 

outcome-related activation) in the dorsal striatum and dorsal ACC, relative to non-smokers 

[184]. 

During the Monetary Incentive Delay Task (MIDT), blunted ventral striatum activation was 

observed during reward anticipation in smokers relative to non-smokers [156,185–187]. 

Smokers also exhibited attenuated activations in the PFC (superior frontal gyrus) and the ACC 

during anticipation of potential reward [187]. Similarly, in one study using the Number 

Guessing Task, smokers exhibited blunted ventral striatum response to reward outcome 

compared to their non-smoking twins [174]. Only one study reported increased reward-related 

activation in smokers relative to non-smokers, where hyperactivation was observed in the 

orbitofrontal and anterior insula region [188]. 

1.2.3.6 Risk-Taking 

Current smokers took more risks during the IGT and scored lower than non-smokers [172,189–

193], except in one study where no difference was observed between smokers and non-smokers 

[194]. Current smokers also performed more poorly than former smokers and non-smokers on 

the IGT [172]. 
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Smokers were observed to take more risks than non-smokers during the ‘Hot’ Columbia Card 

Task (‘hot’ CCT) [195]. During the Balloon Analogue Risk Task (BART), no difference was 

observed in risk-taking between smokers and non-smokers [196]. In a different study, also 

using the BART as the fMRI paradigm, smokers exhibited increased risk-taking-related 

activation in the dorsolateral PFC relative to non-smokers [197]. 

1.2.4 Discussion 

This review has identified several key findings on the effect of nicotine on smokers’ cognition. 

First, relative to non-smoking controls, regular smokers consistently exhibited higher 

impulsivity (steeper delay discounting) [176,178–182] and took more risks during the IGT 

[172,189–193]. In other domains, the results were less consistent, likely due to small number 

of studies, but poorer performance was also observed in smokers compared with non-smokers 

in psychomotor/attention [173,176], as well as cognitive flexibility/learning [172,177]. Second, 

among smokers, nicotine deprivation was associated with poorer performance, i.e., slower 

reaction time, lower accuracy, higher impulsivity, compared with satiated condition 

[161,163,164,166,167,170]. Third, smokers were less sensitive to reward than non-smokers 

[183], and exhibited attenuated reward-related activation (anticipation and outcome) in the 

striatum (both dorsal and ventral), PFC, and ACC [156,174,184–187]. Fourth, a positive effect 

of nicotine on smokers’ performance was observed in memory and inhibitory control, relative 

to non-smokers [164,176]. 

In general, smokers tend to prefer smaller, immediate rewards over higher, delayed rewards, 

compared to non-smokers. Likewise, smokers showed less prefrontal and striatal activation 

when anticipating reward. Striatal hypoactivation during reward anticipation has been 

consistently observed in individuals with substance use disorders and has been considered a 

key characteristic of addictive behaviour [198]. Furthermore, prefrontal hyposensitivity, 

coupled with striatal hypoactivation, may reflect reward learning deficits, which contribute to 

poor decision-making, and might even have predisposed occasional smokers to develop 

smoking habit [198]. While it is impossible to pinpoint which occurred earlier – A) impulsivity 

that contributed to smoking dependence, or B) chronic exposure to nicotine that resulted in 

brain alterations which manifests in impulsive behaviour – the current knowledge, though 

scarce, seems to suggest it may be both. In one study by Peters et al., adolescent smokers who 

mostly smoked on no more than 10 occasions in their lifetime, already exhibited significantly 

reduced striatal activation to reward anticipation, relative to adolescent controls [185]. The 
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investigators argued that this striatal hyposensitivity could not be the result of long-term 

nicotine exposure, and therefore suggested an underlying disrupted reward processing that 

might increase the likelihood of early nicotine use in adolescent smokers [185]. Furthermore, 

a twin study by Lessov-Schlaggar et al. also reported attenuated striatal response to reward and 

punishment in regular smokers, relative to their non-smoker twins [174]. Having a co-twin 

control design, including only identical pairs who had tried smoking (the non-smoking twins 

never became regular smokers), any within-pair differences observed could be “readily 

attributed to differences in smoking exposure than to differences in genetic or environmental 

risk for smoking” [174].  

Striatal hyposensitivity to reward appears to be partially attributed to acute nicotine effect as 

was observed in a study comparing smokers under nicotine and placebo conditions [187]. 

Interestingly, in non-smokers, nicotine seems to produce the opposite effects. After nicotine 

administration (transdermal), increased activation was observed in the striatum (both ventral 

and dorsal), ACC, and anterior insula, in response to reward anticipation [199]. In regular 

smokers, nicotine mainly produces its stimulant effect via activation of pre-synaptic glutamate 

receptors, due to desensitised receptors in dopamine neurons [33]. Non-smokers, having no 

prior exposure to nicotine, have more active nicotinic receptors, and thus experience stronger 

stimulant effects from a single, low dose of nicotine [34]. Chronic cigarette smoking has also 

been associated with neuroadaptive changes in the brain, which likely contribute to reduced 

neural response to natural rewards [43]. Those who smoked more cigarettes per day showed 

more blunted reward reactivity in the ventral striatum [200]. In addition, greater lifetime 

cigarette smoking was also associated with smaller ventral striatum [59,201], as well as reduced 

cortical thickness in the PFC [60,65].  

In addition to higher impulsivity, smokers were consistently observed to make more risky 

decisions while performing the IGT, resulting in lower net scores. Among the seven IGT 

studies included in this review, only one study did not observe a significant between-group 

effect on IGT performance [194]. In their next study, however, Businelle et al. managed to 

observe significantly lower performance in the smokers relative to controls, when they included 

only long-term heavy smokers (at least 20 cigarettes per day for ≥ 10 years) [192]. Originally 

designed to assess decision-making impairment in patients with prefrontal damage, the IGT 

may not be as sensitive to study relatively healthy smokers [202]. When learning is excluded, 

the net scores from the second half of the task (e.g., last 50 selected cards if the task consists 

of 100 trials), should reflect an individual’s preference towards safe, smaller reward or high 
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risk, large reward (or not) [203]. Indeed, this strategy (i.e., disregarding the first few blocks) 

was implemented in most studies. Smokers’ tendency toward risk-taking has also been 

observed in other task, namely the ‘hot’ CCT [195], but not in the BART [196], despite both 

having similar elements, i.e., (1) continuous turning/pumping to maximise points/money while 

at the same time risking to lose it all, and (2) option to cash in at any time [204,205]. Perhaps 

this discrepancy can be explained by the fact that the BART involves real monetary reward, 

while the IGT and CCT often do not. Cashing in during the BART, therefore, is comparable to 

choosing smaller, immediate reward [196]. Indeed, Dean et al. observed that smokers made 

fewer number of pumps than did non-smokers, and won less money, although this effect was 

not statistically significant [196]. Furthermore, another BART study found that smokers 

exhibited higher activation than non-smokers in the dorsolateral and ventrolateral PFC 

associated with risk-taking (i.e., pumping instead of cashing in) [197]. Interestingly, smokers 

have been observed to display hyperactivation in the dorsolateral PFC, as well as ventrolateral 

PFC, when inhibiting response associated with immediate reward, to obtain a larger delayed 

reward [72].  

This review has several limitations. First, we only used the Scopus database. From our first 

review on methamphetamine, Scopus search was the most fruitful among the three databases. 

We have also improved our search strategy using quotation marks to combine two terms, some 

of which were very broad, e.g., “nicotine and task” or “smokers and brain”. With this strategy, 

we managed to extract 1,319 articles for further screening. Nevertheless, we acknowledge that 

only using one database may have led to the accidental exclusion of some relevant studies from 

other databases. Second, we did not find strong evidence for cognitive enhancing effects of 

nicotine [158]. This may be due to the exclusion of studies of nicotine effect in non-smokers, 

but this was out of the scope of our research questions. Another possible explanation is, we 

only regarded ‘cognitive improvement’ if observed between smokers on nicotine versus non-

smokers, and not between satiated smokers versus deprived smokers. The latter was reported 

as ‘poorer performance’ during withdrawal. Third, as we only included studies in current 

smokers and not past smokers, the findings from this review may overall sum up the effects of 

nicotine in active smokers, rather than long-term effects from past nicotine exposure in non-

smoking individuals. 
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1.2.5 Conclusion 

Smoking effects on cognitive performance were evident in cognitive impulsivity/reward 

processing and risk-taking, in which smokers were more impulsive and took more risks than 

non-smokers. On the neural level, smokers exhibited a blunted response to natural rewards, 

notably in the ventral striatum and the PFC. Striatal hyposensitivity has been proposed to play 

a pivotal role in the maintenance of smoking behaviour [43], while prefrontal hypoactivation 

may reflect reward learning deficits which can contribute to maladaptive decision-making in 

smokers [43,198]. Smokers also performed more poorly than non-smokers in tasks that 

required psychomotor speed, attention, and/or learning. Among smokers, nicotine withdrawal 

was associated with poorer performance in psychomotor/attention and learning/cognitive 

flexibility tasks, as well as higher impulsivity and risk-taking. There was little evidence for 

nicotine effect on cognitive improvement in smokers relative to non-smokers in memory and 

inhibitory control domains. Due to the complex effects of nicotine on cognition in different 

smoking status (e.g., current smokers vs non-smokers, deprived smokers vs satiated smokers, 

current smokers vs non-smokers on nicotine), future systematic reviews should be more 

cautious when including studies that compared different groups of smokers. 
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1.3 Aim and Objectives 

Methamphetamine and nicotine, despite one being illicit and the other being a legal commodity, 

surprisingly share common features. For a start, both are highly addictive psychostimulants. 

Both pose serious harms, due to their toxicity combined with high prevalence of use. Long-

term users of both drugs acquire neuroadaptive changes, which often manifest as structural 

(i.e., neuroanatomy) and physiological (i.e., neuronal activation) alterations, as well as distinct 

behavioural characteristics such as higher impulsivity and risk-taking. Being stimulants, both 

drugs affect brain reward pathway (i.e., meso-corticolimbic dopamine system), hence often 

implicate overlapping regions of significant difference, particularly the striatum and the PFC 

[89]. To complicate the matter, cigarette smoking is highly prevalent among methamphetamine 

users, making it difficult to distinguish neuroadaptations attributed to methamphetamine alone 

[61]. 

Stimulant users including methamphetamine and nicotine, often possess distinctive personality 

traits, such as impulsivity and sensation-seeking [206,207]. Impulsivity has been associated 

with development of stimulant dependence, while sensation-seeking may play a role in the 

initiation of stimulant abuse [87]. Both traits are thought to underlie risky behaviour [208], 

which is often observed in stimulant users [137,209,210]. Risk-taking behaviour has been 

studied in the laboratory setting using decision-making task, such as the IGT [202]. Some 

studies however, did not observe any group differences between stimulant users and controls 

on IGT performance [211–213]. In fact, the task has received some critique for its lack of 

sensitivity for use in non-clinical participants [214]. Furthermore, the IGT also involves 

memory and learning, both of which are moderately compromised in methamphetamine and 

nicotine dependent populations [77,150]. The MIDT on the other hand is a less complex task 

which does not require learning and can involve real monetary rewards. While it does not 

involve decision-making, the MIDT is especially useful to capture neural response during 

anticipation and outcome of reward and punishment [215–219]. 

This thesis has two aims. First, to examine GM structural alterations in abstinent 

methamphetamine users and current cigarette smokers using the same methodological pipeline. 

Brain images are obtained using MRI scanner, and then pre-processed to extract the GM 

segments. GM images will then be statistically compared at the group level between 

methamphetamine users and drug naïve controls, and likewise, between smokers and non-

smokers. While pre-existing abnormalities cannot be eliminated in a cross-sectional study, drug 
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use parameters (abstinence, years of use, cumulative dose) will be used for correlational 

analysis with GM volume. 

The second aim is to investigate neural activation patterns during risk and reward processing 

in abstinent methamphetamine users and current cigarette smokers. To capture the neural 

response corresponding to risk and reward, a modified version of monetary incentive delay 

task (MIDT) is used in conjunction with functional MRI scan. The paradigm, referred to as the 

passive task, was designed to introduce the element of risk (Curley, 2015), by having three 

levels of difficulty (speed) randomly presented at the beginning of the trial. The speed level is 

used to lock the risk onset. Reward and punishment cues are used to lock the prospect phase. 

Meanwhile, the target onset marks the anticipation phase (prior to receiving feedback), and the 

feedback onset marks the outcome phase. 

This thesis will be divided into two sections. Section I will cover the structural MRI studies, 

presented separately for methamphetamine users and cigarette smokers. Section II will consist 

of the functional MRI studies of risk and reward in: (1) non-drug-using adults; (2) the 

methamphetamine group in comparison with controls; and (3) the nicotine group in comparison 

with controls. For each section, regions of interest are defined a priori for each group and are 

hypothesis-driven based on previous literature for methamphetamine and nicotine user 

population. 
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2 Section I – Structural Imaging 

In the General Introduction, we have highlighted that brain structural alterations, sometimes 

referred to as ‘abnormalities’, have been consistently observed in stimulant users 

[43,44,63,149,152,220]. These structural changes, particularly in the GM, are of interest in 

most studies that examined cognitive function since it is where the neuronal cell bodies reside. 

In both methamphetamine and nicotine users, GM deficits are most evident in the PFC 

[44,61,63,64,130], and have been proposed to correlate with poor decision-making and 

maladaptive behaviour (e.g., high impulsivity and risk-taking propensity) which are often 

observed in both groups [44]. Other regions, such as the insula and the ACC, have also been 

found to be smaller in methamphetamine [119,133] and nicotine groups [63,64,148], relative 

to controls. Due to high smoking prevalence in methamphetamine users, GM deficits in these 

three regions (PFC, ACC, insula) may be attributable to nicotine [61,149], or may instead 

reflect a broader pattern of structural alterations in substance dependence in general [221].  

To further examine structural changes in stimulant users, we ran two separate preliminary 

studies comparing GM volume in methamphetamine users and control participants, as well as 

in smokers and controls. While heavy smoking is not a criterion for exclusion in the 

methamphetamine study, we will use the nicotine use parameter (i.e., the number of cigarettes 

smoked on a daily basis) to correct for the smoking effect. In the nicotine study, regular use of 

any other drugs is exclusionary. By comparing regions of significant difference in each study, 

we hope to gain a better understanding of the effects of each stimulant on brain morphometry. 

While we cannot directly link any structural deficits to methamphetamine or nicotine use, 

evidence from animal studies may provide some insight to gain more confidence in correlating 

stimulant exposure to brain structural alterations. Here, we present a systematic review of 

methamphetamine-induced neuronal death in animal studies, a mechanism that may underlie 

GM deficits observed in methamphetamine users [119,222]. This review has been published in 

Neurotoxicology volume 77 (2020) p. 20-28 as part of special issue: Neurotoxicity of Drugs 

(Methamphetamine induces neuronal death: Evidence from rodent studies; see Appendix for 

Supplement 3). 
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2.1 Literature Review 3: Neurotoxicity of Methamphetamine 

2.1.1 Introduction 

As mentioned in General Introduction, methamphetamine has a similar chemical structure to 

dopamine which allows it to enter pre-synaptic neurons via dopamine transporters (DAT) [30]. 

Once inside, methamphetamine can easily diffuse through the organelle membrane because of 

its high lipophilicity [28]. Being a weak base (pKa = 9.9), methamphetamine can also alkalinise 

acidic organelles such as catecholamine vesicles, which can collapse the pH gradient and result 

in leakage of dopamine (as well as serotonin) into the cytoplasm [30,223]. Cytosolic dopamine 

was then thought to be released into the synaptic cleft by a methamphetamine-mediated 

reversal of the DAT [28,30]. However, recent animal studies have discovered that, rather than 

promoting dopamine efflux via the DAT, methamphetamine enhanced exocytotic dopamine 

release, and at the same time inhibited dopamine reuptake [224,225]. Both mechanisms lead to 

elevated extracellular dopamine. The excess of dopamine in the synapse is primarily 

responsible for the sought-after acute effects of methamphetamine, such as euphoria and an 

increased alertness [226]. 

Methamphetamine-induced neuronal damage is often associated, if not used interchangeably, 

with dopaminergic deficits in animal studies [227–230]. Yet, high-dose methamphetamine 

administration also induces neuronal death in animal models [231–233], and GM loss in human 

users [62,119,130,133]. It is unclear whether GM deficits in methamphetamine abusers are the 

result of neuronal death elicited by methamphetamine or were pre-existing prior to drug use. 

This causal relationship cannot be clarified in healthy participants for the obvious ethical 

constraints. Therefore, most evidence is drawn from animal studies. 

The mechanism underlying methamphetamine-induced neuronal death is believed to involve 

numerous events. While the precise mechanism is not fully understood, several possible 

mechanisms are summarised below. 

Dopamine-Mediated Mechanism — According to the weak base hypothesis, dopamine is 

released from the vesicular storage into the cytoplasm [30]. Another possible mechanism is 

that methamphetamine promotes dopamine synthesis in the cytoplasm [225,234], which also 

interacts with the vesicular monoamine transporter (VMAT-2) to inhibit dopamine uptake 

[235,236]. Either way, this will lead to increased dopamine levels in the cytoplasm, where it 

rapidly auto-oxidises to form dopamine quinone [36]. The reactive quinone will then modify 
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the active site of proteins and inhibit their function, which potentially leads to cell death [237]. 

Among the by-products of dopamine auto-oxidation is a superoxide radical (O2
-), which can 

form peroxynitrite (ONOO-) when reacting with nitric oxide (NO) [238]. A highly reactive 

radical, peroxynitrite can attack tyrosine residues of proteins resulting in deactivation and DNA 

damage [239–242]. 

Mitochondrial Disruption — Mitochondria are the primary source of cellular adenosine 

triphosphate (ATP) [243]. Methamphetamine may directly disrupt the mitochondrial 

membrane gradient in a similar manner to its effects on synaptic vesicles [244]. The disrupted 

pH gradient inhibits ATP synthesis, resulting in energy depletion, which will lead to necrotic 

cell death [243,245,246]. Indirectly, the quinone formed by the dopamine oxidation pathway 

may attack the mitochondrial permeability transition pore (PTP), causing it to open and release 

cytochrome c into the cytoplasm [244,247]. Subsequently, this leads to the activation of an 

apoptotic cascade [243,248]. Meanwhile, peroxynitrite, also generated by the oxidation of 

dopamine can irreversibly damage the electron transport chain (ETC), which results in 

mitochondrial rupture and cellular necrosis [244,245,249]. 

Glutamate-Mediated Mechanism — Methamphetamine induces glutamate release by 

activating dopamine D1 receptors [250,251]. Extracellular glutamate then activates NMDA 

receptors, leading to an excessive influx of calcium ions (Ca2+) [36,252]. Massive intracellular 

Ca2+ concentrations can generate necrotic cell death by activation of phospholipase A2 and 

calpain [253–255]. Phospholipase A2 can hydrolyse membrane phospholipids leading to 

membrane breakdown, while calpain degrades cytoskeletal proteins resulting in bleb formation 

[254]. Furthermore, Ca2+ can also induce NO production by activating neuronal NO synthase 

(nNOS) [256,257]. NO may directly inhibit mitochondrial respiration by attacking cytochrome 

c oxidase (complex IV of the ETC), or indirectly by interacting with superoxide radicals to 

produce peroxynitrite [242,258,259]. 

Hyperthermia-Mediated Mechanism — High doses of methamphetamine can induce 

hyperthermia, which exacerbates neuronal damage and may be lethal [260–264]. 

Methamphetamine-induced hyperthermia is attributed to its psychostimulant effects, e.g., 

promotes neurotransmitter release and increases metabolic activity in the central nervous 

system (CNS) [265]. Peripherally, methamphetamine causes hyperactivity and 

vasoconstriction, which can also increase body temperature and prevent heat dissipation, 

respectively [265]. Mild hyperthermia, which does not itself cause neuronal death, can 
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accelerate dopamine oxidation, increasing production of radical species and dopamine-quinone 

[237,266,267]. Meanwhile, moderate-to-extreme hyperthermia (≥ 40°C) can induce 

mitochondrial damage and cytoskeletal protein breakdown, which leads to apoptosis [265,267–

269]. 

Both in vitro and in vivo data have contributed greatly to the conception of molecular 

mechanisms for methamphetamine-induced neurotoxicity. While dopamine depletion has long 

been recognised as a main pathology of methamphetamine, neuronal death, which supposedly 

precedes dopamine depletion, has not received as much attention [270,271]. Our aim is to 

systematically evaluate and review the findings of preclinical research (rodents) about 

methamphetamine-induced neuronal death. This review will highlight brain regions where 

neuronal death is located, with a view to shedding new light on the GM deficits reported in 

studies of methamphetamine users. Although non-human primates (NHP) are phylogenetically 

more closely associated to humans than rodents, there are no published NHP studies about 

methamphetamine-related neuronal death. Rodent studies, on the other hand, are quite 

prevalent and extensive, and provide an opportunity for systematic review. For the purposes of 

this review, neuronal loss and degeneration are included within the scope of neuronal death. 

2.1.2 Methods 

Relevant articles published between January 1980 and April 2018 were collected from Ovid, 

Scopus, and the Web of Science. Search keywords included three groups of topics: (1) terms 

related to cell death; (2) terms related to neurotoxicity; and (3) methamphetamine (see 

Appendix for Supplement 4). Search strategies were specifically tailored for each database, 

e.g., subject headings were used for Ovid. Terms within each group of topics were conjoined 

with “OR”, and topics were combined using “AND”. The studies retrieved from each database 

were screened by title and abstract and combined to remove duplicates. Finally, full-text 

articles were assessed for eligibility based on inclusion criteria. 

Studies were potentially included if they met the following criteria: (1) neurotoxicity studies 

of D-methamphetamine (dextro isomer); (2) used wild-type rodents of any strain; (3) were 

published in English; (4) examined specific region of the brain; (5) used quantitative assays to 

determine neuronal loss or death; and (6) compared methamphetamine-treated group with 

sham/non-treated group. Studies were excluded if they met any of the criteria: (1) were review 

articles; (2) were in vitro studies; (3) studied non-neuronal cells (i.e., glial cells, endothelial 
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cells); (4) studied in utero or neonatal exposure to methamphetamine; (5) studied 

amphetamine; (6) methamphetamine intake was not recorded (7) examined barrel cortex or 

olfactory bulb; (8) used tyrosine hydroxylase (TH) immunoreactivity as a measure of neuronal 

count; or (9) did not state the number of animals used. 

2.1.3 Results 

Thirty-seven studies were included in this review; 14 were performed in rats (strain: Sprague-

Dawley, Wistar; n = 8, 6, respectively) and 23 in mice (strain: C57BL/6, CD-1, BALB/c, Swiss-

Webster, ICR; n = 6, 3, 2, 3, 9, respectively). Most studies using mice (22 of 23) used single 

doses, and most of the studies using rats (10 of 14) were given repeated doses. Neuronal death 

was examined using assay methods for cell count, cell death, and neuronal degeneration (see 

Appendix for Supplement 5). 

Twenty-seven studies administered an acute dose; 22 studies used mice and 5 used rats (see 

Appendix for Supplement 6). Acute studies in mice mostly used a dose of 30-40 mg/kg (n = 

19). All studies in mice, with the lowest dose of 12 mg/kg, reported cell death in the regions 

studied, e.g., striatum, substantia nigra, parietal cortex, and frontal cortex, but not the 

hippocampus or cerebellum [270–291]. Studies with rats, used acute doses of either 20, 40, or 

50 mg/kg and observed neuronal death in the striatum, cerebral cortex and nucleus accumbens, 

but not in the hippocampus [292–295]. Furthermore, one study of rats (40 mg/kg 

methamphetamine) did not observe cell death in the region studied, i.e., the substantia nigra 

[296]. 

Of the 11 studies that gave repeated doses, only one study was carried out using mice, while 

the rest were performed with rats (see Appendix for Supplement 7). The study of mice 

administered a dose of 30 mg/kg methamphetamine for five days observed cell death in the 

hippocampus [297]. Repeated-administration studies in rats also observed cell death in the 

frontal cortex, striatum, and hippocampus. These studies used various regimens: continuous 

low dose [298–300]; escalating dose-multiple binge [301]; short-term high dose [302,303]; and 

self-administration with time-limited access [304–306]. Neuronal death was observed with a 

lowest dose of 2 mg/kg for 18 days [300] and an intake of 0.5 mg/kg for four days [305]. One 

study of rats (10 mg/kg methamphetamine for 5 days) failed to observe cell death in any of the 

regions studied, i.e., cerebral cortex, striatum, nucleus accumbens, and hippocampus [295]. 
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The same study, however, observed cell death with an acute dose (50 mg/kg) in those regions, 

except the hippocampus. 

2.1.4 Discussion 

This systematic review has found strong evidence for neuronal death in methamphetamine-

treated animals (mice and rats). Neuronal death was observed in 36 of 37 studies identified, 

occurring in the following regions: parietal and frontal cortices (10 studies), striatum (24 

studies), substantia nigra (3 studies), and hippocampus (6 studies). The evidence for 

methamphetamine-induced hippocampal cell death was observed with repeated administration, 

but not with acute doses. Furthermore, the cerebellum seemed to be spared from 

methamphetamine-induced neuronal death, although this was examined in only one study 

[282]. Several key issues, such as dosage regimens, self-administration model, relevance of 

animal findings to humans, and limitations of the review will be discussed separately. 

2.1.4.1 Neurotoxic Effect of Acute and Repeated Doses of Methamphetamine 

Acute doses of methamphetamine, generally ≥ 30 mg/kg in mice and ≥ 40 mg/kg in rats, 

induced neuronal death in the frontal and parietal cortices, striatum, and substantia nigra. Yet, 

at the same doses, neuronal death did not occur in the hippocampus [285,295] and cerebellum 

[282], suggesting that the resistance to acute methamphetamine-induced cell death may be 

unique to hippocampal and cerebellar neurons. Furthermore, a withdrawal period seems to be 

a critical variable in determining whether cell death is observed following an acute dose. In 

general, one- to three-day intervals for mice and a one-day interval for rats was chosen to 

robustly observe neuronal death, although up to seven days in mice and two in rats may also 

work. When the interval is exceeded, cell death may no longer be evident as the dying cells 

may have been removed by phagocytosis before lysis takes place [231]. 

Similarly, repeated methamphetamine administration also induced neuronal death in the frontal 

cortex and striatum, but unfortunately, its effects on the substantia nigra have not been studied. 

One major disparity is methamphetamine-induced hippocampal cell death in repeated 

administration regimen. Even at a dose as low as 2 mg/kg for 18 consecutive days, neuronal 

death was evident [300]. Yet, a single high dose of 50 mg/kg, administered to the same strain 

of animals (Wistar rats), did not result in cell death [295]. Altogether, this suggests that the 

hippocampus is especially vulnerable to neuronal death following repeated methamphetamine 



Structural Study 

39 

administration, but not from an acute dose. Although a detailed mechanism has not been 

elucidated, it appears that acute and chronic methamphetamine treatments differentially affect 

hippocampal neurons. One study of mice observed that repeated methamphetamine treatment 

increased neuronal excitability, while acute methamphetamine treatment decreased neuronal 

excitability in the dentate gyrus [307]. 

2.1.4.2 Self-Administration Produces a Different Extent of Neuronal Damage 

Interestingly, methamphetamine-induced apoptosis occurred at less than 1 mg/kg after only 

four days of self-administration (intravenous infusion) [305,306]. In contrast, another study 

using a higher dose, i.e., 10 mg/kg for five days, given to the same strain of animals (Wistar 

rats) did not induce cell death in any of the regions examined [295]. Although neuronal death 

was observed with a regimen of 2 mg/kg for 18 days in a non-contingent (experimenter-

administered) model [300], this dose was still much higher than methamphetamine intake from 

self-administration. Taken together, self-administration may induce neuronal death more 

effectively than in a non-contingent model. If this is true, then the extent of neuronal damage 

from voluntary drug intake may be underestimated in non-contingent models. This assumption 

needs to be confirmed in a non-contingent study using the same doses in a group of animals of 

the same strain. 

Furthermore, self-administration studies demonstrate that the rate of apoptosis does not always 

correspond with cumulative doses [304–306]. As was observed in one study, one-hour access 

to methamphetamine over 49 days (cumulative dose: 20.6 mg/kg) induced apoptosis in the 

hippocampus, while six-hour access (cumulative dose: 128.7 mg/kg) did not [304]. In another 

study, hippocampal apoptosis was observed with one-hour access to methamphetamine for 13 

days (cumulative dose: 10 mg/kg), but not following six-hourly access (cumulative dose: 40 

mg/kg) [305]. Similarly, four days of methamphetamine self-administration (cumulative dose: 

9.3 mg/kg) increased apoptosis in the prefrontal cortex, while 13 and 42 days (cumulative dose: 

40.4 and 128.7 mg/kg, respectively) did not [306]. The authors of these studies proposed that 

lower doses or acute methamphetamine exposure induces apoptosis, while higher doses or 

chronic exposure leads to necrotic cell death [306]. For instance, one study failed to observe 

apoptosis in a group receiving higher cumulative dose (six-hour access); this group, however, 

had significantly reduced hippocampal volume relative to the group with one-hourly access 

[304]. It appears that cell death might occur with higher cumulative doses, but not by apoptosis; 
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however, it remains uncertain whether this phenomenon is unique to self-administration 

models. 

Early research of addiction in animals has benefitted greatly from non-contingent models. 

Findings from these studies could be used as preliminary evidence to support research using a 

more clinically relevant model resembling compulsive drug use. Unlike acute toxicity in 

general, compulsive drug use involves escalation of drug intake in a deliberate manner, which 

cannot be achieved with non-contingent models [308]. Indeed, self-administration studies are 

laborious and expensive, yet they serve an important clinically significant purpose, that is to 

separate drug-addicted animals from those non-addicted, drugged animals [308]. Furthermore, 

it is unknown how addiction affects the extent of methamphetamine-induced neuronal damage. 

That being said, there is an urgent need for more self-administration studies to validate the 

results from non-contingent model. 

2.1.4.3 Translating Evidence from Animals to Humans 

It is undoubtedly difficult to directly translate the neurotoxic effects of methamphetamine from 

a rodent brain to a human brain, especially when there are major concerns about the discrepancy 

between doses used in experimental animals and the patterns of use by methamphetamine users 

[309]. Nevertheless, some overlap was noted. For example, neuronal death in the frontal cortex 

and hippocampus has been observed in methamphetamine-treated animals, and likewise, 

smaller prefrontal cortex and hippocampal volumes have also been observed in 

methamphetamine users relative to controls [62,119,130,133]. One can assume that GM 

deficits in the prefrontal cortex and the hippocampus are attributable to chronic 

methamphetamine use, at least to some degree. Furthermore, reduced GM volumes in these 

regions may arise from neuronal death, although other mechanisms such as abnormal synaptic 

pruning [310] or a decrease in neurogenesis may also contribute [304,306]. 

Despite the corresponding results between rodent models and humans, one disparity was noted. 

While animal studies report striatal cell death, human neuroimaging studies have instead 

observed larger striatal volumes in methamphetamine users relative to controls [57,58]. Striatal 

enlargement is thought to reflect a compensatory response involving glial activation in active 

and/or recently abstinent users [57,58]. Interestingly, a similar pattern was reported in a study 

of mice, where a single bolus injection of methamphetamine induced the production of new 

cells in the striatum 24-48 hours after treatment [311]. These newly generated cells were 
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associated with an enlarged striatal volume and had the phenotype of glial cells. However, they 

began to die 24 hours after birth and the striatal volume normalised after three months [311].  

2.1.4.4 Limitations and Recommendation 

While this review has gathered strong evidence for methamphetamine-induced neuronal death 

that may explain some structural alterations in methamphetamine users, we acknowledge 

several limitations in this review. Firstly, this review focused on neuronal death as one outcome 

of methamphetamine-induced neurotoxicity and did not include dopamine depletion. While 

often used to assess methamphetamine-induced  neurotoxicity, a decrease in dopamine level or 

concentration does not necessarily reflect cell death, and in fact, neuronal death appears to 

precede dopamine depletion [270,275,276,283,285,288]. Microglial activation, also observed 

at an earlier time-point following the administration of methamphetamine, may serve as a 

reliable alternative measure for neuronal damage [312,313]. Secondly, we did not find repeated 

administration studies that examined neuronal loss in the substantia nigra. While an acute dose 

of methamphetamine was found to induce neuronal death in this region [279,287,288], the 

same cannot be said for repeated doses due to the lack of literature. Thirdly, with only one 

study being performed using mice, results from repeated administration studies mainly 

represent methamphetamine toxicity in rats. At this point, it is unknown whether the same 

profile will be obtained from mice. Fourthly, acute studies may not be the most accurate model 

of methamphetamine-induced damage in humans. Recreational users typically start with a 

lower dose and gradually increase the dose as they progress to addiction, and by doing this, 

they develop tolerance to higher doses [314]. Lastly, to increase the sample size, this review 

included studies of mice and rats regardless of their respective strains. While neuronal death 

was seen in all five strains of mice (C57BL/6, CD-1, BALB/c, Swiss-Webster, ICR) and both 

strains of rats (Sprague-Dawley and Wistar), this cannot infer that all strains would experience 

methamphetamine-induced neuronal damage. Inter-species difference has been reported in 

mice, with C57BL/6 being more sensitive to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 

(MPTP toxin)-induced dopamine depletion while the Swiss-Webster is more vulnerable to the 

neurotoxic effects of methamphetamine [315].  

Finally, to minimise gaps in the literature, we recommend the following for future research: (1) 

use of a range of strains of mice and rats to clarify the inter-strain differences (if any) in 

methamphetamine-induced neuronal death; (2) use of different dose regimens to investigate 

the inter-species vulnerability; (3) examination of neuronal counts after different durations of 
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withdrawal to investigate the possibility of recovery; (4) replication of the self-administration 

doses in a non-contingent model; and (5) investigation of both apoptotic and necrotic cell death 

using a wide range of doses to clarify which mechanisms occur at low and high doses, keeping 

the species, regions studied, and other study parameters consistent. 

2.1.5 Conclusion 

The evidence from rodent studies reviewed in this paper supports the hypothesis that 

methamphetamine causes neuronal death after both acute and repeated administration. 

Neuronal death was observed in the cerebral cortices (frontal and parietal), striatum, and 

hippocampus. This review also highlights new insights. (1) The hippocampus appears to be 

resistant to neuronal death induced by an acute dose of methamphetamine. (2) The doses 

required to cause apoptosis in self-administration studies were much lower than the doses 

chosen by experimenters in acute studies, suggesting that neurotoxic effect of 

methamphetamine may be more severe following voluntary administration. (3) Neuronal death 

in the prefrontal cortex and hippocampus was consistently observed, suggesting that smaller 

GM volume in these regions which have been observed in human users [119,130,133] may be 

attributed to methamphetamine use. Finally, animal studies have made a substantial 

contribution to the current literature about methamphetamine-induced neurotoxicity, and could 

be made more useful with a more relevant model which mimics compulsive drug use in 

humans, such as choice-based approached [308]. 

2.2 Voxel-Based Morphometry – Methodology  

Voxel-Based Morphometry (VBM) is a computational approach for comparing GM volume 

between two groups of subjects, voxel-by-voxel (voxel-wise) [316]. Each MRI image consists 

of volumetric units called voxels, analogous to three-dimensional pixels. Unlike pixels, 

however, voxels do not have absolute coordinates, but are rather defined relative to the 

surrounding voxels. Because of this feature, it is possible to ‘move around’ a group of voxels, 

and in fact it is necessary to do so to match the coordinate of the brain template in the standard 

space, which was established by the Montreal Neurological Institute and is now known as MNI 

space [317]. 

Before VBM was developed, a time-consuming process called manual volumetry was used. 

Performed by trained operators only, it uses pre-defined anatomical landmarks to linearly align 
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each subject’s brain image to the standard brain template (ICBM template from International 

Consortium of Brain Mapping) as well as to each other [119]. Regions of interest are also 

drawn manually based on sulcal landmarks [57]. Since the method was first introduced in 2000 

[316], VBM quickly gained popularity, especially in the fields of neurology and psychiatry, to 

investigate neuroanatomical abnormalities in clinical population relative to healthy controls 

[318]. Not only does VBM make image processing less laborious with its fully automated 

segmentation and registration, it also produces consistent results when compared with manual 

delineation method which is often regarded as the ‘gold standard’ for brain morphometry [319]. 

There are several software packages for VBM analysis. The first pipeline came with Statistical 

Parametric Mapping (SPM) software [316]. Soon after, other software such as FMRIB 

Software Library (FSL) has also launched their own optimised VBM protocol [320] called 

FSL-VBM (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSLVBM) [321]. Both pipelines share the 

same key processing elements: segmentation, registration, and smoothing, but in different 

orders. In SPM, the processing steps are: (1) spatial normalisation (i.e., registering images to 

the same standard space); (2) tissue segmentation to extract the GM; (3) smoothing; and finally 

(4) statistical analysis [316]. While in FSL, the order is: (1) brain extraction and segmentation; 

(2) spatial normalisation to standard space; (3) registration to study-specific template; (4) 

smoothing; and (5) statistical analysis [322]. Another difference is the way each protocol deals 

with individual brain size. In SPM, prior to statistical analysis, individual’s total intracranial 

volume (TIV) can be extracted for use as covariate. Meanwhile, FSL uses a study-specific 

template in which each subject is non-linearly registered to, therefore, eliminate the need to 

correct for individual brain size. SPM and FSL also have different approaches to region of 

interest (ROI) analysis: SPM (http://www.neuro.uni-jena.de/cat12/CAT12-Manual.pdf) 

generates estimate mean values inside the ROI, while FSL implements small volume correction 

to restrict voxel-wise analysis within a particular region. Each approach has advantage and 

drawback. Averaging across voxels (SPM) may reduce sensitivity to detect subtle change 

[323], yet the extracted values can be useful for post-hoc analyses, e.g., correlational analysis 

with clinical and behavioural scores. Meanwhile, small volume correction (FSL) can improve 

the sensitivity by reducing the number of voxels [323]; with FSL-VBM however, post-hoc 

analyses are not possible. Finally, the main difference between the two is their chosen 

approaches of controlling for false positive in multiple comparisons: parametric (SPM) and 

non-parametric (FSL). Used in SPM, the well-known parametric method Bonferroni correction 

has been criticised as ‘strongly conservative’ in controlling for false positive at the expense of 

http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSLVBM
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power [317,324]. On the other hand, the non-parametric approach used in FSL, i.e., 

permutation test, is less stringent and has been shown to be more powerful than parametric 

approach; it can detect 10 times as many voxels as Bonferroni method  [324,325]. For this 

reason, and due to our preliminary sample size, we chose FSL-VBM pipeline to process and 

analyse our preliminary data for both methamphetamine and nicotine studies. 

2.3 VBM Study in Methamphetamine Users 

This study aimed to examine structural brain alterations (GM) in methamphetamine users 

(abstinent subjects) in comparison with drug naïve controls, and to determine the correlations 

between GM volume and methamphetamine use parameters (years of use, annual grams, and 

months of abstinence). In addition, we aimed to clarify the brain-behaviour relationship 

between GM volume and risk-taking propensity (measured by performance in the IGT) in 

methamphetamine subjects [326]. For the group comparison, we hypothesise that abstinent 

methamphetamine subjects would show significant GM decrease in some regions such as the 

PFC, ACC, and insula [61,119,133], with possible increase in striatal volume [57,58]. For 

correlation with drug use parameters, we predicted that regions with GM deficits would show 

positive correlations with length of abstinence and negative correlation with years and amount 

of use [57,133,137]. Lastly, for brain-behaviour relationship, we expected to observe 

significant correlations between IGT scores and regional GM volumes, possibly in the PFC, 

insula, and posterior parietal cortex [327–329]. 

2.3.1 Materials and Methods 

2.3.1.1 Participants and Procedure 

The study protocol was approved by the University of Auckland’s Human Participants Ethics 

Committee. Adults with a history of methamphetamine use disorder (n = 29) were recruited 

via advertisement in community organisations, social media, research information pages, and 

word of mouth (ethics reference number: 018342). Methamphetamine users were included if 

they met the following criteria: (1) males; (2) aged 18-45 years; (3) right-handed; (4) have used 

methamphetamine regularly; (5) have been abstinent from methamphetamine and other illicit 

substances for at least 3 months and not more than 12 months; (6) fluent in English; and (7) 

able to give informed consent. Non-using adults (n = 11) were recruited as controls through 

advertisement (ethics reference number: 014156). Control subjects must meet the same 
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inclusion criteria as methamphetamine subjects, except for drug use. Exclusion criteria for all 

participants included: (1) history of other drug dependence (except for nicotine and marijuana 

for methamphetamine subjects); (2) any significant medical condition; (3) history of any 

neurological disease; (4) history of mental disorders; (5) contraindications to MRI (e.g., non-

detachable electronic or metal implants); (6) currently on medication; and (7) positive drug 

screening for methamphetamine, amphetamine (AMP), opiates, cocaine, cannabis 

(tetrahydrocannabinol), or alcohol, on the day of the study. 

Participant information sheets (see Appendix for Supplement 8) were distributed for 

participants to read prior to the study day and any queries answered. If participants were happy 

to take part in the study, once again at the start of the study day, they were given the time to 

read the participant information and ask any questions prior to consent. Signed consent was 

obtained from all participants prior to the study commencing. Once consent was given, 

participants were tested for 5 drugs + alcohol using a saliva kit. Participants completed a 

computerised version of the IGT prior to being taken to the Centre for Advance MRI (CAMRI) 

for imaging. At the end of the study, participants received gift vouchers as compensation for 

their participation time ($20 per hour). 

2.3.1.2 Iowa Gambling Task 

We used a computerised IGT [330] which ran in Matlab using Psychtoolbox. In this version, 

the four decks of cards were coded with the letter ‘F’, ‘G’, ‘H’, and ‘J’. Subjects were told that 

the goal was to win as much hypothetical money as they could while avoid losing money. 

Subjects were asked to pick one card from any deck, and received feedback for each card 

selected, i.e., the amount of money won/lost. The task was not timed and automatically stopped 

once 100 cards had been selected. Performance was measured by the net score of the selected 

decks ([total selections of advantageous decks]–[total selections of disadvantageous decks]), 

excluding the first two blocks to rule out learning effects [331]. 

2.3.1.3 MRI Acquisition 

Structural MRI was performed using a 3T Siemens Magnetom Skyra scanner (Erlangen, 

Germany) with 32-channel head coil. A three-dimensional T1-weighted magnetisation 

prepared rapid gradient echo (MPRAGE) sequence was acquired in the sagittal plane (208 

slices x 0.8 mm thickness, 1900 ms repetition time, 2.69 ms echo time, 900 ms inversion time, 
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250 mm field of view, 320 x 320 matrix, 9° flip angle, 0.8 mm isotropic resolution). Total scan 

time was 5 min and 26 sec. 

2.3.1.4 Image Processing 

Structural data were processed with FSL-VBM pipeline, an optimised VBM protocol [320] 

carried out with FSL tools [321]. First, images were brain-extracted and GM-segmented before 

being non-linearly registered to the MNI 152 standard space [332]. The resulting images were 

averaged and flipped along the x-axis to create a left-right symmetric, study-specific GM 

template. Second, all native GM images were non-linearly registered to the study-specific 

template and modulated to correct for local expansion (or contraction) due to the non-linear 

component of the spatial transformation. The modulated GM images were then smoothed with 

an isotropic Gaussian kernel with a sigma of 3 mm. 

2.3.1.5 Statistical Analysis 

Masks of regions of interest (ROI), i.e., anterior cingulate gyrus (ACC), insular cortex (INS), 

frontal medial cortex (MFC), frontal orbital cortex (OFC), middle frontal gyrus (MFG), 

superior frontal gyrus (SFG), posterior parietal cortex superior division (PPC), putamen (PUT), 

caudate (CAU), and nucleus accumbens (NAC) were generated from the Harvard-Oxford 

Cortical and Subcortical Structural Atlases within the FSL. Each mask was transformed to 

match the resolution of the smoothed images and then binary-thresholded at 0.5. Voxel-wise 

general linear models (GLM) were applied using permutation-based non-parametric testing 

(5000 permutations) to correct for multiple comparisons across space, and inference was 

obtained using Threshold-Free Cluster Enhancement (TFCE) method with a threshold set on p 

< 0.05 [333]. Groups (methamphetamine, MAP; and control, CON) were compared using 

unpaired t-test model, controlling for age (mean centred). To examine the associations between 

GM volume and risk aversion (IGT scores) linear regression model was run across subjects, 

using age as a covariate. Within MAP, separate regression analysis was run to examine the 

correlations with methamphetamine use parameters, i.e., months of abstinence, years of use, 

and annual grams. For each GLM, whole-brain analysis was performed prior to ROI analyses. 
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2.3.2 Results 

Of the 29 methamphetamine users recruited in this study, one withdrew consent for scanning, 

one was excluded due to irregular drug use, and one was excluded due to a poor scan image, 

leaving a final sample of 26 for MAP and 11 for CON. 

2.3.2.1 Demographics 

There was no significant age difference between CON and MAP (independent two-sample t-

test, p > 0.05). At the time of study, MAP subjects had been abstinent for 6.1 ± 2.9 months and 

had consumed an average of 264.0 ± 414.0 grams methamphetamine per year for 10.0 ± 5.0 

years prior to quitting (Table 3).  

Table 3 Participant Demographics for VBM Study in Methamphetamine Users 

Characteristics MAP 

(n = 26) 

CON 

(n = 11) 

Age 31.4 ± 5.3 30.2 ± 5.4 

Sex M: 26 M: 11 

Years of Education 11.1 ± 2.0 18.0 ± 5.5 * 

Heavy Smokers º 23/26 0 

Daily Cigarettes (among smokers) 25.4 ± 16.3 N/A 

Regular Cannabis Users 16/26 0 

Last Methamphetamine Use (Months) 6.1 ± 3.0 N/A 

Years of Methamphetamine Use 10.0 ± 5.1 N/A 

Average Annual Grams of Methamphetamine 264 ± 422 N/A 

* averaged across 8 control subjects (data from 3 subjects were missing) 

º smoke at least 10 cigarettes per day 

2.3.2.2 IGT Scores 

Excluding the first 20 trials (first block), there was a significant group effect (independent two-

sample t-test, age controlled, p = 0.046, Bonferroni corrected) in which CON scored higher 
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than MAP (6.7 ± 10.6 and -6.2 ± 18.2, respectively). When the first 40 trials were excluded, 

the group effect was no longer significant (p = 0.069). During the last 20 trials (last block), 

MAP scored slightly lower but comparably to CON (Figure 3). 

 

Figure 3 IGT Performance between MAP and CON 

MAP chose more disadvantageous cards than advantageous cards during the first two blocks (first 40 trials), 

indicated by net scores below 0. CON chose more advantageous cards than risky cards starting from the second 

block. MAP equally selected advantageous and disadvantageous cards during the last three blocks, while CON 

did so only in the last block. 

2.3.2.3 Group Comparisons for GM Volume 

Unpaired two-sample t-tests revealed significant group effects within the right CAU (p < 0.01) 

for contrast MAP > CON, and within the ACC (p < 0.01) and SFG (p < 0.05) for contrast CON 

> MAP (Table 4). In addition, group effects were also observed in the MFG, where one cluster 

in the right MFG was significant (p < 0.02) for contrast MAP > CON and one cluster in the left 

MFG was significant (p < 0.02) for contrast CON > MAP (Figure 4). No significant group 

effects were detected with whole-brain analysis. 
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Table 4 Clusters of Significance for VBM Study in Methamphetamine Users 

ROI Voxels p value Max MNI Coordinates 

x     y     z    (mm) 

Contrast 

Between-Group Analysis 

ACC 110 0.01 0.998 -4     8     26 CON > MAP 

 63 0.05 0.977 -8     38     -2 CON > MAP 

MFG 304 0.02 0.996 -34     32     48 CON > MAP 

 94 0.02 0.992 54     22     36 MAP > CON 

CAU 55 0.01 0.997 18     18     12 MAP > CON 

SFG 33 0.05 0.973 2     14     64 CON > MAP 

Within-Group Analysis: Risk-Averse in MAP 

PPC 59 0.05 0.993 -26     -54     46 Risk-Averse > Risk-

Taker 

 29 0.10 0.949 -26     -54     44 Positive Correlation 

INS 19 0.10 0.933 -30     12     12 Positive Correlation 

MFG 102 0.10 0.951 -38     6     54 Negative Correlation 

 52 * 0.05 0.975 -42     6     52 Negative Correlation 

Correlation with Methamphetamine Use 

• Months of Abstinence 

MFC 56 0.10 0.911 0     40     -22 Negative Correlation 

• Years of Use 

MFC 34 º 0.10 0.911 2     44     -28 Positive Correlation 

NAC 21 º 0.10 0.920 10     10     -4 Negative Correlation 

* corrected for years of education 

º corrected for daily cigarette smoking 
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Figure 4 Two Clusters in the MFG Showing Different Group Effects 

CON > MAP was observed in the left MFG (blue) and MAP > CON was observed in the right MFG (red). MFG 

mask was indicated in white. 

2.3.2.4 GM Volume and Methamphetamine Use 

Linear regression between months of abstinence and ROI volumes showed a negative trend (p 

< 0.1) in the MFC (Table 4, Figure 5). Years of use showed a negative trend (p < 0.1) with the 

NAC volume but a positive trend with the MFC. No ROIs were correlated with cumulative 

grams. Whole-brain analysis did not detect any trends for correlation with methamphetamine 

use parameters in any regions. 

 

Figure 5 MFC and Methamphetamine Use Parameters 

Indicated in white, MFC corresponded positively with years of methamphetamine use (pink) and negatively with 

months of abstinence (light blue). 

2.3.2.5 GM Volume and Risk Preference 

Across subjects, no ROIs were associated with IGT scores. Within MAP, a positive trend (p < 

0.1) was observed in the PPC (superior division) and INS (anterior division), while a negative 

trend (p < 0.1) was observed in the MFG (Table 4). When MAP was sorted into two groups 
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based on their IGT scores (last 60 trials), risk-averse MAP had a significantly larger volume in 

the PPC, compared to risk-taker MAP (p < 0.05). When regression analysis was rerun with 

education level as an additional confound (together with age), the positive trends were no 

longer observed in the PPC and INS; and a negative trend in the MFG became significant (p < 

0.05). No trends for correlation were observed with whole-brain analysis. 

2.3.3 Discussion 

This study investigated regional GM changes and examined the correlations between GM 

volumes and risk-taking (IGT scores) in recently abstinent methamphetamine users. As 

hypothesised, methamphetamine subjects had a smaller cortical volume in the MFG, SFG, and 

ACC, and larger striatal volume in the caudate, relative to control subjects, which is consistent 

with findings from previous studies in abstinent methamphetamine users [57,58,119,130,133]. 

What we did not anticipate was a cluster in the right MFG, wherein methamphetamine users 

had larger GM volume than the controls (Figure 4). Enlarged prefrontal GM, unlike the 

striatum, has never been reported in studies of structural changes associated with stimulant use 

[44,334]. Striatal volume increase has been interpreted as a compensatory response to maintain 

function in abstinent methamphetamine abusers [57]. Similarly, enlarged GM volume in the 

right MFG may reflect an adaptive response in methamphetamine individuals to compensate 

for deficit in the left MFG. 

To clarify whether structural alterations were methamphetamine-related, we ran a linear 

regression between ROI volumes and methamphetamine use parameters. Contrary to our 

hypothesis, regions with GM deficit, ACC, MFG and SFG, were not correlated with any 

parameter. A previous VBM study by Kim et al. observed significantly larger MFG volume in 

methamphetamine users who had been abstinent for more than six months, when compared 

with those who had been abstinence for less than six months [130]. Based on their findings we 

anticipated positive correlation between PFC volume and months of abstinence in our 

participants. Instead, we observed that frontal medial cortex (MFC), a region posterior to the 

frontal pole and inferior to the paracingulate gyrus, was positively associated with years of 

methamphetamine use and negatively associated with months of abstinence (Figure 5). While 

MFC was not significantly different between the methamphetamine and control groups, it 

appears that within methamphetamine users, shorter abstinence and/or longer years of use were 

associated with larger MFC.  
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In addition to the MFC, a negative trend was observed in the NAC (ventral striatum) between 

GM volume and years of methamphetamine use. In other words, those who abused 

methamphetamine for a longer period had smaller NAC. The trend also remained after 

correcting for daily cigarette smoking. While the ventral striatum has long been known as a 

key region in reward-seeking behaviour, including drug addiction [335], its morphometry (i.e., 

GM volume) has never been studied in correlation with predisposition to stimulant dependence. 

NAC (shell) has been proposed to be a component of a macrostructure called the ‘extended 

amygdala’, which plays an important role in both positive reinforcement (transitioning to 

addiction) and negative reinforcement (relapsing to alleviate withdrawal symptoms) associated 

with substance abuse [336,337]. The amygdala has been introduced as a neurostructural marker 

for drug addiction vulnerability, in which a smaller amygdalar volume was predictive of 

escalating stimulant use [338]. However, as the amygdala was not a ROI in this study, we could 

not infer whether the negative trend observed originated from within NAC or rather was an 

‘extended’ effect from amygdala. This is an area of potential future research. 

This study used the IGT to assess risk preference with presumptions: scores below 0 indicated 

risk-taking, while 0 and above indicated risk-averse behaviour. Excluding the first 20 trials to 

eliminate learning effect [136,331], we observed a significant group effect, in which 

methamphetamine users chose more cards from disadvantageous decks (negative average 

score), while controls appeared to avoid the risky decks (positive average score). Interestingly, 

when more of the early trials (1-40) were discarded from analysis [203,331], a group effect was 

no longer significant. Possibly therefore, it seems that methamphetamine subjects took longer 

to learn or remember the disadvantageous decks, which is not surprising, since learning and 

memory deficits are often observed with chronic methamphetamine users [76]. While controls 

consistently avoided risky decks after 20 trials, methamphetamine started to do so only after 

40 trials (Figure 3). For this reason, we used individual net scores from the last 60 trials as 

behavioural measure for correlational analysis with regional GM volume. 

Consistent with our hypothesis, we observed a positive trend between risk-averse behaviour 

and GM volume in the insula and PPC. GM deficit in the insula has been reported in a previous 

study with recently abstinent methamphetamine-dependent subjects [133]. In addition, one 

fMRI study found a link between insular inactivation (anterior division) during risky decision-

making and increased likelihood to relapse in abstinent methamphetamine-dependent 

individuals [92]. Interestingly, while we observed a positive association between risk aversion 

and insular volume in the anterior division within methamphetamine users, no effect was 



Structural Study 

53 

observed when groups were combined. In fact, in a study with healthy participants, the authors 

reported a negative correlation between loss aversion and GM volume in the posterior insula 

[328]. The posterior insula has also been proposed as a neurostructural marker of risk aversion 

in healthy subjects [339]. If the relationship we observed in the anterior insula was indeed 

methamphetamine-related, this may be a unique feature to distinguish methamphetamine 

individuals or stimulant users from healthy population. 

In contrast to the insula, the PPC was not known to be structurally affected in 

methamphetamine-dependent individuals. We identified one particular study that examined the 

PPC as a biomarker of risk preference in healthy adults [327], hence the addition of PPC to our 

ROIs. We did not observe between-group effect in this region, nor did we observe any trend 

with IGT scores across subjects (combined groups). Yet, within the methamphetamine group, 

the PPC (superior division) was positively associated with risk aversion. Moreover, when 

methamphetamine users were further classified into risk-takers and risk-averse individuals 

based on their IGT scores (< 0 and ≥ 0, respectively), risk-averse methamphetamine individuals 

had significantly larger PPC (superior parietal lobule) than risk-taker subjects. If the association 

between GM volume in the PPC and risk preference in methamphetamine individuals was as 

robust as observed in a healthy population, the PPC could potentially serve as a structural 

marker to develop a relapse prediction model, in conjunction with anterior insula. 

Correlation with risk aversion was also observed in the PFC. Unlike Tanabe et al. who also 

used the IGT to assess risk-averse behaviour [329], we observed a negative correlation in the 

MFG, not the OFC. It is also worth noting that MFG volume was significantly different 

between the methamphetamine and control groups. As we learned earlier, methamphetamine 

users had smaller volume than controls in the left MFG. Furthermore, among 

methamphetamine users, those with smaller volume in the left MFG tended to avoid risky decks 

and thus scored better in IGT. Interestingly, this correlation, unlike those observed in the insula 

and PPC, was significant regardless of years of education, suggesting that the role of the MFG 

in modulating risk-taking behaviour may be unique to individual traits, at least in our study 

participants. Indeed, GM volume in the left MFG was reported to be positively associated with 

trait impulsivity, as well as cognitive impulsivity (i.e., delay discounting) [340]. While we used 

the IGT to measure risk avoidance, because of the complexity of this task whose contingencies 

always include both reward and punishment, this task can be used to assess both risk-taking 

and impulsive behaviour [341]. Furthermore, depending on individual difference in trait 

impulsivity, IGT performance may reflect different underlying processes [342]. Repeated 
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selections of disadvantageous decks may indicate risk-taking propensity only in individuals 

with low trait impulsivity [342]. It is possible that the negative correlation we observed between 

MFG volume and IGT scores might have emerged from individuals with high trait impulsivity. 

We acknowledge several limitations of this study. First, the causality of our findings remains 

elusive, as we cannot distinguish between structural alterations caused by drug use and pre-

existing anatomical ‘abnormalities’ from a cross-sectional study. Second, self-reported drug 

use history extracted from methamphetamine subjects may not be accurate. We could not 

observe any correlation with cumulative grams possibly due to misreporting by participants. 

Length of abstinence and year of use, on the other hand, were easier to gauge. Third, our study 

only included male participants for both groups, and therefore may not represent the 

methamphetamine user population in general. Earlier studies have found that structural and 

metabolic changes, as well as poorer executive function, were observed in male users only 

[128,129]. Fourth, smoking prevalence is very high in our subjects (92.3%), and cigarette 

smoking has indeed been associated with GM deficits in several regions, such as insula, ACC, 

and dorsolateral PFC (which includes MFG and SFG) [61,63,64,149]. Although daily 

cigarettes were collected to correct for this confound, the effect of nicotine to structural changes 

cannot be completely ruled out in our subjects. 

Our study, despite being small in size (26 MA, 11 CON), has presented several interesting 

findings. We have replicated cortical GM deficits in the PFC and the ACC, as well as striatal 

enlargement in our abstinent methamphetamine subjects. We observed some trends associated 

with methamphetamine use parameters in the PFC and striatum. And finally, we have, for the 

first time, observed a relationship between GM volume in the PPC, insula, and MFG, and risk-

averse behaviour in abstinent methamphetamine users. Future research should explore more 

features of these regions as potential markers for predicting relapse in abstinent 

methamphetamine individuals. 

2.4 VBM Study in Regular Smokers 

This study aimed to investigate structural brain alteration in smokers relative to non-smokers. 

Unlike in the methamphetamine study, this study recruited both female and male subjects. The 

ROIs were selected based on findings from previous studies in smokers i.e., PFC (including 

MFG, OFC, and SFG), ACC, insula, and striatum (including caudate, putamen, and NAC), 

amygdala, hippocampus, and thalamus [59,61,64,148,149,152,343–346]. We predicted that 
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reduced GM volume would be observed in any of the aforementioned regions 

[61,64,65,148,149], except for dorsal striatum where increased volume may possibly be 

observed [60,346]. Next, as we collected both males and females, we aimed to explore the sex 

effects among smokers using the same set of ROIs. Sex effect of smoking has been observed 

in the amygdala [347], but has not been explored widely in other regions despite both sexes 

often being collected. Finally, we aimed to examine the correlation between GM volume across 

smokers and smoking parameters (daily cigarettes and years of smoking). We expected to 

replicate a negative correlation between smoking parameters and GM volume in the PFC, 

insula, and thalamus as has been seen in previous literature [149,152,348,349], and to further 

explore the other regions, i.e., ACC, striatum, amygdala, and hippocampus. 

2.4.1 Materials and Methods 

2.4.1.1 Participants and Procedure 

The data were collected in collaboration with the Hester Lab at Cognitive Neuroimaging 

Laboratory (The University of Melbourne, School of Psychological Sciences. The study 

protocol was approved by the University of Melbourne’s human research ethics committee 

(HREC 0830956.1). Adult smokers (n = 18) were recruited from advertisements with the 

following criteria: (1) smoke at least 15 cigarettes per day for ≥ 2 years; (2) aged 18-45 years; 

(3) right-handed; and (4) fluent in English. Non-smoking adults (n = 18) met the same inclusion 

criteria as smokers, except they must have never smoked more than 15 cigarettes in their 

lifetime. For all participants, the exclusion criteria were: (1) history of other drug dependence; 

(2) any significant medical conditions; (3) history of any neurological and/or mental health 

disorders; (4) MRI contraindications; and (5) currently on any regular medications, other than 

oral contraceptives. 

Signed consent was obtained from all participants prior to the study. On the day of the study, 

smoker participants were instructed to abstain for approximately two hours prior to scan but 

this was not enforced. At the end of the study, participants received reimbursement for their 

time ($20 per hour). 

2.4.1.2 MRI Acquisition 

MRI was performed using a 3T Siemens Magnetom TrioTim scanner (Erlangen, Germany) 

with 32-channel head coil. Structural T1-weighted images were acquired in the sagittal plane 
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(208 slices x 0.8 mm thickness, 1900 ms repetition time, 2.63 ms echo time, 900 ms inversion 

time, 250 mm field of view, 320 x 320 matrix, 9° flip angle, 0.8 mm isotropic resolution). Total 

scan time was 5 min and 25 sec. 

2.4.1.3 Image Processing 

Structural images were processed using the same pipeline [320] as implemented in the 

methamphetamine study. First, images were brain-extracted and GM-segmented before being 

non-linearly registered to the MNI 152 standard space [332]. The resulting images were 

averaged and flipped along the x-axis to create a left-right symmetric, study-specific GM 

template. Second, all native GM images were non-linearly registered to the study-specific 

template and modulated to correct for local expansion (or contraction) due to the non-linear 

component of the spatial transformation. The modulated GM images were then smoothed with 

an isotropic Gaussian kernel with a sigma of 3 mm. 

2.4.1.4 Statistical Analysis 

ROI masks for ACC, INS, OFC, MFG, SFG, PUT, CAU, NAC, amygdala (AMG), 

hippocampus (HPC), and thalamus (THA) were generated from the Harvard-Oxford Cortical 

and Subcortical Structural Atlases within the FSL. Each mask was then transformed to match 

the smoothed images and binary-thresholded at 0.5. Voxel-wise GLM were applied using 

permutation-based non-parametric testing (5000 permutations) to correct for multiple 

comparisons across space, and inference was obtained using TFCE method with a threshold 

set on p < 0.05 [333]. Groups (nicotine, NIC; and control, CON) were compared using unpaired 

t-test model, controlling for age and sex (mean centred). Within NIC, female and male subjects 

were compared controlling for age and year of smoking. Finally, across NIC subjects, separate 

regression analysis was run to examine the correlations with smoking parameters, i.e., daily 

cigarettes and years of smoking. For each GLM, whole-brain analysis was performed prior to 

ROI analyses. 

2.4.2 Results 

From 18 smokers who were recruited and had completed the scan, one subjects was excluded 

because of an error in recording demographic data. Among 18 control participants, two were 

excluded due to Gibbs artefacts (ringing). The final numbers of subjects included were 17 for 

NIC and 16 for CON. 
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2.4.2.1 Demographics 

There was a significant difference in age between NIC and CON (independent two-sample t-

test, t = 2.2; p = 0.035), in which controls were younger in age. Years of education were not 

significantly different between groups. NIC smoked for an average of 20 cigarettes daily (± 5) 

and had been smoking for an average of 8 years (± 4). One-third of CON had tried smoking in 

their lifetime but had never smoked regularly (Table 5). 

Table 5 Participant Demographics for VBM Study in Smokers 

Characteristics NIC 

(n = 17) 

CON 

(n = 16) 

Age 26.3 ± 4.3 23.3 ± 3.4 

Sex M: 9, F: 8 M: 7, F: 9 

Years of Education 15.4 ± 2.3 15.9 ± 2.2 

Ever Smokers 17/17 5/16 

Daily Cigarettes 20.4 ± 4.8 N/A 

Years of Smoking 8.0 ± 3.6 N/A 

2.4.2.2 Group Comparison for GM Volume 

Controlling for age and sex, between-group effects were observed in the OFC, ACC, NAC, 

and CAU (Table 6). For contrast NIC > CON, significant clusters were observed in the right 

OFC (p < 0.01, Figure 6) and bilateral NAC (p < 0.05, Figure 7). A difference was observed 

for the left CAU but did not reach significance (p < 0.07, Figure 7). For contrast CON > NIC, 

significant effect was observed in the ACC (p < 0.05, Figure 6). No significant group effects 

were detected with whole-brain analysis. 
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Table 6 Clusters of Significance for VBM Study in Smokers 

ROI Voxels p value Max MNI Coordinates 

x   y   z   (mm) 

NIC > CON * 

OFC 24 0.01 0.997 38     28     0 

NAC 25 0.05 0.980 12     20     -6 

25 0.05 0.976 -10     18     -6 

CAU 11 0.07 0.934 -12     20     -4 

CON > NIC * 

ACC 22 0.05 0.959 -4     18     20 

Female > Male (NIC only) º 

NAC 22 0.01 0.993 6     8     -8 

19 0.01 0.995 -8     8     -4 

HPC 34 0.05 0.989 28     -26     -10 

14 0.05 0.970 -34     -24     -10 

AMG 28 0.05 0.967 28     -6     -14 

CAU 9 0.07 0.952 -8     8     -2 

* corrected for age and sex 

º corrected for age and years of smoking 
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Figure 6 Group Differences in Cortical Volume between NIC and CON 

Smokers displayed larger OFC (mask indicated in pink) in blue cluster (voxel-corrected at p < 0.01) and smaller 

ACC (mask indicated in yellow) in orange cluster (voxel-corrected at p < 0.05), relative to controls (unpaired t-

test, controlling for age and sex). 

 

Figure 7 Group Differences in Subcortical Volume between NIC and CON 

Smokers displayed larger striatal volume in bilateral NAC (mask indicated in yellow) as shown in orange clusters 

(voxel-corrected at p < 0.05) and left CAU (mask indicated in pink) as shown in light blue cluster (voxel-corrected 

at p < 0.07), relative to controls (unpaired t-test, controlling for age and sex). 

When NIC was grouped into female-NIC and male-NIC, sex effects were observed for contrast 

female > male in the bilateral NAC (p < 0.01, Figure 8), bilateral HPC (p < 0.05, Figure 9), 

and right AMG (p < 0.05, Figure 9), controlling for age and years of smoking. A difference 

was also observed in the left CAU, which did not reach significance (p < 0.07, Figure 8). 

Whole-brain analysis did not detect sex effects in any regions. 
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Figure 8 Sex Effects in Striatal Volume Among Smokers 

Female smokers showed larger striatal volume in bilateral NAC (mask indicated in pink) as shown in red clusters 

(voxel-corrected at p < 0.01) and left CAU (mask indicated in yellow) as shown in light blue cluster (voxel-

corrected at p < 0.07), relative to male smokers (unpaired t-test, controlling for age and years of smoking). 

 

Figure 9 Sex Effects in Limbic Volume Among Smokers 

Female smokers exhibited larger right AMG volume (mask indicated in blue) as shown in red cluster and bilateral 

hippocampus (mask indicated in beige) as shown in green clusters, relative to male smokers (unpaired t-test, 

voxel-corrected at p < 0.05, controlling for age and years of smoking). 

2.4.2.3 Smoking and GM Volume 

Controlling for age and sex, no significant correlations were observed between GM volume (in 

any regions) and smoking parameters (both daily cigarettes and years of smoking). 

2.4.3 Discussion 

This study investigated GM alterations in current smokers, relative to non-smokers. As 

hypothesised, we observed lower GM volume in smokers relative to controls in one of our a 

priori defined ROIs, i.e., ACC. We also discovered a significantly higher GM volume in 

smokers in other regions, namely the NAC and OFC, which we did not anticipate based on 

previous published work. From the literature, smaller OFC has been observed in cigarette 
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smokers relative to non-smokers, and this decrease has been proposed to be mediated by high 

density of nicotine binding sites in PFC [64]. Furthermore, NAC volume and OFC thickness 

have been negatively correlated with cigarette smoking variables (e.g., pack-years, daily 

cigarettes) [59,65], and identified as key regions for processing impulsive decisions [350,351]. 

In one study conducted in methamphetamine users, NAC volume was positively correlated 

with impulsivity (i.e., delay discounting measure) [133]. While in another study with substance 

dependent individuals, GM volume in the OFC was positively associated with high-risk 

decisions on the IGT (controlling for age, education, and IQ) [329]. It is possible that the 

increased GM volume we observed in these regions might not be attributable to cigarette 

smoking, but rather pre-existing differences in neuroanatomy between impulsive/risk-taker 

individuals and those who were not.  

In addition to increased GM volume in the NAC and OFC, we observed a trend towards larger 

caudate in smokers relative to non-smokers. Larger caudate volume has been observed in one 

study with young smokers (age: 16-23, age of initiation: ~15), relative to age-matched controls 

[60]. The authors, Li et al., proposed that larger caudate volume might be associated with “the 

neural correlates of craving and reward processing, thus, increasing the risk factors of nicotine 

dependence” [60]. In a different study, Franklin et al., also reported larger putaminal volume 

in adult smokers (age: ~33.8, years of smoking: ~14 years) relative to non-smoking controls 

[346], and they argued that enlarged putamen might underlie compulsive cigarette smoking 

[346,352]. Indeed, increased dorsal striatal volume has been implicated in the development of 

stimulant addiction [75]. Dorsal striatum has been proposed to play a key role in the transition 

from voluntary drug taking to habitual drug seeking, which involves a shift in the control over 

behaviour from ventral to dorsal striatum via dopaminergic innervation [335]. By shifting the 

striatal control from ‘wanting’ (ventral) to habit (dorsal), drug seeking shall persist even when 

the rewarding value of the drug has decreased (i.e., tolerance) [335,352]. This theory, however, 

was built on animal research, and some have argued that this may not translate to observed 

findings in human abusers [353]. 

For the second aim of the study, we ran an exploratory analysis to investigate sex effects in 

cigarette smokers. Due to the paucity of research in this area, we did not have prior knowledge 

to predict the regions of significant sex effects, except for the amygdala [347]. Lin et al. 

observed smaller amygdala in female smokers (relative to female controls) [347]. Contrary to 

their finding, our current study found that the amygdala was smaller in male smokers (relative 

to female smokers). Furthermore, Lin et al. also observed a negative correlation between the 
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right amygdala volume and impulsiveness in female smokers [347]. It is possible that lower 

impulsiveness among female smokers may be associated with higher amygdalar volume, and 

thus, might account for the observed group difference, however, this measure (i.e., Barratt 

Impulsiveness Scale) was not collected in this study. In addition to the amygdala, we also 

observed a significant group difference in the bilateral NAC and hippocampus, in which male 

smokers had smaller GM than female smokers. In our current study, lifetime cigarette smoking 

had been controlled for by using years of smoking as a covariate [59]. Therefore, the difference 

observed in our study should not be reflective solely of lifetime smoking [59], and may be 

attributable to sex difference. However, one possible explanation other than sex is, NAC 

volume has been positively associated with trait anxiety [354], which could be higher in our 

female smokers. Unfortunately, this measure (i.e., State-Trait Anxiety Inventory, STAI) was 

not collected in this study. Another explanation for group differences in hippocampal volume 

may be related to individual intelligence measures. IQ scores have been positively correlated 

with hippocampal volume [355]. Whilst there was no difference in years of education between 

female and male smokers (15.3 ± 1.8 and 15.6 ± 2.5 years, respectively), IQ scores might still 

differ, and higher intelligence in female smokers might potentially account for the larger 

hippocampal volume observed relative to male smokers [355]. 

We did not observe any correlation between GM volume and smoking parameters in our ROIs. 

For this, we offered four possible reasons. Firstly, our sample size (n = 17) may be too small 

to detect any trends. Secondly, the correlation might be non-linear, and therefore could not be 

observed in a linear model. Thirdly, smokers in our study might have not yet developed 

significant structural neuroadaptations because they were relatively young and had not been 

smoking for more than 10 years (on average). One study reported that correlation between 

smoking variable and GM volume was observed in ‘established’ smokers (age: 35-49, years of 

smoking: 22.9 ± 6.7), but not in ‘younger’ smokers (age: 20-29, years of smoking: 6.6 ± 3.6) 

[348]. Our smoker subjects were closer in age (19-34) and years of smoking (8 ± 3.6) to that 

of ‘younger’ smoker group than to the ‘established’ smokers. 

In this study, we have replicated findings from previous studies, in which smokers had smaller 

ACC volume than non-smoking controls [64,149]. We have also presented novel findings: (1) 

increased prefrontal and striatal GM volume in smokers relative to non-smokers; and (2) larger 

NAC, amygdala, and hippocampus in female smokers relative to male smokers. We encourage 

future studies to replicate these findings, particularly to explore the effects of sex in cigarette 
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smoking. To control for potential confounders, such as trait anxiety, impulsiveness, and IQ, we 

recommend collecting these variables for use as covariates. 

2.5 Summary 

We have identified several key findings from our preliminary studies in methamphetamine 

users and cigarettes smokers (Figure 10). First, we have replicated a smaller cortical volume in 

the ACC and a larger striatal volume in both groups, relative to non-using controls. In addition, 

we replicated a smaller PFC volume in methamphetamine users but instead observed larger 

PFC in smokers. Second, we observed sex differences in the amygdala, striatum, and 

hippocampus, in which female smokers exhibited larger volume than male smokers. Third, 

risk-averse behaviour (IGT scores) among methamphetamine users, was positively correlated 

with GM volume in the INS and the PPC, and negatively correlated with the MFG volume. 

Fourth, among methamphetamine users, duration of use showed a trend towards positive 

correlation with the PFC and a trend towards negative correlation with the striatal volume. 

As previously discussed in the neurotoxicity review (2.1), we proposed that GM deficits in the 

PFC may be partly attributable to neuronal loss due to chronic exposure to methamphetamine 

[222]. Smaller dorsolateral PFC (in methamphetamine users), as well as larger OFC (in 

smokers) may also precede stimulant use [44]. Likewise, smaller ACC, which was present in 

both methamphetamine users and smokers may reflect a pre-existing abnormality that might 

have predisposed them to develop stimulant dependence [44]. The ACC has been proposed to 

be involved in risk prediction as well as risk aversion [356], and deficits in this region may 

predict risk-taking behaviour in stimulant users [137]. Another possibility is that deficit in the 

ACC may be attributable to smoking, and since most methamphetamine users in our study also 

smoked cigarette regularly, this effect might have emerged from heavy smokers [61]. 
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Figure 10 Summary of Findings from Structural Study in Methamphetamine Users and 

Smokers 

Replicated findings were indicated in green, while new findings were indicated in yellow. 

In addition to cortical deficits, increased striatal volume was also observed in both 

methamphetamine and smoker groups. Striatal enlargement was repeatedly observed in several 

studies with methamphetamine users [56–58], but not as consistently in smokers [60,347]. 

While increased striatal volume in methamphetamine users has been proposed to reflect 
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neuroinflammation and reactive gliosis due to methamphetamine-induced neuronal damage 

[57,58,357], enlarged dorsal striatum in smokers may represent a structural biomarker 

associated with cigarette craving [358]. Furthermore, increased ventral striatal (NAC) volume 

in smokers, may reflect pre-existing morphometry which facilitates impulsive behaviour, 

therefore rendering them vulnerable to drug dependence [133,350]. 

While we have reported both replicated and new findings, some questions were left 

unanswered. Based on the gaps in our studies, we proposed several recommendations for future 

studies. First, we encourage replication of methamphetamine study in active users to bridge the 

gaps in the current knowledge and to clarify the acute versus long-term changes associated 

with methamphetamine use. Second, we recommend future research to explore sex differences 

in GM volume among methamphetamine users. Third, replication of the nicotine study with 

behavioural measures for risk-taking to investigate any correlation with GM volume is highly 

encouraged. Fourth, we advise that a self-report measure for trait impulsivity and anxiety be 

collected in future studies to control for individual traits that may contribute to GM measure. 

Fifth, while it is possible that there were no correlations between smoking parameters and GM 

volume in our study participants, replication with a different processing tool, which allows 

exponential regression may help clarify the correlation, if present. Sixth, use of a task that can 

tease apart different components of risky decision-making may help to elucidate cognitive 

process underlying risk-taking/risk-averse behaviour, and removing elements of learning and 

memory which may be affected. For instance, by taking the reward out of risk, such that the 

possible outcomes would be either ‘lose money or nothing’, rather than ‘win or lose’, the effect 

of impulsivity may be ruled out [359]. Furthermore, coupling the task with functional imaging 

technique may provide a better understanding of the neural substrates involved in different 

components of risk and loss-processing [360]. 
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3 Section II – Functional Imaging 

As has been discussed separately in the first and second literature reviews, both 

methamphetamine users and smokers often exhibit attenuated neural response to reward and/or 

risky decisions, notably in the striatum and the PFC. It has been proposed that disrupted reward 

processing in methamphetamine and nicotine groups may reflect a general deficit in recruiting 

brain reward circuitry, thus resulting in hypoactivation in those regions [198]. This theory, 

known as reward deficiency syndrome, was first posited by Blum (1996) [361]. According to 

the reward deficiency theory, stimulant addiction, along with other addictive, compulsive, and 

impulsive disorders (e.g., alcoholism, pathological gambling, attention-deficit disorder, and 

compulsive overeating) are all linked by a genetic abnormality in the brain reward pathway, 

which predominantly implicates the dopaminergic system, but also involves other 

neurotransmitters, i.e., serotonin, GABA, and norepinephrine [362]. Initiation of addictive 

behaviours such as stimulant use may therefore be explained as an individual coping 

mechanism to seek pleasure to compensate for dopamine deficits [363].  

The structural study in Section I revealed that risk-taking and impulsivity are often difficult to 

distinguish, especially in a gambling task when both reward and risk are involved [341], such 

that every decision represents a subjective value between magnitude of reward and probability 

of punishment [364]. On the other hand, a simple task that dissociates positive (reward) from 

negative (punishment) reinforcement will allow separate examination of each reward and loss 

processing. Furthermore, when coupled with functional imaging, such a task may enable 

detailed investigation of different stages of reward/loss processing, namely anticipatory and 

outcome phases [365]. One of the most used tasks to examine the neural processing of reward 

and punishment is the MIDT [359]. Briefly, the MIDT requires the subjects to respond to a 

target stimulus which is presented after an incentive cue, to win or avoid losing money as 

indicated by the cue [365]. Studies using MIDT have discovered that stimulant users exhibited 

hypoactivation of corticolimbic reward system during reward anticipation (i.e., caudate, 

putamen) but overactivation in response to reward outcome (i.e., insula, ventral striatum, 

caudate) [156,185,187,215,217–219]. Anticipation of loss was often not reported [366], but 

one study observed attenuated insular activation in stimulant users during loss anticipation 

[216]. 
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While altered reward processing in both methamphetamine and nicotine groups has been 

consistently observed, little is known when it comes to neural processing of risk 

[136,156,185,187,188,215,217,218]. It also remains ambiguous whether loss anticipation 

reflects risk anticipation, though both appeared to recruit the insula [360,367,368]. In healthy 

subjects, risk anticipation has been proposed to reflect risk preference, which implies that 

neural processing of risk may be able to predict risk-averse/risk-taking behaviour [367]. 

Studying the neural pattern of risk anticipation in stimulant users will, therefore, help to clarify 

how an addicted brain processes the risk, relative to non-drug users. 

In this section, we performed three separate preliminary studies using the MIDT, which has 

been modified to include the risk element. Study 1 aimed to confirm neural activation 

associated with reward and risk processing in non-drug-using subjects. Study 2 investigated 

group differences between methamphetamine users and controls, in activation related to risk 

and reward processing. Study 3 investigated group difference between smokers and controls. 

3.1 Task-Based Functional MRI – Methodology  

The principle of functional MRI (fMRI) measure is based on the hemodynamic response 

function (HRF) in the brain. When the neurons become active, the amount of blood flowing to 

the activated area is increased. This increase in blood supply, however, is more than is needed 

to compensate for the increase in oxygen metabolism [317]. The physiological origin of this 

phenomenon remains unknown, but it has been speculated to reflect a mechanism to maintain 

partial oxygen pressure (pO2) in the tissue [369]. In molecular level, oxygen in the blood is 

carried by haemoglobin. Haemoglobin has paramagnetic property due to its iron-containing 

structure, while oxygen-carrying (oxygenated) haemoglobin is diamagnetic (no magnetic 

property) [370]. The change in local magnetic field during rest and activated conditions is the 

basis of blood oxygenation-level dependent (BOLD) contrast which is measured with fMRI 

[371,372]. In order to detect the neuronal activity related to a particular function, fMRI is used 

in tandem with cognitive task. 

One of the most extensively used tasks to study risky decision-making is the IGT. The IGT 

involves uncertainty, reward and punishment to create a conflict between high reward with 

greater future punishment (disadvantageous), and low reward with lower punishment 

(advantageous) [202]. Studies using the IGT have reported poorer performance in the group of 

stimulant users, relative to the controls, where the stimulant groups picked more 
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disadvantageous cards than the control groups [373–375]. However, as mentioned earlier, 

because of the complexity of the IGT which always involves both risk and reward, it cannot be 

used to distinguish risk-taking propensity from impulsive behaviour [341]. Another drawback 

of the IGT is that it requires subjects to memorise the outcomes in order to learn the 

contingencies of each deck [376]. Some individuals, however, may have lower working 

memory capacity or poorer learning ability than others. If this learning effect is not controlled, 

the result may be biased towards higher risk-taking (in slow learner group), when in fact the 

participants are yet to learn to dissociate disadvantageous from advantageous decks [376]. To 

control for individual learning rates and working memory capacity, one of these solutions may 

be applied: 1) increasing the number of trials [376]; and 2) excluding the first few blocks of 

trials from the analysis [203,331]. 

Since first introduced in 2000 by Knutson et al. [359], the MIDT has been used widely to 

investigate changes in neural activity related to the processing or reward and punishment. 

Essentially, the MIDT is a simple response task with incentive cues, in which participants are 

required to respond to a target stimulus as quickly as possible to win money or to avoid losing 

money, depending on the cue type (see Figure 11). This task, however, does not measure 

psychomotor function, e.g., how good the subjects perform or how much they win in the end. 

Instead, the MIDT is used to capture the brain activity during and following presentation of the 

incentive cue (anticipation phase) and feedback (outcome phase). The original MIDT consisted 

of three types of trials: reward, punishment, and control [377]. In reward trials (denoted by 

circle cues), participants could earn $1 or $5 (see Figure 11-a) if they managed to hit the target, 

and earn nothing (no change) if they missed [360]. In punishment trials (denoted by square 

cues), participants would lose $1 or $5 if they failed to respond to the target, and lose nothing 

(no change) if they hit [360]. In neutral trials (denoted by a triangle cue), participants would 

not win or lose any money but they were instructed to still perform their best [360]. The neutral 

condition in the MIDT serves as the reference point (status quo) for reward valence, such that 

win should be compared with neutral rather than loss [364]. 

In each MIDT trial, participants were presented with one of the cue shapes (cue, 250 ms), 

followed by a crosshair to fixate on while waiting for a variable interval (delay, 2000-2500 ms) 

[378]. Then a white target square appeared (target, 160-260 ms), which they responded to with 

a button press [377]. Finally, following the target’s disappearance, feedback was displayed 

(outcome, 1650 ms) to notify participants whether they won or lost money from that trial, and 

their cumulative sum at the time [377]. Task difficulty (i.e., how quickly the target disappeared) 
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was determined based on individual reaction times (RT) during the practice session prior to 

scanning, such that each subject should succeed on approximately 66% of the time [377]. 

 

Figure 11 The MIDT (Original) 

(a) Incentive cues indicating trial type: squares for punishment, triangle for neutral, and circles for reward trials. 

(b) Time course of a trial on the MIDT (left to right): incentive cue – delay (fix cross) – target (white square) – 

feedback – another delay before the next trial starts. Cues and timings vary from study to study. Reproduced from 

Oldham et al. (2018) [360] with permission from John Wiley and Sons© 2018. 

In this study, we used a modified version of MIDT [378]. This task, which we referred to as 

the ‘passive task’, was developed by our principal investigator, Dr Louise Curley, and Prof 

Rob Hester (The University of Melbourne). This task consisted of three blocks; each with 18 

reward trials, 18 neutral trials, and 18 punishment trials (see Figure 12), which were 

randomised throughout the block in a predetermined order. At the beginning of each trial, 

participants were presented with the speed type (3000 ms): ‘Quick’, ‘Very Quick’, and 

‘Extremely Quick’, which corresponded to how fast the target would disappear. Then, one of 

the cues (‘˄’ = reward, ‘˅’ = punishment, ‘‒’ = neutral) was displayed (2000 ms), followed by 

a crosshair (600-1200 ms). A green cross target then appeared, and participants must respond 

to using a hand-held response button. Another crosshair was displayed on the screen (600-1200 

ms) before a feedback was presented (1500 ms). Participants were given a $10 balance to start 

with. During reward trials, participants could win $0.50 if they hit the target in time (hit: win 

$0.50, miss: no change). During punishment trials, participants would lose $0.50 if they missed 

the target (hit: save $0.50, miss: lose $0.50). During neutral trials, participant would not win 

or lose any money (hit: no change or miss: no change), however, they were instructed 

beforehand to perform their best across the trials regardless of the trial types. 
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Figure 12 Modified MIDT (Passive Task) 

Time course of a trial on passive task (top left to bottom right): speed type (quick, very quick, or extremely quick) 

– trial type (reward, neutral, or punishment) – interstimulus interval (delay) – target (green cross) – interstimulus 

interval – feedback. Prospect phase took place at the onset of trial type and ceased before the onset of target. 

Anticipation phase started when the target appeared and ended before the feedback was announced. Outcome 

phase happened during feedback presentation and lasted until the new trial began. 

The main difference between our task and the original MIDT is the introduction of different 

levels of speed, i.e., quick, very quick, and extremely quick. The speed levels were added to 

introduce the passive element of risk (non-monetary), i.e., the predetermined conditions which 

participants could not change. The shorter the target duration, the higher the risk of failing to 

respond to the target in time. Like the original MIDT, durations for target presentation were 

adjusted individually based on average RT during practice session. For quick trials, the 

durations were adjusted such that participants would hit the target ≥ 85% of the time, using the 

average RT as reference. For very quick trials, the durations were adjusted such that 

participants would succeed 70-75% of the times, using 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑅𝑇 − 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 

as reference. For extremely quick trials, the durations were adjusted so that participants would 

succeed 60-65% of the times, using 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑅𝑇 − (2 × 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛) as reference. 

Throughout the task, when participants performed outside the set success rate for each 

difficulty level (i.e., performing too well or too poorly), the task would re-adjust the duration 

10 msec longer/shorter each time until the set range was achieved (see Figure 13). This way, 
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the task would ensure consistent difficulty levels for each participant across trials, as well as 

across participants regardless of their baseline performance. 

 

Figure 13 Dynamic Re-adjustment for Target Duration 

Task difficulty for each level was continuously re-adjusted throughout the task to achieve the set success rate, by 

increasing or reducing the target duration 10 msec at a time. Pictured above is the extremely quick trial for 

example. 

Knutson et al. broke down the original MIDT into two phases: ‘anticipation’ which occurs 

during and after the presentation of incentive cue; and ‘outcome’ which happens upon the 

presentation of feedback [359,378]. We have broken our task down to four different onsets of 

interests by adding speed type and target onsets (see Table 7). We adopted division of phase 

used by Andrews et al. [379], who marked cue onset for ‘prospect’ instead of ‘anticipation’, 

and used target onset to mark the ‘anticipation’ phase (see Figure 12). Furthermore, with the 

addition of speed levels, we took advantage of different risk levels, and used the onset to 

compare risk-related activation between extremely quick vs quick condition. 

Functional images were processed using FMRI Expert Analysis Tool (FEAT), a software tool 

in FSL for fMRI data analysis (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FEAT). To estimate BOLD 

activation corresponding to specific processes listed in Table 7, seven GLMs were run for each 

subject [380]. This step is referred to as first-level analysis. For each individual analysis, two 

regressors were used, e.g., for reward prospect, the regressors were reward cue onsets and 

neutral cue onsets; while for loss prospect, the regressors were punishment cue onsets and 

neutral cue onsets. The contrast was then set for each GLM, as specified in the table. 

https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FEAT
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Table 7 Regressors of Interest (Passive Task) 

Task Component Contrast Corresponding Functional Process 

Speed Type Extremely Quick > Quick  Risk Processing 

Cue Reward > Neutral Reward Prospect 

 Punishment > Neutral  Loss Prospect 

Target Reward > Neutral  Reward Anticipation 

 Punishment > Neutral  Loss Anticipation 

Feedback Win > Hit-No Change Reward Outcome 

 Lose > Miss-No Change Loss Outcome 

 

3.2 Functional Study in Non-Drug Users 

This study aimed to identify regions of activations associated with risk and reward processing 

in non-drug-using adults, using our novel task as fMRI paradigm. We have split our task into 

four phases: risk processing, reward/loss prospect, reward/loss anticipation, and reward/loss 

outcome. In this exploratory study, we opted for whole-brain analysis in favour of ROI 

approach (small volume correction) to avoid selection bias. We, however, anticipated to 

observe reward-related activations in some regions reported by Knutson et al. in their early 

study with MIDT, such as insula, dorsal striatum (caudate and putamen), ventral striatum 

(NAC), PFC, ACC, and thalamus [359]. In addition, we expected to see risk-related activation 

in the insula [368,381]. 

3.2.1 Materials and Methods 

3.2.1.1 Participants and Procedure 

The same control group from the VBM Study in Regular Smokers (n = 18) also completed the 

fMRI study on the same day (see 2.4.1.1 for inclusion and exclusion criteria). After signing 

informed consent, participants performed a practice session of the passive task on a computer 

outside the scanner to ensure they were familiar with the task objective and conditions. They 

were then taken to the MRI unit to undergo the functional and structural scans. Just before the 
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fMRI study began, participants completed another practice session while lying on the MRI bed. 

This practice session, unbeknownst to the participants, was essential to compute the speed 

levels for the fMRI task, based on their RT. Participants then performed three blocks of the 

passive task, while functional scan was obtained, responding via a hand-held response box. 

Participants were also unaware of any staircase calculations that were altering the target 

window duration. 

3.2.1.2 fMRI Acquisition 

fMRI data were collected using a 3 Tesla Siemens Magnetom TrioTim scanner (Erlangen, 

Germany) with 32-channel head coil. Thirty-two slices of T2*-weighted images were acquired 

in the transverse plane using echo-planar imaging sequence (290 measurements, 2000 ms 

repetition time, 35 ms echo time, 230 mm field of view, 64 x 64 matrix, 90° flip angle, and 4.0 

mm thickness). High resolution T1-weighted images were also collected for co-registration and 

normalisation to MNI space (see 2.4.1.2 for MRI acquisition). B0 fieldmap phase and 

magnitude images were acquired to correct for distortion (420 ms repetition time, 2.46 ms echo 

times difference, 230 mm field of view, 128 x 128 matrix, 60º flip angle, and 4.0 mm thickness). 

3.2.1.3 Image Processing 

Functional data were processed using FSL version 5.0.9. Individual BOLD images from three 

blocks (run 1, run 2, and run 3) were concatenated in time using ‘fslmerge’ function in FSL. 

Pre-processing was performed with FSL’s fMRI Expert Analysis Tool (FEAT) as part of first-

level analysis, which included: (1) rigid body transformation to correct for motion [382]; (2) 

distortion correction (B0 unwarping) which was carried out using Boundary-Based 

Registration (BBR) [383]; (3) spatial smoothing using a Gaussian kernel of FWHM 5 mm; and 

(4) high-pass temporal filtering (60 s cut-off) to remove low frequency artefacts. Finally, 

functional image was registered to structural image using BBR [383], and then non-linearly 

transformed into the MNI space using FMRIB’s Linear Image Registration Tool (FLIRT). 

3.2.1.4 Statistical Analysis 

Twelve first-level analyses [380], one regressor for each, were run for each subject. The 

regressors were: (1) Extremely Quick speed onsets; (2) Quick speed onsets; (3) Reward cue 

onsets; (4) Punishment cue onsets; (5) Neutral cue onsets; (6) Reward target onsets; (7) 

Punishment target onsets; (8) Neutral target onsets; (9) Win onsets; (10) Lose onsets; (11); Hit-
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No Change onsets; and (12) Miss-No Change onsets. For the HRF convolution, double-gamma 

function was used. 

Seven whole-brain group analyses were performed for the contrasts listed in Table 7. 

Conditions were compared using unpaired t-test model, controlling for age and sex, and voxel-

thresholded at p < 0.05 or lower. 

3.2.2 Results 

Eighteen non-drug users, consisting of 9 female and 9 male subjects, completed the functional 

study. No data were excluded. Female subjects were slightly older (24.2 ± 3.8) than male 

subjects (22.4 ± 2.7), although not statistically significant. Education level did not differ 

between female and male subjects (16.2 ± 2.2 and 15.6 ± 2.2, respectively). 

Whole-brain analyses yielded significant activations corresponding to risk processing 

(extremely quick > quick), reward prospect (reward cue > neutral cue), loss prospect 

(punishment cue > neutral cue), and reward anticipation (reward target > neutral target), which 

are presented in Table 8 (see Supplement 9 for thresholded activation). During presentation of 

speed type, extremely quick condition activated occipital regions (i.e., occipital pole, 

intracalcarine cortex, lingual gyrus, lateral occipital cortex) relative to quick condition (see 

Figure 14). During presentation of cue for trial type, both reward and punishment cues activated 

supplementary motor cortex and postcentral gyrus. In addition, reward cue activated bilateral 

caudate (Figure 15), while punishment cue activated insular cortex (Figure 16). Upon target 

presentation in reward trials, bilateral thalamus was activated. No activations were observed 

during target presentation in punishment trials. No outcome-related activations were detected 

for both win and lose conditions. 
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Table 8 Task-Related Activations in Non-Drug Users 

Threshold Voxels Z Max MNI Coordinates 

x   y   z 

Regions 

Speed Type: Extremely Quick > Quick * 

p < 0.0001 492 8.02 39    17    36 Occipital Pole-ICC (R)  

 222 7.69 48    18    35 Occipital Pole-ICC (L)  

 153 7.12 56    25    32 Fusiform-Lingual Gyri (L) 

 150 7.66 33    18    47 Occipital Pole-LOC sup (R)  

 146 7.04 51    28    40 ICC-Lingual Gyrus (L) 

 99 7.43 54    18    45 Occipital Pole-LOC sup (L)  

Cue: Reward > Neutral * 

p < 0.01 223 6.39 42    64    67 Supp. Motor Cortex 

 111 6.03 51    68    35 Caudate (L) 

 100 5.82 39    67    40 Caudate (R)  

 79 5.73 62    50    62 Precentral-Postcentral Gyri (L) 

Cue: Punishment > Neutral * 

p < 0.05 193 5.89 42    64    67 Supp. Motor Cortex 

 95 5.79 29    77    38 Insula-Frontal Operculum 

 46 5.14 60    48    65 Postcentral Gyrus 

Target: Reward > Neutral * 

p < 0.05 24 5.06 44    56    42 Thalamus (bilateral) 

*) controlled for age and sex 

Abbreviations: ICC = intracalcarine cortex; LOC sup = lateral occipital cortex superior division; Supp. = 

supplementary; L = left; R = right. 
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Figure 14 Extremely Quick > Quick Activation in Non-Drug Users 

Extremely quick condition (indicated in red) activated intracalcarine cortex (yellow), occipital pole (blue), lingual 

gyrus (green), and lateral occipital cortex superior division (pink), relative to quick condition (unpaired t-test, 

voxel-corrected at p < 0.0001). 

 

Figure 15 Reward Prospect Activation in Non-Drug Users 

Reward cue activated subcortical clusters (indicated in red) in bilateral caudate (blue), left putamen (green), and 

bilateral thalamus (pink), relative to neutral cue (unpaired t-test, voxel-corrected at p < 0.01). 
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Figure 16 Loss Prospect Activation in Non-Drug Users 

Punishment cue activated bilateral clusters (indicated in yellow) in the border of insular cortex (pink) and frontal 

operculum cortex (green), relative to neutral cue (unpaired t-test, voxel-corrected at p < 0.05). As comparison, 

reward cue activation can be seen in red located around bilateral caudate (blue). 

3.2.3 Discussion 

This study explored risk- and reward-related activation patterns during different phases of 

modified MIDT, in non-drug-using adults. Using non-ROI approach, we have observed 

significant activation in some regions reported by Knutson et al. [359], such as caudate (reward 

prospect), insula (loss prospect), and thalamus (reward anticipation). Furthermore, we observed 

markedly significant activation in visual regions of occipital cortex, associated with risk 

processing (extremely quick > quick condition). We did not, however, detect any significant 

activations associated with win and lose outcomes. 

Our additional feature of risk level, introduced as speed type, did not show activation in the 

insula and ACC as hypothesised. This most likely reflected low sensitivity of whole-brain 

analysis due a large number of voxels which need to be corrected for multiple comparisons 

[323]. Instead, we observed remarkably robust activations in the visual regions, so we increased 

the threshold to p < 0.0001 to restrict the size of activated clusters, bearing in mind that these 

were corrected for multiple comparisons (Gaussian random field theory-based thresholding at 

voxel level). Activation of the visual regions, although not of interest, is not unexpected, 

considering this is a stimulus-response task. However, we did not observe these robust 

activations in other phases throughout the task. One likely explanation is that the speed types 

were presented in words, and ‘Extremely Quick’ is more than twice longer than ‘Quick’. The 

length of the word during reading had indeed been positively correlated with activation in the 
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lingual and fusiform gyri [384]. In comparison, none of other onsets differed significantly in 

size, e.g., ‘˅’ versus ‘‒’ or ‘˄’.  

We did not observe outcome-related activation; likely due to insufficient number of 

stimuli/onsets, coupled with low sensitivity of whole-brain analysis. There were 18 reward 

trials in each block, but on average participants could only hit 70% of the time, which is 

equivalent to 12 ‘Win’ events per block, or 37 events in total. With regard to ‘Lose’ outcome, 

the number of events were even lower. With an average accuracy rate of 68% during 

punishment trials, ‘Lose’ events happened only about 17 times in total. By comparison, there 

were 54 events each for reward cue, punishment cue, and ‘Extremely Quick’ speed type. 

Another possible reason of the lack of significant activation is the baseline condition chosen, 

e.g., ‘Hit-No Change’ as baseline activation for ‘Hit-Win $0.50’. It is likely that since both 

conditions announced ‘Hit’ feedback, despite one came with reward and the other one did not, 

subjects processed this as ‘positive’ feedback nonetheless, especially since they were instructed 

to perform their best across trials whether it was rewarding or not. 

Our task has shown some potential for future studies. Meta-analysis of reward and loss 

processing, which included 50 fMRI studies using MIDT, had identified several overlapping 

regions between reward and loss anticipation, namely striatum, insula, amygdala, and thalamus 

[360], of which we observed three. Based on our experiments, we recommend using ROI 

analysis (small volume correction) to exclude activations in the regions of no interest (e.g., 

visual regions), as well as to improve sensitivity [323]. Not to be confused with another 

technique for ROI analysis where activation signals are averaged across voxels [385], we 

propose the use of ROI mask to restrict the search area for voxel-wise analysis. The latter is 

more sensitive to detect activation signals within a small cluster, which can no longer be 

significant if averaged across the entire ROI [323]. Furthermore, we recommend setting the 

contrast for mean activation (e.g., mean win outcome) if no significant clusters were detected 

with contrast for differential activation (e.g., win > no change). 

3.3 Functional Study in Methamphetamine Users  

This study aimed to examine neural processing of reward and risk in methamphetamine users 

(abstinent subjects), in comparison with drug naïve controls. Based on current literature, we 

hypothesised that, methamphetamine users would exhibit lower activation in the dorsal 

(caudate-putamen) and ventral striatum (NAC) during reward prospect and/or anticipation 
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relative to controls [198,217], and reduced insular activation during loss prospect and/or 

anticipation [137,216]. Furthermore, we hypothesised that methamphetamine group would 

exhibit attenuated differential activation in the anterior insula, ACC, and/or PFC during 

extremely quick > quick condition [137,386,387]. Based on the results from our study in non-

drug users, a priori defined ROIs were used in this study, which included the PFC 

(orbitofrontal, superior, middle, and inferior frontal gyri), the striatum (NAC, caudate, and 

putamen), ACC, insula, and thalamus. 

3.3.1 Materials and Methods 

3.3.1.1 Participants and Procedure 

The same groups of subjects from the VBM Study in Methamphetamine Users also completed 

functional study on the same day (see 2.3.1.1 for inclusion and exclusion criteria). After signed 

consent was obtained and participants were tested negative for drugs and alcohol, they 

performed a practice session of the passive task on a computer. The practice session was 

completed prior to the scan and outside the MRI environment to make sure participants were 

familiar with the rules and conditions of the task, and therefore removed the learning element 

from the scanner environment. Participants were then taken to the CAMRI to undergo the 

functional and structural scans. Prior to the start of functional scanning, participants completed 

another practice session while lying on the MRI bed. Unbeknownst to participants, this pre-

scan practice session recorded their baseline RT to calculate the speed levels for the fMRI task. 

Participants then performed three blocks of passive task, while the functional scan was 

obtained. 

3.3.1.2 fMRI Acquisition 

fMRI data were collected using a 3 Tesla Siemens Magnetom Skyra scanner (Erlangen, 

Germany) with 32-channel head coil. Thirty-three slices of T2*-weighted images were 

acquired in the transverse plane using echo-planar imaging sequence (292 measurements, 2000 

ms repetition time, 35 ms echo time, 230 mm field of view, 64 x 64 matrix, 90° flip angle, and 

4.0 mm thickness). High resolution T1-weighted images were also collected for co-registration 

and normalisation to MNI space (see 2.3.1.3 for MRI acquisition). B0 fieldmap phase and 

magnitude images were acquired to correct for distortion (420 ms repetition time, 2.46 ms echo 

times difference, 230 mm field of view, 128 x 128 matrix, 60º flip angle, and 4.0 mm thickness). 
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3.3.1.3 Image Processing 

Functional data were processed using the same protocol described in the Functional Study in 

Non-Drug Users (see 3.2.1.3). 

3.3.1.4 Statistical Analysis 

Seven first-level analyses [380], two regressors and two contrasts for each, were run for each 

subject. The first contrasts estimated mean activation for regressors of interest: (1) extremely 

quick; (2) reward cue; (3) punishment cue; (4) reward target; (5) punishment target; (6) win 

outcome; and (7) lose outcome. The second contrasts computed differential activation between 

conditions as listed in Table 7. Double-gamma function was used for the convolution of the 

HRF. 

ROI masks for the ACC, insula (INS), OFC, middle frontal gyrus (MFG), superior frontal gyrus 

(SFG), inferior frontal gyrus (IFG), caudate (CAU), putamen (PUT), NAC, and thalamus 

(THA) were generated from the Harvard-Oxford Cortical and Subcortical Structural Atlases 

within the FSL. Methamphetamine and control groups (MAP and CON, respectively) were 

compared using unpaired t-test model, controlling for age. 

3.3.2 Results 

Twenty-eight methamphetamine users completed functional study. One was excluded due to 

irregular methamphetamine use, and another was removed from analysis for not completing 

the task as required. All control subjects were included. The final sample consisted of 26 MAP 

and 11 CON. 

Table 9 Participants Demographics for fMRI Study in Methamphetamine Users 

Characteristics MAP 

(n = 26) 

CON 

(n = 11) 

Age 31.9 ± 5.4 30.2 ± 5.4 

Years of Education 11.2 ± 2.2 18.0 ± 5.5 * 

Heavy Smokers 23 0 

Daily Cigarettes (among smokers) 25.9 ± 16.0 N/A 
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Characteristics MAP 

(n = 26) 

CON 

(n = 11) 

Regular Cannabis Users 16 0 

Last Methamphetamine Use (Months) 6.1 ± 3.0 N/A 

Years of Methamphetamine Use 10.3 ± 5.3 N/A 

Average Annual Grams 262 ± 423 N/A 

* averaged across 8 control subjects (data from 3 subjects were missing) 

Both MAP and CON performed comparably on the passive task during fMRI scan, with 

average accuracy of 61.8% ± 5.8 and 61.7% ± 3.6, respectively. MAP, however, earned a 

smaller amount of money (non-significant) than CON ($8.1 ± 3.5 and $10.3 ± 3.7, 

respectively). 

None of the contrasts for differential activation yielded significant group effects in any regions. 

Group comparisons for mean activation across different phases of the task were summarised in 

Table 10. Upon presentation of extremely quick speed type, group differences were observed 

in the OFC (Figure 17) for contrast CON > MAP (voxel-corrected, p < 0.05). During cue 

presentations, MAP exhibited higher activation in the NAC on reward condition, and in the 

MFG on punishment condition (Figure 18), relative to CON (voxel-corrected, p < 0.05). No 

group effects were observed for mean activation during anticipation and outcome phases for 

both reward and lose conditions. 

Table 10 Group Comparison for Task-Related Activations in MAP and CON 

ROI Voxels Z Max MNI Coordinates 

x   y   z 

Contrast 

Speed Type: Mean Extremely Quick * 

OFC 9 4.01 33    71    26 CON > MAP 

Cue: Mean Reward * 

NAC 5 2.79 49    66    33 MAP > CON 



Functional Study 

82 

ROI Voxels Z Max MNI Coordinates 

x   y   z 

Contrast 

Cue: Mean Punishment * 

MFG 13 4.43 65    74    59 MAP > CON 

*) controlled for age, voxel-corrected at p < 0.05 

 

Figure 17 PFC Hypoactivation in MAP during Risk Processing 

MAP exhibited lower activation in the OFC (mask indicated in white) in the red-yellow cluster upon presentation 

of ‘extremely quick’ speed type, relative to CON (voxel-corrected at p < 0.05). 

 

Figure 18 PFC Hyperactivation in MAP during Loss Prospect 

MAP overactivated MFG (mask indicated in white) in the red-yellow cluster during presentation of punishment 

cue, relative to CON (voxel-corrected at p < 0.05). 
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3.3.3 Discussion 

In this study we discovered group differences in task-related activation between 

methamphetamine and control subjects, in three regions, namely the OFC, MFG, and NAC. 

Compared with control subjects, methamphetamine users exhibited lower activation in the 

OFC during risk processing, and higher activation in the NAC and MFG during reward and 

loss prospect, respectively. Furthermore, no group differences were observed during 

anticipation (target presentation) and outcome phases.  

Contrary to our hypothesis, we did not observe attenuated activation during reward and loss 

prospects in methamphetamine users relative to controls. Instead, hyperactivation was 

observed in both striatal and prefrontal regions, upon presentation of reward and punishment 

cues. While this is not commonly observed in the methamphetamine user population, similar 

findings have been reported in cigarette smokers and cannabis users [72,188,388,389]. Indeed, 

most of our methamphetamine subjects (88.5%) were heavy smokers (≥ 10 cigarettes/day); in 

fact, all but one subject classified themselves as a regular smoker. In addition, more than half 

of the group (61.5%) were regular cannabis users. While the hyperactivation observed during 

reward and loss prospect might be attributable to nicotine and cannabis use, it might also 

indicate higher sensitivity to the incentive cues in our methamphetamine subjects. Potentially, 

the methamphetamine subjects were more ‘invested’ in the game, especially knowing that they 

were compared with non-users. Increased activation in the NAC might reflect higher 

motivation to win the reward, as this region has long been considered the key interface that 

connects the limbic and the motor systems by translating motivation into action [390–392]. 

Similarly, dorsolateral PFC has been reported to be involved in risk aversion [393], and 

therefore, increased activation in this region (MFG) might serve as an alert for potential 

monetary loss. Indeed, during punishment trials, methamphetamine subjects missed target 

more often than controls (mean accuracy: 64.6% and 68.5%, respectively), although this 

difference was not statistically significant. 

In addition to hyperactivation during loss prospect, methamphetamine subjects also exhibited 

prefrontal hypoactivation during extremely quick presentation in the OFC (Figure 17). OFC 

has been known as the region which codes for reward risk [394]. Our task, however, introduced 

the risk exclusively by presenting speed level at the start of each trial, prior to cue presentation. 

In other words, during extremely quick presentation, the participant could not possibly know 

whether that trial was rewarding or not. Interestingly, OFC has also been proposed to code for 
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ambiguity or uncertainty [395,396]. Since the risk of losing money on extremely quick 

conditions only applied for punishment trials, we think that OFC activation among controls 

might reflect neural processing of ambiguous risk. Likewise, hypoactivation observed in the  

methamphetamine group might suggest an orbitofrontal deficit which might manifest in an 

inability to accurately process risk information [396,397] or reduced sensitivity to risk [202]. 

Albeit preliminary, our study presented two new findings related to reward and risk processing 

in methamphetamine subjects: (1) striatal (ventral) and frontal (dorsolateral) hyperactivation 

during prospect of reward and loss; and (2) attenuated orbitofrontal activation during 

processing of risk. We have mentioned briefly about reward deficiency theory in stimulant 

addiction, but another theory, namely the incentive-sensitisation theory, has also been proposed 

[398]. In incentive-sensitisation, stimulant addiction is characterised as hypersensitivity to 

reward anticipation or ‘wanting’, especially triggered by incentive cues, without necessarily 

being accompanied by increased neural response to reward outcome or a ‘liking’ process [399]. 

We think our first findings fit this theory better than reward deficiency, as did Wei et al., who 

also observed enhanced neural response to reward anticipation in individuals with 

methamphetamine use disorder [400]. With regards to the second finding, we proposed that 

hypoactivation in the methamphetamine group may reflect reduced sensitivity to risk [202]. 

Altogether, we postulated that risk and reward may be coded by distinct networks [395,401], 

and that both hypersensitivity to reward and hyposensitivity to risk can be observed in stimulant 

user population. 

3.4 Functional Study in Regular Smokers 

This study aimed to investigate neural processing of reward and risk in regular smokers relative 

to controls. Based on previous studies, we hypothesised that smokers would exhibit lower 

activation in the PFC and/or NAC during reward prospect and/or anticipation relative to non-

smokers, as well as during loss prospect and/or anticipation [156,174,179,185,187,402]. 

Furthermore, we anticipated that smokers would display attenuated activation in the insula and 

ACC during risk presentation (extremely quick condition) [386,403]. In this study, we used the 

same set of ROIs as used in methamphetamine study, with the addition of amygdala, as activity 

in this region was often found to be altered in studies with cigarette smokers [404]. 
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3.4.1 Materials and Methods 

3.4.1.1 Participants and Procedure 

The same groups of subjects from the VBM Study in Regular Smokers also completed 

functional study on the same day (see 2.4.1.1 for inclusion and exclusion criteria). Procedure 

was described earlier in the Functional Study in Non-Drug Users (see 3.2.1.1). 

3.4.1.2 fMRI Acquisition 

fMRI acquisition was identical to the protocol described previously in the Functional Study in 

Non-Drug Users (see 3.2.1.2 for details). 

3.4.1.3 Image Processing 

Functional data were processed using the same protocol described in the Functional Study in 

Non-Drug Users (see 3.2.1.3). 

3.4.1.4 Statistical Analysis 

Seven first-level analyses [380], two regressors and two contrasts for each, were run for each 

subject, as described in Materials and Methods (3.3.1.4) for fMRI study in methamphetamine 

users. 

ROI masks for the ACC, INS, OFC, MFG, SFG, CAU, PUT, NAC, THA, and amygdala 

(AMG) were generated from the Harvard-Oxford Cortical and Subcortical Structural Atlases 

within the FSL. Smokers and control groups (NIC and CON, respectively) were compared 

using unpaired t-test model, controlling for age and sex. 

3.4.2 Results 

Fifteen smokers and 18 non-smoker controls completed the functional study. No data were 

excluded. NIC subjects smoked their last cigarette between 30 minutes and 3 hours prior to the 

scanning.  
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Table 11 Participants Demographics for fMRI Study in Smokers 

Characteristics NIC 

(n = 15) 

CON 

(n = 18) 

Age 26.0 ± 4.4 23.3 ± 3.3 

Sex M: 8, F: 7 M: 9, F: 9 

Years of Education 15.7 ± 2.3 15.9 ± 2.2 

Ever Smokers 15 5 

Last Cigarette (minutes) 68.7 ± 47.2 N/A 

Daily Cigarettes 20.7 ± 5.1 N/A 

Years of Smoking 7.5 ± 3.5 N/A 

 

During the passive task, NIC performed slightly more poorly than CON in accuracy (60.0% ± 

7.5 and 64.2% ± 8.7, respectively). NIC also earned less incentive money than CON ($8.4 ± 

3.5 and $10.1 ± 3.3, respectively). None of these was statistically significant. 

Only contrasts for mean activation, and not differential activation, showed significant group 

effects (summarised in Table 12). Upon presentation of extremely quick speed type, NIC 

exhibited greater AMG activation than CON (voxel-corrected, p < 0.05). During the prospect 

phase, NIC exhibited lower activation in the MFG on reward trials, and in the ACC and INS 

on punishment trials (Figure 19), relative to CON (voxel-corrected, p < 0.05). No group effects 

were observed during the anticipation and outcome phases for both reward and lose conditions. 

Table 12 Group Comparison for Task-Related Activations in NIC and CON 

ROI Voxels Z Max MNI Coordinates  

x   y   z 

Contrast 

Speed Type: Mean Extremely Quick * 

AMG 5 3.40 35    59    29 NIC > CON 

Cue: Mean Reward * 

MFG 4 4.16 62    65    62 CON > NIC 
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ROI Voxels Z Max MNI Coordinates  

x   y   z 

Contrast 

Cue: Mean Punishment * 

ACC 3 3.82 48    56    57 CON > NIC 

INS 3 3.88 27    57    45 CON > NIC 

*) controlled for age and sex, voxel-corrected at p < 0.05 

 

Figure 19 Cortical Hypoactivation in NIC during Loss Prospect 

NIC exhibited hypoactivation (red-yellow clusters) in the ACC (mask indicated in white) and INS (mask indicated 

in pink) during presentation of punishment cue, relative to CON (voxel-corrected at p < 0.05). 

3.4.3 Discussion 

In this study we have observed group differences in task-related activation between smokers 

and controls in four different regions: the amygdala, wherein smokers exhibited greater 

activation during risk processing; and the MFG, ACC, and insula, wherein smokers showed 

lower activation during reward/loss prospect. Similar to the methamphetamine results, we did 

not observe group effects in activation during the anticipation and outcome phase. 

Consistent with a previous studies in smokers [187], attenuated reward processing-related 

activation was observed in our nicotine subjects in dorsolateral PFC (MFG) relative to non-

smokers. Since dorsolateral PFC encodes both reward and individual forthcoming response 

towards reward [405], hypoactivation among smokers in this region may suggest reduced 

sensitivity and motivation towards reward. This is consistent with task performance in smokers, 

in which they earned less money than the controls. We also detected lower ACC and insular 
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activations during loss prospect in smokers; both of which were also observed in cocaine users 

[216]. Both ACC and insula are known to be activated during loss/risk aversion [339,367], and 

hypoactivation in these regions during loss prospect may reflect indifferent attitude towards 

risk among smokers, relative to controls. 

In addition to attenuated activation during reward and loss prospect, smokers also exhibited 

hyperactivation in the amygdala during risk processing. Like OFC, amygdala has also been 

implicated in processing of ambiguous risk [396]. Furthermore, amygdala is known to be the 

central part of the brain stress system [406]. Activation of the brain stress system is thought to 

be the key element of a negative emotional state which may predispose individuals to develop 

drug dependence as well as to maintain dependence through negative reinforcement [406]. We 

think that increased amygdalar activation during presentation of extremely quick speed type 

might indicate higher stress level in smokers, especially triggered by challenging condition. 

This study presented two main findings. First smokers exhibited hypoactivation in the PFC, 

ACC, and insula during reward/loss prospect. Second, smokers appeared to over-activate 

amygdala during risk processing. Attenuated activation during presentation of reward cue is 

consistent with reward deficiency theory of addiction, while hypoactivation during processing 

of loss prospect may reflect individual risk attitude. Furthermore, amygdalar hyperactivation 

might indicate higher stress level in smokers during risky situation. 

3.5 Summary 

Using our novel task, we have presented the results of three functional studies, although data 

are preliminary due to sample size. We discovered that our task was sensitive enough to detect 

differential activation between two conditions (i.e., reward > neutral, punishment > neutral) in 

non-drug-using participants. Presentation of reward cue (relative to neutral cue) activated 

dorsal striatum, while presentation of punishment cue (relative to neutral cue) activated insular 

cortex. Furthermore, during target presentation in reward trials (relative to neutral trials), 

bilateral thalamus was activated. Striatum, thalamus, and insula have been reported as 

overlapping regions between reward and loss anticipation in a meta-analysis of the MIDT 

[360]. Our task also detected group differences between methamphetamine and control groups, 

as well as between smokers and controls, during risk processing (speed type presentation) and 

reward/loss prospect (cue presentation). 
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Figure 20 Summary of Finding from Functional Study in Methamphetamine Users and 

Smokers 

↑ = hyperactivation relative to controls, ↓ = hypoactivation relative to controls. 

Replicated findings (consistent to hypotheses) were indicated in green, while new findings (contrary to 

hypotheses) were indicated in yellow. 

We have observed distinct activation patterns between methamphetamine users and smokers 

(see Figure 20). Compared with the controls, methamphetamine users exhibited striatal and 

prefrontal hyperactivation during reward and loss prospect, while the opposite (i.e., 

hypoactivation) was observed in smokers. In addition, during risk presentation, 

methamphetamine users demonstrated prefrontal hypoactivation while smokers exhibited 

amygdalar hyperactivation. It appears that methamphetamine users and smokers process 

reward and risk differently, at least in our study samples. One important note is, our 

methamphetamine users had been abstinent for 3-12 months during the time of study, while 
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our nicotine subjects were active smokers. While abstinence status might contribute to different 

patterns of neural activation between current and past users of stimulant [216], we think that 

the discrepancy in our study might be driven by the unexpected finding from the 

methamphetamine group. Most published studies in abstinent methamphetamine and/or 

cocaine users reported attenuated neural response to risk and reward 

[136,137,216,217,386,387]. Moreover, abstinence status is associated with lower neural 

activation relative to current users (past users < current users < controls) during the anticipatory 

phase in the MIDT [216]. We further speculated that other factors such as education may 

contribute to their pattern of hyperactivation during task performance. This was not observed 

in smokers, who had the same level of education as the controls (16 years on average). In 

comparison, methamphetamine subjects completed fewer years of education (11 years on 

average). 

While we have discovered distinct patterns of task-related activation in each group, we also 

acknowledged some gaps and limitations in our study. First, we could not observe group 

differences in activation during win and lose outcome. Results from our study in non-drug-

using participants suggested that the number of trials we used in the study was not adequate to 

capture the neural substrates of lose and win processing. Second, we also did not detect group 

differences during anticipation phase. We chose target onset to lock the event of win/lose 

anticipation. However, it might not be sensitive enough to probe neural substrates of 

reward/loss anticipation because of the high demand for motor processing during target 

presentation [407]. Third, we included only male participants in the methamphetamine study, 

thus, our results may not give the best representation of the methamphetamine user population. 

Future studies in both male and female methamphetamine users using our novel task is strongly 

encouraged to clarify the general pattern of activation as opposed to a sex-specific [408] study. 
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4 General Discussion 

The first aim of this thesis was to examine structural alterations in GM volume using VBM, in 

abstinent methamphetamine users and current cigarette smokers, each compared at the group 

level with non-drug using controls. In addition, drug use parameters (abstinence, years of use, 

cumulative dose) would be used for correlational analysis with GM volume. The second aim 

of this thesis was to investigate neural activation patterns during risk and reward processing in 

abstinent methamphetamine users and current smokers, using a modified version of the MIDT 

(‘passive task’) in conjunction with fMRI. Three events were used to compare the mean 

activation between groups: speed type for ‘risk processing’; reward cue for ‘reward prospect’; 

and punishment cue for ‘loss prospect’.  

This chapter will summarise the preliminary findings of this thesis and discuss the implications 

regarding risk-taking behaviour and addiction in general. The structural and functional findings 

for each group will be discussed separately. Furthermore, the proposed underlying mechanisms 

for structural alterations observed in methamphetamine users and smokers, i.e., predisposition 

to or consequences of stimulant abuse, will also be discussed. Next, we will briefly discuss 

potential use of the modified MIDT as a decision-making paradigm. Finally, we will outline 

study limitations and offer some directions for future research. 

4.1 Neuroanatomy and Neural Activation Pattern in Methamphetamine 

Users 

From our systematic review of neuroimaging data related to cognitive function in 

methamphetamine users [326], decision-making and executive function were found to show 

correlation with brain measures (e.g., neuronal activation and GM volume) in the PFC, ACC, 

insula, and striatum. In addition, these areas were shown to exhibit structural and functional 

deficits in methamphetamine users [61,124,130,133,135–137], except for dorsal striatum 

which was reported to be larger in methamphetamine subjects than in controls [57,58]. 

Similarly, in our study, we observed smaller dorsolateral PFC and ACC, larger dorsal striatum, 

negative correlation between NAC volume and years of methamphetamine use, and positive 

correlation between insular volume and risk aversion (see Figure 21 below; see also Figure 10 

and Figure 20 for a summary of new and replicated findings in structural and functional 

studies). The findings are particularly relevant as the PFC, ACC, insula, and striatum are part 
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of the corticostriatal circuit, whose neuroadaptation is critically involved in the development 

of addiction [89,409,410]. The ventral striatum (NAC) is implicated in the binge/intoxication 

stage while dorsal striatum is involved in the transition to habitual drug seeking [409]. 

Furthermore, disruption of the ACC, insula, and PFC are implicated in impaired inhibitory 

control and poor decision-making which may contribute to relapse [409,411]. 

 

Figure 21 Corticostriatal Profile of Morphometry and Risk/Reward Processing in 

Methamphetamine Users 

↑ = larger volume, higher risk-taking, longer years of use, increased activation. ↓ = smaller volume, lower risk-

taking, lower activation. ∝ = ‘correlated with’. Structural findings indicated in blue, while functional results 

indicated in green. 

Abbreviations: SFG = superior frontal gyrus, MFG = middle frontal gyrus, OFC = orbitofrontal cortex, PFC = 

prefrontal cortex, ACC = anterior cingulate cortex, VS = ventral striatum. 

In the PFC, structural deficits were detected in methamphetamine users in the dorsolateral PFC 

(both MFG and SFG). However, we did not observe a correlation between GM deficits in the 

PFC and risk-taking during the IGT. It is possible that GM deficits in the dorsolateral PFC in 

our methamphetamine subjects might not be directly related to risk-taking but rather related to 

other function recruited during the IGT. Indeed, Bechara et al. reported that damage to the 

dorsolateral PFC did not affect performance on the IGT, but it did impair performance during 

working memory task (delay response task) [412]. Interestingly, we also found that, among 

methamphetamine users, those who had larger MFG volume took more risks during the IGT 

and vice versa. It is difficult to postulate about how larger MFG volume is associated with 

higher risk-taking using this task. The MFG cluster that showed positive correlation with risk-

taking was adjacent to, but did not overlap with, the cluster of GM deficit, suggesting some 
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connection between the two, perhaps a compensatory response in individuals with GM deficits. 

Furthermore, our results may highlight that the IGT, despite its wide use as a task to represent 

real-life decision-making, may be too complex to isolate the specific areas of decision-making 

that are impacted in stimulant users, such as working memory, learning, and risk evaluation.  

In our functional studies, using the passive task, methamphetamine users also exhibited higher 

activation in the MFG cluster during loss prospect (punishment cue), which did not overlap at 

the voxel level with the cluster of GM deficit or the cluster of correlation with risk-taking in 

the MFG. We speculated that MFG activation during punishment cue might reflect a signal for 

potential monetary loss to motivate individuals to perform better in order to avoid losing money 

[413]. Paradoxically, attenuated OFC activation was observed in methamphetamine subjects 

during risk presentation (extremely quick type). The OFC has been proposed to play a critical 

role in high-level decision making and is involved in controlling and correcting reward- and 

punishment-related behaviour [414,415]. We then suggested that decreased OFC activation 

during risk presentation may reflect hyposensitivity to ambiguous risk [397]. Since risk was 

presented prior to trial type (valence), methamphetamine users might perceive or realise the 

risk only when a punishment cue was displayed. Thus, higher activation in the MFG during the 

punishment cue might reflect a shift in risk processing, or a possible compensatory response to 

alert individual for loss aversion [415,416]. It is worth noting that, for loss prospect, we 

included all speed types and not just trials with extremely quick speed. Ideally, to further 

examine this, we would only include the extremely quick trials at loss prospect to observe the 

shifting in risk processing at different risk levels (Quick, Very Quick, Extremely Quick). 

However, this would mean that only one-third of the events would be included, thus reducing 

the power to detect significant activation. Doubling the number of trials for each type might 

not be ideal as it would increase the scanning duration; to participants this may result in greater 

discomfort, which subsequently leads to loss of interest or motivation to participate [417]. One 

recommendation for future studies would be to tailor the task in order to address a specific 

research question at a time. To look at risk, for instance, the task may be modified to (1) exclude 

the reward trials while keeping both punishment and neutral trials, and (2) include only low 

and high risk, i.e., quick and extremely quick speed. Maintaining similar number of trials, e.g., 

56 trials, this modification increases the number of punishment trials to 28, yielding 14 events 

for ‘extremely quick – punishment’ trials (previously only 6).  

In addition to dorsolateral PFC, smaller ACC volume was also observed in our 

methamphetamine subjects. Structural deficits, as well as functional and/or metabolic 
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dysfunction in the ACC, are consistently observed in methamphetamine users [114,119–

121,135,137]. In fact, ACC deficits, together with PFC dysfunction are the recurrent findings 

in the literature of stimulant users in general [44,418]. As mentioned earlier, the ACC plays an 

important role in cognitive control and decision-making [409]. Another cortical region 

implicated in cognitive control, namely the anterior insula, was found in this study to negatively 

correlate with risk-taking during the IGT in methamphetamine subjects. Both the ACC and 

insula form a “salience network” whose function is to integrate internal and extrapersonal 

stimuli to guide behaviour [419,420]. Both are often observed to be co-activated during a wide 

range of cognitive tasks, including decision-making, despite being functionally dissociable to 

each other [421,422]. Being the integral hub, the insula processes bottom-up signals from 

sensory areas, i.e., filters and amplifies salient events, and then triggers a strong response in 

the ACC [420]. The ACC then activates the “central-executive network” (i.e., dorsolateral PFC 

and posterior parietal cortex) for the high-level cognition that demands attention, working 

memory, and judgement; and at the same time, deactivates the “default mode network” (see 

Figure 22) [420,423,424]. The ACC can also generate top-down control for response selection 

via direct projection to motor cortex [420,425]. We did not observe correlation between ACC 

volume and risk-taking, despite detecting GM deficit in this area. Here we propose that smaller 

ACC in our methamphetamine users, together with the absence of correlation with risk-taking, 

may suggest deficit in impulse control, rather than poor decision-making. Furthermore, a pre-

existing deficit in the ACC, related to its top-down control for response selection/inhibition 

might manifest in loss of willpower to resist drugs, and might have rendered occasional users 

vulnerable for dependence [44,155]. In contrast to the ACC, we did not detect a group 

difference in insular volume, but instead, observed a negative correlation between risk-taking 

and anterior insular volume in methamphetamine subjects. This finding is of particular interest, 

as a similar finding was reported in an fMRI study with abstinent users by Gowin et al.: 

dysfunction in the anterior insula during the Risky Gains Task, i.e., failure to activate the 

anterior insula during risky decision relative to safe decision, predicted relapse probability 

among methamphetamine users one year after treatment [92]. To the best of our knowledge, 

we are the first to observe similar relationship between anterior insula and risk-taking in 

abstinent methamphetamine subjects using GM volume and a behavioural task. We were, 

however, unable to clarify whether smaller insular volume would be associated with higher 

likelihood to relapse, as we did not have the follow-up data regarding relapse/abstinence status. 

In addition to the insula, we also observed negative correlation between the posterior parietal 

cortex (PPC, of the central executive network) and risk-taking. We also found that, among 
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methamphetamine users, risk-taker subjects had significantly smaller PPC volume relative to 

risk-averse subjects. Together, the PPC and insula may potentially serve as a structural marker 

to develop relapse prediction model, providing the follow-up data are available.  

 

Figure 22 Insula and ACC as the Integral Hub between Default Mode and Central 

Executive Networks 

During cognitively demanding tasks, the insula and ACC (salience network) activates the central executive 

network and deactivates the default mode network. Image was reproduced from Nekovarova et al. (2014) [423] 

with Creative Commons Attribution (CC BY) Licence, which was adapted from Menon and Uddin (2010) [420] 

and Sridharan et al. (2008) [424]. 

INS = insula, DLPFC = dorsolateral PFC, PPC = posterior parietal cortex, mPFC = medial PFC, PCC = posterior 

cingulate cortex 

In the striatum, we replicated findings from previous literature in methamphetamine users that 

reported striatal enlargement in the dorsal area [57,58]. Both Chang et al. and Jan et al. argued 

that increased dorsal striatal volume might reflect neuroinflammation in response to 

methamphetamine-induced neuronal injury [57,58,313,357]. However, since dorsal striatum 

has also been proposed to have a pivotal role in the transition from voluntary to habitual drug 

seeking, which involves a shift in the control over behaviour from ventral to dorsal striatum 

via dopaminergic innervation [335], enlarged volume in this area may instead reflect structural 

neuroadaptation during the development of habit learning [426]. In the ventral striatum, we 

observed that during reward prospect, methamphetamine users exhibited higher activation in 

the NAC, which may reflect higher motivation to win money during the task [390,392]. 

Furthermore, while we did not observe group difference in NAC volume between 

methamphetamine subjects and controls, those who had used methamphetamine for more years 
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had the smaller NAC volume. It is difficult to speculate on whether smaller NAC (in subjects 

with longer period of abuse) is a precursor or the consequence of compulsive 

methamphetamine use. To the best of our knowledge, no study has ever reported smaller NAC 

volume in methamphetamine individuals, although this was observed in crack-cocaine users 

relative to controls [427]. We have proposed in our neurotoxicity review of methamphetamine 

in animal studies, that reduced GM volume in human users might be attributable to repeated 

methamphetamine use, which has been observed to induce neuronal death in the striatum and 

PFC in rodents [222]. Interestingly, while our study observed a negative correlation with years 

of methamphetamine use, a recent study by Nie et al. reported a positive correlation between 

NAC volume and duration of abstinence in methamphetamine subjects [428]. This study, 

however, included abstinent subjects ranging from 2 weeks to 21 months [428]. We did not 

observe correlation with months of abstinence in our study, likely due to shorter range of 

abstinence (3-12 months). Whilst one may argue that our shorter range of abstinence may not 

reflect the wider population of users, we believe that duration of abstinence of less than three 

months may be confounding as it includes the initial period of withdrawal. As mentioned 

earlier, a previous study by Berman et al. observed changes in glucose metabolism and change 

in cognitive performance after retest in the early stages of abstinence (one week versus four 

weeks later) [126] which may be attributed to reactive gliosis [126]. 

Despite differences in our study and the latest work by Nie et al., taken together, the NAC 

seems to have a particularly interesting connection to methamphetamine addiction, yet its role 

is not clearly understood. Ideally, future studies in methamphetamine users, when possible, 

should explore multiple time points of abstinence in a longitudinal design, to clarify the 

correlation between NAC and methamphetamine use parameters, both years of use and 

abstinence period. The latter could be done using a longitudinal design and engaging with 

Tensor-Based Morphometry (TBM) instead of VBM. TBM (implemented in SPM12) could be 

used to estimate regional changes in brain volume over time between the study groups. Whilst 

morphometric brain changes are conventionally assessed using VBM and Voxel-Based 

Cortical Thickness (VBCT), TBM has recently been developed and successfully used to assess 

dynamic volumetric changes over time [429–432]. In SPM12, longitudinal registration will 

allow for the Jacobian difference maps to be transformed (with Jacobian scaling) to MNI space 

and will then have profiles of longitudinal volumetric expansion and compression for each 

participant. It also allows for the input of the factor of time between scans, and thus, rate of 

change can also be estimated. Therefore, a potential future direction to understand more about 
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the NAC and its role in abstinence could be of interest, to understand the time course, and 

recovery, if any, of the NAC over time. 

4.2 Neuroanatomy and Neural Activation Pattern in Cigarette Smokers 

Similar to methamphetamine, previous literature in smokers’ brain morphometry suggests 

cortical deficits [61,64,65,148,149,433], with possible enlargement in the dorsal striatum 

[60,346]. Most studies in smokers also reported attenuated reward-related activation in the 

striatum, PFC, and ACC, relative to controls [156,174,184–187]. In addition, smokers have 

been consistently observed to exhibit higher impulsivity [176,178–182] and higher risk-taking 

[172,189–193]. From our structural and functional studies in smokers, we have discovered 

several noteworthy findings (see Figure 23; see also Figure 10 and Figure 20 for summary of 

new and replicated findings in structural and functional studies): (1) larger PFC; (2) larger 

dorsal and ventral striatum; (3) smaller ACC; (4) higher risk-related activation in the amygdala; 

(5) attenuated activation to reward cue in the dorsolateral PFC; and (6) attenuated activation to 

punishment cue in the salience network. Some of these findings reflect previous work whilst 

others are novel. 

In the PFC regions, we did not observe any structural deficits, but instead discovered larger 

volume in the OFC, relative to non-smokers. To the best of our knowledge, larger OFC has 

never been reported in previous studies in smokers. However, GM volume in the OFC has been 

found to be positively associated with risky decisions during the IGT in substance-dependent  

individuals (polydrug users; mainly cocaine, amphetamine, and alcohol) [329]. We initially 

speculated that increased OFC volume in our nicotine subjects might not be attributable to 

cigarette smoking, but rather reflect pre-existing morphometry in impulsive individuals. 

During the passive task, however, smokers exhibited attenuated activation in the dorsolateral 

PFC in response to reward cue. Since the dorsolateral PFC encodes both reward and individual 

response towards reward [405], we argued that reduced MFG activation in smokers may 

suggest lower motivation towards reward. It is unclear if PFC dysfunction in smokers would 

affect individuals’ day-to-day decision-making, or merely reflected indifference toward money 

rewards in our task ($0.50 per trial). Assuming the first case is a recurring attribute in our 

smoker subjects, then enlarged OFC may possibly reflect compensatory mechanism to guide 

behaviour towards reward [415]. The OFC is critically implicated in encoding the value of 

potential reward outcomes, or in other words, to determine how rewarding a reward is [415]. 
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This information is then passed to the dorsolateral PFC and is used to construct behavioural 

plans to obtain a reward outcome [415]. 

 

Figure 23 Corticostriatolimbic Profile of Morphometry and Risk/Reward Processing in 

Smokers 

↑ = increased activation. ↓ = lower activation. Structural findings indicated in blue, while functional results 

indicated in green. 

Abbreviations: MFG = middle frontal gyrus, OFC = orbitofrontal cortex, PFC = prefrontal cortex, ACC = anterior 

cingulate cortex, VS = ventral striatum. 

In the striatum, we discovered that smokers exhibited striatal enlargement in both dorsal and 

ventral regions. While striatal enlargement is one of the recurrent findings reported in studies 

with methamphetamine and cocaine users [418], this was not widely known for smokers. Two 

previous meta-analyses of GM changes in smokers did not identify enlarged striatum as their 

findings [433,434], to which Zhong et al. argued to possibly be attributed to scattered 

subcortical changes that were less likely to overlap at the voxel level to reach sufficient 

statistical power [433]. There were, however, two studies reporting enlarged dorsal striatum in 

smokers [60,346], and both argued that striatal enlargement in this region might underlie the 

transition to compulsive cigarette smoking [335]. Similarly, we speculated that larger NAC 

volume in smokers might reflect a risk factor for cigarette smoking, as this region is critical for 
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processing impulsive decision [350]. Interestingly, we also observed sex effect in the NAC, 

where female smokers had larger volume relative to male smokers. This sexual dimorphism 

within the NAC has not been observed in the general population [435]. NAC volume has also 

been positively correlated with trait anxiety [354], which potentially might be higher in our 

female smokers, however we had no data to investigate this.  

In the limbic regions, we observed larger amygdala and hippocampus in female smokers 

relative to male smokers. In contrast, the opposite was observed in general population, i.e., a 

larger amygdala and hippocampus in males relative to female subjects [435,436]. We have 

speculated that this sexual dimorphism in the amygdala may possibly be related to individual 

measures of impulsiveness trait [347]. Lin et al. discovered a sex-specific effect in this region, 

in which a negative correlation was observed between amygdalar volume and impulsiveness 

in female, but not male smokers [347]. Unfortunately, trait impulsiveness scores were not 

collected in this study, and thus, we could not test this speculation. In regard to sex effect in 

the hippocampus, we argued that this may be attributable to individual intelligence measure 

[355]. While education level did not differ between female and male smokers, IQ scores might, 

and higher intelligence in female smokers might potentially account for the larger hippocampal 

volume observed in female relative to male smokers [355]. From the functional study, smokers 

also exhibited hyperactivation in the amygdala during risk processing. The amygdala, together 

with the OFC, are recruited during processing of ambiguous risk [396]. In addition, the 

amygdala is implicated as the key element of negative emotional state which may predispose 

individuals to develop drug dependence through negative reinforcement [406]. We therefore 

have speculated that amygdalar hyperactivation during risk presentation might indicate higher 

stress level in smokers, especially triggered by challenging condition (extremely quick). 

Furthermore, it is unclear if this hyperactivation was driven by female smokers, who showed a 

larger amygdalar volume in VBM study. While we used sex as a confounding variable in all 

statistical analyses, GLM assumes that all covariates have linear effect, when it may not be the 

case. 

In the salience network, we observed smaller GM volume and attenuated punishment-related 

activation in the ACC. Previous meta-analysis of VBM studies in smokers has reported the 

ACC as the only consistent region with structural deficit in smokers [434]. Ersche et al. have 

also identified the ACC as one of the recurrent regions of structural deficit in stimulant 

dependence [44]. From the functional study, we observed attenuated activation in both the ACC 

and the insula. Both regions are recruited during loss/risk aversion [339,367], and 
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hypoactivation in this regions during loss prospect may reflect reduced sensitivity to 

punishment among smokers [386,437]. 

4.3 Structural Alterations in Methamphetamine Users and Smokers: 

Predisposition or Consequence 

While both methamphetamine users and smokers exhibited structural alterations relative to 

controls, we offered different speculations on underlying mechanisms for the 

deficits/enlargements in both groups. First, structural deficits in the ACC were observed in both 

groups in this study, as well as in groups of stimulant-dependent subjects from previous 

literature [44]. We argued that the ACC deficit might predate stimulant use and might have 

rendered occasional users vulnerable for dependence, potentially related to impaired cognitive 

control and poor decision-making [409].  

Second, enlarged dorsal striatum was also detected in both methamphetamine and nicotine 

groups. Striatal enlargement has been consistently observed in methamphetamine users, and 

has been proposed to reflect an inflammatory response to methamphetamine-induced 

neurotoxicity [57,58,222]. Nicotine, on the other hand, is not known to be neurotoxic, or at 

least not consistently reported likely due to its dual effects on stimulation of oxidative stress 

and neuroprotection against brain injury [438–441]. Therefore, we speculated that this striatal 

enlargement in smokers might be a pre-existing morphometry, or neuroadaptation which might 

underlie the transition to compulsive cigarette smoking [335]. We then revisited this 

speculation for methamphetamine, and proposed that, although there is no way to elucidate the 

precise mechanism in our cross-sectional study, both pre-existing morphometry or 

neuroadaptation, and neurotoxicity may equally contribute to the increased striatal volume in 

methamphetamine users.  

Third, we observed prefrontal deficits in methamphetamine users, but larger OFC in smokers. 

We have observed consistent neuronal death in the PFC in rodents administered with 

methamphetamine, with an even lower dose being needed to induce neuronal death in self-

administering rodents [222]. We have proposed that GM deficits in the PFC may be partially 

attributed to neuronal loss due to chronic exposure to methamphetamine [222]. In addition, 

since PFC is also critical in decision-making and impulse control, pre-existing deficits in the 

PFC may also predispose occasional users to develop stimulant dependence [155]. 

Interestingly, in the nicotine study, we observed larger OFC volume, which has not been 
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reported before. We can only suggest that this volumetric difference may reflect pre-existing 

morphometry in either smokers (larger OFC), or non-smoking controls (smaller OFC), or both, 

which may not be directly related to smoking or addiction.  

Fourth, we have observed sexual dimorphism in smokers in limbic regions: amygdala, 

hippocampus, and NAC, in which female smokers exhibited larger volume in all three regions. 

Since smoking parameter (years of smoking) was used as a confound, these sex differences 

may not be attributed to lifetime cigarette smoking, or at least not solely. We have argued that 

these sexual dimorphisms might instead be attributed to trait impulsiveness (amygdala), trait 

anxiety (NAC), and intelligence (hippocampus), in addition to genetics related to sex. Taken 

together, the preponderance of evidence seems to suggest that structural alterations in smokers 

are likely to reflect pre-existing morphometry or neuroadaptation during transition to smoking 

dependence, while in methamphetamine users they may reflect both predisposition to and 

consequences of stimulant abuse. 

4.4 The Choice Task: Potential for Use as Decision-Making Paradigm 

According to Mohr et al., risk processing is influenced by emotion and is “context-dependent”, 

in that different regions are activated during choice situation (decision risk) and non-choice 

situation (anticipation risk) [368]. They further proposed a potential mechanism for risky 

decision-making (Figure 24). At the emotional level, risk is evaluated by the anterior insula 

and thalamus, which assesses the rough estimate of unwanted outcome (i.e., loss) and prepares 

individual for the anticipation of regret in response to loss, respectively [368]. At the cognitive 

level, the risk is processed in the dorsomedial PFC, which uses the information from the 

anterior insula and thalamus to compute the variance of outcomes [368]. Dorsomedial PFC 

then sends the information to the anterior insula/thalamus, which then updates the emotional 

response, and forwards the information back to dorsomedial PFC [368]. When a decision needs 

to be made, both emotional and cognitive processing regions send the input to the dorsolateral 

PFC and parietal cortex, which later perform the actual decision-making process by integrating 

risk information with other aspect such as reward [368]. Interestingly, while our task (the 

passive task) does not involve an active decision-making process, we observed significant 

group differences in the dorsolateral PFC (i.e., MFG) during the prospect phase in both 

methamphetamine and nicotine studies. One important thing to note is that the tasks included 

in the meta-analysis by Mohr et al. investigated risk in the context of only ‘gain’ or both ‘gain 

and loss’ as possible outcomes, with no study specifically investigated risk in the loss domain 
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[368]. On the contrary, our task investigated risk in both ‘gain only’ and ‘loss only’ domains, 

relative to neutral condition as the reference point. In addition, Mohr et al. defined anticipation 

risk as “risk processing after or without a choice”, and decision risk as “risk processing during 

and before choice” [368]. Perhaps, MFG activation during reward and loss prospect can indeed 

be classified as decision risk, as it occurred before the response. Here we speculate that, despite 

the MIDT being a simple response task, when reward and risk are involved (the passive task), 

responding to the target as quickly as possible may reflect a deliberate decision to avoid 

monetary loss which was guided by dorsolateral PFC. 

 

Figure 24 Potential Mechanism of Decision-Making under Risk 

During no-choice situation, risky stimulus is evaluated at emotional level by anterior insula (aINS) and thalamus, 

and at cognitive level by dorsomedial PFC (DMPFC). During choice situation, aINS, thalamus, and DMPFC 

forward the input to dorsolateral PFC (DLPFC) and parietal cortex which then process the information to make 

the decision. Reprinted from Mohr et al., 2010 (DOI: 10.1523/JNEUROSCI.0003-10.2010) [368], with Creative 

Commons Attribution-Noncommercial-Share Alike licence (CC BY-NC-SA). 

In collaboration with the Hester laboratory at the University of Melbourne, an avenue to 

investigate the decision-making process in two modified versions of the MIDT were developed. 

Whilst this thesis presents the work of the passive task, a second task was also developed which 

will now be referred to as ‘choice task’ (see Figure 25). In the choice task, subjects are asked 

to place a bet in the beginning of each trial without prior knowledge of the type of trial (neutral, 

reward, punishment). It is intriguing to see how decision-related activation fits into the 

proposed mechanism by Mohr et al. since the order is reversed, i.e., participants would have to 

place the bet (decision) and then assess the risk (anticipation). Nevertheless, by including the 

active decision-making prior to risk assessment, we may be able to investigate both decision 

risk and anticipation risk in one task, and then test the hypothesis of whether the dorsolateral 
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PFC is activated during decision risk or risk processing in general. Together and contrasting 

with current findings from passive task, the choice task would reveal new insights on decision 

and anticipation risk, which may provide a better understanding of risk and reward processing 

in methamphetamine and nicotine subjects.  

 

Figure 25 Decision-Making MIDT (Choice Task) 

Instead of having speed level presented at the beginning of each trial, participants are asked to place the bet of 

their choice, ranging from $0 to $0.50, prior to announcement of the trial type. The rest of the trial is identical to 

passive task.  

4.5 Limitations of the Study 

We have addressed some limitations for each structural and functional study separately in 

chapter I (see 2.3.3 and 2.4.3) and chapter II (see 3.5). Here we outline caveats of our study 

design in general. First, methamphetamine and nicotine studies were collected using different 

3T scanners with slightly different fMRI protocols (i.e., number of slices and measurements), 

and therefore, we may not directly compare both groups statistically. Our approach was to 

compare each group with their controls and to later compare the anatomical and functional 

profile (relative to controls) of both groups. Whilst overall results have been discussed in a 

narrative manner, we have made it clear that these were separate research studies. Ideally, 

future studies should consider investigating both groups using one control group, like the study 

by Morales et al. [61]. Second, given the small sample size for both methamphetamine and 

nicotine studies, our findings are preliminary, and therefore, interpretations should be treated 

with caution. The COVID-19 pandemic made it increasingly difficult to advertise, recruit and 

collect data. We are aware that difference in group sizes may have an effect and we hold that 

as a caveat of this work to date. Furthermore, although we only included significant clusters 

which survived correction for multiple comparisons for between-group analyses, we 

acknowledge that small sample size could also inflate false positive rate [442–444]. Third, the 
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methamphetamine study was conducted in abstinent users, while the nicotine study was 

performed in active smokers. Initially, we aimed to include active methamphetamine users, but 

due to recruitment challenges this was not possible. Fourth, the methamphetamine study 

recruited only male subjects while the nicotine study included both sexes. Sex difference in 

brain morphometry has been observed in methamphetamine subjects in a study by Kogachi et 

al., in which male users had larger SFG volume while female users had smaller volume, relative 

to same-sex controls [445]. It is possible that our results may exclusively represent male 

methamphetamine users, although we observed the opposite (smaller SFG) in our 

methamphetamine subjects, relative to controls. Replication of the study in female users will 

provide new insight for sex effects in the brain morphometry among individuals who use 

methamphetamine.  

4.6 Future Directions and Clinical Implications 

We have presented in this study, structural and functional findings in both abstinent 

methamphetamine users and cigarette smokers. One of the common confounds in 

neuroimaging studies of methamphetamine in human abusers is comorbidity with cigarette 

smokers. Due to high smoking prevalence in methamphetamine users (87-92%), together with 

the fact that cigarette smoking is often implicated as a ‘gateway’ to other drugs of abuse [18], 

overlapping GM alterations in both methamphetamine and smoker groups may either be 

attributable to nicotine [61,149], or may instead reflect a general pattern of neuroanatomy in 

substance dependence [221]. Morales et al. investigated this issue by comparing GM volume 

in both groups to each other as well as to controls, and they found that both methamphetamine 

users and smokers exhibited smaller GM volume in the OFC and caudate [61]. None of these 

were observed in our studies, but we recruited methamphetamine users within 3-12 months of 

abstinence, while Morales et al. recruited methamphetamine subjects within the first week of 

abstinence (4-7 days) [61]. It seems that the period of abstinence might be critical for the 

observed changes in GM volume. In regard to the contribution of cigarette smoking to 

structural and functional alterations observed in methamphetamine users, our results seemed 

to suggest a distinct pattern for each group, with the exception for smaller ACC and larger 

dorsal striatum, which were observed in both. Future studies in methamphetamine users may 

consider recruiting smokers as controls, along with non-smoking controls. Controlling for the 

overlapping deficits or alterations between methamphetamine users and smokers may take us 

one step closer to unfolding the true extent of detrimental effect of methamphetamine in the 
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human brain. Delineating the effects of other common confounds such as alcohol and cannabis 

use should also be of interest in future neuroimaging studies of methamphetamine abuse. 

From our structural study in abstinent methamphetamine users, we replicated three recurrent 

findings: smaller PFC, smaller ACC, and larger dorsal striatum. Both ACC deficits and larger 

dorsal striatum have been observed in abstinent and current users [57,58,114,119–121]. 

Meanwhile, structural deficits in the PFC have been observed in abstinent methamphetamine 

users [130,133], but not in an active users. Due to a shortage of literature in current users, it 

remains unknown whether prefrontal deficits begin to manifest only during abstinence. In 

regard to risk/reward processing, currently no data are available for active methamphetamine 

users. Results from our current smokers appeared to be opposite to the findings from abstinent 

methamphetamine subjects, e.g., hyperactivation versus hypoactivation during risk processing, 

attenuated versus higher activation in response to reward/loss prospect. Whether this disparity 

reflects the effect of current stimulant use versus abstinence, or methamphetamine versus 

nicotine, is obscure. Future studies in active methamphetamine users who are regular smokers 

versus those who have never smoked may be able to clarify this disparity, however, the latter 

group may be hard to find and recruit. 

Our fMRI paradigm (the passive task) was not designed to detect significant group activations 

during the outcome phase, at least with the number of trials we used in our study, but 

subsequent studies could. In order to use the task to investigate the outcome phase, the number 

of trials would need to be increased. If the goal is to investigate the reward processing, the 

punishment trials may be taken out, and vice versa. Neutral trials, however, are always included 

as they serve as the reference point or baseline for comparison. Kahnemann et al. have 

postulated that “losses loom larger than gains” in a 2:1 ratio [364], and thus, comparing ‘Lose’ 

to ‘Win’ would result in a potentially confounding interpretation of cognitive processing. Here 

we recommend that ‘Win’ outcomes should be compared with ‘Hit’ outcomes of neutral trials, 

while ‘Lose’ outcomes should be compared with ‘Miss’ outcomes of neutral condition. Next, 

to increase the number of events for each outcome, risk elements may be reduced to two (e.g., 

Extremely Quick and Quick), while keeping the current number of trials (as we have 

recommended in sub-chapter 4.1 when looking specifically at loss prospect). Furthermore, we 

have addressed in the ‘Functional Study in Non-Drug Users’ that due to high accuracy (70%) 

across subjects, less than one-third of resulting trials would have a ‘Lose’ outcome. By 

adjusting the difficulty level such that participants (unbeknownst to them) would always 

win/lose ~50% of the time, the number of onsets is fixed and thus reduces the chance of power 
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failure, however, this may have an impact on motivation when completing the task. The added 

complexity of changing the focus of this task to the outcome phase would be that monetary 

value is often perceived differently by different subjects. Being able to make this comparable 

is often difficult but may be achieved by disentangling money element from each trial. Perhaps, 

a reward should be given if an overall 65% accuracy level is attained for the whole task, thus 

removing the singular monetary value from each trial, whilst maintaining motivation to 

succeed. 

Methamphetamine users in our study completed significantly fewer years of education than 

nicotine subjects and controls. While we collected education level as confounder in the 

statistical analysis (i.e., GLM), it is possible that the years of education may not correlate 

linearly with cognitive function, and therefore its confounding effect may not be ruled out 

completely. Perhaps, a more ideal solution would be to recruit education-match controls. 

However, we do note that this should be built into any timelines for project completion.  

We have discovered that among our methamphetamine users that risk-taking was negatively 

correlated with GM volume in the insula and the PPC. GM volume in the PPC has been shown 

to significantly predict risk preference in non-drug users [327], while insular activation (or lack 

thereof) during risky decision-making has been used to predict relapse in abstinent 

methamphetamine users [92]. We also observed attenuated risk-related activation in the OFC 

in methamphetamine users related to controls, of which we speculated to reflect reduced 

sensitivity to risk [397]. Here we proposed that risk-related brain measures in the insula, PPC, 

and OFC may be used to predict individual risk preference and insensitivity to risk among 

methamphetamine users, which may have clinical implication in the treatment of addiction, 

i.e., to determine individuals with high risk of relapse. Using fMRI data collected from 

treatment-seeking methamphetamine dependent individuals and abstinence status followed up 

one year after treatment, Gowin et al. were able to calculate relapse likelihood in early 

abstinence methamphetamine subjects based on individual insular activation between risky and 

safe decisions [92]. Their Cox proportional-hazard model also included other predictors such 

as methamphetamine use parameters and risk-taking behaviour [92]. Prediction models have 

also been used to quantify the risk of future problem use in occasional stimulant users [446]. 

Since occasional users may have very subtle or non-detectable neuropsychological deficits, 

Harlé et al. used Bayesian machine learning to model trial-by-trial adjustment of prior 

expectations during inhibitory control task, and found that neural responses in the ACC, 

anterior insula, caudate, and thalamus (associated with Bayesian prediction errors) were 
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predictive of 3-year clinical outcome (i.e., dependence vs desisted use) [446]. Whilst a 

prediction model was out of the scope of this research, preliminary findings from this current 

study do indicate that using structural or functional data from the PFC, insula and PPC, in 

addition to other regions used in previous studies (e.g., the striatum, ACC, and thalamus), could 

be of interest in future prediction model studies. 

Interestingly, what we have found in all studies is there are changes in decision-making in both 

study groups when compared to controls. This adds to the greater picture of stimulant use and 

what we know about decision-making processes. We have proposed earlier that abstinent 

methamphetamine users might perceive the risk only when negative reinforcement is 

presented, and they were more motivated by reward, even at small amounts. Assuming that 

these alterations in risk and reward processing in abstinent methamphetamine users also 

translates to everyday decision-making, this information may be used to design a tailored 

intervention program for treatment-seeking methamphetamine users. Cognitive-behavioural 

therapy may focus on exploring the negative consequences of methamphetamine use and 

identifying the risky situations (e.g., bars or friends who are still using) which may lead to 

relapse [447]. In addition, if methamphetamine users are more motivated by monetary rewards, 

incentives such as supermarket vouchers can be used to reinforce drug abstinence [448]. In 

contrast to methamphetamine users, smokers appeared to be less motivated by monetary reward 

but exhibited hypersensitivity to risk in the amygdala. Since the amygdala is the key region of 

the brain stress system, we argued that hyperactivation in this region might reflect higher stress 

level in smokers, which might predispose occasional smokers to develop nicotine dependence 

through negative reinforcement [406]. In other words, smokers may be more sensitive to 

stressful situations, such as withdrawal, which could contribute to smoking cessation failure 

[449]. We have also proposed that smokers’ hypoactivation to punishment cue might reflect 

‘indifference’ to negative consequence. Again, if this indifference translates to how smokers 

perceive prospect of negative consequence in real life, it is unsurprising that graphic warnings 

on cigarette/tobacco packaging may not deter current smokers from smoking [450], if the main 

reason is to alleviate the stress from withdrawal. Targeting stress reduction during early 

abstinence, using pharmacotherapy and behavioural treatment (e.g., mindfulness) may be able 

to help smokers in managing smoking cessation [451]. 
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4.7 Concluding Remarks 

This thesis has presented several key findings from structural and functional studies in 

methamphetamine users and smokers. First, overlapping structural alterations, i.e., smaller 

ACC and enlarged dorsal striatum, were observed in both groups. At a glance, these alterations 

may reflect neuroanatomical pattern of stimulant abuse in general [44]. The ACC is known to 

play an important role in cognitive control, and a pre-existing deficit in the region might 

manifest in loss of willpower to resist drugs [44,155]. Meanwhile, dorsal striatum has been 

implicated in the transition from occasional to habitual drug-seeking, and enlargement in this 

area might reflect structural neuroadaptation during the development of drug dependence 

[335,426]. Alternatively, due to high smoking prevalence among methamphetamine users, the 

overlapping alterations may be attributable to long-term smoking. Second, GM deficits in the 

PFC were observed in methamphetamine subjects, but not in smokers. Prefrontal deficits 

maybe more pronounced in methamphetamine subjects than in smokers, or in abstinent users 

compared with current users, or both. Interestingly, larger PFC was observed in smokers, 

suggesting that smaller PFC in methamphetamine users was less likely to be attributed to 

nicotine. Animal studies also seem to suggest that deficits in the PFC may arise from 

methamphetamine-induced neuronal loss [222]. On the other hand, prefrontal deficits may also 

reflect pre-existing structural ‘abnormality’ which manifested in poor decision-making, a 

vulnerability trait often observed in individuals with stimulant dependence [44,452]. Third, 

distinct risk and reward-related activation patterns were observed between methamphetamine 

users and smokers. Methamphetamine users exhibited prefrontal hyposensitivity to risk, but 

hyperactivation in response to loss prospect (PFC) and reward prospect (striatum), suggesting 

that they might perceive the risk only when the prospect of negative consequence was 

presented, and they were more motivated by reward. On the other hand, smokers exhibited 

hyperactivation to risk in the amygdala, and hypoactivation to loss prospect (ACC and insula) 

and reward prospect (PFC), suggesting that they were more sensitive to risk or a stressful event, 

less sensitive to the prospect of negative consequence, and less motivated by reward. Taken 

together, methamphetamine users and smokers appear to process risk and reward differently. 

This research acts, therefore, as an additional piece of the picture to understanding how each 

population perceives risk and may be important, in combination with future work, to design a 

tailored intervention program for treatment-seeking methamphetamine users and smokers. 
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Supplement 1 – Authors’ Right: Drug and Alcohol Dependence 
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Supplement 2 – Screening Flow Diagram for Methamphetamine Review on Cognitive 

Function 
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Supplement 3 – License to Reuse Publication in Full: NeuroToxicology 
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Supplement 4 – Screening Flow Diagram for Methamphetamine Review on Neurotoxicity 

 

  



Appendix 

143 

Supplement 5 – Assays for Cell Loss from Neurotoxicity Review 

Method Principle 

NeuN (neuronal nuclei) DNA staining; viable cells (neurons) 

Nissl (cresyl violet) Nucleic acid staining; viable cells (neurons and 

glia) 

TUNEL (terminal deoxynucleotidyl transferase 

dUTP nick-end labelling) 

DNA fragmentation assay; cells undergoing 

apoptosis 

Activated Caspase-3 Caspase-3 activity assay; cells undergoing 

apoptosis 

Fluoro-Jade Mechanism unknown; degenerating neurons 

Silver Staining Protein staining; degenerating neurons 
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Supplement 6 – Acute Methamphetamine-Induced Neuronal Death in Rodents 

 

Reprinted from Sabrini et al. (2020), “Methamphetamine induces neuronal death: Evidence from rodent 

studies” (DOI: 10.1016/j.neuro.2019.12.006) with permission from Elsevier© 2020. 
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Supplement 7 – Repeated Methamphetamine-Induced Neuronal Death in Rodents 

 

Reprinted from Sabrini et al. (2020), “Methamphetamine induces neuronal death: Evidence from rodent 

studies” (DOI: 10.1016/j.neuro.2019.12.006) with permission from Elsevier© 2020. 
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Supplement 8 – Participant Information Sheet 
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Supplement 9 – Thresholded Task-Related Activations in Non-Drug Users 

 




