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CHAPTER 1

General Introduction
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Can you even get addicted to cannabis? Almost inevitably, this is the first question 
people ask when they learn that my doctoral research is about the brain mechanisms 
underlying cannabis and alcohol addictions. No one ever asks this question about 
alcohol. I would be willing to bet quite a lot of money that you are not surprised by this 
distinction. While it may not be surprising, I think this effectively illustrates the power 
of social and cultural processes to influence the way we think about substance use and 
addiction. The message that alcohol is harmful to well-being and can result in a chronic, 
destructive addiction has successfully infiltrated the collective societal consciousness. 
At the same time, drinking is deeply embedded in our social environment; alcohol use is 
exceptionally common and socially normative in many cultures. We know the potential 
harm, but we drink anyway. The situation with cannabis is substantially different. 
In many countries, cannabis use is still not socially normative, easily accessible, or 
even legal. While this is changing over time as more permissive legal policies are 
implemented across the globe, large cultural variations exist in the attitudes, markets, 
and norms around cannabis use. In comparison to alcohol, the perceptions of harm 
related to cannabis use are decreasing over time1 and the supposed benefits are increas-
ingly visible in everyday life.2 Besides getting you high, I have personally seen cannabis 
products advertised in shops as a way to improve your skin, treat your mental health 
symptoms, and cure your insomnia and chronic pain. On the other hand, I have never 
seen warnings about the possibility of developing an addiction in these marketing 
materials. In this environment, it is not so surprising that most people are not aware, or 
not convinced, that cannabis is addictive.
 Why does the cultural environment around substances matter when we study 
brain mechanisms? The emerging field of cultural neuroscience has revealed that 
cultural contexts both shape and are shaped by neuropsychological processes. Cultural 
differences have been observed in the neural correlates of visual attention, emotion 
regulation, and self-representation among other processes.3 Culturally-specific be-
havior and its associated brain patterns suggest that we should not assume that the 
neurocircuitry of addiction is generalizable across all cultures. This is especially 
relevant given the societal forces at play in drug use. Therefore, the overarching aim 
of the research presented in this dissertation was to apply the framework of cultural 
neuroscience to further our understanding of the brain mechanisms underlying 
addictive behavior. To do this, I have developed two lines of research tailored to the 
unique cultural landscape around alcohol and cannabis use. The first section of this 
dissertation will examine the role of social processes in adolescent vulnerability and 
resilience to alcohol use disorder (AUD). The second section will investigate the role 
of cannabis culture, including cannabis use patterns, motives for use, policies, and 
attitudes, in the motivational mechanisms underlying cannabis use disorder (CUD).
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1
Alcohol and Cannabis use Disorders:  
Prevalence, Trajectories, and Diagnosis

Both alcohol and cannabis use typically emerge in adolescence, but the prevalence and 
trajectories of use differ quite substantially. In Europe,* 43.8% of adolescents (15–19 years 
old) are current drinkers and 21.4% are current binge-drinkers. Current alcohol use 
increases to 58.4% in young adulthood (20–24 years old), with 33.9% of young adults 
reporting current binge-drinking episodes. While binge-drinking decreases after young 
adulthood (26.4% in the total population), the prevalence of drinking remains relatively 
stable (59.9% in the total population).4

 In comparison to alcohol, cannabis use is considerably less prevalent. However, 
rates of use are increasing, with a 23% increase in global cannabis users between 
2010–2020.5 Unlike alcohol, the highest rates of cannabis use are seen in adolescence, 
with approximately 15% of 15 to 16-year-olds reporting past-year use compared to 
approximately 6% of the total population aged 15–64.5 Given the more permissive 
policies implemented in the past two decades, it remains to be seen whether current 
generations of adolescents may continue using into adulthood at higher rates than 
previous generations.
 In a given year, approximately one in five cannabis users and alcohol drinkers 
meet the criteria for CUD and AUD, respectively.6,7 CUD and AUD along with other 
substance use disorders (SUDs) are diagnosed through behavioral and psychological 
symptoms reflecting a loss of control over use. Specific symptoms range from escalation 
of use over time, repeated failures to reduce or quit, continued use despite negative 
consequences in work, school, or relationships, as well as craving for and withdrawal 
from the substance. When an individual meets the criteria for more than one of the ten 
symptoms defined in the Diagnostic and Statistical Manual of Mental Disorders  
(DSM-5),8 they can be diagnosed with a substance use disorder. The diagnosis is also 
given a severity classification: mild (two to three symptoms), moderate (four to six 
symptoms), and severe (more than six symptoms).
 The individual burden of AUD is massive. Besides the disabling effect of AUD on 
daily functioning, it can cause serious medical conditions such as alcoholic liver diseases, 
injury (e.g. car accidents, falling, etc.), gastrointestinal disorders, and neurological 
conditions, including Wernicke encephalopathy which can develop into the amnestic 
disorder known as Korsakoff syndrome due to thiamine deficiency as a result of 
malnourishment. Consequently, AUD is associated with a 20 year reduction in life 

* For the purpose of brevity, these statistics represent aggregate prevalence across Europe as a whole, but 
there are considerable differences between nations. For instance, the percentage of students who reported 
consuming alcohol in the past 30 days ranged from 10% in Kosovo to 74% in Denmark in the 2019 European 
School Survey Project on Alcohol and Other Drugs.58
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expectancy and millions of deaths worldwide each year.9–11 While CUD is currently 
associated with fewer negative physical health issues compared to AUD and other 
SUDs, it is similarly associated with significant psychiatric burdens.12 Despite these 
harms, only 13.2% of individuals with a lifetime CUD diagnosis and 17.3% with AUD 
ever receive treatment.12,13

Brain Mechanisms Underlying Addiction

Alcohol and cannabis have different acute pharmacological effects on the brain. 
Alcohol predominately effects γ-aminobutyric acid (GABA)-ergic and glutamatergic 
transmission resulting in suppression of the nervous system, as well as interactive effects 
with dopamine, opioid, and endocannabinoid transmission.9 Cannabis primarily effects 
the endocannabinoid system directly, through binding of cannabinoids (e.g. THC) 
with CB1 and CB2 receptors, which are most densely distributed in the cerebellum, 
hippocampus, basal ganglia, and the cortex.14 Chronic exposure to these different 
pharmacological effects results in drug-specific effects on brain structure and function. 
However, the empirical research in this dissertation will focus on the neuropsychological 
processes that are proposed to underpin the transition from goal-directed to addictive 
use across SUDs more generally.
 A range of neurobehavioral theories have been proposed in recent decades which 
conceptualize addiction as a disorder of maladaptive decision-making, but highlight 
different underlying neurocognitive mechanisms that maintain the addiction.15 While 
an in-depth examination of each theory is outside of the scope of this chapter, three 
key processes emerge across multiple theories: positive reinforcement learning, negative 
reinforcement learning, and cognitive control (Figure 1).
 First, positive reinforcement learning driven by the rewarding effect of the sub-
stance itself results in adaptations to the reward and salience networks of the brain.16–21 
Like natural rewards, addictive substances activate the mesolimbic dopamine system 
of the brain,22 as well as other neurotransmitter systems in reward pathways.23 After 
repeated pairings with the rewarding effect of drug use, previously neutral stimuli – e.g. 
lighters, grinders, bars, wine glasses, etc. – become conditioned cues that activate the 
salience and reward system of the brain,24 and can result in cue-induced drug-taking 
when encountered in the environment.17 In line with this, drug-related cues – but also 
reward cues in general – elicit heightened attention in individuals with substance use 
disorders,25 and can bias behavior in favor of approaching drug-related cues.26
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Figure 1. Selected cognitive processes underlying the development and maintenance of 
substance use disorder. Panel A – Positive reinforcement learning in which drug-related cues 
are repeatedly paired with the rewarding effects of intoxication until the cues themselves 
initiate a reward-seeking response resulting in drug taking. Panel B – The process of negative 
reinforcement learning in which drug taking alleviates negative feelings or physical symptoms 
of withdrawal, resulting in negative feelings initiating drug-seeking behavior. Panel C – 
Impaired cognitive control contributes to loss of control over substance use by failing to inhibit 
drug-taking behavior despite conscious desires to abstain from use, particularly when drug-
related cues are encountered in the environment.

The mesocorticolimbic dopamine pathway plays an important role in this positive 
reinforcement learning process resulting in the heightened motivational value of drug-
related cues. This pathway spans regions involved in reward and salience processing 
and connects to regions involved in decision-making behavior (e.g. the prefrontal cortex 
(PFC)). This pathway is composed of the ventral tegmental area (VTA) – a dopamine-
rich region that projects to the nucleus accumbens (NAc) and the PFC.27 The NAc is a 
component region of the ventral striatum (VS), and dopamine levels in this region have 
been associated with experienced reward and pleasure.28 The VS connects to the dorsal 
striatum (DS),24 a region implicated in habitual behavior, which has also been proposed 
to have a mechanistic role in the shift from goal-directed drug-taking to uncontrolled 
use.15
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Second, negative reinforcement learning has been implicated in the maintenance of 
drug-taking behavior as withdrawal and negative affect emerge in the cycle of addic-
tion.20,24 To counteract the heightened activation of the reward system, adaptations are 
proposed to emerge in the ‘anti-reward’ system of the brain. For example, dopamine 
and opioid peptide function in the mesolimbic pathway decrease during the withdrawal 
phase following chronic drug use, contributing to negative affect and loss of motivation 
for natural rewards.20 Furthermore, activity increases in the stress (e.g. hypothalamic-
pituitary-adrenal (HPA axis)) and emotion circuits (e.g. extended amygdala) following 
activation of the reward system.29 When activated, the HPA axis produces a cascade 
of effects that lead to downstream increases in cortisol, which stimulates the VTA and 
thus activates reward-seeking behavior. As a result, individuals in the addiction cycle 
experience strong negative affect, in addition to any potential physical withdrawal 
symptoms, which is proposed to drive the continued taking of drugs to alleviate these 
effects.
 Third, reduced cognitive control has been proposed to contribute to the inability 
to inhibit drug-taking behaving.19,21 The PFC is implicated in many cognitive control-
related functions, including regulating goal-directed behavior and decision-making. 
Deficits in cognitive control may precede drug use, but chronic drug use itself may also 
result in alterations to cognitive control function.30 For example, activity in the PFC can 
be down-regulated via dysregulation of multiple neurotransmitter systems, including 
dopamine, glutamate, and GABA.24 Regardless of the causal mechanisms, impaired 
cognitive control is proposed to result in behavior driven by conditioned responses 
rather than reflective goal-directed decision-making, further maintaining the cycle of 
addiction. 
 To make this process more concrete, we can look at an illustrative, fictional 
example. Andrew is a 15-year-old student who decides to smoke weed with his friends 
for the first time on a Saturday night. He takes a few hits of a joint, and the high that 
follows makes him feel light, giggly, and relaxed (rewarding drug effect). It’s fun – he 
likes it. He and his friends continue to smoke together occasionally over the next 
few months (goal-directed use). Over time, Andrew starts smoking even when his 
friends are not around because it takes the edge off of his negative emotions – his 
problems do not matter as much when he is high (negative reinforcement learning; 
alleviating negative emotional states). He doesn’t have to think about the stress in his 
life – his parents fighting, the assignments he hasn’t started yet, his failing chemistry 
grade. Instead of occasionally lighting up a joint with friends, he starts to use more 
regularly in his bedroom, where he keeps lighters, grinders, rolling paper, etc. (positive 
reinforcement learning; repeated pairings of neutral drug stimuli with drug use). Over 
time, he starts to feel bad – edgy, irritable, moody – when he has not smoked yet that 
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day (withdrawal; negative reinforcement learning). He starts smoking more weed, more 
often, to avoid that feeling (escalating use). Soon he is high most of the time. His grades 
are getting worse because he is not doing his assignments and he is close to failing the 
year (cannabis- related problems). He has an exam next week that he needs to pass so 
he decides he will not smoke all weekend so he can study. Saturday morning comes 
around. He slept poorly because of weird dreams. He sits down to study and struggles 
to answer the practice exam questions. He is now feeling very stressed about the exam 
(conditioned cue; negative emotion). He sees his lighter on the desk (conditioned cue; 
drug-related object). Instead of studying, he gets high (impaired cognitive control; cue-
induced drug-taking).

Measuring Motivational Mechanisms: Cue-elicited Craving and Approach 
Bias Paradigms
The empirical research in this dissertation will focus on the positive reinforcement 
learning process in addiction, using two paradigms aimed at activating the motivational 
circuits of the brain. Cue-elicited craving (also referred to as cue-reactivity) is consid-
ered one of the strongest biomarkers of addiction.31 In the laboratory or scanner, drug-
related cues (visual, aural, tactile, olfactory) are presented to heavy or dependent users 
and their self-reported, physiological, or neural responses are measured. Heightened 
activations in regions implicated in reward processing, stress reactivity, motivation, 
and disinhibition have been robustly observed in response to drug cues in individuals 
with SUDs. Theoretically, the severity of cue-induced craving in the mesolimbic 
dopamine pathway of the brain reflects the degree to which these motivational circuits 
are conditioned to drug-related cues. Consequently, a greater degree of salience should 
be associated with a greater risk of relapse when these cues are encountered in the 
world. Therefore, the ability of treatments to dampen cue-induced craving has been 
investigated as a proxy of treatment success. In AUD, converging evidence from  
11 studies has shown that greater cue-induced craving in the mesocorticostriatal 
dopamine pathway is associated with the time to and severity of relapse to drinking.32 
While there are currently no studies that investigate the relation-ship between cue-
reactivity and relapse or treatment success in CUD, a recent systematic review of 
neuroimaging studies of cannabis users revealed a consistent pattern of heightened 
activity in regions involved in reward (striatal), motivation and inhibition (prefrontal), 
and emotion and stress (limbic).33 Associations were reported between activity in these 
regions and self-reported craving in some studies.
 Approach avoidance tasks (AAT) can also be used to examine motivational 
processes underlying SUDs.34 In the task, individuals are shown drug-related and 
neutral cues and have to approach or avoid them with a motor response (e.g. button 
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press, moving a joystick). In chronic users and individuals with addiction, drug-
related cues should theoretically elicit a stronger tendency to approach rather than 
avoid, reflecting the heightened motivational values of these cues. Using reaction time 
measures, a bias to approach rather than avoid the drug-related cues specifically can be 
quantified on a behavioral level and approach-related activity can be measured in the 
brain. In CUD, greater behavioral approach biases predict increased use over time35 and 
weaker approach bias activations in control-related brain areas known to be involved in 
disinhibition (e.g. anterior cingulate cortex and dorsal lateral prefrontal cortex) predict 
increased problem severity over time.36 Furthermore, fMRI studies in AUD suggest 
that retraining approach bias decreases cue-reactivity in reward-related brain regions 
(e.g. amygdala and medial prefrontal cortex).37–39

Risk Factors for Addiction

On the surface, a 20% rate of developing an addiction as a current alcohol or cannabis 
user appears quite high.6,7 However, this means that the vast majority of people can 
use these substances, in some cases even daily, without ever developing a disorder. 
This leads to the obvious question of why some people develop an addiction, and 
others do not? A plethora of research has been conducted to examine individual risk 
factors for developing addiction. As with most psychiatric disorders, there appear to be 
both genetic23 and environmental (e.g. early life stress)40 risk factors for addiction, and 
putative endophenotypes, such as impulsivity.41 Beyond genetics and environment, 
adolescence is purported to be a period of enhanced vulnerability to addiction.42 
Additionally, in the case of cannabis use, culturally specific characteristics of products, 
use patterns, and the social and legal environment, may be important risk factors of 
addiction.

The Adolescent Brain: a Double Edge Sword of Vulnerability and Resilience 
to Addiction
Neurocognitive models suggest that enhanced reward processing in motivational 
circuits and delayed maturation of executive control circuits underlie heightened risky 
behavior in adolescence, including substance use.43 Because adolescence is a crucial 
period of neural development, there is substantial concern that heavy substance use 
is particularly detrimental because it may interfere with normative developmental 
processes. Within this framework, adolescents are more vulnerable to the development 
of all SUDs and the negative effects of heavy substance use on brain health. However, 
the focus of this dissertation is specifically on adolescent risk and resilience to alcohol 



9

1
and AUD given the high prevalence of harmful patterns of alcohol use compared to 
other substances, including cannabis, in adolescence.
 In line with this model of adolescent vulnerability, heavy alcohol use often emerges 
in early-to-mid adolescence and rates of AUD peak in late adolescence to young 
adulthood,44,45 and adolescent-onset AUD results in worse long-term outcomes.46 
Furthermore, binge-drinking and heavy alcohol use in young adults is associated with 
structural and functional differences in the executive control and reward circuits of 
the brain.47 However, reviews synthesizing the evidence of adolescent vulnerability to 
alcohol’s effects on the brain often do not examine evidence of whether adolescents 
are more vulnerable than adults. Brain differences and worse AUD prognosis may 
both be explained by differences in the individuals who begin drinking heavily during 
adolescence that predate alcohol use.
 On the other hand, adolescents also show remarkable rates of natural recovery 
from AUD, with more than 50% recovering in the transition to adulthood without any 
formal interventions.48 This also suggests that the adolescent brain may be particularly 
resilient to chronic alcohol use over the long run. The social plasticity hypothesis 
proposed by Cousijn and colleagues49 suggests that the seemingly paradoxical nature 
of adolescence as a period of risk and resilience reflects developmentally normative 
changes in the salience of social information in the environment resulting in heightened 
social attunement. Social attunement is defined as the tendency to harmonize one’s 
behavior with their social environment. Providing initial support for this hypothesis, 
research indicates that adolescents are hypersensitive to both positive and negative 
social stimuli in the reward circuits of the brain compared to both children and 
adults.50,51 This hypersensitivity to social reward may drive adolescent vulnerability 
to alcohol use. Indeed, we know from behavioral research that peer alcohol use and 
social drinking motives are one some of the strongest predictors of heavy drinking in 
adolescence.52-54 At the same time, it may also explain the rates of natural recovery in 
emerging adulthood – a period in which adult social roles emerge but the brain is still 
in the extended adolescent developmental stage (approximately 20–25 years old). Heavy 
drinking is typically less socially rewarding as new job and family responsibilities emerge 
and heightened social attunement can steer people away from heavy drinking.

Cannabis Culture: Risk Factors for Cannabis use Disorder
Culture can be understood as a “…system of patterns of belief and behavior that shape 
the world-view of the members of a society. As such, it serves as a guide for action, a 
cognitive map, and a grammar for behavior”.55 In the context of substance use, culture 
can shape social norms, expectancies about the effects of use, rituals around use, and 
even the problems people encounter due to substance use. As a wave of more permissive 
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cannabis policies sweep across the world, many of these cultural factors may shift in 
response. In light of this, examining cross-cultural differences in addiction processes is 
particularly timely and relevant for CUD.
 Regional differences in regulatory approaches, cannabis products, methods of use, 
reasons for use, and social acceptability combine to create unique cannabis cultures, 
which may result in heightened risk or resilience to developing CUD. For example, 
regional differences in the average potency of cannabis products and the preferred route 
of administration may result in differences in cumulative exposure to the psychoactive 
compounds in cannabis, such as delta-9-tetrahydrocannabinol (Δ9-THC). Given evi-
dence of a dose-response relationship between Δ9-THC and cannabis-related harms,56 
this is one pathway through which cross-cultural differences may emerge in cannabis’s 
addiction liability. A more detailed analysis of cross-culturally relevant factors in the 
effects of cannabis on addiction outcomes and the underlying neurocognitive processes 
will be provided in Chapter 5.

The Roadmap for What Comes Next

The first section of this dissertation (Chapters 2–4) will examine adolescent risk and 
resilience to AUD. To gain a clearer picture of the evidence for adolescent vulnerability 
to the effects of chronic alcohol use on brain and cognitive outcomes, Chapter 2 
presents a systematic review of animal and human studies that directly compare 
adolescents to adults.
 Then, to test the social plasticity theory of adolescent risk and resilience, chapter 3 
and chapter 4 present empirical research incorporating social context into cue-
reactivity paradigms.
 Chapter 3 presents a validation study of a newly developed multi-sensory social 
alcohol cue reactivity paradigm, which aimed to connect social alcohol cue reactivity 
in motivational circuits of the brain to in-person drinking behavior in the laboratory in 
young adults. Then, Chapter 4 presents a study directly comparing adolescents to adults 
in the role of social alcohol cue reactivity in the brain and social attunement tendencies 
in alcohol use trajectories.
 The second section of this dissertation (Chapters 5-10) will examine the role of 
cannabis culture in CUD. Chapter 5 is an invited editorial that provides the framework 
for how cross-cultural differences in types and potency of available cannabis products, 
preferred routes of administration, common co-use of other substances, reasons for 
use, and the legal and social environment can affect the development, presentation, 
and severity of CUD. It also highlights how cross-cultural differences can affect the 
underlying mechanisms of cannabis use and CUD and provides recommendations 
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for how to approach the issue of cannabis culture in research. Chapter 6 addresses the 
challenges of measuring cannabis use and cannabinoid exposure with an empirical 
examination of hair analysis as a method of quantifying cannabinoid exposure in 
individuals with CUD. The next three chapters focus on how key differences in cannabis 
culture impact motivational mechanisms of CUD in the brain. Chapter 7 presents 
an empirical examination of whether co-use of cannabis and tobacco compared to 
cannabis use only is associated with differences in cannabis cue reactivity in heavy 
users. Chapter 8 and Chapter 9 use a cross-cultural design to investigate the role of 
cannabis attitudes in motivational mechanisms in the brain in a sample of individuals 
with CUD from distinct cannabis cultures: Amsterdam, The Netherlands and Texas, 
the United States. Chapter 8 addresses the question using a cue reactivity paradigm 
and Chapter 9 uses an approach avoidance task. Chapter 10 shifts focus to the role of 
mental health in the effects of cannabis use and CUD. Individuals commonly report 
using cannabis for therapeutic purposes,57 including the alleviation of symptoms of 
mood disorders. On a cultural level, advertisement of therapeutic benefits is associated 
with cannabis use initiation. However, the causal effect of cannabis use on mood 
disorders and vice versa remains unclear. Thus, Chapter 10 synthesizes evidence from 
longitudinal, genetic, and neurocognitive studies in a narrative review to examine 
pathways between mood disorders, cannabis use, and CUD.
 Finally, Chapter 11 integrates the findings within each section to discuss the state 
of the evidence, the implications of social and cultural forces for our understanding 
of motivational mechanisms of addiction, and reflects on the role of cue-reactivity in 
interventions in relation to a pilot study of a cannabis use reduction intervention I 
developed during my PhD.
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CHAPTER 2

Age-related Differences in the Effect 
of Chronic Alcohol on Cognition and 

the Brain: A Systematic Review

This chapter is published as:

Kuhns, L., Kroon, E., Lesscher, H., Mies, G., & Cousijn, J. (2022). 
Age-related differences in the effect of chronic alcohol on cognition and the brain: 

a systematic review. 
Translational Psychiatry, 12(1), 345
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Abstract

Objective: Adolescence is an important developmental period associated with increased 
risk for excessive alcohol use, but also high rates of recovery from alcohol use-related 
problems, suggesting potential resilience to long-term effects compared to adults. The 
aim of this systematic review is to evaluate the current evidence for a moderating role of 
age on the impact of chronic alcohol exposure on the brain and cognition. 
Methods: We searched Medline, PsycInfo, and Cochrane Library databases up to 
February 3, 2021. All human and animal studies that directly tested whether the 
relationship between chronic alcohol exposure and neurocognitive outcomes differs 
between adolescents and adults were included. Study characteristics and results of 
age-related analyses were extracted into reference tables and results were separately 
narratively synthesized for each cognitive and brain-related outcome. 
Results: The evidence strength for age-related differences varies across outcomes. 
Human evidence is largely missing, but animal research provides limited but consistent 
evidence of heightened adolescent sensitivity to chronic alcohol’s effects on several 
outcomes, including conditioned aversion, dopaminergic transmission in reward-
related regions, neurodegeneration and neurogenesis. At the same time, there is limited 
evidence for adolescent resilience to chronic alcohol induced impairments in the 
domain of cognitive flexibility, warranting future studies investigating the potential 
mechanisms underlying adolescent risk and resilience to the effects of alcohol. 
Discussion: The available evidence from mostly animal studies indicates adolescents 
are both more vulnerable and potentially more resilient to chronic alcohol effects 
on specific brain and cognitive outcomes. More human research directly comparing 
adolescents and adults is needed despite the methodological constraints. Parallel 
translational animal models can aid in the causal interpretation of observed effects. 
To improve their translational value, future animal studies should aim to use volun-
tary self-administration paradigms and incorporate individual differences and 
environmental context to better model human drinking behavior. 
Funding: National Institute on Drug Abuse/National Institutes of Health.
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Alcohol use disorder (AUD) is the most prevalent substance use disorder worldwide.1 
Most AUDs remain untreated2 and for those seeking treatment, relapse rates are high.3 
Adolescence marks a rapid increase in AUD and an earlier onset of AUD is associated 
with worse long-term outcomes, including greater problem severity and more relapses.4,5 
Loss of control over alcohol use is a core aspect of AUD6 and the developmentally 
normative difficulty to control motivational urges in tempting and arousing situations 
is thought to put adolescents at risk for developing addictive behaviors.7 Moreover, 
neurotoxic consequences of alcohol use may be more severe for a developing brain.8 
Paradoxically, adolescence is also a period of remarkable behavioral flexibility and 
neural plasticity,9-11 allowing adolescents to adapt their goals and behavior to changing 
situations12 and to recover from brain trauma more easily than adults.10 In line with 
this, the transition from adolescence to adulthood is associated with high rates of AUD 
recovery without formal intervention.13 While the adolescent brain may be a vulnerability 
for the development of addiction, it may also be more resilient to long-term effects 
compared to adults. Increased neural plasticity during this period could help protect 
adolescents from longer term alcohol use-related cognitive impairments across multiple 
domains, from learning and memory to decision-making and cognitive flexibility. 
Therefore, the goal of this systematic review was to examine the evidence of age-related 
differences in the effect of alcohol on the brain and cognitive outcomes, evaluating 
evidence from both human and animal studies.
 In humans, the salience and reinforcement learning network, as well as the central 
executive network are involved in the development and maintenance of AUD.7,14 
The central executive network encompasses fronto-parietal regions and is the main 
network involved in cognitive control.15 The salience network encompasses fronto-
limbic regions crucial for emotion regulation, salience attribution, and integration 
of affective information into decision making,15,16 which overlaps with fronto-limbic 
areas of the reinforcement learning network (Figure 1). Relatively early maturation 
of salience and reinforcement learning networks compared to the central executive 
network is believed to put adolescents at heightened risk for the escalation of alcohol 
use compared to adults.7 Rodent models are regularly used for AUD research and 
allow in-depth neurobehavioral analyses of the effects of ethanol exposure during 
different developmental periods while controlling for experimental conditions such as 
cumulative ethanol exposure in a way that is not possible using human subjects because 
exposure is inherently confounded with age. For example, animal models allow for 
detailed neurobiological investigation of the effects of alcohol exposure in a specific 
age range on neural activation, protein expression, gene expression, epigenetic changes, 
and neurotransmission in brain regions that are homologous to those that have been 
implicated in AUD in humans.
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Figure 1. A visual representation of the 
translational model of the executive 
control and salience networks in humans 
and rodents. Executive control and 
salience are key networks believed to 
play a part in adolescent vulnerability to 
alcohol-related problems.

While most of our knowledge on the effects of alcohol on the brain and cognitive out-
comes is based on research in adults, several recent reviews have examined the effects 
of alcohol on the brain and cognition in adolescents and young adults specifically.17-25 
Heavy or binge drinking has been associated with reduced grey and white matter. 
Also, altered task-related brain activity,20 structural abnormalities,25 and overlapping 
behavioral impairments in executive functioning have been identified in adolescent and 
young adult alcohol users.19 While some of the observed neurocognitive differences 
between drinkers and non-drinkers may be predisposing factors, they may be further 
exacerbated by heavy and binge drinking.21,23 Furthermore, reviews of longitudinal 
studies concluded that adolescent alcohol use is associated with neural and cognitive 
alterations in a dose-dependent manner.17,22

 Although previous reviews underscore the potential negative consequences of 
heavy alcohol use on the brain and cognition in adolescence, they do not typically address 
the question of whether adolescents are differentially vulnerable compared to adults to 
the effects of alcohol on these outcomes. Explicit comparisons between adolescents and 
adults are crucial to identify potential risk and resilience factors. In the current review, 
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we aimed to extend previous work by systematically examining this critical question: 
does the relationship between chronic alcohol use and neurocognitive outcomes differ 
between adolescents and adults? To address this question, we systematically reviewed 
human and animal studies that included both age groups and used a factorial design 
that would allow for the comparison of the effects of chronic alcohol use on cognitive 
and brain-related outcomes across age groups. We specifically highlight outcomes from 
voluntary self-administration paradigms when available and discuss the translational 
quality of the animal evidence base. We conclude with a discussion of prominent 
knowledge gaps, future research directions, and clinical implications.

Methods

Study Inclusion Criteria and Search Strategy
We followed the PRISMA guidelines for the current systematic review (The 
PRIMSA Group, 2009). An initial MedLine, Cochrane Library, and PsycInfo search 
was conducted during September of 2018 with terms related to alcohol, cognition, 
adolescence/adulthood, and study type (see Appendix 1 for full search strategy and 
syntax). Two search updates using the same search strategy were conducted on March 
31, 2020 and February 3, 2021. For all searches, the identified citations were split into 
batches and at least two of the following assessors (GM, LK, JC, or CG) conducted a 
blinded review to determine whether articles met the inclusion criteria. In the first 
phase of screening, only titles and abstracts were screened and articles that clearly did 
not meet the inclusion criteria were excluded. In the second phase, the remaining 
articles received a full text review and those that did not meet all inclusion criteria 
were excluded. The first inclusion criterion that was not adhered to was recorded as the 
reason for excluding. If there was a discrepancy between authors after the initial and 
full-text screening process, the reviewing authors discussed the article and a consensus 
was reached.
 The inclusion criteria were: 1) Human samples including both adolescents younger 
than 18 and adults older than 18 and animal samples including adolescent (Post Natal 
Day (PND) 25–42 for rodents) and adult8 animals (greater than PND 65 for rodents); 
2) Exploration of alcohol as the independent variable and cognitive, reward-related, or 
brain outcomes as the dependent variables; 3) Alcohol and cognitive outcomes must 
meet our operationalization defined below; 4) Study design comparing adults and 
adolescents on outcome measures; 5) Administering or measuring alcohol use during 
adolescence or adulthood, not retrospectively (e.g. no age of onset work in humans 
using retrospective self-reports of alcohol consumption); 6) Primary quantitative data 
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collection (no case studies, or review papers); 7) Solely looking at alcohol-related factors 
as the independent variables (e.g. cannot explore alcohol-related factors in individuals 
with psychosis); 8) Written in English; 9) Published in a peer-reviewed journal before 
February 3, 2021 (see Figure 2 for a detailed screening process).
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Identi�cation of studies via databases and registers

Records identi�ed from: 
Databases (n = 9,368) 
Registers (n = 0)

Records removed before screening: 
Duplicate records removed 
(n = 2,139)
Records marked as ineligible by 
automation tools (n = 0)
Records removed for other 
reasons (n = 0)

Records screened (n = 7,229) Records excluded (n = 6,792)

Reports sought for retrieval 
(n = 437) Reports not retrieved (n = 3)

Reports assessed for eligibility 
(n = 434)

Studies included in review (n = 63)
Reports of included studies (n = 0)
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Reports excluded:
Population – missing age groups or 
comorbid disorders (n = 196) 
Outcome – no cognitive or brain-related 
outcomes (n = 55)
Study design – no age comparison 
(n = 52)
Alcohol exposure – acute exposure only 
or retrospective self-report, i.e. age of 
onset (n = 47)
Publication type – case study, review or 
dissertation (n = 16) 
Language other than English (n = 5)In
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Figure 2. PRIMSA flow diagram detailing the screening process.
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The definitions for adolescence are variable, hampering the direct comparison of human 
and rodent research. In rodents, the end of early-mid adolescence is considered to be 
approximately PND 42 when rats reach sexual puberty. By contrast, the boundaries for 
the onset of early adolescence are less clear. Based on the notion that most age-typical 
physiological changes that are characteristic of adolescence emerge from PND 28,26 
the conservative boundary for adolescence has been set at PND 28 (e.g. seminal review 
on adolescence).27 The preceding week (PND 21-PND 28) has been described as the 
juvenile period,28,29 but these same reports consider PND 21-PND 23 as the lower 
boundary for early adolescence,28,29 further emphasizing that the boundary of PND28 
may be too conservative. Indeed, multiple studies,30,31 have chosen to take PND25 as 
the boundary for early adolescence. Hence, we have decided to also follow this less 
conservative approach and include all studies where alcohol was administered between 
PND 25 and PND 42.
 The exact boundaries of human adolescence are similarly nebulous. From a neuro-
developmental perspective, adolescence is now often thought of as continuing until 
approximately age 25 because of the continuing maturation of the brain.32 However, 
the delineation of adolescence and adulthood is also dependent on societal norms, and is 
commonly defined as the transitional period between puberty and legal adulthood and 
independence which typically begins around age eighteen. In light of this, we chose 
a relatively liberal inclusion criteria for the human studies; studies needed to include 
at least some adolescents below eighteen, the age at which drinking typically begins, 
as well as ‘adult’ participants over the age of eighteen. We are careful to interpret the 
results of human studies within the neurodevelopmental framework of adolescence, 
such that 18–25-year-olds are considered late adolescents to young adults who are still 
undergoing cognitive and brain maturation.
 Notably, we excluded studies that assessed alcohol exposure retrospectively (pri-
marily early onset alcohol studies) because age of onset variables are often inaccurate, 
with reported age of alcohol onset increasing with both historical age33 and current 
alcohol use patterns.34 Additionally, we excluded work that has not undergone peer-
review to ensure high quality papers.
 In humans, we defined cognition as any construct that typically falls within the 
umbrella of neuropsychological testing, as well as brain-based studies. We also included 
more distal constructs of cognition, like craving and impulsivity, because they play a 
prominent role in addictive behaviors.35,36 In rodents, we defined cognition as attention, 
learning, and memory in line with a seminal review paper.37 Given the importance of 
social cognition in patterns of alcohol use particularly in adolescence38 and its proposed 
role in adolescent risk and resilience to addiction,39 we included social behavior as an 
outcome. Furthermore, because many rodent studies assessed anxiety-related behaviors 
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and the high degree of comorbidity between anxiety disorders and alcohol addiction,40 
we also included anxiety as a secondary outcome. On the other hand, locomotor 
activity was excluded as an outcome because even though behavioral sensitization 
is considered to reflect neurobiological changes that may underlie certain aspects of 
addictive behavior,41 the translational relevance for addictive behavior and human 
addiction in particular remains unclear.42,43 Across both rodents and humans, general 
alcohol metabolization and ethanol withdrawal studies were not included except if they 
included brain-related outcomes. The relevant reported findings (i.e. the results of an 
analysis of comparing age groups on the effect of alcohol on an included outcome) 
were extracted by one reviewer and then confirmed by at least one other reviewer. In 
addition, the characteristics of the sample, details of alcohol exposure, and study design 
were extracted by a single reviewer and then confirmed by at least one other reviewer. 
No automation tools were used for extraction. Within the included studies, peripheral 
findings that did not relate to cognition were excluded from review and not extracted. 
The protocol for this systematic review was not registered and no review protocol can 
be accessed.

Results

Study Search
Our searches identified 7,229 studies once duplicates were removed. A total of 6,791 
studies were excluded after initial review of abstracts. Then, 434 studies received a full 
text review and 371 were excluded for failing to meet all inclusion criteria. See Figure 2 
for a flow diagram of the full screening process. At the end of the inclusion process, 59 
rodent studies and four human studies were included. The characteristics and findings 
of the final studies are detailed in Table 1 (rodents) and Table 2 (humans). Due to the 
heterogeneity of outcomes, meta-regression was not suitable for synthesizing results. 
Results are narratively synthesized and grouped based on forced or voluntary ethanol 
exposure and by outcome within the tables and by outcome only in text. Two authors 
independently rated the quality of evidence for human studies (Table 2) based on 
criteria used in a similar systematic review44: 1) strong level of causality: longitudinal 
design comparing adolescent and adults while adjusting for relevant covariates; 
2) moderate level of causality: longitudinal design comparing adolescents and adults 
without adjusting for relevant covariates or cross-sectional designs with matched 
groups that considered relevant covariates; 3) weak level of causality: cross-sectional 
design without matched adolescent and adult groups and/or did not adjust for relevant 
covariates. A methodological quality assessment was not conducted for the animal 
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studies due to a lack of empirically validated risk of bias tools and lack of standardized 
reporting requirements in the animal literature.

Animal Studies

Cognitive Outcomes
Learning and Memory
Human evidence clearly suggests that alcohol is related to learning and memory 
impairments, both during intoxication45 and after sustained heavy use and 
dependence.46,47 Paradigms that assess learning and memory provide insight into the 
negative consequences of alcohol consumption on brain functioning, as well as the 
processes underlying the development and maintenance of learned addictive behaviors.

Conditioned Alcohol Aversion or Preference. Lower sensitivity to alcohol’s aversive 
effects (e.g. nausea, drowsiness, motor incoordination) but higher sensitivity to alcohol’s 
rewarding effects has been hypothesized to underlie the higher levels of alcohol use, 
especially binge-like behavior, in adolescents compared to adults.48 Several conditioning 
paradigms have been developed to assess the aversive and motivational effects of 
alcohol exposure.
 The conditioned taste aversion (CTA) paradigm is widely used to measure 
perceived aversiveness of alcohol in animals. Repeated high dose ethanol injections 
are paired with a conditioned stimulus (CS, e.g. a saccharin or NaCL solution). 
The reduction in CS consumption after conditioning is used as an index of alcohol 
aversion. Two studies examined CTA in mice49,50 and two in rats.51,52 Three of the 
four studies found age-related differences. In all three studies using a standard CTA 
paradigm, adolescents required a higher ethanol dosage to develop aversion compared 
to adults.49-51 Using a similar second order conditioning (SOC) paradigm pairing high 
doses of ethanol (3.0g/kg) with sucrose (CS), both adolescent and adult rats developed 
equal aversion to the testing compartment paired with ethanol.52

 Overall, three studies found support for lower sensitivity to alcohol’s aversive 
effects in adolescents, whereas one observed no differences. Future research should 
employ intragastric as opposed intraperitoneal exposure to better mimic human binge-
like drinking in order to increase the translational value of the findings.
 To measure differences in alcohol’s motivational value, conditioned place 
preference (CPP) paradigms have been used. This involves repeated pairings of ethanol 
injections with one compartment and saline injections with another compartment of 
the testing apparatus. On test days, CPP is assessed by measuring how long the animal 
stays in the compartment paired with ethanol relative to saline injections. Four studies 
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examined CPP, with two studies observing age-related differences.53-56 In the only 
mouse study, history of chronic ethanol exposure during adolescence (2.0g/kg for 
15 days) but not adulthood53 led to increased CPP after brief abstinence (5 days) before 
the conditioning procedure (2.0g/kg, four doses over eight days). This suggests that early 
ethanol exposure increases alcohol’s rewarding properties later on. However, two rat 
studies did not observe either preference or aversion in either age when using lower 
ethanol doses and a shorter exposure period (0.5 and 1.0g/kg for 8 days),54 nor when 
using higher doses and intermittent exposure (3.0g/kg, 2 days on, 2 days off schedule).56 
Next to species and exposure specific factors, environmental factors also play a role,55 
with adolescents raised in environmentally enriched conditions demonstrating CPP 
(2g/kg), while adolescents raised in standard conditions did not. In contrast, CPP was 
insensitive to rearing conditions in adults with both enriched and standard-housed rats 
showing similar levels of CPP.
 Overall, there is inconsistent evidence for age-related differences in the motiva-
tional value of ethanol. One study found support for increased sensitivity to the reward-
ing effects of ethanol in adolescents, whereas one found support for adults being more 
sensitive and two observed no differences.

Fear Conditioning and Retention. Pavlovian fear conditioning paradigms are used to 
investigate associative learning and memory in animals. These paradigms are relevant 
for addiction because fear and drug seeking behavior are considered conditioned 
responses with overlapping neural mechanisms.57 Rodents are adminis-tered an 
unconditioned stimulus (US; e.g. foot shock) in the presence of a condi-tioned 
stimulus (CS; unique context or cue).
 Conditioned responses (CR; e.g. freezing behavior) are then measured in the 
presence of the CS without the US as a measure of fear retention. Contextual fear 
conditioning is linked to hippocampus and amygdala functioning, discrete cue-based 
(e.g. tone) fear is linked to amygdala functioning,58-60 and fear extinction involves medial 
PFC functioning.61 Five studies investigated fear conditioning, four in rats62-65 and one 
in mice.66

 Only one of the four studies observed age-related differences in tone fear condi-
tioning. Bergstrom et. al found evidence for impaired tone fear conditioning in male 
and female ethanol-exposed (18d) adolescent compared to adult rats after extended 
abstinence (30d).62 However, adolescent rats consumed more ethanol during the one-
hour access period than adults, which may explain the observed age differences in fear 
tone conditioning. Small but significant sex differences in consumption also emerged 
in the adolescent group, with males showing more persistent impairment across the test 
sessions compared to females, despite adolescent females consuming more ethanol than 
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males. In contrast, three studies found no evidence of impaired tone fear conditioning 
in either age group after chronic alcohol exposure (4g/kg, every other day for 20d) and 
extended abstinence (22d).63-65

 Two of the three studies observed age-related differences in contextual fear condi-
tioning.63-65 In two studies with similar exposure paradigms, only adolescents exposed to 
chronic high dosages of ethanol (4g/kg) showed disrupted contextual fear conditioning 
after extended abstinence (22d).63,64 Importantly, differences disappeared when the 
context was also paired with a tone, which is suggestive of a potential disruption in 
hippocampal-linked contextual fear conditioning specifically.65 Furthermore, there 
may be distinct vulnerability periods during adolescence as contextual fear retention 
was disrupted after chronic alcohol exposure (4g/kg, every other day for 20d) during 
early-mid adolescence but not late adolescence.63 In the only study to combine chronic 
exposure and acute ethanol challenges, contextual conditioning was impaired by the 
acute challenge (1g/kg) but there was no effect of pre-exposure history in either age 
group (4g/kg, every other day for 20d).64

 Only one study examined fear extinction, and found no effect of ethanol exposure 
(4/kg, every other day for 20d) on extinction after tone conditioning. However, adults 
had higher levels of contextual fear extinction compared to mid-adolescents while late 
adolescents performed similar to adults.63 Moreover, looking at binge-like exposure 
in mice (three binges, 3d abstinence), Lacaille et al. showed comparable impairments 
in long-term fear memory in adolescents and adults during a passive avoidance task in 
which one compartment of the testing apparatus was paired with a foot shock once and 
avoidance of this chamber after a 24hr delay was measured.66

 In sum, there is limited but fairly consistent evidence for adolescent-specific 
impairments in hippocampal-linked contextual fear conditioning across two rat 
studies, while no age differences emerged in context-based fear retention in one 
study of mice. In contrast, only one of the four studies found evidence of impaired 
tone fear conditioning in adolescents (that also consumed more alcohol), with most 
finding no effect of alcohol on tone fear conditioning regardless of age. With only 
one study examining medial PFC-linked fear extinction, no strong conclusions can be 
drawn, but initial evidence suggests context-based fear extinction may be diminished 
in mid-adolescents compared to adults and late adolescents. Research on age-related 
differences on the effect of alcohol on longer-term fear memory is largely missing.

Spatial Learning and Memory. The Morris Water Maze (MWM) is commonly used 
to test spatial learning and memory in rodents. Across trials, time to find the hidden 
platform in a round swimming pool is used as a measure of spatial learning. Spatial 
memory can be tested by removing the platform and measuring the time the animal 
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spends in the quadrant where the escape used to be. The sand box maze (SBM) is a 
similar paradigm in which animals need to locate a buried appetitive reinforcer.
 Six rat studies examined spatial learning and memory using these paradigms. 
Three of the six studies observed age-related differences. Four examined the effects 
of repeated ethanol challenges 30 minutes prior to MWM training, showing mixed 
results.30,67-69 While one found ethanol-induced spatial learning impairments in 
adolescents only (1.0 and 2.0g/kg doses),67 another found no age-related differences, 
with both age groups showing impairments after moderate doses (2.5g/kg) and 
enhancements in learning after very low doses (0.5g/kg).68 Sircar and Sircar also found 
evidence of ethanol-induced spatial learning and memory impairments in both ages 
(2.0g/kg).69 However, memory impairments recovered after extended abstinence (25d) 
in adults only. Importantly, MWM findings could be related to thigmotaxis, an anxiety-
related tendency to stay close to the walls of the maze. Developmental differences 
in stress sensitivity may potentially confound ethanol-related age effects in these 
paradigms. Using the less stress-inducing SBM, adults showed greater impairments in 
spatial learning compared to adolescents after 1.5g/kg ethanol doses 30 minutes prior to 
training.30

 Two studies examined the effects of chronic ethanol exposure prior to training 
with or without acute challenges.70,71 Matthews et al. looked at the effect of 20 day 
binge-like (every other day) pre-exposure and found no effect on spatial learning 
in either age following an extended abstinence period (i.e. six to eight weeks).71 
Swartzwelder et al. examined effects of 5-day ethanol pre-exposure with and without 
ethanol challenges before MWM training.70 Ethanol challenges (2.0g/kg) impaired 
learning in both age groups regardless of pre-exposure history. Thigmotaxis was also 
increased in both age groups after acute challenges while pre-exposure increased it in 
adults only.
 In sum, evidence for impaired spatial learning and memory after acute challenges 
is mixed across six studies. Two studies found support for ethanol having a larger 
impact in adolescents compared to adults, whereas one study found the opposite and 
three studies did not observe any differences. Differences in ethanol doses and stress 
responses may partially explain the discrepancies across studies. Importantly, given the 
sparsity of studies addressing the effects of long-term and voluntary ethanol exposure, 
no conclusion can be drawn about the impact of age on the relation between chronic 
alcohol exposure and spatial learning and memory.

Non-spatial Learning and Memory. Non-spatial learning can also be assessed in the 
MWM and SBM by marking the target location with a pole and moving it across trials, 
measuring time and distances travelled to locate the target. By assessing non-spatial 
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learning as well, studies can determine whether learning is more generally impaired by 
ethanol or whether it is specific to hippocampal-dependent spatial learning processes. 
A total of six studies assessed facets of non-spatial learning and memory. Two of the six 
studies observed age-related differences.
 In the four studies that examined non-spatial memory using the MWM or SBM 
in rats, none found an effect of alcohol regardless of dose, duration, or abstinence 
period in either age group.30,67,68,71 Two other studies examined other facets of non-
spatial memory in rats.66,72 Galaj et al. used an incentive learning paradigm to examine 
conditioned reward responses and approach behavior towards alcohol after chronic 
intermittent ethanol (CIE; 4g/kg; 3d on, 2d off) exposure to mimic binge drinking.72 To 
examine reward-related learning and approach behavior, a CS (light) was paired with 
food pellets and approach behavior to CS only presentation and responses to a lever 
producing the CS were measured. In both adolescents and adults, the ethanol-exposed 
rats showed impaired reward-related learning after both short (2d) and extended (21d) 
abstinence. No effect of alcohol on conditioned approach behavior was observed in 
either age group during acute (2d) or extended (21d) abstinence. Using a novel object 
recognition test in mice, Lacaille et al. assessed non-spatial recognition memory by 
replacing a familiar object with a novel object in the testing environment.66 Explorative 
behavior of the new object was used as an index of recognition. After chronic binge-
like exposure (three injections daily at 2h intervals) and limited abstinence (4d), only 
adolescents showed reduced object recognition.
 Across facets of non-spatial memory, there is little evidence for age-related 
differences in the effect of chronic alcohol, with four of the six studies finding no 
age differences. For memory of visually cued target locations in the MWM and SBM 
paradigms, alcohol does not alter performance in either age. Also, both adolescents and 
adults appear similarly vulnerable to alcohol-induced impairments in reward-related 
learning based on one study. Only in the domain of object memory did any age-related 
differences emerge, with adolescents and not adults showing reduced novel object 
recognition after binge-like alcohol exposure in one study. However, more research into 
object recognition memory and reward-related learning and memory is needed to draw 
strong conclusions in these domains.

Executive Function and Higher Order Cognition.
Executive functions are a domain of cognitive processes underlying higher order 
cognitive functions such as goal-directed behavior. Executive functions can include 
but are not limited to working memory, attentional processes, cognitive flexibility, 
and impulse control or inhibition.73 A core feature of AUD is the transition from 
goal-directed alcohol use to habitual, uncontrolled alcohol use. Impaired executive 
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functioning, linked to PFC dysfunction,74 is assumed to be both a risk factor and 
consequence of chronic alcohol use. A meta-analysis of 62 studies highlighted 
widespread impairments in executive functioning in individuals with AUD that 
persisted even after one year of abstinence.47 Thirteen studies examined facets of 
executive functioning and higher order cognition, specifically in the domains of 
working memory, attentional processes, cognitive flexibility, impulsivity in decision-
making, and goal-directed behavior.66,75-84

Working Memory. Working memory refers to the limited capacity system for 
temporarily storing and manipulating information, which is necessary for reasoning 
and decision-making.85 In the Radial Arm Maze test (RAM),86 some of the equally 
spaced arms (typically eight) around a circular platform contain a food reward for 
animals to find. Spatial working memory is measured by recording the number of 
revisits to previously visited arms (i.e. working memory error) and first entries into 
unbaited arms (i.e. reference memory). Alternatively, the hippocampus mediated87 
spontaneous tendency to alternate arms can be used as a measure of spatial working 
memory. In this case, revisiting an arm in back-to-back trials in close temporal 
succession is interpreted as a working memory error. Five studies examined the effects 
of chronic ethanol exposure on spatial working memory.66,76,80,81,84 One of the five 
studies observed age-related differences.
 Chronic binge-like alcohol exposure had no effects on spontaneous alterations 
after prolonged abstinence (2d on, 2d off; 3 weeks abstinence)80,81 in rats or limited 
abstinence (three injections daily at 2h intervals; 24h abstinence)66 in mice, nor on RAM 
performance in rats (2d on, 2d off).76,84 However, acute ethanol challenges (1.5g/kg) 
after chronic binge-like exposure (2d on, 2d off) resulted in RAM test impairments in 
both age groups in rats,76,84 with some evidence for increased working memory errors 
in adolescents.84

 In sum, there is little evidence for impairments in working memory function in rats 
after chronic ethanol exposure, with four of the five studies observing no difference 
between age groups. While acute intoxication impairs working memory function in 
both ages, there is evidence from only one study that adolescents may make more 
working memory errors.

Attentional Processes. Attentional processing refers to the selection of information 
that gains access to working memory.88 Prepulse inhibition (PPI) is a pre-attentional 
cognitive function which provides an index of sensorimotor gating and measures the 
ability of a lower intensity sensory stimulus to reduce the magnitude of response 
to a more intense stimulus presented closely afterwards. Reduced sensorimotor 
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gating (reduced PPI) can disrupt information processing and thereby impair cognitive 
function, while enhanced sensorimotor gating (enhanced PPI) may reflect behavioral 
inflexibility.89 For example, lesions in the medial PFC produce both behavioral 
inflexibility and enhancements in PPI in rats. Two studies assessed attentional processes 
by measuring PPI in rats.83,90 One study observed age-related differences and one did 
not.
 Slawecki & Ehlers observed age-related differences in sensorimotor gating follow-
ing ethanol vapor exposure (2w) and brief abstinence (6d), with adolescents showing 
enhanced PPI at some decibels reflective of behavioral inflexibility, while adults did 
not exhibit PPI at any of the intensities tested.83 Slawecki et al. did not observe any 
age-related differences in PPI during the acute phase of ethanol withdrawal (7–10h 
abstinence) during a period of chronic ethanol exposure (14d).90

 In sum, there is limited and mixed evidence from two studies of age-related 
differences in the pre-attentional process of sensorimotor gating. Only one study found 
support for adolescent sensitivity to ethanol effects.

Cognitive Flexibility. Cognitive flexibility refers to the ability to update information 
based on environmental factors or changing goals in order to adaptively guide decision-
making and is linked to the inability to reduce or abstain from drinking.91 Three studies 
examined facets of cognitive and behavioral flexibility.80-82 Two of the three studies 
observed age-related differences.
 In two rat studies, cognitive flexibility was assessed using reversal learning 
paradigms.80,81 In the reversal learning paradigm, rats were trained on simple (e.g. 
visual cue) and more complex discriminations (e.g. visual + scent cue) between 
rewarded and non-rewarded bowls. After learning the discriminants, the rewards were 
reversed. Ethanol exposure reduced flexibility in both adolescents and adults for simple 
discriminations in both studies.
 Age-related differences emerged for the more complex discriminations in one 
study, with only adults showing reduced flexibility after prolonged abstinence (21d) 
following binge-like exposure (5g/kg, 2d on, 2d off).80 In contrast, both age groups 
showed reduced flexibility for complex discrimination in the other study after prolonged 
abstinence (21d) despite adolescents consuming more ethanol orally than adults during 
the 28 week exposure.81

 In another study, Labots et al used a conditioned suppression of alcohol-seeking 
task after two months of voluntary ethanol consumption (2 months) in rats to examine 
flexibility around alcohol-seeking behavior.82 After stratifying the age groups based 
on levels of ethanol consumption, medium- and high-consuming adolescents showed 
higher levels of conditioned suppression compared to similarly drinking adults, 
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indicating greater behavioral flexibility and control over alcohol-seeking in adolescents 
after chronic voluntary exposure.
 Overall, there is limited evidence for adolescent resilience to the effects of chronic 
alcohol on cognitive flexibility. Two studies found support for adolescent resilience to 
ethanol’s effect on behavioral flexibility, whereas another study found no differences 
between adolescents and adults.

Impulsivity. Impulsivity is a multi-faceted behavioral trait that encompasses impaired 
response inhibition, preference for an immediate reward over a larger but delayed 
reward, and premature expression of behaviors which may be maladaptive or in conflict 
with conscious goals. Impulsivity is a risk-factor for the development of addiction and 
may also be a consequence of sustained substance use.35 Pharmacological evidence 
points towards overlapping neural mechanisms in impulsivity and addictive behavior, 
particularly within the mesolimbic dopamine system.92 Two studies examined impulsive 
decision-making behavior in rats.75,79 Both studies observed age-related differences.
 One study examined impulsive behavior using a delay-discounting task in which 
choices are made between immediate small rewards and larger delayed rewards.79 
Regardless of age, chronic intermittent exposure (2d on, 2d off) had no effect on 
choice behavior in non-intoxicated rats. Following acute challenges, adolescents but not 
adults demonstrated a reduced preference for the large reward regardless of ethanol 
exposure history, reflecting a general adolescent-specific heightened impulsivity 
during intoxication. Another study examined decision-making under risk conditions 
using an instrumental training and probability- discounting task.75 After prolonged 
abstinence (20d), rats were trained to press two levers for sucrose rewards and 
were concurrently trained to choose between two levers with different associated 
probabilities of reward and reward size, creating a choice between a certain, small 
reward and an uncertain, large reward (i.e. riskier choice). Ethanol consumption was 
voluntary and while adolescents initially consumed more ethanol than adults at the 
beginning of the exposure period, the total amount of consumption was similar by the 
end of the exposure period. Only adolescents showed increased risky and sub-optimal 
decision-making compared to age-matched controls, while adults performed similarly 
to controls.
 In sum, both studies found support for ethanol having a larger impact on 
adolescent compared to adults on impulsive behavior.

Goal-directed Behavior. Goal-directed behavior refers to when actions are sensitive 
to both the outcome value (goal) and contingency between the behavior and the 
outcome.93 Two studies used a sign-tracking and omission contingency learning 
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paradigm to examine goal- directed versus habitual behavior.77,78 One study observed 
age-related differences and the other did not. Sign tracking refers to tasks where a cue 
predicts a reward, but no response is needed for the reward to be delivered. Despite 
this, after repeated pairings of the cue and reward, animals and humans may respond 
(e.g. via a lever) when the cue is presented anyway, and even when no reward is known 
to be available. Sign-directed behavior is considered habitual and has been proposed 
to underlie the lack of control of alcohol use in addiction.94 In humans, sign- tracking 
behavior is difficult to differentiate from goal-directed behavior based on only the 
observable behavior, i.e. seeing a cue such as a favorite drink or bar and then having 
a drink.95 In the context of alcohol use, reflexively having a drink when seeing an 
item that is often associated with the rewarding effects of alcohol (e.g. wine glass, bar, 
smell of alcohol) despite not consciously desiring the alcohol ‘reward’ is an example 
of how habitual behavior (possibly driven by sign-tracking) can initiate the behavior 
as opposed to an intentional goal.94 Omission contingency refers to a 2nd phase after 
sign-tracking when the response is punished and the behavior must be inhibited 
to avoid punishment. After both forced and voluntary ethanol exposure (6w), no 
alterations to sign-tracking behavior were observed in adolescent and adult rats.77,78 
One study did observe an age-related difference in omission contingency learning, with 
adolescents performing better than adults after chronic voluntary ethanol exposure.78 
This preliminarily suggests that adolescents may be more capable of adapting their 
behavior to avoid punishment compared to adults after chronic use. However, before 
behavioral testing began, adolescent rats were abstinent for 17 days, while adults were 
only abstinence for 10 days which may have influenced the results.
 In summary, one study found support for adolescents being less sensitive to 
ethanol effects on goal-directed behavior compared to adults, whereas one study found 
no effect of ethanol in either age group.
 Across the domains of executive function, there is some evidence that adolescents 
may be more vulnerable to impairments in certain executive and higher order cognitive 
functions following chronic alcohol exposure, with increased risky decision-making 
after prolonged abstinence,75 impulsivity during intoxication,79 and reduced working 
memory function during intoxication after chronic exposure. In contrast, animals 
exposed to alcohol during adolescence may better retain cognitive flexibility78,80 and are 
better able to regain control over alcohol- seeking in adulthood.82

Other Behavioral Outcomes
Anxiety. AUD is highly comorbid with anxiety disorders,96 especially in adolescence.97 
While anxiety is not strictly a cognitive outcome, it is related to altered cognitive 
functioning.98,99 Many studies assessing the effects of ethanol on the rodent brain 
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and cognition also include anxiety-related measures. Multiple paradigms have been 
developed to elicit behaviors thought to reflect anxiety in rodents (e.g. rearing, startle, 
avoidance, etc.). In the open field test (OFT), anxiety is indexed as the tendency to 
stay close to perimeter walls as animals have a natural aversion to brightly lit open 
spaces.100 In the elevated plus maze paradigm, rodents are placed at the center of 
an elevated four arm maze with two open arms and two closed arms.101 The open 
arms elicit unconditioned fear of heights/open spaces and the closed arms elicit the 
proclivity for enclosed, dark spaces. Anxiety is indexed as entries/duration of time in 
open vs. closed arms, as well as rearing, freezing, or other postural indices of anxiety. 
In startle paradigms, the startle response is a defensive mechanism reflecting anxiety 
which follows a sudden, unpredictable stimulus (e.g. tones, light).102 In light-dark 
box paradigms, anxiety is elicited using a testing apparatus with a light and dark 
compartment, relying on the conflict between natural aversions to well-lit spaces and 
the tendency to explore new areas. Percentage of time spent in the light compartment, 
latency to return to the dark compartment, movement between compartments 
(transitions), and rearing-behavior are measured as indices of anxiety.103 Anxiety 
can also be assessed using a social interaction test with an unfamiliar partner, with 
approach and avoidance behaviors measured to index anxiety.104 In the novel object 
test (NOT),105 anxiety is elicited by the introduction of a new object in the rodent’s 
environment. The amount of contacts and time spent in contact with the object is used 
as an index of anxiety. Similarly, in the marble-burying test (MBT), novel marbles are 
placed in an environment and the amount of defensive burying of the objects is used as 
an index of anxiety.106

 Eleven studies examined anxiety-like behavior in rodents with mixed results 
across paradigms.71,79,83,84,90,107-112 Overall, five of the eleven studies observed age-related 
differences.
 Two studies used the OFT, finding no effects of voluntary (2w, 4h/day access) or 
forced (12/day vapor) ethanol exposure on anxiety-like behavior in adolescents or adult 
rats during withdrawal (7-9h)111 or after a brief abstinence period (4 days).108 One study 
used both the MBT and NOT after voluntary ethanol consumption (2h/d for 2 weeks; 
no abstinence) and observed higher anxiety in ethanol-exposed adults and reduced 
anxiety in ethanol-exposed adolescents compared to controls as indexed by marble 
burying.107 However, no age effects were observed in response to a novel object, with 
reduced interaction with the novel object in both age groups after chronic exposure.
 Four studies used the elevated maze paradigm with mixed results. Only one 
study observed age-related differences in mice after chronic exposure (8–10w vapor).110 
Adolescents showed reduced anxiety compared to adults during the acute withdrawal 
period, but all mice were kept under chronic social isolation and unpredictable stress 
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conditions, which may have affected the results. Two studies in rats found no effect of 
intermittent (1g/kg) or binge-like (5g/kg) exposure in either age group after short (24h)71 
or sustained abstinence (20d).84 A third study observed heightened anxiety in both age 
groups after intermittent exposure (4g/kg), with anxiety increasing with prolonged 
abstinence periods (24h to 12d).109

 Three rat studies used a startle paradigm to assess anxiety. Two observed reduced 
acoustic startle responses after ethanol exposure (12h/d vapor) in both age groups during 
acute withdrawal periods (7–10h) and following more sustained abstinence (6d).83,90 
In the other study, light-potentiated startle was also reduced in both ages during days 
1–10 of withdrawal after binge-like exposure (2d on, 2d off), but age-related differences 
emerged when the rats were re-exposed via a 4-day binge (1–4/kg). Then, only adults 
showed higher levels of light-potentiated startle compared to controls,79 suggesting that 
ethanol pre-exposure increases anxiety in adults but not adolescents when re-exposed 
to ethanol after withdrawal.
 Two studies used the light-dark box paradigm with mixed results.90,112 Only adult 
rats showed increased mild anxiety-like behaviors during early withdrawal (7–10h) 
after chronic vapor exposure 12h/d).90 In contrast, no age-related differences emerged 
after voluntary ethanol consumption (18h/d access; 3d/w for 6 weeks), with male mice 
showing less anxiety- like behavior in both ages.112 In contrast, the one study using 
the social interaction test observed reduced anxiety in adult mice compared to both 
adolescents and age-matched controls during early withdrawal (4–6h) after chronic, 
unpredictable vapor exposure.110

 In summary, there is inconsistent evidence for age-related differences in the effect 
of chronic ethanol exposure on anxiety outcomes in rodents. The substantial differences 
across studies in how anxiety was elicited and measured make it challenging to draw 
strong conclusions. In the five studies that found age-related differences, adults tend 
to show higher levels of anxiety, particularly during early withdrawal; however, the 
opposite was found in the one study examining anxiety in social interactions. Six studies 
did not observe any age-related differences. Overall, adolescents may be less sensitive to 
the anxiety-inducing effects of chronic alcohol exposure.

Social Behavior. Two studies were identified that examined the effects of chronic 
ethanol exposure on social behavior in rats,113,114 with both observing age-related 
differences. After chronic exposure (1g/kg, 7d), followed by a brief abstinence period 
(24–48h), one study found a decrease in social preference in adolescents only,113 while 
the other study found no ethanol-related effects on social behavior (2g/kg, 10d).114 
After acute challenges, age and treatment interactions emerged in both studies, but the 
directions of the results are inconsistent. In the first study, adolescents showed increased 
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social preference, as indexed by the number of cross-overs between compartments 
towards and away from a peer, across multiple acute doses (0.5–1.0g/kg) administered 
immediately before testing, while adults showed no changes in social preference.113 In 
contrast, Morales et al. found evidence for age-related temporal differences in social 
activity after acute challenge, with adults showing decreased social impairment five 
minutes post injection (1g/kg) and adolescents (1.25g/kg) after 25 minutes compared to 
age-matched controls.114

 The findings from these two studies paint a complicated and inconsistent picture 
of the effects of ethanol on social behavior in adults and adolescents warranting further 
research. One study found support for a larger effect of chronic ethanol on adolescent 
social behavior compared to adults, while the other did not observe effects of ethanol in 
either group. One study found support for a larger effect of chronic plus acute ethanol 
intoxication on social behavior, with the opposite observed in the other.

Brain Outcomes
Neurotransmitter Systems
Glutamate. Glutamate is the brain’s main excitatory neurotransmitter and plays a 
crucial role in synaptic plasticity (i.e. experience-related strengthening or weakening 
of synaptic connections). Glutamatergic transmission plays an important role in the 
formation and maintenance of addictive behaviors and the nucleus accumbens (NAc) 
is considered an important hub in this, receiving glutamatergic input from cortical-
limbic areas and dopaminergic input from the midbrain.115 Seven studies investigated 
glutamate functioning in regions of the brain.107-110,116-119 Four of the seven studies 
observed age-related differences.
 Three studies investigated glutamate-related processes in the NAc.107,108,119 Two 
weeks of voluntary binge drinking (4h access, no abstinence) did not affect expression 
of calcium dependent kinase II alpha (CaMKIIα) and the AMPA receptor GluA1 
subunit in the NAc of mice.108 In contrast Lee et al. showed that voluntary binge 
drinking (2h access, no abstinence) increased mGlu1, mGlu5 and GluN2b expression in 
the shell of the NAc, as well as PKCε and CAMKII in the core of the NAc in adult mice 
only.107 In rats, Pascual et al. showed reduced NR2B phosphorylation in the NAc of 
adolescents only after two weeks of chronic intermittent ethanol exposure; an effect that 
also lasted until 24h after end of exposure.119 This indicates that adolescents might be 
less affected by the effects of ethanol on NAc-related glutamatergic neurotransmission 
than adults. This may in turn mediate decreased withdrawal symptoms and potentially 
facilitate increased drinking.107
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Two studies investigated glutamate related processes in the (basolateral) amyg-
dala.108,117 In mice, Agoglia et al. showed decreased CaMKIIα phosphorylation in 
adolescents, but increased GluA1 expression in adults after two weeks of voluntary 
binge drinking (4-h access, no abstinence).108 Also, drug induced AMPAR activation 
resulted in increased binge drinking in adolescents but decreased binge drinking in 
adults, highlighting the potential importance of glutamatergic signaling in age-related 
differences in alcohol consumption. However, Falco et al. reported no difference in 
NR2A mRNA levels in the basolateral amygdala for either age group after 60-day 
abstinence.117

 Alcohol’s effects on frontal cortex functioning is thought to be mediated by alter-
ations in NMDA receptor subunit expression.120,121 Two studies investigated glutamate 
related processes in the frontal cortex of rats.116,119 Pascual et al showed reduced NR2B 
phosphorylation after two weeks of forced intermittent ethanol exposure in adolescents 
only.119 Using a two week ethanol vapor paradigm, Pian et al. found different patterns 
of NMDAR subunit expression.116 These patterns were highly dependent on abstinence 
duration (0h, 24h, 2w), however they only statistically compared results within rather 
than between age groups. Ethanol exposure was associated with decreased NR1 receptor 
expression in both age groups, but only the adult group showed a decrease in NR2A 
and NR2B expression. The NR1 and NR2A expression returned to normal during 
withdrawal, but in adults NR2B expression increased after two weeks of abstinence.
 Conrad and Winder assessed long term potentiation (LTP) in the bed nucleus stria 
terminalis (BNST), a major output pathway of the amygdala towards the hypothalamus 
and thalamus.110 Voluntary ethanol exposure resulted in blunted LTP responses in the 
dorsolateral BNST regardless of age. However, all mice were socially isolated during the 
experiments to induce anxiety, so it is unclear whether the effects were solely due to 
ethanol exposure.
 Two studies looked at glutamate receptor subunit expression in the hippo-
campus.109,116 Pian et al. observed increased expression of NR1, NR2A and NR2B in 
adults after two weeks of ethanol exposure.116 In adolescents, a reduction in NR2A 
expression was observed. After abstinence, adult levels returned to normal, while 
in adolescents, decreased NR1 and NR2A expression was seen after 24 hours but an 
increased expression of these subunits was seen after 2 weeks of abstinence. These 
findings support regional specific effects of age group, with potentially increased 
sensitivity to the impact of alcohol on glutamatergic mediated hippocampal functioning 
in adolescents. Contrary to expectations, van Skike et al. did not find effects of chronic 
intermittent ethanol exposure or withdrawal on NMDA receptor subunit expression 
in the hippocampus and cortex as a whole in adolescent and adult rats.109 The authors 
speculate that these null results might be associated with the exposure design (limited 
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exposure and route of administration) and lack of withdrawal periods compared to Pian 
et al.116

 In sum, there is limited and inconsistent evidence for age-related differences 
in glutamate function across seven studies. The direction of the observed age-related 
differences varies across regions, with evidence of both increased and decreased 
sensitivity to ethanol effects in adolescents compared to adults in the four studies that 
observed age-related differences.

GABA. GABA is the brain’s main inhibitory neurotransmitter. GABAa receptors are a 
primary mediator of alcohol’s pharmacological effects.122 A total of four studies looked 
at GABAergic functioning.109,117,123,124 Three of the four studies observed age-related 
differences.
 One study investigated GABA-related processes in the basolateral amygdala, 
showing reduced GABAa α1 and GAD67 (enzyme that converts Glutamate to GABA) 
mRNA expression in adult rats only, 60 days after 18-days ethanol exposure.117

Two studies looked at the rat cortex as a whole.109,123 Van Skike et al. did not find effects 
of chronic intermittent ethanol exposure on GABAa receptor expression.109 Grobin et 
al. showed that, while basal GABAa receptor functioning was not affected by one month 
of chronic intermittent ethanol exposure, GABAa receptors were less sensitive to the 
neurosteroid THDOC in adolescents.123 This neuromodulatory effect was not found in 
adults and did not persist after 33 days of abstinence. However, these results indicate 
that neurosteroids may play an indirect role in age differences in the GABAa receptor’s 
response to alcohol.
 Two studies focused on the rat hippocampus.109,125 Fleming et al. found age 
specific effects of chronic intermittent ethanol exposure on hippocampal (dentate 
gyrus) GABAa receptor functioning.125 Adolescent rats showed decreased tonic 
inhibitory current amplitudes after ethanol exposure, which was not the case for young 
adult and adult rats. Also, only the adolescents showed greater sensitivity to ex-vivo 
acute ethanol exposure induced enhanced GABAergic tonic currents. The specificity of 
these effects to adolescent exposure might indicate adolescent vulnerability to ethanol 
induced effects on the hippocampus; however, Van Skike et al. did not find any effects 
of chronic intermittent ethanol exposure on GABAa receptor expression in the hippo-
campus.109

 In sum, given the limited number of studies and lack of replicated effects, no 
clear conclusions can be drawn about the role of age on the effects of alcohol on 
GABAergic neurotransmission. Age-specific effects appear to be regionally distinct. 
The only available study found support for heightened adult sensitivity to ethanol in the 
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amygdala. In contrast, one study found support for greater adolescent sensitivity in the 
hippocampus and whole cortex, whereas the other found no age-related differences.

Dopamine. The mesocorticolimbic dopamine system, with dopaminergic neurons in the 
ventral tegmental area (VTA) projecting to the NAc and prefrontal cortex, plays a key 
role in AUD, particularly through reward and motivational processes.14 Only two studies 
investigated dopaminergic processes, focusing on the frontal cortex, NAc, and broader 
striatum.119,126 Both studies observed age-related differences in certain dopamine 
outcomes.
 Carrara-Nascimento et al. investigated acute effects of ethanol in adolescent 
and adult mice 5 days after a 15-day treatment with either ethanol or saline.126 In the 
PFC, ethanol pretreated adolescents showed reduced dopamine levels (DA) and related 
metabolites (DOPAC and HVA) in response to an acute ethanol challenge compared to 
ethanol pretreated adults and adolescent saline controls. In the NAc, there were 
no differences between pre-treated adolescents and adults, but analyses within 
each age group revealed that ethanol pretreatment with an acute challenge decreased 
DOPAC within the adolescent group. Results from the dorsal striatum also showed no 
differences between adolescents and adults. However, within the adolescent group, 
ethanol pretreatment increased DOPAC and, within the adult group, it increased 
HVA. Pascual et al found similar results looking at the expression of DRD1 and DRD2 
dopamine receptors after two weeks of chronic intermittent ethanol exposure in rats.119 
In the NAc and dorsal striatum, DRD2 expression was reduced in adolescent compared to 
adult exposed rats, while both DRD1 and DRD2 expression were reduced in the frontal 
cortex.
 These results suggest reduced alcohol-induced dopamine reactivity in adolescents 
in the PFC and NAc based on the two available studies, but more studies are warranted 
for a more detailed understanding of the relationship between age and dopamine 
receptor expression following chronic ethanol exposure.

Acetylcholine. Acetylcholine is a known neuromodulator of reward and cognition-
related processes.127 The composition and expression of nicotinic and muscarinic 
acetylcholine receptors have been implicated in various alcohol use-related behav-
iors.128,129 Only one study investigated cholinergic processes and observed age-related 
differences. Vetreno et al. showed global reductions in choline acetyltransferase (ChAT; 
cholinergic cell marker) expression after adolescent onset, but not adult onset of forced 
intermittent binge-like exposure (20 days, every other day, 25 day abstinence).130
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Neuromodulatory Processes
Neurodegeneration and Neurodevelopment. Chronic alcohol consumption is thought 
to lead to brain damage by influencing processes involved in neurodegeneration and 
neurogenesis. The formation of addictive behaviours is paralleled by the formation of 
new axons and dendrites, strengthening specific neuronal pathways.131 While brain 
morphology is commonly investigated in humans, it is a proxy of the impact of 
alcohol on the brain and therefore rarely studied in rodents. Five studies investigated 
facets of neurodegeneration or development in rodents.56,66,132-134 All five studies 
observed age-related differences.
 Huang et al. showed reduced cerebral cortex mass in adolescent mice, but 
shortening of the corpus collosum in adults after 45 days of ethanol injections, 
suggesting some agespecific regional effects.132 Using an amino cupric silver staining, 
significant brain damage was revealed for both adolescent and adult rats after 4 days 
of binge-like ethanol exposure.133 However, adolescents showed more damage in the 
olfactory-frontal cortex, perirhinal cortex, and piriform cortex.
 Looking at hippocampal neurogenesis, ethanol exposure has been shown 
to initially reduce hippocampal neurogenesis in adult rodents, recovering after 
one-month abstinence.135 Compared to adults, neurogenesis in the dentate 
gyrus of the hippocampus was found to be reduced in adolescent exposed mice 
(Bromodeoxyuridine levels)66 and rats (doublecortin levels).134 Lacaille et al. also 
measured the expression level of genes involved in oxidative mechanisms after binge-
like alcohol exposure.66 In whole brain samples, they found increased expression of 
genes involved in brain protection (i.e. gpx3, srxn1) in adults, but increased expression 
of genes involved in cell death (i.e. casp3) combined with decreased expression of genes 
involved in brain protection (i.e. gpx7, nudt15) in adolescents. Casp3 protein levels were 
also higher in the whole brain of adolescent exposed mice66 and the adolescent dentate 
gyrus,134 suggesting more neurodegeneration and less neurogenesis in adolescents 
versus adults following ethanol consumption.
 Cyclin dependent kinase 5 (CDK5) is involved in axon, dendrite, and synapse 
formation and regulation. CDK5 is overexpressed in the prefrontal cortex and the 
NAc following exposure to substances of abuse including alcohol.136 Moreover, CDK5 
inhibition has been shown to reduce operant self-administration of alcohol in alcohol-
dependent rats.137 One study reported higher H4 acetylation of the CDK5 promoter 
in the PFC of adult versus adolescent ethanol exposed rats during acute withdrawal, 
however CDK5 mRNA expression was control- like after 2 weeks of abstinence.56

 In sum, strong conclusions cannot be drawn due to the limited number of 
studies and lack of replicated effects. However, preliminary evidence points to adoles-
cent vulnerability to damage in the cortex, reduced neurogenesis and increased 
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neurodegeneration in the hippocampus and the cortex as a whole based on four of the 
five studies. In contrast, one study found support for adult vulnerability to ethanol’s 
effects on axon, dendrite, and synapse formation and regulation.

Growth Factors. Brain derived neurotrophic factor (BNDF) and nerve growth factor 
(NGF) are involved in brain homeostasis and neural recovery.138,139 While ethanol 
exposure initially increases BDNF and NGF, chronic ethanol exposure seems to reduce 
BDNF and NGF levels and can thereby result in long term brain damage and related 
cognitive problems.140,141 Four studies investigated growth factor expression in the frontal 
cortex 55,56,80,81 and two studies also investigated the hippocampus.80,81 All four studies of 
the frontal cortex observed age-related differences. Neither study of the hippocampus 
observed age-related differences.
 In rats, thirty weeks of chronic ethanol exposure reduced prefrontal mBDNF and 
β-NGF regardless of age, despite adolescents consuming more ethanol.81 Moreover, the 
reduction of mBDNF was correlated with higher blood alcohol levels and was persistent 
up to 6-8 weeks abstinence. Interestingly, during acute withdrawal (48h) adolescents 
but not adults temporarily showed control-like mBDNF levels. This might indicate an 
attempt to counteract neurodegeneration as a result of ethanol exposure in adolescents. 
These results were partially replicated using a shorter intermittent exposure paradigm 
(13 doses, 2 days on/off).80 While intoxication after chronic ethanol exposure reduced 
prefrontal BDNF, levels recovered after 3-weeks abstinence regardless of age. However, 
during acute withdrawal (24h), BDNF was still reduced in early-adolescent onset rats, 
increased in adult onset rats, but control-like in mid-adolescent onset-rats, suggesting 
slower recovery in younger animals. Looking at BDNF gene regulation, a similar study 
(8 doses, 2 days on/off) reported higher H3 demethylation but lower H4 acetylation of 
the BDNF promoter in the PFC of adult versus adolescent ethanol exposed rats during 
acute withdrawal.56 However, prefrontal BDNF mRNA expression returned to control 
levels after two weeks of abstinence. Interestingly, social housing may be protective, 
as reduced prefrontal BDNF was no longer observed in alcohol exposed adolescent 
mice housed in environmentally enriched relative to standard conditions.55 Two studies 
investigated hippocampal BDNF expression but reported no significant interactions 
between alcohol exposure and age group.80,81

 In sum, the results of the four available studies suggest lower prefrontal BDNF 
during chronic alcohol use that recovers after abstinence regardless of age. However, the 
rate of recovery may be influenced by age with slower recovery in adolescents. In the 
two available studies, no age-related differences were observed in BDNF expression in 
the hippocampus.
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Transcription Factors. The transcription factors cFos and FosB are transiently upregu-
lated in response to substance use, and i1FosB accumulates after chronic exposure, 
particularly in striatal and other reward-related areas.142 Two studies investigated cFos 
and FosB56,143 and one study investigated i1FosB related processes.112 All three studies 
observed age-related differences.
 After chronic ethanol exposure (8 doses, 2 days on/off), adolescent compared to 
adult rats showed increased prefrontal H3 and H4 acetylation of the cFos promotor 
region and increased H4 acetylation and H3 dimethylation of FosB promotor 
regions after acute abstinence.56 Moreover, mRNA expression of FosB was elevated 
in adolescents but not adults after 2-weeks abstinence. The upregulating effects of an 
acute ethanol challenge on prefrontal cFos appears to be reduced after chronic pre-
treatment to a larger extent in adolescent than adult exposed mice.143 This pattern 
of results was similar in the NAc, but desensitization to ethanol’s acute effects on 
cFos in the hippocampus was more pronounced in adults. Faria et al. also looked 
at Egr-1 (transcription factor, indirect marker of neuronal activity and involved in 
neuroplasticity), showing a stronger reduction in Egr-1 expression in the PFC, NAc, and 
hippocampus of adolescent versus adults after repeated ethanol exposure.143 Regarding 
∆FosB, Wille-Bille et al. found increased ∆FosB in adolescent compared to adult rats in 
the prelimbic PFC, dorsomedial striatum, NAc core and shell, central amygdala nucleus 
capsular, and basolateral amygdala after three days per week 18h ethanol exposure 
sessions for six weeks.112 In sum, the three available studies provide preliminary 
evidence for increased adolescent vulnerability to ethanol induced long-term genetic 
(mRNA expression) and epigenetic (methylation) changes in mesocorticolimbic areas.

Immune Factors. Ethanol is known to trigger immune responses in the brain (e.g. 
increase production of chemokines and cytokines), causing inflammation and oxidative 
stress.144-146 Three studies examined immune factors.147-149 Two of the three studies 
observed age-related differences.
 Microglia remove damaged brain tissue and infectious agents and are key to the 
brain’s immune defense. Only one study investigated microglia levels.147 Although 
direct comparisons between age groups were missing, both adolescent and adult rats 
showed less microglia in the hippocampus (CA and DG) and peri-entorhinal cortex, 
and more dysmorphic microglia in the hippocampus after 2 and 4 days of binge-like 
ethanol exposure.147 Notably, age groups were matched on intoxication scores, with 
adolescents needing more ethanol to reach the same level of intoxication. An in-silico 
transcriptome analysis of brain samples from mice after four days of 4h/day drinking 
in the dark, suggest overexpression of neuroimmune pathways related to microglia 
action (toll-like receptor signaling, MAPK signaling, Jak-STAT signaling, T-cell 
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signaling, and chemokine signaling) in adults that was not observed in adolescents, 
while adolescents consumed more ethanol.148 Similarly, ethanol exposed adult mice 
showed higher chemokine expression (CCL2/MCP-1) in the hippocampus, cerebral 
cortex, and cerebellum and higher cytokine expression (IL-6, but not TNF-α) in the 
cerebellum, while no chemokine or cytokine changes were observed in ethanol exposed 
adolescent mice.149 Both adolescents and adults showed increased astrocyte levels in 
the hippocampus (CA1) and the cerebellum after ethanol exposure, but changes in 
astrocyte morphology were only observed in the adult hippocampus.
 In sum, two of the studies found support for increased immune responses after 
ethanol exposure in adults compared to adolescents, whereas the one other study found 
no difference between the age groups.

HPA-axis Functionality. Chronic stress and HPA-axis functionality have been associ-
ated with the maintenance of AUD (e.g. reinstatement drug seeking, withdrawal).150 Two 
studies investigated corticotropin-release factor (CRF) expression in rats.117,151 One 
study observed age-related differences and the other did not.
Falco et al. found decreased CRF mRNA expression in the adult but not adolescent 
basolateral amygdala two months after 18-day restricted ethanol exposure.117 In 
contrast, Slawecki et al. did not find any interaction between age and treatment on 
CRF-levels in the amygdala, as well as the frontal lobe, hippocampus, hypothalamus, 
and caudate seven weeks after 10-days of ethanol vapor exposure.151

 No conclusions can be drawn. One study observed support for reduced effects 
of ethanol on HPA-axis functionality compared to adults, whereas the other observed 
no difference between the age groups. Future studies using different (e.g. voluntary) 
exposure paradigms are needed to further investigate the effects of alcohol on HPA 
activity in relation to age of alcohol exposure.

Neuropeptides. Neuropeptides are a diverse class of proteins that have a modulatory 
function in many different processes, including but not limited to neurotransmission, 
stress, immune responses, homeostasis and pain.152–154 Only one study investigated 
neuropeptides in rats and observed age-related differences.151

 Slawecki et al. specifically investigated neuropeptide-Y, substance-P and inter-
leukine expression in the frontal lobe, hippocampus, hypothalamus, dorsal striatum, 
and amygdala seven weeks after 10-days of ethanol vapor exposure in rats.151 Inter-
actions between age and treatment were found for the hippocampus and caudate only. 
Ethanol-induced reductions in hippocampal neuropeptide-Y and increases in caudate 
neurokinine were more pronounced in adults compared to adolescents suggesting long-
lasting effects of ethanol in adults but not adolescents.
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Ethanol Metabolism. The first metabolite of ethanol is acetaldehyde, which has been 
theorized to mediate the effects of ethanol on both brain and behavior.155 Only one 
study investigated ethanol metabolism in the brain and did not observe age-related 
differences.156

 Rhoads et al. showed that despite the fact that adolescent rats consumed more 
alcohol brain catalase levels after 3-weeks of ethanol exposure (no abstinence) did not 
differ between adolescents and adults.156 Although the general role of catalase in ethanol 
metabolism is small, catalase can oxidize ethanol to acetaldehyde in the brain, affecting 
elimination of ethanol after consumption.157,158 These findings may therefore imply that 
ethanol metabolism may not differ between adolescent and adult animals, which should 
be studied in a more direct manner.

Full Proteome Analysis. While the previously described studies focused on specific 
factors involved in neurotransmission, brain health, and plasticity, proteomics 
allows for the study of the full proteome in a specific region or tissue type. One study 
investigated the impact of age on ethanol-induced changes in the hippocampal 
proteome, observing age-related differences.159 In this study, rats intermittently and 
voluntarily consumed beer for one month and the hippocampal proteome was analysed 
after 2 weeks of abstinence. The results point to the involvement of many of the 
factors described above and imply age-specific effects of alcohol. Adult beer exposure 
increased citrate synthase (part of the citric acid, or Krebs, cycle) and fatty acid binding 
proteins (involved in membrane transport) compared to controls. Adolescent beer 
exposure increased cytoskeletal protein T-complex protein 1 subunit epsilon (TCP-1), 
involved in ATP-dependent protein folding, and reduced expression of a variety of 
other proteins involved in glycolysis, glutamate expression, aldehyde detoxification, 
protein degradation and synaptogenesis, as well as neurotransmitter release. These 
more extensive changes suggest that the adolescent hippocampus might be more 
vulnerable to the effects of ethanol exposure, but more studies are needed to clarify and 
replicate these findings and extend the focus to different brain areas.

Neuronal Activity and Functioning. Ethanol induced molecular changes may eventually 
change neuronal activity. Three studies investigated neuronal activity and functioning 
using electrophysiological methods.90,160,161 All three studies observed age-related 
differences.
 Galaj et al. assessed firing patterns and the structure of pyramidal neurons in the L2 
and L5 layers of the prelimbic cortex of the rat brain using ex vivo electrophysiological 
recordings and morphological staining.160 Following chronic intermittent ethanol 
exposure and brief abstinence (2 days), adolescents, but not adults, showed reduced 
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amplitudes of spontaneous excitatory post-synaptic currents (sEPSCs) in L5 neurons 
compared to controls, indicating reductions in intrinsic excitability. In line with this, 
Dil staining showed increased thin spine ratios in the L5 layer in adolescents only. 
Age differences were more pronounced after prolonged abstinence (21 days), with 
adolescents showing reduced amplitude and frequency of sEPSCs in L5 neurons while 
adult’s L5 neurons showed augmented firing patterns (i.e. amplitude and frequency). 
Furthermore, adolescent rats showed decreased total spine density and non-thin spines, 
indicating less excitatory postsynaptic receptors in the L5 layer. In contrast, adults 
showed increases in spine density and non-thin spines.
 Li et al. examined the functioning of CA1 interneurons, which are important for 
learning and memory processes,162 in the rat hippocampus using ex vivo whole cell 
recordings.161 After prolonged abstinence (20 days), voltage-gated A-type potassium 
channel (IA) conductance was measured. Differences emerged between age groups 
(although no statistical interaction effect was directly assessed): EtOH-exposed 
adolescents and adults both showed lower IA mean peak amplitude compared to the 
respective control groups. However, adolescents also showed reduced IA density and 
increased mean decay time, which decreased in adults. Furthermore, only adolescents 
showed increased depolarization required for activation compared to controls, which 
can result in higher interneuron firing rates in the CA1 region that could affect learning 
processes. Additional research is needed to connect these findings to behavioural 
measures of learning and memory.
 Slawecki et al. was the only study to use in vivo electroencephalogram (EEG) 
recordings with rats to examine function in the frontal and parietal cortex at different 
times during a fourteen day vapor exposure period.90 During acute withdrawal (7–10hr 
abstinence period) following daily exposure, no effects emerged in frontal cortical 
regions throughout the exposure period. In parietal regions, only adolescents showed 
increased high frequency (16–32Hz and 32–50Hz) power on days 8 and 12 compared 
to controls. Adolescent hyperexcitability during withdrawal may indicate increased 
arousal in adolescents compared to adults during withdrawal, but more studies linking 
brain activity to behavioral indices of withdrawal will allow for clearer interpretations.
 Overall, strong conclusions cannot be drawn given the disparate paradigms and 
outcomes utilized. While adolescents and adults appear to differ in the effect of ethanol 
on neuronal firing, the meaning of these differences is not clear given the lack of 
connection between these findings and behavioral outcomes.
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Human Studies

Four studies examined age-related differences of the effect of alcohol on brain or 
cognition in humans.163-166

 Müller-Oehring et al. examined the moderating role of age on resting state 
functional connectivity and synchrony in the default mode, central executive, 
salience, emotion, and reward networks of the brain in a sample of no/low and heavier 
drinkers aged 12 to 21 years old.163 While the study did not compare discrete groups 
of adolescents and adults, analyses investigating the interaction between continuous 
age and alcohol exposure history were conducted which provide insight into the 
effect of alcohol use on functional brain networks from early adolescence to emerging 
adulthood. Regardless of age, no differences were observed between matched subgroups 
of no/low drinkers and moderate/heavy drinkers in the default mode, salience, or 
reward networks. However, in the central executive network, connectivity between 
the superior frontal gyrus (SFG) and insula increased with age in the no/low drinkers 
but not in heavier drinkers. Age-related strengthening of this frontolimbic connection 
correlated with better performance on a delay discounting task in boys, suggesting 
that adolescent alcohol use may interfere with typical development of higher-level 
cognitive functions. In the emotion network, amygdala-medial parietal functional 
synchrony was reduced in the heavier drinkers compared to the no/low drinkers and 
exploratory analyses suggested that weaker amygdala-precuneus/posterior cingulate 
connectivity related to later stages of pubertal development in the no/low drinking 
group only. Interestingly, in the default mode (posterior cingulate-right hippocampus/
amygdala) and emotional networks (amygdala, cerebellum), connectivity in regions 
that exhibited age-related desynchronization was negatively correlated with episodic 
memory performance in the heavy drinkers. These results provide preliminary evidence 
that alcohol might have age-dependent effects on resting state connectivity and 
synchronization in the central executive, emotion, and default mode networks 
that could potentially interfere with normative maturation of these networks during 
adolescence.
 Three studies examined age effects in alcohol-related implicit cognitions, specifi-
cally attentional bias,164,166 alcohol approach bias,166 and implicit memory associations 
and explicit outcome expectancies.165 Attentional bias refers to the preferential auto-
matic allocation or maintenance of attention to alcohol-related cues compared to 
neutral cues which is correlated with alcohol use severity and craving.167 McAteer et al. 
measured attentional bias with eye tracking during presentation of alcohol and neutral 
stimuli in heavy and light drinkers in early adolescents (12–13yrs), late adolescents 
(16–17yrs), and young adults (18–21yrs).164 Regardless of age, heavy drinkers spent 
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longer fixating on alcohol cues compared to light drinkers. Cousijn et al. measured 
attentional bias with an Alcohol Stroop task168 comparing the speed of naming the print 
color of alcohol-related and control words.166 Consistent with the findings of McAteer 
et al., adults and adolescents matched on monthly alcohol consumption showed similar 
levels of alcohol attentional bias. In the same study, Cousijn et al. did not find any evi-
dence for an approach bias towards alcohol cues in any age group.166

 Rooke and Hine found evidence for age-related differences in implicit and explicit 
alcohol cognitions and their relationship with binge drinking.165 Using a teen-parent 
dyad design, adolescents (13–19yrs) showed stronger memory associations in an asso-
ciative phrase completion task and more positive explicit alcohol expectancies than 
adults. Interestingly, both explicit positive alcohol expectancies and implicit memory 
associations were a stronger predictor of binge drinking in adolescents compared to 
adults. It is important to note that adolescents also had higher levels of binge drinking 
than adults in the study.
 Cousijn et al. also investigated impulsivity, drinking motives, risky decision-
making, interference control, and working memory.166 No age differences emerged in 
the cognitive functioning measures including risky decision-making (Columbia Card 
Task – “hot” version), interference control (Classical Stroop Task), or working memory 
(Self-Ordered Pointing Task). However, adolescents were more impulsive (Barrett 
Impulsiveness Scale) than adults and reported more enhancement motives. Importantly, 
impulsivity as well as social, coping, and enhancement motives of alcohol use correlated 
with alcohol use in both ages. However, age only moderated the relationship between 
social drinking motives and alcohol use-related problems (as measured by the Alcohol 
Use Disorder Identification Test), with a stronger positive association in adolescents 
compared to adults. Importantly, the adolescent group had a different pattern of drink-
ing, with less drinking days per month but more drinks per episode than the adult 
group.
 In summary, human evidence is largely missing, with no studies comparing 
more severe and dependent levels of alcohol use between adolescents and adults. The 
preliminary evidence is too weak and heterogeneous to draw conclusions, warranting 
futures studies investigating the impact of age.



64

Ta
bl

e 
2.

 C
ha

ra
ct

er
ist

ic
s a

nd
 fi

nd
in

gs
 o

f h
um

an
 st

ud
ie

s o
n 

ag
e-

re
la

te
d 

di
ffe

re
nc

es
 o

n 
th

e 
ef

fe
ct

 o
f a

lc
oh

ol
 o

n 
co

gn
iti

on
 a

nd
 th

e 
br

ai
n

Au
th

or
O

ut
co

m
es

Sa
m

pl
e(

N
,a

ge
)

M
ea

su
re

m
en

to
fA

lc
oh

ol
 U

se
D

es
ig

n
Re

su
lt

Q
ua

lit
y o

f 
ev

id
en

ce

M
ül

ler
-

Oe
hr

in
g

et
 al

., 
20

18

Br
ai

n 
fu

nc
tio

n:
 re

sti
ng

 st
at

e 
fu

nc
tio

na
l c

on
ne

ct
iv

ity
 in

 
de

fa
ul

t m
od

e, 
ex

ec
ut

iv
e 

co
nt

ro
l, 

sa
lie

nc
e, 

em
ot

io
n,

 
an

d 
re

wa
rd

 n
et

wo
rk

s

12
 to

 2
1 

ye
ar

s o
ld

; 
N 

= 
58

1
no

/lo
w 

dr
in

ke
rs

 
N 

= 
11

7 
he

av
ie

r d
rin

ke
rs

No
/lo

w 
dr

in
ki

ng
 gr

ou
p:

 
lif

et
im

e d
rin

ks
 cr

ite
ria

 -a
ge

 
12

–1
5 

< 
6,

 ag
e 1

6 
< 

12
, a

ge
 1

7 
< 

24
, a

ge
 1

8–
21

< 
52

; 
he

av
ie

r d
rin

ke
rs

: e
xc

ee
d 

th
re

sh
ol

ds
, N

 =
 9

 w
ith

 
DS

M
- I

V 
Al

co
ho

l A
bu

se
, 

N 
= 

1 
Al

co
ho

l D
ep

en
de

nc
e

Se
ed

-b
as

ed
co

rr
ela

tio
n 

an
al

ys
is,

 al
co

ho
l u

se
 

ba
se

d 
gr

ou
p 

an
al

ys
is 

w
ith

 ag
e a

nd
 se

x a
s 

co
va

ria
te

s; 
Co

rr
ela

tio
ns

 
be

tw
ee

n 
br

ai
n 

fu
nc

tio
n 

an
d 

ne
ur

op
sy

ch
ol

og
ica

l 
pe

rfo
rm

an
ce

De
fa

ul
t m

od
e: 

No
 al

co
ho

l e
ffe

ct
s; 

Ex
ec

ut
iv

e c
on

tro
l: 

SF
G-

In
su

la
 

co
nn

ec
tiv

ity
 ↑

 w
ith

 ag
e i

n 
no

/ l
ow

 
dr

in
ke

rs
 o

nl
y;

 S
al

ien
ce

: N
o 

al
co

ho
l 

ef
fe

ct
s; 

Em
ot

io
n:

 A
m

yg
da

la
-

m
ed

ia
l p

ar
ie

ta
l s

yn
ch

ro
ny

 ↓
 

in
 h

ea
vi

er
 d

rin
ke

rs
 vs

. n
o/

lo
w 

gr
ou

p;
 ag

e-
re

lat
ed

 d
ef

au
lt 

m
od

e a
nd

 em
ot

io
na

l n
et

wo
rk

 
de

sy
nc

hr
on

iza
tio

n 
ne

g.
 co

rr
ela

te
d 

w
ith

 ep
iso

di
cm

em
or

yp
er

fo
rm

an
ce

 
in

he
av

ie
r d

rin
ki

ng
 gr

ou
p;

 R
ew

ar
d:

 
No

 al
co

ho
l e

ffe
ct

s

M
od

er
at

e

M
cA

te
er

et
 al

., 
20

18

Al
co

ho
l a

tte
nt

io
na

l b
ia

s
N 

= 
42

Ea
rly

Ad
ol

es
ce

nt
s 

12
–1

3y
rs

 N
 =

 4
2 

La
te

 A
do

les
ce

nt
s 

16
–1

7 
yr

s N
 =

 5
5 

Yo
un

g A
du

lts
18

–2
1y

rs

St
ra

tifi
ed

 b
as

ed
 o

n 
AU

DI
T;

H
ea

vy
 d

rin
ke

rs
: ≥

 9
,  

lig
ht

 d
rin

ke
rs

 =
 1

–8
,  

no
n-

dr
in

ke
rs

 =
 0

Ag
e (

lat
e a

do
les

ce
nt

,  
yo

un
g a

du
lts

)X
 

Dr
in

ki
ng

 (h
ea

vy
, l

ig
ht

 
dr

in
ke

rs
);N

on
-d

rin
ke

rs
 

an
al

yz
ed

 se
pa

ra
te

ly
 b

y A
ge

No
 ef

fe
ct

 o
f a

ge
 in

 n
on

-d
rin

ke
rs

; 
H

ea
vy

 d
rin

ke
rs

 ↑
 fi

xa
tio

n 
on

 
al

co
ho

l c
ue

s v
s. 

lig
ht

 d
rin

ke
rs

 
re

ga
rd

les
s o

f a
ge

W
ea

k

Ro
ok

e 
an

d 
H

in
e, 

20
11

Al
co

ho
l-r

ela
te

d 
im

pl
ici

t 
m

em
or

y a
ss

oc
ia

tio
ns

; 
Ex

pl
ici

t a
lco

ho
l o

ut
co

m
e 

ex
pe

ct
an

cie
s

N 
= 

13
8A

do
les

ce
nt

s 
13

–1
9 

yr
s, 

N 
= 

13
8 

Ad
ul

ts 
29

–7
3 

yr
s; 

Te
en

-p
ar

en
t d

ya
ds

Bi
ng

e-
dr

in
ki

ng
: a

 co
m

po
sit

e 
sc

or
e b

as
ed

 o
n 

se
lf-

re
po

rte
d 

av
g.

 #
 o

f d
rin

ks
 p

er
 o

cc
as

io
n 

an
d 

fre
qu

en
cy

 o
f 4

+ 
dr

in
k 

oc
ca

sio
ns

M
ul

tip
le 

re
gr

es
sio

n;
 

DV
 =

 b
in

ge
- d

rin
ki

ng
, 

IV
 =

 A
ge

, M
od

er
at

or
s: 

im
pl

ici
t, 

ex
pl

ici
t 

co
gn

iti
on

s; 
Co

nt
ro

l v
ar

ia
bl

es
: S

ex

Ad
ol

es
ce

nt
s ↑

 b
in

ge
 d

rin
ki

ng
, 

al
co

ho
l m

em
or

y a
ss

oc
ia

tio
ns

, 
an

d 
ex

pe
ct

ed
 b

en
efi

ts 
vs

. a
du

lts
; 

Ad
ol

es
ce

nt
s ↔

 A
du

lts
 ex

pe
ct

ed
 

co
sts

; M
em

or
y a

ss
oc

ia
tio

n,
 

ex
pe

ct
ed

 b
en

efi
ts 
↑ 

pr
ed

ic
to

r o
f 

bi
ng

e-
dr

in
ki

ng
 in

 ad
ol

es
ce

nt
s v

s. 
ad

ul
ts

W
ea

k



65

2

Au
th

or
O

ut
co

m
es

Sa
m

pl
e(

N
,a

ge
)

M
ea

su
re

m
en

to
fA

lc
oh

ol
 U

se
D

es
ig

n
Re

su
lt

Q
ua

lit
y o

f 
ev

id
en

ce

Co
us

ijn
et

 al
., 

20
20

Cr
av

in
g,

 al
co

ho
l a

tte
nt

io
na

l 
bi

as
, a

lco
ho

l a
pp

ro
ac

h 
bi

as
, d

rin
ki

ng
 m

ot
iv

es
, 

im
pu

lsi
vi

ty
, i

nt
er

fe
re

nc
e 

co
nt

ro
l, 

de
cis

io
n-

m
ak

in
g 

(r
isk

y)
, w

or
ki

ng
 m

em
or

y

N 
= 

45
 A

do
les

ce
nt

s 
16

–1
7 

yr
s,

N 
= 

45
 A

du
lts

 
30

–3
5 

yr
s

1x
/ m

on
th

 to
 d

ai
ly

 
dr

in
ke

rs
 in

 ea
ch

 ag
e g

ro
up

 
(m

at
ch

ed
);A

lco
ho

l-r
ela

te
d 

pr
ob

lem
s s

ev
er

ity
: A

U
DI

T 
sc

or
e; 

nu
m

be
r o

f d
rin

ki
ng

 
da

ys
/m

on
th

; n
um

be
r o

f 
dr

in
ks

/e
pi

so
de

M
ul

tip
ler

eg
re

ss
io

n;
 

DV
 =

 A
U

DI
T 

pr
ob

lem
s, 

m
on

th
ly

 al
co

ho
l u

se
, 

dr
in

ks
 p

er
 d

rin
ki

ng
 

ep
iso

de
; I

Vs
: C

og
ni

tiv
e 

an
d 

m
ot

iv
at

io
na

l 
ou

tc
om

es
; M

od
er

at
or

: 
ag

e

Ad
ol

es
ce

nt
s ↔

 ad
ul

ts 
m

on
th

ly
 

al
co

ho
l u

se
; A

do
les

ce
nt

s ↑
 d

rin
ks

 
pe

r e
pi

so
de

, ↓
 d

rin
ki

ng
 d

ay
s p

er
 

m
on

th
 vs

. a
du

lts
; A

do
les

ce
nt

s 
↑ 

im
pu

lsi
vi

ty
, e

nh
an

ce
m

en
t 

dr
in

ki
ng

 m
ot

iv
es

; A
do

les
ce

nt
s 

↔
 ad

ul
ts

at
te

nt
io

na
l b

ia
s t

o 
al

co
ho

l; 
no

 ap
pr

oa
ch

 b
ia

s i
n 

eit
he

r g
ro

up
; A

do
les

ce
nt

s ↔
 ri

sk
y 

de
cis

io
n-

 m
ak

in
g,

 in
te

rfe
re

nc
e 

co
nt

ro
l, 

wo
rk

in
g m

em
or

y;
 o

nl
y 

im
pu

lsi
vi

ty
 an

d 
so

cia
l, 

co
pi

ng
, a

nd
 

en
ha

nc
em

en
t m

ot
iv

es
 co

rr
ela

te
d 

w
ith

 al
co

ho
l u

se
; a

ge
 m

od
er

at
es

 
co

rr
ela

tio
n 

be
tw

ee
n 

so
cia

l 
dr

in
ki

ng
 m

ot
iv

es
 an

d 
AU

DI
T 

w
ith

 
a s

tro
ng

er
 p

os
iti

ve
 as

so
cia

tio
n 

in
 

ad
ol

es
ce

nt
s v

s.a
du

lts

W
ea

k

No
te

: O
nl

y a
na

ly
se

s a
ss

es
sin

g d
iff

er
en

ce
s b

et
we

en
 ad

ol
es

ce
nt

s a
nd

 ad
ul

ts 
in

 th
e e

ffe
ct

 o
f a

lco
ho

l o
n 

br
ai

n 
or

 co
gn

iti
ve

 o
ut

co
m

es
 ar

e l
ist

ed
. Q

ua
lit

y o
f e

vi
de

nc
e: 

str
on

g =
 lo

ng
itu

di
na

l 
de

sig
n 

co
m

pa
rin

g a
do

les
ce

nt
 an

d 
ad

ul
ts 

wh
ile

 ac
co

un
tin

g f
or

 re
lev

an
t c

ov
ar

ia
te

s; 
m

od
er

at
e =

 lo
ng

itu
di

na
l d

es
ig

n 
co

m
pa

rin
g a

do
les

ce
nt

s a
nd

 ad
ul

ts 
w

ith
ou

t a
dj

us
tin

g f
or

 re
lev

an
t 

co
va

ria
te

s o
r c

ro
ss

-s
ec

tio
na

l d
es

ig
ns

 w
ith

 m
at

ch
ed

 gr
ou

ps
 th

at
 co

ns
id

er
ed

 re
lev

an
t c

ov
ar

ia
te

s; 
we

ak
 =

 cr
os

s-
se

ct
io

na
l d

es
ig

n 
w

ith
ou

t m
at

ch
ed

 ad
ol

es
ce

nt
 an

d 
ad

ul
t g

ro
up

s a
nd

/o
r d

id
 

no
t a

dj
us

t f
or

 re
lev

an
t c

ov
ar

ia
te

s. 
AU

DI
T 

Al
co

ho
l U

se
 D

iso
rd

er
 Id

en
tif

ica
tio

n 
Te

st,
 IV

 In
de

pe
nd

en
t v

ar
ia

bl
e, 

DV
 D

ep
en

de
nt

 va
ria

bl
e.



66

Discussion

The current systematic review assessed the evidence for the moderating role of  
age in the effects of chronic alcohol use on the brain and cognition. The identified  
59 rodent studies (Table 1) and 4 human studies (Table 2) provide initial evidence for 
the presence of age-related differences. Rodents exposed to ethanol during adolescence 
show both increased risk and resilience to the effects of ethanol depending on the 
outcome parameter. However, due to the high variability in the outcomes studied 
and the limited number of studies per outcome, conclusions should be considered 
preliminary. Moreover, brain and behavioral outcomes were mostly studied separately, 
with studies focusing on either brain or behavioral outcomes. The behavioral conse-
quences of changes in certain brain outcomes still need to be investigated. Table 3 
provides a comprehensive overview of the strength of the evidence for age-related 
differences for all outcomes. Below, we will discuss the most consistent patterns of 
results, make connections between the behavioral and neurobiological findings when 
possible, highlight strengths and limitations of the evidence base, and identify the most 
prominent research gaps.

Table 3. Overview of the strength of evidence for cognitive and neurobiological outcomes in 
animal studies

Domain # Studies Strength of evidence for age-related differences

Learning and Memory

Conditioned taste aversion 4 Limited but consistent evidence for adolescents ↓

Conditioned place preference 4 Inconsistent evidence of age-related differences

Fear conditioning 5 Tone: insufficient evidence of age-related differences; 
Context: limited but consistent evidence adolescent ↑ 
impairment; Extinction: limited evidence of adults ↑ for context

Spatial learning and memory 6 Inconsistent evidence of age-related differences

Non-spatial learning and 
memory

6 MWM/SBM: insufficient evidence of age-related differences; 
Reward learning: limited evidence of no age-related difference 
in reward learning; NOR: limited evidence of adolescent ↑ 
impairment

Executive Function and Higher Order Cognition

Working memory 5 Insufficient evidence of age-related differences after chronic 
exposure; Limited but consistent evidence of chronic+acute 
challenge adolescent ↓

Attentional Processes 2 Limited and inconsistent evidence for adolescent ↓

Cognitive flexibility 3 Limited and inconsistent evidence adolescent ↑ flexibility
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Domain # Studies Strength of evidence for age-related differences

Impulsivity 2 Limited and inconsistent evidence of age-related differences

Goal-directed behavior 2 Limited and inconsistent evidence of age-related differences

Neurotransmission

Glutamate 7 Limited and inconsistent evidence of region-specific age-related 
differences

GABA 4 Limited and inconsistent evidence of age-related differences

Dopamine 2 NAc & PFC: limited but consistent evidence for adolescent ↓ 
dopamine reactivity; Striatum: limited and inconsistent evidence 
of age-related differences

Acetylcholine 1 Limited evidence for ↓ adolescent ChAT expression

Neuromodulatory processes

Neurodegeneration and 
neurodevelopment

5 Limited evidence per outcome, but consistent ↑ adolescent 
sensitivity to neurodegeneration and impaired neurogenesis

Growth factors 4 FC: Limited but consistent age differences in BDNF during acute 
withdrawal; HC: Limited but consistent evidence for no age-
related differences

Transcription factors 3 Limited but consistent evidence of adolescents ↑ epigenetic 
changes in FC and reward-related regions

Immune factors 3 Limited but consistent evidence of adults ↑ immune response

HPA-axis functionality 2 Limited and inconsistent evidence of age-related differences in 
amygdala;
Limited evidence of no age-related differences in FC, HC, HYP 
and caudate

Neuropeptides 1 Limited evidence of adults ↑ reduction in HC and caudate

Ethanol metabolism in brain 1 Limited evidence of no age-related differences in brain catalase 
levels

Full proteome analysis 1 Limited evidence of adolescent ↑ changes

Neuronal activity and 
functioning

3 Limited but consistent evidence of age-related differences, 
direction of difference inconsistent depending on outcome 
measure

Other behavioral outcomes

Social Behavior 2 Limited and inconsistent evidence of age-related differences

Non-social Anxiety 11 Inconsistent evidence of adolescent ↓

Note: Limited = not enough studies; Limited but consistent = not enough studies but consistent direction 
of results; Limited and inconsistent = Not enough studies and inconsistent directions of results; Sufficient/
Insufficient = enough studies and results point in same direction; Inconsistent = enough studies but results point in 
different directions; BDNF brain-derived neurotropic factor; ChAT choline Acetyltransferase; FC frontal cortex; HC 
hippocampus; HYP hypothalamus; MWM Morris water maze; NAc nucleus accumbens; NOR novel object recognition; 
PFC prefrontal cortex; SBM sand box maze
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Patterns of Results
Age-related differences in learning and memory-related processes appear to be highly 
domain specific. There is limited but fairly consistent evidence for adolescent-specific 
impairments in contextual fear conditioning, which could be related to hippocampal 
dysfunction. Results for other hippocampus-related memory processes such as spatial 
memory are mixed and largely based on forced exposure with acute challenge studies 
rather than voluntary long-term exposure to alcohol. The evidence base is currently 
insufficient to draw conclusions about the role of age in alcohol’s effects on non-
spatial types of learning and memory. Alcohol generally did not impact performance 
in the non-spatial variants of the MWM and SBM paradigms or in reward-learning, 
but the results of the limited studies in the object-learning domain highlight potential 
impairments and the importance of age therein. For example, adolescents but not 
adults demonstrated impaired object memory in the only study using the novel object 
recognition task.66 Acute challenges after chronic pre-exposure to alcohol also appear 
to impair performance in the working memory domain, with one study suggesting 
heightened adolescent sensitivity to working memory impairment.84 Thus, although 
the domain-specific evidence is limited by the relative lack of research, overall patterns 
suggest that learning and memory functions that are primarily hippocampus-dependent 
may be differentially affected by adolescent compared to adult alcohol use. Studies 
focusing on neural hippocampal processes corroborate these findings, reporting more 
extensive changes in protein expression,159 less desensitization of cFos upregulation,143 
larger changes in GABAa receptor subunit expression,125 longer lasting changes in 
NMDA receptor expression,116 and larger reductions in neurogenesis66,134 in the 
hippocampus of adolescent compared to adult ethanol- exposed rodents. On the other 
hand, ethanol-induced changes in the hippocampus recovered more quickly in younger 
animals after abstinence151 and adolescent mice showed less signs of ethanol-induced 
neuroinflammation compared to adults.149

 Higher rates of adolescent alcohol use, especially binge drinking, may be facilitated 
by heightened sensitivity to the rewarding properties of alcohol in combination with 
a reduced sensitivity to the negative effects of high doses.48 In line with this, there is 
limited but consistent evidence that adolescents show less CTA in response to chronic 
ethanol and consequently voluntarily consume more ethanol.51 Importantly, distinct 
vulnerability periods within adolescence for altered CTA may exist,169,170 with early 
adolescents potentially being least sensitive to aversive effects. Future studies using 
chronic exposure paradigms comparing different stages of adolescence to adults are 
needed. In contrast to CTA, there is insufficient evidence of age-related differences 
in the motivational value of alcohol based on CPP paradigms, with only one of five 
studies reporting stronger CPP in adolescents than adults53 Adolescents may be more 
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sensitive to the effects of environmental factors on the motivational value of alcohol 
than adults, as adolescents housed in enriched environments acquired CPP while those 
in standard housing did not, an effect that was not found in adults.55 Evidence for 
environmentally enriched housing being protective against these changes in adolescents 
provides an important indication that environmental factors matter and are important 
factors to consider in future research on the motivational value of ethanol on both the 
behavioral and neural level. Complementary studies on the functioning of brain regions 
within the mesolimbic dopamine pathway and PFC, which play an important role in 
motivated behavior, indicate limited but consistent evidence for age-related differences. 
Adolescents showed less dopamine reactivity in the PFC and NAc compared to adults 
after chronic ethanol exposure. Furthermore, there is limited but consistent evidence 
that adolescents are more vulnerable to epigenetic changes in the frontal cortex and 
reward-related areas after chronic ethanol exposure. For instance, adolescents may be 
more sensitive to histone acetylation of transcription factors in motivational circuits 
underlying the rewarding effects of alcohol,56 which may contribute to addictive 
behaviors.171,172 Chronic alcohol use is also associated with lower BDNF levels in 
the PFC and subsequent increases in alcohol consumption, implicating BDNF as an 
important regulator of alcohol intake.173 While evidence is limited, chronic alcohol use 
consistently reduced prefrontal BDNF in both age groups. However, the rate of recovery 
of BDNF levels after abstinence appears to be slower in adolescents.
 Regarding executive functioning, there is limited but fairly consistent evidence 
from animal studies that adolescents are more vulnerable to long-term effects of 
chronic exposure on decision making and are more impulsive than adults during acute 
intoxication and after prolonged abstinence following chronic exposure. Impulsivity 
is associated with functional alterations of the limbic cortico-striatal systems,92 with 
involvement of both the dopaminergic and serotonergic neurotransmitter systems.174 
While no studies investigating serotonergic activity were identified, the consistent 
reduction in dopamine reactivity observed in the PFC and NAc in adolescents 
compared to adults parallel the behavioral findings. There is also limited but fairly 
consistent evidence that adolescents are more resilient to impairments in cognitive 
flexibility than adults following chronic exposure to alcohol, and that adolescents 
may more easily regain control over their alcohol-seeking behavior than adults. These 
behavioral findings provide preliminary support for the paradox of adolescent risk 
and resilience in which adolescents are at once more at risk to develop harmful patterns 
of drinking, but are also more resilient in that they may be more equipped to flexibly 
change behavior and with time regain control over alcohol consumption. However, 
studies assessing processes that might be related to brain recovery provide little conclu-
sive evidence for potential underlying mechanisms of these behavioral findings. While 
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adolescents appear more vulnerable to ethanol induced brain damage,132,133 show 
reduced neurogenesis,66,134 and show less changes in gene expression associated with 
brain recovery,66,134 adults show relatively higher immune responses after repeated 
ethanol exposure.148,149 The limited evidence for adolescent resilience to alcohol’s effects 
on cognitive flexibility diverge from the conclusions of recent reviews that focused 
mostly on adolescent-specific research. Spear et al. concluded that adolescents are 
more sensitive to impairments in cognitive flexibility; however this was based on 
adolescent only animal studies.18 Similarly, the systematic review of Carbia et al.19 on 
the neuropsychological effects of binge drinking in adolescents and young adults also 
revealed impairments in executive functions, particularly inhibitory control. However, 
as pointed out by the authors, the lack of consideration of confounding variables (e.g. 
other drug use, psychiatric comorbidities, etc.) in the individual studies and the lack of 
prospective longitudinal studies limit our ability to causally interpret these results. This 
further highlights the difficulty of conducting human studies which elucidate causal 
associations of the effects of alcohol, and the need for animal research that directly 
compares adolescents to adults to bolster interpretation of findings from human 
research.
 Only a few studies have investigated age-related differences in cognitive function-
ing in humans. These studies focused on mostly non-dependent users and studied 
different outcomes, including cognitive biases and implicit and explicit alcohol-related 
cognitions. Overall, there was limited but consistent evidence that age does not 
affect alcohol attentional or approach biases, with heavy drinkers in both age groups 
allocating more attention to alcohol cues compared to controls.164,166 In contrast, in 
line with a recent meta-analysis of the neurocognitive profile of binge-drinkers aged 
10–24,23 there is limited evidence that age affects alcohol associations. One study found 
age effects on implicit (memory associations) and explicit (expectancies) cognition in 
relation to alcohol use. Adolescents showed stronger memory associations and more 
positive expectancies than adults.165 These expectancies were also predictive of higher 
binge drinking in adolescents but not adults, highlighting the importance of future 
research into age differences in alcohol-related cognitions and their consequences on 
alcohol consumption. However, the quality of the evidence was rated as weak based on 
the methodological design of the included studies.
 Regarding anxiety-related outcomes, results are inconsistent across studies and 
paradigms. When age-differences are observed, adolescents often show reduced anxiety 
compared to adults during both acute withdrawal and sustained abstinence following 
chronic ethanol exposure. However, the direction of age-related effects of alcohol 
may also be anxiety-domain specific. In social settings, adults show reduced anxiety 
compared to adolescents. Research on the neurocircuitry of anxiety processes implicates 
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the extended amygdala, especially the BNST, in anxiety behaviors with an emphasis on 
the role of GABAergic projections to the limbic, hindbrain, and cortical structures in 
rodents.175 Despite adolescents showing less non-social anxiety than adults after ethanol 
exposure, no age-differences were observed for LTP in the BNST.110 Also, GABA 
receptor expression in the hippocampus and whole cortex was not altered by ethanol 
exposure in either age group.109 However, the anxiolytic effects of NMDA antagonists176 
also highlight the importance of glutamatergic activity in anxiety processes.177 In 
line with behavioral findings, adolescents were less sensitive to changes in glutamate 
expression: adults showed heightened expression in the NAc, which has been suggested 
to underlie the higher levels of anxiety observed in adults compared to adolescents.107 
Importantly, across the various studies, different paradigms were used to assess anxiety, 
potentially contributing to the inconsistent results. Furthermore, most of the identified 
studies used a forced ethanol exposure paradigm. As alcohol-induced anxiety is likely 
also dependent on individual trait anxiety, voluntary consumption studies in high and 
low trait anxiety animals are important to further our understanding of the interaction 
between alcohol use and anxiety. Of note, the observed pattern suggestive of reduced 
anxiety in adolescents compared to adults diverges from conclusions of previous 
reviews such as Spear et al. which concluded that adolescents are more likely to show 
augmented anxiety after alcohol exposure based on animal studies with adolescent 
animals only.18 Importantly, anxiety was included as a secondary outcome in this review 
because of the high comorbidity between anxiety disorders and alcohol addiction, 
warranting the inclusion of age-related differences in the relation between alcohol 
and anxiety. However, the search strategy was not specifically tailored to capturing all 
studies assessing age-related differences in the effect of alcohol on anxiety.

Translational Considerations, Limitations, and Future Directions
The reviewed studies revealed a high degree of variability in study designs and out-
comes, hindering integration and evaluation of research findings. We were unable to 
differentiate our conclusions based on drinking patterns (i.e. comparing binge drinking, 
heavy prolonged use, AUD). The prevalence of binge-drinking in adolescence is very 
high and is associated with neurocognitive alterations.178 Studies investigating the 
potential differential impact of binge-drinking compared to non-binge-like heavy 
alcohol use in adolescence and adulthood are critical for understanding the risks of 
chronic binge-like exposure in adolescence, even if it does not progress to AUD.
 It is also important to acknowledge the limitations of the choice of adolescent and 
adult age ranges in our inclusion criteria. Rodent studies had to include an adolescent 
group exposed to alcohol between the ages of PND 25–42 and an adult group exposed 
after age PND 65. Ontogenetic changes may still be occurring between PND 42–55, and 
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this period may more closely correspond to late adolescence and emerging adulthood in 
humans (e.g. 18–25 years). Studies that compared animals in this post-pubertal but pre-
adulthood age range were not reviewed. Studies investigating age-related differences 
in the effects of ethanol on brain and cognitive outcomes in emerging adulthood 
are also translationally valuable given the high rates and risky patterns of drinking 
observed during this developmental period.179 Indeed, an important future direction 
is to whether there are distinct vulnerability periods within adolescence itself for the 
effects of ethanol on brain and cognitive outcomes. Given that emerging adulthood is a 
period of continued neurocognitive maturation and heightened neural plasticity, studies 
comparing this age range to older adults (e.g. over 30) are also necessary for a more 
thorough understanding of periods of risk and resilience to the effects of alcohol.
 Furthermore, we did not conduct a risk of bias assessment to examine the metho-
dological quality of the animal studies. The applicability and validity of the risk of bias 
tools for general animal intervention studies, such as the SYRCLE risk of bias tool,180 
remain in question at the moment. The lack of standardized reporting in the literature 
for many of the criteria (e.g. process of randomizing animals into intervention groups) 
would lead to many studies being labeled with an ‘unclear risk of bias’. Furthermore, there 
is still a lack of empirical evidence regarding the impact of the criteria in these tools on 
bias.180,181 This is a significant limitation in evaluating the strength of the evidence for 
age-related differences based on the animal studies, which highlights the importance of 
more rigorous reporting standards in animal studies.
 Moreover, most work is done in male rodents and is based on forced ethanol 
exposure regimes. In a recent opinion article, Field and Kersbergen question the 
usefulness of these types of animal models to further our understanding of human 
substance use disorders (SUD).182 They argue that animal research has failed to deliver 
effective SUD treatment and that social, cultural, and other environmental factors 
crucial to human SUD are difficult, if not impossible, to model in animals. While it is 
clear that more sophisticated multi-symptom models incorporating social factors are 
needed to further our understanding of SUD and AUD specifically, a translational 
approach is still crucial in the context of investigating the more fundamental impact of 
alcohol use on brain and cognition. In humans, comparing the impact of alcohol use 
on brain and cognition between adolescents and adults is complicated by associations 
between age and cumulative exposure to alcohol; i.e. the older the individual, the longer 
and higher the overall exposure to alcohol. Although animal models may be limited in 
their ability to model every symptom of AUD, they can still provide critical insights into 
causal mechanisms underlying AUD by allowing direct control over alcohol exposure 
and in-depth investigation of brain mechanisms.
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The intermittent voluntary access protocol resembles the patterns of alcohol use 
observed in humans and also result in physiologically relevant levels of alcohol 
intake.183-185 Only a minority of the studies included in this review employed a volun-
tary access protocol, with one study using beer instead of ethanol in water,159 which 
better accounts for the involvement of additional factors (e.g. sugar, taste) in the 
appeal of human alcohol consumption. Voluntary access protocols can also model 
behavioral aspects of addictive behavior such as loss of control over substance use and 
relapse,186-188 an important area in which little is known about the role of age. Ideally, one 
would also investigate choices between ethanol and alternative reinforcers, such as food 
or social interaction, that better mimic human decision-making processes.189 However, 
studies on the effects of ethanol on social behavior are limited and show inconsistent 
results and studies assessing reward processes often lack a social reward component as 
an alternative reinforcer.
 On a practical level, rodents mature quickly and choice-based exposure para-
digms are more complex and time-consuming than most forced exposure paradigms. 
Consequently, by the time final behavioral measurements are recorded, both the 
adolescent and adult exposure groups have reached adulthood. To combat this, 
many of the included studies use forced ethanol exposure, such as ethanol vapor, 
to quickly expose rodents to very high doses of ethanol. Although the means and 
degrees of alcohol exposure may not directly translate to human patterns of alcohol 
use, such studies do allow for the assessment of the impact of high cumulative doses 
of ethanol within a relatively short period of time which allows for more time in the 
developmental window to test age related differences in the outcomes. When considering 
the translational value of a study, it is therefore important to evaluate studies based on the 
goal, while not ignoring the practical constraints.
 While human research is challenging due to the lack of experimental control and 
the inherent confounds in observational studies between age and alcohol exposure 
history, large-scale prospective longitudinal studies offer a gateway towards a better 
understanding. Comparisons of different trajectories of drinking from adolescence 
to adulthood (i.e. heavy drinking to light drinking, light drinking to heavy drinking, 
continuously heavy drinking, and continuously light drinking) could offer insight into 
the associated effects on cognitive and brain-related outcomes. Of course, different 
drinking trajectories are likely confounded with potentially relevant covariates which 
limits causal inference. Direct comparisons of low and heavy adolescent and adult 
drinkers, supported by a parallel animal model, can help to bolster the causality of 
observed age-related differences in human studies. Additionally, changes in legislation 
around the minimum age for alcohol consumption in some countries provides a 
unique opportunity to investigate how delaying alcohol use to later in adolescence or 
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even young adulthood impacts cognitive functioning over time. Importantly, future 
studies investigating the moderating role of age in humans should carefully consider 
the impact of psychiatric comorbidities. While adolescence into young adulthood is the 
period in which mental health issues often emerge,190,191 there is some evidence that 
the prevalence of comorbidities is higher in adults with AUD.192 This is an important to 
control for when considering age-related differences on cognition and the brain given 
the evidence of altered cognitive functioning in other common mental illnesses.193,194

Concluding Remarks
The aim of this systematic review was to extend our understanding of adolescent risk 
and resilience to the effects of alcohol on brain and cognitive outcomes compared 
to adults. In comparison to recent existing reviews on the impact of alcohol on the 
adolescent brain and cognition,17-19,22,23 a strength of the current review is the direct 
comparison of the effects of chronic alcohol exposure during adolescence versus 
adulthood. This approach allows us to uncover both similarities and differences in 
the processes underlying alcohol use and dependence between adolescents and adults. 
However, due to the large degree of heterogeneity in the studies included in sample, 
designs, and outcomes, we were unable to perform meta-analytic synthesis techniques.
 In conclusion, while the identified studies used varying paradigms and outcomes, 
key patterns of results emerged indicating a complex role of age, with evidence 
pointing towards both adolescent vulnerability and resilience. The evidence suggests 
adolescents may be more vulnerable than adults in domains that may promote heavy 
and binge drinking, including reduced sensitivity to aversive effects of high alcohol 
dosages, reduced dopaminergic neurotransmission in the NAc and PFC, greater neuro-
degeneration and impaired neurogenesis, and other neuromodulatory processes. 
At the same time, adolescents may be more resilient than adults to alcohol-induced 
impairments in domains which may promote recovery from heavy drinking, such 
as cognitive flexibility. However, in most domains, the evidence was too limited or 
inconsistent to draw clear conclusions. Importantly, human studies directly comparing 
adolescents and adults are largely missing. Recent reviews of longitudinal human 
research in adolescents revealed consistent evidence of alterations to gray matter, and to 
a lesser extent white matter, structure in drinkers,17,18 but also highlight the limited 
evidence available in the domains of neural and cognitive functioning in humans.17 
Future results from ongoing large-scale longitudinal neuroimaging studies like the 
ABCD study195 will likely shed valuable light on the impact of alcohol use on the 
adolescent brain. However, our results also stress the need for direct comparisons 
with adult populations. Moreover, while the lack of experimental control and metho-
dological constraints limit interpretations and causal attributions in human research, 



75

2

translational work aimed at connecting findings from animal models to humans is 
necessary to build upon the current knowledge base. Furthermore, the use of voluntary 
self-administration paradigms and incorporation of individual differences and 
environmental contexts are important steps forward in improving the validity of animal 
models of alcohol use and related problems. A more informed understanding of the 
effects of alcohol on adolescents compared to adults can further prevention efforts 
and better inform policy efforts aimed at minimizing harm during a crucial period for 
both social and cognitive development.
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CHAPTER 3

Social Multi-sensory Alcohol  
Cue-Reactivity and Ad Libitum  
Social Drinking: An fMRI Study

This chapter is adapted from the published article:

Kuhns, L., Larsen, H., Kramer, A. W., Huizenga, H. M., Wiers, R. W., Anderson, K. G., 
& Cousijn, J. (2022). Social multi-sensory alcohol cue reactivity and ad libitum social 

drinking: An fMRI study.  
Addiction Neuroscience, 4, 100039.



78

Abstract

Research demonstrates the effects of social context on individual drinking, but the 
underlying neural processes remain unclear. For this purpose, we developed a social 
multi- sensory alcohol cue-reactivity (SMAC) fMRI task. Neural activity during visually 
presented offers to drink beer or water while listening to audio fragments of social 
drinking contexts were compared in 38 social drinkers and associations with craving, 
drinking willingness, and ad libitum alcohol consumption in a social context were 
investigated. Procedures were repeated one week later assessing test-retest reliability. 
The SMAC increased craving in Sessions 1 and 2, with post-task craving predicting 
drinking willingness in Session 1. Post-task craving in Session 2 predicted the chance 
of ad libitum drinking. No other effects were significant. Alcohol-cue specific activity 
in a priori regions of interests (ROIs) did not correlate with alcohol use measures, 
however, lower ratings of willingness to accept soft drinks was associated with higher 
activity in response to alcohol cues in the insula (Session 1). Test-retest reliability of the 
task was poor. Whole-brain and ROI activity during beer and water conditions correlated 
consistently with multiple measures of alcohol use. One possible interpretation of these 
findings is that social context itself may act as a phasic alcohol-relevant cue regardless 
of whether a water or alcohol cue is displayed.
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Heavy alcohol consumption is an enormous problem among college students in many 
countries (> 5 beverages on one occasion)1,2. Around 49% college students report one 
or more problems when having consumed alcohol, including engaging in activities that 
are later regretted, such as unprotected sex or activities that results in physical injury.3 
In young people, alcohol use typically takes place in social contexts and accumulating 
evidence implicates social processes as key risk factors in the development of alcohol 
use problems.4 Therefore, it is crucial to take the social context into account when 
investigating risk and protective factors related to heavy alcohol consumption in youth.
 Young people usually consume alcohol in social contexts among peers, and 
an abundance of research has demonstrated the effects of social context and peer 
drinking on individual drinking levels.5-7 In line with this, social drinking motives and 
peer alcohol use are some of the strongest predictors of heavy use in adolescence.8-10 
For example, young adults consume more alcohol when in the presence of a heavy 
compared to light or non-drinking individual.6 Furthermore, accumulating evidence 
suggests that social processes play an important role in the escalation of alcohol use and 
contribute to the development of alcohol use disorder in young people. Acute alcohol 
consumption has an observed effect on socio-emotional processes within groups 
of people, with enhanced positive affect at the individual and group level as well as 
elevated social bonding.11 Additionally, drinking for social facilitation is prospectively 
associated with a higher likelihood of alcohol abuse and dependence in college 
students.12 Individual differences in factors ranging from personality traits such as 
extraversion to genetic polymorphisms appear to increase the socially rewarding effects 
of alcohol and are potential pathways to problematic drinking.13,14 Despite this, little is 
known about the underlying neuromechanisms of social drinking behavior.
 Including social context in alcohol research can have high practical demands and is 
not always achievable. Audio simulations of social contexts are feasible alternatives 
to other laboratory-based techniques, which can still provide rich contextual infor-
mation and improve the ecological validity. Anderson and colleagues15 developed 
the Collegiate-Simulated Intoxication Digital Elicitation (C-SIDE), which consists of 
audio vignettes of social drinking contexts. Willingness to drink alcohol was assessed 
after each audio simulation and was concurrently associated with alcohol expectancies 
and drinking motives, and also predicted alcohol use and hazardous drinking over 
time.16 This, and subsequent work15,17-20 show the validity of audio simulations as a 
sound method to investigate risk (e.g., peer pressure, social context, impulsivity) and 
protective factors (e.g., availability of nonalcoholic beverages and food, monitoring, 
non-drinking peers, self-control) related to alcohol use (for smoking, see21). Thus 
far, audio simulations of social drinking contexts have been validated in behavioral 
research, but the underlying neurocognitive mechanisms remain unknown. Therefore, 
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the goal of the current neuroimaging study was to investigate social drinking context-
induced brain activity and the relation with ad libitum alcohol consumption.
 The functional magnetic resonance imaging (fMRI) compatible audio simulation 
paradigm we have developed can be considered a social multi-sensory alcohol cue-
reactivity (SMAC) paradigm that combines audio fragments with images displaying 
alcohol and non- alcohol social contexts. Theoretically, cue-reactivity paradigms aim 
to measure sensitized and conditioned behavioral and neural responses to alcohol-
related stimuli that develop over the course of use towards dependence.22 Previous 
research in heavy and dependent drinkers has demonstrated that alcohol cues are 
able to illicit craving,23 cognitive biases,24-27 and increased brain activity in reward-
related mesocorticolimbic brain areas like the striatum, medial prefrontal cortex 
(mPFC), insula, and anterior cingulate cortex (ACC).28,29 Importantly, cue-reactivity is 
considered to play a role in the continuation of heavy alcohol use and dependence.30,31 
For example, brain activity in response to alcohol cues compared to neutral cues in 
the bilateral caudate, ACC, and left insula were elevated in moderately drinking college 
students who later escalated to heavy drinking.32 Furthermore, compared with other 
baseline risk factors such as impulsivity and family history of substance abuse, brain 
activity in these areas in response to alcohol versus control cues was the best predictor 
of increased drinking in the future in moderate drinkers.32 These findings suggest 
that the relevance of cue-reactivity paradigms extends to moderate and heavy social 
drinkers and is not limited to clinical samples. Given the added information that 
cue-reactivity paradigms can potentially add to our understanding of the underlying 
processes in drinking patterns of social drinkers, it is critically important to have a 
clear methodological understanding of cue-reactivity paradigms. A recent systematic 
review of neuroimaging studies of cue-reactivity suggest that multi-sensory 
substance stimuli elicit more robust brain activity in reward related areas compared to 
mono-sensory cues.33 Moreover, because of the demonstrated role of social context in 
drinking,34,35 animal and human research suggesting that social contexts amplify the 
rewarding effects of alcohol,36,37 and the importance of social-based behavioral 
treatments of addiction,38 incorporating social contexts in cue-reactivity paradigms 
may also lead to more robust reward- area activation, especially in non-clinical social 
drinkers. However, an often- overlooked gap is the reliability of cue-reactivity over 
time. To our knowledge, few studies have employed multiple fMRI scans over time 
to assess the test-retest reliability of cue-reactivity. Schacht and colleagues looked at 
the stability of cue-elicited activations in the ventral and dorsal striatum of ten alcohol 
dependent participants (not seeking treatment) across two fMRI scans.39 Cue-reactivity 
in the right striatum was largely stable across two weeks. More recently, Bach and 
colleagues examined reliability in a larger sample of 144 alcohol dependent patients 
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over two weeks and observed poor reliability (ICC < .40) in the alcohol versus neutral 
cue subtraction contrast of interest.40 This is in line with findings from a meta-
analysis of task-based fMRI which demonstrated poor reliability in a priori regions 
of interest across eleven common tasks.41 Overall, further research establishing the 
reliability of alcohol cue-reactivity, especially in non-alcohol dependent samples, is 
needed for a more complete understanding of the value of the measure for research into 
mechanisms of harmful alcohol use and the role of individual differences therein.
 In sum, given the importance of cue-reactivity and social processes related to 
alcohol use, the suggested robustness of multi-sensory cue-reactivity paradigms, and 
the need to validate cue-reactivity paradigms on a neural and behavioral level, we 
developed and used a novel audio-visual cue-reactivity task within social contexts to 
elicit cue-reactivity in the scanner. To avoid problems with systematic biases related to 
retrospective self-reports, next to self-report assessments, alcohol consumption was also 
assessed in an ad libitum social drinking session, during which participants could choose 
to consume alcohol or not. As such, the aim of the present study was twofold: 1) validate 
the novel multi-sensory social cue-reactivity task on a behavioral and neural level in 38 
social drinkers, and 2) examine test-retest reliability of brain activity over the course 
of one week. To validate the task, we investigated the relationships between social 
drinking context-induced neural activity on the one hand and alcohol consumption in 
an ad libitum social drinking session and willingness to drink on the other hand. We 
hypothesized that the alcohol-specific activity (i.e. alcohol cue > neutral cue contrast) 
in the social cue-reactivity task would activate mesocorticolimbic areas consistently 
implicated in alcohol cue-reactivity29, namely the dorsal ACC (dACC), mPFC, insula, 
NAcc, putamen, and caudate. Moreover, we also expected activity in these regions of 
interest (ROIs) to positively correlate with willingness to drink, self-reported alcohol 
use, and ad libitum alcohol consumption. All whole-brain analyses were examined 
on an exploratory basis. Regarding our second aim, we expected substantial test-
retest reliability – based on Landis and Koch’s benchmarks of intraclass correlation 
coefficients – in each ROI.42

Materials and Methods

Participants
Forty participants were recruited from a previous alcohol study as well as through 
advertisements on social media. Participants were all of Dutch nationality. They 
were required to report liking beer to ensure the alcohol cues were relevant for all 
participants. Participants were required to report no other drug use in the past month 
to be eligible for enrollment. Other exclusion criteria included any current major 
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psychopathology or learning disorders, left- handedness, and MRI contraindications. 
Participants were asked to refrain from consuming alcohol 24 hours before each scan.

Materials
Alcohol Use
Alcohol use history and severity was assessed with the 14-Day Timeline Followback 
(TLFB),43 and the Alcohol Use Disorders Identification Test (AUDIT) assessing alcohol 
use and problems in the past year.44 Alcohol Craving was assessed with the Desires for 
Alcohol Questionnaire (DAQ)45 and state craving with a visual analogue scale ranging 
from 1–10.

Willingness to Accept Alcohol (AW) or Non-alcohol Beverage Offers
After both MRI sessions, participants rated their willingness to accept an alcoholic or 
non-alcoholic drink for each scene (e.g. “Would you accept a beer in the festival context) 
from 1 (not at all willing) to 10 (very willing), assessing willingness to accept alcohol 
(AW alcohol; α = .81 Session 1 and Session 2) or non-alcohol offers (AW control; α = .87 
Session 1 and α = .82 Session 2). Mean AW was computed for alcohol and non-alcohol 
offers separately.

Ad libitum Alcohol Use
In a social drinking session, alcohol consumption was indicated if participants drank 
one or two alcoholic beverages versus non-alcoholic beverages. The full session 
procedure is described in the Procedure section below.

Procedure
The present study used a test-retest reliability protocol in which participants were 
scanned twice and completed various behavioral tasks and questionnaires. The Ethical 
Review Board of the University of Amsterdam, Faculty of Social and Behavioral 
Sciences approved the study (2017-DP-7697) according to the Declaration of Helsinki. 
All participants gave informed consent prior to participation.
 The scanning sessions took place one week apart at the same time of day, always 
between 5:00 pm and 10:00 pm, coinciding with typical drinking hours. Both sessions 
lasted 2,5 hours, including one hour of scanning and one hour of questionnaires. 
Participants were also exposed to a learning task in the scanner and completed ques-
tionnaires related to this task. These measures are not included in the current study. 
Informed consent and a fMRI screening questionnaire were presented prior to 
participation. Scanning immediately followed, and the participants were presented 
with the social multi-sensory alcohol cue-reactivity task (SMAC). Using a blocked 
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design, participants listened to an audio fragment corresponding to each of three 
different situations; festival, dinner party, and birthday party. These fragments were 
adapted versions of the Dutch version of the Collegiate-Simulated Intoxication Digital 
Elicitation (C-SIDE), which are professionally scripted and recorded audio scenes of 
typical social drinking situations.16 The scenes consisted of conversations and back-
ground sounds relevant to each social context (e.g., music, clinking glasses, etc.). We 
ensured that the volume of the headphones was consistent for every participant. During 
each scene, participants viewed an image of either an alcohol or non-alcohol drink, beer 
and water respectively, overlaid over an image of the social situation. Below the image, 
participants saw written offers of beer or water (Figure 1).

Figure 1. Depiction of the SMAC task. During the cue-reactivity task, participants saw beer 
or water stimuli overlaid on three social drinking situations while listening to corresponding 
audio fragments of each situation.

Participants were asked to imagine themselves in the simulation and consider the 
written offer on the screen. Each scene lasted two minutes and was repeated two times, 
once with alcohol and once with water (six total blocks). The condition of the first 
trial was randomized between participants and counterbalanced across sessions within 
participants. Between each block, there was a 16 second fixated inter-trial-interval. 
There were six possible orders for the blocks given the alternation of condition and a 
requirement that no two scenes were shown back to back (e.g., alcohol-birthday party 
followed by water-birthday party). Immediately before and after the end of the cue-
reactivity task, participants rated their current level of craving for alcohol on a visual 
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analogue scale from 1 to 10. The task and craving questions were presented using 
E-Prime 2.0 software.46 After the task, participants reported their willingness to accept 
alcohol and non-alcohol offers within the three contexts. Participants completed an 
online demographics questionnaire after the scan session. In Session 2, the scanning 
procedure was the same. After scanning, participants completed an online question-
naire containing the AUDIT and TLFB. Impulsivity-related measures were also 
assessed but not included in this study. Ad libitum drinking levels were then assessed in a 
social drinking setting.

Ad libitum Drinking
Upon completion of scanning, questionnaires, and behavioral tasks in Session 2, 
participants engaged in an adapted social drinking session.6 The goal of the social 
drinking session was to create a semi-naturalistic drinking environment and allow 
for ad libitum drinking behavior where participants could choose either soft drinks 
or alcoholic beverages. The experimenter informed participants that there was a brief 
unexpected break in the study due to logistical concerns (i.e. the testing room for the 
final task was being used for another experiment). During this break, the experimenter 
led the participant to a kitchen area with refreshments where they were to wait until 
the study could resume. In this area, a confederate – who was pretending to be another 
participant who was also waiting to finish the study – was already seated with a glass 
of (non-alcoholic) wine in order to set a norm that drinking during this period was 
acceptable. The experimenter offered the participant refreshments – wine, beer, soda, 
juice, or water – while waiting. The experimenter then poured the refreshments for 
the participant, informed the participant and confederate that they were welcome to 
help themselves to more beverages and food, and then left the area for thirty minutes. 
After approximately 15 minutes, the confederate finished their first alcoholic beverage, 
announced they would have one more wine, and asked whether the participant wanted 
something to drink. This ensured that it was clear to the participant that alcohol could 
be consumed without applying direct peer pressure. The confederate was instructed 
to act neutral, not too social but also not completely quiet. At the end of the second 
session, the participants were asked to comment on the perceived aims of the study 
in a questionnaire. Most participants indicated topics like ‘learning and alcohol 
or substance use.’ Importantly there were no comments about the confederate and 
therefore no indications that they were suspicious about the confederate in the social 
drinking session. This was crucial as we wanted to make sure that participants’ actual 
drinking behavior was not influenced by their suspicion. After all sessions, participants 
were debriefed. We used a binary outcome measure indicating whether participants 
consumed one or two alcohol beverages (1) versus non-alcohol beverages (0).



85

3

Data Analysis
Imaging Parameters and Pre-processing
Imaging was conducted using a Phillips 3T Achieva Scanner. During the SMAC task, 
the blood oxygen dependent (BOLD) signal was measured with a T2*gradient echo-
planar imaging (EPI) sequence (TR 2 seconds, TE 27.63ms, 37 slices, slice thickness 3 
mm, interslice gap 0.3 mm, FOV 240x240, in-plane resolution 80 x 80, flip angle 76.1°). 
A high-resolution T1-weighted structural scan was acquired after the functional scan in 
Session 1 for anatomic referencing (T1 turbo field echo, TR 8.28 seconds, TE 3.8ms, 220 
slices, slice thickness 1mm, FOV 240x220, in-plane resolution 240x240, flip angle 8°).
 Data pre-processing and statistical analysis of fMRI data was conducted with 
FMRI Expert Analysis Tool (FEAT) version 5, part of FSL.47 Non-brain and skull 
tissue were removed with the Brain Extraction Tool (BET). Imaging preprocessing 
consisted of slice-time alignment, non-linear motion correction, temporal high 
pass filter (sigma = 148 seconds), spatial smoothing with a 5mm full-with-half-
maximum Gaussian kernel, and pre-whitening.48 The functional data was registered 
to participants’ structural T1 image and then transformed into MNI space (Montreal 
Neurological Institute) using FNIRT (FMRIB’s Non-Linear Image Registration Tool). 
Data available on request from the authors.

Statistical Analyses
Behavioral Analyses. To validate the SMAC task on a behavioral level, we tested 
whether the SMAC task induced craving with a paired samples t-test on self-reported 
pre- and post-task craving ratings, separately for each session. Also, a paired samples 
t-test was conducted on the craving pre- and post-task difference scores for each session 
to test whether there was a significant difference in the effect of the task on craving 
scores across sessions. To investigate the relationship between task-induced craving 
and ad libitum drinking (only assessed in Session 2), we conducted a hierarchical 
logistic regression analysis of post-task craving in Session 2 (Step 2) on the chance of 
consuming alcohol in the ad libitum social drinking session, above and beyond the 
predictive value of pre-task craving and alcohol use patterns as measured by the AUDIT 
and TLFB (Step 1). Similarly, a hierarchical linear regression analysis was conducted 
with willingness to drink as dependent variable, pre-task craving, alcohol use patterns 
and willingness to accept soft drink in Step 1, and post-task craving added to Step 2. 
Regression analyses were conducted with bootstrapping of coefficients. Behavioral 
analysis were all conducted with IBM SPSS Statistics, version 25.49

fMRI Analyses. For subject-level analysis, preprocessed images were entered into a 
standard general linear model (GLM, ordinary least squares), which included separate 
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regressors for condition (alcohol and water) and the fixated ITI. Each regressor was 
convolved with a double gamma hemodynamic response function. Temporal derivatives 
and filtering were added as regressors of no interest to improve model fit. The 
Alcohol > Water contrast was computed to investigate alcohol-specific activity.

ROI Analyses. The cortical ROIs were created based on the results of Zeng et al.’s29 
meta-analysis of neural alcohol cue-reactivity in alcohol use disorders. While many other 
areas were activated by alcohol cues in AUD (such as the DLPFC, visual areas, angular 
gyrus, superior frontal gyrus), we specifically included the ROIs in which cue-reactivity 
significantly differed between individuals with AUD and controls (dACC, mPFC) and 
areas known to play an important role in reward/salience processing (striatum) and 
interoception/craving (insula). Using the MNI coordinates for the voxels with the 
highest activation for AUD patients compared to healthy controls across 17 studies, 
10mm diameter spherical masks were computed for the mPFC (MNI coordinates:  
12, 62, 0) and dACC (0, 2, 34). Based on the meta- analytic results showing the greatest 
decrease in activity after treatment for AUD in the insula across studies, 10mm 
spherical masks were created for the left (32, 22, 2) and right (-36, 16, 8) insula. 
To create binarized lateral masks for the NAcc, caudate, and putamen, a high- 
resolution probabilistic subcortical atlas was used with a threshold of 0.3 for voxel 
inclusion.50 Mean activation in the ROIs was extracted for the alcohol > water contrast. 
We then conducted univariate correlational analyses to assess whether activity in these 
regions during the task was related to alcohol use and problems. We computed 
correlations between ROI activity and TLFB, AUDIT, DAQ, and craving. In 
addition, univariate binary logistic regressions were run to assess whether ROI 
activity predicted alcohol consumption during the social drinking session. Holm-
Bonferroni corrections controlled the family-wise error rates for omnibus tests within 
sets of analyses; this is a stepwise rejection procedure used to retain power
in detecting effects.51

Exploratory Whole-brain Analyses. Exploratory whole-brain voxel-wise group analyses 
were conducted with FEAT FLAME stage 1+2 mixed effects analyses to test for a main 
effect of the Beer and Water conditions, as well as alcohol-specific activation with the 
alcohol > water contrast in both sessions separately. Additionally, whole-brain voxel-
wise exploratory correlation analyses were run to test whether and where task-related 
activity was related to alcohol use and problems (separate analysis for TLFB, AUDIT, 
AW, ad libitum drinking in social drinking session). A cluster-wise multiple comparison 
correction was used for each whole-brain analysis, with a Z-threshold of 2.3 and a 
cluster-p significance threshold of .05.
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Test-retest Reliability in ROIs. To test the stability of the mean activation across the 
two test sessions, intraclass correlation coefficients were calculated for each ROI. The 
two-way mixed single measures coefficient – ICC (3,1) – has previously been established 
as an adequate test of reliability in functional neuroimaging.52,53 The ICC (3,1) models 
Sessions 1 and 2 as fixed factors and the measurements as random factors to compute 
the test-retest reliability of the measurements across the time points. The reported 
p-values refer to significance against zero.

Results

Two participants were excluded from further analyses due to excessive movement, 
failure to follow instructions during the cue-reactivity task, and due to excessive alcohol 
use the day prior to the scan, resulting in 38 participants (22 women; Mage = 24.21; 
SD = 2.64). Despite reporting no drug use during screening, two participants indicated 
having used laughing gas and ketamine, respectively, one time within the past 30 days. 
These participants were retained in the sample because they did not indicate repeated 
use. The average AUDIT score was 8.86 (SD = 4.18) indicating harmful alcohol use.44 On 
average, participants reported consuming alcohol on 5.13 (SD = 3.49, range 0–14) days 
in the previous two weeks. While three participants reported no alcohol consumption 
in the past two-weeks, they were retained in the sample since they did report liking 
beer. All means and correlations are presented in Table 1.

Behavioral Analyses
Cue-reactivity Effects on Self-reported Craving
Paired sample t-tests demonstrated small but significant increases between pre- and 
post- craving at both Session 1 (pre: M = 4.95, SD = 2.04; post: M = 5.37, SD = 2.07), 
t(37) = -2.59, p = .014) and Session 2 (pre: M = 4.68, SD = 2.27, post: M = 5.24,  
SD = 2.20), t(37) = -2.78 p = .008). This effect did not differ between sessions  
t(37) = -.57, p = .576.
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Ad libitum Drinking and Willingness to Accept Beer
Paired sample t-test showed that participants were significantly more willing to accept 
beer than soft drink in Session 2 (beer: M = 7.81, SD = 1.64; soft drink: M = 6.71,  
SD = 1.81), t(37) = 3.65, p < .001. In Session 1, the direction of the mean difference was 
similar but not significant (beer: M = 7.75, SD = 1.87; soft drink: M = 6.92, SD = 2.01), 
t(37) = 1.90, p = .066). To examine whether self-reported craving after the SMAC task 
in Session 2 predicted ad libitum drinking, we conducted a logistic regression analyses. 
Four participants were excluded in this analysis because they did not complete the 
session (N = 34). Post-task craving at Session 2 significantly predicted the chance of 
drinking alcohol in the social drinking session above and beyond pre-task craving and 
alcohol use patterns (Table 2).
 There was no difference between willingness to accept alcohol or to accept soft 
drink between Sessions 1 and 2. Hierarchical regression analyses demonstrated a 
significant association between post-task craving and willingness to drink beer above 
and beyond alcohol use patterns, pre-task craving and willingness to drink soft drink at 
Session 1; this was not true for Session 2 (see Table 2).

fMRI Analyses
ROI Analyses
In the first session, alcohol-specific activity (alcohol > water) in the left insula was 
negatively correlated with reported willingness to accept soft drinks during the task. 
In other words, lower ratings of willingness to accept soft drinks was associated with 
higher activity in response to alcohol cues in the insula (Table 3). No alcohol-specific 
ROI activity was significantly correlated with alcohol measures in session 2 (Table 4).
Univariate binary logistic regressions (N = 34) were conducted to assess whether 
alcohol specific cue-reactivity in the ROIs in either session predicted drinking behavior 
during the social drinking session. Neural alcohol specific cue-reactivity in the dACC, 
mPFC, insula, NAcc, caudate, and putamen did not significantly predict ad libitum 
drinking.
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Table 3. Session 1 – Correlations between alcohol measures and alc > water neural activity in 
ROIs

ROI AUDIT TLFB S1 DAQ AW beer S1 AW soft S1 Pre-craving S1 Post-craving S1

Left Caudate -0.075 0.089 -0.054 0.069 -0.083 -0.165 -0.107

Right Caudate -0.282 -0.086 0.027 0.079 0.134 -0.16 -0.086

dACC -0.101 -0.181 0.066 0.114 -0.202 -0.209 -0.191

Left Insula -0.011 0.056 -0.085 -0.117 -0.49* -0.048 0.02

Right Insula -0.061 0.07 -0.067 0.021 -0.192 -0.203 -0.161

mPFC -0.175 0.032 0.073 0.081 -0.301 0.174 0.33

Left NAcc 0.047 0.07 -0.107 0.036 -0.368 0.104 0.094

Right NAcc -0.245 -0.14 -0.153 -0.059 -0.208 -0.118 -0.085

Left Putamen -0.089 -0.044 0.077 0.108 -0.194 -0.191 -0.144

Right Putamen -0.108 -0.043 0.05 0.157 -0.2 -0.03 0.029

Note. N = 38. * Significant after Holm-Bonferroni correction for multiple comparison. AUDIT = Alcohol Use 
Disorders Identification Test; TLFB = Timeline Follow Back Total sum score; Ad lib = ad libitum amount of drinks; 
DAQ = Desires for Alcohol Questionnaire sum score; AW beer S1 = Willingness to consume beer session 1; AW beer 
S2 = Willingness to consume beer session 2; AW soft S1=Willingness to consume soft drinks Session 1; AW soft S2 = 
Willingness to consume soft drinks Session 2. Pearson’s r and spearman’s rho reported based on results of Shapiro-
Wilk’s test for normality.

Table 4. Session 2 – Correlations between alcohol measures and alc > water neural activity in 
ROIs

AUDIT TLFB S2 DAQ AW beer S2  AW soft S2 Pre-craving S2 Post-craving S2

Left Caudate -0.24 0.087 -0.007 -0.092 -0.107 0.073 0.084

Right Caudate 0.013 0.228 0.137 -0.027 -0.118 0.209 0.288

dACC -0.232 0.038 0.183 -0.109 -0.156 0.034 -0.001

Left Insula -0.25 0.124 0.05 -0.154 -0.314 -0.083 -0.116

Right Insula -0.025 0.132 0.212 0.154 -0.182 0.242 0.144

mPFC 0.118 0.396 0.065 -0.042 0.048 -0.015 0.128

Left NAcc 0.008 0.17 -0.055 0.006 -0.149 0.005 0.005

Right NAcc -0.049 0.211 0.046 -0.172 -0.114 0.004 0.103

Left Putamen 0.017 0.045 0.254 0.147 -0.112 0.17 0.208

Right Putamen -0.143 -0.022 0.05 -0.03 -0.229 0.044 -0.082

Note. N = 38. AUDIT = Alcohol Use Disorders Identification Test; TLFB = Timeline Follow Back Total sum score; Ad 
lib = ad libitum amount of drinks; DAQ = Desires for Alcohol Questionnaire sum score; AW beer S1 = Willingness to 
consume beer session 1; AW beer S2 = Willingness to consume beer session 2; AW soft S1 = Willingness to consume 
soft drinks Session 1; AW soft S2  = Willingness to consume soft drinks Session 2. Pearson’s r and spearman’s rho 
reported based on results of Shapiro-Wilk’s test for normality.
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Exploratory Whole-brain Analyses
No significant clusters of activation were observed for the alcohol > water contrast 
in either session. Furthermore, follow-up whole brain correlation analyses were 
conducted to investigate the association between neural activity, alcohol use, and 
associated problems. No clusters of activity correlated with alcohol use measures for 
the alcohol > water contrast in Session 1. However, in Session 2, clusters of activation 
in the frontal, occipital, and temporal cortex for the alcohol > water contrast correlated 
with total drinks in the previous week (TLFB total drinks) and drinking in the social 
drinking session (Figure 2a).

Figure 2a. The activation of brain 
regions in the water and alcohol 
condition, measured in Session 
1, in relation to the willingness to 
drink beer (AW). 
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Whole-brain exploratory analyses of the alcohol and water condition main effects were 
also conducted to further understand the effect of the task. The alcohol and water 
conditions activated regions overlapping the visual and auditory cortex in both sessions, 
as well as the amygdala, thalamus, and cortical regions in the frontal, temporal, and 
occipital lobes including portions of the prefrontal cortex. For an overview of all 
cluster activations, see Tables 5 and 6. These findings suggest that the alcohol and 
water condition activate similar regions across the brain, including regions previously 
associated with craving such as the insula and putamen (a substrate of the dorsal 
striatum).

Table 5. Brain regions activated in the alcohol condition in Session 1 and Session 2: main effect 
of alcohol

MNI Coordinates

Cluster size 
(voxels)

Brain region Hemisphere x y z Zmax

Session 1

45578 Superior Temporal Gyrus (auditory Cortex), Lateral 
Occipital Cortex (visual Cortex), Middle Temporal
Gyrus, Lingual Gyrus, Amygdala, Thalamus

L/R 56 -8 -8 7.91

1287 Frontal Pole L/R -10 62 34 5.03

594 Middle Frontal Gyrus L/R -40 6 58 5.15

579 Precuneus L/R 8 -48 46 4.74

122 Frontal Pole L/R 2 64 -8 5.3

Session 2

30081 Planum Temporale, Superior Temporal Gyrus 
(auditory cortex), Middle Temporal Gyrus, Middle 
Frontal Gyrus, Temporal Pole, Occipital Fusiform 
Gyrus, Amygdala (L), Thalamus (L)

L/R 64 -22 10 7.74

946 Inferior Frontal Gyrus L/R -48 14 26 5.31

119 Middle Frontal Gyrus R 46 10 50 4.22

115 Temporal Fusiform Cortex L/R 40 -12 -26 4.17

Note. N = 38. L = left, R = right.
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Table 6. Brain regions activated in the water condition in Session 1 and Session 2: Main effect 
of water

MNI Coordinates

Cluster size
(voxels)

Brain region Hemisphere x y z Zmax

Session 1

45607 Superior  Temporal  Gyrus  (auditory cortex),  
Lateral Occipital Cortex (visual cortex), Middle 
Temporal Gyrus, Lingual Gyrus, Amygdala, 
Thalamus

L/R 56 -8 -8 7.89

1005 Superor Frontal Gyrus, Frontal Pole L/R 2 54 38 4.84

635 Precuneus L/R 6 -50 46 5

220 Supplementary Motor Cortex, Superior Frontal 
Gyrus

L/R 8 4 68 4.65

128 Frontal Pole L/R -2 -64 8 5.02

Session 2

10158 Planum Temporale, Superior Temporal Gyrus 
(auditory cortex), Frontal Pole

L/R 64 -22 8 7.76

8764 Occipital Pole, Intracalcerine Cortex, Lingual  
Gyrus

L/R 14 -92 6 7.07

8596 Superior Temporal Gyrus, Middle Temporal  
Gyrus,

L/R -60 -32 6 7.67

953 Thalamus L/R 14 -30 -4 5.98

899 Inferior Frontal Gyrus, pars opercularis L/R -48 14 26 5.4

Note. N=38. L= left, R= right.

Follow-up whole-brain correlation analyses revealed that in both the alcohol and water 
conditions, neural activity in overlapping clusters encompassing diffuse cortical and 
subcortical regions correlated with multiple alcohol measures including AUDIT score, 
willingness to accept beer, total drinks in the previous week, task-induced alcohol 
craving, and drinking in the social drinking session in Session 1 (Figure 2b). In Session 
2, no voxel clusters in the alcohol or water conditions significantly correlated with 
alcohol measures.
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Figure 2b. Activation of brain 
regions in the water and alcohol 
condition, measured in Session 1, 
in relation to craving for alcohol.

Test-Retest Reliability in ROIs
All three ROIs exhibited poor test-retest reliability across sessions for alcohol specific 
activity (alcohol > water contrast). The intraclass correlation coefficient was .262 CI 
[-.005, .495] for the mPFC, .058 CI [-.213, .320] for the dACC, .189. CI [.064, .345] 
for the insula, .232 CI [.102, .389] for the putamen, .340 CI [.203, .495] for the caudate, 
and .154 CI [.154, .308] for the NAcc. Mean alcohol-specific activity did not differ 
across sessions in any ROI (Table 7), indicating that activity was not significantly higher 
or lower in session 2 across participants.
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Table 7. Mean ROI activity per session

ROI S1 Mean S2 Mean t p

Left Caudate 0.70 (SD = 8.121) 1.05 (SD = 10.584) -0.166 0.869

Right Caudate 0.001 (SD = 7.7) -1.05 (SD = 10.982) 0.506 0.616

dACC -1.27 (SD = 13.668) 3.54 (SD = 15.964) -1.452 0.155

Left Insula 0.31 (SD = 11.037) 2.83 (SD = 12.738) -0.978 0.335

Right Insula -0.38 (SD = 10.74) 1.43 (SD = 11.967) -0.677 0.502

mPFC 0.01 (SD = 10.194) -0.35 (SD = 11.895) 0.16 0.874

Left NAcc 1.25 (SD = 12.63) 2.20 (SD = 12.952) -0.321 0.75

Right NAcc -1.55 (SD = 13.157) -0.35 (SD = 11.53) -0.403 0.69

Left Putamen -0.65 (SD = 8.278) -0.003 (SD = 7.403) -0.366 0.717

Right Putamen -0.40 (SD = 7.8) 0.98 (SD = 7.012) -0.775 0.443

Note. SD = standard deviation; dACC = dorsal anterior cingulate cortex; NAcc = nucleus accumbens

Discussion

Using the SMAC task, a social multi-sensory alcohol cue-reactivity paradigm, this study 
assessed task validity and test-retest reliability. We examined relationships between 
self-reported post-task craving, willingness to drink, alcohol consumption in an ad 
libitum social drinking session and brain activity. Behavioral results showed that higher 
self-reported post-task craving in Session 2 was related to the increased odds of drinking 
alcohol in the social drinking session. This indicated that the multisensory cue-reactivity 
task worked (generally) as expected at the behavioral level. Listening to the audio 
simulations of social contexts whilst watching both alcohol and non- alcohol images 
seemed to elicit cue-reactivity effects on a behavioral level, as alcohol craving increased 
after the task. In line with this, we found an association between post-task craving 
and willingness to drink in Session 1, but note that this was not found in Session 2. 
On a neural level, results showed that willingness to accept non-alcoholic drinks was 
negatively correlated with left insula activity to alcohol cues specifically (alcohol > 
water) in the task in Session 1. However, self-reported alcohol use, craving, willingness 
to accept beer or water, and pre- and post-task craving did not significantly correlate 
with alcohol specific activity (alcohol > water contrast) in any other ROIs. Finally, all 
ROIs exhibited poor test-retest reliability across sessions for alcohol specific activity 
(alcohol > water contrast).
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Exploratory findings showed that both the alcohol and water conditions induced 
activity across diffuse areas of the brain, including sensory processing, frontal cortical, 
and subcortical regions. Clusters of activity during both conditions were consistently 
correlated with alcohol-related measures in areas such as the putamen, insula, and 
auditory and visual sensory processing regions. Task-induced craving and self-
reported willingness to drink during the task were both positively correlated with 
activity in sensory processing regions, frontal cortical regions, and regions involved 
in reward processing (Figure 2b). Furthermore, alcohol-specific activity (alcohol > 
water) correlations with drinking (both in previous and in the current session) emerged 
in Session 2 (Figure 2a). These results provided initial evidence that the task induced 
alcohol-related activations. However, the similarity of the main effects and alcohol-
related correlations across conditions suggested that the auditory stimuli – identical 
across conditions – may be driving these activations, as opposed to the visual cues and 
written offers. Mean session activations in the ROIs did not significantly differ between 
sessions. This indicates that cue habituation did not have an effect on brain activation 
in these regions during the task. The audio-visual cue-reactivity paradigm did appear 
valid (given that it induces craving and brain activity in expected regions), however, the 
test-retest reliability was poor. Given the poor reliability and the use of a liberal cluster 
threshold (Z = 2.3), these findings should be interpreted cautiously and replication is 
required to draw firm conclusions.
 Based on the results, a new hypothesis is that the mere presence of the social 
context may contribute to the sensitized reaction to alcohol, regardless of whether an 
alcohol or neutral cue is visually displayed and offered. This hypothesis is of theoretical 
interest and can be examined more extensively in further research by exploring the 
neural activity to alcohol cues with and without social audio simulations to specifically 
clarify the role of the audio social context. Additionally, comparisons of social alcohol 
cue-reactivity with the SMAC task in social versus solitary drinkers could further 
elucidate the importance of social contexts in the neuromechanisms of drinking 
behavior. Prospective designs that follow young people over time are also essential 
for examining the predictive value of social alcohol cue-reactivity in trajectories of 
alcohol use. Furthermore, comparisons of social alcohol cue-reactivity in adolescents 
versus adults are also necessary as the role of social context may differ in older drinkers 
as compared to youth. Moreover, an alternative explanation for the similar cross-
condition results is that the visual stimuli of drinking water or alcohol were not a 
sufficiently valid operationalization of actual drinking. Future research can be improved 
by using a more valid method for alcohol and non-alcohol beverage conditions, for 
example, by combining visual images with odors of beer/alcohol. The combination 
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of different senses would make the cueing more realistic. The use of odors alone or in 
combination with visual stimuli has been proven to be a valid operationalization.54,55

The current study is one of the few studies that investigated test-retest reliability of 
alcohol cue-reactivity. The findings demonstrated low test-retest reliability. This is in 
contrast to Schacht and colleagues previous study in which alcohol cue-induced striatal 
activity was stable across multiple scans in heavy and dependent drinkers.39 The use of 
a less severe and more heterogeneous sample of drinkers may have contributed to the 
lower reliability of alcohol-elicited activity. However, it is in line with the results of a 
more recent, larger study of alcohol cue-reactivity in alcohol-dependent patients40 and 
a meta-analysis of task-based fMRI generally.41 An important note to make is that we 
examined this with a novel cue-reactivity paradigm in which social context was included. 
It is possible that the inclusion of the social context inhibited the ability to show the 
stability of cue-reactivity tasks in general. We conducted assessments at the same day 
and time of the week to avoid confounding effects, but it may be that reactivity differs 
dependent on mood and schedule of the day.

Strength and Limitations of the Study
The strengths of the current study include first steps to develop a multisensory 
cue- exposure paradigm, inclusion of an ecologically valid social ad libitum drinking 
paradigm, and the assessment of test-retest reliability. We included social contexts both 
in the cue-exposure paradigm and in the drinking paradigm. However, the limitations 
need to be considered. Firstly, we tested a sample of social drinkers possibly limiting the 
generalizability. Moreover, the relation between alcohol use-related problems (AUDIT) 
and brain activity suggested that effects will be stronger, and probably more alcohol-
specific, in heavier users. However, this remains to be tested in heavy users compared to 
light users. Besides this, at a behavioral level, we cannot distinguish between effects of 
alcohol versus non-alcohol images. Therefore, the results between the conditions needs 
to be interpreted with caution. Furthermore, the SMAC task currently uses relatively 
long blocks (two minutes) which can result in habituation effects which reduce signal 
to noise ratio. For the current study, block length was determined by the length of the 
previously validated social drinking audio scenes. Future research should aim to validate 
shorter audio scenes to optimize the block length for fMRI research.

Conclusion and implication
The current study adds to the validity of using audio simulations of social drinking 
contexts to elicit motivations to use alcohol. In contrast to our expectations, the 
presentation of an offer of alcohol versus water while listening to audio fragments 
of social contexts did not differentially activate brain areas implicated in alcohol 
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use and addiction in social drinkers. However, exploratory analysis showed that the 
social context elicited brain activity in areas implicated in alcohol use and addiction, 
regardless of the offer to drink alcohol or water, and this consistently correlated 
with a range of alcohol measures. This adds to the strength of the audio simulations 
in inducing willingness to drink. The test-retest reliability was poor, which should 
be taken into consideration in future use. Nevertheless, the task holds promise for 
investigating the role of social context in the neural underpinnings of alcohol use 
behavior. Given the association between alcohol use measures and brain activity during 
exposure to social contexts regardless of drink type, it appears that drinking-relevant 
social contexts may act as phasic alcohol-relevant cues.
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CHAPTER 4

Alcohol Cue-Reactivity in the Brain: 
Age-related Differences in the  

Role of Social Processes in  
Addiction in Male Drinkers

This chapter is adapted from the published article:

Kuhns, L., Mies, G., Kroon, E., Willuhn, I., Lesscher, H., Cousijn, J. (in press).  
Alcohol cue- reactivity in the brain: age-related differences in the role of social and 

non-social processes of addiction.  
Journal of Neuroscience Research.



102

Abstract

Social attunement (SA) – the tendency to harmonize behavior with the social environ-
ment – has been proposed to drive the escalation of alcohol use in adolescence, while 
reducing use in adulthood. Little is known about how heightened social sensitivity in 
adolescence may interact with neural alcohol cue-reactivity – a marker of alcohol use 
disorder – and its relationship to alcohol use severity over time. The aims of this study 
were to test whether 1) adolescents and adults differ in social alcohol cue-reactivity in 
the nucleus accumbens, anterior cingulate cortex, and right medial prefrontal cortex 
(mPFC), and 2) age moderates the relationship between social alcohol cue-reactivity 
and social attunement, measures of drinking at baseline, and changes in drinking over 
time. A sample of male adolescents (16–18 years) and adults (29–35 years) completed 
an fMRI social alcohol cue-exposure task at baseline and an online follow-up two 
to three years later. No main effects of age or drinking measures were observed in 
social alcohol cue-reactivity. However, age significantly moderated associations of 
social alcohol cue-reactivity in the mPFC and additional regions from exploratory 
whole-brain analyses with SA, with a positive association in adolescents and negative 
association in adults. Significant age interactions emerged only for SA in predicting 
drinking over time. Adolescents with higher SA scores escalated drinking, while adults 
with higher SA scores reduced drinking. These findings warrant further research on SA 
as a risk and protective factor and suggest that social processes influence cue-reactivity 
differentially in male adolescents and adults.
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Heavy alcohol use typically emerges in early-to-mid adolescence and rates of alcohol 
use disorder (AUD) peak in late adolescence to young adulthood.1,2 Heavy adolescent 
alcohol use may have a negative impact on brain development3,4 and early-onset AUD 
is associated with worse long-term outcomes.5 However, as most adolescents naturally 
recover from AUD without formal treatment and do not transition to long-term abuse,6 
adolescence may also be a period of resilience. Neurobiological changes during the 
transition from adolescence to adulthood may play a critical role in both the emergence 
and desistance of harmful alcohol use.
 AUD is characterized by a lack of control over heavy alcohol use despite the 
negative effects of continued use on daily functioning and overall health.7 Alcohol 
cue-reactivity – one’s neurophysiological responsivity to alcohol-related stimuli – is 
traditionally considered a strong neurobiological marker for the development and 
maintenance of AUD.8 Repeated pairings of alcohol-related cues with the rewarding 
effects of alcohol is thought to result in heightened alcohol cue-reactivity in the salience 
and reward system of the brain.9 Indeed, heightened alcohol cue-reactivity has been 
robustly observed in heavy to dependent drinkers in regions of the mesocorticolimbic 
circuit – the key dopamine pathway involved in attentional and reward processes – 
with consistent associations with alcohol craving, use severity, treatment success, and 
relapse rates.8,10,11 In heavy to dependent drinkers, the nucleus accumbens (NAcc) – the 
primary target of dopaminergic neurons in the ventral tegmental area12 – shows the most 
robust activation to alcohol compared to non-alcohol cues.11 Activity in the ventral 
striatum (VS), composed by the NAcc and olfactory tubercle, has most frequently been 
found to positively correlate with drinking measures such as severity of dependence, 
amount of alcohol use, craving, and loss of control.11 However, AUD patients and heavy 
drinkers did not show heightened alcohol cue-reactivity in the NAcc and VS compared 
to controls in two meta-analyses.8,11 Some evidence suggests that even light and social 
drinkers show heightened cue-reactivity in the NAcc and VS,13,14 which may make 
differences between heavy and dependent drinkers more difficult to detect. In addition, 
as drinking transitions from goal-directed to compulsive, some evidence points toward 
alcohol cue-reactivity shifting toward the more dorsal regions of the striatum.10,14 The 
anterior cingulate cortex (ACC) and medial prefrontal cortex (mPFC) have direct 
projections to these striatal regions and show heightened alcohol cue-related activity in 
AUD patients compared to controls in a recent voxel-wise meta-analysis.8

 Neurocognitive models of adolescence suggest that enhanced reward processing 
combined with delayed maturation of cortical areas involved in executive control 
increase adolescents’ risk for addiction,15 but heightened responsiveness to social 
stimuli might also play an important role. Adolescents are hypersensitive to both 
positive and negative social stimuli at the behavioral and neural level.16,17 Also, peer 
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alcohol use and social drinking motives are one of the strongest predictors of heavy 
drinking during adolescence.18-20 It has recently been proposed that the seemingly 
paradoxical nature of adolescence as a period of both risk and resilience reflects 
developmentally normative changes in the salience of social information.21 In the 
social plasticity hypothesis, Cousijn and colleagues propose that aside from neural 
development and plasticity, social attunement – the tendency to harmonize behavior 
with the social environment – drives the escalation of alcohol use when the act of 
drinking, especially heavy drinking, is socially valuable in adolescence, but also explains 
the rates of natural recovery in emerging adulthood when heavy drinking is no longer 
as socially valuable.21

 Despite the general importance of social processes in trajectories of adolescent 
versus adult alcohol use, little is known about how heightened social sensitivity in 
adolescence may interact with alcohol cue-reactivity and its relationship to alcohol use 
severity over time. Moreover, direct comparisons between adolescents and adults are 
missing. Only one study has investigated the role of social context in neural alcohol 
cue-reactivity.22 In male young adult drinkers, social compared to non-social alcohol 
cues elicited more activation in the bilateral superior temporal sulcus and inferior 
parietal lobe, but this activity was not related to actual drinking behavior. Therefore, 
the first aim of this neuroimaging study was to examine whether adolescents and adults 
differ in their neural response to social versus non-social alcohol cues. The NAcc, ACC, 
and right mPFC were chosen as regions of interest (ROIs) given their robust engagement 
in alcohol cue-reactivity.8,11 We expected higher social alcohol cue-reactivity in these 
regions in adolescents compared to adults based on evidence of adolescents’ heightened 
social sensitivity.16,18-20 Given the novelty of the age comparison and inclusion of social 
factors, we also used an exploratory whole-brain approach to identify other regions 
that respond differentially in adolescents and adults. The second aim was to examine 
whether age moderates the relationship between social alcohol cue-reactivity and 
measures of drinking severity (i.e. recent alcohol consumption, severity of use-related 
problems, and craving) as well as social attunement. We expected social attunement and 
drinking severity to be more strongly associated with social alcohol cue-reactivity in 
adolescents compared to adults.21 The third aim was to examine whether social alcohol 
cue-reactivity, social attunement, and drinking severity at baseline predicted changes 
in drinking at two to three-year follow up and whether age moderates these effects. We 
expected the social measures (i.e. social alcohol cue-reactivity and social attunement) to 
predict escalation of use in adolescents but not adults, with higher social alcohol cue-
reactivity and higher social attunement predicting larger increases in use for adolescents 
at follow-up.21
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Methods and Materials

Participants
A total of 56 male adolescents (16–18 years) and 56 male adults (29–35 years) were 
recruited via social media and flyers. Targeted recruitment was aimed at alcohol use 
frequency to create a similar distribution of low to heavy drinkers within each age 
group. Age groups were closely matched on alcohol use (in standard units) in the 
previous month and the severity of alcohol use-related problems measured by the 
Alcohol Use Disorder Identification Test (AUDIT).23 This study was part of larger 
neuroimaging project that included an olfactory cue-reactivity task. Due to potentially 
confounding effects of sex and cigarette use on olfactory function,24,25 women and 
daily cigarette smokers were excluded during screening. If participants reported daily 
use during the test session, they were retained in the sample. Further exclusion criteria 
included impaired olfactory function, dislike of beer, past-month drug use besides 
alcohol, history of mental illness, current use of psychotropic medication, and any 
MRI contraindication. During their lab visit, participants were screened for current 
alcohol intoxication using a breathalyzer (n = 0) and recent drug use besides alcohol 
using a rapid urine test, resulting in six participants being excluded (cannabis n = 4, 
benzodiazepine and cocaine n = 1, cocaine and XTC n = 1). Two additional participants 
were excluded because they fell asleep during the social alcohol cue-exposure task. 
No participants exceeded the motion threshold of > 3mm maximum framewise 
displacement (calculated with fMRIprep in preprocessing steps) for exclusion. The final 
baseline sample consisted of 51 adolescents and 53 adults of which 38 adolescents (75%) 
and 47 adults (89%) completed the online follow-up (M = 30 months and  
SD = 3.2 months). Participants were all contacted to complete the follow- up on the 
same day via email. The ethics committee of the University of Amsterdam Faculty 
of Social and Behavioral Sciences (2018-DP-8730) approved all protocols, and all 
participants gave voluntary informed consent before baseline and follow-up testing. 
Participants received 35 euro for completing the baseline session and a 10 euro voucher 
for completing the follow-up survey. The authors assert that all procedures contributing 
to this work comply with the ethical standards of the relevant national and institutional 
committees on human experimentation and with the Helsinki Declaration of 1975, as 
revised in 2008.

Social Alcohol Cue-Exposure Task
The social alcohol cue-exposure (SACE) task was adapted from Groefsema et al.22 
Participants were shown non-social beer (NB), social beer (SB), non-social soda (NS), 
and social soda (SS) images. The social images depicted two or more interacting young 
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adult men and/or women drinking either beer or soda. The non-social images depicted 
beer or soda on a table. The beer and soda images were closely matched on composition 
within the social and non-social categories. The task was structured into four epochs 
(Figure 1) that each contained four blocks with a six second fixation cross between each 
block. Each block contained five four-second stimuli from the same condition. In total, 
80 stimuli were presented during the eight-minute task in a fixed order. Participants 
were instructed to imagine themselves in the situation presented in each image. No 
response was required and an eye-tracker was used to monitor wakefulness. Current 
craving for beer and soda was rated before and after the task on visual analogue scales 
ranging from not at all (0) to very much (100).

Figure 1. Schematic overview of Social Alcohol Cue Exposure (SACE) paradigm

Questionnaire Assessments
The 14-item social attunement questionnaire26 was administered at baseline to assess 
the extent to which individuals harmonize oneself and one’s behavior with their social 
environment (Appendix 2). Participants responded with a Likert scale from 1 = strongly 
disagree to 7 = strongly agree.
 The Mini International Neuropsychiatric Interview (MINI)27 was administered to 
assess AUD symptoms at baseline (interview) and follow-up (online). Recent alcohol 
consumption (total standard drinks) was assessed over the past 14-days with the 
timeline follow back (TLFB)28 at baseline and follow-up. An additional substance use 
history questionnaire assessed age of first drink, first binge, and first drunk episode, 
number of past-year binge-drinking episodes, average number of drinking days per 
month, lifetime illicit substance use, lifetime cannabis use at baseline, lifetime history of 
cigarette use (yes/no), and days of cigarette use in the past year. Self-reported motives 
for alcohol use (social, coping, enhancement, and conformity) were assessed with the 
20-item Drinking Motives Questionnaire-revised (DMQ-r)29 at baseline and follow-up. 
The DSM5 self-rated level 1 cross-cutting symptom checklist (DSM5-CCSM)30 was 
administered to assess mental well-being across disorders in the previous six months at 
baseline and follow-up.
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Neuroimaging Data Collection and Preprocessing
Anatomical and functional MRI scans were collected at baseline using a 3T Philips 
Achieva MRI scanner with a 32-channel SENSE head coil. For registration purposes, an 
anatomical T1 scan was acquired (TR/TE = 8.5/3.8ms, FOV = 188×240×220 mm3, voxel 
size = 1x1x1 mm3, flip angle = 8°). Blood-oxygen-level-dependent signal was measured 
with a T2* gradient-echo planar imaging sequence during the SACE task (TR/TE = 
2000/28ms, FOV = 180x240x240 mm3, voxel size = 3x3x3 mm3, interslice gap = 0.3mm, 
flip angle = 76.1°). The fMRIprep pipeline was used for data preprocessing (see Appendix 
2 for details of the settings). The data was skull-stripped, spatially smoothed, motion 
corrected using ICA-AROMA (non- aggressive), and high pass filtered (100s; in FSL 
first level model).

Data Analysis
Behavioral Data
Task-induced beer craving was calculated by subtracting pre-task from post-task 
craving. Change in recent alcohol consumption (TLFB) and alcohol use problem 
severity (AUD symptoms) was calculated by subtracting baseline from follow-up 
scores. Age differences in these scores, alcohol and substance use history variables, 
and drinking motives were examined with independent samples t-tests or Mann-
Whitney U-tests when the assumption of normality was violated. A Chi square test was 
conducted to examine differences age differences in lifetime cigarette use. A repeated 
measures analysis of variance (ANOVA) was conducted to examine whether beer 
craving increased from pre- to post-task, and whether this effect differed by age group. 
Differences in baseline sample characteristics between participants who did and did 
not drop out at follow-up were examined with Welch’s t-tests. All behavioral and ROI 
analyses were conducted in JASP v0.15.31

fMRI Data
Subject-level analyses were performed with FMRI Expert Analysis Tool (FEAT), part 
of FMRIB Software Library version 6.0.32 Functional images were entered into a general 
linear model with a regressor for each condition (SB, SS, NB, NS). Regressors were 
convolved with a Double-Gamma hemodynamic response function. The interaction 
contrast [(SB > SS) > (NB > NS)] was calculated per subject to examine the interaction 
between social context and drink type. This contrast isolates activity to social beer 
pictures (versus social soda pictures) compared to non-social alcohol pictures (versus 
non-social soda pictures).
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ROI Analyses
Mean activity in the NAcc, dACC, and right mPFC was extracted for the [(SB > SS) 
> (NB > NS)] contrast. In line with a recent meta-analysis,8 spherical masks (10mm 
diameter) were created based on the MNI coordinates of the voxels with the highest 
activation for AUD patients compared to healthy controls in the right mPFC (MNI: 12, 
62, 0) and dACC (MNI: 0, 2, 34). For the NAcc, binarized lateral masks were created 
with a high-resolution probabilistic subcortical atlas33 with a threshold of 0.3 for voxel 
inclusion.
 To address aim one, independent sample t-tests were conducted to compare mean 
social alcohol cue-reactivity between adolescents and adults for each ROI. To address 
aim two, a multiple regression analysis was conducted for each ROI to examine the 
association of social cue-reactivity with social attunement, recent alcohol consumption, 
AUD symptoms, and task-induced craving at baseline as well as moderated regression 
analyses with age as the moderator in these associations. To address aim three, multiple 
regression models were computed with recent alcohol consumption and AUD symptom 
difference scores as the dependent variables separately with age and social alcohol 
cue-reactivity in the ROIs as the predictors. Social attunement, task-induced craving, 
and their two- and three-way interactions with age and social alcohol cue-reactivity 
were added as additional predictors. Bootstrapped (5000 samples) coefficients and 
confidence intervals are reported. Holm-Bonferroni corrections were applied to control 
for multiple comparisons using a family-wise approach for each ROI.34 Only results that 
survive this correction are reported.

Whole Brain Analyses
Exploratory whole-brain voxel-wise analyses were conducted with FEAT FLAME 1 
mixed effects analyses for the contrast reflecting social alcohol cue-reactivity [(SB > SS) 
> (NB > NS)]. To address aim one, an unpaired two-group difference analysis was 
conducted to compare mean social alcohol cue-reactivity of the adolescents and adults. 
To address aim two, higher-level regression models were calculated to examine the 
association between social alcohol cue-reactivity and social attunement, recent alcohol 
consumption, AUD symptoms, and task-induced craving at baseline. Next, a higher-
level interaction contrast was computed for each predictor to compare the slopes of 
these associations between adolescents and adults. Using a similar approach for aim 
three, recent alcohol consumption, and AUD symptom difference scores were used 
in the simple regression and moderated regression analyses. Predictors were mean-
centered and added to the models as separate regressors per age group for each analysis. 
Automatic outlier de-weighting was applied in FSL. Cluster-wise multiple comparison 
correction was applied at Z-threshold of 2.3 and a cluster-p significance threshold 
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of .05. Mean peak activity for significant clusters were extracted and visualized for 
interpretation of the interaction effects.

Results

Sample Characteristics
Adolescents and adults were well-matched on all alcohol-related measures except that 
adolescents consumed significantly more drinks per use episode compared to adults 
(Mdnadol = 6.0, Mdnadult = 4.6; U = 1700.5, p = .02; Table 1). While lifetime cigarette use 
did not differ between the age groups (X2 (1, N = 100) = 3.001, p = 0.08), adolescents 
reported more days of cigarette use in the past year (Mdnadol = 30.0) compared to 
adults (Mdnadult = 0.5, U = 953.0, p = .005). Compared to adults, adolescents also 
reported more mental health symptoms (Mdnadol = 12.1, Mdnadult = 8.6, U=1695.5, p = 
.03) and fewer lifetime use episodes of illicit substances (Mdnadol = 6.0, Mdnadult = 4.6; 
U = 1700.5, p = .02).
 From baseline to follow-up, adolescents reported an escalation of recent alcohol 
consumption (Mdnadol = 9.0 standard drinks) and AUD symptoms (Madol = 0.8 
symptoms), while adults reported a reduction in consumption (Mdnadult = - 6.9 standard 
drinks; W = 1306.5, p < .001) and symptoms (Madult = - 0.4 symptoms; W = 1214.5, 
p = .003). More adolescents dropped out (25%) compared to adults (11%). Drop outs 
compared to non-drop outs reported significantly more AUD symptoms (t(21.7) = 
2.47, p = .02) and higher enhancement motives (t(25.3) = 2.61, p = .015), but did not 
differ on any other sample characteristic measure at baseline (Table 2). Regardless 
of age, participants reported a significant increase in craving from pre- to post-task 
(Mpre = 20.39, Mpost = 24.16, F(1,101) = 45.05, p < .001).
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Table 1. Sample Characteristics

Adolescents Adults

Median MAD Range Median MAD Range

Age 17 1 16–18 31 1 29–35

Alcohol use measures

AUD symptom count 2 1 0–9 1 1 0–8

Days of use (month) 5 3 0–25 8 4 0–30

# Drinks in past 2 weeks (standard units) 19 17 0–134 24 17 0–198

Drinks per use episode (standard units)* 4 2 1–25 3 1 1–15

Age at first drink 15 1 11–17 14 1 10–20

Age at first binge 16 1 13–18 16 1 13–23

Age at first drunk 16 1 13–17 15.5 0.5 13–24

Past-year binge drinking (episodes) 25 20 0–180 12 12 0–200

Craving (beer)**

Pre-task 23 6 3–46 21 9 0–44

Post-task 27 6 2–50 25 8 0–42

Drinking Motives

Social 17 3 7–25 13 4 6–24

Conformity 6 1 5–18 6 1 5–16

Enhancement 15 3 5–22 12 3 6–23

Coping 6 1 5–19 6 1 5–15

Lifetime  illicit substance use (episodes)* 0 0 0–300 6 0 0–278

Lifetime cannabis use (episodes) 6 6 0–120 5 5 0–1000

DSM 5 Cross Cutting Symptoms (count)* 10 4 1–40 6 2 1–23

Note. MAD = Median Absolute Deviation; *Significant group difference p < 0.05; **Significant increase from pre- to 
post-task p < 0.05. Differences based on independent samples t-tests or Mann-Whitney U-tests when the normality 
assumption was violated.
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Table 2. Baseline characteristics of follow-up responders and non-responders

Completed (N = 85) Drop outs (N = 19)

Median MAD Range Median MAD Range

Alcohol use measures

AUD symptom count 1 1 0–8 3 2 0–9

Days of use (month) 6 4 0–30 5 3.5 1–20

# Drinks in past 2 weeks (standard units) 21 17.1 0–198 19 17 0–112

Drinks per use episode (standard units)* 4 2 1–25 5 3 1–16

Age at first drink 14 1 10–20 14 1 11–17

Age at first binge 16 1 13–23 15 1 14–19

Age at first drunk 16 1 13–21 15 1 14–24

Past-year binge drinking (episodes) 20.5 18.5 0–200 40 34 0–180

Craving (beer)

Pre-task 21 8 0–46 28 3 5–36

Post-task 25 7.5 0–50 27 6 2–40

Drinking Motives

Social 16 4 6–25 17 2 11–24

Conformity 6 1 5–18 5 0 5–12

Enhancement 13 3 5–21 17 4 8–23

Coping 6 1 5–19 6 1 5–15

Lifetime illicit substance use (episodes)* 0 0 0–278 2 2 0–300

Lifetime cannabis use (episodes) 5 5 0–600 7 7 0–1000

DSM 5 Cross Cutting Symptoms (count)* 8 3 1–40 11 6 2–32

Note. Welch’s t-test conducted to compare baseline characteristics of participants who completed the follow-up survey 
versus those that dropped out. AUD = Alcohol Use Disorder; * Significant group difference p < 0.05.

ROI Analyses
Main Effect of Age Group
Adolescents did not show higher social alcohol cue-reactivity in the right mPFC, 
lateralized NAcc, and dACC compared to adults. In the exploratory whole-brain 
analysis, adults showed higher social alcohol cue-reactivity compared to adolescents 
in the parahippocampal gyrus, inferior temporal gyrus, temporal fusiform cortex, and 
lateral occipital cortex (Figure 2a; Table 3).
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Main Effects of Drinking Measures and Social Attunement
In the full sample, ROI and whole-brain social alcohol cue-reactivity did not 
significantly relate to recent alcohol consumption, AUD symptoms, task-induced 
craving, or social attunement at baseline (Table 4). Furthermore, ROI and whole-brain 
social alcohol cue- reactivity did not significantly predict changes in either alcohol 
consumption or AUD symptoms (Table 5).

Interaction Effects of Age and Drinking Measures
Age significantly moderated the associations between social attunement (SAQ) and 
social alcohol cue-reactivity in the right mPFC, but not in the NAcc of dACC (Table 
6). As expected, adolescents exhibited a positive association between social alcohol 
cue-reactivity and social attunement in the mPFC, while adults exhibited a negative 
association ( = -1.21, CI [-2.05, -0.3] t(103) = -3.12, p = .002; Figure 3). A post-hoc 
sensitivity analysis, adding social and conformity drinking motives to the model, showed 
that the interaction remained significant suggesting this effect was not guided by social 
drinking or conformity behavior (= -1.23, CI [- 2.1, -0.3], t(103) = -3.02, p = .003). Age 
did not significantly moderate the associations between ROI social cue-reactivity and 
recent alcohol consumption, AUD symptoms, or task-induced craving.
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Figure 3. Significant interaction 
between age and social attune-
ment tendencies in social 
alcohol compared to non-
social alcohol cue-reactivity in 
the right mPFC. Data points 
represent the mean parameter 
estimates for the social alcohol 
cue activity contrast (SB > SS) > 
(NB > NS) in the mPFC for each 
participant. Values above zero 
on the y-axis indicate higher 
activity to social compared 
to non- social alcohol cues. 
Values below zero on the y-axis 
indicates higher activity to non-
social alcohol cues compared to 
social alcohol cues.
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Table 3. Significant clusters from whole-brain exploratory analyses

MNI Coordinates

Cluster 
size 
(voxels)

Brain region Hemisphere x y z Zmax

Comparison of mean activity

Adults > Adolescents 3134 Parahippocampal Gyrus, 
inferior Temporal Gyrus, 
Temporal Fusiform Cortex, 
Lateral Occipital Cortex*

L -38 -44 -24 4.37

Adolescents > Adults – – – – – – –

Age X Covariate Interactions

Adults > Adolescents

TLFB total drinks 1246 Superior frontal gyrus,  
Middle frontal gyrus, Frontal 
pole

– – – – –

TLFB total drinks Task-
induced craving

3262 Lateral Occipital Cortex, 
Planum Temporale, Temporal 
Occipital Fusiform Cortex, 
Superior Parietal Lobule, 
Angular Gyrus, Lingual 
Gyrus, Intracalcerine Cortex*

R 36 -68 10 4.4

SAQ – – – – – – –

AUD symptoms – – – – – – –

Change in TLFB – – – – – – –

Adolescents > Adults 

TLFB total drinks – – – – – – –

Task-induced craving – – – – – – –

SAQ 1344 Inferior Temporal Gyrus, 
Middle Temporal Gyrus

L -58 -54 -14 3.76

MINI AUD symptoms – – – – – –

Change in MINI – – – – – –

Change in TLFB – – – – – –

Note: Whole brain exploratory analyses results. Cluster threshold Z = 2.3, p < .05; TLFB timeline followback 14days.
Abbreviation: AUD, alcohol use disorder; SAQ, social attunement questionnaire. *A portion of the cluster survives at 
the stricter cluster threshold Z = 3.1,p < .05.
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Table 4. Simple regression results for baseline associations with ROI activity

β SE (B) 95%CI t p

mPFC

TLFB -0.02 0.04 -0.10–0.06 -0.36 0.72

MINI -0.47 0.71 -1.83–0.93 -0.61 0.54

Craving -0.03 0.03 -0.09–0.03 -1.10 0.28

SAQ 0.00 0.22 -0.44–0.45 0.01 0.99

rNAcc

TLFB 0.01 0.03 -0.06–0.07 0.37 0.71

MINI -1.07 0.71 -2.57–0.24 -1.68 0.10

Craving 0.00 0.03 -0.06–0.06 0.08 0.94

SAQ -0.26 0.18 -0.64–0.07 -1.60 0.11

LNAcc p

TLFB 0.03 0.03 -0.03–0.09 0.74 0.46

MINI -0.65 0.57 -1.69–0.55 -1.02 0.31

Craving -0.02 0.02 -0.07–0.02 -0.97 0.34

SAQ -0.12 0.18 -0.51–0.21 -0.79 0.43

dACC

TLFB -0.04 0.09 -0.21–0.14 -0.40 0.69

MINI -0.74 1.53 -3.67–2.41 -0.46 0.65

Craving -0.03 0.04 -0.11–0.06 -0.59 0.56

SAQ 0.02 0.53 -0.94–1.15 0.03 0.98

Note: mPFC = medial prefrontal cortex; rNAcc = right nucleus accumbens, LNAcc = left nucleus accumbens; dACC 
= dorsal anterior cingulate cortex; TLFB: Alcohol use in past two weeks (standard drinks); MINI = AUD Symptom 
Severity; SAQ = Social Attunement Questionnaire
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Table 5. Simple regressions predicting change in drinking at follow-up with ROI activity, alcohol 
measures, and social attunement

β SE (B) 95%CI t p

FB Difference Score

Social Alcohol cue-reactivity

mPFC 0.05 0.19 -0.35–0.40 0.24 0.81

rNAcc -0.48 0.33 -1.19–0.1 -1.73 0.09

lNAcc -0.24 0.26 -0.78–0.25 -0.82 0.42

dACC -0.07 0.16 -0.38–0.24 -0.57 0.57

MINI -1.35 3.57 -8.07–6.06 -0.64 0.52

Craving 0.06 0.05 -0.02–0.17 0.99 0.33

SAQ 0.23 0.48 -0.74–1.14 0.51 0.61

MINI Difference Score

Social Alcohol cue-reactivity

mPFC 0.00 0.01 -0.02–0.03 0.12 0.91

rNAcc 0.01 0.01 -0.01–0.04 0.74 0.46

lNAcc 0.02 0.01 0–0.05 1.50 0.14

dACC 0.00 0.01 -0.01–0.01 -0.40 0.69

TLFB 0.01 0.01 0–0.02 1.03 0.31

Craving 0.00 0.00 0–0.01 0.50 0.62

SAQ 0.04 0.02 0–.09 1.78 0.08

Note: mPFC = medial prefrontal cortex; rNAcc = right nucleus accumbens, LNAcc = left nucleus accumbens;  
dACC = dorsal anterior cingulate cortex; TLFB: Alcohol use in past two weeks (standard drinks); MINI = AUD 
Symptom Severity; SAQ = Social Attunement Questionnaire; Craving: Task-induced craving
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Table 6. Moderated regression results for ROI

Model β SE (B) 95%CI t p F-test

mPFC

Intercept -3.71 2.46 -8.55–1.13 -1.72 0.09 F(3,100) = .53, R2 = .02, p = .663

TLFB -0.07 0.07 -0.19–0.08 -1.03 0.31

Age 1.77 3.06 -3.97–7.90 0.64 0.53

Age*TLFB 0.09 0.08 -0.08–0.22 1.03 0.31

mPFC

Intercept -3.48 2.52 8.39–1.56 -1.59 0.12 F(3,100) = .27, R2 = .008, p = .85

MINI -0.66 1.13 2.81–1.68 -0.64 0.53

Age 1.57 3.17 4.32–7.84 0.55 0.59

Age*MINI 0.50 1.49 2.59–3.24 0.36 0.72

mPFC

Intercept -3.81 2.47 8.46–1.08 -1.79 0.08 F(3,100) = 2.29, R2 = .06, p = .083

Craving 0.03 0.05 0.07–0.11 0.82 0.42

Age 1.49 3.01 4.35–7.41 0.52 0.61

Age*Craving -0.11 0.05 0.22–-0.01 -2.31 0.02

mPFC

Intercept -4.42 2.41 8.87–0.69 -2.06 0.04 F(3,100) = 3.39, R2 = .09, p = .021

SAQ 0.71 0.37 0.07–1.41 2.41 0.02

Age 2.18 2.98 3.73–7.80 0.71 0.48

Age*SAQ -1.21 0.44 2.04–0.31 -3.12 0.002

rNAcc

Intercept -2.22 2.17 6.91–1.62 -1.24 0.22 F(3,100) = 1.23, R2 = .04, p = .303

TLFB -0.05 0.07 0.21–0.08 -0.85 0.40

Age 3.41 2.69 1.78–8.82 1.29 0.20

Age*TLFB 0.11 0.08 0.04–0.27 1.39 0.17

rNAcc

Intercept -1.66 2.01 6.03–1.89 -0.94 0.35 F(3,100) = 2.44, R2 = .07, p = .069

MINI -2.21 1.16 4.24–0.39 -2.36 0.02

Age 2.84 2.52 1.91–8.06 1.11 0.27

Age*MINI 2.39 1.35 0.49–4.83 1.79 0.08

rNAcc

Intercept -2.35 2.16 6.87–1.49 -1.30 0.20 F(3,100) = 1.29, R2 = .008, p = .28

Craving 0.03 0.04 0.06–0.11 1.15 0.25
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Model β SE (B) 95%CI t p F-test

Age 3.47 2.67 2.00–8.55 1.29 0.20

Age*Craving -0.06 0.06 0.18–0.04 -1.47 0.15

rNAcc

Intercept -2.22 2.11 6.59–1.78 -1.21 0.23 F(3,100) = 1.78, R2 = .02, p = .155

SAQ 0.01 0.30 0.68–0.50 -0.03 0.98

Age 2.99 2.59 2.17–7.92 1.14 0.26

Age*SAQ -0.43 0.37 1.10–0.35 -1.24 0.22

LNAcc

Intercept -0.64 1.82 4.37–2.74 -0.36 0.72 F(3,100) = .26, R2 = .01, p =.855

TLFB 0.01 0.06 0.10–0.12 0.14 0.89

Age 0.65 2.52 4.32–5.52 0.23 0.82

Age*TLFB 0.03 0.07 0.10–0.17 0.42 0.67

LNAcc

Intercept -0.26 0.12 4.24–3.01 -0.22 0.83 F(3,100) = .52, R2 = .02, p =.672

MINI -1.08 0.05 2.59–0.80 -1.20 0.23

Age 0.20 -0.14 4.38–5.55 0.12 0.90

Age*MINI 0.84 -0.09 1.45–3.17 0.71 0.48

LNAcc

Intercept -0.62 1.76 4.33–2.70 -0.37 0.71 F(3,100) = .75, R2 = .02, p =.522

Craving 0.01 0.03 0.07–0.06 0.10 0.92

Age 0.41 2.45 4.28–5.35 0.15 0.88

Age*Craving -0.05 0.04 0.13–0.04 -1.14 0.26

LNAcc

Intercept -0.78 1.82 4.55–2.63 -0.46 0.65 F(3,100) = 1.01, R2 = .03, p = .353

SAQ 0.18 0.26 0.34–0.68 0.72 0.47

Age 0.42 2.49 4.27–5.39 0.19 0.85

Age*SAQ -0.52 0.36 1.29–0.15 -1.62 0.11

dACC

Intercept -6.61 4.29 15.63–1.05 -1.47 0.14 F(3,100) = 0.23, R2 = .01, p = .875

TLFB -0.06 0.11 0.31–0.12 -0.44 0.66

Age 4.46 6.42 8.47–16.73 0.70 0.49

Age*TLFB 0.03 0.18 0.30–0.40 0.23 0.82
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Model β SE (B) 95%CI t p F-test

dACC

Intercept -6.28 4.29 15.46–1.48 -1.41 0.16 F(3,100) = 0.21, R2 = .01, p = .889

MINI -0.73 2.16 5.77–2.99 -0.36 0.72

Age 4.12 6.35 8.65–16.36 0.64 0.53

Age*MINI 0.41 3.26 5.53–7.44 0.13 0.90

dACC

Intercept -6.32 4.26 15.46–1.19 -1.42 0.16 F(3,100) = 0.26, R2 = .01, p = .856

Craving -0.03 0.07 0.16–0.10 -0.49 0.62

Age 4.35 6.16 8.12–15.91 0.64 0.53

Age*Craving 0.02 0.09 0.16–0.21 0.16 0.87

dACC

Intercept -6.41 4.17 15.8–0.74 -1.47 0.14 F(3,100) = 0.17, R2 = .01, p = .916

SAQ 0.14 0.80 1.52–1.66 0.20 0.84

Age 4.33 6.06 7.22–16.48 0.70 0.49

Age*SAQ -0.20 1.10 2.04–2.28 -0.17 0.87

Note: mPFC = medial prefrontal cortex; rNAcc = right nucleus accumbens, LNAcc = left nucleus accumbens;  
dACC = dorsal anterior cingulate cortex; TLFB: Alcohol use in past two weeks (standard drinks); MINI = AUD 
Symptom Severity; SAQ = Social Attunement Questionnaire; Craving: Task- induced craving

In whole-brain exploratory analyses, significant age interactions emerged for 
recent alcohol consumption, task-induced craving, and social attunement (Table 3). 
Adolescents who consumed more alcohol and had higher craving showed relatively 
higher non-social alcohol cue-reactivity in the superior frontal gyrus, middle frontal 
gyrus, and frontal pole (Figure 2b) and clusters in the occipital and parietal regions, 
respectively (Figure 2c). The opposite was observed in adults, with those reporting more 
alcohol consumption and higher craving showing relatively higher social alcohol cues-
reactivity. In contrast, adolescents reporting higher social attunement showed stronger 
social alcohol cue-reactivity in the middle temporal gyrus (MTG) and inferior temporal 
gyrus (ITG), while the reverse pattern was observed in adults (Figure 2d). These results 
remained significant when excluding outliers (+-3SD of the mean). The recent alcohol 
consumption and social attunement effects did not hold when using a stricter cluster 
threshold of Z = 3.1.
 Significant age interactions emerged only for social attunement in predicting 
changes in recent alcohol consumption and AUD symptoms (Table 7). Adolescents  
with higher social attunement scores escalated drinking, while adults with higher  
social attunement scores reduced drinking ( = -2.74, CI[-4.12, -1.54], t(103) = -3.41,  
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p = .001; Figure 4a). This effect remained significant even when including baseline AUD 
symptoms, and social and conformity drinking motives ( = -2.44, CI[-3.83, -1.43], 
t(103) = -3.11, p = .003), and when excluding outliers (+-3SD of the mean). In parallel, 
adolescents with higher social attunement reported an increase in AUD symptoms, 
while adults with higher social attunement reported a decrease (= -0.12, CI[-0.21, 
-0.05], t(103) = -3.05, p = .003; Figure 4b). This effect remained significant even when 
including baseline alcohol consumption, and social and conformity drinking motives 
( = -0.13, CI[-0.21, -0.05], t(103) = -3.06, p = .003). Social alcohol cue-reactivity in the 
ROIs and task-induced craving did not predict changes in recent alcohol consumption or 
AUD symptoms. Whole brain analyses revealed no age-related differences in the 
associations between social alcohol cue-reactivity and changes in alcohol consumption 
and AUD symptoms.

Figure 4. A – Significant interaction between social attunement tendencies and age in changes 
in recent alcohol use from baseline to follow-up. B - Significant interaction between social 
attunement tendencies and age in changes in AUD symptoms baseline to follow-up.
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Table 7. Moderated regressions predicting change in alcohol use quantity at follow-up

Model β SE (B) 95%CI t p F-test

TLFB Difference Score

Intercept 13.53 4.99 5.39–25.32 2.64 0.01 F(3,81) = 5.30, R2 = .16, p = .002

Craving 0.04 0.09 -0.10–0.23 0.45 0.65

Age 25.96 6.63 -40.28–-14.23 -3.78 < .001

Age*Craving -0.05 0.09 -0.24–0.13 -0.36 0.72

Intercept 12.24 4.70 5.65–25.49 2.69 0.01 F(3,81) = 9.85, R2 = .27, p < .001

SAQ 1.50 0.44 0.59–2.31 2.48 0.02

Age 26.32 6.40 -42.38–-16.48 -4.23 < .001

Age*SAQ -2.74 0.65 -4.12–-1.54 -3.41 0.001

Intercept 14.11 5.10 6.19–26.65 2.87 0.01 F(3,81) = 5.33, R2 = .17, p = .002

mPFC 0.13 0.23 -0.28–0.60 0.53 0.60

Age 26.22 6.68 -42.4–-15.49 -3.96 < .001

Age*mPFC -0.15 0.40 -1.03–0.57 -0.37 0.71

Intercept 14.07 4.84 6.09–25.99 2.96 0.004 F(3,81) = 7.35, R2 = .21, p < .001

rNAcc -0.75 0.41 -1.71–-0.03 -2.30 0.02

Age 26.39 6.41 -41.41–-15.63 -4.09 < .001

Age*rNAcc 0.84 0.54 -0.14–2.07 1.61 0.11

Intercept 14.10 4.95 6.20–26.66 2.89 0.01 F(3,81) = 5.65, R2 = .17, p = .001

lNAcc -0.37 0.34 -1.08–0.26 -1.03 0.31

Age 26.03 6.60 -42.25–-15.31 -3.99 < .001

Age*lNAcc 0.30 0.47 -0.62–1.26 0.56 0.58

Intercept 13.41 4.81 5.72–25.70 2.74 0.01 F(3,81) = 5.89, R2 = .18, p = .001

dACC -0.15 0.15 -0.42–0.18 -0.91 0.37

Age 26.07 6.28 -41.53–-16.41 -3.96 < .001

Age*dACC 0.28 0.28 -0.30–0.81 1.30 0.20
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Model β SE (B) 95%CI t p F-test

Intercept 13.70- 5.57 5.38–27.52 2.81 0.01 F(6,78) = 6.33, R2 = .33, p < .001

Age 28.06 7.12 -47.85–-18.19 -4.01 < .001

SAQ 1.64 0.45 0.86–2.64 2.78 0.01

MINI -0.39 3.50 -7.04 - 6.84 -0.22 0.83

DMQR_Social -3.39 1.24 -1.71 - 1.01 -2.30 0.02

DMQR_Conformity -0.18 0.68 -6.96 - -1.60 -0.28 0.78

Age*SAQ -2.44 0.60 -3.83 - -1.43 -3.11 0.003

Note: mPFC = medial prefrontal cortex; rNAcc = right nucleus accumbens, LNAcc = left nucleus accumbens;  
dACC = dorsal anterior cingulate cortex; TLFB: Alcohol use in past two weeks (standard drinks); MINI = AUD 
Symptom Severity; SAQ = Social Attunement Questionnaire; Craving: Task-induced craving

Table 8. Moderated regressions predicting change in alcohol use disorder symptoms at follow-up

Model β SE (B) 95%CI t p F-test

MINI Difference Score

Intercept 0.78 0.31 0.22–1.46 3.02 0.003 F(3,81) = 4.36, R2 = .14, p = .007

Craving 0.00 0.01 -0.01–0.01 0.08 0.94

Age -1.23 0.36 -1.94–-0.54 -3.53 < .001

Age*Craving 0.00 0.01 -0.02–0.01 -0.26 0.79

Intercept 0.67 0.28 0.19–1.27 2.89 0.01 F(3,81) = 8.65, R2 = .24, p < .001

SAQ 0.10 0.03 0.04–0.17 3.19 0.002

Age -1.14 0.33 -1.84–-0.53 -3.60 < .001

Age*SAQ -0.12 0.04 -0.21–-0.05 -3.05 0.003

Intercept 0.80 0.31 0.22–1.44 3.16 0.002 F(3,81) = 4.54, R2 = .14, p = .005

mPFC 0.01 0.01 -0.02–0.04 0.63 0.53

Age -1.21 0.36 -1.94–-0.53 -3.59 < .001

Age*mPFC -0.02 0.02 -0.06–0.03 -0.73 0.47

Intercept 0.79 0.31 0.25–1.45 3.17 0.00 F(3,81) = 4.76, R2 = .15, p = .004

rNAcc 0.01 0.02 -0.02–0.05 0.58 0.57

Age -1.25 0.35 -1.95–-0.59 -3.69 < .001

Age*rNAcc 0.01 0.02 -0.04–0.06 0.35 0.73
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Model β SE (B) 95%CI t p F-test

Intercept 0.80 0.30 0.24–1.42 3.19 0.002 F(3,81) = 5.34, R2 = .17, p = .002

lNAcc 0.02 0.02 -0.02–0.06 1.35 0.18

Age -1.23 0.35 -1.91–-0.55 -3.66 < .001

Age*lNAcc -0.01 0.03 -0.05–0.04 -0.22 0.83

Intercept 0.77 0.31 0.25–1.44 3.09 0.003 F(3,81) = 4.42, R2 = .14, p = .006

dACC 0.00 0.01 -0.02–0.02 -0.24 0.82

Age -1.22 0.35 -1.97–-0.59 -3.59 < .001

Age*dACC 0.01 0.01 -0.02–0.03 0.48 0.63

Intercept 0.68 0.27 0.19–1.24 2.75 0.01 F(6,78) = 4.62, R2 = .26, p < .001

Age -1.12 0.34 -1.86–-0.51 -3.25 0.002

SAQ 0.10 0.03 0.04–0.17 2.98 0.004

TLFB 0.01 0.01 0–0.02 1.06 0.29

DMQR_Social 0.01 0.04 -0.06–0.11 0.29 0.77

DMQR_Conformity 0.03 0.08 -0.08–0.23 0.29 0.77

Age*SAQ -0.13 0.04 -0.21–-0.05 -3.06 0.003

Note: mPFC = medial prefrontal cortex; rNAcc = right nucleus accumbens, LNAcc = left nucleus accumbens;  
dACC = dorsal anterior cingulate cortex; TLFB: Alcohol use in past two weeks (standard drinks); MINI = AUD 
Symptom Severity; SAQ = Social Attunement Questionnaire; Craving: Task-induced craving

Discussion

The aim of this prospective study was to investigate the moderating role of age in 
social alcohol cue-reactivity and its relationship with addiction markers in a sample of 
adolescent and adult drinkers. As hypothesized, age moderated the associations of social 
alcohol cue-reactivity with recent alcohol consumption, craving, and social attunement. 
Furthermore, while stronger social attunement tendencies predicted the escalation of 
use and AUD symptoms in adolescents, they predicted a reduction of use and symptoms 
in adults. These findings highlight the importance of social attunement tendencies 
as both a risk and protective factor for alcohol use across development, as well as the 
added value of investigating alcohol cue-reactivity in social versus non-social contexts 
in order to better understand the neural mechanisms of alcohol use problems in 
adolescents and adults.
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In contrast to meta-analytic results of studies on general alcohol cue-reactivity in 
heavy drinkers and AUD patients,8,11 we did not observe associations between alcohol 
use measures and social alcohol cue-reactivity in the right mPFC, NAcc, or dACC. 
However, social alcohol cue-reactivity in the mPFC was positively associated with social 
attunement in adolescents and negatively associated in adults. The same effects were 
seen in the ITG and MTG – regions involved in face perception and recognition,35 
suggesting basic sensory processing of the social alcohol stimuli may differ based 
on social attunement tendencies in a developmentally sensitive way. However, these 
clusters did not survive a stricter multiple comparison threshold (Z = 3.1) and should 
be interpreted with caution until replicated. While social alcohol cue-reactivity was 
not a significant predictor of change in use over time, social attunement did predict 
escalation of use and problems in adolescents and reduction of use and problems in 
adults. Taken together, these finding support the social plasticity theory of adolescent risk 
and resilience to addiction,21 which argues that developmentally normative heightened 
sensitivity to social rewards during adolescence contributes to heavy alcohol use in 
adolescents when it is a socially normative behavior. When heavy drinking becomes 
less socially valuable in adulthood, individuals with higher social attunement are more 
likely to reduce their use to align with their social environment. Longitudinal studies 
that capture the full transition from adolescence to adulthood are needed to examine 
whether high social attunement first puts an adolescent at risk for alcohol problems, 
while becoming a protective factor in the same individual in adulthood. Importantly, 
research investigating developmental trajectories of social attunement is also critical. 
Preliminarily, social attunement appeared stable over two to three years, with a post- 
hoc exploratory analysis revealing a strong correlation between SAQ scores at baseline 
and follow-up (ρ = 0.618, p < .001).
 Additional age-related differences emerged in exploratory clusters spanning 
the frontal, occipital, and parietal cortices in the association between social alcohol 
cue-reactivity and recent alcohol consumption and craving – traditional markers 
of drinking severity. In contrast to our hypotheses, higher craving and higher 
consumption were associated with relatively higher non-social alcohol cue-reactivity 
in adolescents and relatively higher social alcohol cue- reactivity in adults in regions 
known to respond to alcohol cues in AUD patients including the superior frontal gyrus, 
angular gyrus, lingual gyrus, and superior parietal lobule.8 An important caveat is that 
the differential association between superior and middle frontal gyrus and frontal pole 
activity and alcohol consumption (TLFB) did not survive a stricter multiple comparison 
threshold (Z = 3.1), which has become standard in the field to avoid false positives. 
As such, we interpret them with caution. However, the differential associations with 
craving between adolescents and adults in the angular and lingual gyrus, and occipital 
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and parietal cortical regions do survive this more robust correction. Associations 
between non-social alcohol cue- reactivity in these regions and drinking measures 
in the adolescent group show that non-social cue-reactivity likely plays a role in 
adolescent drinking and is in line with previous studies of at-risk and heavy drinking 
adolescents.36,37 These findings also highlight that adding social context to alcohol 
cue-reactivity may have added value in understanding the neural mechanisms of heavy 
and problematic drinking in adults, which has typically been considered more associated 
with coping and enhancement motives.38,39

 In the only previous study to use the SACE paradigm, Groefsema et al. did not 
find increased activation in reward-related regions.22 Instead they observed social 
alcohol cue- reactivity in the superior temporal sulcus (STS) and inferiorparietal lobule 
(IPL), regions that have previously been linked to craving and social cognition.40,41 
Minor differences in the task design (active vs. passive) and sample populations (young 
adults 18–25 versus adolescents 16–18 and adults 30–35) may explain why we did not 
observe activity in the same regions. However, combining the results of both studies, 
the findings highlight the importance of expanding focus outside of standard addiction-
related ROIs, especially in the adolescent context given the lack of adolescent samples 
included in recent meta-analyses.8,11 Furthermore, Groefsema et al. did not observe 
associations between social cue-reactivity in the STS and IPL and actual drinking 
behavior in a laboratory-based social setting. In the current study, associations between 
brain activity and drinking behavior were only observed when social attunement 
tendencies and age were taken into account, indicating future studies aimed at 
connecting social alcohol cue-reactivity to ad libitum social drinking should account 
for individual differences in social attunement tendencies and age.
 The use of a prospective design and the inclusion of closely matched samples 
of adolescent and adult drinkers are clear strengths of this study. However, a few 
limitations need to be addressed. Firstly, only male drinkers were included because of 
sex differences in olfactory function relevant to another task in this project. Given the 
evidence for sex and gender differences in the development of alcohol use problems42 
and sensitivity to social and peer influence,43 a critical next step is replicating and 
extending this work in a sample with male and female adolescent and adult drinkers. 
Additionally, the cue-reactivity paradigm only included beer images. While all 
participants reported both drinking and liking beer during the screening process, beer 
was not necessarily the preferred drink of every participant, which may have reduced 
cue-elicited craving. Furthermore, age differences in alcohol preferences could have 
potentially confounded the age-related effects observed. Future studies should consider 
using personally relevant alcohol stimuli to account for this. Additionally, studies 
should measure cue-elicited craving in response to social compared to non-social 
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alcohol cues on a behavioral level. Secondly, human research on age differences in 
AUD-related processes are fundamentally confounded by differences in cumulative 
alcohol exposure between adults and adolescents. While this is a limitation, the 
moderating effects of age revealing opposite effects in adolescents compared to adults 
are unlikely to be driven solely by increased alcohol exposure in the adult group. 
Thirdly, adolescents were more likely to drop out of the follow-up and had more 
severe alcohol use problems and mental health issues at baseline. This may have 
influenced our findings. However, even with more severe groups dropping out, we 
retained enough variation in alcohol use in the sample to detect an association between 
social attunement and changes in alcohol use and problems. Finally, current co-
users of illicit drugs were excluded from the sample in order to isolate alcohol effects 
specifically. However, polysubstance use is associated with different phenotypes than 
single substance use, such as more mental health symptoms and lower educational 
performance.44 The role of social attunement and social cue-reactivity in alcohol use 
may differ in these individuals and future research with larger and more heterogeneous 
samples is crucial to examine this possibility.
 In conclusion, this study provides evidence that social compared to non-social 
alcohol cue-reactivity in the brain is differentially associated with drinking measures 
in adolescents compared to adults. Furthermore, social attunement is associated with 
higher social alcohol cue-related activity in the right mPFC in adolescence and lower 
activity in adulthood, and predicts escalation and de-escalation of alcohol use over 
time in adolescents and adults, respectively. Besides furthering our understanding 
of how social processes interact with neural mechanisms of AUD, these findings lend 
support for the social plasticity theory of adolescent risk and resilience to addiction and 
warrant further research on social attunement as a risk and protective factor.
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CHAPTER 5

Cannabis Research in Context:  
The Case for Measuring and 

Embracing Cultural Variation

This article is based on an invited editorial under review in Addiction:

Kuhns, L., Kroon, E., Filbey, F., Freeman, T., Cousijn, J. (under review). 
Cannabis research in context: the case for measuring and embracing cultural variation.
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The past two decades have seen an increase in the legalization of recreational cannabis 
use across the globe, increased prevalence of use, and emerging evidence of increased 
cannabis-related harms.1 While legal policies have shifted towards permissiveness, 
there is a lack of evidence regarding the benefits and harms of frequent cannabis use 
on physical and mental health outcomes. However, we do know that approximately 
one in five people who use cannabis develop cannabis use disorder.2 While cross-
cultural considerations apply to all addictions, this is arguably particularly relevant 
for cannabis, given the wide variation in legislation, products, methods of use, and 
social acceptability, creating unique, regionally specific “cannabis cultures.” We aim to 
increase awareness and stimulate research and debate regarding how cannabis cultures 
may shape the processes underlying CUD, as well as other brain, cognitive, and mental 
health outcomes.

Potency & Route of Administration

Of the 144 cannabinoids in cannabis, delta-9-tetrahydrocannabinol (Δ9-THC; intoxi-
cating) and cannabidiol (CBD; not intoxicating at typical doses) are the most studied. 
While THC percentage in cannabis products has been increasing internationally,3 
market type and regional differences are substantial. The average potency (concen-
tration of Δ9-THC) of seized illicit herbal cannabis in the US and Australia is 
approximately 14% compared to 10% in Europe.1,4 In some legal and decriminalized 
markets, potency is substantially higher (Washington state: 20.58%; The Netherlands: 
17.2%).4 Use of higher potency cannabis products (e.g. concentrates: 60–90%  
Δ9-THC) is on the rise in US states that legalized cannabis.5 Further increasing cultural 
differences in cannabinoid exposure, new THC products are rising in popularity in the 
US market, with one in six people who use cannabis reporting use of Δ8-THC.6

Common routes of administration (ROA) also differ substantially across cultures and 
impact the bioavailability of cannabinoids. Smoked and vaporized cannabis result in 
faster onset of action and higher blood cannabinoid levels compared to oral ingestion.7 
While smoking is still the most prevalent ROA in the US and Canada, edible products 
are on the rise.8 In comparison, the most common ROA is smoked cannabis flower in 
combination with tobacco in all European countries.9 Nicotine and cannabinoids may 
have compensatory and synergistic neurobiological effects,10 and co-users may have 
a more severe CUD prognosis.11 These regional variations may result in differences in 
observable effects of frequent cannabis use and CUD on physical, cognitive, and mental 
health outcomes.
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Legal and Social Environment

Policies, personal, and community attitudes influence the initiation of cannabis use and 
development of CUD, likely contributing to differences in the prevalence of frequent 
use and CUD across cultures. More positive personal and community attitudes 
increase CUD risk.12 However, policy and attitudes interact differently across cultures. 
In US states, increased perceptions of cannabis availability and declining perceptions 
of harm are linked to increasing use rates, especially after legalization.13 At the same 
time, CUD rates are declining in the US,14 which might reflect reduced perceptions of 
treatment need rather than a true decrease in CUD.15 In Canada, people who use cannabis 
report increased CUD risk perceptions post-legalization,16 but preliminary data from 
emergency psychiatric units indicate higher use and CUD rates.17 Furthermore, CUD 
treatment entry has been increasing in Europe, even in countries that have enacted 
permissive policies.18

 Further complicating the picture, the emergence of cannabis use for evidence-
based and purported therapeutic benefits likely attracts a different subset of users. For 
example, the presence of signs promoting cannabis’ benefits in dispensaries is associated 
with increased use in California.19

Implications and Guidance for Research

The key uncertainty is the extent to which we can compare and synthesize data collected 
in distinct cannabis cultures. Given the consistency of findings in certain domains (e.g. 
acute effects on learning and memory),20 there are likely similarities across cultures in 
cannabis- related harms. However, both clinicians and researchers should be aware of 
the potential impact of cannabis culture on cannabis use trajectories and mechanisms 
underlying CUD. While clinicians are often aware of the impact of social factors on 
addiction pathology and treatment trajectories, these effects may be specifically large 
for CUD and treatment may benefit from an assessment of self-reported “cannabis 
culture.”
 For researchers, the most pressing challenge is how best to acknowledge and 
investigate cannabis culture-related sources of variation across studies to facilitate 
data synthesis, interpretation, and provide more nuanced evidence-based guidelines 
about safer patterns of cannabis use. One option is to sample niche populations of 
homogeneous cannabis-only users who use the same types of products and routes of 
administration, likely reducing ecological validity. Instead, we encourage researchers 
to embrace the heterogeneity of cannabis use. For example, international multi-site 
research can elucidate how cross-cultural differences impact the effects of cannabis on 
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physical and mental health, cognition, and the brain (e.g.21). Another approach is to use 
data driven methods, such as latent class analysis (e.g.22), to identify and characterize 
heterogeneity in cannabis use practices.
 The new iCannToolkit23 provides a framework for standardized measurement 
of cannabis use to facilitate evidence integration and characterization of ‘cannabis 
culture’ specific patterns of cannabis use. It proposes the timeline followback (TLFB) 
methodology to quantify detailed self-report data on cannabis use, such as the 
standard THC unit (5mg THC), applied to all products and methods of administration. 
Self-reported ratings of different cannabis product potency have been shown to be 
associated with THC and CBD content and are a quick and potentially valuable proxy 
for cannabinoid exposure.24 When more time is available, perceptions of positive and 
negative health effects of cannabis, and motives for use (e.g. recreational vs. medicinal) 
may be relevant to incorporate. When sample sizes are large enough, exploratory 
analyses can assess whether these factors influence the effects of cannabis on health 
outcomes (e.g. 21). Furthermore, we recommend studies incorporate explicit ‘cannabis 
culture’ statements (Box 1). These statements can provide a brief overview of the typical 
cannabis culture in which the study was conducted to help characterize heterogeneity in 
cannabis culture across studies and improve data synthesis and integration of findings.

Box 1. Cannabis culture statements

Recommended content to include Example

– Location
– Year
– Cannabis policy
–  Description of retail market  

(if applicable)
– Common method of administration
–  Average regional cannabinoid content 

(if available)
–  Regional prevalence of cannabis use 

and cannabis use disorder

“This study was conducted in Amsterdam, the 
Netherlands in 2023. Recreational cannabis use 
has been decriminalized since 1976 and can 
be bought in ‘coffee shops’ in small quantities 
legally. The majority of users smoke ‘joints’ with 
added tobacco, and many also smoke cigarettes 
daily. The average THC content is X. The 
average cannabinoid content is X. The rates of 
cannabis use and CUD are X and X, respectively. 
Treatment entries have been decreasing in the 
use disorder past decade.”



133

CHAPTER 6

Associations Between Hair-derived 
Cannabinoid Levels, Self-Reported 

Use, and Cannabis-Related Problems

This article is adapted from a preprint manuscript under review in  
Journal of Psychopharmacology:

Kroon, E., Cousijn, J., Filbey, F., Binz, T. M., & Kuhns, L. (2023). 
Associations between hair-derived cannabinoid levels, self-reported use, 

and cannabis-related problems.
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Abstract

Background: As cannabis potency and cannabis use are increasing in newly legalized 
markets, it is increasingly important to measure and examine the effects of cannabinoid 
exposure. 
Aims: The current study aims to assess how hair-derived cannabinoid concentrations – 
offering insight into three-month cumulative exposure – are associated with common 
self-report measures of cannabis use and cannabis use-related problems. 
Methods: 74 near-daily dependent cannabis users self-reported their quantity of 
cannabis use, cannabis use-related problems, and estimated cannabis potency. 
Hair samples were provided to quantify Δ9-THC, CBD, and CBN using a liquid 
chromatography atmospheric pressure chemical ionization-tandem mass spectrometry 
method. 
Results: Cannabinoids were detectable in 95.95% of the hair samples from individuals 
who tested positive on a urine screen for cannabis. Δ9-THC concentrations were 
positively associated with measures of self-reported potency (relative potency, potency 
category, and perceived ‘high’), but Δ9- THC, CBD, CBN concentrations and THC/
CBD ratio were not associated with self-reported quantity of use. Self-reported potency, 
but not hair-derived concentrations, were associated with withdrawal and craving. Self-
reported quantity of cannabis use, but not cannabinoid concentrations, were associated 
with cannabis use-related problems. 
Conclusions: The use of hair-derived cannabinoid quantification is supported for 
detecting cannabis use in near-daily users, but the lack of associations between hair-
derived cannabinoid concentrations and self- report measures of use does not support 
the use of hair analyses alone for quantification of cannabinoid exposure. Further 
research comparing hair-derived cannabinoid concentrations with other biological 
matrices (e.g. plasma) and self-report is necessary to further evaluate the validity of 
hair analyses for this purpose.
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Cannabis is the most widely used drug with more than 209 million past year users.1 
Given the evidence of increasing use in newly legalized markets2 and parallel increases 
in cannabis potency,3 it is critical to examine the effects of cannabis use on health. 
Measuring cannabinoid exposure presents a uniquely complicated challenge, given 
the variation in the cannabinoid content of products and differences in bioavailability 
depending on route of administration. Hair analysis may provide a relatively 
accessible non-invasive method to complement self-reports to investigate the effects of 
cannabinoid exposure on health.
 However, it is currently unclear how suitable hair analysis is for quantifying cumu-
lative cannabinoid exposure in frequent users. The aim of the current study was to 
examine the associations between different self-reported measures of cannabis use and 
hair-derived analysis of cumulative cannabinoid exposure with measures of cannabis-
related problems to guide the selection of measures in future cannabis research.
 The iCannToolkit was recently proposed by a consensus of international cannabis 
experts to standardize the measurement of cannabis use.4 The framework consists 
of three layers of assessment that differ in their accessibility and level of detail. The 
universal base layer is suitable for quick assessment in population-based surveys and 
emergency service settings and proposes using three self-report items to assess ever use, 
last use, and days of cannabis use in the past month. The mid layer is suitable for in-
depth research on the effects of cannabis use on health and proposes detailed self-report 
assessment using the timeline followback methodology (TLFB)5 to assess the quantity 
of use per day over a specific period of time (i.e. past week, past month). However, 
inherent difficulties in accurately measuring cannabis and cannabinoid exposure 
emerge in this layer. There is substantial variation both within and across individuals 
in the types of cannabis products used, the method of administration, and the potency 
of products, which limits the ability to understand the effects associated with the main 
compounds in cannabis, particularly intoxicating Δ9-THC and non-intoxicating CBD. 
Experimental evidence suggests a dose-response relationship between THC exposure 
and related harms,6,7 but a detailed investigation of the effects of cannabis exposure 
in observational research requires the development of more accurate quantification 
methods. Because of this, the top-layer of the iCannToolkit includes biological measures 
to quantify cannabinoids or their metabolites in urine, saliva, plasma, or in the cannabis 
product itself. Several studies found strong correlations between TLFB-reported 
recent cannabis use and THC and metabolite concentration in urine and plasma.8,9 
However, these methods are challenging to use for many researchers and clinicians 
due to invasiveness and lack of accessibility (e.g. storage requirements). For example, 
cannabinoid metabolites lack stability in both urine and plasma samples when stored 
for even short periods at room temperature, resulting in metabolite degradation and 
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inaccurate measurement.10-12 Furthermore, urine and plasma analysis only detect 
cannabinoid concentrations within a narrow window of time, typically no more than 
seven days. Cumulative exposure to cannabinoids over longer periods of time may be 
more informative regarding the effects of cannabis use on well-being, which develop 
over longer periods of time. While testing cannabis products would be valuable, it is 
complicated by differences in legal status across jurisdictions and product variability.
 Analysis of cannabinoid metabolites in hair samples may be a viable alternative 
to measure cumulative exposure over longer periods of time (1 cm hair translates to 1 
month), while reducing invasiveness and allowing for storage at room temperatures.13 
This can be beneficial for investigating whether greater cumulative cannabinoid 
exposure, including THC and other compounds such as cannabinol (CBN), in chronic 
heavy users translates to increased harm and whether CBD may have protective effects. 
The state-of-the-art methods to quantify cannabinoid concentrations in hair have 
developed substantially over time and the preparation and analysis methods used 
influence the validity of the quantification. Liquid chromatography-mass spectrometry 
(LC-MS) is a gold standard method for detection of drugs of abuse, including 
THC.14 In a study of cannabis using psychiatric patients, LC-MS derived THC 
concentration and THC/CBD ratio were identified as potential markers for acute and 
chronic psychosis.8

 To our knowledge, no studies have yet investigated the associations between TLFB 
reported recent cannabis use (the mid-layer of the iCannToolkit), cannabis use related 
problems, self-reported potency of typically used products, and hair-derived measures 
using liquid chromatography-tandem mass spectrometry (LC-MS/MS). Therefore, we 
aimed to assess how self-report measures of cannabis use, use-related problems, and 
potency are associated with each other and with hair-derived THC, CBD, CBN, and 
THC/CBD concentrations from the previous three months.

Methods & Materials

Participants
Seventy-four cannabis users completed the included assessments as part of a larger 
fMRI project.15 The study was approved by the ethics committee of the Department 
of Psychology of the University of Amsterdam (2018-DP-9616). All participants were 
18-31 years old, used cannabis 6–7 days per week on average for at least the previous 
year, had a mild-to-severe cannabis use disorder (MINI CUD score > 1),16 did not seek 
treatment for their CUD, had no current psychological diagnoses other than anxiety, 
depression or ADHD/ADD, and did not use psychotropic medication.
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Measures
Questionnaires
Participants reported their age and sex. Cannabis use related problems were assessed 
using the Marijuana Problem Scale (MPS),17 Cannabis Use Disorder Identification Test 
(CUDIT-R),18 CUD semi-structured interview from the Mini International Neuro-
psychiatric Interview (MINI),16 Marijuana Withdrawal Checklist (MWC),19 Marijuana 
Craving Questionnaire (MCQ),20 and a craving visual analogue scale (VAS). 
Cannabis use was assessed using a one-month Timeline Follow Back questionnaire5,21 
and self-reported grams per week (days per week x grams per use day). Self-report 
measures of cannabis potency included price per gram, relative potency (scale 0–100), 
potency (category – very mild/mild/average/strong/very strong), perceived ‘high’ 
(scale 1–5), and THC percentage (categorical; see full questions in Appendix 3, Figure 
S1). Participants also reported their preferred type of cannabis (flower/concentrate) 
and whether they regularly added tobacco to their cannabis (yes/no) when smoking 
it. Measures of other drug use included daily cigarette use (yes/no), the Fagerström 
Test for Nicotine Dependence (FTND),22 the Alcohol Use Disorder Identification Test 
(AUDIT),23 and self-reported lifetime use of any drugs besides cannabis, alcohol, and 
tobacco.

Urine and Hair Samples
The presence (yes/no) of THC metabolites was assessed in urine (threshold 50 ng/mL 
THC-COOH). Hair was taken from the nape and sent to the Centre for Forensic Hair 
Analysis at the University of Zurich. A liquid chromatography atmospheric pressure 
chemical ionization-tandem mass spectrometry (LC-APCI-MS/MS) method was used 
for quantification of Δ9-THC, CBN and CBD in hair (pg/mg; Scholz et al., 2022).24 Δ9-
THC and CBD concentrations were used to calculate THC/CBD concentrations.

Data Analysis
Non-parametric Kendall’s tau correlations, fit for non-normal and ordinal data, were 
performed to assess the associations between 1) measures of cannabis-use related 
problems, 2) self-reported cannabis use outcomes calculated from the TLFB (gram/
day and days of use for 1 month, 14 days, and 7 days), and 3) hair-derived cannabinoid 
concentrations cumulated over the past three months. Due to the exploratory nature of 
this study, we did not correct for multiple comparisons and provided Bayes factors to be 
able to evaluate the strength of the evidence25 for the significant correlations (H0:  
no correlation; Bayes Factor (BF10) > 100: extremely strong evidence for Ha, BF10 
30–100: very strong evidence for Ha, BF10 10–30: strong evidence for Ha, BF10 
3–10: moderate evidence for Ha). Correlations were interpreted as significant if the 
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Kendall’s tau correlation was significant (p < .05) and there was at least moderate 
evidence for the correlation (BF10 > 3.00). Individuals that tested positive for THC 
on the urine screening but were negative for cannabinoids on the hair analyses were 
excluded from the analyses (N = 3). We conducted sensitivity analyses excluding 
outliers >2SD above the mean cannabinoid concentrations (THC > 2SD = 4,  
CBD > 2SD = 5, CBN < 2SD = 7). Additionally, we excluded values based on minimum 
thresholds used in legal proceedings in the detection of cannabis use (THC < 50 = 33, 
CBD < 50 = 46, CBD < 50 = 35). We only reported effects that remained significant in 
these sensitivity analyses. Analyses were conducted using JASP version 0.16.4.0.26

Results

Sample Characteristics
All 74 participants (66.22% male) tested positive for THC on the urine screening, with 
72 participants (95.95%) also testing positive for THC in hair (Table 1). Participants 
used a median of 6 grams in an average week, reporting between 13 and 31 days of 
cannabis use (median = 30) and using a little less than 1 gram (median = .87) per day 
during the last month. CUDIT-R scores (median = 16) were indicative of problematic 
use (score > 12).18 The use of flower products (64.87%) was more common than the 
use of concentrates (35.13%), with no individuals reporting a preference for other 
products. Together, the self-report measures of potency were indicative of average-
strong perceived potency and experienced ‘high’. Half of the participants reported daily 
cigarette use, with variable levels of nicotine dependence (FTND range: 1–7, median 
=5), and 93.06% reported regularly adding tobacco to their cannabis. AUDIT scores 
(median = 5) were below at-risk alcohol use (score > 8), but 2.7% (N = 2) of participants 
reported potential hazardous use (score > 12).23
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Table 1. Sample characteristics

Scale and ordinal outcomes Description Median (MAD) Range N

General

Age years 21 (2) 18–31 74

Cannabis use

Average cannabis use Gram/week 6 (3.2) .28–21.00 71

Cannabis use days (TLFB)

Last month 30 (1) 13–31 70

Last 14 days 13 (1) 6–14 69

Last 7 days 6 (1) 2–7 70

Cannabis gram/day (TLFB)

Last month .87 (.32) .07–3.00 70

Last 14 days 89 (.38) .03–3.00 70

Last 7 days .85 (.44) .05–2.86 70

Cannabis use age of onset years 15 (1) 12–19 72

Cannabis use related problems

Cannabis Use Disorder symptoms MINI CUD score 5 (1) 2–10 74

Cannabis use problems MPS score 6.5 (3.5) 0–32 74

Cannabis use and related problems CUDIT-R score 16 (5.0) 6–32 74

Withdrawal MWQ score 8 (3) 1–25 74

Craving
MCQ score 40.5 (9.5) 16–76 74

VAS score 5.5 (1.5) 0–9.6 74

Other drug use

Alcohol use and related problems AUDIT score 5 (2) 1–14 73

Nicotine dependence FTND score 5 (1) 1–7 37

Cigarette use Cigarettes/day 7 (3) 2–21 37

Other drug use Lifetime 13.5 (13.5) 0–352 74

Self-reported potency estimates

Self-reported relative potency Scale 0–100 65 (15) 0–100 74

Self-reported ‘high’ Scale 1–5 4 (1) 1–5 74

Self-reported price per gram Euro 9.5 (1.5) 3–15 73

Cannabinoids in hair

THC pg/mg 62.00 (45.00) 6–3200 71

CBD pg/mg 38.00 (22.00) 10–1900 71

CBN pg/mg 56.00 (31.00) 11–1800 71

THC/CBD pg/mg 1.33 (1.25) .03–36.36 71
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Nominal outcomes Description Percentage N

Gender F/M 33.78/66.22 74

Urine screening THC Positive/negative 100.00/0.00 74

Daily cigarette use yes/no 50.00/50.00 74

Preferred cannabis type concentrate/flower 35.13/64.87 74

Tobacco added to cannabis yes/no 93.06/6.94 72

Self-reported potency Very light/light/average/strong/  
very strong

0.00/1.35/50.00/36.49/12.16 74

Self-reported THC percentage <5/5–10/10–15/15–20/20–25/
25–30/>30

0.00/5.41/20.27/40.54/28.38/
4.05/1.35

74

Note. TLFB = timeline follow back; THC = delta-9-tetrahydrocannabinol; CBD = cannabidiol; CBN = cannabinol; 
MINI CUD = mini international neuropsychiatric interview, cannabis use disorder; MPS = marijuana problem 
scale; CUDIT-R = cannabis use disorder identification test; MWQ = marijuana withdrawal questionnaire; MCQ = 
marijuana craving questionnaire; VAS = visual analogue scale; AUDIT = alcohol use disorder identification test; 
FTND = Fagerström test for nicotine dependence; pg/mg = picogram per milligram; ms: milliseconds.

Measures of Cannabis Use, Cannabis Use Related Problems and Potency
There was decisive evidence for a positive correlation of THC and CBD 
hair concentrations with hair CBN, but no evidence for a correlation between hair 
THC and hair CBD concentrations or between THC/CBD ratio and CBN (Table 
2). Furthermore, there was moderate to strong evidence for a positive correlation 
between THC concentrations and self- reported relative potency, perceived ‘high’, and 
potency (category) with strong evidence for a similar correlation between CBN 
concentrations and potency (category). Cannabinoid concentrations were not 
associated with other measures of cannabis use and related problems. Self-reported 
relative potency and THC percentage (category) were positively correlated with 
cannabis use in gram/week (decisive evidence), with only relative potency showing 
a similar correlation with gram/day in the last month (strong evidence). There was 
moderate evidence for a positive correlation between potency (category) and 
CUDIT-R score, whereas no correlations between other measures of cannabis use 
related problems and self-reported potency were observed. There were several 
positive correlations among the different self-report measures of potency (Table 2), 
but no correlations with price per gram were observed. Furthermore, there was strong 
positive correlation between self-reported THC percentage (category) and withdrawal, 
as well as craving (VAS) and self-reported potency (category).
 There was decisive evidence for a positive correlation between CUD, MPS and 
CUDIT-R scores, and moderate to strong evidence for a positive correlation of those 
measures with cannabis use in gram/week. The measure of gram/day based on last 
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month TLFB assessment only showed anecdotal to moderate positive correlations with 
CUD, MPS and CUDIT scores. There was decisive evidence for a positive correlation 
of CUD, MPS, and CUDIT-R scores with withdrawal, whereas evidence for positive 
correlations with craving (MCQ and VAS) was mixed depending on the measure of 
cannabis use related problems (Table 2). However, while there was no evidence for a 
correlation between withdrawal and measures of cannabis use (gram/week or gram/
day), there was decisive evidence for a positive correlation of those measures with 
craving (MCQ). Furthermore, there was decisive evidence for a positive correlation 
between both measures of craving, and moderate to strong evidence for positive 
correlations between those measures and withdrawal.
 Looking at the correlations between different outcomes calculated from the last 
month TLFB and self-reported gram/week (Table 3), there was very strong to decisive 
evidence for positive correlations between all measures, regardless of timeline (1 month, 
14 days, 7 days) and unit (number of days, gram/day).
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Table 3. Self-reported cannabis use and timeline follow back assessments of use

Measure 1 2 3 4 5 6 7

1 Gram/Week Kendall’s τ – – – – – – –

BF10 – – – – – – –

2 Cannabis use days

Last month

Kendall’s τ .293** – – – – – –

BF10 81.024 – – – – – –

3 Cannabis use days

Last 14 days

Kendall’s τ .381*** .808*** – – – – –

BF10 > 100 > 100 – – – – –

4 Cannabis use days

Last 7 days

Kendall’s τ .439*** .696*** .865*** – – – –

BF10 > 100 > 100 > 100 – – – –

5 Cannabis gram/day

Last month

Kendall’s τ .688*** .277** .313*** .341*** – – –

BF10 > 100 40.414 > 100 > 100 – – –

6 Cannabis gram/day

Last 14 days

Kendall’s τ .750*** .305*** .395*** .423*** .838*** – –

BF10 > 100 > 100 > 100 > 100 > 100 – –

7 Cannabis gram/day

Last 7 days

Kendall’s τ .719*** .310*** .405*** .471*** .781*** .906*** –

BF10 > 100 > 100 > 100 > 100 > 100 > 100 –

Note. H0 = no correlation; BF10 >100 = extremely strong evidence for Ha, BF10 30–100 =  very strong evidence for 
Ha, BF10 10–30 = strong evidence for Ha, BF10 3–10 = moderate evidence for Ha, BF10 1–3 = anecdotal evidence for 
Ha, BF10 .30–1.00 = anecdotal evidence for H0, BF10 .10-.30 (moderate evidence for H0). BF10 >3 are colored in 
shades of grey with darker colors representing stronger evidence for Ha; Significance levels: * p <.05, ** p < .01, ***, p 
< .001. Correlations considered significant based on p < .05 and BF10 > 3 are presented in bold.

Discussion

The aim of this study was to examine how self-report measures of cannabis use and 
potency and hair-derived quantifications of cumulative cannabinoid exposure in 
individuals with CUD relate to each other and self-reported measures of use-related 
problems to guide recommendations for cannabis and cannabinoid measures in future 
research. While self-reported quantity of use was not associated with cannabinoid 
concentrations, some measures of self-reported perceived potency were positively 
associated with hair-derived THC and CBN concentrations. The lack of associations 



145

6

between cannabinoid concentrations and TLFB self-reported use and cannabis-related 
problems does not provide support for the use of hair analysis for quantification of 
cumulative cannabis exposure in near-daily users.
 Hair-derived cannabinoids were detected in 95.95% of cannabis users who met 
the diagnostic criteria for CUD and tested positive for cannabis in a urine sample, 
indicating the utility of hair analysis for yes/no detection of cannabis use in heavy users, 
aligning with Steinhoff and colleague’s findings indicating high agreement between self-
report weekly or daily use with detection in hair.27 Cannabinoid concentrations were 
not related to measures of cannabis-related problems or grams per day as measured by 
the TLFB or self-reported grams per week. While variability in product potency could 
weaken correlations between self-reported cannabis use and cannabinoid exposure, the 
previously observed strong correlations between blood plasma-derived cannabinoids 
and self-reports8,9 suggest that limitations related to hair analysis should also be 
considered. Factors such as environmental contamination (i.e. smoke, transfer from 
others via sebum/sweat)28,29 likely introduce noise into the data which may obscure 
associations and different cannabinoid extraction methods might affect comparability 
across studies. Quantification of THC metabolites instead of cannabinoids themselves 
would circumvent the issue of environmental contamination but is practically 
and technically challenging.29 Furthermore, individual factors can influence the 
bioavailability and metabolism of cannabinoids, including but not limited to sex, 
frequency of use, and route of administration, further obscuring potential associations. 
However, we did observe moderate to strong evidence of weak associations of both 
THC and CBN concentrations with self-reported perceived potency of cannabis 
products. While this suggests there is an observable signal in the hair of near-daily 
cannabis users, it does not justify its use for cannabinoid quantification given the 
described drawbacks at this time.
 Importantly, TLFB-derived grams per day based on either a 7-, 14-, or 31-day 
period were highly associated and showed similar associations with other measures. 
While additional studies are needed to draw strong conclusions about the validity 
of different time frames, the results suggest that even the 7-day TLFB is a valuable 
measure of cannabis use that can be administered quickly in line with the mid-layer 
of the iCannToolkit. Grams per week, calculated based on the two-item self-report 
of typical days of use per week and typical grams per day, was more strongly and 
consistently related to cannabis-use related problems than the TLFB-derived grams per 
day measures. Given the short length, the validity and reliability of this measure should 
be further investigated as it may be flexibly implemented in large scale epidemiological 
studies of the effects of cannabis use on physical and mental health.
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A few limitations are important to discuss. First, these findings are specific to a 
sample of Dutch individuals who meet the diagnostic criteria for CUD. Suitability 
of hair- derived cannabinoid quantification may differ depending on severity of use, 
with detection potentially more difficult in more occasional users.30 Additionally, 
the included sample consisted only of individuals who use cannabis flower or 
concentrates. While the specificity of the sample removed noise that would be 
introduced via different cannabis products and methods of administration, it also 
limits the generalizability of the findings. Finally, the absence of other biospecimens 
to compare to the hair-derived cannabinoid concentrations limits the strength of the 
conclusions we can draw about both the suitability of the method and the validity of the 
associations between self-report use measures, and potency. Future studies including 
the iCannToolkit proposed plasma, urine, saliva, and cannabis products themselves in 
addition to hair are crucial for a clear determination of the value of hair analysis and 
the reliability of biospecimen analyses generally.
 In conclusion, the use of hair-derived cannabinoid quantification is supported 
for detecting cannabis use in heavy, near-daily users, with a 95.95% overlap with 
cannabis use detection in urine. However, the lack of correlations between cannabinoid 
concentrations and self-reported use and problems suggests it is not currently a suitable 
method for quantifying the level of cumulative cannabis exposure in the previous three 
months.
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CHAPTER 7

Unraveling the Role of Cigarette Use 
in Neural Cannabis Cue Reactivity in 

Heavy Cannabis Users

This chapter is adapted from the article published as:

Kuhns, L., Kroon, E., Filbey, F., & Cousijn, J. (2021). 
Unraveling the role of cigarette use in neural cannabis cue reactivity 

in heavy cannabis users. 
Addiction biology, 26(3), e12941.



148

Abstract

Cue reactivity is an important biomarker of cannabis use disorder. Despite high rates 
of cigarette and cannabis co-use, its role in cannabis cue reactivity remains unclear. 
Using a visual functional Magnetic Resonance Imaging cue reactivity paradigm, we 
investigated interactive effects of cannabis and cigarette use on cannabis cue relative 
to cigarette and neutral cue reactivity in a priori regions of interest – the amygdala, 
striatum, anterior cingulate cortex (ACC), ventral tegmental area (VTA), and 
orbitofrontal cortex – and a whole-brain analysis. In our sample of cannabis users and 
controls closely matched on cigarette use, significant interactions between cannabis 
and cigarette use status emerged in the amygdala, striatum, ACC, frontal pole, and 
inferior frontal gyrus. Cannabis-only users showed heightened cue reactivity in the 
amygdala compared to non-using controls. Co-users did not show heightened cue 
reactivity compared to cigarette smoking controls, although cue-induced VTA activity 
was positively correlated with grams per week of cannabis. Cigarette smoking controls 
showed unexpectedly heightened cue reactivity compared to co-users and non-smoking 
controls. These findings and the high prevalence of cannabis and cigarette co-use 
underscore the importance of considering cigarette smoking status when investigating 
the role of cue reactivity in heavy cannabis use.
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Cannabis users often use tobacco products, either as cigarettes or in combination 
with cannabis (e.g. spliffs),1 and 37.5% of individuals with a Cannabis Use Disorder 
(CUD) also meet criteria for nicotine dependence.2 Neural hyper-responsivity to 
cannabis-related cues is believed to be an important biomarker of CUD.3 Preliminary 
evidence suggests that cannabis and tobacco have interactive effects on the brain and 
cognition.4–6 Even though cannabis and tobacco co-use is more of a rule than exception, 
the role of cigarette co-use in neural cue reactivity remains untested.
 Paralleling the steady rise in cannabis use and CUD across the globe,7 the past 
decade saw a surge in studies aiming to unravel the mechanisms underlying cannabis 
use and CUD. Cue reactivity is a heightened subjective (e.g. self-reported craving) 
or physiological (e.g. heart rate, skin conductance, and neural activity) response to 
drug-related cues that is suggested to play an important role in the development and 
maintenance of addictive behavior across substances.8-10 Cue reactivity is a multi-
faceted phenomenon involving reward, learning, memory, attentional, and motor 
processes.3,11,12 Across studies in near-daily cannabis users relative to non-users, 
cannabis users show higher levels of subjective craving, attention, and approach action 
tendencies in response to cannabis relative to neutral cues.3,13-16 These heightened 
behavioral responses to cannabis cues are thought to arise from changes in the 
functioning of brain networks involved in reward processing, salience, and cognitive 
control. Indeed, neuroimaging studies have shown elevated cannabis cue-induced 
activity in these brain networks,17-24 which covaries with cannabis craving and the 
severity of use and problems.17,20,24 This provides further evidence of the role of cue-
induced craving as an underlying mechanism of CUD. Importantly, the cannabis users 
in these studies commonly used more tobacco than the controls, making inferences 
about cannabis-specific effects challenging.20,24 Moreover, previous cannabis cue 
reactivity research often utilized visual stimuli that may have unintentionally 
triggered craving for tobacco products due to the visual similarities between joints and 
cigarettes.24

 Common co-use of cannabis and tobacco is more than just a research confound 
and the lack of studies addressing the effect of tobacco co-use constitutes a significant 
gap in our current understanding of the neurocognitive mechanisms of heavy cannabis 
use and CUD. With the common use of spliffs,2 high rates of cigarette use in cannabis 
users (e.g. 81.4%–90.9% in Europe and 77.2% in the United Kingdom),1 and common 
comorbidity of CUD and nicotine dependence,2 it is also necessary to address whether 
co-users differ from heavy users of cannabis only in their response to cannabis cues. 
Two previous studies have shown differential effects of co-use compared to single-use 
on brain functioning4,25 with co-users showing differences in functional connectivity 
and dynamic functional connectivity compared to cannabis and tobacco only users.
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Research on the effects of co-use on cognitive functioning and craving is limited. In the 
domain of memory performance, smaller hippocampal volume has been associated with 
better memory performance in co-users but not in cannabis only users5. Interestingly, 
the opposite pattern was observed in the non-using controls. During acute intoxication 
in regular cannabis and tobacco users, combined cannabis and tobacco administration 
inhibited the impairing effects of cannabis alone on delayed but not immediate recall.6 
However, no effect of tobacco intoxication alone or in combination with cannabis 
was observed on cannabis craving or liking.26 Animal studies suggest that nicotine 
may specifically interact with the endocannabinoid system – the neurotransmitter 
system that the psychoactive compounds in cannabis act on – in the mesolimbic 
reward circuitry in the brain. Nicotine triggers anandamide (an endocannabinoid 
neurotransmitter) release in the ventral tegmental area (VTA) and nucleus accumbens 
(NA) with the downstream effect of increasing dopamine levels.27 Importantly, cannabis 
users show heightened cue reactivity in the same regions.19,22,24 Together, these early 
findings suggest that cannabis and tobacco co-use may impact cannabis cue reactivity. 
Aberrant behavioral and neural functioning may be more pronounced in cannabis 
only users relative to cannabis and tobacco co-users. However, the evidence is very 
preliminary and the neurobiological mechanisms underlying this potential interactive 
effect remain unclear.
 The goal of the current study was to specifically isolate cannabis cue reactivity in 
heavy cannabis users compared to non-using controls. Groups were closely matched 
on cigarette use in order to replicate previous associations between cannabis use and 
brain functioning as well as investigate potential interactive effects of cannabis and 
cigarette use. The design of the current study was kept highly similar to our previous 
cue reactivity study,24 while adding a cigarette condition to the cannabis cue reactivity 
paradigm. Using an a priori region of interest (ROI) approach, we expected to see 
heightened activity in the amygdala, striatum, anterior cingulate cortex (ACC), VTA, 
and orbitofrontal cortex (OFC) in heavy cannabis users compared to controls, as these 
are core regions associated with cue-induced craving in substance use disorders and 
have previously been identified in cannabis cue reactivity.17,24 Furthermore, we expected 
activity in these areas to be associated with the severity of problems and quantity of 
cannabis use. In addition, we aimed to investigate potential differences in cannabis cue 
reactivity between co-users and cannabis only users in the ROIs and in a whole brain 
explorative analysis. Based on previous results suggesting a potentially mitigating effect 
of tobacco on functional activity,4,25 we speculated that cannabis only users would show 
higher neural cannabis cue reactivity than co-users.
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Materials & Methods

Participants
Thirty-eight non-treatment-seeking heavy cannabis users (18 cigarette smokers) and 
34 non-cannabis users (15 cigarette smokers) aged 18–25 were recruited through 
advertisements in the local media and cannabis dispensaries in the Netherlands. The 
heavy cannabis users were required to use cannabis > 10 times per month for the past 
two years and have no history of treatment for CUD. This criterion is based on our 
previous study24 and was chosen to maximize comparability of findings across studies. 
Controls were allowed to have used cannabis up to 50 times in their life, but not during 
the past year. The heavy cannabis users and controls were matched on biological sex, 
age, estimated IQ, alcohol use and problems, other substance use, and symptoms of 
anxiety, depression, and ADHD (disorders highly comorbid with cannabis use). This 
resulted in four closely matched subgroups of cannabis users (CAN) and non-cannabis-
using controls (CON) with and without co-morbid cigarette use (+, -) in the sample: 
cannabis only users (CAN-), cigarette only users (CON+), co-users of cannabis and 
cigarettes (CAN+), and non-users of either (CON-).
 To control for confounding effects of other substance use, the following substance- 
related exclusion criteria were used for participant selection: 1) Alcohol Use Disorder 
Identification Test (AUDIT) score over 12,28 2) smoking > 20 tobacco cigarettes per 
day, 3) use of non-cannabinoid drugs more than 100 times in their lifetime,24 5) current 
use of prescribed or illicit psychoactive drugs. All participants were required to have 
no MRI contraindications, no history of major axis I psychiatric disorders (assessed by 
the Mini- International Neuropsychiatric Interview, MINI),29 and completed required 
education up to at least 16 years of age.
 Six participants were excluded from analyses for the following reasons, 1) two for 
recent other drug use (cocaine and XTC) based on urine screen, 2) one for excessive 
head movement during scanning (> 3mm), 3) one for missing brain volumes from the 
cue reactivity task, and 4) two for fMRIPrep30 preprocessing errors that could not be 
fixed. Three participants did not complete the urine drug screen but were retained in the 
sample. This resulted in a final sample consisting of thirty-four heavy cannabis users 
(16 cigarette smokers) and thirty-two matched non-using controls (14 cigarette 
smokers).

Questionnaires
To assess cannabis use problems and severity, the Cannabis Use Disorder Identification 
Test (CUDIT-R)31 was administered. Severity of nicotine and alcohol use were assessed 
with the Fagerstrom Test for Nicotine Dependence (FTND)32 and the Alcohol Use 
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Disorder Identification Test (AUDIT),28 respectively. To obtain a detailed overview of 
recent cannabis, nicotine, and alcohol use, a 14-Day Timeline Followback questionnaire 
(TLFB)33 was administered in which participants reported their drug use over the 
previous 14 days before the test session. A custom substance use history questionnaire 
was used to obtain an overview of lifetime drug use. At the beginning and end of the 
testing session, craving was assessed with the short version of the Marijuana Craving 
Questionnaire (MCQ).34 IQ was estimated with the similarities and matrix reasoning 
subscales of the Wechsler Adult Intelligence Scale (WAIS- IV-NL).35 Depression, 
anxiety, and ADHD symptom severity were assessed with the Beck Depression 
Inventory (BDI),36 State-Trait Anxiety Inventory for Adults (STAI),37 and Conners’ 
Adult ADHD Rating Scales (CAARS).38

Cannabis-Cigarette fMRI Cue Reactivity Task
The cue reactivity task was adapted from our previously-validated cannabis cue 
reactivity task.24 Adding a cigarette condition, the currently employed task used an 
event- related design and consisted of four conditions: cannabis, cigarette, neutral, and 
animal. Ten visual stimuli from each condition were presented twice for four seconds 
each. In between trials, a fixation cross was presented for two to six seconds. The 
cannabis images were flower nuggets, joints, and individuals smoking cannabis. The 
cigarette images were cigarettes, individuals smoking cigarettes, and cigarette packs. 
The neutral images were office supplies visually matched to the cannabis and cigarette 
images for color and composition (e.g. individuals holding pens). The same male and 
female actors were displayed for each category. Cigarette filters were clearly visible and 
cannabis joints were all cone shaped to ensure a clear distinction between cigarette and 
cannabis images. Participants were instructed to fixate on the images and press a button 
when they saw an animal image to maintain attention during the task.

Procedure
The University of Amsterdam Faculty of Social and Behavioral Sciences ethics 
committee approved (2015-DP-6387) the study and all participants gave informed 
consent prior to participating. Potential participants were contacted by phone to 
verify inclusion and exclusion criteria, and to schedule an appointment. Twenty-four 
hours before testing, all participants were asked to abstain from any alcohol or drug use 
(excluding caffeine and tobacco products to avoid acute withdrawal effects). On the test 
day, a multi-panel urine drug screen was used to verify abstinence from amphetamine, 
benzodiazepine, cocaine, and opioids. Urine analysis of THC metabolites are sensitive 
to the presence of THC metabolites for longer than the requested 24-hour abstinence 
period; therefore, we cannot objectively verify 24-hour abstinence preceding the testing 
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session. The drug screen was still conducted because it has been shown to increase 
compliance with abstinence periods.39 At the beginning of the session, participants 
immediately filled out the MCQ followed by the WAIS-IV subtests. After a verbal 
explanation of the cue reactivity task, participants completed the MRI session. Upon 
exiting the scanner, mental health and substance use-related questionnaires were 
completed. At the end of the test session, participants again completed the MCQ. Test 
sessions were always conducted in the afternoon, and participants were financially 
compensated.

Imaging Parameters and Preprocessing
Imaging was conducted with a Phillips 3T Intera MR scanner using a 32-channel 
SENSE head coil at the Spinoza Centre for Neuroimaging at the Amsterdam 
University Medical Center. A high-resolution T1-weighted structural scan was acquired 
first for each participant (T1 turbo field echo, TR 8.2 s, TE 3.8ms, 220 slices, slice 
thickness 1mm, voxel size 1x1x1mm, FOV 240x188mm, flip angle 8°). During the 
cue reactivity task, the blood oxygen dependent (BOLD) signal was measured with a 
T2*single shot echo planar imaging (EPI) sequence (TR 2.0 s, TE 27.63ms, 37 slices, slice 
thickness 3mm, voxel size 3x3x3mm, interslice gap .3mm, FOV 240x240mm, flip angle 
76.1°). Neuroimaging preprocessing was performed using fMRIPrep 1.3.230 which is 
based on Nipype 1.1.9.40,41 See Appendix 4 for more detailed preprocessing information.

Statistical Analysis
Behavioral Analyses
Two-way ANOVAs using cannabis and cigarette use status as the between group factors 
were conducted to test for differences in sample characteristics. Chi-squared tests were 
used to test for differences in biological sex composition of the groups. For variables 
that did not have values for all groups, such as cigarette and cannabis use, independent 
sample t-tests were conducted. To test for differences between heavy cannabis users 
and controls in self-reported session-induced craving, a two-way repeated measures 
ANOVA was conducted with cannabis and cigarette use status as between group factors 
and MCQ score (measured before and after the session) as the dependent variable. 
Missing values for scale items were imputed using the mean score within individuals 
and missing cannabis use data points were imputed using the group mean.42

fMRI Analyses
fMRI analyses were conducted using FSL.43 The preprocessed imaging data was regis-
tered to the FSL MNI 152 template. A standard general linear model (GLM, ordinary least 
squares) with separate regressors for each condition (cannabis, cigarette, neutral, and 
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animal) and the ITI fixation cross was used. A double gamma hemodynamic response 
function was convolved with each regressor. To improve the fit, temporal derivatives 
were added to the model as regressors of no-interest. In order to examine cannabis-
specific cue reactivity, two subtraction contrasts were created: Can > Neutral and Can > 
Neutral + Cigarette.
 To increase comparability with our previous study of cannabis cue reactivity,24 
the same anatomical masks were used for ROI analyses. The OFC, ACC, striatum, and 
amygdala masks were based on Nielson and Hansen’s volume of interest database.44 
The VTA mask was manually created by Cousijn and colleagues24 using the Talairach 
Daemon in FSL with coordinates based on the laboratory of neuro imaging (LONI) 
probability atlas (coordinates: x = -20 to 20, y = -10 to 24, z = -6 to -22).45 The mean 
activity in each ROI for both contrasts was extracted for each participant. To test for the 
hypothesized main effect of cannabis use and exploratory interactions between cannabis 
and cigarette use, two-way ANOVAs were conducted in each ROI for both contrasts 
with cannabis use status and tobacco use status as between group factors. To control 
for the use of five ROIs, a Bonferroni-correction was used for each contrast such that 
p-values were considered significant when less than .05/5 = .01. When significant 
interactions were observed, post-hoc simple main effects were examined by pairwise 
comparisons using the Sidak adjustment for multiple comparisons with a significance 
threshold of p < .05.
 The relationship between brain activity in the ROIs and cannabis use and related 
problems was examined with bivariate correlations with grams of cannabis used per 
week and CUDIT-R scores for each contrast in the CAN- and CAN+ groups separately. 
Pearson and Spearman correlations were performed as necessary based on Shapiro-
Wilk tests of normality. A Bonferroni-correction was used to control for multiple 
comparisons with a p-value of .05/2 = .025.
 Finally, exploratory whole-brain voxel-wise group analyses were conducted with 
FEAT to test for main and interactive effects of cannabis and cigarette use on cannabis 
cue reactivity using a 2X2 ANOVA with random effects. F-tests for the main 
effects were calculated using FSL command fslmaths and manually thresholded with 
command easythresh. The cluster-wise multiple comparison correction was set at the 
default Z-threshold of 2.3 and a cluster-p significance threshold of .05.

Results

Sample characteristics
No group differences were observed for age, biological sex, IQ, BDI, STAI, or CAARS. 
There was a main effect of cigarette use on alcohol use and related problems 
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(F(1, 65) = 6.6, p = .013, ηp
2 = .096). The CAN+ and CON+ groups (cigarette users) 

had significantly higher AUDIT scores than the CAN- and CON- groups (non-
cigarette users). The CAN+ and CAN- subgroups did not differ on any of the cannabis 
use measures, and the CAN+ and CON+ subgroups did not differ on cigarette use 
measures. See Table 1 for a full overview of the sample characteristics.

Session-induced Craving
As expected, a mixed repeated measures ANOVA revealed a significant interaction 
between time and cannabis use (F(1,62) = 14.25, p < .001, ηp

2 = .187). Post-hoc pairwise 
comparisons indicate that the CAN- and CAN+ groups reported an increase in craving 
level after the session, while the CON+ and CON- groups did not. No main effect of 
cigarette use was observed on cannabis craving.

ROI Analyses
Two-way ANOVAs were conducted for each ROI for the Can > Neu and Can > Neutral + 
Cig contrasts. No main effects of cannabis or cigarette use emerged in any of the ROIs; 
however, significant interactions were observed in the striatum, amygdala, and ACC 
(see Figure 1). Post-hoc simple main effects were examined with pairwise-comparisons 
using a Sidak adjustment for family-wise multiple comparisons with a significance 
threshold of p < .05. For the Can > Neu contrast, the CAN- group showed significantly 
higher cannabis cue- induced brain activity in the amygdala than the CON- group, 
but not relative to the CON+ group. The CAN+ group did not show significantly 
heightened activity compared to the cigarette matched CON+ group. Unexpectedly, 
the CON+ group showed significantly higher cannabis cue-induced activity in the 
amygdala and striatum than the CAN+ group and the CON- group. In the ACC, the 
CON+ group again showed significantly higher activity than the CAN+, but did not 
significantly differ from the CAN- or CON- groups in this area. The pattern of results 
was similar for the stricter Can > Neu + Cig contrast. The CON+ group consistently 
showed significantly higher cannabis cue reactivity than both the CON- and CAN+ 
groups in the striatum, amygdala, and ACC. Neither of the heavy cannabis using groups 
(CAN+ and CAN-) showed significantly increased activity compared to the control 
groups in this contrast. See Table 2 for results of the post-hoc pairwise-comparisons. 
ANCOVA analyses were also conducted to control for group differences in AUDIT 
score and results were similar.
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Table 2. Post-hoc pairwise comparisons in ROIs
Pairwise-Comparison Can > Neu Can > Neu + Cig

Mean 
Difference

SE Sig. Mean 
Difference

SE Sig.

Amygdala CAN+ CAN- -11.549 7.368 0.122 -13.165 13.469 0.332

CAN- CON- 17.77 7.148 0.016* 24.004 13.067 0.071

CON+ CON- 24.403 7.641 0.002* 39.589 13.969 0.006*

CON+ CAN+ 18.187 7.848 0.024* 28.75 14.346 0.049*

Striatum CAN+ CAN- -2.701 4.944 0.587 -0.643 7.707 0.934

CAN- CON- 2.062 4.796 0.669 6.108 7.477 0.417

CON+ CON- 15.999 5.127 0.003* 28.669 7.993 0.001*

CON+ CAN+ 16.639 5.265 0.002* 23.204 8.209 0.006*

ACC CAN+ CAN- -13.75 10.586 0.199 -7.836 18.726 0.677

CAN- CON- 15.244 10.42 0.149 24.034 18.182 0.191

CON+ CON- 28.251 11.12 0.014* 59.398 19.158 0.003*

CON+ CAN+ 26.757 11.276 0.021* 43.2 19.675 0.032*

Note. *p < .05 significance threshold. SE = standard error. CAN+: co-users of cannabis and cigarettes; CAN: cannabis 
only users; CON+: cigarette users; CON-: non-users of cannabis or cigarettes; Results of the post-hoc pairwise 
comparisons conducted using a simple main effect analysis with a Sidak adjustment for multiple comparisons.

Figure 1. Mean cannabis cue-induced brain activity for each region of interest (ROI). Results 
of the two-way ANOVA analysis of the cannabis cue > cigarette + neutral cue contrast are 
depicted, Bonferroni corrected at *p < .01. CAN+: co-users of cannabis and cigarettes;  
CAN = cannabis only users; CON+ = cigarette only users; CON- = non-users of cannabis or 
cigarettes.
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Association Between Brain Activity and Cannabis Use
A significant correlation was observed between VTA activity (Can > Neu contrast) and 
weekly cannabis use (grams) in the CAN+ group (rs(14) = .603 p = .013), indicating that 
higher consumption was associated with increased VTA activity to cannabis cues. No 
significant correlations were observed in CAN- users for either contrast.

Exploratory Whole Brain Analyses
Exploratory higher-level whole-brain two-way ANOVAs with random effects were 
conducted for both contrasts of interest to identify potential interactive effects between 
cannabis and cigarette use status on cannabis cue reactivity in other regions of the 
brain. Consistent with the ROI analyses, no main effects of cigarette or cannabis use 
emerged for either contrast, but significant interactive effects emerged in a cluster of 
voxels in a frontal cortical area for the Can > Neu + Cig contrast. For the Can > Neu 
contrast, no significant interactions were observed. The contrast parameter estimates 
at the activation peak in the significant cluster were extracted to aid in interpretation 
of the interaction (see Figure 2), revealing a similar pattern as with the ROI analyses: the 
CON+ group showed the highest mean activation followed by the CAN- group, with the 
CAN+ group showing similar levels of activity as the CON- group. An analysis was also 
conducted to control for group differences in AUDIT scores and results were similar.

Figure 2. Significant interaction between cannabis 
and cigarette use status on cannabis cue-induced brain 
activity in the Frontal Pole and Inferior Frontal Gyrus 
(Z > 2.3, cluster-corrected at p > .05). Mean activity 
extracted from the peak voxel (MNI coordinates: x = 52, 
y = 38, z = 14) for the cannabis cue > cigarette + neutral 
cue contrast is depicted. CAN+ = co-users of cannabis 
and cigarettes; CAN = cannabis only users; CON+ = 
cigarette only users; CON- = non-users of cannabis or 
cigarettes.
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Discussion

Despite the prevalence of cannabis and cigarette co-use and emerging evidence of 
interactive effects of these substances on the brain, the impact of cigarette co-use on 
cannabis cue reactivity – an important biomarker of CUD – has not previously been 
investigated. As such the goal of the current study was twofold: first, to replicate 
previous findings showing heightened neural cannabis cue reactivity in heavy users 
compared to controls using groups closely matched on cigarette use; second, to 
investigate potential differences in neural cannabis cue reactivity between co-users and 
cannabis only users. In contrast to our expectations, we did not find elevated cannabis 
cue-specific brain activity in our five ROIs or in the exploratory whole brain analysis 
when we combined cigarette and non-cigarette smoking cannabis users compared to 
a sample of matched non-cannabis using controls. This differs from previous findings 
of heightened activity to cannabis cues in frequent (at least ten uses per month), daily, 
and dependent (meet DSM-IV criteria for CUD) cannabis users regardless of cigarette 
use status in the VTA, ACC, amygdala, striatum and frontal cortical regions.19,22,24 When 
cannabis users and controls were split based on cigarette use, we observed heightened 
cannabis cue- induced activity in the amygdala in the cannabis only users compared to 
non-cigarette smoking controls, but not in co-users. In co-users, cannabis cue reactivity 
in the VTA was associated with severity of use, but not in the other ROIs. Unexpectedly, 
no associations between cannabis use measures and brain activity were observed in 
cannabis only users. These results show that cigarette use matters when studying 
cannabis cue reactivity and should be considered in future research and interpretations 
of previous studies.
One explanation for the limited cannabis cue-specific activity observed in cannabis only 
users – and not in co-users – may be the inclusion of a community sample of heavy users 
with varying degrees of problematic cannabis use, as cannabis cue reactivity increases 
with severity of use.19 The average score on the CUDIT-R in this sample was 13.5 which 
is above the suggested cutoff of 13 indicative of problematic and potentially dependent 
use.31 However, scores ranged from 3 to 24 and 41% of the sample fell below the cut-off 
point which may explain the limited cannabis cue reactivity observed when averaged 
across the group. The consistent cannabis-cigarette use interactions we observed across 
multiple ROIs indicate that cigarette use in both cannabis users and controls matters 
when assessing cannabis cue reactivity. These findings suggest that combining co-users 
and cannabis only users into a single group may diminish the ability to detect cannabis-
specific cue reactivity in the brain. In support of this hypothesis, in previous research, 
the most widespread cannabis cue-induced activation patterns emerged across the 
frontal, cingulate, and midbrain (e.g. VTA) areas when the proportion of co-users in 
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the sample was low (i.e. Filbey and colleagues;22 average of 1.5 cigarette smoking days 
in past 60 days). In studies that had high proportions of co-use in non- dependent heavy 
users (58% in Zhou and colleagues19 and 68% in Cousijn and colleauges24), cannabis-
cue induced activity was observed in much narrower circuits including the VTA, 
medial prefrontal cortex, and superior parietal areas.
 The mechanism underlying a potential reduced or lack of cannabis neural cue 
reactivity in co-users remains unclear. Preliminary evidence suggests that co-occurring 
use of tobacco products may have a ‘masking’ effect on cannabis-induced alterations 
in cognition and brain function. However, very little research has been done in this 
area, with the only evidence in humans coming from studies of functional connectivity 
and memory performance. In the studies of functional connectivity, co-users differed 
from cannabis and tobacco only users, but these differences were not clearly additive, 
making interpretation challenging.4,25 The clearest evidence for a masking effect 
of tobacco use is from memory performance during acute intoxication, where co-
administration inhibited the impairment of cannabis administration alone on delayed 
memory recall.6 Regardless of the underlying mechanism, an absence of cue reactivity 
in co-users has potentially important methodological implications for cannabis cue 
exposure research in terms of study design and user group characteristics. It is common 
for studies investigating heavy use and CUD to match users and controls on cigarettes 
use. Although this theoretically prevents cigarette use from confounding results, our 
results suggest that large proportions of cigarette smokers in cannabis users and control 
groups may in fact obscure cannabis-specific reactivity. Given the limited evidence 
base on the effects of co-use, our findings provide preliminary evidence for differences 
between cannabis only and co-users on an important biomarker of CUD. It is necessary 
to replicate these findings in a clinical sample with CUD, as cannabis cue reactivity 
increases with severity of use-related problems and individuals who seek treatment may 
differ from those who do not.19 Future studies should aim to determine the potential 
clinical implications of these findings. Based on our results, it may be that cue reactivity 
is a more important factor in the development and maintenance of CUD in cannabis 
only users. If this is the case, therapies that involve cue exposure may be less effective in 
individuals with CUD who also regularly smoke cigarettes. Furthermore, a next step 
would be to investigate whether specific patterns of co-use of cannabis and cigarettes 
(or other tobacco products) differentially influence cannabis cue reactivity. For 
instance, does it matter whether the drug effects overlap? How important is the route of 
administration in the potential masking effect of cigarette use? Would we see reduced 
cannabis cue reactivity in individuals who smoke joints but vape nicotine products? 
Ecological momentary assessment may be a useful tool to clarify whether daily patterns 
of use (e.g. used in conjunction in the case of a spliff, or used separately in the day) 
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relate to alterations in cannabis cue reactivity and what mechanisms may underlie these 
alterations.
 Interestingly, our results also revealed a consistent pattern of cannabis-cigarette 
use interactions driven by unexpectedly elevated cannabis cue-specific activity in 
cigarette smoking controls. That is, relative to the cannabis users, cigarette using 
controls showed elevated cannabis cue-specific activity in bilateral amygdala, striatum 
and ACC, and in the left frontal pole and inferior frontal gyrus (IFG). Why would 
cigarette smokers show elevated cannabis cue reactivity? A tempting but tentative 
explanation could lie in a ‘tobacco gateway effect’. Previous research indicates that 
adolescents who currently or formerly use tobacco are more likely to initiate cannabis 
use and are at higher risk of developing cannabis dependence.46- 48 Post-hoc correlational 
analyses suggest that our effects are independent of the severity of cigarette use (non-
significant Pearson correlation coefficients ranging from r = -.159 to .233 in the ROIs). 
Tobacco use may sensitize individuals to cannabis cues regardless of severity of use, 
which might give insight into a potential neurocognitive mechanism of the gateway 
from cigarette to cannabis use. If this hypothesis is true, cannabis cue reactivity should 
predict future cannabis use in tobacco users. Future research should aim to replicate 
our coincidental finding of heightened cannabis cue reactivity in cigarette smokers in 
light of the gateway hypothesis with a larger sample and a longitudinal design to test 
the predictive value of neural cannabis cue reactivity in the initiation of cannabis use in 
smokers. Alternatively, it is possible that the incorporation of cigarette cues in the cue 
reactivity task may have caused diffused cigarette craving across conditions. However, 
in the amygdala, striatum, and ACC, we consistently found that cigarette smoking 
controls had higher activity that co-users. If the cigarette cues were causing diffuse 
cigarette craving, we would expect co-users to also show this effect.
 A strength of the current study is the use of closely matched groups on key 
demographic characteristics, drug use, and mental health variables which allowed us 
to examine cannabis- and cigarette-specific effects. AUDIT score was the only matching 
variable in which any group difference was observed; cigarette smokers had significantly 
higher alcohol use and related problems than non-smokers. Because we did not observe 
main effects of cigarette use on our outcome variables of interest it is unlikely that this 
difference confounded our results although it cannot be ruled out entirely. A further 
strength is the systematic assessment of the effect of cigarette use on cannabis cue 
reactivity. First, by recruiting closely matched subgroups of cigarette smokers and non-
smokers in both the cannabis users and non-using controls, we were able to examine 
interactive effects of cigarette and cannabis use. Second, by incorporating cigarette cues 
in the cue reactivity paradigm we were able to isolate cannabis-induced activity using 
a strict (Cannabis > Neutral + Cigarette) contrast. Given the similarity in the route 
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of administration, cannabis cues (e.g. someone smoking a joint) may unintentionally 
activate cigarette-related activity in the brain. By subtracting out all activity observed 
during the presentation of cigarette cues, we were able to isolate cannabis-specific 
activity.
 A limitation of the current study is the small sample size once the cannabis 
and control groups were split on cigarette use. Given the general pattern of reduced 
neural cue reactivity in co-users compared to cannabis only users, future studies 
investigating cannabis-cigarette interactions on cue reactivity and cannabis-specific 
effects in general should aim to use larger samples in order to be sufficiently powered to 
detect small to medium effect sizes. In addition, a limitation of the current cue exposure 
task was the lack of ‘online’ assessments of craving during the task. It is therefore 
advised to incorporate in-task assessments of craving after cue presentation (as in 
Filbey and colleagues cue reactivity paradigm)17,22 in order to further delineate between 
cannabis and cigarette craving. Furthermore, the influence of sub-acute intoxication on 
neurocognitive responses is a significant issue cutting across research on current heavy 
cannabis users. We were limited in our ability to control for potential residual sub-
acute effects of intoxication, a salient issue given evidence that acute THC intoxication 
is associated with reduced striatal responding.49 Investigating the associations between 
residual concentrations of drug metabolites and neural responses could garner 
important insight into potential mechanisms underlying differences between cannabis 
only and co-users.
 In conclusion, our findings offer preliminary evidence that cigarette use 
matters when measuring neural cannabis cue reactivity. Cannabis-only users showed 
heightened cannabis cue reactivity in the amygdala, but co-users did not in any ROI. 
These findings underscore the importance of considering cigarette smoking status 
when investigating the role of cue reactivity in heavy cannabis use, especially in the 
context of sample composition. Even when user and control groups are matched on 
cigarette use, co-use may obscure specific effects of cannabis in single-substance users. 
Furthermore, given the high prevalence of co-use,2 it is crucial for future studies to 
specifically investigate differences between cannabis-only and co-users in the underlying 
mechanisms of CUD.
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CHAPTER 8

A Cross-cultural fMRI Investigation 
of Cannabis Approach Bias in 
Individuals with Cannabis Use 

Disorder

This chapter is adapted from an article under review in Addictive Behaviors Reports:

Kuhns L., Kroon, E., Filbey, F., Cousijn, J. (2023).  
A cross-cultural fMRI investigation of cannabis approach bias  

in individuals with cannabis use disorder.
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Abstract

Introduction: As cannabis policies and attitudes become more permissive, it is crucial to 
examine how the legal and social environment influence neurocognitive mechanisms 
underlying cannabis use disorder (CUD). The current study aimed to assess whether 
cannabis approach bias, one of the mechanisms proposed to underlie CUD, differed 
between environments with distinct recreational cannabis policies (Amsterdam, The 
Netherlands (NL) and Dallas, Texas, United States of America (TX)) and whether 
individual differences in cannabis attitudes affect those differences. 
Methods: Individuals with CUD (NL-CUD: 64; TX-CUD: 48) and closely matched non-
using controls (NL-CON: 50; TX-CON: 36) completed a cannabis approach avoidance 
task in a 3T MRI. The cannabis culture questionnaire was used to measure cannabis 
attitudes from three perspectives: personal, family/friends, and state/country attitudes. 
Results: Individuals with CUD demonstrated a significant behavioral cannabis-specific 
approach bias. Individuals with CUD exhibited higher cannabis approach bias-related 
activity in clusters including the paracingulate gyrus, anterior cingulate cortex, and 
frontal medial cortex compared to controls, which was no longer significant after 
controlling for gender. Site-related differences emerged in the association between 
cannabis use quantity and cannabis approach bias activity in the putamen, amygdala, 
hippocampus, and insula, with a positive association in the TX-CUD group and a 
negative association in the NL-CUD group. This was not explained by site differences in 
cannabis attitudes. 
Conclusions: Pinpointing the underlying mechanisms of site-related differences 
– including, but not limited to, differences in method of administration, cannabis 
potency, or patterns of substance co-use – is a key challenge for future research.
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Introduction

Cannabis policies within and across countries are now diverging, with medical and 
recreational cannabis use legalized and decriminalized in many countries.1 The legal 
status and individuals’ attitudes towards cannabis may influence trajectories of cannabis 
use disorder (CUD).2-6 The current study aimed to assess whether cannabis approach 
bias, one of the mechanisms proposed to underlie CUD, differed between environments 
with distinct recreational cannabis policies (Amsterdam, The Netherlands (NL) and 
Dallas, Texas, United States of America (TX)) and whether individual differences in 
cannabis attitudes affect those differences.
 Differences in cannabis policies between NL and TX provide a unique opportunity 
to investigate the role of cannabis culture in the mechanisms underlying CUD. 
Recreational cannabis use has been decriminalized in the Netherlands since 1976, 
while cannabis remains illegal in TX at both the state and federal level. Accumulating 
evidence from the US provides initial insight into how policy affects cannabis use 
and attitudes. As policies become more permissive, the prevalence of use increases.6,7 
Furthermore, attitudes regarding harms and benefits appear to be a key mechanism 
underlying use patterns.8-11 As legal barriers are removed, cannabis attitudes may exert a 
stronger influence on use behaviors, as evidenced by the stronger associations between 
perception of harm and use post-legalization.11 Beyond individual attitudes, perceptions 
of community attitudes can be either a protective or risk factor for the development of 
CUD. Disapproval from family and friends has been associated with decreased odds 
of CUD,3 but perceived approval of the social environment has been associated with 
increased quantity and frequency of use.12 Taken together, more positive individual 
and community attitudes may play a critical role in the pathway to CUD and research 
on how attitudes interact with known neurocognitive mechanisms is warranted. 
Cannabis approach bias (tendency to approach rather than avoid cannabis-related 
cues) is proposed as one of the neurocognitive mechanisms underlying the development 
and maintenance of CUD. No studies have yet investigated whether explicit positive 
cannabis attitudes, affected by permissiveness of the environment, influence cannabis 
approach bias.
 Approach bias is theorized to reflect the interaction of the heightened appetitive 
value and salience of substance-related cues13 and diminished functioning of reflective 
control,14,15 resulting in approach behavior in response to cues which may override 
explicit goals and desires to refrain from drug use. A systematic review identified eight 
studies assessing cannabis approach bias.16 While three studies did not find an approach 
bias in treatment-seekers,17–19 five studies showed support for an association between 
approach bias and escalation of use in heavy and at-risk users.20-24 At the behavioral 



168

level, cannabis approach bias has also been shown to predict increased use but not 
problem severity after six-months.21 Additionally, weaker approach bias activations in 
‘reflective’ control related brain areas – namely the anterior cingulate cortex (ACC) and 
the dorsolateral prefrontal cortex (dlPFC) – predicted increased problem severity after 
six months.20 Of note, two of the three studies that did not observe a cannabis approach 
bias were conducted in the US and three of the four studies that did were conducted 
in the NL, adding to the hypothesis that the cultural environment may affect the 
neurocognitive mechanisms underlying CUD.
 In the current study, we examined differences in 1) the behavioral and neural 
correlates of cannabis approach bias and its association with cannabis use measures, and 
in 2) perceptions of personal and community cannabis attitudes between TX and the 
NL. Moreover, we examined 3) if differences in cannabis attitudes explained differences 
in behavioral and neural approach bias. We recruited daily or near-daily cannabis users 
who met the DSM-5 diagnostic criteria for CUD and closely matched controls at both 
sites. We hypothesized that individuals in the more permissive legal environment (NL) 
would demonstrate stronger behavioral approach biases and weaker approach 
bias activations in control-related brain regions compared to controls and the TX 
CUD group. Furthermore, we hypothesized that NL users would report more positive 
cannabis attitudes in the CUD group compared to controls and the TX CUD group. 
Finally, we expected that more positive cannabis attitudes would moderate the site 
differences in cannabis approach bias measures, such that more positive attitudes would 
be associated with stronger approach behavior and approach-related activations.

Materials and Methods

Participants and Procedure
A total of 131 (NL:76; TX: 54) cannabis users with a CUD and 93 (NL: 54; TX: 39) 
controls were recruited via social media and flyers. Participants were aged 18–30, right 
handed, and had no MRI contra-indications, history of or current diagnosis of major 
Axis-1 disorders except anxiety and depression, known neurological disorders, brain 
damage, chronic medical issues, or a history of regular (i.e. monthly) use of illicit drugs. 
Participants were excluded at screening if they reported a score above 12 on the Alcohol 
Use Disorder Identification Test (AUDIT),25 but retained in the sample if they scored 
higher during the session (N = 12). Participants in the CUD group had to meet at least 
two DSM-5 CUD symptoms, use cannabis at least six days per week in the previous year 
and not have active plans to quit or seek treatment. Participants in the control group 
used cannabis ≤ 50 times in their life, not in the previous three months, and ≤ 5 times 
in the previous year. During the session, participants were screened for recent drug use 
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with a rapid urine screen. Individuals who tested positive for a drug except for cannabis 
and individuals in the control group who tested positive for cannabis were excluded 
from analysis. Participants missing MRI data or behavioral data and those who moved 
more than 4.5 mm during the fMRI task were excluded from analysis.
 The ethics committee of the University of Amsterdam Faculty of Social and 
Behavioral Sciences (2018-DP-9616) and the University of Texas Dallas Institutional 
Review Board (19–107) approved the procedures. All participants provided voluntary 
informed consent and were compensated financially for their time. Before scanning, 
participants completed all questionnaires and tasks unrelated to substance use, a urine 
drug screen, and a practice version of the approach avoidance task. After scanning, 
participants completed all substance related questionnaires and interviews.

Cannabis Approach Avoidance Task
Participants were instructed to approach or avoid cannabis and neutral stimuli matched 
on shape and brightness based on image orientation (portrait or landscape) resulting 
in four conditions: cannabis approach (CAp), cannabis avoid (CAv), neutral approach 
(NAp), and neutral avoid (NAv). The CAAT design was based on our previous work.20,21 
A fixation cross (2–6 second jitter) was presented between each stimulus (2 seconds). 
Participants could approach or avoid by continuously pressing a corresponding button 
with either their right pointer or middle fingers (depending on response type) that 
would result in a zooming in or zooming out effect respectively to imitate stimulus 
approach and avoidance. A response was correct when the image was approached or 
avoided correctly based on the image orientation. Following an incorrect response, a red 
‘X’ was shown for one second and the trial was repeated. Following a late response, ‘Too 
Late!’ was shown for one second but the trial was not repeated (Figure 1). A total of 20 
cannabis and 20 neutral stimuli were presented four times each, twice in approach trials 
and twice in avoid trials, resulting in 160 trials. The task used an event-related design. 
The sequence of stimuli, conditions, and the timing of the fixation events between trials 
was optimized and determined using the Optseq2 tool (https://surfer.nmr.mgh.harvard.
edu/optseq/). The three sequences with the best optimizations were chosen. Image 
orientation was counterbalanced for each sequence, resulting in six versions of the task 
counterbalanced across participants.
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Figure 1. Schematic overview of the cannabis approach avoidance task (CAAT) trial outcomes: 
correct response (left), incorrect response (middle) and late response (right).

Questionnaire Assessments
Cannabis Measures
The Mini International Neuropsychiatric Interview (MINI)26 was administered to 
assess CUD symptoms. A substance use history questionnaire assessed average days of 
use per week, average grams per use day, and age at first use. The Cannabis Culture 
Questionnaire (CCQ; Appendix 5)27 consists of two subscales that measure beliefs about 
the benefits (positive) and harms (negative) of cannabis, respectively. Expanding upon 
the original questionnaire, participants completed each item from three perspectives: 
their own beliefs, their perception of their family and friends’ beliefs, and their 
perception of the majority belief in their societal context (TX or NL; see Appendix 5). 
Positive and negative effect sum scores were calculatedly separately for each perspective 
resulting in six measures.

Substance Use, Well-being, and Other Measures
Participants reported on alcohol use and related problems (AUDIT25), daily number of 
cigarettes, and lifetime use of other substances. The Beck Depression Inventory (BDI-
II),28 the State-Trait Anxiety Inventory (STAI),29 Adult ADHD Self-Report Screening 
Scale (ASRS),30 and the DSM5 self-rated level 1 cross-cutting symptom checklist 
(DSM5-CCSM; excluding the substance abuse items)31 were administered to assess 
current symptoms of depression, anxiety, ADHD, and cross-cutting symptoms of 
mental illness. The Wechsler Adult Intelligence Scale (WAIS-IV)32,33 matrix reasoning 
and vocabulary tasks were administered to estimate IQ.

Neuroimaging Data Collection and Preprocessing
Anatomical and functional MRI scans were collected using a 3T Philips Achieva MRI 
Scanner with a 32-channel SENSE head coil at the University of Amsterdam and a 
3T Siemens MAGNETOM Prisma MRI Scanner with a 64-channel head coil at the 
University of Texas Dallas. To register the functional scans to anatomical space, an 
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anatomical (T1) scan was conducted (TR/TE = 8.3/3.9ms, FOV = 188×240×220mm3, 
1x1x1mm3, flip angle = 8°). Functional scans were acquired with a T2* single-shot 
multiband accelerated EPI sequence during the CAAT task (multiband factor = 4,  
TR/TE = 550/30ms, FOV = 240x240x118.5, voxel size = 3x3x3mm3, interslice  
gap = 0.3mm, flip angle = 55°). Preprocessing was conducted using fMRIprep as 
implemented in Harmonized AnaLysis of Functional MRI pipeline (HALFpipe version 
1.2.2),34 which included skull-stripping, spatial smoothing, and motion correction of 
the functional images and registration to the anatomical images (see Appendix 5).35

Data Analysis
Behavioral Data
ANOVAs were performed to assess group (CAN, CON) and site (TX, NL) differences, 
and group by site interactions for all descriptive outcomes. Outcomes with group or 
site differences were added to subsequent analyses as a sensitivity check for significant 
effects.
 Linear mixed effects models were estimated (maximum likelihood estimation, 
allowing for random intercepts and random slopes for participant and perspective), 
using the lme4 package36 in R version 3.6.337 to assess group and site differences in CCQ 
scores. All possible models including at least group, site, and perspective were estimated 
and the model with the best fit based on AIC metrics was interpreted.
 For the CAAT, group and site differences in approach/avoidance accuracy were 
examined using ANOVA. To assess cannabis approach bias, incorrect responses and 
trials with reaction times (RT) < 200ms were removed, and RTs were log-transformed. 
Linear mixed effects models were estimated (maximum likelihood estimation, 
allowing for random intercepts and random slopes for movement and stimulus type) 
to assess the effect of site, group, movement type (approach, avoid), stimulus type 
(cannabis, neutral), their four-way interaction, and all lower-level interactions on RT. 
Cannabis attitudes, grams per week, CUD symptom count, CCQ (sum score for each 
subscale) were added to the model separately as an interaction term with movement and 
stimulus type to assess their effect on cannabis approach bias in the cannabis group only. 
Site was then added to this interaction term to examine whether the associations differed 
between NL and TX.

fMRI Data
Subject-level models were computed with FSL FEAT (version 6.0).38 Using a general 
linear model, predictors for each condition (CAp, CAv, NAp, NAv) were convolved with 
a double-gamma hemodynamic response function. The contrast of interest [(CAp > CAv) 
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– (NAp > NAv)] isolated activity on cannabis approach trials (versus cannabis avoid 
trials) corrected for neutral approach trials (versus neutral avoid trials).
 Whole-brain voxel-wise analyses were conducted with FSL’s FEAT FLAME 1 
mixed effects models with cluster-wise multiple comparison correction (Z > 2.3, cluster 
p-significance threshold = .05). A two-group difference model was run to assess group 
differences in brain activity, adding site as a covariate to model scanner differences. To 
examine whether the group differences were dependent on site, a two-way between-
subjects ANOVA was conducted. Regression models including CUD symptom count 
and grams of use per week as regressors (controlling for mean site activity), were run to 
assess their association with cannabis approach bias-related activity in the CUD group 
as well as whether differences emerged across sites in the associations.
 For all analyses, individual mean peak activity was extracted from significant 
clusters to visualize effects and perform follow-up analyses. Task accuracy and 
approach bias score – computed as (CAv – CAp) – (NAv – NAp) using individual 
median RT for each condition – were regressed on mean peak activity to assess whether 
task performance was related to brain activity, and whether associations differed across 
sites. When significant clusters of activity emerged when comparing sites, follow-up 
regressions were computed with mean peak activity as the dependent variable and 
CCQ scores as the predictors, with and without site as a moderator. When significant 
effects were observed, sensitivity analyses were conducting controlling for sample 
characteristic differences between groups.

Results

Sample Characteristics
Twenty-five participants were excluded from the analysis (Table 1), resulting in a 
sample of 64 NL cannabis users (NL-CUD), 48 TX cannabis users (TX-CUD), 50 NL 
controls (NL-CON), and 36 TX controls (TX-CON). Cannabis users were matched 
across sites on CUD symptom count, days of cannabis use per week, depression and 
anxiety symptoms, years of education, other illicit substance use, alcohol use and 
related problems, and overall mental health symptoms (DSM5-CCSM; Table 2). The 
NL-CUD group was significantly younger, had lower estimated IQ, reported typically 
using less grams per week, had more daily cigarette smokers, and reported more ADHD-
related symptoms than the TX-CUD group. Controls were well-matched on age, anxiety 
and depression symptoms, and overall mental health symptoms across sites. The NL-
CON group was younger, had lower estimated IQ, had more years of education, more 
lifetime illicit substance use, more daily cigarette smokers, more alcohol use and related 
problems, and reported more ADHD-related symptoms than the TX-CON group. 
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Table 1. Detailed reasons for exclusion

Reasons TX NL Total

Structural brain abnormality 0 1 1

Exceeds 4.5mm motion threshold 2 3 5

MRI data quality issue 2 0 2

CAAT performance below 60% 
accuracy

3 2 5

Positive drug screen 0 7 7

CUD: too little cannabis use 2 3 5

Total exclusions 25

Initial sample 223

Final sample 198
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Cannabis Attitudes
Significant group by perspective interactions emerged for negative and positive 
cannabis attitudes (Figure 2; Table 3). Regardless of site, the CUD group reported more 
positive and less negative personal and family-friends attitudes. No group differences in 
state- country attitudes were observed.

Figure 2. Linear mixed effects models revealed significant Group*Perspective, Group*Site, 
and Site*Perspective two-way interactions in cannabis attitudes. Group*Perspective: For 
personal and family and friend perspectives, the CUD group overall reported less negative 
and more positive attitudes than the CON group. Group*Site: For negative attitudes only, the 
TX- CUD group reported less negative attitudes than the NL-CUD group for all perspectives. 
Site*Perspective: For positive attitudes only, the TX site overall reported more positive personal 
and family and friend attitudes than the NL site. Error bars based on standard error. Attitudes 
measured with adapted Cannabis Culture Questionnaire.
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Table 3. Linear Mixed effect models for effect of group, site, and perspective on cannabis attitudes 
(CCQ)

Model Model coefficients

Fixed effects Random effects

B 95% CI (B) SE (B) t p SD

Negative attitudes

Intercept 19.37 14.47 : 24.26 2.50 7.76 < .001 2.19

Group: CAN-CON -2.82 -4.13 : -1.5 0.67 -4.20 < .001

Site: NL-TX 3.02 1.69 : 4.34 0.68 4.46 < .001

Perspective: FF-P 3.89 -2.98 : 10.76 3.51 1.11 0.268
2.45

Perspective: FF-SC -2.54 -9.41 : 4.33 3.51 -0.72 0.470

Group: CAN-CON * Perspective: FF-P -3.07 -4.38 : -1.76 0.67 -4.59 < .001

Group: CAN-CON * Perspective: FF-SC 2.66 1.35 : 3.97 0.67 3.98 < .001

Group: CAN-CON * Site: NL-TX -2.86 -4.51 : -1.21 0.84 -3.39 0.001

Site: NL-TX * Perspective: FF-P 0.76 -0.56 : 2.07 0.67 1.13 0.259

Site: NL-TX * Perspective: FF-SC -1.83 -3.15 : -0.52 0.67 -2.73 0.007

Positive attitudes

Intercept 19.77 14.23 : 25.3 2.82 7.00 < .001 2.67

Group: CAN-CON 0.66 -0.8 : 2.11 0.74 0.88 0.379

Site: NL-TX -3.58 -5.05 : -2.11 0.75 -4.77 < .001

Perspective: FF-P -3.20 -10.96 : 4.57 3.96 -0.81 1.000
2.78Perspective: FF-SC 3.63 -4.13 : 11.4 3.96 0.92 1.000

Group: CAN-CON * Perspective: FF-P 2.35 0.98 : 3.71 0.69 3.38 0.001

Group: CAN-CON * Perspective: FF-SC -2.13 -3.49 : -0.76 0.69 -3.06 0.002

Group: CAN-CON * Site: NL-TX 3.74 1.85 : 5.63 0.96 3.88 < .001

Site: NL-TX * Perspective: FF-P -0.94 -2.31 : 0.42 0.70 -1.35 0.178

Site: NL-TX * Perspective: FF-SC 1.31 -0.05 : 2.68 0.70 1.88 0.060

Note. Linear mixed model results using random intercepts and maximum likelihood estimation; CI: Confidence 
Interval (Wald); TX: Texas NL: Netherlands, SE: Standard Error, SD: Standard deviation. CAN & NL were used as the 
reference categories.
Significant results are presented in bold.

Group by site interactions were only observed for negative attitudes. Personal, family- 
friends, and state-country negative attitudes did not differ between TX and NL controls, 
but the TX-CUD group reported less negative attitudes for all perspectives compared 
to the NL- CUD group. A site by perspective interaction emerged for positive cannabis 
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attitudes, with the TX group reporting more positive personal and family-friends 
attitudes than the NL group.

CAAT Performance
Accuracy
Significant between-subjects main effects of site and group emerged in accuracy in the 
task overall. The NL participants had significantly more accurate first responses than 
the TX participants (92.4% vs. 89.4%; F(1,194) = 7.53, p = .007). Regardless of site, 
the CUD group was significantly less accurate than the controls (89.8% vs 92.9%; 
F(1,194) =11.421 , p < .001).
 A significant within-subject group by stimulus by movement type was observed 
(F(1, 194) = 10.2, p = .002). Post hoc Bonferroni-corrected pairwise comparisons 
revealed that the CUD group was significantly less accurate on the cannabis avoid 
trials compared to all other conditions both within the CUD group and compared to the 
control group (Table 4). The CUD group was also less accurate during neutral approach 
trials compared to the control group.

Table 4. Post-hoc pairwise comparisons for interaction between group, stimulus type, and 
movement type on accuracy in the CAAT

Reference Comparison Mean 
Difference

SE t p bonf

CUD, Neutral, Approach CON, Neutral, Approach -0.04 0.01 -3.33 0.027

CUD, Cannabis, Approach -0.01 0.01 -1.76 1

CON, Cannabis, Approach -0.03 0.01 -2.75 0.175

CUD, Neutral, Avoid 0.01 0.01 0.65 1

CON, Neutral, Avoid -0.02 0.01 -1.44 1

CUD, Cannabis, Avoid 0.03 0.01 4.11 0.001

CON, Cannabis, Avoid -0.02 0.01 -1.73 1

CON, Neutral, Approach CUD, Cannabis, Approach 0.03 0.01 2.42 0.449

CON, Cannabis, Approach 0.01 0.01 0.98 1

CUD, Neutral, Avoid 0.05 0.01 3.75 0.006

CON, Neutral, Avoid 0.02 0.01 2.54 0.32

CUD, Cannabis, Avoid 0.07 0.01 5.83 < .001
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Reference Comparison Mean 
Difference

SE t p bonf

CUD, Cannabis, Approach CON, Cannabis, Avoid 0.02 0.01 2.30 0.625

CON, Cannabis, Approach -0.02 0.01 -1.84 1

CUD, Neutral, Avoid 0.02 0.01 2.19 0.829

CON, Neutral, Avoid -0.01 0.01 -0.53 1

CUD, Cannabis, Avoid 0.04 0.01 5.27 < .001

CON, Cannabis, Avoid -0.01 0.01 -0.82 1

CON, Cannabis, Approach CUD, Neutral, Avoid 0.04 0.01 3.17 0.046

CON, Neutral, Avoid 0.02 0.01 1.88 1

CUD, Cannabis, Avoid 0.06 0.01 5.25 < .001

CON, Cannabis, Avoid 0.01 0.01 1.38 1

CUD, Neutral, Avoid CON, Neutral, Avoid -0.02 0.01 -1.86 1

CUD, Cannabis, Avoid 0.03 0.01 4.03 0.002

CON, Cannabis, Avoid -0.03 0.01 -2.15 0.903

CON, Neutral, Avoid CUD, Cannabis, Avoid 0.05 0.01 3.95 0.003

CON, Cannabis, Avoid 0.00 0.01 -0.48 1

CUD, Cannabis, Avoid CON, Cannabis, Avoid -0.05 0.01 -4.23 < .001

Note. CUD = Group with cannabis use disorder; CON = non-using controls. P-value Bonferroni-corrected for 28 
comparisons.

Reaction Time
Three significant interactions emerged in the model: group by movement by stimulus, 
site by movement, and site by group. The three-way interaction revealed a cannabis 
approach bias in the CUD group only (Figure 3; Table 5). Regardless of site, the CUD 
group was faster to approach than avoid the cannabis cues, while no difference in 
RT emerged between approaching and avoiding neutral cues. The results hold when 
controlling for age, gender, years of education, alcohol use and related problems, overall 
task accuracy, and lifetime illicit substance use.
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Figure 3. A linear mixed effects model revealed a significant three-way interaction of 
Group*Movement*Stimulus and significant two-way Site*Movement and Group*Site 
interactions. Group*Movement*Stimulus (Overall panel): The CUD group but not the CON 
group was significantly slower to avoid compared to approach the cannabis stimuli but no the 
neutral stimuli. Site*movement: TX site was faster to respond on avoid trials than the NL site. 
Group*Site: The TX-CUD group was faster to respond across all trials compared to the NL- 
CUD group. The NL-CUD group was slower than the NL-CON group, while the TX-CUD and 
TX-CON groups did not significantly differ. Error bar based on standard error.

Table 5. Linear mixed effects model for the effect of group, site, stimulus type, and movement 
type on reaction times in the CAAT task

Model Model coefficients
Fixed effects Random 

effects
B 95% CI (B) SE (B) t p SD

Intercept 6.43 6.39 : 6.47 0.02 322.67 < .0.001 0.15369
Site: NL-TX -0.09 -0.15 : -0.03 0.03 -3.10 0.002
Group: CAN-CON -0.08 -0.13 : -0.02 0.03 -2.53 0.012
Movement: Approach-Avoid 0.09 0.07 : 0.11 0.01 8.17 < .0.001 0.06516
Stimulus: Cannabis – Neutral 0.00 -0.02 : 0.01 0.01 -0.23 0.816 0.0198
Site * Group 0.15 0.06 : 0.24 0.05 3.27 0.001
Site * Movement -0.04 -0.07 : 0 0.02 -2.15 0.033
Site * Stimulus 0.01 -0.01 : 0.04 0.01 1.04 0.301
Group * Movement -0.01 -0.05 : 0.02 0.02 -0.81 0.421
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Model Model coefficients
Fixed effects Random 

effects
B 95% CI (B) SE (B) t p SD

Group * Stimulus -0.02 -0.04 : 0 0.01 -1.74 0.084
Movement * Stimulus -0.04 -0.06 : -0.02 0.01 -3.45 0.001 0.02676
Site * Group * Movement -0.02 -0.07 : 0.03 0.03 -0.87 0.384
Site * Group * Stimulus -0.01 -0.05 : 0.02 0.02 -0.66 0.513
Site * Movement * Stimulus 0.00 -0.04 : 0.03 0.02 -0.21 0.832
Group * Movement * Stimulus 0.04 0.002 : 0.07 0.02 2.13 0.034
Site * Group * Movement * Stimulus 0.02 -0.03 : 0.07 0.03 0.69 0.489
Sensitivity Analysis
Intercept 6.45 6.08 : 6.82 0.19 33.95 < .0.001 0.15
Site: NL-TX -0.11 -0.19 : -0.03 0.04 -2.74 0.007
Group: CAN-CON -0.08 -0.14 : -0.01 0.03 -2.38 0.02
Movement: Approach-Avoid 0.09 0.07 : 0.11 0.01 8.01 < .0.001 0.07
Stimulus: Cannabis – Neutral 0.00 -0.02 : 0.01 0.01 -0.19 0.85 0.02
Site * Group 0.12 0 : 0.24 0.06 1.91 0.06
Site * Movement -0.04 -0.08 : 0 0.02 -2.06 0.04
Site * Stimulus 0.02 -0.01 : 0.05 0.01 1.24 0.22
Group * Movement -0.02 -0.05 : 0.02 0.02 -0.99 0.32
Group * Stimulus -0.02 -0.04 : 0 0.01 -1.67 0.10
Movement * Stimulus -0.04 -0.06 : -0.02 0.01 -3.36 0.001 0.03
Site * Group * Movement -0.02 -0.09 : 0.05 0.03 -0.58 0.56
Site * Group * Stimulus -0.04 -0.09 : 0.01 0.02 -1.73 0.09
Site * Movement * Stimulus -0.01 -0.05 : 0.03 0.02 -0.60 0.55
Group * Movement * Stimulus 0.03 0 : 0.07 0.02 2.04 0.04
Site * Group * Movement * Stimulus 0.05 -0.02 : 0.12 0.03 1.40 0.16
Covariates
Age 0.00 -0.01 : 0.01 0.01 -0.21 0.84
Gender (male) -0.07 -0.12 : -0.02 0.03 -2.65 0.009
Gender (other) -0.15 -0.46 : 0.15 0.16 -0.97 0.34
Education years 0.00 -0.01 : 0.01 0.01 -0.38 0.70
AUDIT 0.00 -0.01 : 0 0.00 -0.84 0.40
Lifetime illicit substance use 0.00 0 : 0 0.00 0.89 0.37
CAAT accuracy (all trials) 0.09 -0.27 : 0.46 0.19 0.51 0.61

Note. Linear mixed model results using random intercepts and restricted maximum likelihood estimation; CAN: 
cannabis group, CI: Confidence Interval (Wald), CON: control group, NL: Netherlands, SE: Standard Error, SD: 
Standard deviation, TX: Texas; CAN & NL were used as the reference categories. Note: Significant results are 
presented in bold.
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Simple main effects analyses revealed that the site by group interaction on overall 
RT was driven by faster responses in the TX-CUD group compared to the NL-CUD 
group (F(1,194) = 12.125, p < .001), with no difference between controls across sites 
(F(1,194) = .537, p <.465). Additionally, the NL-CUD group was significantly slower 
than the NL-CON group (F(1,194) = 8.920, p = .003), while the TX groups did not 
significantly differ (F(1,194) = 1.404, p = .237).
 Follow-up analyses of the site by movement interaction revealed that TX 
participants regardless of group were faster to respond to the avoid trials specifically 
(U = 5913.00, p = .005), while site differences were not observed in RT to approach 
trials (U = 5252.00, p = .245). In the CUD group, the CUD symptom count and gram/
week of cannabis use were not associated with approach bias (movement * stimulus), 
and no site-related differences in these associations were observed (Tables 6-7). 
Cannabis attitudes also did not interact with approach bias overall or differentially across 
sites in the CUD group (Table 8).

Table 6. Linear mixed effects model for the effect CUD severity on reaction time in CAAT

Model Model coefficients

Fixed effects Random 
effects

B 95% CI (B) SE (B) t p SD

Intercept 6.39 6.35 : 6.42 0.02 391.18 < 0.001 0.16

CUD Severity (MINI) -0.01 -0.05 : 0.02 0.02 -0.89 0.38

Movement: Approach-Avoid 0.08 0.06 : 0.09 0.01 8.15 < 0.001 0.07

Stimulus: Cannabis – Neutral 0.00 -0.01 : 0.02 0.01 0.57 0.57 0.02

CUD Severity (MINI) * Movement -0.01 -0.03 : 0.01 0.01 -1.09 0.28

CUD Severity (MINI)* Stimulus 0.00 -0.02 : 0.01 0.01 -0.64 0.52

Movement * Stimulus -0.04 -0.06 : -0.02 0.01 -4.38 < 0.001 0.04

CUD Severity (MINI) * Movement * Stimulus 0.01 -0.01 : 0.02 0.01 0.68 0.50

Interaction with Site

Intercept 6.42 6.38 : 6.47 0.02 304.53 < .0.001 0.15

Site: NL-TX -0.09 -0.16 : -0.03 0.03 -2.88 0.00

CUD Severity (MINI) -0.02 -0.06 : 0.02 0.02 -0.80 0.43

Movement: Approach-Avoid 0.09 0.07 : 0.11 0.01 7.36 < .0.001 0.07

Stimulus: Cannabis – Neutral 0.00 -0.02 : 0.01 0.01 -0.32 0.75 0.02

Site * CUD Severity (MINI) 0.02 -0.04 : 0.08 0.03 0.66 0.51

Site * Movement -0.04 -0.07 : 0 0.02 -1.90 0.06
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Model Model coefficients

Fixed effects Random 
effects

B 95% CI (B) SE (B) t p SD

Site * Stimulus 0.01 -0.01 : 0.04 0.01 1.10 0.27

CUD Severity (MINI) * Movement -0.01 -0.04 : 0.01 0.01 -1.12 0.27

CUD Severity (MINI)* Stimulus -0.01 -0.02 : 0.01 0.01 -0.83 0.41

Movement * Stimulus -0.04 -0.06 : -0.01 0.01 -3.17 < 0.01 0.03

Site * CUD Severity (MINI) * Movement 0.01 -0.02 : 0.05 0.02 0.75 0.46

Site * CUD Severity (MINI)* Stimulus 0.00 -0.02 : 0.03 0.01 0.35 0.73

Site * Movement * Stimulus -0.01 -0.04 : 0.03 0.02 -0.32 0.75

CUD Severity (MINI) * Movement
* Stimulus

0.00 -0.02 : 0.02 0.01 0.07 0.94

Site * CUD Severity (MINI) * Movement * 
Stimulus

0.01 -0.02 : 0.05 0.02 0.75 0.45

Note. Linear mixed model results using random intercepts and maximum likelihood estimation; CI: Confidence 
Interval (Wald); TX: Texas NL: Netherlands, SE: Standard Error, SD: Standard deviation. CAN & NL were used as the 
reference categories. Note: Significant results are presented in bold.

Table 7. Linear mixed effects model for the effect of cannabis use quantity (grams per week) on 
reaction time in CAAT

Model Model coefficients

Fixed effects Random 
effects

B 95% CI (B) SE (B) t p SD

Intercept 6.39 6.36 : 6.42 0.02 378.91 < 0.001 0.17

GramsWeek -0.02 -0.05 : 0.02 0.02 -0.96 0.34

Movement: Approach-Avoid 0.08 0.06 : 0.1 0.01 7.86 < 0.001 0.02

Stimulus: Cannabis – Neutral 0.01 -0.01 : 0.02 0.01 0.96 0.34 0.08

GramsWeek * Movement 0.00 -0.02 : 0.02 0.01 -0.23 0.82

GramsWeek* Stimulus 0.01 0 : 0.02 0.01 1.38 0.17

Movement * Stimulus -0.04 -0.06 : -0.02 0.01 -4.19 < 0.001 0.04

GramsWeek * Movement * Stimulus -0.01 -0.03 : 0.01 0.01 -1.05 0.30

Interaction with Site

Intercept 6.45 6.4 : 6.49 0.02 274.79 < 0.001 0.16

Site: NL-TX -0.10 -0.17 : -0.02 0.04 -2.64 0.01
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Model Model coefficients

Fixed effects Random 
effects

B 95% CI (B) SE (B) t p SD

GramsWeek 0.07 0 : 0.13 0.03 1.99 0.05

Movement: Approach-Avoid 0.09 0.06 : 0.12 0.01 6.35 < 0.001 0.081

Stimulus: Cannabis – Neutral 0.00 -0.02 : 0.02 0.01 0.07 0.95 0.02

Site * GramsWeek -0.09 -0.17 : -0.01 0.04 -2.31 0.02

Site * Movement -0.04 -0.08 : 0 0.02 -1.94 0.06

Site * Stimulus 0.00 -0.05 : 0.03 0.01 0.34 0.74

GramsWeek * Movement -0.01 -0.02 : 0.03 0.02 -0.51 0.61

GramsWeek* Stimulus -0.01 -0.03 : 0.02 0.01 -0.38 0.70

Movement * Stimulus -0.04 -0.07 : -0.01 0.01 -2.70 < 0.01 0.04

Site * GramsWeek * Movement 0.02 -0.02 : 0.07 0.02 0.97 0.33

Site * GramsWeek * Stimulus 0.02 -0.01 : 0.05 0.02 1.16 0.25

Site * Movement * Stimulus 0.01 -0.03 : 0.05 0.02 0.43 0.66

GramsWeek * Movement * Stimulus 0.01 -0.03 : 0.05 0.02 0.53 0.60

Site * GramsWeek * Movement * Stimulus -0.03 -0.08 : 0.01 0.02 -1.35 0.18

Note. Linear mixed model results using random intercepts and maximum likelihood estimation; CI: Confidence 
Interval (Wald); TX: Texas NL: Netherlands, SE: Standard Error, SD: Standard deviation. CAN & NL were used as the 
reference categories. Note: Significant results are presented in bold.
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Table 8. Linear mixed effects model for the effect of CCQ on RT in CAAT.

Model Model coefficients

Fixed effects Random 
effects

B 95% CI (B) SE (B) t p SD

Positive Personal

Intercept 6.40 6.37 : 6.44 0.02 316.75 < 0.001 0.17

CCQ_PP -0.02 0 : 0.07 0.02 -1.04 0.30

Movement: Approach-Avoid 0.07 0.06 : 0.1 0.01 5.96 < 0.001 0.07

Stimulus: Cannabis – Neutral 0.00 -0.01 : 0.01 0.01 0.08 0.94 0.02

CCQ_PP * Movement 0.01 -0.01 : 0.03 0.01 0.99 0.32

CCQ_PP* Stimulus 0.00 -0.02 : 0.01 0.01 0.62 0.54

Movement * Stimulus -0.03 -0.06 : -0.02 0.01 -2.65 < 0.01 0.03

CCQ_PP* Movement * Stimulus -0.02 -0.02 : 0.02 0.01 -1.52 0.13

Positive Family/Friends

Intercept 6.40 6.37 : 6.44 0.02 379.69 < 0.001 0.16

CCQ_FFP -0.04 -0.08 : -0.01 0.02 -2.72 < 0.01

Movement: Approach-Avoid 0.08 0.06 : 0.09 0.01 7.70 < 0.001 0.07

Stimulus: Cannabis – Neutral 0.00 -0.01 : 0.02 0.01 0.76 0.45 0.02

CCQ_FFP * Movement 0.00 -0.02 : 0.02 0.01 -0.20 0.84

CCQ_FFP* Stimulus 0.00 -0.02 : 0.01 0.01 -0.65 0.52

Movement * Stimulus -0.04 -0.06 : -0.02 0.01 -3.93 < 0.001 0.03

CCQ_FFP * Movement * Stimulus 0.00 -0.02 : 0.01 0.01 -0.52 0.60

Positive State/Country

Intercept 6.39 6.36 : 6.42 0.02 402.66 < 0.001 0.16

CCQ_SCP -0.04 -0.07 : -0.01 0.01 -2.74 < 0.01

Movement: Approach-Avoid 0.07 0.06 : 0.09 0.01 8.27 < 0.001 0.07

Stimulus: Cannabis – Neutral 0.00 -0.01 : 0.01 0.01 0.41 0.69 0.00

CCQ_SCP * Movement 0.01 -0.01 : 0.02 0.01 0.77 0.44

CCQ_SCP* Stimulus 0.01 0 : 0.02 0.01 1.35 0.18

Movement * Stimulus -0.04 -0.06 : -0.02 0.01 -4.42 < 0.001 0.01

CCQ_SCP * Movement * Stimulus -0.01 -0.03 : 0 0.01 -1.36 0.17
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Model Model coefficients

Fixed effects Random 
effects

B 95% CI (B) SE (B) t p SD

Negative Personal

Intercept 6.40 6.37 : 6.44 0.02 366.82 < 0.001 0.16

CCQ_SCP 0.04 0 : 0.07 0.02 2.16 0.033

Movement: Approach-Avoid 0.08 0.06 : 0.1 0.01 7.93 < 0.001 0.07

Stimulus: Cannabis – Neutral 0.00 -0.01 : 0.01 0.01 0.12 0.90 0.02

CCQ_SCP * Movement 0.01 -0.01 : 0.03 0.01 1.05 0.30

CCQ_SCP* Stimulus -0.01 -0.02 : 0.01 0.01 -0.97 0.33

Movement * Stimulus -0.04 -0.06 : -0.02 0.01 -4.06 < 0.001 0.03

CCQ_SCP * Movement * Stimulus 0.00 -0.02 : 0.02 0.01 -0.06 0.95

Negative Family/Friends

Intercept 6.40 6.36 : 6.43 0.02 397.08 < 0.001

CCQ_SCP 0.04 0.01 : 0.08 0.02 2.70 < 0.01

Movement: Approach-Avoid 0.08 0.06 : 0.09 0.01 8.14 < 0.001 0.07

Stimulus: Cannabis – Neutral 0.00 -0.01 : 0.02 0.01 0.61 0.54 0.02

CCQ_SCP * Movement 0.01 -0.01 : 0.02 0.01 0.66 0.51

CCQ_SCP* Stimulus 0.00 -0.01 : 0.01 0.01 0.25 0.80

Movement * Stimulus -0.04 -0.06 : -0.02 0.01 -4.37 < 0.001 0.03

CCQ_SCP * Movement * Stimulus 0.00 -0.02 : 0.02 0.01 -0.32 0.75

Negative State/Country

Intercept 6.39 6.36 : 6.42 0.02 410.13 < 0.001 0.16

CCQ_SCP 0.05 0.02 : 0.08 0.01 3.14 < 0.01

Movement: Approach-Avoid 0.07 0.06 : 0.09 0.01 8.24 < 0.001 0.07

Stimulus: Cannabis – Neutral 0.00 -0.01 : 0.02 0.01 0.56 0.58 0.01

CCQ_SCP * Movement -0.01 -0.03 : 0 0.01 -1.55 0.12

CCQ_SCP* Stimulus -0.01 -0.02 : 0 0.01 -1.60 0.11

Movement * Stimulus -0.04 -0.06 : -0.02 0.01 -4.42 < 0.001 0.03

CCQ_SCP * Movement * Stimulus 0.01 -0.01 : 0.03 0.01 1.31 0.19

Note. Linear mixed model results using random intercepts and maximum likelihood estimation; CI: Confidence 
Interval (Wald); TX: Texas NL: Netherlands, SE: Standard Error, SD: Standard deviation. CAN & NL were used as the 
reference categories. Note. Significant results are presented in bold.
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Cannabis Approach Bias in the Brain
Group Differences and Associations with use
The CUD group showed higher approach bias activity than controls in a cluster 
spanning the paracingulate gyrus, anterior cingulate gyrus, frontal medial cortex, and 
frontal pole (Figure 4A, Table 9). However, sensitivity analyses showed that group 
differences in the peak voxel were no longer significant after controlling for gender  
( = -17.5, t = -1.75, p = .08), as men showed higher activity regardless of group ( = 23.5, 
t = 2.31, p=.02). Adding task accuracy to the model, the group difference was reduced 
and no longer nearing significance ( = -13.62, t = -1.35, p = .18), but the association with 
accuracy itself was not significant ( = - 9.8, t = -1.95, p = .053). Behavioral cannabis 
approach bias was not related to activity in the cluster. Also, approach bias-related 
activity was not associated with grams per week or CUD symptom count in the overall 
CUD group.

Figure 4. Mean activity extracted from the peak voxels for [(CAp > CAv) – (NAp > NAv)] 
contrast. Panel A – Cluster (MNI peak coordinates: x: -12 y: 40 z: 14) with significantly greater 
activity in the CUD group compared to CON group (Z = 2.3, p < .05 in regions encompassing 
the paracingulate gyrus, anterior cingulate gyrus, frontal medial cortex, and frontal pole). 
Panel B – Cluster of activity (MNI peak coordinates: x: -28 y: -6 z: 8) encompassing the 
putamen, amygdala, hippocampus, and insula with significant effect of site on the association 
with cannabis use (grams/week).
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Moderating Effect of Site and Cannabis Culture
No significant group by site interactions emerged in cannabis approach bias activations 
and no interactions between CUD symptom count and site were observed. However, 
the TX- CUD group showed a stronger association between approach bias-related 
activation and grams of use per week than the NL-CUD group in a cluster spanning 
the left putamen, amygdala, hippocampus, and insula (Table 9, Figure 4B). Sensitivity 
analysis on extracted peak voxel activity showed that this effect holds when controlling 
for task accuracy and other substance use (Gram*Site:  = 4.81, t = 2.70, p = .008). 
Behavioral cannabis approach bias was not associated with activity in the cluster in the 
CUD group overall (Bias:  = .03, t = .39, p = .70), or differentially across sites (Bias*Site: 
 = .06, t = .39, p = .70).
 Follow-up analyses replacing site with positive and negative cannabis attitudes 
from personal, family/friends, and state/country perspectives revealed no significant 
moderating effect of cannabis attitudes on the relationship between grams/week and 
cannabis approach bias activation in this cluster (Table 10).

Table 10. CCQ follow-up analyses for significant whole brain site by grams interaction.

β SE (B) 95% CI

Grams*PosPersonal -0.07 0.33 -0.54 : 0.54

Grams*NegPersonal -0.19 0.21 -0.56 : 0.27

Grams*PosFamilyFriends 0.21 0.21 -0.14 : 0.66

Grams*NegFamilyFriends -0.32 0.18 -0.67 : 0.03

Grams*PosStateCountry 0.14 0.07 -0.25 : 0.66

Grams*NegStateCountry -0.23 0.22 -0.72 : 0.13

Note. Bonferroni-corrected significance threshold of p = 0.008; Bootstrapping based on 5000 replicates and coefficient 
estimates based on the median of the bootstrapped distribution.

Discussion

In a cross-cultural sample of individuals with CUD from two distinct cannabis use 
environments, evidence for differences in cannabis attitudes and approach-bias 
activations in the brain emerged. Using a new event-related approach-avoidance task, 
individuals with CUD demonstrated a behavioral cannabis approach bias and showed 
heightened approach-related activity in brain regions implicated in motivational and 
cognitive control processes theorized to underpin addictive behavior. Furthermore, 
cross-cultural differences emerged in the associations between approach-related brain 
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activity and quantity of cannabis use which could not be explained by site differences 
in cannabis attitudes. Taken together, these findings lend support for continued 
examination of the role of approach bias in CUD and highlight the importance of 
cross-cultural research into the underlying brain mechanisms of addictive behavior. 
Generalizability of the neural correlates of CUD cannot be assumed, especially when 
legal status and cannabis attitudes are divergent.
 Regardless of site, the CUD group only made more errors in cannabis avoid 
trials than all other conditions and was faster to approach than avoid cannabis images 
specifically. Approach bias was not related to measures of use or problem severity, 
which is in line with previous studies.19,21,23 Furthermore, individuals with CUD 
demonstrated higher cannabis approach-related activity in the ACC, paracingulate 
gyrus, frontal medial cortex, and frontal pole compared to the control group. These 
regions have all been shown to activate during tasks requiring a wide array of cognitive 
control-related functions, such as conflict/performance monitoring and response 
inhibition in the ACC and paracingulate gyrus specifically.39-41 This is in line with 
the theoretical model of approach-avoidance tasks proposing a conflict between 
motivationally salient approach responses and the required response inhibition to 
perform the task. A sensitivity analysis accounting for lower task accuracy as well as 
the overrepresentation of men in the CUD group showed that the heightened cannabis 
approach-related activity in the CUD group was at least partially driven by task 
performance and the number of men, with men showing higher activity regardless of 
group. Adding covariates to the models likely reduced the power to detect group effects, 
but it also highlights the importance of investigating gender differences in the neural 
correlates of CUD.
 Many site differences in cannabis attitudes were observed. In contrast to our 
hypothesis, participants from TX were more positive themselves and perceived their 
friends and family to be more positive about cannabis than the NL participants, despite 
the more permissive legal environment in the NL. While individuals with CUD were 
more positive and less negative in their personal and perceived family and friends’ 
beliefs than non-users across sites, the TX-CUD group reported even less negative 
personal and family and friend’s attitudes than the NL-CUD group. These findings 
highlight the mismatch between legal climate and perceptions of harms and benefits, 
and the importance of assessing both. Speculatively, individuals who use cannabis 
regularly in an illegal environment such as TX may have more positive beliefs about 
its effects because those who perceive more negative effects may choose to abstain 
from use given the potential legal consequences. TX users also reside within the larger 
context of the US, in which permissive cannabis policies are spreading and perceptions 
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of harm are decreasing.42 However, despite the observed differences, cannabis attitudes 
were not related to cannabis approach bias at the level of brain or behavior.
 Cross-cultural differences did emerge in the association between severity of use 
and approach-bias related activity in addiction-related regions. In the NL sample, 
higher use was associated with less activity in the left putamen, amygdala, insula, and 
hippocampus, regions that consistently activate in response to cannabis stimuli in 
heavy cannabis users.43 In the TX-CUD group, the reverse was found. The differential 
association between use and approach-bias related activity was not explained by 
differences in other substance use, task-performance, or cannabis attitudes. While 
these cross-cultural differences are difficult to interpret, they further stress the need 
for cross-cultural research to explore which factors may contribute to site differences 
in underlying brain mechanisms. For instance, cannabis potency is implicated in the 
severity of the effects of cannabis use on the brain.14 Potency, as well as method of 
administration (e.g. bongs, joints, vaping, oral, dermal etc.) and co-use with other 
substances (e.g. tobacco), differ across regions and cultures.44 Given the lack of tobacco 
co-users in the TX sample and lack of identical data about method of administration 
across sites, we were unable to examine the role of these factors in the cross-cultural 
differences we observed. These are important factors for future cross-cultural research 
to identify what mechanisms may underlie differences in the neural correlates of CUD.
 Strengths of this study included the novel cross-cultural comparison and the 
close matching of CUD groups in TX and NL on key variables, including CUD 
symptom count, frequency of cannabis use, mental well-being (depression, anxiety, 
cross-cutting mental health symptoms), and alcohol and illicit substance use. However, 
several limitations are important to consider. First, the NL- and TX-CUD groups 
were not matched on tobacco use and too few TX participants smoked cigarettes to 
allow for sensitivity analyses. Furthermore, most cannabis users in the Netherlands, 
and Europe44 mix tobacco into their joints, which is relatively uncommon in the US. 
While this presents a challenge for study design and statistical control, the included 
samples are ecologically valid and future research should examine whether cross-
cultural differences in the neural mechanisms of CUD may be attributable to tobacco 
co-use. For example, there is some evidence of a modulating role of nicotine on 
the endocannabinoid system which may mitigate effects of cannabis and modulate 
cognitive function45 and the neural correlates of addiction, such as cue reactivity.46 
Second, the TX-CUD group reported more grams per week of cannabis use than the 
NL group. While approach bias findings were not related to grams per week at the 
brain or behavioral level, it remains unclear whether site-related differences in cannabis 
effects may be due to differences in either cannabis or cannabinoid exposure. Future 
cross-cultural research should aim to use biospecimen analyses (e.g. hair, urine, saliva), 
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as recommended by the iCannToolkit,47 in order to examine the role of cannabinoid 
exposure given potential differences in cannabis products between regions.48

In conclusion, these findings provide further evidence for the presence of cannabis 
approach bias on a brain and behavioral level in CUD. Furthermore, differences 
between TX and NL in the relationship between severity of use and approach-related 
brain activity point towards cross-cultural research as a novel and important direction 
in neurocognitive research into the mechanisms of CUD. While cannabis attitudes 
themselves differed significantly between the two sites, there was no evidence they 
modulated approach behavior. Culture is a dynamic and complicated concept, 
particularly in relation to cannabis as the social and legal landscape continues to change 
worldwide. Pinpointing the cultural differences that may influence the underlying 
neural mechanisms is a key challenge and opportunity for future research.
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CHAPTER 9

Cannabis Cue Reactivity in Cannabis 
Use Disorder: Diverging Evidence 
across Distinct Cannabis Cultures

This chapter is adapted from a manuscript submitted in Biological Psychiatry:

Kuhns, L., Kroon, E., Cousijn, J., & Filbey, F. (2023). 
Cannabis cue-reactivity in cannabis use disorder: 

Diverging evidence across distinct cannabis cultures.
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Abstract

Importance: Cannabis policies and attitudes play a role in the development and 
presentation of cannabis use disorder (CUD). Given this, it is essential to examine how 
these factors are related to biomarkers of addiction. 
Objective: Examine cross-cultural differences in cannabis attitudes, cannabis cue-
reactivity in the brain and its associations with cannabis use measures and cannabis 
attitudes. 
Design: Cross-sectional study completed between 2018–2022. 
Setting: A multicenter study with research sites in Texas, United States and Amsterdam, 
the Netherlands. 
Participants: 54 NL cannabis users (NL-CUD) and 51 TX cannabis users (TX-CUD) 
with CUD and 50 NL non-using controls (NL-CON) and 33 TX non-using controls (TX-
CON). 
Exposure: A tactile cue-reactivity paradigm was administered in a 3T MRI scanner, 
including cannabis (joint/pipe), neutral (pencil), and appetitive (fruit) cues. 
Main outcomes and measures: Cannabis cue-reactivity was isolated in the brain in two 
contrasts, Cannabis > Neutral and Cannabis > Neutral + Fruit. Cannabis use symptoms, 
cannabis use quantity (grams per week), cue-induced craving, and cannabis attitudes 
were measured. 
Results: While the CUD group overall was more positive and less negative about 
cannabis, the TX-CUD group reported significantly more positive and less negative 
attitudes than the NL-CUD group. Cannabis cue-induced craving was observed in the 
CUD group overall, but higher craving was observed in the NL-CUD group compared 
to the TX-CUD group. Cannabis cue-reactivity was observed in the CUD group in 
clusters including the precuneus, lateral occipital cortex, frontal medial cortex, nucleus 
accumbens, and thalamus. In the TX-CUD group, a positive association was observed 
between symptom severity and cue-induced craving and cannabis cue-reactivity in 
precuneus and occipital cortex clusters, while a negative association was observed in 
the NL-CUD group. Personal cannabis attitudes appear to drive the differential craving 
effect, with individuals with more positive attitudes showing a positive association 
between craving and cue-reactivity and those with negative attitudes showing a 
negative association. No associations with quantity of use were observed. 
Conclusion and Relevance: This study provides preliminary evidence of diverging 
relationships between cannabis cue-reactivity in the brain and cue-induced craving 
across distinct cannabis use environments, challenging the role of cue reactivity as a 
consistent biomarker of addiction.
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The decriminalization of cannabis has gained momentum,1 accompanied by a shift 
towards more positive cannabis attitudes and reduced perceptions of harm.2,3 These 
factors interconnect with cannabis use initiation, frequency of use, and the development 
of cannabis use disorder (CUD).4,5 Understanding the relationship between cannabis 
policy, attitudes, and addiction biomarkers is crucial. This study utilized a cross-
cultural collaboration between research sites in Texas (TX), USA and Amsterdam, The 
Netherlands (NL) to investigate how cannabis culture influences cannabis cue-reactivity 
in individuals with CUD.
 Recreational cannabis use is illegal in TX, whereas NL decriminalized use in 
1976. In the US, the prevalence of past-year use has risen, particularly among adults, 
following the implementation of more permissive state-level cannabis policies.4,6 
Research indicates that attitudes about cannabis effects may contribute to rising use.7-10 
Notably, in Washington state, the association between lower perception of harm and 
more cannabis use strengthened after recreational legalization.10 Community attitudes 
can also influence the development of CUD: disapproval is protective, while approval 
acts as a risk factor.3,11 However, the impact of legal policies, personal attitudes, and 
perceived community attitudes on cannabis cue-reactivity – an addiction biomarker – 
remains unclear.
 Cannabis cue-reactivity is the heightened neurophysiological response to cannabis 
cues resulting from repeated pairings of cues (e.g. joints, aroma) and the rewarding 
effects of use through incentive sensitization.12 Alterations in the salience, reward, 
motivation, and cognitive control networks during exposure to substance-related cues 
is associated with escalating use and the transition to disordered use.13 Neural cue-
reactivity has been utilized as a biomarker of treatment outcomes and relapse risk due to 
consistent evidence across substances.14 In cannabis users, cue-reactivity is consistently 
observed in the striatum, the anterior cingulate cortex (ACC), middle frontal gyrus 
(MFG), and precuneus, with more severe users showing greater activity in striatal 
regions and associations with self-reported craving and cannabis-related problems.15

Cultural neuroscience research has revealed that cultural factors impact neural 
processes related to attention, perception, self-awareness, and emotion.16 However, 
the connection between cultural variations in these processes and neural mechanisms 
underlying addiction is unclear. Negative outcome expectancies can modulate alcohol 
cue-reactivity,17 supporting the hypothesis that substance-related beliefs, influenced by 
legal and cultural contexts, can alter cue-reactivity in the brain.
 The objectives of the current study were: 1) compare positive and negative 
cannabis attitudes (personal and perceived attitudes in their social environment) 
between individuals with CUD and matched controls across two sites (TX and NL) 
with different legal policies, 2) examine differences in neural cannabis cue-reactivity 
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between sites, and 3) investigate whether cannabis attitudes are associated with observed 
site differences in neural cannabis cue-reactivity. We hypothesized that individuals 
with CUD in NL would exhibit more positive cannabis-related attitudes and perceive 
a more positive social and cultural environment compared to TX, aligning with the 
more permissive legal environment. Additionally, we hypothesized that more positive 
attitudes would be associated with higher cue-reactivity, with individuals with CUD in 
NL displaying higher cannabis cue-reactivity and stronger associations with cannabis 
use measures compared to individuals in TX.

Methods

Participants and procedures
Through flyers and social media, a total of 221 individuals were enrolled in the study. 
All participants had to be 18-30 years old at the time of the screening, right-handed, 
score < 13 on the Alcohol Use Disorder Identification Test (AUDIT),18 and have no 
MRI contraindications, history of regular (i.e. monthly) illicit drug use, known 
neurological disorders, brain damage, or other major health conditions (e.g. cancer). 
Participants in the cannabis group had to report at least two CUD symptoms (DSM-
5)19 during the screening and use cannabis 6–7 days per week for the past year with 
no active plan to stop use or seek treatment. Participants in the non-using group had 
to have used cannabis less than 50 times, with no more than five uses in the past year, 
and no use in the past three months. A rapid urine test was conducted to exclude for 
illicit drug use during the lab visit (N = 9). Additional participants were excluded 
for excessive motion during scanning (> 4.5mm; N = 19), structural abnormalities 
(N = 1), too much cannabis use (control group; N = 1), experimenter error (N = 2), and 
participant distraction (N = 2) resulting in 34 exclusions. The final sample consisted of 
54 NL cannabis users (NL-CUD), 51 TX cannabis users (TX-CUD), 50 NL non-using 
controls (NL-CON), and 33 TX non-using controls (TX-CON).
 The protocols were approved by the University of Texas Dallas Institutional 
Review Board (19–107) and the ethics committee of the Faculty of Social and 
Behavioral Sciences at the University of Amsterdam (2018-DP-9616). Each participant 
gave informed consent and received monetary compensation. Participants were asked 
to refrain from cannabis and alcohol use 24 hours prior to the session. The session was 
completed in the following order: urine drug screen, non-substance related tasks and 
questionnaires, scanning (structural, resting state, and functional cue exposure scans), 
and substance-related questionnaires and interviews.
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Tactile Cannabis Cue Exposure Paradigm
The previously validated paradigm20 consisted of two runs with 18 tactile-visual cues 
pseudorandomly presented using E-Prime 3.0.21 The cues consisted of a cannabis joint 
(NL) or cannabis pipe (TX), a pen (neutral control), and the participant’s favorite fruit 
(appetitive control) from a selection (orange, apple, banana, kiwi, grapes). After each 
trial, participants rated their current urge to use cannabis on a VAS scale (see Appendix 
6 for details).

Questionnaires
Cannabis-related Measures
To evaluate the presence of DSM-5 CUD symptoms, the Mini International 
Neuropsychiatric Interview (MINI)22 was conducted. History and current patterns 
of cannabis use were measured with a substance use history questionnaire. Positive 
(8-items) and negative (9-items) attitudes about the effects of cannabis were assessed 
with the Cannabis Culture Questionnaire (CCQ; see Appendix 6).23 Participants 
completed the scale from three perspectives: personal attitudes, perceived family and 
friends’ attitudes, and perceived larger societal (Texas/Netherlands) attitudes.

Substance Use, Mental Health, Demographics, and Other Measures
A demographic questionnaire was administered to assess gender, age, and education 
years. IQ was estimated with the vocabulary and matrix reasoning tasks from the 
Wechsler Adult Intelligence Scale (WAIS-IV).24,25 Participants self-reported alcohol 
use and related problems (AUDIT),26 cigarette use, lifetime use of illicit substances, 
symptoms of anxiety (STAI),27 depression (BDI-II),28 and attention deficit and 
hyperactivity disorder (ADHD).29 General mental health symptoms were assessed with 
the DSM-5 self-rated level 1 cross-cutting symptom checklist (DSM5-CCSM).30

Neuroimaging Data Collection and Preprocessing
Anatomical and structural scans were collected at the University of Amsterdam 
(3T Philips Achieva MRI with 32-channel SENSE head coil) and at the University of 
Texas Dallas (3T Siemens MAGNETOM Prisma MRI with 64-channel head coil). 
Anatomical scans were collected for registration purposes (TR/TE = 8.3/3.9 ms, 
FOV = 188×240×220mm3, 1x1x1mm3, flip angle = 8°). During the cannabis cue 
exposure paradigm, two T2* single-shot multiband accelerated EPI sequences were 
collected (multiband factor = 4, TR/TE = 550/30 ms, FOV = 240x240x118.5, voxel 
size = 3x3x3mm3, interslice gap = 0.3 mm, flip angle = 55°). Skull-stripping, spatial 
smoothing, motion correction, and registration of functional to anatomic images 
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were conducted by the fMRIprep preprocessing pipeline using Enigma Halfpipe 
software (see Appendix 6).31,32

Data Analysis
Behavioral Data
To isolate changes in craving following exposure to cannabis cues specifically, craving 
scores were calculated by subtracting the average craving following the neutral and fruit 
trials from the cannabis trials.
 Site and group differences in sample characteristics (demographics, mental health, 
and substance use measures) were assessed with ANOVA, Mann-Whitney U-tests, or 
chi square tests as applicable. A linear mixed effect (LME) model analysis with random 
intercepts and slope for participant was conducted to examine the fixed effects of cue 
type, group, and site on craving.
 To assess group and site differences in cannabis attitudes, LME models with 
crossed random effects for subject and perspective were calculated for the positive and 
negative CCQ scores separately. LME models were estimated using the lme4 package in 
R version 3.6.3.34

fMRI Data
First-level subject models were computed with FSL FEAT (version 6.0).35 A general 
linear model was estimated with predictors for each cue condition convolved with a 
double- gamma hemodynamic response function for each run. Second-level analyses 
were computed to pool the activity across both runs. The contrasts of interests were 
Cannabis > Neutral and Cannabis Cue > Neutral + Fruit cues to identify cannabis-
specific activation controlling for neutral trials and additionally controlling for food-
related appetitive activity.

Whole Brain Analyses. FSL’s FEAT FLAME 1 mixed effect models were conducted for 
each contrast to identify brain regions with group differences (two sample unpaired 
t-test), site by group interactions (two-way between-subject ANOVA), and associations 
with cannabis use measures (symptom count, grams per week, cue-induced craving) in 
the CUD group (single group with additional covariate). The associations with cannabis 
use measures were also compared between sites (two groups with continuous covariate 
interaction).
 For all analyses, site was added as a covariate to adjust for the scanner difference 
and multiple comparison correction was applied at a Z-threshold of 3.1 and a cluster 
p-significance threshold of 0.05. The mean peak activity of significant clusters was 
extracted to visualize the effects. For clusters with significant site interactions, follow-up 
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multiple regressions assessing the associations with cannabis attitudes were performed. 
CCQ scores were uses as predictors of mean peak activity with and without site as a 
moderator to examine whether site differences were driven in part by cannabis attitudes 
(Bonferroni-corrected p-value threshold of .008).

Results

Sample Characteristics
Within the CUD group, individuals in TX reported more CUD symptoms, more days 
of cannabis use per week, longer duration of weekly use, more self-reported grams per 
week of use, and reported using cannabis in the previous 24 hours more than individuals 
in NL (Table 1). The CUD and control groups were well-matched on age and gender. 
However, the CUD group reported significantly fewer years of education, more lifetime 
illicit substance use episodes, higher depression and anxiety-related symptoms, were 
more often daily cigarette smokers, and scored lower on IQ tests. Significant group 
by site interactions were observed in AUDIT scores and DSM-5 cross-cutting mental 
health symptoms. The NL-CUD group and TX controls had lower AUDIT scores than 
NL controls, while the TX-CUD group scored higher than TX controls. The NL-CUD 
group reported more cross-cutting mental health symptoms than the TX-CUD group, 
and within both sites the CUD group reported more symptoms than the controls.
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Cannabis Attitudes
For both positive and negative attitudes, significant group by site (pos:  = -3.18, 
t = -2.65, p =.008; neg:  = -2.95, t = 2.14, p = .03) and group by perspective 
(pos(personal):  = - 2.65, t = -2.73, p = .007; neg(personal):  = 2.96, t = 2.24, p = .02; 
neg(state/country): 2.11, t = 2.14, p = .03) interactions emerged. For positive attitudes 
only, a significant site by perspective interaction also emerged (– = -2.26, t = -2.33, 
p = .02; see Table S1 in Appendix 6).
 Follow-up pairwise comparisons revealed that the CUD group reported more 
positive personal attitudes (U = 7537.00, p < .001, d = .75), and more positive 
perceptions of both family/friends (t = 5.83, p < .001, d = .86) and state/country 
cannabis attitudes (t = 2.42, p = .017, d = .36) compared to controls. The CUD group 
also reported less negative personal cannabis attitudes (t = -6.57, p < .001, d = -.97) and 
perceived their family/friends to be less negative (-3.21, p = .002, d = -.47). No group 
differences were observed in perceptions of negative country/state cannabis attitudes.
 Regardless of perspective, the NL-CUD group reported significantly more positive 
cannabis attitudes than the NL controls (t = 4.78, p < .001, d = .94) but no differences 
emerged in negative attitudes (t = -1.15, p = -.25). The TX-CUD group reported 
significantly more positive (t = 8.26, p < .001, d = 1.85) and less negative attitudes  
(t = -5.1, p < .001, d = 1.14) than the TX controls. Furthermore, the TX-CUD group 
reported significantly more positive (t = 4.62, p < .001, d = .91) and less negative 
attitudes (t = 4.9, p < .001, d = .96) than the NL-CUD group. In comparison, the TX 
controls did not report significantly different positive or negative attitudes compared to 
the NL controls (pos: t = .47, p = .64; neg: t = .10, p = .92).
 Regardless of group, TX participants reported more positive personal and 
perceived family/friend attitudes (personal: t = -4.5, p < .001, d = -.66; family/friends:  
t = -2.96, p = .004, d = -.43), but no significant site differences were observed in 
perceptions of the state/country attitudes (t = .157, p = .88).

Cue-elicited Craving Ratings
Significant group by condition and group by site interactions emerged in self-reported 
craving ratings. Post-hoc Bonferroni-corrected pairwise comparisons revealed that the 
CUD group reported higher craving following the cannabis cues (M = 3.99, SD = 2.97) 
compared to both neutral (M = 2.93, SD = 2.55; t = 11.21, pbonf < .001) and fruit  
(M = 3.03, SD = 2.60; t = 10.12, pbonf < .001) cues. In contrast, no significant differences 
in craving ratings between conditions were observed in the control group (lowest 
p-value = .147).
 Following all trial types, the NL-CUD group reported higher craving than the 
TX-CUD group (t = 3.41, pbonf = 0.005). Conversely, the TX controls reported 
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higher craving (M = 1.94) than the NL controls (M = 0.34; t = -3.10, pbonf = 0.014). 
Furthermore, craving was higher after all trial types in the NL-CUD group (M = 4.03) 
compared to the NL controls (M = 0.40; t = 8.31, pbonf < .001). However, the TX-CUD 
group did not report significantly higher craving (M = 2.54) than the TX controls 
(M = 1.94; t = 1.20, pbonf = 1.00).

Whole Brain Analyses
Can > Neutral
The CUD group demonstrated heightened activity compared to the control group 
in four clusters spanning regions including the inferior and superior lateral occipital 
cortex, occipital pole, and occipital fusiform gyrus (Table 2; Figure 1). No clusters were 
associated with quantity of use, severity of symptoms, or in-scanner cannabis craving in 
the CUD group overall or differentially between sites.

Figure 1. Significant clusters of activation in which the CUD group shows heightened activity 
compared to the control group in whole brain exploratory analyses. When controlling only 
for neutral cues, heightened cannabis cue reactivity is observed in four clusters in the occipital 
cortex (Can > Neu). Additional regions including the nucleus accumbens and regions of the 
medial frontal cortex emerge when also controlling for differences in activity between groups 
in responsivity to fruit cues (Can > Fruit + Neu).
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Table 2. Significant Clusters from Whole-Brain Exploratory Analyses.

        MNI Coordinates   

  Cluster size 
(voxels)

Brain region Hemisphere x y z Zmax

Can > Neu              

Group Comparisons

 CUD > CON 142 Inferior lateral occipital 
cortex, occipital fusiform 
gyrus

R 42 -74 -20 4.2

137 Inferior lateral occipital 
cortex, occipital fusiform 
gyrus

R 34 -82 -10 3.97

129 Superior Lateral Occipital 
Cortex

L 4.23 -40 -74 32

105 Inferior lateral occipital 
cortex, occipital fusiform 
gyrus, occipital pole

L 3.97 -34 -82 -4

 CON > CUD – – – – – –

 Group X Site – – – – – –

Association with cannabis measure

 Grams/Week – – – – – –

 CUD Severity – – – – – –

 Craving – – – – – –

Site X Covariate Interactions

 NL > TX

 Grams/Week – – – – – –

 CUD Severity – – – – – –

 Craving – – – – – –

 TX > NL

 Grams/Week – – – – – –

 CUD Severity – – – – – –

 Craving – – – – – –

Can > Neu + Fruit              

 CUD > CON 336 Precuneus Cortex L -14 -58 36 4.42

160 Inferior Lateral Occipital 
Cortex, Occipital Fusiform 
Gyrus

R 42 -74 -20 4.18

147 Superior Lateral Occipital 
Cortex

L -42 -76 28 4.27
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        MNI Coordinates   

  Cluster size 
(voxels)

Brain region Hemisphere x y z Zmax

139 Cerebellum R 32 -60 -24 4.35

108 Inferior Lateral Occipital 
Cortex, Occipital Pole, 
Superior Lateral Occipital 
Cortex

R 44 -86 4 3.89

102 Superior Lateral Occipital 
Cortex

R 26 -74 36 4.28

95 Thalamus, Nucleus 
Accumbens, Subcallosal 
Cortex

L -2 2 0 4.32

94 Frontal Pole, Frontal Medial 
Cortex

L 0 56 -12 4.29

 CON > CUD – – – – – –

 Group X Site – – – – – –

Association with cannabis measure

 Grams/Week – – – – – –

 CUD Severity – – – – – –

 Craving – – – – – –

Site X Covariate Interactions

 NL > TX

 Grams/Week – – – – – –

 CUD Severity – – – – – –

 Craving – – – – – –

 TX > NL

 Grams/Week – – – – – –

 CUD Severity – – – – – –

 Craving 840 Precuneus, Superior Lateral 
Occipital Cortex, Cuneal 
Cortex, Occiptal Pole, 
Supracalcerine Cortex, 
Intracalcerine Cortex, Lingual 
Gyrus, Inferior Lateral 
Occiptal Cortex

L -24 -86 12 4.4

  178 Superior Lateral Occipital 
Cortex, Inferior Lateral 
Occipital Cortex

R 34 -80 10 4.29
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Can > Neutral + Appetitive
The CUD group demonstrated heightened activity compared to the control group in 
eight clusters encompassing parts of the precuneus, frontal medial cortex and frontal 
pole, thalamus, nucleus accumbens, inferior and superior lateral occipital cortex, 
occipital pole, fusiform gyrus, and cerebellum (Table 2; Figure 1). While activity was 
not related to quantity of use in the CUD group, differential associations between 
Can > Neutral + Appetitive activity with CUD symptom severity and in-scanner 
craving ratings emerged (Table 2). Higher CUD symptom count was related to higher 
cannabis cue-reactivity in the TX group and fewer CUD symptoms was related to 
higher cannabis cue-reactivity in the NL group in the precuneus, superior and inferior 
lateral occipital cortex, calcarine cortex, lingual gyrus, and occipital pole (Figure 2a). 
Additionally, in the TX-CUD group, higher cannabis craving after cannabis cues 
(controlling for craving after fruit and neutral cues) was related to higher cannabis 
cue- reactivity in the superior and inferior lateral occipital cortex, while the reverse was 
observed in the NL-CUD group (Figure 2b).
 Follow-up regression analyses examined whether cannabis attitudes interacted 
with craving or symptom count in the mean peak activity of clusters with significant site 
differences (Table 3). A significant interaction was observed between personal positive 
attitudes and craving. Individuals with CUD who report fewer positive attitudes about 
cannabis demonstrated lower cannabis cue-reactivity with increasing craving, while 
individuals who report more positive attitudes showed higher cannabis cue-reactivity as 
craving increased (Figure 2c). This effect remained significant when controlling for site 
differences in cannabis use characteristics and mental well-being, and when excluding 
potential outliers (mean peak values + -3SD of the mean). No other effects of cannabis 
attitudes reached significance.
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Table 3. Associations between peak site interaction voxel activity and CCQ scores.

Site by Craving -– Can > Fruit + Neu β SE (B) 95%CI t p

Craving*PosPersonal 4.89 1.51 2.35 : 8.14 3.08 0.003

Sensitivity Checks
Adjusting for years of weekly use, abstinence in last 24 hours, 
typical grams of use per week, and MINI CUD score, and 
DSM-5 cross-cutting symptoms

3.89 1.67 .74 : 7.09 2.11 0.038

+ Removing outliers +-3SD 2.90 1.23 .18 : 5.00 2.22 0.03

Craving*NegPersonal -1.28 2.30 -5.86 : 3.04 -1.43 0.156

Craving*PosFamilyFriends 1.28 1.90 -2.28 : 5.20 0.69 0.493

Craving*NegFamilyFriends -0.35 1.54 -3.20 : 2.71 -0.12 0.906

Craving*PosStateCountry 0.63 2.22 -3.22 : 5.56 0.65 0.518

Craving*NegStateCountry -1.69 1.39 -4.76 : .74 -1.48 0.143

Site by MINI for Can > Fruit + Neu β SE (B) 95%CI t p

MINI*PosPersonal 1.72 1.22 .11 : 4.61 1.95 0.05

MINI*NegPersonal -2.13 1.09 -4.93 : -.46 -2.36 0.02

MINI*PosFamilyFriends 1.51 0.89 .11 : 3.68 1.90 0.06

MINI*NegFamilyFriends -1.80 0.92 -3.87 : -.24 -2.12 0.04

MINI*PosStateCountry 1.50 0.96 -.31 : 3.38 1.39 0.167

MINI*NegStateCountry -1.44 1.05 -3.31 : .85 -1.38 0.17

Note: Coeffecients based on the median distribution of 5000 bootstrapped replicates. Bonferroni-corrected (.05/6) 
signficance threshold = p < .008.

Discussion

Applying a novel cross-cultural neuroscience approach, this study found distinct 
neural responses to cue-elicited craving, a biomarker of addiction, in individuals with 
CUD in a prohibitive (TX) versus permissive (NL) context. Despite the stricter legal 
environment, the TX-CUD group reported more positive and less negative cannabis 
attitudes than the NL-CUD group. Notably, site differences emerged in the associations 
between self-reported craving, CUD severity, and cue-reactivity (Cannabis > Neutral + 
Appetitive), with evidence for the role of positive cannabis attitudes in site differences.
 Contrary to our expectations, individuals with CUD in TX held more positive 
and less negative attitudes about cannabis, both personally and perceptions of their 
social environment’s beliefs, compared to the NL group. It is possible that individuals 
who continue using cannabis in a prohibitive environment may have more positive 
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perceptions of its effects, as those who hold more negative views may choose to abstain 
due the legal consequences. Additionally, while individuals with CUD in TX reside in a 
prohibitive state, their more positive and less negative attitudes may reflect the cultural 
shift towards more permissive policies in other US states and the rising prevalence of 
low-risk perceptions of cannabis in the US as a whole.36

 The TX-CUD group exhibited positive associations between cue-elicited craving, 
CUD severity, and neural cue-reactivity in clusters of the lateral occipital cortex, 
precuneus, supracalcerine cortex, intracalcerine cortex, and lingual gyrus. In contrast, 
as self-reported craving and CUD severity increased in the NL-CUD group, neural 
cue-reactivity in these regions decreased. The precuneus is often activated during cue 
reactivity and is involved in complex cognitive functions including episodic memory 
retrieval and self-referential processing.37 The lingual gyrus, calcarine cortex, and 
lateral occipital cortex are involved in visual processing, which can be heightened 
by greater attention and emotion.38 These differential associations between neural 
cue-reactivity, CUD severity, and self-reported craving suggest that this addiction 
biomarker may function differently across cultures. Greater cue-reactivity is thought 
to reflect greater severity of cue-elicited craving, contributing to greater risk of relapse 
in real life when cues are encountered.39 Therefore, blunted cue-elicited craving after 
treatment has been used as a proxy of an individual’s reduced relapse liability. The 
negative association observed between self-reported craving and cue-reactivity suggests 
that that heavy users in NL may have better control over their use compared to their 
TX counterparts. Longitudinal data is needed to test this speculative hypothesis. These 
findings highlight the issue of generalizability: we cannot assume that mechanisms 
function the same across every cultural context.
 Cultural influences likely shape personal cannabis attitudes, which in turn affect 
the relationship between cue-reactivity and craving in lateral occipital clusters, in which 
site- related differences in cue reactivity were observed. Individuals with more positive 
personal cannabis attitudes exhibited greater cue-reactivity as self-reported craving 
increased, whereas those with less positive attitudes showed decreased cue-reactivity 
as self-reported craving increased. These findings emphasize the connection between 
explicit motivational processes (e.g. cannabis attitudes and craving) and cue-reactivity 
in the brain. Future research examining whether positive cannabis attitudes modulate 
the predictive value of cue-induced craving and neural cue reactivity in cannabis use 
desistance could shed light on the clinical implications of these findings. It is important 
to note that cannabis attitudes did not modulate cannabis cue- reactivity in regions with 
significant differential associations with CUD severity across sites. It remains unclear 
what site-related differences may underlie this effect.
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Heightened cannabis cue-reactivity was observed in the CUD group compared to 
controls in both contrasts. When controlling for neutral cues, heightened cue-reactivity 
emerged in four clusters in the occipital cortex. When further controlling for appetitive 
cues, additional clusters emerged spanning the precuneus, nucleus accumbens, thalamus, 
and medial frontal cortex Together, these findings indicate a relative deactivation to 
a natural reward cue (i.e. fruit) in individuals with CUD in regions of the salience 
network implicated in motivational processes of addiction.40,41 This aligns with the 
incentive salience theory of addiction in which sensitization to drug-related cues occurs 
in parallel with desensitization to natural rewards.42 However, the deactivation to fruit 
cues could be specific to the neurobiological effects of cannabis on food behavior (i.e. 
the ‘munchies’) mediated by CB1 receptor activity,43 rather than a general addiction 
process.
 The current study has several notable limitations. First, the TX CUD group 
reported greater cannabis use frequency, quantity, duration, past 24-hour use, and CUD 
symptoms. Although statistically significant, both groups reported using cannabis six 
to seven days per week and fell within the moderate severity classification for symptoms, 
suggesting the samples reflected similar populations across sites. Notably, site effects 
remained significant in sensitivity analyses that controlled for these differences. 
Additionally, grams of cannabis used per week does not account for actual cannabinoid 
exposure, which is likely to differ between these regions based on available cannabis 
product potency.44 Future cross-cultural research should incorporate biospecimen 
analyses as recommended in the iCannToolkit45 to examine the role of cannabinoid 
exposure. Finally, we were unable to control for differences across sites in co-use of 
tobacco products, which is highly prevalent in cannabis users in Europe and much less 
so in the US.46 While our sample was ecologically valid, over-recruiting uncommon 
subgroups (e.g. non-tobacco-using cannabis users in NL and tobacco-using cannabis 
users in TX) can shed light on interactive neurobiological effects and account for cross-
cultural differences.
 In conclusion, this study provides preliminary evidence of diverging relationships 
between neural cannabis cue-reactivity and cue-induced craving in individuals with 
CUD across distinct cannabis environments. Positive attitudes about cannabis’ 
effects appears to drive these differences. These findings highlight the potential of 
applying a cross-cultural framework to the neuroscience of addiction processes to better 
understand the factors that may contribute to the maintenance of CUD.
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CHAPTER 10

Associations between Cannabis Use, 
Cannabis Use Disorder, and Mood 

Disorders: Longitudinal, Genetic, and 
Neurocognitive Evidence

This chapter is adapted from the article published as:

Kuhns, L., Kroon, E., Colyer-Patel, K., & Cousijn, J. (2022). 
Associations between cannabis use, cannabis use disorder, and mood disorders: 

longitudinal, genetic, and neurocognitive evidence. 
Psychopharmacology, 239(5), 1231-1249.
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Abstract

Rationale: Cannabis use among people with mood disorders increased in recent years. 
While comorbidity between cannabis use, cannabis use disorder (CUD), and mood 
disorders is high, the underlying mechanisms remain unclear. Objectives: We aimed to 
evaluate 1) the epidemiological evidence for an association between cannabis use, CUD, 
and mood disorders, 2) prospective longitudinal, genetic, and neurocognitive evidence 
of underlying mechanisms, and 3) prognosis and treatment options for individuals with 
CUD and mood disorders. 
Methods: Narrative review of existing literature identified through PubMed searches, 
reviews and meta-analyses. Evidence was reviewed separately for depression, bipolar 
disorder and suicide. 
Results: Current evidence is limited and mixed, but suggestive of a bidirectional 
relationship between cannabis use, CUD and the onset of depression. The evidence 
more consistently points to cannabis use preceding onset of bipolar disorder. Shared 
neurocognitive mechanisms and underlying genetic and environmental risk factors 
appear to explain part of the association. However, cannabis use itself may also 
influence the development of mood disorders, while others may initiate cannabis use 
to self-medicate symptoms. Comorbid cannabis use and CUD are associated with worse 
prognosis for depression and bipolar disorder including increased suicidal behaviors. 
Evidence for targeted treatments is limited. 
Conclusions: The current evidence base is limited by the lack of well-controlled 
prospective longitudinal studies and clinical studies including comorbid individuals. 
Future studies in humans examining the causal pathways and potential mechanisms of 
the association between cannabis use, CUD, and mood disorder comorbidity are crucial 
for optimizing harm reduction and treatment strategies.
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Cannabis is one of the most widely used substances worldwide with 192 million people 
reporting past-year use in 2018.1 Over the last decade, some countries including 
Australia, have managed to slow down the increase in cannabis use. Nevertheless, 
frequent cannabis use is still increasing in many countries in South America, North 
America and parts of Europe.1 Importantly, rates of cannabis use in individuals with 
depression appear to be increasing even faster than in people without depression. In 
2005-2006, individuals with depression had 30% higher odds of being daily cannabis 
users compared to non-depressed individuals and this increased to 216% in  
2015–2016.2 In line with this, a recent meta-analysis found that 34% of medical 
cannabis users report alleviating symptoms of mood disorders as a motive for use.3 
These high rates may reflect the growing belief that cannabis is beneficial for treating 
mood disorders.4

 Mood disorders are characterized by alterations in emotions and mood (e.g. 
depressed or elevated moods) inconsistent with life circumstances, and the most 
common mood disorders include Major Depressive Disorder (MDD) and Bipolar 
Disorder (BD). A vast majority of people report relief of depressive symptoms during 
acute cannabis intoxication.5 However, cannabis use is also associated with the 
worsening of mood disorder symptoms in a dose- dependent manner,6,7 suggesting that 
cannabis use might negatively impact the development and course of mood disorders. 
Moreover, through processes such as negative reinforcement learning and the related 
neuroadaptations,8 cannabis use can trigger the development of a cannabis use disorder 
(CUD).9,10

 Cannabis is comprised of over 400 compounds, including more than a hundred 
cannabinoids, which interact with the endocannabinoid system of the body.11 The 
endocannabinoid system is composed of neurotransmitters, such as anandamide, that 
bind to cannabinoid receptors (CBRs) throughout the central nervous system (CNS).11 
Cannabinoid-1 (CB1) receptors are especially densely distributed throughout the brain, 
including regions such as the striatum, ventral tegmental area (VTA), amygdala and 
hippocampus,12 and are involved in a multitude of cognitive processes, including reward 
evaluation, salience attribution, learning, and memory.13 Importantly, neurobiological 
models of both mood disorders and CUD stress the importance of these systems in the 
development and maintenance of the disorders.11,14 The most abundant cannabinoids 
in cannabis are -9-tetrahydrocannabinol (THC) and cannabidiol (CBD). THC is the 
main driver of the psychoactive effect of cannabis, primarily through binding to the 
CB1 receptor.11 Through activation of CB1 receptors, THC can also induce dopamine 
release in the VTA and striatum affecting the dopaminergic and serotonergic pathways 
of the brain.15 While CBD has very low binding affinity with CB1 and CB2 receptors, it 
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may antagonize part of THC’s effects.11 CBD is also an antagonist of 5-HT1A serotonin 
receptor,16 which has been implicated in mood disorders.17

 As concluded by previous reviews,18-21 the high comorbidity between CUD and 
mood disorders, and their overlapping neurobiological mechanisms, highlight the 
link between cannabis use, CUD, and mood disorders, but the exact nature of the 
relationship remains unclear. Cannabis use or CUD may increase the risk of developing 
a mood disorder or vice versa, or shared underlying mechanisms and risk factors 
may explain the high rates of comorbidity. Integrating the evidence for both cannabis 
use and CUD, the goal of this narrative review is to evaluate longitudinal, genetic and 
neurocognitive evidence for the association between cannabis use, CUD and mood 
disorders. Potential moderators will be discussed, as well as the impact of comorbid 
cannabis use and CUD on prognosis and treatment of mood disorders. Evidence for 
depressive disorders, bipolar disorder, as well as suicide will be reviewed separately.

Cannabis and Depression

Clinical Characteristics
Depressive disorders are amongst the most prevalent types of mental illnesses, with 
Major Depressive Disorder (MDD) and Dysthymia (sometimes referred to as persistent 
depressive disorder) being the most common sub-types. Both are characterized by 
negative mood states, lack of energy, sadness, sleep disturbances, and general lack of 
enjoyment in life, with MDD encompassing both single or recurring episodes, and 
dysthymia referring to a less severe but chronic presentation of symptoms (DSM-5).22 
Much of the research on cannabis use and depressive disorders focuses on MDD, 
dysthymia, or depressive symptoms. We will use the term depression when discussing 
the evidence, except for when clear differences exist between disorders.

Comorbidity in Heavy and Dependent Cannabis Users: Prevalence and 
moderators
Depression diagnoses, particularly MDD, are very prevalent in individuals diagnosed 
with CUD (see Table 1 for overview), with rates ranging from 18.25–32.4% for MDD 
and 10.8% for dysthymia across multiple epidemiological studies.23-26 When looking 
at individuals receiving treatment for CUD, prevalence rates are similar ranging from 
10.9–19.5% (Australia & Spain) for comorbid MDD and 14.3% for comorbid dysthymia 
(Spain).24,25 While depression diagnoses are more prevalent in individuals with any 
SUDs compared to individuals without a SUD, individuals with CUD are particularly 
likely to have comorbid depression.27 The prevalence of CUD diagnosis for individuals 
with depression is considerably lower, ranging from 5.4–6.2% for MDD and 7.8% 
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for dysthymia.28,29 For comparison, the past year prevalence of CUD in the general 
population is estimated at 1.1–2.5%.28,29 In patients in treatment for depression, 
approximately 2.0% have comorbid CUD.30,31

 While a wide range of individual differences may moderate it, the cannabis-
depression association appears to persist across development with associations 
appearing in both adolescents and adults (see meta-analysis for adolescent studies32). 
Fergusson et al. found that 36% of adolescents from a New Zealand birth cohort 
who used cannabis ten or more times by age 15–16 met criteria for a mood disorder, 
compared to 18% of those who used less than ten times, and 11% who had never used.33 
More recently, cannabis use (but not CUD) was associated with depressive symptoms 
in adolescents aged 16–19,34 while a dose-response relationship has also been observed 
between cannabis use at baseline and depressive symptoms after two years in high 
schoolers.35 Adolescent onset of cannabis use may strengthen the association. In a  
40-year follow-up study, adolescent-onset cannabis users (before age 18) had an 
increased risk of developing MDD by the age of 48 (age at final follow-up), but later-
onset users (after age 27) did not.36 However, evidence for this moderation effect is 
mixed, with some studies failing to find an effect of age of onset after controlling 
for confounding factors such as other substance use and pre-existing anxiety or 
depression37.
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Women are more likely to report concurrent depression and cannabis use than men. 
In the US, women with CUD had higher rates of current MDD (35.7%) compared to 
men (20.3%), while rates of comorbid dysthymia were similar in men (9.2%) compared 
to women (10.2%),38 This may particularly be the case for emerging adults; women 
compared to men demonstrated stronger associations between both cannabis use and 
CUD with depression between the ages of 18–26, but not below the age of 18 and 
above the age of 26.34 The differences in the sex distribution of samples may contribute 
to inconsistent findings across studies given the evidence for sex differences in the 
relationship between cannabis use, CUD, and depression.
 Racial differences in the rate of comorbidity have also been observed in the 
US, with black Americans with past-year CUD showing significantly lower rates of 
past-year MDD (13.8%) and mixed-race Americans showing significantly higher 
rates of past-year MDD (29.02%) compared to the average prevalence (18.25%).26 The 
mechanisms behind these racial disparities is unclear, but previous work has shown 
that black Americans are more likely to be diagnosed with CUD39 as well as cannabis 
‘abuse’ in drug treatment facilities when referred through the criminal justice system.40 
Inflated rates of CUD in black Americans may deflate rates of comorbidity in this 
group; however, black Americans are also less likely in general to be diagnosed with 
mood disorders.41 Whether lower rates of CUD and MDD comorbidity reflects racial 
differences in the true prevalence of these disorders rather than the result of biased or 
misdiagnosis is not yet clear. Aside from this, there is limited research into the specific 
effect of race or other cultural factors and the risk of developing comorbid CUD and 
depression.
 Although many studies use coarse measures of cannabis use (e.g. dichotomous 
ever- use or past-year use variables), the frequency and severity of cannabis use likely 
matters. In 2014, a meta-analysis of 14 studies found evidence for a slight increased risk 
of depression in individuals who had ever used cannabis, and a moderately increased 
risk for heavy cannabis users, suggesting a dose-response relationship between cannabis 
and depression outcomes.6 In line with this, using discordant twin models, Agrawal et 
al. only observed a robust association between frequent cannabis use and MDD, but not 
between lifetime cannabis use and MDD.42 In addition, the presence of cannabis-related 
problems seen in individuals with a CUD diagnosis may be more strongly related 
to depression than the heaviness of cannabis use itself. For instance, frequent Dutch 
cannabis users with CUD had significantly higher odds (OR: 2.93) of having any mood 
disorder than frequent users without CUD, despite similar quantity and frequency of 
cannabis use.43 In fact, non-dependent frequent users did not have increased prevalence 
of MDD or dysthymia compared to the general population.43 In an Australian study, 
cannabis users with past-year CUD had higher rates of MDD (32.4%) than users 
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without a CUD (11.8%).23 Furthermore, Bovasso found that individuals with CUD 
at baseline were four times more likely to have depressive symptoms approximately 
fifteen years later compared to those without CUD.44 In comparison, Danielsson et al. 
found no association between cannabis and depression in a three year prospective study 
when using a dichotomous lifetime ever versus never use variable to capture cannabis 
exposure.45

 As self-report measures of cannabis use have their limitations but are clearly 
crucial to investigate the association with depression, some studies have attempted to 
use more objective measures of cannabis exposure by quantifying the THC potency of 
individuals’ cannabis exposure. Using hair analysis to classify users either as ‘high THC’ 
or ‘low THC’ exposed, Morgan et al. found that those with high levels of THC in their 
hair reported higher depression scores than the low THC group.46 In contrast, there was 
no evidence of an association between depression and self-reported use of high potency 
cannabis in a cohort study of past-year cannabis users.47

 While it is clear that individuals with CUD are more likely to also be diagnosed 
with a depressive disorder, there are important moderators of this association that 
need to be further investigated. While the association seems stable over countries and 
ages, there is evidence that earlier onset of use, being a woman, higher CUD symptom 
severity, and higher THC levels might increase the risk of comorbidity.

Potential Underlying Mechanisms
Although the high rates of comorbidity and the first longitudinal studies suggest a 
bidirectional association between cannabis use, CUD, and depression, the causality 
and underlying mechanisms of the association are unclear. Moreover, while the early 
longitudinal evidence pointed towards a dose-response relationship in the effect of 
cannabis on depressive outcomes (see meta-analysis6) multiple more recent population-
based studies have found no evidence for a causal pathway from cannabis use to 
depression.45,48,49 To further elucidate the direction of the association and possible 
mechanisms involved therein, we will discuss findings from genetic studies, evidence 
for the shared neurocognitive mechanisms between CUD and depression, and self-
medication in more detail below.

Shared Genetic Vulnerability and Gene-environment Interactions
Cannabis use, CUD, and depression are all heritable traits, with 40–48%, 51–59%, 
and 31–42% estimated heritability respectively,50,51 and there is significant genetic 
correlation between cannabis use and depression indicative of shared genetic 
etiology.52,53 A cross- sectional twin study suggested that shared or correlated genetic 
vulnerabilities contribute to the comorbidity of CUD and MDD.54 Recently, these 
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findings were partially confirmed by a large- scale genome-wide association study 
(GWAS) meta-analysis for CUD that found evidence for overlap in genetic liability 
between CUD and MDD (genetic correlation, rg = .32).55 For comparison, while 
significant, the genetic overlap between MDD and CUD is lower than between 
depression and anxiety which is estimated at between 0.74–1.00.56,57 To determine 
the direction of the association, Smolkina et al. applied a model-fitting approach in 
which various models which differed in the underlying assumptions about the causal 
pathways between CUD and MDD (i.e. unidirectional causation, reciprocal causation, 
three independent disorders, etc.) were fit to the twin data.58 The models in which CUD 
preceded MDD fit the data better than models with the reverse temporal order. The 
best fitting models both suggest that genetic and non-shared environmental factors play 
a role in the development of comorbidity.
 Shared genetic vulnerability may play a larger role in the association between 
depression and CUD than the association between depression and non-CUD measures 
of cannabis use. In the recent GWAS for CUD, while shared liability was still present, 
it was significantly smaller between cannabis use and MDD(rg = .18) than between 
CUD and MDD (rg = .32).55 Furthermore, in a retrospective twin study, monozygotic 
frequent user twins were more likely to have MDD than their non-using twin pair.42 
These results are suggestive of a role for cannabis use itself in the link with depression, 
but there was also evidence that unique environmental factors could be contributing 
to the cannabis-MDD associations observed in cannabis use discordant monozygotic 
pairs (e.g. trauma, stress, or peer influence). For example, in individuals with a specific 
polymorphism of the human endocannabinoid receptor (CNR1) gene, childhood abuse 
seems to be more strongly related to development of anhedonia and related depressive 
symptoms.59 Furthermore, Hodgson et al. investigated the phenotypic and genetic 
relationship between cannabis use, depression, and self-harm using GWAS, genetic 
correlations, polygenic risk scoring, and mendelian randomization.53 Cannabis use was 
more strongly related to self-harm than depression on both a phenotypical and genetic 
level. Although the genetic results converged to indicate shared genetic influences 
on cannabis use, depression, and self-harm, the sample was underpowered to detect 
the causal direction of the associations. Other studies using polygenic risk scores have 
found significant overlap in shared common genetic risk factors between CUD and 
depression60 and non-problem cannabis use and MDD.61 Importantly, shared genetic 
associations generally only explain small parts of the observed variance, suggesting an 
important role for environmental factors and gene- environment interactions in the 
development of comorbidity (see Table 2 for overview).



222

Ta
bl

e 
2.

 O
ve

rv
ie

w
 o

f G
en

et
ic

 E
vi

de
nc

e.

D
is

or
de

r
G

en
et

ic
 O

ve
rl

ap
En

vi
ro

nm
en

ta
l f

ac
to

rs
G

en
et

ic
 e

vi
de

nc
e 

fo
r c

au
sa

l 
di

re
ct

io
n

D
ep

re
ss

io
n

Sh
ar

ed
 ge

ne
tic

 o
ve

rla
p,

 ↑
 C

U
D 

vs
. C

U
 [ 

CU
D 

r g =
 .3

2;
 C

U
 r g =

 .1
8]

 
(Jo

hn
so

n 
et

 al
. 2

02
0;

 L
yn

sk
ey

 et
 al

. 2
00

4;
 H

od
so

n 
et

 al
. 2

02
0

Tr
au

m
a, 

str
es

s, 
pe

er
 in

flu
en

ce
 (A

gr
aw

al
 et

 al
. 

20
12

; A
gr

aw
al

 et
 al

. 2
01

7)
 

CU
D 

→
 M

DD
 (S

m
ol

ki
na

 et
 al

. 2
01

7;
 

Ag
ra

wa
l e

t a
l. 

20
17

a)

Ov
er

lap
 in

 P
RS

 w
ith

 C
U

 an
d 

CU
D 

(D
em

on
tis

 et
 al

. 2
01

9;
 C

ar
ey

 et
 al

. 
20

16
)

Hu
m

an
 en

do
ca

nn
ab

in
oi

d 
re

ce
pt

or
 (C

N
R1

) g
en

e p
ol

ym
or

ph
ism

 ↑
 

an
he

do
ni

a 

Bi
po

la
r 

D
iso

rd
er

Sh
ar

ed
 ge

ne
tic

 o
ve

rla
p;

 ↑
 C

U
 vs

. C
U

D 
[C

U
D 

r g =
 .1

7;
 C

U
 r g =

 .2
7]

 
(Jo

hn
so

n 
et

 al
. 2

02
0;

 P
as

m
an

 et
 al

. 2
01

8)
Ch

ild
ho

od
 tr

au
m

a a
nd

 ab
us

e ↑
 B

D 
sy

m
pt

om
s, 

m
ed

ia
te

d 
by

 C
U

 an
d 

CU
D 

(D
e P

ra
di

er
 et

 al
. 

20
10

; M
ar

wa
ha

 et
 al

. 2
01

8)

Li
fe

tim
e c

an
na

bi
s u

se
 →

 B
D 

(Je
fse

n 
et

 
al

. 2
02

0)

No
 o

ve
rla

p 
in

 P
RS

 w
ith

 C
U

 o
r C

U
D 

(D
em

on
tis

 et
 al

. 2
01

9;
 C

ar
ey

  
et

 al
. 2

01
6)

CB
2 

re
ce

pt
or

 p
ol

yg
m

or
ph

ism
 ↑

 B
D

Se
ro

to
ni

n 
tra

ns
po

rte
r g

en
e p

ol
ym

or
ph

ism
 (5

-H
TT

LP
R)

 sh
or

t  
al

lel
e ↑

 p
sy

ch
ot

ic 
sy

m
pt

om
s, 

m
ed

ia
te

d 
by

 C
U

 an
d 

CU
D

Su
ic

id
e

Sh
ar

ed
 ge

ne
tic

 o
ve

rla
p 

CU
 [r

g =
 .4

5]
 (D

elf
or

te
rie

 e 
al

. 2
01

5;
  

Jo
hn

so
n 

et
 al

. 2
02

0)
Sh

ar
ed

 u
ni

qu
e e

nv
iro

nm
en

ta
l f

ac
to

rs
 w

ith
 C

U
  

[r
e =

 .2
1]

 (D
elf

or
te

rie
 e 

al
. 2

01
5)

No
te

. A
bb

re
vi

at
io

ns
: C

U
D 

ca
nn

ab
is 

us
e 

di
so

rd
er

; C
U

 c
an

na
bi

s u
se

; r
g g

en
et

ic 
co

rr
ec

tio
n;

 M
DD

 m
aj

or
 d

ep
re

ss
iv

e 
di

so
rd

er
; P

RS
 p

ol
yg

en
ic 

ris
k 

sc
or

es
; r

e =
 e

nv
iro

nm
en

ta
l c

or
re

lat
io

n



223

10

Overlapping Neurocognitive Substrates
Altered reward processing has been implicated in both depressive disorders and CUD. 
While this may result in the reduced ability to experience positive affect (i.e. anhedonia) 
in depression, it may reflect heightened sensitivity to cannabis-related rewards in 
combination with reduced sensitivity to other rewards in the environment in CUD.11,62 
Separate studies of individuals with depression and cannabis use have shown attenuated 
reward anticipation in striatal regions (part of the mesolimbic dopamine pathway).63-65 
Interestingly, reward-related striatal activity appears to be further attenuated in 
depressed individuals who use cannabis compared to those who do not, suggestive 
of an exacerbating effect of cannabis on reward dysregulation in depression.66 This is 
particularly important given evidence that lower striatal functioning is related to poor 
treatment outcomes in both depression and CUD.67,68

 Additionally, dysfunctional affective regulation plays a role in both depression 
and CUD.11,69 While more research is needed to clarify the potential role of affective 
regulation in comorbid CUD and depressive disorders specifically, preliminary 
evidence suggests a link between depressive symptoms, cannabis use, and structure 
and function of the underlying brain systems. For instance, cannabis users were more 
likely to exhibit a morphological variation in the orbitofrontal cortex (OFC) associated 
with poor regulatory control than non-cannabis users; however, this variation was only 
associated with depressive symptoms in individuals with higher rates of lifetime cannabis 
use.70 Furthermore, higher levels of depressive symptoms have been associated with 
greater frontolimbic connectivity in cannabis users.71,72

 The endocannabinoid system is also thought to be directly involved in emotion 
processing and stress reactivity, which are central to the development of depression and 
CUD. Although studies are still limited, THC intoxication may negatively affect emotion 
recognition for faces with negative emotional content only.73 Moreover, augmented 
endocannabinoid signaling is associated with susceptibility to stress, while suppressed 
signaling in the amygdala is suggested to play a role in resilience to traumatic stress.74 
Hypersensitivity of the amygdala during threat and affective appraisal has been 
implicated in depression, with MDD related to increased activity of the amygdala 
(e.g.75). The amygdala has a high density of CB1 receptors and undergoes important 
developmental changes during adolescence (e.g. myelination, synaptic pruning).76 
The use of cannabis during this time may disrupt these developmental processes, 
providing a possible explanation for the association between early onset of cannabis 
use and later development of depression. Although current evidence for this causal 
pathway is limited, cannabis use during adolescence is related to heightened reactivity 
of the amygdala in response to negative emotions, paralleling findings from studies 
in depressed individuals.77 Interestingly, research on the effects of acute intoxication 
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in adulthood show that cannabis reduces amygdala response to negative faces,78,79 
potentially reflecting an anxiolytic effect that can reduce depressive symptoms.
 Taken together, cannabis use during critical developmental periods may have 
downstream effects on affect and threat appraisal that could partly explain the increased 
vulnerability of early-onset users to depression, but the anxiolytic effects of cannabis 
intoxication in adulthood may also point towards a path from depression to cannabis 
use through self-medication.

Self-medication
Self-medication of depressive symptoms is a possible explanation of the pathway from 
depression to cannabis. In a recent prospective longitudinal study, Feingold et al. 
found no association between past-year cannabis use and the development of MDD.48 
However, when looking at never-users of cannabis only, those with past-year MDD 
were significantly more likely than those without to initiate cannabis use. A similar 
pattern was observed in adolescents, with depression at age 15 predicting subsequent 
weekly cannabis use after adjusting for other substance use.80 A recent meta-analysis 
of self-reported reasons for medical cannabis use further showed that 34% reported 
depression as a reason for using cannabis.3 Individuals with clinical or subthreshold 
depression may find acute relief of symptoms as cannabis intoxication can induce 
positive effects on mood (e.g. euphoria) and relaxation.81 A systematic review of the 
use of cannabis in populations with serious medical conditions (e.g. HIV, multiple 
sclerosis) also suggests that cannabis has positive effects on mood. Improvement in 
mood in this population may be partially due to the alleviation of disease symptoms as 
opposed to direct effects of cannabis on mood itself.82 At the same time, depressive 
symptoms in medical users are positively associated with cannabis use problems (e.g.10). 
Although people may be using cannabis as a way to cope with or reduce their depressive 
symptoms, it may in turn lead to harmful patterns of cannabis use. This is a particularly 
relevant issue given that individuals with depression report lower levels of perceived 
risk of cannabis use and have shown a more rapid increase in daily use than individuals 
without depression.83

Prognosis and Treatment
Comorbidity might also have an effect on treatment-seeking behavior. For example, 
Wu et al. found that individuals with CUD who had a comorbid MDD diagnosis were 
more likely to seek cannabis-related treatment than individuals with CUD alone.26 
Nevertheless, there are reasons to believe that patients with comorbid CUD and 
depression have a worse prognosis compared with patients with CUD or depression 
only. In a two-year prospective longitudinal study in individuals with CUD, more 
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cannabis use at baseline was associated with a larger number of depressive symptoms 
at follow-up.84 Most available treatment options focus on one specific disorder and 
healthcare systems are rarely equipped to effectively deal with the presence of comorbid 
disorders. However, patients with comorbid MDD and CUD may present with more 
severe negative symptoms of depression (e.g. blunted affect, emotional and social 
withdrawal, difficulty in abstract thinking, etc.) than MDD patients who do not use 
cannabis.85 Moreover, although research in this area is still limited, cannabis use might 
exacerbate the neural changes associated with depression.66,86

 Diverging psychopathological profiles and the potentially worse prognosis in 
comorbid patients may warrant tailored depression treatment in these individuals. 
Pharmacological treatments for comorbid patients have shown little efficacy.87,88 
However, a combination of motivational interviewing and cognitive behavioral therapy 
has been shown to reduce both cannabis use and depressive symptoms for individuals 
with MDD and problematic cannabis use.89 Furthermore, it is unclear whether combined 
treatment of both disorders is more effective or whether treating one disorder can also 
lead to a reduction of symptoms of the other disorder. For example, a reduction of 
cannabis use and abstinence can also lead to reductions in depressive symptoms.90,91 
Lucatch et al. showed that in individuals with comorbid CUD and MDD, 28 days 
of cannabis abstinence led to a 43.7% reduction in depressive symptoms, especially 
anhedonia (88.7% reduction from baseline).90 However, a reduction of cannabis use 
does not appear to be necessary to see improvements in depressive symptoms in 
individuals with CUD.92 It is possible that the therapeutic support provided in cannabis 
use reduction interventions may have an independent effect on depression symptoms. 
Future studies should consider the use of a control condition which offers similar levels 
of therapeutic support that is not specific to cannabis reduction in order to determine 
the specificity of the effect of cannabis cessation on depressive symptoms.
 As discussed above, cannabis intoxication may offer temporary relief from 
depression symptoms, but the evidence of an exacerbating effect of cannabis use 
on symptoms does not support cannabis use as a long-term solution to cope with 
depression. However, there is growing interest in the therapeutic effects of CBD 
specifically. Based on animal models showing a quick and sustained dose-dependent 
effect of CBD on depressive behavior,93 clinical studies have begun to explore the anti-
depressant effect of CBD administration. Evidence for a beneficial effect in humans 
is very limited so far. In one study in patients being treated for chronic cannabis use, 
200mg of CBD led to improvements in depression severity.94
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Cannabis and Bipolar

Clinical Characteristics
Bipolar disorder (BD) can be divided into multiple subtypes, all characterized by 
fluctuations in mood and energy that impede the ability to function in everyday life 
(DSM-5).22 More specifically, individuals with bipolar disorder I (BD-I) experience at 
least one episode of mania, with or without periods of hypomania and major depressive 
episodes. Mania is characterized by extremely high energy levels, excitement, and 
euphoria which can lead to destructive behavior and can persist for longer periods of 
time, while hypomania is a less severe presentation of the same symptoms that only 
last for several days. Individuals with bipolar disorder II (BD-II) experience at least 
one major depressive episode and one hypomanic episode, but without the presence 
of manic episodes. A cyclothymia diagnosis is given when someone experiences 
persistent alternations of subclinical periods of depression and mania that do not meet 
the diagnostic criteria of BD-I or BD-II. Psychotic symptoms – including delusions, 
disordered thought, catatonia, and hallucinations – may also be present in both 
depressive and manic states, with lifetime prevalence estimates between 50–90% in 
individuals with BD.95 We will use the term bipolar disorder (BD) except when findings 
distinguish between BD-I, BD-II, and cyclothymia.

Comorbidity in Heavy and Dependent Users: Prevalence and Moderators
About 30% of all individuals with BD are estimated to use cannabis.96 Comorbidity 
of CUD and BD is more prevalent than comorbidity of CUD and depression in both 
community- based and clinical populations (see Table 1 for overview). A meta-analyses 
of community and clinical samples from 1990–2015 revealed an approximately 20% 
prevalence of current CUD in individuals with BD.97,98 When looking at subtypes of 
BD, CUD comorbidity is higher for BD-I (14.6%) than BD-II (2.7%).29 Of individuals 
with BD who have received or are currently receiving psychiatric treatment, CUD 
comorbidity is estimated at approximately 3.3%.30,31 Of note, the diagnostic exclusion 
criteria for BD-II as well as sex differences in BD-I and BD-II diagnostic rates may 
help explain the substantial difference in comorbidity of these disorders with CUD. 
The BD-II diagnostic criteria specifically excludes for substance or medication use 
that may contribute to symptomology.99 Cannabis use may be considered to meet this 
criterion for some clinicians, potentially deflating rates of CUD and BD-II comorbidity. 
Furthermore, while BD-I is equally prevalent in men and women, BD-II is significantly 
more prevalent in women.100 Because CUD is more prevalent in men,29 this may 
contribute to lower comorbidity rates for BD-II.
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Among individuals diagnosed with CUD, BD comorbidity is lower but still substantial. 
A meta-analysis showed an approximately 10% prevalence rate of BD in individuals with 
CUD in both community and clinical samples.97,98 BD-I (8.8–9.0%) is more prevalent 
than BD-II (0.8–1.5%) in individuals with CUD.38 Although less common than in CUD, 
BD is also more common in cannabis users without CUD compared to the general 
population (2.5%).23

 Moreover, sex may moderate the association between cannabis use and BD. 
While men and women with CUD have similar rates of BD,38 a recent meta-analysis 
found more frequent cannabis use in those individuals with BD who were younger, 
male, lower educated, single, and those with higher lifetime use of other substances.96 
Cannabis use also appears to be associated with specific BD outcomes including earlier 
onset of the disorder, lifetime presence of psychotic symptoms, and suicide attempts.96 
Related to this, CUD comorbidity has been associated with the presence of manic/
mixed episodes and psychotic features in BD.101 Individuals diagnosed with both CUD 
and BD are also more likely to have other comorbid disorders, such as other substance 
use disorders and antisocial personality disorder, compared to individuals with BD 
only.7,101

Potential Underlying Mechanisms
Compared to depression, much less research has been done to unravel the potential 
mechanisms underlying the association between cannabis use, CUD, and BD. 
Regarding the direction of the association, most studies point towards a path from 
cannabis use to the onset of BD and manic symptoms. For instance, in a US study, 
regular cannabis use (≥ weekly in past year) was a unique predictor of the onset of 
BD,102 which is in line with previous evidence in a Dutch sample.103 However, another 
US study did not observe this association.48 At the level of symptom polarity, a 2015 
meta-analysis including two studies found a threefold increase in the risk of manic 
symptom onset in cannabis users.104-106 More recently, a UK birth cohort study found 
a dose-response relationship between cannabis use at age 17 and the presence of 
hypomania at age 22–23.107 While the causal direction is still unclear, heightened manic 
symptoms in relation to cannabis use may also contribute to the remarkable difference 
in prevalence rates of comorbid CUD in people with BD-I (8.8–14.6%), which requires 
full manic episodes for diagnosis, compared to those with BD-II (0.8–2.7%), which 
only requires the presence of hypomania for diagnosis. Although most research on the 
link between cannabis and psychotic symptoms is conducted in individuals with other 
psychotic disorders, a few studies have observed an association between cannabis use 
and the presence of psychotic symptoms in BD patients specifically.96,101,108 For instance, 
individuals with comorbid CUD are more likely to present with psychotic features 
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than individuals without CUD101 and a meta-analysis showed cannabis users with BD 
were more likely to report psychotic symptoms.96 Furthermore, using a path analysis 
approach, Etain et al. found that lifetime prevalence of cannabis abuse or dependence 
(DSM-IV criteria) was uniquely associated with delusional beliefs in BD patients.108 
Little is known about the association between cannabis use and depressive symptoms 
in BD specifically. This may be partially explained by the fact that individuals later 
diagnosed with BD, are often first diagnosed with MDD after the initial depressive 
episode.109

 Several studies have examined the effect of cannabis use and CUD on the age of 
BD onset, with most evidence pointing towards an earlier age of BD onset in cannabis 
users regardless of the polarity of symptoms (i.e. manic or depressive).7,110,111 For 
instance, Lagerberg et al. found a dose-response relationship between cannabis use and 
age of BD onset, irrespective of episode polarity and presence of psychotic features.112 
The average age of BD onset for individuals who used cannabis between 0–10 times was 
23.2 years, decreasing to 20.5 years for >10 times per month and 18.6 years for those with 
lifetime CUD. While these results suggest that cannabis use precedes BD onset, other 
research is suggestive of a bidirectional relationship in which lifetime cannabis use is 
associated with an earlier onset of BD regardless of whether cannabis use was initiated 
before or after the diagnosis.111 Importantly, the effect of cannabis on age of BD onset 
was specific to cannabis, as alcohol use and other substance use were related to later age 
of BD onset.
 Despite most studies looking into trajectories from cannabis use towards BD, there 
is also some evidence for the opposite pathway from BD and mania to cannabis use. For 
example, earlier age of BD onset also increased the risk of later cannabis use.111 A study 
investigating the effect of the duration of untreated BD-I found that longer durations of 
untreated illness increased the risk for initiating cannabis use.113

Shared Genetic Vulnerability and Gene-environment Interactions
As in depression, part of the association between BD and cannabis use may be 
explained by shared genetic vulnerability and neurocognitive mechanisms. Heritability 
estimates of BD are higher than in depression, with estimates ranging from  
59–85%.114-116 A recent GWAS identified shared genetic factors involved in BD and 
CUD (rg = .17), as well as for BD and cannabis use itself (rg = .27).55 For comparison, the 
genetic correlation between BD and schizophrenia is substantially higher (rg = .60).116 
Notably, the genetic overlap between BD and CUD was smaller than observed for MDD 
and CUD (rg = .17 vs rg = .32). Similarly, a GWAS of lifetime cannabis use rather than 
CUD, showed that there were significant genetic correlations (rg = .27) with a diagnosis 
of BD.51 This highlights the possibility that comorbidity between CUD and BD arises 
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from shared genetic liability for cannabis use rather than CUD specifically. In addition, 
a recent study using Mendelian Randomization to examine the causal pathways between 
lifetime use and BD found that genetic liability to BD was causally related to using 
cannabis at least once, but not the other way around.117 In contrast, two studies using 
polygenic risk scores to examine the overlap in common genetic risk factors for CUD 
and cannabis use with other psychiatric disorders did not find a significant overlap 
with BD.60,61 Importantly, BD-I and BD-II are not considered separately in these genetic 
studies, which may obscure differences in the overlapping shared genetic vulnerability 
of both disorders with cannabis use and CUD.
 Functionality of the endocannabinoid system may partially explain comorbidity 
as the presence of specific polymorphisms of the gene coding for the CB2 receptor 
has been found to increase the risk for BD.118 It has also been suggested that during 
neurodevelopment, a genetic liability for BD interacts with the endocannabinoid 
system, and when an individual subsequently uses cannabis this pre-existing liability for 
BD is unmasked.110 Moreover, genetic variations in the gene coding for the serotonin 
transporter may play a role.119 Preliminary results showed that individuals with a 
BD diagnosis who carry the short allele polymorphism of this transporter gene have 
increased risk for psychotic symptoms and that the strength of this association might 
be mediated by cannabis use and dependence. Childhood trauma – particularly abuse 
– may play a role in the association between cannabis use and BD, as this study also 
found that while childhood sexual abuse did not directly increase the risk for psychotic 
symptoms in BD patients with the short allele polymorphism, a history of childhood 
abuse might have an effect on BD symptomology through increasing the risk for 
cannabis use and dependence. Childhood abuse has been linked to increased risk for 
both excessive cannabis use,120 BD,121 and psychosis.122 Moreover, in a UK birth cohort, 
cannabis was also found to mediate the association between childhood sexual abuse and 
hypomania (see Table 2 for overview).107

Overlapping Neurocognitive Substrates
Similarly to MDD69 and CUD,11 alterations in affective regulation and reward 
processing are believed to reflect part of the underlying pathophysiology of BD.123 A 
meta- analysis of neuroimaging studies found evidence for hyperactivation in limbic 
structures, including the amygdala and striatum during emotional face perception.124 
However, mood state (e.g. depressive, manic, or euthymic state) may be an important 
moderator of this effect in BD. While increased activity in the putamen (a part of the 
striatum) was a stable finding across depressive, manic, and euthymic individuals 
with BD, amygdala hyperactivation was only observed in depressed and euthymic 
individuals in response to negative stimuli.125 Additionally, recent meta-analyses 
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indicate that BD is associated with alterations in cortical thickness in regions involved 
in emotional processing, including fronto-limbic regions and the anterior cingulate 
cortex (ACC).126,127 Research on the effect of comorbid cannabis and CUD on 
emotional processing and the underlying neural correlates is largely missing in BD. One 
study of adolescents with BD with and without comorbid CUD found that amygdala 
activity was higher in the BD only group during a cannabis cue exposure task.128 
Furthermore, amygdala activity in the comorbid group appeared to be more blunted 
with more cannabis use. Whether cannabis has a similar blunting effect on amygdala 
activity in emotion processing- related tasks is unknown.
 Compromised cognitive functioning has also been indicated as a potential cause 
or consequence of BD and appears to be more severe than impairments observed in 
unipolar depression.129 Deficits in domains such as memory, attention, and executive 
function, which are also found in individuals with CUD,130 have been observed 
in both depressive and manic states,131–133 as well as in the euthymic phase of the 
disorder.134 A recent systematic review of the association between cannabis use and 
cognitive functioning in BD found mixed evidence.135 Braga et al. found that individuals 
diagnosed with BD-I who had a history of CUD performed better on tasks assessing 
processing speed, working memory, and attention than individuals with BD-I only.136 
Similarly, Ringen et al. observed better cognitive function in cannabis users than non-
users with BD.137 In contrast, two studies found no association between cannabis use 
and cognitive function,138,139 and one observed worse performance in symptomatic BD 
patients with comorbid CUD.140

 Interestingly, adolescents with comorbid BD and CUD showed pervasive 
differences in brain structure in frontal, temporal, and parietal regions compared to 
adolescents with BD only.141,142 Given the relatively brief period of cannabis exposure in 
adolescents, it is possible that these differences predate cannabis use and may reflect a 
specific subtype of individual at risk for BD instead of a detrimental effect of cannabis 
use per se.

Self-medication
Based on current evidence primarily supporting cannabis use preceding BD, self- 
medication may not be a primary driving force of the association between CUD and 
BD. Nevertheless, more research is warranted as the relationship between untreated 
BD-I and initiation of cannabis use113 may reflect cannabis use to alleviate BD 
symptoms. Moreover, individuals with BD frequently report self-medication as their 
reason for using substances143-145 and acute cannabis intoxication in individuals with 
BD can momentarily alleviate negative affect.138,146 Individuals with BD may also be 
seeking out the general mood-altering effects of cannabis intoxication, as opposed to 
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symptom relief specifically. For instance, in an experience sampling study of individuals 
with BD-I or BD-II, higher positive affect increased the likelihood of using cannabis 
while negative affect and depressive and manic symptoms did not. Cannabis use 
subsequently further increased positive affect.147

Prognosis and Treatment
Similar to depression, cannabis use and CUD are related to a more severe course of 
illness in BD and worse prognosis in treatment-seeking BD patients. Individuals with 
comorbid CUD and BD show higher BD symptom severity, including more manic, 
hypomanic, depressive episodes,7 more rapid cycling between affective episodes,148 
as well as more psychotic episodes and hospitalizations than those without CUD.149 
Cannabis use in general is also related to higher symptom severity, particularly in the 
domains of mania and psychotic features.150 Moreover, continued cannabis use in 
patients being treated for BD is associated with lower remission rates151,152 and poorer 
global functioning one year after treatment.153 It is important to note that in these 
prospective observational studies, it is possible that individuals who were able to reduce 
cannabis use had higher levels of social or therapeutic support, potentially leading to 
downstream improvements in BD symptomology that are not directly attributable to 
cannabis use reduction. In one study, patients with comorbid CUD in treatment for 
acute mania exhibited delays in the resolution of manic and psychotic symptoms and 
also needed higher doses of medication to control symptoms compared to those without 
CUD.154 In contrast, patients who quit using cannabis during treatment had similar 
outcomes to patients who had never used.151 Women may specifically experience worse 
clinical outcomes, such as general mental health problems, when using cannabis.155 As 
this study only looked at differences between lifetime cannabis users and never-users, 
research with more sensitive measures of cannabis use and CUD is needed to examine 
gender-related differences in clinical outcomes.
 Despite the evidence indicating that cannabis use and CUD are related to altered 
clinical course and treatment responsiveness, no studies have been conducted to 
examine effects on treatment-seeking or specific treatment strategies for comorbid BD 
and CUD. The distinct cognitive profiles associated with BD with and without CUD, 
and perhaps even better executive functions in comorbid BD and CUD,136,137 but worse 
prognosis, stress the importance of exploring the benefits of differential treatment 
strategies. Until then, close clinical monitoring and detailed assessment of cannabis use 
in patients is indicated.
 Cannabinoids have been proposed as a potential therapeutic target for BD 
based on patients reporting cannabis self-medication and the overlap between 
neuropharmacological properties of cannabinoids and current pharmacological 
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treatments for BD.156 A systematic review of the use of CBD in psychiatric disorders was 
unable to identify any clinical trials of CBD in BD patients.157 One study administered 
CBD to two in-patients with BD-I who were experiencing manic episodes but failed 
to find any symptom improvement regardless of the dosage.158 Accumulating evidence 
suggests CBD may have a beneficial effect on individuals with psychosis,157 but research 
is needed on individuals with psychotic features in BD specifically before CBD is 
indicated as a potential therapy.

Cannabis and Suicide

An estimated 800,000 individuals die by suicide each year (WHO, 2019), half of which 
are diagnosed with either depression or BD.159 Suicidal ideation and attempts are strong 
predictors of subsequent risk of suicide in mood disorders.160 We will discuss the link 
between cannabis use and suicide before examining the limited evidence for the more 
complex association between cannabis use, mood disorders, and suicide.
 Evidence for the link between cannabis and suicide regardless of psychiatric 
diagnoses is conflicting. A recent meta-analyses found that cannabis intoxication 
was not linked to increased risk of suicide attempt or death, with limited evidence to 
suggest that it may actually decrease the risk of suicide attempts.161 However, heavy 
cannabis users were found to be at increased risk of suicidal ideation and attempts in 
adulthood.161 Adolescent cannabis users also appear to be at higher risk of suicidal 
ideation and suicide attempts, even when adjusting for sociodemographic and drug use 
variables.162,163 Yet, in men aged 18–20 at baseline, a 30-year follow-up study found no 
association between occasional or heavy cannabis use and risk of suicide after extensive 
adjustment of 31 potentially confounding variables.164 With regards to CUD, evidence 
suggests that women, late adolescents and young adults with CUD are at elevated risk 
of suicide compared to men and older adults respectively.165 Similarly, a recent meta-
analysis found that adolescent cannabis use was associated with a two-fold increase in 
risk of suicide attempts in adolescence and young adulthood.32

Potential Underlying Mechanisms
Research on the causal pathways between cannabis use and suicidality is limited 
but suggests a bi-directional relationship. Bolanis et al. found that cannabis use was 
associated with greater odds of suicidal ideation after two years, but that suicidal 
ideation did not predict future cannabis use.80 Importantly, this association was no 
longer significant after controlling for other substance use. Also, Mars et al. showed that 
cannabis use in adolescence was associated with the transition from suicidal thoughts 
to attempts.166 In the opposite direction, Agrawal et al. found evidence that suicide 



233

10

attempts may increase the risk of developing CUD in adults, but no evidence that 
cannabis use or CUD increased the risk of suicidal behaviors.167 In contrast, a Mendelian 
randomization study by Orri et al. observed a causal role for cannabis on suicide 
attempts, but no evidence of the reverse causal pathway.168

 Studies investigating the association between cannabis use, depression, and suicide 
show mixed results. Adult cannabis use was found to increase the chance of developing 
both depression and suicidal ideation and attempts, but results in adolescents are 
mixed.35,169,170 These studies did not examine whether the link between cannabis use 
and suicidal behavior was moderated by depressive symptoms. More recently, Chabrol 
et al. found a dose-response relationship between severity of CUD symptoms and 
suicidal ideation, which was no longer significant after controlling for depressive 
symptoms.171 This suggests that cannabis use may increase the risk of suicidal behaviors 
through its association with depression.
 It is clear that there is an association between cannabis use, BD and suicide, 
but there is little evidence regarding the direction of the association. Cannabis use 
is associated with an increased risk of suicide attempts96 and a similar relationship 
was observed with CUD.172 Furthermore, individuals with a comorbid diagnosis 
of CUD and BD were found to have a significantly increased risk of attempting 
suicide than their non-comorbid counterparts,173 an association also observed for 
suicidal mortality.174 Individuals with more severe BD symptoms may be more likely 
to experience suicidality and also be more likely to use cannabis to cope. However, 
cannabis may also exacerbate symptoms leading to increased suicidality. The lack of 
understanding of the causal pathways of this specific association highlights the need for 
longitudinal studies.

Shared Genetic Vulnerability and Gene-environment Interactions
Both cannabis use and suicidal ideation are heritable traits, with heritability estimates 
ranging from 40–60%.175 Examining the association between the polygenic risk 
factors for CUD and suicidal ideation and attempts, Johnson et al. found evidence for 
overlapping genetic risk factors using polygenic risk scoring.55 However, based on 
twin-modelling, unique environmental influences also contribute to this association.54 
In the only study to date to investigate the extent to which the two phenotypes share a 
genetic and environmental association, Delforterie et al. found a genetic correlation of 
.45 between suicidal ideation and cannabis use, which is substantially higher than the 
genetic correlations that have been found between cannabis use and BD and MDD.175 
Individual-specific environmental factors are also shared across cannabis use and 
suicidal ideation, with a correlation of .21 (See Table 2 for overview).
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Conclusions, Limitations, and Future Directions

The current review provides an elaborate overview of the evidence of the association 
between cannabis use, CUD, depression, BD, and suicide. Despite increasing rates of 
cannabis use in individuals with mood disorders and the high rates of comorbidity 
between cannabis use, CUD, and mood disorders, the evidence for the causal directions 
of these associations and the potential underlying mechanisms is still limited. This 
knowledge gap is concerning as media and advertising increasingly perpetuate the 
positive benefits of cannabis use,176 especially as treatment for depressive symptoms,4 
which are common across mood disorders.
 In summary, cannabis use, particularly heavy and dependent use, is likely 
bidirectionally associated with the onset and course of depression, with evidence that 
some depressed individuals may initiate cannabis to self-medicate, while cannabis use 
may precede depression in others. This association might be moderated by earlier onset 
of cannabis use, being a woman, higher CUD symptom severity, and the use of higher 
potency cannabis (Figure 1). While an overlap in genetic risk factors for cannabis use, 
CUD, and depression has been observed, the evidence suggests that gene-environment 
interactions, individual and shared environmental factors, shared neurocognitive 
substrates, and the effects of cannabis itself play an important role in the development of 
comorbidity.
 Evidence regarding the direction of the association between cannabis use, 
CUD, and BD is more limited but consistent. While some individuals with BD may 
initiate cannabis after symptom onset to regulate mood, most studies point to cannabis 
preceding the onset of BD and increasing the severity of depressive, manic, and 
psychotic symptoms in BD (Figure 1). The cumulative genetic evidence suggests that 
comorbidity between CUD and BD may partly arise from shared genetic liability, but 
that gene-environment interactions play an important role. Particularly, alterations 
in genes that affect the endocannabinoid, dopaminergic, and serotonergic systems 
of the brain seem to interact with cannabis use to increase the risk of developing 
BD. Regarding suicide, there is a bidirectional association between cannabis use and 
suicide in the general population, with cannabis use increasing the risk for suicidal 
behavior and vice versa. Limited evidence suggests this association may be moderated 
by depressive symptoms (Figure 1). However, little is known about the role of cannabis 
use in the risk of suicidal behavior in depressed individuals specifically. Converging 
evidence suggests that cannabis use and CUD are related to heightened risk of suicide 
in individuals with BD, with an important role for gene-environment interactions in 
this association.
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Figure 1. An overview of the direction of the associations between cannabis use and 
depression, BD, and suicide with potential moderators of the associations listed in the 
text boxes. Arrow thickness indicates the strength of the evidence for the direction of the 
association.

In agreement with previous reviews,18,20,21 evidence appears stronger for a negative 
impact of cannabis on BD onset and prognosis than for depression. Nevertheless, 
despite the more mixed findings of cannabis use leading to depression, there is 
important evidence that cannabis is harmfully associated with symptom severity and 
that reductions in use are related to better treatment outcomes.84,90 We believe the risks 
currently outweigh the evidence of temporary symptom relief by cannabis intoxication.5 
This is further corroborated by the potential association between cannabis and suicide 
in individuals with depression171 or BD.96,172

 The nature of the association between cannabis use and mood disorders is 
complex. Although challenging, prospective longitudinal designs that follow individuals 
from before the onset of both cannabis and mood disorders can help elucidate the 
direction of the associations between cannabis use, CUD, and mood disorders. Our 
understanding of the exact nature of the relationship is further limited by a lack of 
control over potential confounders, particularly other substance use and mental health 
problems which are common in individuals with mood disorders177 and CUD.178 
In general, the impact of cannabis use on mental health varies greatly from person 
to person, but effects appear worse for younger users and effects of sex should be 



236

considered.179 Notably, sex-specific effects are evident in CUD, BD, and depression, 
as well as associations with trauma exposure in each disorder. Differential exposure 
to trauma or coping mechanisms after trauma may partially account for sex-specific 
effects in the prevalence and etiology of cannabis and mood disorder comorbidity. For 
example, while approximately two-thirds of both men and women with depression 
reported childhood trauma exposure in a recent study, severely traumatized young 
women with depression were at particular risk of drug misuse.180 More research on 
the role of differential exposure to trauma, as well as access to treatment after trauma 
in individuals with comorbid CUD and mood disorders, is needed to elucidate the 
underlying causes of sex-specific effects.
 The BD literature suggests that cannabis use is specifically associated with 
worsening of psychotic, manic, and depressive symptoms. Cannabis composition likely 
matters; high THC:CBD ratio products in particular may increase risk of psychotic 
and manic symptoms, while we know little about the impact of potency or ratio on 
depressive symptoms.181 In addition, the lack of objective assessments of cannabis use 
limits our ability to assess dose- response relationships between cannabis use and mood 
disorder symptoms and trajectories. Researchers should be encouraged to include 
more objective methods such as hair analysis of cannabis metabolites to examine the 
influence of different cannabinoids on mood disorders.
 Fundamental animal research can also help to elucidate the causal role of 
cannabinoids in the development of mood disorders. In rodents, exposure to chronic 
THC or WIN55,212-2 – a synthetic CB1 receptor agonist – during adolescence 
leads to depressive-like behavior characterized by immobility during a forced swim 
test and anhedonia during a sucrose preference test particularly in females.182-184 
Parallel changes in the serotonergic system have been observed after chronic adolescent 
cannabinoid exposure in rodents,184 which have been suggested to underlie the 
vulnerability to mood disorders after cannabis use. It is important to note that these 
findings do not directly translate to human cannabis consumption. While rodents 
generally receive repeated injections with a single cannabinoid, humans generally 
smoke cannabis. Moreover, cannabis composition is variable, containing hundreds 
of cannabinoids, including some like CBD that may offset THC’s effects on mood. 
For example, Shbiro et al. showed that ingested CBD counteracts immobility 
and anhedonia in the forced swim and sucrose preference test in depressive-
like genetic rat strains.185 While animal models help to elucidate the direct effect 
of specific cannabinoids on depression-related behavior and the corresponding 
neuromechanisms, the extent to which the finding translate to humans is unclear. The 
differential prognosis for depression and BD with comorbid CUD, lack of tailored 
treatment options, and the complex but unclear interaction between cannabis use, 
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neurocognition, and symptom severity in these patients highlight the need for more 
studies. While overlapping neurobiology is evident, most studies on the neurocognitive 
mechanisms of cannabis and mood disorders specifically exclude individuals with 
comorbidity. Given the prevalence of comorbidity, both fundamental and clinical 
research should move towards including comorbid groups alongside individuals with 
a single diagnosis to bolster our understanding of the similarities and differences in 
the mechanisms underlying mood disorders with and without comorbid cannabis 
use and CUD. Given the shift in public perception of harm and increase in cannabis 
being advertised for treating psychiatric symptoms, such studies will hopefully also 
foster important information that can help prevent harm and optimize treatment for 
vulnerable individuals.
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CHAPTER 11

General Discussion



240

Cultural and social forces shape our brain and behavior and vice versa. This happens in 
very overt ways, such as the fact that you are reading these words from left to right, rather 
than right to left. In the context of substance use, these effects may be less immediately 
apparent. The overarching goal of this dissertation was to examine ways in which social 
and cultural processes can affect the motivational footprint of addiction in the brain. The 
general discussion to follow will reflect on the role of social processes in adolescent risk 
and resilience to alcohol use-related harms and cross-cultural differences in cannabis 
use.

Integrating the Evidence: the Adolescent Brain and Addiction

The goal of the first section of this dissertation was to examine the evidence of 
adolescent risk and resilience to chronic alcohol use (Chapter 2), develop a paradigm to 
incorporate social processes in a biomarker of addiction in the brain (Chapter 3), and 
directly examine the role of social context and social attunement in drinking behavior 
in adolescents compared to adults (Chapter 4). I will now integrate the evidence across 
chapters in relation to the neurocognitive processes proposed to drive the addiction 
cycle (Figure 1) and the social plasticity hypothesis.
 A few caveats to note before I begin. In Chapter 2, my co-authors and I 
systematically reviewed the state of the evidence for adolescent risk and resilience to 
the effects of chronic alcohol use on cognition and the brain compared to adults. One 
of the key takeaways of this review is the scarcity of human research investigating this 
question. Only four studies directly compared adolescents to adults, and one of those 
studies was from our lab. Because of this, I will mainly discuss evidence from 59 rodent 
studies. The translational value of animal models of addiction is up for debate,1 and 
the evidence for or against age differences in animals may not translate to humans. 
Additionally, the heterogeneity of the paradigms and outcomes across studies left many 
domains with limited evidence (i.e. only 1 or 2 studies). With these caveats in mind, let 
us begin.
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The Dominant Model of Adolescent Risk: the Gas Pedal Versus the Brakes
During adolescence, the reward system of the brain is thought to develop earlier than 
the executive control system, making this stage akin to a car with a gas pedal but 
relatively weak brakes. The addicted brain supposedly suffers from a similar imbalance, 
in which sensitivity to drug-induced rewarding effects override cognitive control, 
leading to continued substance use despite harms. This similarity is supposed to explain 
why adolescents are more susceptible to addiction. However, the social plasticity 
hypothesis proposes alternative mechanisms for the high rates of adolescent addiction 
and recovery in young adulthood. This hypothesis suggests that neuroplasticity coupled 
with heightened sensitivity to social context– referred to as social attunement– drives 
adolescents towards heavy alcohol use when it is socially valuable and away from heavy 
use when the social value decreases in the transition to adulthood. In this view, the 
friends drinking in the backseat are the driving force of adolescent risk for addiction.

The Gas Pedal
Rodent studies provide limited evidence that adolescents consume more ethanol 
than adults or attribute it greater motivational value. However, chronic ethanol 
exposure seems to have a more profound neurobiological impact on the reward system 
in adolescents. Adolescent rodents chronically exposed to ethanol exhibit greater 
reduction in dopamine receptor expression and more epigenetic changes in the nucleus 
accumbens and prefrontal cortex (PFC), components of the mesolimbic dopamine 
pathway involved in sensitizing the brain to drug rewards (Figure 1A). Reduced 
dopamine receptor expression is common across substance use disorders (SUDs),2 and 
may underlie reduced interest in non-habitual rewarding behaviors and contribute to 
continued substance use. Negative reinforcement learning, influenced by alterations 
in HPA-axis functionality, can also activate the ‘gas pedal’ (Figure 1B). Unfortunately, 
few studies explored age-related effects on the HPA axis and their findings are 
contradictory. Overall, the available evidence suggests greater adolescent vulnerability 
to reward-related neurobiological processes after chronic alcohol exposure, potentially 
contributing to higher adolescent addiction rates.

The Brakes
Let’s take a look at the brain’s ‘brake system’ via the domains of executive function, 
which underpins the ability to retain control over behavior by limiting rewarding but 
potentially harmful behavior. Impairments in this system perpetuate the addiction 
cycle (Figure 1C). Both adolescents and adults show similar vulnerability to chronic 
ethanol exposure’s effects on executive function domains, including goal-directed 
behavior, cognitive flexibility, impulsivity, attentional processes, and working memory. 
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It is important to note that these findings do not directly contradict the theory that 
adolescents are vulnerable to addiction because of less developed executive systems. The 
studies in the review specifically addressed the question of whether adolescents were 
more vulnerable to alcohol’s effects rather than baseline comparisons of adolescent and 
adult executive function capacities. As such, relatively weaker executive function likely 
contributes to risky behavior in adolescence, including alcohol use.
 While animal models did not point towards age-related differences in the 
vulnerability of the executive system to chronic alcohol use, evidence did emerge 
suggestive of a weaker ‘braking’ system in adolescence through the process of negative 
reinforcement learning. Specifically, adolescents were less sensitive to the aversive 
effects of high doses of alcohol following chronic exposure. Acute high doses of alcohol 
possess aversive properties, such as vomiting and dizziness, which act as punishment 
in reinforcement learning leading to a reduction in the behavior (i.e. binge-drinking). 
Consistent evidence indicates adolescent rodents are less sensitive to the aversive 
effects of high ethanol doses after chronic ethanol exposure. This suggests that blunted 
reinforcement learning from negative intoxication effects may contribute to the high 
prevalence of adolescent binge-drinking, which increases the risk of alcohol use 
disorder (AUD).3 In other words, because adolescents are less likely to experience 
unpleasant effects after many drinks, they do not decrease their drinking on subsequent 
occasions. This parallels the role of low alcohol responsiveness as a general risk factor 
for addiction.4

The Social Plasticity Hypothesis
The Plastic Brain
In contrast to the dominant theory of adolescent risk, the social plasticity hypothesis 
proposes that heightened neuroplasticity during adolescence protects against long-
term negative outcomes by allowing for greater brain recovery after chronic alcohol 
exposure. However, the animal evidence indicates that adolescents exhibit reduced 
neurogenesis, greater neurodegeneration, and a more limited neuroimmune response 
compared to adults following chronic exposure. This suggests that the adolescent brain 
may indeed be more vulnerable to certain damaging effects of alcohol on the brain.

The Backseat Drivers
Animal studies do not provide substantial insights into age differences in social 
processes of alcohol use given a lack of research in this area. Critically, addiction in 
humans is influenced by environmental and social factors that cannot be replicated 
in animal models.1 Substance use often originates and is influenced by social 
situations and norms, and SUD symptoms include impaired function in social roles 
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and relationships. Despite methodological challenges, such as differences in alcohol 
exposure history and ethical limitations on experimental manipulation, human research 
allows for better exploration of social processes in addiction.
 In Chapter 3, my co-authors and I developed and validated the SMAC task, a 
social multi-sensory alcohol cue exposure paradigm. We did not observe heightened 
activity in any regions specifically to social alcohol cues, which could be due to the 
low level of drinking severity in the sample. We did observe associations between 
quantity of alcohol consumed in the previous week and alcohol-specific activity 
in frontal cortical regions and the anterior cingulate cortex (ACC) – involved in 
cognitive control. Moreover, activity in sensory processing regions like the occipital 
pole, intracalcerine cortex, pre- and post-central gyrus, and the inferior temporal gyrus 
(ITG) was positively associated with actual social drinking in the laboratory. These 
regions are not typically implicated in addiction processes, but can be modulated by 
attention and motivation.5 However, it is important to interpret these brain- behavior 
associations with caution. As the experimenter, my role was to tell participants 
that an unexpected scheduling issue had interrupted the study after scanning and 
apologetically offer a soft or alcoholic drink in the presence of another experimenter 
posing as a participant. Although the deception was not detected (as assessed during 
a debriefing questionnaire), I sensed that many participants found it unusual to be 
offered alcohol during a scientific study which may have influenced their drinking 
behavior. I am skeptical about whether we were only measuring ‘social drinking’ 
behavior. The situation created a unique social context with potentially stronger norms 
against drinking. In light of this, those who consumed alcohol may actually be less 
sensitive to social cues or less likely to conform to social norms compared to those who 
abstained, reducing the validity of the measure.
 While the SMAC test had somewhat promising results, we turned to a different 
social alcohol cue reactivity paradigm in Chapter 4 given design limitations. 
Specifically, both the social alcohol and social water conditions elicited activity in 
addiction-relevant regions (i.e. amygdala, precuneus, frontal cortex) and showed positive 
associations with alcohol use-related measures. This led us to hypothesize that the social 
context itself served as a cue for alcohol use. Adding non-social cues to a cue exposure 
paradigm would allow us to isolate the effect of social context on alcohol cue reactivity. 
Therefore, we adapted the previously validated social alcohol cue exposure (SACE) 
paradigm6 to further examine the social plasticity hypothesis of adolescent risk and 
resilience.
 In Chapter 4, my co-authors and I investigated the influence of age on social 
alcohol cue reactivity in a longitudinal study of adolescent and adult male drinkers. The 
key findings from this chapter were: 1) associations between alcohol cue reactivity and 
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drinking-related measures only emerged with age as a moderator, 2) consistent with the 
social plasticity hypothesis, adolescents with higher social attunement tendencies showed 
greater social alcohol cue reactivity in the medial prefrontal cortex, while adults with 
higher social attunement tendencies showed less.
 Notably, social alcohol cue reactivity in the ITG – involved in face perception7 
– was associated with social drinking in the SMAC study (Chapter 3) and was also 
differentially associated with social attunement in adolescents and adults in the SACE. 
These findings offer insight into new avenues of investigation. One of the mechanistic 
processes proposed to underlie the role of social attunement in adolescent risk and 
resilience is heightened social reinforcement learning. Adolescents, especially those 
with stronger social attunement tendencies, may exhibit enhanced learning from social 
feedback compared to adults. Differential activation of the ITG suggests that adolescents 
with greater social attunement may attend more to faces in social cues. Greater attention 
to faces may increase perceptions of social feedback and contribute to stronger 
reinforcement learning. Eye-tracking techniques could be implemented to investigate 
this possibility in the future.
 Age-related differences were also observed between alcohol cue reactivity and 
drinking measures. Adolescents with higher task-induced craving and recent alcohol 
use showed higher reactivity to non-social alcohol cues, while the reverse was observed 
in adults. As seen in cannabis cue reactivity in Chapter 8, positive attitudes about a 
substance’s effect can modulate cue reactivity. One of the few human studies identified 
in the systematic review found that adolescents report greater expected benefits of 
alcohol use than adults. An interesting avenue for future studies is to investigate 
whether differences in alcohol expectancies between adolescents and adults modulates 
either social or non-social alcohol cue reactivity.
 Supporting the social plasticity hypothesis, adolescents with higher social 
attunement escalated drinking and had more AUD symptoms over time, while adults 
with higher social attunement reduced drinking and had fewer AUD symptoms. Notably, 
neural markers of social alcohol cue reactivity were not associated with changes in 
drinking. These findings underscore the value of self-report measures in understanding 
alcohol use trajectories. The implementation of the social attunement questionnaire 
(SAQ)8, a short and easily administered measure developed in our lab (Neuroscience of 
Addiction lab [NoFA]), holds great potential for further exploration of the role of social 
processes in substance use and addiction. As cannabis use becomes more prevalent, it 
is crucial to investigate the influence of social processes on cannabis use trajectories in 
adolescents. Cannabis use is still significantly less prevalent in adolescents than alcohol 
use in Europe as a whole (15% vs 44%). Because cannabis use is less normative, social 
attunement may not be as strong a predictor of use trajectories. New research projects 
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in the NoFA lab are currently addressing this question by examining the role of social 
reinforcement learning, social attunement, and social cue reactivity in adolescent and 
adult cannabis and alcohol users, respectively. The findings will shed light on how the 
influence of social processes may converge or diverge depending on the distinct social 
context around different substances.

Concluding Remarks
Taken together, cumulative evidence from animal models suggest that the adolescent 
brain may be more vulnerable to deleterious effects of alcohol on the reward system 
and that enhanced neuroplasticity during this period may not protect against 
neurodegeneration related to chronic alcohol use. However, the empirical studies I 
conducted on social processes involved in neural alcohol cue reactivity – a biomarker 
of AUD – preliminarily point towards social attunement as a risk factor for alcohol use 
escalation. Further on in development, social attunement may transition to a resilience 
factor, enabling drinkers to flexibly update their behavior based on social feedback and 
facilitate recovery from addiction.

Integrating the Evidence: Cross-cultural Effects in Cannabis use 
Disorder

In Chapter 5, I highlighted cross-cultural factors that contribute to the formation of 
unique cannabis cultures, and how cannabis culture might affect the development and 
presentation of cannabis use disorder (CUD). Chapters 6 through 10 then began to 
address several of these factors – including cannabinoid exposure, co-use of tobacco, 
differing legal settings, cannabis perceptions, and the role of mood disorders – through 
empirical studies and a literature review. In the following section, I will integrate the 
evidence to update the understanding of how cannabis culture shapes the effects of 
cannabis on the brain.

Legal Policies and Cannabis Perceptions
Chapter 8 and 9 presented the findings from the MJX project, a cross-cultural study 
comparing neurocognitive mechanisms of CUD in Amsterdam, The Netherlands (NL) 
and Texas, USA (TX). Both studies examined the role of individuals’ personal attitudes 
about cannabis, as well as their perceptions of the attitudes of people in their social 
environment, in the motivational mechanisms of CUD in the brain. Given the wave of 
cannabis legalization and decriminalization, it is crucial to investigate differences in 
the underlying motivational mechanisms of CUD across cultures with diverse cannabis 
policies.
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The findings from both studies indicate salient differences in motivational circuits 
in response to drug-related cues in distinct cannabis environments. The CUD group 
exhibited greater activity in mesocorticolimbic (e.g. nucleus accumbens, frontal medial 
cortex) and cognitive control-related regions (anterior cingulate cortex), as well as 
the precuneus and thalamus. Notably, in TX, approach bias-related activity and cue 
reactivity were positively associated with cannabis use measures, while they were 
negatively associated in NL. Personal cannabis attitudes played a role in the cross-
cultural cue reactivity differences: more positive attitudes were linked to a positive 
relationship between subjective craving and cue reactivity, and less positive attitudes 
were linked to a negative relationship. This suggests that site differences in cue 
reactivity are at least partially driven by more positive attitudes about cannabis’ effect 
in TX compared to NL. Furthermore, in this sample, working memory(WM)– related 
activity was differentially associated with recent cannabis use quantity (grams per 
week) across sites, and this difference was also related to personally positive cannabis 
attitudes.9 The fact that personal cannabis attitudes had a modulating role on brain-
behavior associations that differed across sites in multiple cognitive processes suggests 
this is a promising direction for future research. However, it is clearly necessary to 
replicate these findings in different samples.
 Clear conclusions regarding the clinical significance of cross-cultural differences 
in the mechanisms of CUD are challenging to draw. Important questions arise: Do 
the trajectories of use and problems differ between individuals with CUD in TX and 
NL? Does the need for, or effectiveness of, treatment differ? Are neural cannabis cue 
reactivity and approach bias related to differences in trajectories or treatment outcomes? 
Answering these questions is crucial for understanding whether these findings indicate 
clinically meaningful distinctions in the underlying pathology of CUD across cultures 
or if they are merely intellectual curiosities or artifacts. One-year follow-up surveys 
were conducted in the MJX study, which will help address these questions and provide 
insight into the clinical value of cross-cultural research in CUD pathology. If these 
differences prove to be clinically significant, it would be beneficial to expand the scope 
to include additional sites, such as Canada, Australia, and other US states, to elucidate 
the most relevant cannabis culture factors. With that said, our study was an important 
first step in uncovering the complexities of cannabis culture in neurocognitive 
mechanisms of CUD.
 Notably, cannabis attitudes were not related to all observed cross-cultural effects, 
including site differences in the associations between cue-reactivity and CUD severity 
and approach-related activity and quantity of recent cannabis use. However, cannabis 
use differs between TX and NL in many other ways, including motivations for use, 
tobacco co-use, quantity of use, method of administration, and product potency, which 
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might impact effects of cannabis on the brain. These factors will be discussed in more 
detail in upcoming sections.

Co-use of Tobacco Products
The findings from Chapter 7 shed light on the multi-faced challenge posed by co-
use of cigarettes in relation to motivational processes underlying CUD in the brain. 
In addiction– relevant regions including the amygdala and frontal cortical clusters, 
cannabis-only users exhibited greater activation compared to matched non-using 
controls, whereas co-users did not show heightened cue reactivity in any regions 
compared to control groups. However, cannabis– only and co-users did not significantly 
differ from each other. It is important to note that the sample sizes for each group were 
small, especially by current neuroimaging standards. Larger samples may be able to 
detect a small, but significant effect of cigarette use status on cue reactivity.
 The stark differences in tobacco product use among cannabis users across cultures 
are worth reiterating. In the UK and Europe, 77.2–90.9% of cannabis users consume 
it with tobacco compared to 4.4–16% in the US.10 These regional discrepancies also 
extend to co-occurring nicotine dependence. Indeed, in the MJX project, we aimed to 
match samples across sites on daily cigarette smoking. However, it proved extremely 
challenging. In NL, almost all individuals with CUD that we recruited smoked cigarettes 
daily, while nearly none smoked at all in TX. We focused on recruiting individuals 
from the NL site who did not smoke to achieve better sample matching, but significant 
differences remained in daily cigarette use prevalence in the final sample (NL: 51%; TX: 
6-10%). Consequently, we were unable to either match or statistically control for the 
effects of cigarette use in the studies of cross-cultural differences in approach avoidance 
and cue reactivity. In light of this, site differences in cigarette use may partly explain the 
culture-related effects observed in approach behavior and cue reactivity.
 I conducted exploratory analyses within the CUD group at the NL site to examine 
whether cue reactivity and approach-related activity in the clusters with significant 
group- or site-related effects differed between those who were daily cigarette smokers or 
not. No differences emerge in approach-related activity. However, echoing the findings 
in Chapter 4, cigarette smokers in the CUD group (CUD+) exhibited significantly 
less cannabis cue reactivity (Cannabis > Neutral + Fruit peak voxel activity in CUD-
CON group effect) than non-cigarette smokers in the NL CUD group (CUD-; t = 2.12, 
p = .03; MeanCUD+ = -7.1, MeanCUD- = 16.02). No differences emerged between 
cigarette smokers (N = 26) and non- smokers (N = 25) in the NL CUD group in clusters 
that exhibited site differences in the association between cue reactivity and self-report 
craving or CUD symptoms. While exploratory, these findings further suggest that co-
use of cigarettes may dampen cannabis cue reactivity in heavy and dependent cannabis 
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users, but there is not enough evidence to suggest that this is driving the differences 
between TX and NL in the associations between cue reactivity and self-report craving 
and CUD symptom severity. Nonetheless, more research is required to investigate the 
effects of co-use on neurocognitive mechanisms of addiction, particularly considering 
cross-cultural variations in its prevalence.
 An additional curious and unexpected finding in Chapter 7 was that cigarette-
only smokers showed the highest levels of cue reactivity across many brain regions, 
including components of the mesocorticolimbic dopamine pathway. This raises an 
important methodological consideration for future cannabis research: attempts to 
match cannabis and control groups on cigarette use may mask cannabis-specific effects. 
However, excluding cigarette smokers hinders the ability to attribute observed 
effects to cannabis rather than tobacco. Striking the appropriate balance will depend 
on the specific research question and considerations of ecological validity.

Mood Disorders: Contributors and Motivators for Use
Chapter 10 specifically focused on the causal connections between cannabis use 
and mood disorders. Existing evidence indicates bidirectional relationships between 
depressive and bipolar mood disorders and cannabis use. This means that cannabis 
use and CUD may contribute to the development of a mood disorder, and mood 
disorders contribute to the development of cannabis use and CUD. Shared genetic and 
environmental risk factors may partially explain this association. However, comorbid 
cannabis use and CUD are linked to poorer prognoses, exacerbated symptoms 
(particularly in bipolar disorder), and increased risk of suicide.
 Cannabis use, CUD, and depressive disorders may interact and aggravate 
symptoms at the neurocognitive level. Both CUD and depressive disorders are 
associated with altered reward processing in the mesocorticolimbic dopamine pathway. 
Cannabis use in individuals with depression further diminishes striatal activity, 
worsening reward dysregulation.11 However, the impact of comorbid depression on 
reward circuit functioning in CUD remains understudied.12 In the MJX study, the 
CUD groups had higher scores on the depression symptom inventory (BDI-II) than the 
control groups. Exploratory whole-brain analyses examining the relationship between 
depressive symptoms and cannabis cue reactivity in the MJX CUD sample did not 
reveal any significant clusters of activity. Future studies should include groups with 
CUD-only diagnoses and dual diagnoses of CUD and depression to explore potential 
differences in cannabis cue reactivity.
 Given the limited evidence base and mixed findings, it is important to consider 
the relationship between cannabis use and mood disorders cautiously. However, we 
should also not be overly tentative about making recommendations to vulnerable 
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populations about limiting or abstaining from cannabis use when the weight of the 
evidence leans towards harm. Consider the state of advertising claims in the cannabis 
industry. Despite regulations prohibiting false therapeutic claims, approximately 34% of 
cannabis products in legal recreational markets contained claims about its therapeutic 
potential.13 The advertised therapeutics range from treating pain, insomnia, and stress 
to treating physical and mental health disorders including anxiety, depression, PTSD, 
and seizures.13 Only 0.4% of products included warnings of negative effects. In this 
environment, more individuals with mood disorders may initiate cannabis use, further 
strengthening the pathway from mood disorders to cannabis use and CUD. In fact, 
exposure to signs about the health benefits of cannabis in recreational dispensaries 
has been linked with greater odds of cannabis use for both recreational and supposedly 
therapeutic purposes.14 Even if the deleterious effects of cannabis on mood disorder 
severity are due to delayed treatment rather than pharmacological effects of cannabis 
itself on mood disorder pathology, the peddling of cannabis as a depression treatment 
in recreational markets can exacerbate suffering in vulnerable populations. Under these 
circumstances, it is worth considering what evidence would be considered enough 
to contraindicate cannabis use in individuals vulnerable to mood disorders. Perhaps a 
comparison to alcohol is useful: would you tell a depressed friend that it is a safe and 
good idea to drink to self-medicate? Personally, I would advise against self-medicating 
with cannabis based on the weight of the available evidence now, even considering the 
limitations.

Quantifying Cannabinoid Exposure
High variability in how cannabis use is measured has been a challenge to integrating 
evidence across studies. Recently recommended guidelines suggest using the timeline 
followback methodology in which people report quantities of use per day in a calendar 
format, to improve measurement consistency across studies.15 Beyond measuring 
cannabis use, assessing  exposure to specific cannabinoids is crucial given dose-
response relationships between delta-9-tetrahydrocannabinol (Δ9-THC) and its 
impact on the brain, as well as the potentially protective effects of cannabidiol (CBD).16 
However, the issue of varying potency of the cannabinoids in cannabis products 
complicates matters considerably. Labelling of THC and CBD potency in legal markets 
is often inaccurate or inconsistent17 and missing in decriminalized and illegal markets.
 Chapter 6 presented a study assessing hair analysis as a means of measuring 
cumulative exposure to Δ9-THC, CBD, and cannabinol (CBN) over the previous 
three months in individuals with CUD from the MJX project. Δ9-THC, CBD, CBN 
concentrations and THC/CBD ratio were not associated with self-reported quantity 
of use in the TLFB; however, Δ9-THC was positively associated with self-reported 
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potency. Unfortunately, the lack of an additional biospecimen measure prevents us from 
drawing strong conclusions about the validity of hair analysis. With this caveat in mind, 
these findings may indicate that TLFB measures do not capture cannabinoid exposure. 
This follows logically since cannabis use is not equivalent to cannabinoid exposure 
itself. On the other hand, self-reported potency has potential as a quick assessment of 
cannabinoid exposure. Unfortunately, the hair-derived concentrations and subsequent 
analyses were not conducted until after the cross-cultural analyses presented in 
Chapters 8 and 9 were completed. In light of the findings, I would have included 
self-reported potency to examine associations between cannabinoid exposure and cue 
reactivity and approach-bias-related activity. Speculatively, I would expect stronger 
associations between self-reported potency measures and approach bias and related 
activity and cannabis cue reactivity. The role of self-reported potency in cross-cultural 
effects is less clear. Hair samples were not collected in TX, so it is unclear whether 
self-reported potency is a promising measure in the TX sample. The validity of self-
reported potency as a measure may vary across cannabis cultures, especially in regions 
with illegal markets like Texas, where users have less information about product potency 
in purchasing decisions. However, a study in the UK, also an illegal market, found that 
self-reported potency was associated with actual potency.18 Research comparing self-
reported potency with actual potency in different cannabis cultures could contribute to 
understanding the role of Δ9-THC in cannabis-related harms.

Concluding Remarks
Taken together, the research presented in this dissertation begins to create an outline for 
how cross-cultural differences in cannabis use characteristics can shape the cannabis- 
addicted brain. However, more questions remain unanswered than resolved at present. 
Regardless, my hope is that you, the reader, are persuaded of the importance of cultural 
differences in cannabis research and that future studies will take up the issue of cannabis 
culture to begin filling in the brush strokes of this outline.

From the Brain to Treatment: the Promise of Cue-based 
Interventions for Cannabis Use

A running theme throughout the research in this dissertation has been neuroadaptations 
to drug-related cues in SUDs. During my PhD, I endeavored to connect insights from 
neurocognitive research to the development of easily accessible interventions for 
substance use. In this section, I will summarize and reflect on an ongoing study of ‘Back 
on Track’ – a novel online intervention for cannabis use reduction.
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Given their role in evoking cravings to use, drug-related cues are also a key target 
of many treatments for SUDs. For example, many treatment modalities incorporate 
skills to employ when drug-related cues and cravings are encountered. During the 
covid-19 lockdowns in 2020, it seemed clear to me that many people would be at risk 
of increasing their cannabis use given that there was very little else to do. Indeed, a 
study our lab conducted showed that cannabis use escalated during the first lockdown 
of the pandemic.19 At the same time, mental health care systems were facing increased 
pressure. With a newly empty schedule due to lab access restrictions and a desire 
to help, I began developing an online intervention aimed at helping people reduce 
their cannabis use by combining a range of empirically-guided techniques. My 
collaborators and I eventually received funding from the Volksbond Rotterdam to 
conduct a feasibility study which provides preliminary insight into the efficacy of these 
techniques.

Back on Track: an Online Self-guided Intervention for Cannabis Use 
Reduction
Tailoring an Intervention to Cannabis Users
Cannabis users may avoid standard treatment because they prefer a sense of self- 
reliance and more informal approaches.20 A self-guided approach avoids stigmatization 
that users may experience when seeking formal treatment and provides a measure of 
self- determination in exactly how they pursue change. Furthermore, several typical 
drug abuse programs emphasize abstinence, which may not be desirable or realistic 
for some users. Yet, moderating drug use has a measurable positive impact on daily 
functioning and mental health outcomes.21,22 We focused on allowing users to generate 
their own goals and then giving them tools to help achieve them.
 Cannabis users have a broad range of life histories, current life situations, 
motivations for use, and biological make ups, which may all affect their drug use. 
Appreciating that a one- size-fits-all approach is unlikely to resonate, the intervention 
guided users through the underlying principles of several techniques, but crucially 
explains how both goal-setting and the techniques we describe can be tailored to their 
unique situation.

Intervention Techniques
The techniques we provided include several components that have received empirical 
support in helping users of other drugs cut down on use (namely explicit goal setting, 
implementation intentions, and mental contrasting; see below for brief descriptions), 
as well as a novel technique derived from research on the importance of drug cues 
in use and inspired by addiction treatments (namely ‘cue control’). Goal setting, 
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implementation intentions, and mental contrasting had not previously been assessed for 
their potential in helping users cut down on cannabis use.23

Goal setting. The SMART goal framework is a method for creating Specific, Measur-
able, Appealing, Realistic, and Time-bound goals. This method has been effective for 
helping people to achieve their goals in the domain of health interventions.24,25

Implementation intentions with mental contrasting. Implementation intentions refer 
to the creation of an “if…then…” plan in which a trigger for an undesired behavior and 
an alternative behavior are identified. For instance, in the case of smoking behavior, an 
implementation intention could look like this: “If I feel stressed and want to smoke, then 
I will take ten deep breaths”. Mental contrasting refers to the process of imagining the 
attainment of a goal (e.g. quitting smoking) and then reflecting on the current obstacles 
standing in the way of achieving that goal (e.g. cravings). Mental contrasting combined 
with implementation intentions (MCII) has been shown to help people achieve their 
goals,26 including in the domain of health habits.27-29

Cue control. In Cue Control, individuals were guided through how to remove cannabis-
related cues from their environment. For instance, this means that someone could move 
their cannabis to a specific location that may be somewhat hard to reach, so they have 
to very purposely get it – placing a barrier between desire and actual use. Additionally, 
they were instructed to make cues more available for the alternative activities they 
identified in the MCII portion of the intervention.

Design. Users interested in cutting down on their cannabis use were randomized to 
receive one of three different levels of instruction:
(1) Goal setting (active control)
(2) Goal setting + Implementation Intentions with Mental Contrasting
(3) Goal setting + Implementation Intentions with Mental Contrasting + Cue control

We then compared the success of users in each group in achieving their goals to assess 
the efficacy of the intervention.

Preliminary Efficacy
The final analyses have not been conducted for the three- and six-month follow-
up periods to assess whether the intervention led to persistent changes. However, 
preliminary analyses of baseline and two-week follow-up data suggest that the MCII 
and MCII+Cue control conditions were more effective at helping users achieve their 



254

cannabis reduction goals compared to the active control condition (goal-setting) during 
the intervention period.
 Cannabis users in the MCII and MCII+Cue control conditions had higher rates 
of objective goal achievement (i.e. their use over two weeks did not exceed their target 
goal; Figure 2). In line with this, users in the MCII and MCII+Cue control were more 
likely to say they achieved their goal or exceeded their goal at the end of the two-week 
intervention (Figure 3). Regardless of whether the goal was met, users in all of the 
conditions reduced their use over the course of the intervention, with the steepest 
reduction observed in the MCII+Cue control condition (Figure 4). While preliminary, 
these results suggest that mental contrasting and implementation intentions hold 
promise for helping cannabis users reduce their use. Although the MCII+Cue control 
exhibited the greatest reduction in cannabis use, it does not appear to increase the 
effectiveness of mental contrasting and implementation intentions alone. However, 
the results of the three- and six-month follow-ups will shed further light on potential 
differences between these interventions.

Figure 2. Percentage of participants who objectively achieved their goal, such that their 
reported use at follow-up was at or below their stated goal at baseline. Abbreviations: MCII – 
mental contrasting and implementation intentions; CUD –cannabis use disorder.
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Figure 3. Percentage of participants who achieved their goal based on subjective report. 
Abbreviations: MCII – mental contrasting and implementation intentions; CUD –cannabis use 
disorder.

Figure 4. Reduction in cannabis use based on grams used in the past two weeks at baseline and 
the two-week follow-up period. Abbreviations: MCII – mental contrasting and implementation 
intentions; CUD –cannabis use disorder; T1 – baseline assessment; FU – follow-up.
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Challenges and Concluding Remarks
We elicited feedback from all participants in order to improve the intervention moving 
forward. Interestingly, a common remark was that they struggled to stick to their goals 
and plans when in the presence of their friends. In light of the role of social attunement 
in drinking behavior (Chapter 4), this further underscores the importance of extending 
research in social processes of addiction to cannabis use. In the context of this 
intervention, it is challenging to know how to address this issue. What do we do when 
hanging out with our friends stands in the way of our goals? Do we encourage people 
to avoid their friends? This seems unlikely to be implemented and unsustainable if it 
is. Limiting contact with specific friends who often trigger use may be more feasible 
and a potentially necessary step in some situations. On the other hand, should we 
encourage people to stick to substance use within social situations and try to focus on 
reducing their use when alone? Maybe, but this is a risky strategy that could escalate 
use depending on the social circle. The answer to this issue is not clear to me. Given 
the role of social processes in alcohol use as discussed in this dissertation and the 
increasing integration of cannabis use in social environments, fundamental research 
and interventions focusing on social processes of cannabis use is vital to adapt to the 
changing global cannabis culture.
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Appendix 1 – Supplementary Materials for Chapter 2

Our literature search used Medline from the National Library of Medicine (United 
States of America), PsycINFO from the American Psychological Association, and 
Cochrane Library from John Wiley & Sons. The initial hits were downloaded from the 
databases (see Table 4, 5, & 6 for search strategy).
 Medline, PsycINFO, and Cochrane Library databases generated a total of 9,368 
hits before deduplication. After the initial download, the results were uploaded to 
Zotero reference manager. Then, results were combined and manually de-duplicated 
using a filter that displayed the creator, year, issue, pages, and volume of each article and 
then, using the merge function if necessary. Following this, results were uploaded to 
Rayyan for blinded review.
 All articles were reviewed by at least two of the following authors, LK, JC, and 
GM. Consensus for discrepancies was reached by all authors (CG, GM, LK, & JC). 
Duplicates that were missed in Zotero were resolved in Rayyan. The total number of 
references after deduplication was 7,229. Results from the review were downloaded to 
excel (see Figure 2 for entire screening process).

Table 4. Search syntax and results from Medline database, accessed on February 3, 2021.

Medline

Ovid MEDLINE(R) and Epub Ahead of Print, In-Process & Other Non-Indexed Citations, and Daily 
1946 to February 1, 2021

#1 Alcohol
binge drinking/ OR alcoholic intoxication/ OR ethanol/ OR (EtOH OR ethanol OR alcohol).ti,ab,kf.

#2 Cognition
cognitive dysfunction/ OR cognition/ OR neuropsychology/ OR decision making/ OR memory/ OR memory, 
long-term/ OR memory, short-term/ OR spatial memory/ OR spatial learning/ OR neurocognition/ OR 
inhibition/ OR (cognit* OR brain* OR memory OR executive function* OR intellectual* function* OR learning 
OR conditioning OR

aversion OR processing speed OR inhibition OR locomotor OR craving OR neuropsychol* OR neurocognit*).
ti,ab,kf.

#3 Adults and adolescents
adolescent/ OR young adult/ OR adult/ OR (adolesc* OR adult*).ti,ab,kf.

#4 Study type
longitudinal studies/ OR cross-sectional studies/ OR age factors/ OR (longitud* OR cross- sectional* OR group 
difference* OR vehicle OR age-related difference* OR age difference* OR (adolesc* ADJ3 adult*) OR follow up 
OR followup).ti,ab,kf.

1 AND 2 AND 3 AND 4          3,500 results



309

Table 5. Search syntax and results from PsycINFO database, accessed on February 3, 2021.

PsycINFO
Ovid, 1806 to January Week 4 2021

#1 Alcohol
alcohol drinking patterns/ OR binge drinking/ OR ethanol/ OR (EtOH OR ethanol OR alcohol).ti,ab,id.

#2 Cognition
cognitive impairment/ OR cognitive ability/ OR neuropsychology/ OR cognitive assessment/ OR 
decision making/ OR memory/ OR long term memory/ OR short term memory/ OR spatial memory/ OR 
neurocognition/ OR response inhibition/ OR behavioral inhibition/ OR prepulse inhibition/ OR proactive 
inhibition/ OR retroactive inhibition/ OR (cognit* OR brain* OR memory OR executive function* OR 
intellectual* function* OR learning OR conditioning OR aversion OR processing speed OR inhibition OR 
locomotor OR craving OR neuropsychol* OR neurocognit*).ti,ab,id.

#3 Adults and adolescents
(adolescence 13 17 yrs OR young adulthood 18 29 yrs OR adulthood OR thirties).ag. OR (adolesc* OR adult*).
ti,ab,id.

#4 Study type
(longitudinal study OR followup study).md. OR longitudinal studies/ OR age differences/ OR group 
differences/ OR (longitud* OR cross-sectional* OR group difference* OR vehicle OR age-related difference* OR 
age difference* OR (adolesc* ADJ3 adult*) OR follow up OR followup).ti,ab,id.

1 AND 2 AND 3 AND 4            2,290 results

Table 6. Search syntax and results from Cochrane Library database, accessed on February 3, 
2021.

Cochrane Library
Wiley Interscience

#1 Alcohol
("alcohol" OR “EtOH” OR "ethanol"):ti,ab,kw

#2 Cognition
("cognit*" OR "brain*" OR "memory" OR "executive function*" OR "intellectual* function*" OR "learning" 
OR "conditioning" OR "aversion" OR "processing speed" OR “inhibition” OR "locomotor" OR "craving" OR 
"neuropsychol*" OR "neurocognit*"):ti,ab,kw

#3 Adults and adolescents
("adolesc*" OR "adult*"):ti,ab,kw

#4 Study type
("longitud*" OR "cross-sectional*" OR "group difference*" OR "vehicle" OR "age-related difference*" OR "age 
difference*" OR ("adolesc*" NEAR/2 "adult*") OR "follow up" OR "followup"):ti,ab,kw

1 AND 2 AND 3 AND 4      2411results (22 reviews, 2389 trials, 0 econ. eval.)
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Appendix 2 – Supplementary Materials for Chapter 4

Social Attunement Questionnaire – Dutch

Zet per item een cirkel om het cijfer dat het meest op jou van toepassing is. Hierbij staat 1 
voor ‘helemaal mee oneens’ en 7 voor ‘helemaal mee eens’.

Helemaal mee 
oneens

Helemaal mee eens

1 Ik gedraag mij weleens op een manier die niet echt bij mij past 
omdat dit beter aansluit op de situatie.

1 2 3 4 5 6

2 Ik heb er geen probleem mee om anders te zijn dan de mensen 
in de groep waarin ik me bevind.

1 2 3 4 5 6

3 Ik probeer te voorkomen dat anderen denken dat ik anders ben. 1 2 3 4 5 6

4 Als ik met mijn vrienden uitga, pas ik mij meestal aan aan hun 
plannen.

1 2 3 4 5 6

5 Ik hecht veel waarde aan hoe mensen over mij denken. 1 2 3 4 5 6

6 Als de meerderheid van een groep een bepaalde mening heeft, 
ga ik daar meestal in mee.

1 2 3 4 5 6

7 In verschillende situaties met verschillende mensen gedraag ik 
mij anders.

1 2 3 4 5 6

8 Het kan mij weinig schelen wat anderen van mij vinden. 1 2 3 4 5 6

9 Ik pas mij vaak aan aan de wensen van anderen. 1 2 3 4 5 6

10 Als ik niet goed weet hoe ik me moet gedragen, kijk ik naar wat 
anderen doen.

1 2 3 4 5 6

11 Ik probeer zo goed mogelijk aansluiting te vinden bij de groep 
waarin ik mij bevind.

1 2 3 4 5 6

12 Als mijn vrienden ergens heen gaan, ga ik meestal mee, ook als 
het mij niet zo leuk lijkt.

1 2 3 4 5 6

13 Als mijn vrienden zich druk maken over bepaalde dingen, merk 
ik dat ik me hier na verloop van tijd ook meer mee bezig ga 
houden.

1 2 3 4 5 6

14 Ik ben afwachtend in een nieuwe groep mensen om te kijken 
hoe ik mij het beste kan gedragen.

1 2 3 4 5 6
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Social Attunement Questionnaire – English Translation

Read the following statements. Indicate on a scale from ‘Completely disagree’ to ‘Completely 
agree’ to what extend you feel this statement applies to you.

Completely 
disagree

Completely
agreess

1 I sometimes behave differently from how I normally would, 
because it suits the situation better.

1 2 3 4 5 6

2 I do not have a problem with being different from the people in 
the group I am in.

1 2 3 4 5 6

3 I try to prevent people from thinking that I am different. 1 2 3 4 5 6

4 When I go out with my friends, I usually go along with their 
plans.

1 2 3 4 5 6

5 It really matters to me what people think of me. 1 2 3 4 5 6

6 When the majority of a group has a certain opinion, I usually 
agree.

1 2 3 4 5 6

7 In different situations with different people, I often behave very 
differently

1 2 3 4 5 6

8 I do not care much about what others think of me. 1 2 3 4 5 6

9 I often adjust to what others want. 1 2 3 4 5 6

10 When I do not know how to behave, I look at what others do. 1 2 3 4 5 6

11 I try to align myself as well as possible to the group I’m with. 1 2 3 4 5 6

12 When my friends go somewhere, I usually join them, even if I 
think I will not like it that much

1 2 3 4 5 6

13 When my friends worry about certain things, I similarly 
become preoccupied with these issues.

1 2 3 4 5 6

14 When I’m new to a group, I wait and see to
figure out how to behave.

1 2 3 4 5 6
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fMRIprep preprocessing pipeline overview

Results included in article come from preprocessing performed using 
fMRIPrep
1.5.1rc2 (Esteban, Markiewicz, et al. (2018); Esteban, Blair, et al. (2018); 
RRID:SCR_016216), which is based on Nipype 1.3.0-rc1 (Gorgolewski et al. (2011); 
Gorgolewski et al. (2018); RRID:SCR_002502). Below is an automatically generated 
boilerplate description of the pipeline which includes an overview of the chosen settings.

Anatomical data preprocessing. The T1-weighted (T1w) image was corrected for 
intensity non-uniformity (INU) with N4BiasFieldCorrection (Tustison et al. 2010), 
distributed with ANTs 2.2.0 (Avants et al. 2008, RRID:SCR_004757), and used 
as T1w- reference throughout the workflow. The T1w-reference was then skull-
stripped with a Nipype implementation of the antsBrainExtraction.sh workflow 
(from ANTs), using OASIS30ANTs as target template. Brain tissue segmentation 
of cerebrospinal fluid (CSF), white-matter (WM) and gray-matter (GM) was 
performed on the brain-extracted T1w using fast (FSL 5.0.9, RRID:SCR_002823, 
Zhang, Brady, and Smith 2001). Brain surfaces were reconstructed using recon-all 
(FreeSurfer 6.0.1, RRID:SCR_001847, Dale, Fischl, and Sereno 1999), and the brain 
mask estimated previously was refined with a custom variation of the method to 
reconcile ANTs-derived and FreeSurfer-derived segmentations of the cortical gray-
matter of Mindboggle (RRID:SCR_002438, Klein et al. 2017). Volume-based spatial 
normalization to two standard spaces (MNI152NLin2009cAsym, MNI152NLin6Asym) 
was performed through nonlinear registration with antsRegistration (ANTs 2.2.0), 
using brain- extracted versions of both T1w reference and the T1w template. The 
following templates were selected for spatial normalization: ICBM 152 Nonlinear 
Asymmetrical template version 2009c [Fonov et al. (2009), RRID:SCR_008796; 
TemplateFlow ID: MNI152NLin2009cAsym], FSL’s MNI ICBM 152 non-linear 6th 
Generation Asymmetric Average Brain Stereotaxic Registration Model [Evans et al. 
(2012), RRID:SCR_002823; TemplateFlow ID: MNI152NLin6Asym].

Functional data preprocessing. For each of the BOLD runs found per subject (across 
all tasks and sessions), the following preprocessing was performed. First, a reference 
volume and its skull-stripped version were generated using a custom methodology of 
fMRIPrep. A deformation field to correct for susceptibility distortions was estimated 
based on fMRIPrep’s fieldmap-less approach. The deformation field is that resulting 
from co-registering the BOLD reference to the same-subject T1w-reference with its 
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intensity inverted (Wang et al. 2017; Huntenburg 2014). Registration is performed with 
antsRegistration (ANTs 2.2.0), and the process regularized by constraining deformation 
to be nonzero only along the phase-encoding direction, and modulated with an average 
fieldmap template (Treiber et al. 2016). Based on the estimated susceptibility distortion, 
an unwarped BOLD reference was calculated for a more accurate co-registration with 
the anatomical reference. The BOLD reference was then co-registered to the T1w 
reference using bbregister (FreeSurfer) which implements boundary-based registration 
(Greve and Fischl 2009). Co-registration was configured with six degrees of freedom. 
Head-motion parameters with respect to the BOLD reference (transformation matrices, 
and six corresponding rotation and translation parameters) are estimated before any 
spatiotemporal filtering using mcflirt (FSL 5.0.9, Jenkinson et al. 2002). The BOLD 
time-series, were resampled to surfaces on the following spaces: fsaverage5. The 
BOLD time-series (including slice-timing correction when applied) were resampled 
onto their original, native space by applying a single, composite transform to correct 
for head- motion and susceptibility distortions. These resampled BOLD time-series 
will be referred to as preprocessed BOLD in original space, or just preprocessed 
BOLD. The BOLD time-series were resampled into several standard spaces, 
correspondingly generating the following spatially-normalized, preprocessed BOLD 
runs: MNI152NLin2009cAsym, MNI152NLin6Asym. First, a reference volume and 
its skull-stripped version were generated using a custom methodology of fMRIPrep. 
Automatic removal of motion artifacts using independent component analysis (ICA-
AROMA, Pruim et al. 2015) was performed on the preprocessed BOLD on MNI space 
time-series after removal of non-steady state volumes and spatial smoothing with an 
isotropic, Gaussian kernel of 6mm FWHM (full-width half-maximum). Corresponding 
“non-aggresively” denoised runs were produced after such smoothing. Additionally, the 
“aggressive” noise-regressors were collected and placed in the corresponding confounds 
file. Several confounding time-series were calculated based on the preprocessed BOLD: 
framewise displacement (FD), DVARS and three region-wise global signals. FD and 
DVARS are calculated for each functional run, both using their implementations in 
Nipype (following the definitions by Power et al. 2014). The three global signals are 
extracted within the CSF, the WM, and the whole-brain masks. Additionally, a set of 
physiological regressors were extracted to allow for component-based noise correction 
(CompCor, Behzadi et al. 2007). Principal components are estimated after high-
pass filtering the preprocessed BOLD time-series (using a discrete cosine filter with 
128s cut-off) for the two CompCor variants: temporal (tCompCor) and anatomical 
(aCompCor). tCompCor components are then calculated from the top 5% variable 
voxels within a mask covering the subcortical regions. This subcortical mask is 
obtained by heavily eroding the brain mask, which ensures it does not include cortical 
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GM regions. For aCompCor, components are calculated within the intersection of the 
aforementioned mask and the union of CSF and WM masks calculated in T1w space, 
after their projection to the native space of each functional run (using the inverse 
BOLD-to-T1w transformation). Components are also calculated separately within 
the WM and CSF masks. For each CompCor decomposition, the k components with 
the largest singular values are retained, such that the retained components’ time series 
are sufficient to explain 50 percent of variance across the nuisance mask (CSF, WM, 
combined, or temporal). The remaining components are dropped from consideration.
The head-motion estimates calculated in the correction step were also placed within 
the corresponding confounds file. The confound time series derived from head motion 
estimates and global signals were expanded with the inclusion of temporal derivatives 
and quadratic terms for each (Satterthwaite et al. 2013). Frames that exceeded a 
threshold of 0.5 mm FD or 1.5 standardised DVARS were annotated as motion outliers. 
All resamplings can be performed with a single interpolation step by composing all 
the pertinent transformations (i.e. head-motion transform matrices, susceptibility 
distortion correction when available, and co- registrations to anatomical and output 
spaces). Gridded (volumetric) resamplings were performed using antsApplyTransforms 
(ANTs), configured with Lanczos interpolation to minimize the smoothing effects of 
other kernels (Lanczos 1964). Non-gridded (surface) resamplings were performed using 
mri_vol2surf (FreeSurfer).

Many internal operations of fMRIPrep use Nilearn 0.5.2 (Abraham et al. 2014, 
RRID:SCR_001362), mostly within the functional processing workflow. For more 
details of the pipeline, see the section corresponding to workflows in fMRIPrep’s 
documentation.
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Appendix 3 – Supplementary Materials for Chapter 6

Price per gram
How much does the cannabis you typically consume cost? Please state per gram.

………… per gram

Relative potency
When comparing it to other types of cannabis you have used, how potent is the cannabis you typically use?

0                                                                                                                                                                                       100

Perceived ‘high’
How strong is the ‘high’ you get from the cannabis you typically use?

(not strong at all) 1                                                                                                                                  5 (very strong)

Potency category
Please categorize the potency of the cannabis that you typically use.

 – Very mild

 – Mild

 – Average

 – Strong

 – Very Strong

THC percentage category
How much THC does the cannabis you typically use contain?

 – 0-–5%

 – 5-10%

 – 10-15%

 – 15-20%

 – 20-25%

 – 25-30%

 – More than 30%

Figure S1. Overview of self-report measures of potency.
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Appendix 4 – Supplementary Materials for Chapter 7

fMRIprep preprocessing details
Results included in this manuscript come from preprocessing performed using 
fMRIPrep 1.3.2 (Esteban, Markiewicz, et al. (2018); Esteban, Blair, et al. (2018); 
RRID:SCR_016216), which is based on Nipype 1.1.9 (Gorgolewski et al. (2011); 
Gorgolewski et al. (2018); RRID:SCR_002502). For a detailed overview of the pipeline 
and the chosen settings, see the automatically generated boilerplate description of the 
pipeline below.
Anatomical data preprocessing. The T1-weighted (T1w) image was corrected for intensity 
non-uniformity (INU) with N4BiasFieldCorrection (Tustison et al. 2010), distributed 
with ANTs 2.2.0 (Avants et al. 2008, RRID:SCR_004757), and used as T1w- reference 
throughout the workflow. The T1w-reference was then skull-stripped with
a Nipype implementation of the antsBrainExtraction.sh workflow (from ANTs), using 
OASIS30ANTs as target template. Spatial normalization to the ICBM 152 Nonlinear 
Asymmetrical template version 2009c (Fonov et al. 2009, RRID:SCR_008796) was 
performed through nonlinear registration with antsRegistration (ANTs 2.2.0), using 
brain- extracted versions of both T1w volume and template. Brain tissue segmentation 
of cerebrospinal fluid (CSF), white-matter (WM) and gray-matter (GM) was performed 
on the brain-extracted T1w using fast (FSL 5.0.9, RRID:SCR_002823, Zhang, Brady, and 
Smith 2001).
Functional data preprocessing. For each of the BOLD runs found per subject (across 
all tasks and sessions), the following preprocessing was performed. First, a reference 
volume and its skull-stripped version were generated using a custom methodology of 
fMRIPrep. A deformation field to correct for susceptibility distortions was estimated 
based on fMRIPrep’s fieldmap-less approach. The deformation field is that resulting 
from co- registering the BOLD reference to the same-subject T1w-reference with its 
intensity inverted (Wang et al. 2017; Huntenburg 2014). Registration is performed with 
antsRegistration (ANTs 2.2.0), and the process regularized by constraining deformation 
to be nonzero only along the phase-encoding direction, and modulated with an average 
fieldmap template (Treiber et al. 2016). Based on the estimated susceptibility distortion, 
an unwarped BOLD reference was calculated for a more accurate co-registration with 
the anatomical reference. The BOLD reference was then co-registered to the T1w 
reference using flirt (FSL 5.0.9, Jenkinson and Smith 2001) with the boundary-based 
registration (Greve and Fischl 2009) cost-function. Co-registration was configured with 
nine degrees of freedom to account for distortions remaining in the BOLD reference. 
Head-motion parameters with respect to the BOLD reference (transformation matrices, 
and six corresponding rotation and translation parameters) are estimated before any 
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spatiotemporal filtering using mcflirt (FSL 5.0.9, Jenkinson et al. 2002). The BOLD 
time-series (including slice-timing correction when applied) were resampled onto 
their original, native space by applying a single, composite transform to correct for 
head-motion and susceptibility distortions. These resampled BOLD time-series will 
be referred to as preprocessed BOLD in original space, or just preprocessed BOLD. 
First, a reference volume and its skull-stripped version were generated using a custom 
methodology of fMRIPrep. Automatic removal of motion artifacts using independent 
component analysis (ICA-AROMA, Pruim et al. 2015) was performed on the 
preprocessed BOLD on MNI space time-series after removal of non-steady state volumes 
and spatial smoothing with an isotropic, Gaussian kernel of 6mm FWHM (full-width 
half-maximum). Corresponding “non-aggresively” denoised runs were produced after 
such smoothing. Additionally, the “aggressive” noise-regressors were collected and 
placed in the corresponding confounds file. The BOLD time-series were resampled 
to MNI152NLin2009cAsym standard space, generating a preprocessed BOLD run in 
MNI152NLin2009cAsym space. First, a reference volume and its skull-stripped version 
were generated using a custom methodology of fMRIPrep. Several confounding time-
series were calculated based on the preprocessed BOLD: framewise displacement (FD), 
DVARS and three region-wise global signals. FD and DVARS are calculated for each 
functional run, both using their implementations in Nipype(following the definitions by 
Power et al. 2014). The three global signals are extracted within the CSF, the WM, and 
the whole-brain masks. Additionally, a set of physiological regressors were extracted to 
allow for component-based noise correction (CompCor, Behzadi et al. 2007). Principal 
components are estimated after high-pass filtering the preprocessed BOLD time-
series (using a discrete cosine filter with 128s cut-off) for the two CompCor variants: 
temporal (tCompCor) and anatomical (aCompCor). Six tCompCor components are 
then calculated from the top 5% variable voxels within a mask covering the subcortical 
regions. This subcortical mask is obtained by heavily eroding the brain mask, which 
ensures it does not include cortical GM regions. For aCompCor, six components are 
calculated within the intersection of the aforementioned mask and the union of CSF and 
WM masks calculated in T1w space, after their projection to the native space of each 
functional run (using the inverse BOLD-to-T1w transformation). The head-motion 
estimates calculated in the correction step were also placed within the corresponding 
confounds file. All resamplings can be performed with a single interpolation step by 
composing all the pertinent transformations (i.e. head-motion transform matrices, 
susceptibility distortion correction when available, and co-registrations to anatomical 
and template spaces). Gridded (volumetric) resamplings were performed using 
antsApplyTransforms (ANTs), configured with Lanczos interpolation to minimize the 
smoothing effects of other kernels (Lanczos 1964). Non-gridded (surface) resamplings 
were performed using mri_vol2surf (FreeSurfer).
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Appendix 5 – Supplementary Materials for Chapter 8

Cannabis Culture Questionnaire

INSTRUCTIONS: For the following statements, you will be asked to indicate how much 
you agree, from strongly disagree to strongly agree. In addition, you will be asked to 
indicate how much you think your close friends and family and people from Texas/the 
Netherlands would agree. In other words, try to answer as you think the majority of 
your friends and family, and people in your country and state/country would.

1 2 3 4 5
Strongly Disagree Disagree Neutral Agree Strongly Agree

Response columns: I… My family and friends… People in Texas/Netherlands…
1. People who smoke cannabis are more relaxed in the way they interact with others.  (G) 1 2 3 4 5
2. People who do not smoke cannabis stress over all sorts of meaningless things.  (G) 1 2 3 4 5
3. People get lazy and lose initiative when they smoke cannabis.   (N) 1 2 3 4 5
4. People can become more creative, expand their consciousness and gain greater insight in life by smoking 

cannabis.   (G) 1 2 3 4 5
5. People who smoke cannabis regularly have somewhat dropped out of ‘‘normal society’’.  (N) 1 2 3 4 5
6. When people start to smoke cannabis, their brains will function poorly.   (N) 1 2 3 4 5
7. Cannabis has contributed positively to our culture (e.g. in relation to music or humor).  (G) 1 2 3 4 5
8. The cannabis plant is doing more good than harm, among other things because it can be 

used as medicine.  (G) 1 2 3 4 5
9. It is important to remember that cannabis is a natural product.  (G) 1 2 3 4 5
10. People who smoke cannabis lose ambition and become less career minded.  (N) 1 2 3 4 5
11. Cannabis can cause dependence.   (N) 1 2 3 4 5
12. Smoking cannabis will often lead to ‘‘hard drugs’’.  (N) 1 2 3 4 5
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fMRIprep Preprocessing Pipeline Details

Results included in this manuscript come from preprocessing performed 
using FMRIPREP version 20.2.0 [1, 2, RRID:SCR_016216], a Nipype [3, 4, 
RRID:SCR_002502] based tool. Each T1w (T1-weighted) volume was corrected for 
INU (intensity non- uniformity) using N4BiasFieldCorrection v2.1.0 [5] and skull-
stripped using antsBrainExtraction.sh v2.1.0 (using the OASIS template). Spatial 
normalization to the ICBM 152 Nonlinear Asymmetrical template version 2009c 
[7, RRID:SCR_008796] was performed through nonlinear registration with the 
antsRegistration tool of ANTs v2.1.0 [8, RRID:SCR_004757], using brain-extracted 
versions of both T1w volume and template. Brain tissue segmentation of cerebrospinal 
fluid (CSF), white-matter (WM) and gray-matter (GM) was performed on the brain-
extracted T1w using fast [17] (FSL v5.0.9, RRID:SCR_002823).
 Functional data was motion corrected using mcflirt (FSL v5.0.9 [9]). This 
was followed by co-registration to the corresponding T1w using boundary-based 
registration [16] with six degrees of freedom, using flirt (FSL). Motion correcting 
transformations, BOLD-to- T1w transformation and T1w-to-template (MNI) warp 
were concatenated and applied in a single step using antsApplyTransforms (ANTs 
v2.1.0) using Lanczos interpolation.
 Physiological noise regressors were extracted applying CompCor [18]. Principal 
components were estimated for the two CompCor variants: temporal (tCompCor) 
and anatomical (aCompCor). A mask to exclude signal with cortical origin was 
obtained by eroding the brain mask, ensuring it only contained subcortical structures. 
Six tCompCor components were then calculated including only the top 5% variable 
voxels within that subcortical mask. For aCompCor, six components were calculated 
within the intersection of the subcortical mask and the union of CSF and WM masks 
calculated in T1w space, after their projection to the native space of each functional 
run. Frame-wise displacement [19] was calculated for each functional run using 
the implementation of Nipype. ICA-based Automatic Removal Of Motion Artifacts 
(AROMA) was used to generate aggressive noise regressors as well as to create a variant 
of data that is non-aggressively denoised [20].
 Many internal operations of FMRIPREP use Nilearn [22, RRID:SCR_001362], 
principally within the BOLD-processing workflow. For more details of the pipeline see 
https://fmriprep.readthedocs.io/en/20.2.0/workflows.html.
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Appendix 6 – Supplementary Materials for Chapter 9

Tactile cue reactivity paradigm
Photos of the participant holding each cue (pen, fruit, joint/pipe) in their hand were 
taken and inserted into the paradigm. Participants were instructed to look at the visual 
stimuli on screen while holding the objects without moving them. In each trial, an 
experimenter was prompted to hand over the cue two seconds prior to the onset of the 
corresponding visual cue on screen. The cue remained in the hand and on screen for 
10s before the experimenter removed it.
Between each trial, participants rated their current urge to use cannabis on a visual 
analog scale (VAS) from 1-10 (self-paced) using a response box. After the rating, 
a fixation cross was presented for 10 seconds before the onset of the next trial. The 
approximate duration of the task was 18 minutes (Figure S1).

Figure S1. Schematic overview of tactile cue exposure paradigm. The experimenter hands over 
the cue upon onset of a letter in the bottom right of the screen (2s). The cue remains in the 
participant’s hand (10s) until the letter appears again on screen (1s) prompting experimenter is 
prompted to remove it. The participant then rates their current urge to use cannabis on a scale 
from 0 = no urge to 10 = extremely high urge (self-paced). After an answer is selected via a 
button box, the task continues with a fixation cross (10s) followed by a new trial.
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Cannabis Culture Questionnaire
INSTRUCTIONS: For the following statements, you will be asked to indicate how much 
you agree, from strongly disagree to strongly agree. In addition, you will be asked to 
indicate how much you think your close friends and family and people from Texas/the 
Netherlands would agree. In other words, try to answer as you think the majority of 
your friends and family, and people in your country and state/country would.

1 2 3 4 5
Strongly Disagree Disagree Neutral Agree Strongly Agree

Response columns: I… My family and friends… People in Texas/Netherlands…
13. People who smoke cannabis are more relaxed in the way they interact with others.  (G) 1 2 3 4 5
14. People who do not smoke cannabis stress over all sorts of meaningless things. (G) 1 2 3 4 5
15. People get lazy and lose initiative when they smoke cannabis.  (N) 1 2 3 4 5
16. People can become more creative, expand their consciousness and gain greater insight  

in life by smoking cannabis.  (G) 1 2 3 4 5
17. People who smoke cannabis regularly have somewhat dropped out of ‘‘normal society’’. (N) 1 2 3 4 5
18. When people start to smoke cannabis, their brains will function poorly. (N) 1 2 3 4 5
19. Cannabis has contributed positively to our culture (e.g. in relation to music or humor). (G) 1 2 3 4 5
20. The cannabis plant is doing more good than harm, among other things because it can be 

used as medicine. (G) 1 2 3 4 5
21. It is important to remember that cannabis is a natural product. (G) 1 2 3 4 5
22. People who smoke cannabis lose ambition and become less career minded. (N) 1 2 3 4 5
23. Cannabis can cause dependence.  (N) 1 2 3 4 5
24. 24. Smoking cannabis will often lead to ‘‘hard drugs’’.  (G) 1 2 3 4 5
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fMRIprep Preprocessing Pipeline Details

Results included in this manuscript come from preprocessing performed 
using FMRIPREP version 20.2.0 [1, 2, RRID:SCR_016216], a Nipype [3, 4, 
RRID:SCR_002502] based tool. Each T1w (T1-weighted) volume was corrected for 
INU (intensity non- uniformity) using N4BiasFieldCorrection v2.1.0 [5] and skull-
stripped using antsBrainExtraction.sh v2.1.0 (using the OASIS template). Spatial 
normalization to the ICBM 152 Nonlinear Asymmetrical template version 2009c 
[7, RRID:SCR_008796] was performed through nonlinear registration with the 
antsRegistration tool of ANTs v2.1.0 [8, RRID:SCR_004757], using brain-extracted 
versions of both T1w volume and template. Brain tissue segmentation of cerebrospinal 
fluid (CSF), white-matter (WM) and gray-matter (GM) was performed on the brain-
extracted T1w using fast [17] (FSL v5.0.9, RRID:SCR_002823).
 Functional data was motion corrected using mcflirt (FSL v5.0.9 [9]). This 
was followed by co-registration to the corresponding T1w using boundary-based 
registration [16] with six degrees of freedom, using flirt (FSL). Motion correcting 
transformations, BOLD-to- T1w transformation and T1w-to-template (MNI) warp 
were concatenated and applied in a single step using antsApplyTransforms (ANTs 
v2.1.0) using Lanczos interpolation.
 Physiological noise regressors were extracted applying CompCor [18]. Principal 
components were estimated for the two CompCor variants: temporal (tCompCor) 
and anatomical (aCompCor). A mask to exclude signal with cortical origin was 
obtained by eroding the brain mask, ensuring it only contained subcortical structures. 
Six tCompCor components were then calculated including only the top 5% variable 
voxels within that subcortical mask. For aCompCor, six components were calculated 
within the intersection of the subcortical mask and the union of CSF and WM masks 
calculated in T1w space, after their projection to the native space of each functional 
run. Frame-wise displacement [19] was calculated for each functional run using 
the implementation of Nipype. ICA-based Automatic Removal Of Motion Artifacts 
(AROMA) was used to generate aggressive noise regressors as well as to create a variant 
of data that is non-aggressively denoised [20].
Many internal operations of FMRIPREP use Nilearn [22, RRID:SCR_001362], 
principally within the BOLD-processing workflow. For more details of the pipeline see 
https://fmriprep.readthedocs.io/en/20.2.0/workflows.html.
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Table S1. Linear mixed effect model output for the effect of group, site, and perspective on 
positive and negative cannabis attitudes measured by the CCQ.

Model Model coefficients

Fixed effects Random 
effects

B 95% CI (B) SE (B) t p SD

Positive Intercept 19.33 -2.78 : 41.45 11.28 1.71 1.000 2.01

Group: CAN-CON -2.31 1.52 : 4.62 0.79 -2.93 0.004

Site: NL-TX 3.07 -3.86 : -0.76 0.79 3.88 < .001

Perspective: FF-P 3.39 -27.88 : 34.66 15.95 0.21 1.000 11.27

Perspective: FF-SC -2.22 -33.49 : 29.05 15.95 -0.14 1.000

Group: CAN-CON *Perspective: FF-P -2.65 -5.53 : -0.82 0.97 -2.73 0.007

Group: CAN-CON *Perspective: FF-SC 1.92 -0.69 : 3.11 0.97 1.98 0.048

Group: CAN-CON * Site: NL-TX -3.18 -4.16 : -0.36 1.20 -2.65 0.008

Site: NL-TX * Perspective:FF-P 1.21 -4.55 : -0.75 0.97 1.25 0.212

Site: NL-TX *Perspective: FF-SC -2.26 0.02 : 3.82 0.97 -2.33 0.020

Group: CAN-CON * Site: NL-TX 
*Perspective: FF- P

-0.28 -3.17 : 2.6 1.47 -0.19 0.847

Group: CAN- CON * Site: NL-TX 
*Perspective: FF-SC

0.83 -2.05 : 3.71 1.47 0.57 0.573

Negative Intercept 19.50 5.76 : 33.24 7.01 2.78 1.000 2.64

Group: CAN-CON 0.72 -0.98 : 2.42 0.87 0.83 0.408 -

Site: NL-TX -3.30 -5 : -1.6 0.87 -3.80 < .001 -

Perspective:FF-P -2.83 -22.24 : 16.57 9.90 -0.29 1.000 6.98

Perspective: FF-SC 3.43 -15.98 : 22.83 9.90 0.35 1.000

Group: CAN-CON *Perspective: FF-P 2.96 0.37 : 5.55 1.32 2.24 0.025 -

Group: CAN-CON *Perspective: FF-SC 2.11 0.18 : 4.05 0.99 2.14 0.033 -

Group: CAN-CON * Site:NL-TX -2.05 -3.98 : -0.11 0.99 -2.07 0.039 -

Site: NL-TX * Perspective:FF-P -1.23 -3.16 : 0.71 0.99 -1.24 0.215 -

Site: NL-TX *Perspective: FF-SC 1.47 -0.46 : 3.41 0.99 1.49 0.136 -

Group: CAN-CON * Site: NL-TX 
*Perspective: FF- P

0.01 -2.93 : 2.95 1.50 0.01 0.996 -

Group: CAN-CON * Site: NL-TX 
*Perspective: FF- SC

0.54 -2.4 : 3.48 1.50 0.36 0.719 -

Note. Linear mixed model results using random intercept and restricted maximum likelihood estimation; CI: 
Confidence Interval (Wald), CAN: cannabis group, CON: control group, CS: state-country, FF: friends-family, P: 
personal, NL: Netherlands, SE: Standard Error, SD: Standard deviation, TX: Texas; CAN, NL & FF were used as the 
reference categories. Note: significant results are presented in bold.
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Summary

Addiction in Context

Substance use is heavily influenced by our environment. Perhaps you can even 
recognize this in your own behavior. In what environments are you most likely to have a 
drink? I typically drink in the company of my friends and family, or occasionally in the 
evening while watching my reality TV ‘friends’ on the silver screen. Social processes 
clearly play an important role in our substance use, but their effect on the underlying 
mechanisms of addiction have been largely unexplored. Zooming further out, cultural 
contexts also shape substance use patterns by influencing norms, substance availability 
and exposure, legal consequences, and more. This topic is especially relevant to the 
mechanisms of cannabis use and cannabis use disorder (CUD) currently given the 
rapidly changing cultural landscape around cannabis as legal policies shift across the 
globe.
 In Chapter 1, I first introduce the theoretical framework for investigating social 
processes in adolescent risk and resilience to alcohol use disorder (AUD). Dominant 
neurocognitive models theorize that high rates of alcohol use and AUD in adolescents 
are caused by developmentally normative trajectories of brain development in which 
the control system of the brain is relatively underdeveloped compared to the reward 
system. However, adolescents also show remarkable rates of natural recovery from 
AUD, particularly in the transition to adulthood. The social plasticity hypothesis 
suggests that this paradox of adolescent risk and resilience is driven by heightened 
social attunement – the tendency to harmonize behavior with the social environment – 
during this developmental period. Chapters 2 through 4 investigate adolescent risk and 
resilience to AUD and the role of social processes therein.
 Continuing on in Chapter 1, I introduce the framework for investigating cultural 
factors in the brain mechanisms underlying cannabis use and CUD. The emerging field 
of cultural neuroscience has shown how cultural contexts can alter neuropsychological 
processes, including visual attention, emotion regulation, and self-representation. In 
addition, multifaceted differences exist between cultures in cannabis use characteristics 
– including motives for use, attitudes about cannabis, legal policies, social norms, 
product potency, and the co-use of tobacco. In light of this, Chapters 5 through 10 
explore the role of cultural factors in the effects of cannabis use on well-being and brain 
mechanisms of CUD.
 In Chapter 2, I systematically reviewed the available evidence from human and 
animal studies of age-related differences in the impact of chronic alcohol exposure 
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on brain and cognitive outcomes. While human evidence is largely missing, animal 
research consistently points to heightened adolescent sensitivity to alcohol’s effects 
on specific outcomes, namely dopaminergic transmission, neurodegeneration, 
neurogenesis, and reduced adolescent sensitivity to acute aversive effects of high doses. 
I highlight ways to improve translational models of addiction and call for human 
research directly comparing adolescents and adults.
 In Chapter 3, I report an fMRI study investigating the relationship between social 
alcohol cue reactivity in the brain and social drinking behavior in the laboratory using 
a novel multi-sensory social cue paradigm (SMAC task). The SMAC task increased 
craving, which was associated with alcohol consumption in the social drinking session. 
However, we did not observe heightened brain activity in alcohol compared to water 
cue conditions, and social alcohol cue reactivity was not associated with alcohol use 
measures.
 In Chapter 4, I report an fMRI study comparing the role of social processes in 
alcohol cue reactivity in adults and adolescents using a previously validated social 
alcohol cue exposure (SACE) paradigm. Age differences emerged: adolescents with 
stronger social attunement tendencies exhibited heightened social alcohol cue-reactivity 
in the medial prefrontal cortex (mPFC), while adults with stronger social attunement 
tendencies exhibited less social alcohol cue reactivity. Furthermore, social attunement 
differentially predicted changes in drinking after two to three years, with higher social 
attunement tendencies associated with escalated drinking in adolescents and reduced 
drinking in adults.
 In Chapter 5, I present an editorial piece highlighting the need for cannabis 
research to account for and specifically examine differences in cannabis culture. We 
highlight the changing social and legal landscape around cannabis use, regional and 
cultural variation in product potency, route of administration, and social attitudes, and 
how these factors can impact the effects of cannabis on physical and mental health 
outcomes. Finally, we propose approaches to aid in cross-cultural data synthesis to 
better inform our understanding of the effects of cannabis use.
 In Chapter 6, I report an empirical investigation of the associations between 
hair- derived cannabinoid concentrations and self-reported cannabis use and problems 
in near-daily cannabis users with CUD. While cannabinoids were detected in the 
majority of hair samples, self-reported measures of recent use and problems were not 
associated with Δ9-THC, CBD, and CBN concentrations. Cannabinoid concentrations 
were associated with self-reported potency measures, suggesting that hair-derived 
cannabinoids may hold promise for quantifying cannabinoid exposure, but comparisons 
with other biological metrics (e.g. blood plasma and urine) are necessary to draw clear 
conclusions.
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In Chapter 7, I report an fMRI study of the impact of cannabis and cigarette co-use 
on cue reactivity in heavy cannabis users. Cannabis only users exhibited heightened 
cannabis cue activity in the amygdala, while cigarette co-users did not exhibit 
heightened cannabis cue reactivity when controlling for neutral and cigarette cue 
reactivity in any region of interest (ROI). Unexpectedly, cigarette-smoking controls 
exhibited the highest cue reactivity, highlighting the importance of considering cigarette 
co-use in both the cannabis and control groups.
 In Chapters 8 and 9, I report fMRI studies examining the role of cannabis attitudes 
in cross-cultural comparisons of cannabis approach bias and cannabis cue reactivity 
in individuals with cannabis use disorder in Amsterdam, NL and Texas, USA. Overall, 
individuals with CUD in TX endorsed more positive and less negative cannabis attitudes 
compared to those in the NL. In Chapter 8, cross-cultural differences emerged in 
the relationship between the quantity of recent cannabis use and approach-related 
activity in the putamen, amygdala, hippocampus, and insula, which was not explained 
by cross-cultural differences in cannabis attitudes. In Chapter 9, the NL CUD group 
reported higher cannabis cue-induced craving compared to the TX CUD group. While 
the CUD group exhibited higher cannabis cue reactivity in clusters of the precuneus, 
lateral occipital cortex, frontal medial cortex, nucleus accumbens, and thalamus across 
sites, differences emerged in the associations between CUD symptom severity and 
cue- induced craving with cannabis cue reactivity in the precuneus and occipital 
clusters. The TX CUD group exhibited higher cue reactivity with higher craving and 
symptoms, but the NL CUD group exhibited lower cue reactivity with higher craving 
and symptoms. Cross-cultural differences in personal cannabis attitudes appear to drive 
this effect for craving, with those with more positive attitudes (as in the TX CUD group) 
exhibiting a positive association, and less positive attitudes (as in the NL CUD group) 
exhibiting a negative association.
 In Chapter 10, I reviewed the longitudinal, neurocognitive, and genetic evidence 
for the association between cannabis use, CUD and mood disorders. The review found 
limited but suggestive evidence of a bidirectional relationship between cannabis use, 
CUD, and the onset of depression. Additionally, cannabis use was more consistently 
linked to preceding the onset of bipolar disorder. Shared neurocognitive mechanisms 
and genetic and environmental risk factors were identified as potential explanations 
for the association, but cannabis use itself could also contribute to the development 
of mood disorders. Comorbid cannabis use and CUD were associated with worse 
prognosis for depression and bipolar disorder, including increased suicidal behaviors.
 Chapter 11 provides an integrated overview of the evidence in relation to 
adolescent risk and resilience to AUD, and cultural factors influencing cannabis 
use and CUD based on the work presented in this dissertation. Cumulative evidence 
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suggests that the adolescent brain may be more sensitive to deleterious effects of chronic 
alcohol use, but that social attunement may play an important role in escalating use in 
this developmental period, while transitioning to a resilience factor in early adulthood. 
Furthermore, cross-cultural differences in cannabis use characteristics can influence the 
motivational footprint of CUD in the brain; however, the current research raises more 
questions than definite answers. Finally, I introduce and reflect on a novel intervention 
for cannabis use reduction I piloted during my PhD. The preliminary findings suggest 
that behavioral interventions can help people reduce their cannabis use, but that social 
influences are a key obstacle for some people in cutting down their use. This highlights 
the necessity of focusing on social processes of cannabis use as it becomes more 
integrated into daily social life as the global cannabis culture shifts.
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Samenvatting

Verslaving in Context

Middelengebruik wordt sterk beïnvloed door onze omgeving. Misschien herken je dit 
ook bij jezelf. In welke situaties ben je het meest geneigd om een drankje te nemen? Ik 
drink meestal in het gezelschap van mijn vrienden en familie, of soms ‘s avonds terwijl 
ik naar mijn reality-tv-”vrienden” op het scherm kijk. Sociale processen spelen duidelijk 
een belangrijke rol bij ons middelengebruik, maar het effect van sociale processen 
op de mechanismen onderliggend aan verslaving is grotendeels onontgonnen terrein. 
Als we verder uitzoomen heeft ook de culturele context invloed. Bijvoorbeeld door 
middel van normen, beschikbaarheid, blootstelling aan middelen en wetgeving. Deze 
culturele context is specifiek van belang wanneer we kijken naar cannabisgebruik en 
cannabisverslaving vanwege het snel veranderende culturele landschap in landen waar de 
cannabiswetgeving recentelijk aangepast is of nog steeds geëvalueerd wordt.
 In Hoofdstuk 1 introduceer ik een theoretisch kader voor onderzoek naar sociale 
processen in adolescenten en hun risico om een alcoholverslaving te ontwikkelen, 
maar hun veerkracht om gebruik te verminderen tijdens de weg naar volwassenheid. 
Invloedrijke neurocognitieve theorieën beschrijven dat de hoge prevalentie 
van alcoholgebruik en alcoholverslaving bij adolescenten worden veroorzaakt 
door normatieve hersenontwikkeling waarin de ontwikkeling van gebieden die 
verantwoordelijk zijn voor gedragscontrole achterlopen op de ontwikkeling van 
gebieden die betrokken zijn bij beloningsmechanismen. Echter, adolescenten vertonen 
ook opmerkelijke vaak natuurlijk herstel van alcoholverslaving, met name tijdens 
de overgang naar volwassenheid. De ‘social plasticity’ hypothese veronderstelt dat 
deze paradox van risico en veerkracht bij adolescenten wordt gedreven door ‘social 
attunement’ of sociale afstemming – de neiging om het eigen gedrag in harmonie te 
willen brengen met de sociale omgeving. Hoofdstuk 2,3 en 4 onderzoeken het risico 
en de veerkracht van adolescenten met betrekking tot alcoholverslaving en de rol van 
sociale processen hierin.
 In hoofdstuk 1 introduceer ik ook het theoretisch kader voor onderzoek naar 
de rol van culturele factoren in de hersenmechanismen die ten grondslag liggen 
aan cannabidgebruik en cannabisverslaving. Het opkomende veld van culturele 
neurowetenschappen heeft aangetoond hoe culturele context invloed kan hebben 
op neuropsychologische processen, waaronder visuele aandacht, emotieregulatie 
en zelfrepresentatie. Bovendien zijn er grote culturele verschillen betreffende 
cannabisgebruik, inclusief motieven voor gebruik, attitudes ten opzichte van cannabis, 
wetgeving, sociale normen, productsamenstelling en het gelijktijdig gebruik van tabak. 
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Hoofdstuk 5 tot en met 10 onderzoeken dan ook de rol van culturele factoren in de 
effecten van cannabisgebruik op het welzijn en op de hersenmechanismen onderliggend 
aan cannabisverslaving.
 In hoofdstuk 2 presenteer ik een systematische evaluatie van het beschikbare 
bewijs voor leeftijdsgerelateerde verschillen in de impact van chronische 
alcoholblootstelling op de hersenen en cognitieve uitkomsten in zowel mens als dier. 
Hoewel mensonderzoek grotendeels ontbreekt, wijst dieronderzoek consequent op een 
verhoogde gevoeligheid van adolescenten voor de effecten van alcohol op specifieke 
uitkomsten, namelijk dopaminerge transmissie, neurodegeneratie en neurogenese, en 
verminderde gevoeligheid van adolescenten voor acute aversieve effecten van een hoge 
dosis alcohol. In dit hoofdstuk benadruk ik manieren om translationele modellen van 
verslaving te verbeteren en pleit ik voor mensonderzoek waarin adolescenten direct 
worden vergeleken met volwassenen.
 In hoofdstuk 3 beschrijf ik een fMRI-studie die de relatie tussen sociale alcohol-
cue- reactiviteit in de hersenen en sociaal drinkgedrag onderzoekt met behulp van een 
nieuw multi- zintuiglijk sociaal cue-paradigma. Dit paradigma veroorzaakte ‘craving’ 
(verlangen) naar alcohol, wat geassocieerd was met alcoholconsumptie tijdens een 
sociale drinksituatie na afloop van het experiment. Echter, er werd geen verhoogde 
hersenactiviteit voor de alcohol cues ten opzichte van de water cues gevonden en sociale 
alcohol cue-reactiviteit was niet geassocieerd met alcoholgebruik.
 In hoofdstuk 4 beschrijf ik een fMRI-studie waarin de rol van sociale processen 
in alcohol cue-reactiviteit bij volwassenen en adolescenten wordt vergeleken met behulp 
van een eerder gevalideerd sociaal alcohol cue-reactiviteit paradigma. Er kwamen 
leeftijdsverschillen naar voren, waarbij adolescenten met sterkere neigingen tot ‘social 
attunement’ (sociale afstemming) verhoogde sociale alcohol cue-reactiviteit vertoonden 
in de mediale prefrontale cortex (mPFC), terwijl volwassenen met sterkere neigingen tot 
‘social attunement’ juist minder sociale alcohol cue-reactiviteit vertoonden. Bovendien 
had ‘social attunement’ een leeftijdsafhankelijke voorspellende waarde in veranderingen 
in drinkgedrag na twee tot drie jaar, waarbij hogere neigingen tot ‘social attunement’ 
geassocieerd waren met toenemend drinken bij adolescenten en verminderd drinken bij 
volwassenen.
 In Hoofdstuk 5 presenteer ik een redactioneel artikel waarin ik de noodzaak om 
rekening te houden met en onderzoek te doen naar verschillen in cannabiscultuur 
benadruk. We benadrukken het veranderende sociale en juridische landschap 
rond cannabisgebruik, regionale en culturele variatie in productsamenstelling, 
toedieningsweg en sociale attitudes, en hoe deze factoren van invloed kunnen zijn op de 
effecten van cannabis op lichamelijke en geestelijke gezondheidsuitkomsten. Tot slot, 
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beschrijven we opties om bij te dragen aan de informatieverzameling en onderzoek naar 
verschillende culturen om ons begrip van de effecten van cannabisgebruik te verbeteren.
In Hoofdstuk 6 beschrijf ik een empirisch onderzoek naar de verbanden tussen 
concentraties van cannabinoïden uit haar en zelf gerapporteerd cannabisgebruik 
en problemen bij bijna-dagelijkse cannabisgebruikers met een cannabisverslaving. 
Hoewel cannabinoïden werden aangetroffen in de meerderheid van de haarmonsters, 
waren zelf gerapporteerd recent gebruik en cannabis gerelateerde problemen niet 
geassocieerd met Δ9-THC, CBD en CBN- concentraties. Cannabinoïdeconcentraties 
waren geassocieerd met zelf gerapporteerde sterkte van de cannabis, wat suggereert dat 
cannabinoïden in haar veelbelovend zouden kunnen zijn voor het kwantificeren van 
blootstelling aan cannabinoïden, maar dat vergelijkingen met andere biologische maten 
van cannabinoïden (bijv. bloedplasma en urine) nodig zijn om duidelijke conclusies te 
trekken.
 In Hoofdstuk 7 beschrijf ik een fMRI-studie naar de impact van gelijktijdig 
gebruik van cannabis en sigaretten op cue-reactiviteit in frequente cannabisgebruikers. 
Gebruikers van alleen cannabis vertoonden verhoogde activiteit in de amygdala bij 
het zien van cannabis cues, gecontroleerd voor het zien van neutrale en sigaretten cues. 
Daarentegen vertoonden gebruikers van cannabis en sigaretten geen verhoogde reactie 
op cannabis cues. Onverwacht vertoonden rokers die geen cannabis gebruiken de 
hoogste cue-reactiviteit, wat het belang benadrukt om rekening te houden met het 
(gelijktijdig) gebruik van sigaretten in zowel de cannabis- als de controlegroepen.
 In Hoofdstuk 8 en 9 beschrijf ik fMRI-studies die de rol van houdingen 
ten opzichte van cannabis onderzoeken in een interculturele vergelijking van de 
cannabis ‘approach-bias’ (de neiging cannabis stimuli sneller te benaderen dan 
vermijden) en cannabis cue-reactiviteit in individuen met een cannabisverslaving uit 
Nederland en Texas (Verenigde Staten). Over het algemeen hadden individuen met 
een cannabisverslaving in Texas een meer positieve en minder negatieve houding 
ten opzichte van cannabis in vergelijking met degenen met een cannabisverslaving 
in Nederland. In Hoofdstuk 8 kwamen er locatieverschillen naar voren in de relatie 
tussen de recente hoeveelheid cannabisgebruik en de ‘approach-bias’ activiteit in de 
putamen, amygdala, hippocampus en insula. Deze verschillen werden niet verklaard 
door verschillen in houdingen ten opzichte van cannabis. In hoofdstuk 9 rapporteerde 
de Nederlandse cannabisgroep hogere ‘craving’ (verlangen) veroorzaakt door 
cannabis cue dan de cannabisgroep uit Texas. Terwijl de cannabisgroep van beide 
locaties hogere cannabis cue- reactiviteit vertoonde in clusters van de precuneus, 
laterale occipitale cortex, frontale mediale cortex, nucleus accumbens en thalamus, 
kwamen er locatieverschillen naar voren in de associaties tussen de ernst van 
verslavingssymptomen en ‘craving’ met cannabis cue- reactiviteit in de precuneus- 
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en occipitale clusters. De cannabisgroep uit Texas vertoonde hogere cannabis cue-
reactiviteit bij hogere ‘craving’ en symptomen, maar de groep in Nederland vertoonde 
lagere cue-reactiviteit bij hogere ‘craving’ en symptomen. Interculturele verschillen in 
persoonlijke houdingen ten opzichte van cannabis lijken deze verschillen in associaties 
met ‘craving’ te beïnvloeden: degenen met positievere houdingen (zoals in de groep in 
Texas) vertonen een positieve associatie waar degenen met minder positieve houdingen 
(zoals in de groep in Nederland) een negatieve associatie vertonen.
 In Hoofdstuk 10 evalueer ik het longitudinale, neurocognitieve en genetische 
bewijs voor de associatie tussen cannabisgebruik, cannabisverslaving en 
stemmingsstoornissen. Het literatuuroverzicht vond beperkt maar duidelijk bewijs 
van een wederzijdse relatie tussen cannabisgebruik, cannabisverslaving en het 
begin van een depressie. Daarnaast werd cannabisgebruik consequenter in verband 
gebracht met het voorafgaan aan – in vergelijking tot het volgen na - het begin van 
een bipolaire stoornis. Gedeelde neurocognitieve mechanismen, genetische factoren 
en omgevingsrisicofactoren werden geïdentificeerd als mogelijke verklaringen 
voor de associatie tussen cannabisgebruik/verslaving en stemmingsstoornissen, 
maar cannabisgebruik zelf kan zeker ook bijdragen aan het ontstaan van 
stemmingsstoornissen. De combinatie van cannabisgebruik/verslaving en een 
stemmingsstoornis werd geassocieerd met een slechtere prognose voor depressie en 
bipolaire stoornissen, inclusief een verhoogd risico op suïcidaal gedrag.
 Hoofdstuk 11 biedt een geïntegreerd overzicht van het bewijs voor het risico en 
de veerkracht van adolescenten voor de ontwikkeling van een alcoholverslaving 
en culturele factoren die invloed hebben op cannabisgebruik en cannabisverslaving, 
gebaseerd op het werk dat in dit proefschrift wordt gepresenteerd. Het cumulatieve 
bewijs suggereert dat het adolescentenbrein mogelijk gevoeliger is voor de schadelijke 
effecten van chronisch alcoholgebruik, maar dat ‘social attunement’ een belangrijke 
rol kan spelen bij het escaleren van gebruik in deze ontwikkelingsperiode, terwijl het 
in de vroege volwassenheid juist voor veerkracht lijkt te zorgen. Bovendien kunnen 
interculturele verschillen met betrekking tot cannabisgebruik invloed hebben op de 
motivationele voetafdruk van cannabisverslaving in de hersenen. Echter, het huidige 
onderzoek roept meer vragen op dan definitieve antwoorden. Tot slot introduceer en 
reflecteer ik op een nieuwe interventie voor het verminderen van cannabisgebruik die 
ik tijdens mijn promotieonderzoek heb getest. Voorlopige resultaten suggereren dat 
gedragsinterventies mensen kunnen helpen hun cannabisgebruik te verminderen, maar 
dat sociale invloeden een belangrijk obstakel vormen voor sommige mensen om hun 
gebruik te verminderen. De toenemende integratie van cannabis in het dagelijks leven 
door de veranderende wereldwijde wetgeving benadrukt dan ook de noodzaak om te 
focussen op de sociale processen onderliggend aan cannabisgebruik en verslaving.
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