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Abstract 

Cannabis is the most widely used recreational drug in the world. While cannabis 

harms cognitive functioning during intoxication, less is known about whether 

cannabis continues to adversely affect cognition once intoxication has passed in 

individuals who have used cannabis regularly for many years. While researchers are 

devoting more work to understanding cognitive outcomes associated with cannabis 

use, evidence is inconsistent to date. The lack of clarity on cannabis-related cognitive 

outcomes is primarily due to a paucity in the number of well-controlled studies 

conducted in the field, with many studies not accounting for possible confounding 

factors (e.g., sex, tobacco, and intelligence). There is also little research into how 

emerging interventions might impact cognition in cannabis consumers. This is 

important to understand as researchers have suggested that cognitive deficits may 

impede psychotherapy, treatment-related outcomes (e.g., relapse), and everyday 

functioning (e.g., driving). The aim of this thesis was to address some of these 

limitations across four studies.  

An original study was undertaken to examine cognitive outcomes associated 

with regular, long-term cannabis use in abstinent adults while accounting for 

confounding factors, such as tobacco use. There were mixed findings, with poorer 

memory recall, information processing speed, and sustained attention for cannabis 

consumers (n = 19) compared to tobacco-only control participants (n = 16); however, 

inhibitory control and executive function were similar. Subsequently, a meta-

analysis was conducted to clarify what cognitive domains are consistently found in 

the literature to be impaired by cannabis use. Between cannabis consumers and 

controls we found large deficits in decision making; modest deficits in learning and 
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memory and executive function; and similar performance for attention, information 

processing, and working memory domains.  

Given that some cognitive domains were impaired in the first two studies and 

considering that cognition plays an important role in everyday functioning and 

treatment outcomes, we conducted an additional two studies to determine if 

interventions for cannabis consumers affect cognitive functioning. We conducted a 

randomised, double-blind, and placebo-controlled study assessing the effects of 

long-term use of a cannabinoid medication, nabiximols (containing Δ⁹-

tetrahydrocannabinol and cannabidiol), on cognition in cannabis-dependent 

participants. Participants were treated with either nabiximols (n = 44) or placebo (n = 

49) for 12 weeks and were assessed on cognitive functioning prior to a scheduled

dose and approximately 40 minutes after the dose on day 28. We found no evidence 

of acute effects, either harmful or beneficial, of nabiximols on inhibitory control, 

attention, information processing, or working memory. Given limited effects of 

nabiximols on cognition, we aimed to clarify in a final pilot study if a non-invasive 

brain stimulation method, transcranial direct current stimulation (tDCS), could be 

used to enhance cognition in cannabis consumers. This was a randomised, double-

blind, and placebo-controlled pilot study that compared the cognitive outcomes of 

active tDCS to sham tDCS in control participants (n = 15) and cannabis consumers 

(n = 5) who had been abstinent for more than 24 hours. We measured urinary 

metabolites and cortical excitation and inhibition to better understand the 

physiological effects of tDCS. Recruitment was terminated early due to the novel 

coronavirus disease-2019 (COVID-2019). A small reduction in commission errors in 

cannabis consumers indicted that tDCS may have improved inhibitory control. 

However, there was greater memory interference following active tDCS among 
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cannabis consumers. There were no significant changes in urinary metabolites or 

cortical excitation or inhibition from active tDCS. Yet, there was a reduction in the 

abundance of stress-related metabolites from pre- to post-tDCS that suggested the 

novel procedure induced stressed initially, but this reduced once participants became 

familiar with tDCS. However, the results of this pilot study should be interpreted 

with caution due to the limitation of a small sample size of cannabis consumers. 

Overall, it appears that long-term and regular, recreational cannabis use in 

adults is associated with small to moderate harms in some cognitive domains (e.g., 

inhibitory control and learning and memory) after intoxication has passed. In 

addition, cannabinoid and brain stimulation interventions may have limited benefits 

for improving performance in these domains. Clarifying the contribution of cannabis 

use parameters, such as cannabis use frequency, type of cannabis used, and 

abstinence length, in future work will strengthen knowledge about the extent that 

cannabis use is associated with cognitive harms and if these parameters impact the 

effectiveness of interventions.   
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Background 

Cannabis is the most commonly used illicit drug in the world, with 

approximately 192 million consumers globally (United Nations Office on Drugs and 

Crime, 2020). It has been highlighted from survey data that 10% of individuals in 

Australia report past-year cannabis use, which is more than other illicit drugs such as 

cocaine at 2.5% past year use (Australian Institute of Health and Welfare, 2018). 

Historically, cannabis was used for medicinal purposes, but is now commonly used 

as a recreational drug (Pisanti & Bifulco, 2019; Turna et al., 2020). Recreational 

cannabis use is associated with a range of adverse health outcomes (Broyd, van Hell, 

Beale, Yucel, & Solowij, 2016). For example, cannabis is associated with harmful 

short-term and long-term effects on learning and memory, attention, information-

processing, and inhibitory control, and these deficits can adversely affect everyday 

skills, such as driving (Broyd et al., 2016; Tank et al., 2019). Cognitive deficits can 

also impede attempts at psychotherapy and cannabis cessation (Shulman et al., 2018; 

Sofuoglu, DeVito, Waters, & Carroll, 2013). Recreational cannabis use is associated 

with cannabis use disorder which is more common, at 19.8 million cases, than other 

illicit substance use disorders (e.g., amphetamines at 16.8 million cases), and more 

people seek treatment for cannabis-related problems (39%) than other drugs (e.g., 

opioids at 33%; Peacock et al., 2018; United Nations Office on Drugs and Crime, 

2017). Altogether, recreational cannabis use contributes to an array of harmful 

outcomes and is therefore a public health issue worthy of investigation.  

Cannabis Trends and Related Outcomes 

The popularity and frequency of cannabis use is demonstrated in Australia 

and other countries. In Australia, 35% of individuals over 14 years old have used 

cannabis in their lifetime and 14.4% of individuals report daily use (Australian 
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Institute of Health and Welfare, 2016, 2018). Cannabis is more frequently used than 

other illicit drugs, with 36% of people using cannabis weekly or more often, 

compared to weekly or more use of methamphetamines (20%), cocaine (3%), and 

ecstasy (2%; Australian Institute of Health and Welfare, 2016). Cannabis use 

frequency, cannabis-related problems, and symptoms of cannabis use disorder were 

found to significantly increase in the United States after 2007 when a more 

permissive stance towards cannabis legalisation was taken in some states (Blevins et 

al., 2018; Mauro et al., 2018). Together, this indicates that cannabis is a popular 

recreational drug from which a tolerant legal stance is linked to increased frequency 

of use and drug-related problems. 

Cannabis: Pharmacokinetics and Pharmacodynamics 

Recreational cannabis is primarily prepared from the cannabis sativa 

(referred to as cannabis henceforth) subspecies that originated in Europe (Hillig & 

Mahlberg, 2004). Cannabis contains phytocannabinoids, often simplified to 

cannabinoids, that are a collection of naturally occurring exogenous chemical 

compounds that vary in potency and psychoactive properties. Cannabinoids bind to, 

and exert effects on, cannabinoid receptors that are distributed throughout the central 

nervous system including limbic, hippocampal, prefrontal, and sensory areas, which 

produce a range of effects (Ashton, 2001; Fasinu, Phillips, ElSohly, & Walker, 2016; 

Jordan & Xi, 2019). The diverse effects that cannabis has on the brain and on 

behaviour are attributed to how cannabinoids modulate receptors, which will be 

discussed on page six.   

Cannabis contains over 150 cannabinoids but researchers have predominantly 

examined the two most abundant cannabinoids; Δ⁹-tetrahydrocannabinol (THC), and 

cannabidiol (CBD; Citti et al., 2019; Hanuš et al., 2016). Cannabis contains higher 
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THC concentrations (21.5%) than CBD (1.3%), so any effects associated with 

cannabis are generally attributed to THC (Cash, Cunnane, Fan, & Romero-Sandoval, 

2020). Cannabinoid variations can occur within subspecies as a result of cultivation 

practices, such as hydroponic grown ‘sinsemilla’ containing greater THC content at 

16.2% than natural bush cannabis at 8.4% (Chandra et al., 2019; Hardwick & King, 

2008). In sum, cannabis can vary in cannabinoid potency, due to factors such as 

cultivation practices, but cannabis typically contains higher concentrations of THC 

than CBD.  

Cannabinoid potency also varies according to consumption method. 

Recreational cannabis is prepared and used in variety of ways. Smoking cannabis as 

a joint involves cutting the flowery tops off the plant and then rolling them into a 

cigarette, which contains approximately 14.9% THC, and this method delivers fast 

psychoactive effects that recreational cannabis users typically seek (Gruber & Pope, 

2002; Swift, Wong, Li, Arnold, & McGregor, 2013). The effects of smoked cannabis 

are felt within minutes and intoxication lasts approximately two hours, but THC is 

detectable in plasma for approximately 24 hours in heavy consumers (Ashton, 2001; 

Hartley et al., 2019). Newer cannabis products for vaporised inhalation are also 

available, such as cannabis concentrates (e.g., “wax” or “shatter” that are glass-like 

products infused with cannabinoids) that contain approximately 68.7% THC and are 

second most commonly used after flower products (Smart, Caulkins, Kilmer, 

Davenport, & Midgette, 2017). When cannabis is inhaled, approximately 50 percent 

of THC is absorbed by the lungs and subsequently enters the blood stream and then 

the brain, at which point THC activates cannabinoid receptors and produces 

behavioural and physiological effects (Ashton, 2001; Kucewicz, Tricklebank, 

Bogacz, & Jones, 2011). 
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 Cannabis-related outcomes are typically categorised into acute psychoactive 

effects involving euphoria, sedation, and relaxation that occurs during intoxication, 

and non-acute (residual or persistent) effects that persist after intoxication has passed 

(Broyd et al., 2016). Work suggests that cannabis is associated with a range of 

adverse non-acute effects, such as mental health issues (e.g., psychosis, anxiety and 

depression), physical health issues (e.g., reduced reproductive hormone secretion, 

exocrine, and testicular functioning), and cognitive deficits (Hall & Solowij, 1998; 

Patton et al., 2002; Rossato, Pagano, & Vettor, 2008; Solowij et al., 2002; Vandrey 

& Haney, 2009). Acute and non-acute health outcomes associated with cannabis are 

attributed to THC, and researchers using plasma samples have confirmed that THC 

is associated with adverse health effects (Doroudgar et al., 2018).  

While THC is responsible for adverse outcomes related to cannabis use, 

beneficial effects are associated with CBD (Izzo, Borrelli, Capasso, Di Marzo, & 

Mechoulam, 2009). It has been shown that CBD is associated with analgesic, 

antipsychotic, anxiolytic, anti-epileptic, anti-inflammatory, neuroprotective, and 

cognitive-enhancing effects (Bergamaschi et al., 2011; Izzo et al., 2009; Jones et al., 

2010; Martín-Sánchez, Furukawa, Taylor, & Martin, 2009; Morgan & Curran, 

2008). CBD is thought to oppose the harmful effects that are associated with THC, 

which is attributed to the different ways that these cannabinoids modulate 

cannabinoid receptors (Bhattacharyya et al., 2010). 

Researchers have identified two primary cannabinoid receptors; cannabinoid 

type 1 (CB1) and type 2 (CB2) receptors, which make up part of the endocannabinoid 

system that modulates synaptic plasticity and central nervous system development 

(Lu & Mackie, 2016). CB1 and CB2 receptors are differentiated by signalling 

mechanisms, amino acid sequencing, and reactivity to particular agonists (that 
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increase cellular responses) and antagonists (that attenuate cellular responses; 

Howlett et al., 2002). However, both receptors are classified as G-protein-coupled 

receptors that, among other functions, are thought to regulate neuroplasticity 

(Alexander et al., 2017; Howlett et al., 2002; Leung & Wong, 2017; Morales & 

Reggio, 2017). Neuroplasticity refers to changes in brain structure or function in 

response to input (Albert, 2019). In the context of cannabis, THC can create changes 

in receptor function and neurotransmitter release, for example, CB1 activation 

increases dopamine release that contributes to cognitive deficits and drug 

dependence (Bloomfield, Ashok, Volkow, & Howes, 2016; Zou & Kumar, 2018). 

Neuroplastic changes associated with cannabis occur predominantly in the prefrontal 

cortex, amygdala, hippocampus, and striatum in response to ongoing drug exposure 

(Zehra et al., 2018). As such, cannabinoid receptors are believed to be implicated in 

neuroplasticity. 

CB1
 receptors are densely located in the peripheral and central nervous 

systems. Within the central nervous system, CB1
 receptors are distributed 

predominantly in the prefrontal cortex and hippocampus, and influence 

neurotransmitter release, such as γ-aminobutyric acid (GABA; inhibitory) and 

glutamate (excitatory), that subsequently affects cognitive functioning (Howlett et 

al., 2002). CB2 receptors influence cognition to a lesser degree than CB1 receptors 

because they are primarily located on cells in the immune system; however, animal 

studies have shown CB2 receptors to also be expressed in the brainstem, cortex, and 

cerebellum (Cabral, Rogers, & Lichtman, 2015; Howlett et al., 2002; Van Sickle et 

al., 2005). THC is a partial agonist of CB1 receptors in that it increases receptor 

activity (Banister, Arnold, Connor, Glass, & McGregor, 2019) whereas CBD is an 

inverse agonist of CB1 receptors (Thomas et al., 2007). This suggests that CBD may 
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produce almost opposite effects to THC (Colizzi, Ruggeri, & Bhattacharyya, 2020). 

Taken together, CBD and THC exert different effects on cannabinoid receptors and 

are therefore associated with varied responses in the central nervous system.  

In summary, recreational cannabis is typically prepared from cannabis sativa 

in which the most abundant cannabinoids are THC and CBD, with the former being 

the main psychoactive compound in cannabis. Cannabinoid potency in cannabis can 

vary, such as by cultivation practices and preparation, but recreational cannabis has 

greater THC potency relative to CBD. THC and CBD exert different effects on the 

central nervous system due to how they module cannabinoid receptors, but these 

effects are complex and are not yet fully understood. Researchers have evidence to 

suggest that cannabis is associated with various acute and non-acute adverse 

outcomes in a range of areas, such as cognitive functioning, which will be explored 

further in this thesis. The adverse health outcomes linked to recreational cannabis are 

assumed to be due to THC because of its psychoactive properties and high potency 

in cannabis relative to other cannabinoids. 

Cognition  

Cognition is a broad term capturing an array of mental abilities, such as 

attention and memory, inhibitory control, and executive function. Cognitive 

functioning relies on a range of brain regions and is associated with a variety of 

neurotransmitters, from dopamine and serotonin to acetylcholine (Thiele & 

Bellgrove, 2018). It is important to understand neurotransmitter function as it 

provides insight into biological mechanisms underlying cognitive changes from, for 

instance, illicit drug use and cognitive interventions. The sections below provide a 

brief overview of cognitive domains relevant to this thesis. The brain regions that 

underlie each domain and the functional outcomes of impairments, as well as 
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relevant neurotransmitters will be identified and briefly discussed. The aim of this 

section is to orient the reader to the topic, rather than to provide a detailed discussion 

on cognition. 

Attention. Broadly speaking, attention refers to the process of filtering and 

prioritising information and includes components such as sustained and divided 

attention (Buschman & Kastner, 2015). Sustained attention is the ability to maintain 

vigilance over time while divided attention refers to the ability to split attention to 

perform multiple tasks simultaneously (Rosenberg et al., 2016; Warm, Parasuraman, 

& Matthews, 2008). For example, reading a road sign while also changing lanes 

when driving.  

Attention involves a range of brain areas and neurotransmitters. Brain areas 

underlying attention include cortical and subcortical areas, such as the frontal cortex,  

occipital lobe, and cerebellum (Rosenberg et al., 2016). For example, reduced 

activity of the prefrontal cortex, namely the middle and inferior frontal gyri, is 

associated with deficits in sustained attention (Pagliaccio et al., 2017). Attention also 

involves a range of neurotransmitters, such as dopamine, serotonin, and 

acetylcholine (Thiele & Bellgrove, 2018). For instance, poor attention seen in 

children with attention deficit/hyperactivity disorder (ADHD) is associated with 

lower serotonin levels than controls (Wang et al., 2018). As such, attention may 

become impaired if there is dysregulation of underlying brain regions and associated 

neurotransmitters. 

Attention is an important cognitive skill as it underlies other cognitive 

abilities, such as inhibitory control and working memory (Lavie, 2005). For 

example, attention to information is needed to complete immediate processing and 

then manipulate that information in working memory to perform a task (Baddeley, 
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2000), such as listening to street directions during a phone call and then writing the 

instructions on paper afterwards. Moreover, attention is needed to process relevant 

information that may signal behavioural responses are required, such as paying 

attention to traffic lights while driving and braking when a stop signal appears. 

Attentional impairments can hence contribute to poor working memory and 

inhibitory control (Luo et al., 2019; Rosenberg et al., 2016).  

Information processing. Information processing is a cognitive function that 

concerns an individual’s ability to respond effectively in changing environments as 

well as the speed at which tasks are performed, which is often measured by reaction 

time. Reaction time refers to the time it takes between seeing stimuli and eliciting a 

behavioural response (Haworth et al., 2016). Faster processing speeds often reflect 

more efficient functioning because, for example, it enables individuals to complete 

tasks within time constraints (Schubert, Hagemann, Frischkorn, & Herpertz, 2018). 

However, faster processing speed typically comes at the cost of accuracy (Peternel, 

Sigaud, & Babič, 2017). This speed-accuracy trade-off results in faster behavioural 

responses but which have a greater likelihood for error (Peternel et al., 2017). As 

such, information processing provides insight into an individuals’ efficiency to 

respond to stimuli and is commonly measured in drug research (Scott et al., 2018).  

Information processing is subserved by many brain regions and is associated 

with several neurotransmitters. Information processing is associated with activation 

in the dorsal lateral prefrontal cortex (DLPFC), as well as temporal and parietal areas 

(Takeuchi et al., 2012; Turken et al., 2008). Information processing is also related to 

catecholamine neurotransmitters, such as dopamine and acetylcholine that share a 

negative correlation with information processing speed (Jenkins, Mehta, & Sharp, 

2016). A slowing in information processing has similarly been found to be related to 
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reductions in glutaminergic concentrations, which is likely to reflect inhibited brain 

activity (van Veenendaal et al., 2016). In sum, information processing relies on intact 

functioning of a range of neurotransmitters and brain areas. 

Information processing is an essential cognitive ability and it supports other 

key cognitive skills, such as executive function and memory (Fellows, Byrd, & 

Morgello, 2014; Turken et al., 2008; Zaremba et al., 2019). For instance, processing 

speed (among other cognitive abilities) predicts performance on executive tasks 

requiring working memory and problem solving skills, which may be due to faster 

processing speed enabling faster ability to solve problems (Voelbel, Wu, Tortarolo, 

& Bates, 2016). Faster processing speed may also benefit memory in that it enables a 

faster rate of information rehearsal that leads to a greater amount of information 

being stored in memory (Gorman et al., 2016). It has been suggested from research 

that information processing deficits in ADHD impact working memory recall 

because such deficits increase the time spent processing during a task which 

subsequently causes memory decay (Weigard & Huang-Pollock, 2017). Together, 

information processing is an important cognitive ability that is needed to support 

other key cognitive skills.  

Working memory. Working memory, often used synonymously with short-

term memory, involves the temporary storage of information for monitoring, 

updating, and manipulation, which assists language, reasoning, and learning 

(Baddeley, 1992; Miyake et al., 2000). For instance, students at school need to hold 

information temporarily in working memory while listening to a speaker and then 

write the information in their own words to facilitate learning. Working memory is 

thus an immediate process that connects to, and supports, other abilities (Baddeley, 

2003). The multi-component model by Baddeley and Hitch (1974) defines working 
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memory in terms of several interacting systems, including the phonological loop for 

verbal short-term memory, the visuospatial sketchpad for storage and processing of 

visual information, and the episodic buffer that is a limited capacity store that 

integrates information, as well as the central executive that enables individuals to 

selectively attend tasks while suppressing irrelevant information (Baddeley, 2000; 

Baddeley & Hitch, 1974). As such, working memory contains various processes that 

interact to achieve goals and support other cognitive abilities.  

As working memory is a multifaceted structure, it is supported by a network 

of brain regions with the main interconnected areas being the prefrontal cortex and 

posterior parietal cortex (Murray, Jaramillo, & Wang, 2017). The prefrontal cortex is 

involved in coding, behaviour selection, and manipulation (D'Esposito, Postle, & 

Rypma, 2000) while the parietal cortex is responsible for storing and retrieving 

information (Sestieri, Shulman, & Corbetta, 2017). Researchers have demonstrated 

that working memory is associated with activity in both prefrontal and parietal 

regions, where greater activity reflects superior performance (Thompson, Waskom, 

& Gabrieli, 2016). Moreover, working memory impairments are associated with 

reductions in serotonin while dopamine has an inverted U-shaped relationship with 

working memory, such that low and high dopamine levels are associated with 

deficits (Liu et al., 2019; Papenberg et al., 2020). Working memory, and the brain 

structures and functions that support it, can thus be considered as complex.  

Poor working memory is associated with psychiatric disorders, such as 

psychosis and alcohol misuse (Gold et al., 2019; Lechner, Day, Metrik, Leventhal, & 

Kahler, 2016). This may be due to such conditions contributing to dysregulation of 

working memory-related brain areas, such as parietal hypoactivity (Tervo-Clemmens 

et al., 2018). Deficits in working memory may contribute to problems with attention, 
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filtering information, and solving problems that can, in turn, impair educational 

outcomes (Etchepareborda & Abad-Mas, 2005; Fried et al., 2016). For instance, 

mathematics relies on the ability to hold and manipulate numbers and if this ability is 

impaired then it is harder to select and apply the correct mathematics strategy and it 

may take longer to complete equations (Cragg, Richardson, Hubber, Keeble, & 

Gilmore, 2017). Working memory is therefore an important cognitive ability that is 

implicated in a range of everyday tasks.   

Learning and memory. Learning and memory refers to a range of cognitive 

processes (Malmberg, Raaijmakers, & Shiffrin, 2019). Learning is the acquisition of 

information and memory refers to the overall process of encoding, storing, and 

retrieving information. While there are many facets to memory, this thesis focuses on 

encoding, recall, and recognition. Encoding involves processing information that is 

to be stored in short-term or long-term memory while retrieval involves accessing 

stored information (MacDonald et al., 2013; Strauss, Sherman, & Spreen, 2006). 

Retrieval also involves memory recall, which is the ability to reproduce information 

from long-term memory that was previously encountered (Miller & Branconnier, 

1983). In contrast, recognition memory refers to the ability to identify that a 

previously processed stimuli is familiar (Broadbent, Squire, & Clark, 2004; Rugg & 

Curran, 2007; Tulving & Thomson, 1973).  

There are various neural regions and processes associated with learning and 

memory. Encoding and retrieval, particularly of verbal content, is associated with the 

DLPFC in which greater activation is associated with greater verbal memory 

performance (Habich et al., 2017). In contrast, recognition memory is subserved by 

the hippocampus and researchers have shown reduced hippocampal volume and 

poorer recognition memory in mild cognitive impairment (Bennett, Stark, & Stark, 
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2019). Learning and memory is associated with dopamine, serotonin, glutamate, 

GABA, and acetylcholine neurotransmitters (McDonald & Mott, 2017; Wideman, 

Jardine, & Winters, 2018). For example, it has been found that GABA and serotonin 

deficiencies are related to memory deficits (Fernandez et al., 2017; Murari et al., 

2020).  

Learning and memory deficits are associated with a range of neuropsychiatric 

conditions, such as dementia and drug dependence (Aka, Rashid, Paul, & Halim, 

2019). When learning and memory is impaired, from factors such as disease, drug 

use, or trauma, it can cause amnesic-like effects in which information cannot be 

adequately encoded, stored, or retrieved from storage (Folgueira-Ares et al., 2017; 

Ryan & Tonegawa, 2016). These deficits can cause problems in a range of everyday 

activities, such as work productivity, road navigation, delivering messages and 

remembering information (Clark, DiBenedetti, & Perez, 2016; Rzezak et al., 2017). 

Researchers have also found that immediate verbal memory predicts activities of 

daily living, including handling money, completing housework, and using 

technology, which are tasks that rely on learning and memory abilities (Mograbi, 

Faria Cde, Fichman, Paradela, & Lourenço, 2014). Overall, learning and memory is 

a fundamental cognitive skill that is required to perform a plethora of tasks.   

Executive function. Executive functioning enables goal-directed behaviour 

and refers to a collective of higher order cognitive processes, such as inhibitory 

control and decision making, as well as planning, abstract thinking, rule/set-shifting, 

and the ability to attend to and monitor tasks (Abernathy, Chandler, & Woodward, 

2010; Crews & Boettiger, 2009). There is no clear consensus on what executive 

functioning is, however, inhibitory control and set-shifting are commonly identified 
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in the literature as core processes (Baggetta & Alexander, 2016). Thus, executive 

function is a broad and complex term incorporating a range of abilities.  

Executive function relies on a variety of neural regions that include the 

prefrontal cortex, basal ganglia, and cerebellum (Imburgio & Orr, 2018; Ptak & 

Schnider, 2004; Rabinovici, Stephens, & Possin, 2015). Executive function has been 

shown to have a positive association with glutamate concentrations in cognitive-

related brain regions, such as the anterior cingulate cortex (Hai et al., 2020; 

Wenneberg et al., 2020). Glutamate is likely to be associated with executive function 

because it is an excitatory neurotransmitter that increases neuroplasticity (Kalivas, 

2009; Lin, Huang, Lin, Lane, & Tsai, 2014). In contrast, lower GABA 

concentrations in the dorsal anterior cingulate cortex have been found to correlate to 

executive dysfunction (Marenco et al., 2018). Researchers have found that 

interventions, such as physical activity, are associated with improvements in 

executive function and increased GABA, suggesting a role of GABA in adaptive 

neuroplastic effects on cognition (Morris et al., 2019). Overall, executive function 

appears to be related to a range of brain areas and neurotransmitters.  

Problems in executive functioning are common to many psychiatric 

conditions, such as ADHD, autism spectrum disorders, and gambling disorder (Craig 

et al., 2016; Quintero, 2017). For instance, gambling disorder is related to deficits in 

decision making, impulsivity, disinhibition, and slower reaction time and these 

issues contribute to relapse (Quintero, 2017). Poor executive function is similarly 

observed in alcohol-dependence, and this impairment is also associated with relapse 

after psychotherapy (Czapla et al., 2016). Problems in executive function seen in 

such conditions can additionally translate into impairments in daily activities, such 

as finance management and driving (Pereira, Yassuda, Oliveira, & Forlenza, 2008). 
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Overall, executive function is an important and complex domain that is necessary for 

everyday life and is implicated in a range of outcomes, such as drug relapse.  

Inhibitory control. Inhibitory control, or response inhibition, is an executive 

process that involves inhibiting oneself from making automatic responses to enable 

goal-directed behaviour (Bari & Robbins, 2013). For example, a motor vehicle driver 

may inhibit turning their head towards irrelevant stimuli to avoid getting distracted, 

which enables them to focus on driving and avoid crashes (Walshe, Ward McIntosh, 

Romer, & Winston, 2017). Inhibition involves a race between a stopping process and 

an action process whereby successful inhibition occurs if the stopping process ‘wins’ 

and this is commonly measured by cognitive tasks such as the Stop Signal Task 

(Logan & Cowan, 1984; Verbruggen & Logan, 2008). Inhibition is essential to self-

control and if the stopping process fails then this results in behavioural disinhibition, 

which is a reduced ability to control behaviour (Leshem & Yefet, 2019). 

Inhibitory control is associated with frontal cortex activity, especially the 

DLPFC, in which greater activation reflects more efficient capacity to withhold 

responses (Feil et al., 2010; Li, Huang, Constable, & Sinha, 2006). Other researchers 

have suggested that inhibitory control additionally relies on the inferior frontal gyrus 

(IFG), as well as the primary motor cortex because inhibiting behaviour requires 

motor control (Leite et al., 2018; Silva et al., 2017; Stinear, Coxon, & Byblow, 

2009). A major neurotransmitter involved in inhibitory control is dopamine, which 

modulates chemical transmission in prefrontal regions to facilitate motor command 

signals that are sent to motor areas, which subsequently influences behaviour (Ott & 

Nieder, 2019). As such, intact functioning of prefrontal and motor areas is necessary 

for successful inhibitory control.  
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Deficits in inhibitory control can contribute to poor self-monitoring and self-

regulation (Yücel, Yücel, & Lubman, 2007), as well as impulsivity and risk-taking 

that can lead to increased drug-seeking in individuals who use illicit drugs (Feil & 

Zangen, 2010; Goldstein & Volkow, 2002; Morein-Zamir & Robbins, 2015). 

Inhibitory problems also play a role in everyday functioning, for example, by 

reducing the ability to suppress distraction, and impair monitoring and updating 

information that can contribute to poor driving and motor vehicle crashes (Walshe et 

al., 2017). In short, inhibitory control is an essential executive ability that is needed 

for goal-directed behaviour.  

Decision making. Decision making is considered an executive ability 

(Banich, 2009) and refers to a range of processes from developing preferences, 

selecting and executing responses, and evaluating outcomes (Ernst & Paulus, 2005). 

That is, individuals develop preferences by judging the value and desirability of each 

option that is followed by initiating a response that is in accordance with the selected 

option, and then individuals assess the outcome in a way that determines future 

behaviour (Verdejo-Garcia, Chong, Stout, Yücel, & London, 2018). These stages 

also involve emotional input (Ernst & Paulus, 2005). For instance, people who 

experience strong negative emotions, such as anger, are more likely to engage in 

risky decision making than people in a positive emotional state (Hu, Wang, Pang, 

Xu, & Guo, 2015). Similarly, individuals who experience low sensitivity to emotions 

are more likely to favour high reward/high punishment choices (Goudriaan, 

Oosterlaan, de Beurs, & van den Brink, 2005; Verdejo-Garcia et al., 2018). 

Decision making is associated with the orbitofrontal cortex (OFC) and 

DLPFC, as well as the amygdala and hippocampus (Casey et al., 1997; Farrar, Mian, 

Budson, Moss, & Killiany, 2018). For example, it has been found that DLPFC 
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lesions contribute to decision making deficits while brain stimulation aimed at 

increasing DLPFC activity improves decision making performance (He et al., 2016; 

Ouerchefani, Ouerchefani, Allain, Ben Rejeb, & Le Gall, 2019). Similarly, OFC 

lesions have been observed to result in decision making deficits and this is likely due 

to the role of the OFC in estimating the likely value of outcomes (J. D. Howard & 

Kahnt, 2020). Decision making also involves dopamine because of its role in reward 

processing and researchers have shown that increased dopamine in the OFC and 

nucleus accumbens is associated with riskier decision making towards higher-benefit 

rewards (Mai, Sommer, & Hauber, 2015). Together, decision making relies on 

several brain regions and primarily involves the dopamine neurotransmitter.  

Decision making deficits are associated with a variety of presentations, 

particular illicit drug use. Illicit drug users show higher sensitivity to rewards, lower 

motivation, and poorer self-regulation that contributes to problems in decision 

making (Verdejo-Garcia et al., 2018). For instance, when individuals who use drugs 

have high sensitivity to rewards then they may make riskier decisions to obtain 

immediate rewards but this may come at a cost, such as legal trouble (Ekhtiari, 

Victor, & Paulus, 2017). Illicit drugs impair decision making and behaviour by 

contributing to dysconnectivity among brain regions such as ventral tegmental area 

and nucleus accumbens, which underlie self-regulation (Nakagawa, 2017). 

Behavioural dysregulation that is associated with decision making deficits predict 

relapse rates in individuals who use a range of drugs, from methamphetamine and 

cocaine to cannabis and alcohol (Bowden-Jones, McPhillips, Rogers, Hutton, & 

Joyce, 2005; Verdejo-Garcia et al., 2014). Therefore, decision making is a cognitive 

domain that has important implications, espedcially for individuals who use drugs. 



Chapter 1: Literature Review               18 

 
 

Acute Cannabis Intoxication and Cognitive Outcomes 

Researchers have examined cognitive outcomes related to acute cannabis 

intoxication for decades. Early work by Heishman, Huestis, Henningfield, and Cone 

(1990) studied three experienced male cannabis consumers from an addiction unit. 

After smoking a joint containing 2.6% THC it was found that participants had poorer 

accuracy, response times, and digit recall than placebo on a computerised test 

battery. However, participants were tobacco users, which is problematic as tobacco 

is related to deficits in cognitive abilities, such as attention and impulsivity (Conti, 

McLean, Tolomeo, Steele, & Baldacchino, 2019). However, other researchers have 

shown that tobacco use masks verbal memory deficits associated with cannabis and 

that co-use is related to greater connectivity in cognitive-related brain areas than 

single substance use (Filbey, Gohel, Prashad, & Biswal, 2018; Hindocha, Freeman, 

Xia, Shaban, & Curran, 2017; Schuster, Crane, Mermelstein, & Gonzalez, 2015). As 

such, research on cannabis needs to clarify the role of tobacco in cognition.  

 Early work not only lacked investigation into tobacco use, but it also lacked 

neurophysiological evidence so it was unclear how cannabis affected the brain. 

Neurophysiological evidence is important as researchers have noted concerns that 

behavioural measures lack sensitivity to detect subtle cannabis-related cognitive 

deficits (Crane, Schuster, Fusar-Poli, & Gonzalez, 2013; Zimmermann et al., 2018). 

Technological advancements have enabled greater insight into how cannabis affects 

the brain. It was shown in double-blind, placebo-controlled work that smoked 

cannabis containing 20 mg of THC was associated with reduced cerebral blood flow 

in cognitive-related brain areas, such as the prefrontal cortex (O'Leary et al., 2002). 

In later work, Wall et al. (2019) conducted a functional magnetic resonance imaging 

(fMRI) study of cannabis consumers and revealed that intoxication with cannabis 
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containing 8 mg of THC reduced functional connectivity in brain networks involved 

in memory and executive function, including the prefrontal cortex and posterior 

cingulate cortex, more so than cannabis containing CBD. However, Wall et al. did 

not include behavioural measures of cognition in their study.  

An earlier study with regular cannabis consumers (2-12 times per month) 

looked at electrophysiological measures of the brain while participants completed the 

Go/No-Go Task that measures inhibitory control (R. C. Howard & Menkes, 2007). It 

was found that cannabis inhalation was related to slower brain processing at peak 

intoxication that resembled DLPFC lesions but this was not accompanied with 

changes in inhibitory control, suggesting that regular cannabis use may result in 

tolerance to the behavioural effects of acute intoxication (Howard & Menkes, 2007). 

Tolerance to both acute physical and cognitive effects of cannabis is likely to occur 

via downregulation of CB1 receptors caused from chronic THC exposure 

(Ramaekers, Mason, & Theunissen, 2020). Overall, cannabis intoxication may 

contribute to dysfunction of brain regions, such as the frontal cortex, but behavioural 

deficits may not be observed due to tolerance to the impairing effects of cannabis. 

This highlights the importance of including both neurophysiological and behavioural 

measures to understand cannabis. 

In summary, studies using a range of methodologies indicate that cannabis 

intoxication impairs cognitive abilities, such as executive function and memory. 

However, cognitive deficits may not be observed in regular users due to tolerance. 

Regardless, cannabis consumers can still exhibit dysregulation in brain areas 

underlying cognition, such as the prefrontal cortex. While much research has been 

devoted to the acute effects of cannabis, there has been less work into the persistent, 

or chronic, effects of cannabis when intoxication has passed in individuals who have 
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used cannabis long-term. There is no standard length of time of cannabis use that is 

considered chronic, however, many studies focus on cannabis use at a minimum of 

one or two years (e.g., Becker et al., 2015; Cuttler, McLaughlin, & Graf, 2012; 

Yücel et al., 2016). It is unclear if people who use cannabis long-term will  

experience cognitive dysfunction following abstinence or if other factors, such as 

tolerance, prevent cognition from being impaired in non-intoxicated states. If 

cannabis consumers do experience persistent cognitive impairments from cannabis, 

then this provides a potential target for therapeutic intervention. Clarifying cannabis-

related outcomes will also help inform policy-making and public health information 

regarding cannabis, such as by strengthening the existing knowledge base that can be 

used to inform key stakeholders about how cannabis impacts health outcomes.  

Non-Acute Cognitive Outcomes following Long-term Cannabis Use  

Mixed results have been reported on the cognitive outcomes associated with 

cannabis once intoxication has passed. Early work by researchers showed no deficits 

of cannabis on memory or attention in long-term consumers (Ray, Prabhu, Mohan, 

Nath, & Neki, 1978) while other teams reported impairments in reaction time and 

short-term memory (Ray et al., 1978; Schwartz, Gruenewald, Klitzner, & Fedio, 

1989; Wig & Varma, 1977). However, early studies did not sufficiently account for 

possible confounding factors, such as age and sex. Most studies on cannabis examine 

adolescents and young adults but older populations may be impacted differently by 

cannabis, in either a beneficial or harmful way (Sexton, Cuttler, & Mischley, 2019; 

Volkow, Swanson, & Evins, 2016; Workman et al., 2021). Early studies also rarely 

accounted for biological sex, which may confound cognitive measures (Burston, 

Wiley, Craig, Selley, & Sim-Selley, 2010). For example, neuroimaging studies have 

found that female cannabis consumers are more vulnerable to executive deficits than 
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males due to having greater volume of the prefrontal cortex, which cannabis is 

known to affect (Medina et al., 2009). As such, differences in study findings may 

partly be due to the lack of control over confounding factors, such as age and sex. 

Sex and age will be considered and controlled in work contained this thesis to bring 

greater clarity into cannabis health outcomes.   

Later research better addressed demographic factors and pointed to cannabis 

use being associated with cognitive deficits. Solowij et al. (2002) discovered that 

abstinent cannabis consumers had poorer learning and memory, inhibition, 

information-processing, and executive function than demographically matched non-

users, which was worse for increasing years of use. Messinis, Kyprianidou, 

Malefaki, and Papathanasopoulos (2006) conducted a cross-sectional study that 

controlled for sex, IQ, and education and similarly found that abstinent, long-term 

cannabis consumers exhibited poorer verbal memory and psychomotor speed than 

both short-term cannabis consumers and controls. However, Solowij et al. and 

Messinis et al. did not account for age of onset of cannabis use, which may affect 

cognitive outcomes. For instance, it has been shown that early onset users (< 16 

years) have poorer executive functioning and inhibitory control than late onset users 

(≥ 16 years) and controls (Gruber et al., 2012). Moreover, all three studies examined 

heavy cannabis users only, but dose can influence outcomes as well. For example, 

Bolla, Brown, Eldreth, Tate, and Cadet (2002) found that heavy (average of 93.9 

joints/week) cannabis use worsened memory and executive abilities more than 

moderate (42.1 joints/week) and light (10.5 joints/week) use. Inconsistent results to 

date may therefore be due to differences in cannabis use patterns across studies, 

which the work in this thesis will attempt to account for.   
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While cross-sectional studies suggest that cognitive outcomes vary according 

to cannabis use patterns, the research reported above recorded different abstinence 

lengths, from 12 hours to 28 days, which can also confound outcomes. Pope, Gruber, 

Hudson, Huestis, and Yurgelun-Todd (2001) investigated abstinence length and 

found that heavy cannabis users had poorer cognition in abstraction, sustained 

attention, verbal fluency, and learning and recall than former users and non-users at 

day one and seven of abstinence but deficits reversed by day 28 of abstinence. 

Moreover, Schreiner and Dunn (2012) conducted two meta-analyses, one containing 

33 studies with participants having any abstinence length over 12 hours and another 

analysis containing only studies that had participants with over 25 days of 

abstinence. The analysis concerning any abstinence length revealed a significant and 

small deficit (g = -0.29) for global cognition. However, the second analysis showed a 

nonsignificant difference between cannabis consumers and controls for cognition, 

and this was a small magnitude effect (g = -0.12). These studies (see Table 1 for 

summary) indicated that cognitive deficits found in early abstinence may be 

attributable to lingering neurotoxic effects of cannabis rather than lasting damage. As 

such, this thesis will consider the role that cannabis abstinence has on cognition. 
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Table 1  

Summary of Key Findings on the Persistent Effects of Cannabis on Cognition in Adults 

Authors Groups (n) Design Abstinence Dose Frequency Duration Age of Onset Key Findings 
Bolla et al. 

(2002) 
Light (n = 7) 
Medium (n = 

8) 
Heavy (n = 7) 

Cross-
sectional 

28 days, 
monitored 

Light: 10.5 (4) 
Medium: 42.1 

(18.2) 
Heavy: 93.0 

(15.4) 
joints/week 

4 + times 
per/week 

≥ 2 years 
 
 

NR 
 

 

Heavy users ↓ verbal and visual 
memory, executive function, 

visuoperception, psychomotor 
speed, and manual dexterity. 

Negative dose-dependent 
relationship observed 

Grant, 
Gonzalez, 

Carey, 
Natarajan, 

and Wolfson 
(2003) 

Cannabis 
 (n = 623) 
Controls 

 (n = 409) 

Meta-
analysis  
(k = 11) 

< 24 hours to 
1008 days 

NR 1-7+ times/ 
week 

2.9-17.1 
 

NR All confidence intervals crossed 
zero, except learning and 

forgetting but these domains had 
small effect sizes (Cohen’s d ≤ 

0.27) 

Gruber et al. 
(2012) 

Early onset  
(n = 19) 

Late onset  
(n = 15) 
Controls  
(n = 28) 

Cross-
sectional 

≥ 12-16 hr 
 

Early: 14.8 ± 
18.8 

grams/week 
Late: 5.9 ± 5.0 

grams/week 
 

Early: 24.8 ± 
24.3 

smokes/week 
Late: 12.2 ± 

6.9 
smokes/week 

Early: 8.7 ± 
8.2 

Late: 5.4 ± 
5.7 years 

 

Early: < 16 
years 

Late:  ≥ 16 
years 

Cannabis users had ↓ executive 
functioning than controls. Age of 
onset, frequency, and magnitude 
of use were related to cognitive 

functioning 

Kanayama, 
Rogowska, 

Pope, Gruber, 
and 

Yurgelun-
Todd (2004) 

 

Cannabis  
(n = 12) 
Controls  
(n = 10) 

Cross-
sectional 

6-36 hr M = 19,200 
lifetime 

cannabis uses 
(range: 5,100-

54,000) 

≥ 7 
times/week 

Long-term NR ↑and more widespread brain 
activation, similar working 

memory performance to controls, 
indicating neural compensatory 

mechanisms that may mask 
behavioural deficits 

 



 
 
 

 
 

 

C
hapter 1: Literature R

eview
                              

   24 

Table 1 continued… 

Authors Groups (n) Design Abstinence Dose Frequency Duration Age of Onset Key Findings 

Lyons et al. 
(2004) 

Monozygotic 
male twin 

pairs (n = 54) 
discordant for 
cannabis use 

Twin 
study 

Cannabis 
user: > 1 
month 

Non-user: > 
20 years 

 

NR M = 916 (SD 
= 1,201) 
total days 

used 

5.8 (5.3) 
years 

M = 21.3 
(SD = 3.8) 

No significant effect of cannabis 
on cognitive functioning. 

Cannabis using twins had↑ 
performance IQ than non-using 

twin 

Meier et al. 
(2018) 

Monozygotic 
and dizygotic 

twins  
(n = 1,989) 

Twin 
study 

NR NR Never (65%) 
< monthly 

(28%) 
Monthly 

(3%) 
Weekly (3%) 
Daily (2%) 
Many times 
a day (1%) 

NR NR Intelligence and executive 
functions were similar between 
cannabis consumers and non-

consumers 

Messinis et 
al. (2006) 

Short term  
(n = 20) 

Long-term  
(n = 20) 
Controls  
(n = 24) 

Cross-
sectional 

Short:  
M = 122.8 

(SD = 76.3) 
Long:  

M = 126.3 
(SD = 78.3) 

hr 

≥ 4 joints/week Short: 20.7 
(SD = 3.4) 
Long: 20.2 
(SD = 2.9) 
days/month 

Short: M = 
7.0  

(SD = 1.5) 
Long: M = 

15.6  
(SD = 4.8) 

NR LT users↓verbal memory and 
psychomotor speed. LT and ST 
users↓verbal fluency, memory, 

attention, and psychomotor 
speed 

Pope et al. 
(2001) 

Current users 
(n = 63) 

Former users 
(n = 45) 
Controls  
(n = 72) 

Cross-
sectional 

Tested on 0, 
1, 7, 28 days 
of abstinence 

 

≥ 5000 lifetime 
episodes 

≥ 7 
times/week 

Mdn = 19 
(IQR 15-24) 

 

NR Heavy users had worse 
neuropsychological performance 
on days 0, 1, and 7 than former 

users and non-users. Similar 
performance between groups on 

day 28 
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Table 1 continued… 

Authors Groups (n) Design Abstinence Dose Frequency Duration Age of Onset Key Findings 

Schreiner and 
Dunn (2012) 

Cannabis  
(n = 1,010) 

Controls  
(n = 839) 

Meta-
analyses: 
Analysis 

1: (k = 33) 
Analysis 
2: k = 13 

 

Analysis 1: 
12 hr-38 
months 

Analysis 2: ≥ 
25 days 

2 joints a week 
to daily use 

Ranging 
from 2-7 

days a week 

≥ 2 years NR Analysis 1: Cannabis users worse 
cognition (e.g., attention and 

learning) than controls 
Analysis 2: No significant 

differences between groups on 
neurocognitive performance 

Schuster et al. 
(2015) 

Cannabis  
(n = 64) 

 
 

Cross-
sectional 

M = 3.5 days 
(IQR: 2-5) 

≥ 200 lifetime 
uses 

≥ 4 
times/week 
at peak use 

5.02 (2.4) NR ↓acquisition, total learning, and 
delayed recall for verbal learning 
but only in individuals who used 
tobacco cigarettes sporadically 
compared to more consistent 

users 
Solowij et al. 

(2002) 
 

Short-term 
users  

(n = 51) 
Long-term 

users 
(n = 51) 
Controls  
(n = 33) 

 

Cross-
sectional 

 

Mdn = 17 
hours 

Mdn = ¼ oz 
(range: 0.01- 

2.0 oz) smoked 
cannabis/week 

Short term: 
mdn = 28.3 
(range: 5.2-

30.0) 
Long-term: 
mdn =  27.4 
(range: 3.5-

30.0) 
days/month 

Short-term: 
M = 10.2 

(SD = 3.8) 
Long-term: 
M = 23.9 

(SD = 4.1) 

15.3 (2.6) Long-term users had↓learning, 
retention, and retrieval and 

attention than short-term users 
and controls. 

Task performance negatively 
associated with years of cannabis 

use 

Note: NR = not reported; ST = short-term; LT = long-term; mdn = median. 
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While work to date has been useful in elucidating confounding factors, 

studies have been largely cross-sectional and do not allow causal conclusions to be 

made about the impact of cannabis on cognition. Several twin and longitudinal 

studies have provided greater insight into the causal effects of cannabis on cognition. 

Lyons et al. (2004) examined 54 monozygotic twins in which one sibling had not 

used cannabis more than five times in their life while the other had used cannabis at 

least once a week for a year or more but had not used cannabis for over one month 

prior to participating. Lyons et al. found that, out of 11 cognitive tests, cannabis 

consumers only experienced poorer non-verbal reasoning than non-cannabis using 

co-twins, which suggested that deficits may not persist beyond intoxication for most 

cognitive abilities. Similarly, a 20-year longitudinal twin study revealed that 

cannabis use was not associated with executive dysfunction and the authors 

suggested that any deficits may be attributable to familial factors, such as education 

or socioeconomic status, rather than cannabis per se (Meier et al., 2018). In brief, 

researchers have found from longitudinal work that cannabis impairs relatively few, 

if any, cognitive domains in abstinent, long-term consumers. 

Considering the research evidence to date, it remains unclear if long-term 

cannabis use is associated with cognitive deficits beyond intoxication. However, 

areas commonly found to be impacted by cannabis include learning and memory, 

attention, and executive function. Yet cognitive outcomes associated with cannabis 

appear to vary according to abstinence, dose, and duration of use. That is, longer 

duration of use, greater amount of cannabis used, and shorter abstinence is linked to 

poorer cognitive performance. More specifically, the lack of consistency in results 

across studies may be attributed to differences in how long-term cannabis use, and 

dose or frequency of use, is defined by researchers. Overall, researchers should 
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control for confounding factors, such as demographic variables (e.g., sex), other 

substance use (e.g., tobacco), and cannabis use variables (e.g., dose, duration, and 

abstinence length) in future work. The research contained in this thesis attempts to 

address some of these limitations to provide greater clarity into the association 

between cognition and long-term cannabis consumption once intoxication has 

passed. The information gained from such research will assist in educating cannabis 

consumers about the outcomes of cannabis use and will also help to identify areas of 

cognitive impairment that require intervention. 

Neurocognitive Model of Drug Dependence 

Regular use of cannabis increases the risk for cannabis dependence 

(Santaella-Tenorio, Levy, Segura, Mauro, & Martins, 2019). Cannabis dependence 

was formerly a standalone diagnosis but was incorporated into cannabis use disorder, 

a newer terminology that includes both cannabis abuse and dependence (Hasin et al., 

2013). Cannabis use disorder is defined by the Diagnostic and Statistical Manual of 

Mental Disorders – 5th Edition (DSM-5) as problematic cannabis use that contributes 

to distress or impairment and consists of two or more of the following symptoms 

over 12 months: 1) cannabis taken in larger amounts or over a longer timeframe than 

intended; 2) persistent desire or unsuccessful attempts to cut down or control 

cannabis use; 3) a large amount of time spent on activities necessary to obtain, use, 

or recover from cannabis use; 4) repeated cannabis use leading to failure to fulfil 

major obligations at work, school, or home; 5) ongoing cannabis use despite social 

or interpersonal problems related to its use; 6) social, occupational, or recreational 

activities are neglected or given up due to cannabis use; 7) repeated use of cannabis 

in situations which is physically dangerous, 8) ongoing cannabis use despite 

experiencing persistent or repeated physical or psychological problems that were 
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caused by or worsened from cannabis use; 9) tolerance to cannabis; 10) cannabis 

craving (American Psychiatric Association, 2013). 

Cannabis dependence involves cognitive, behavioural, and physical changes 

from ongoing drug use, as well as the use of cannabis that takes priority over 

previously important activities (Budney, Sofis, & Borodovsky, 2019). Cannabis 

dependence is problematic because it reduces quality of life and increases economic 

burden and functional disability associated with mental disorders (McCallum, 

Batterham, Calear, Sunderland, & Carragher, 2018). Treatment-seeking is greater 

(18.2%) for cannabis use disorder than other drug use problems, such as alcohol 

dependence at 14.6% (Haughwout, Harford, Castle, & Grant, 2016). However, there 

are insufficient drug treatment options in Australia to meet demand, which is 

problematic given that sixty-five percent of individuals with cannabis dependence 

relapse following cannabis cessation (Copersino et al., 2006; Ritter, Chalmers, & 

Gomez, 2019). Overall, it is becoming increasingly important to find effective 

interventions for cannabis use and related issues, especially since rising cannabis 

potency and changes in cannabis laws have increased problematic outcomes, such as 

greater symptomology of cannabis use disorder (Blevins et al., 2018; Chandra et al., 

2019). 

While there has been much research on cannabis use and cognitive 

functioning, the role of cognition in models of drug dependence is often overlooked. 

For example, the opponent process theory and affective model of drug motivation 

characterise drug dependence as predominantly a problem of motivation and 

reinforcement (Baker, Piper, McCarthy, Majeskie, & Fiore, 2004; Solomon & 

Corbit, 1974). However, Goldstein and Volkow (2002) proposed an integrated model 

of cognition that describes dependence as a syndrome of impaired response 
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inhibition and salience attribution (iRISA). According to the iRISA model, chronic 

drug use results from an impaired ability to inhibit responses (or behaviour) and 

assigning excessive value to drugs and drug-related activities. These cognitive 

changes are accompanied with dysregulation of brain areas implicated in cognition, 

such as the DLPFC, anterior cingulate cortex, and orbitofrontal cortex. As such, the 

iRISA model contextualises ongoing drug use with respect to neural dysfunction and 

associated cognitive deficits.  

The iRISA model outlines that cognitive processes are unique and rely on 

different brain regions. That is, higher order ‘cold’ processes that are not emotion-

based (e.g., inhibitory control) are separate from automatic, emotionally driven ‘hot’ 

processes, such as decision making (Goldstein & Volkow, 2011). Cold processes are 

subserved by the DLPFC, dorsal anterior cingulate cortex, and inferior frontal gyrus 

while hot processes involve regions of the ventral prefrontal cortex (e.g., medial 

orbitofrontal cortex; Goldstein & Volkow, 2011). In cases of drug dependence, brain 

dysregulation contributes towards hot processes dominating over cold processes and 

this dysregulation increases stress reactivity, drug craving, and drug salience but 

reduces response inhibition and valence of non-drug related reinforcers that, 

together, increases the likelihood of compulsive drug taking (Goldstein & Volkow, 

2002). As such, this heightens the risk of relapse because individuals have a reduced 

ability to inhibit drug-seeking behaviour (i.e., greater impulsivity) and have greater 

negative emotions and bias towards drug-taking (Goldstein & Volkow, 2002). 

Therefore, deficits in cognitive abilities associated with drug use make it difficult for 

individuals to cease drug use and maintain abstinence.  

The iRISA model has been supported by research of varying designs. 

Zilverstand, Huang, Alia-Klein, and Goldstein (2018) reported in their systematic 
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review of 105 neuroimaging studies that drug-dependent individuals exhibited 

increased recruitment of brain networks involved in reward, habit, salience, 

executive function, memory, and emotions during drug-related processing but 

showed blunted responses during non-drug-related processing. Zilverstand et al. also 

found that increased drug abuse and relapse was related to dysregulation of salience 

and executive networks that were modulated following intervention, which points to 

the importance of cognition in drug dependence, treatment, and recovery. Similarly, 

cross-sectional work using structural imaging in 140 cannabis users and 121 controls 

showed that cannabis dependent individuals had a dose-dependent reduction in 

volume of the orbitofrontal cortex and caudate that are areas involved in goal-

directed processes (Chye et al., 2018; Chye et al., 2017). Chye et al. (2018; 2017) 

suggested that this dysregulation underlies problems in goal-directed behaviour and 

contributes to compulsive drug taking. Overall, evidence provides support for the 

iRISA model in that dependence on illicit drugs is related to brain dysregulation that 

underlies cognitive abilities.  

The implication of the iRISA model is that cognitive deficits need to be 

targeted to improve outcomes for individuals who use illicit drugs. Psychotherapy is 

commonly provided for individuals with cannabis use problems but has had limited 

success, with meta-analytic work of randomised controlled trials showing that only 

one quarter of individuals remain abstinent at follow-up (Gates, Sabioni, Copeland, 

Le Foll, & Gowing, 2016). The reason individuals may relapse after psychotherapy 

is because cognitive deficits reduce the ability to learn, remember, and apply 

psychotherapy skills (Crean, Crane, & Mason, 2011; Sofuoglu et al., 2013). Cross-

sectional studies investigating a range of substance use disorders provide supporting 

evidence that cognitive function predicts treatment engagement and outcomes 
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(Aharonovich et al., 2006; Copersino et al., 2012). Regarding cannabis-dependent 

adults, Aharonovich, Brooks, Nunes, and Hasin (2008) found in their randomised, 

placebo-controlled trial of psychotherapy that adults who dropped out of treatment 

had poorer decision making and processing accuracy than treatment completers. 

However, Aharonovich et al. (2008) measured abstinence by the proportion of 

negative urine results, which failed to provide information on whether variations in 

abstinence over the 12-week trial modified drop out, which is possible given 

abstinence length is associated with cognition (as outlined on page 22). Overall, 

evidence suggests that cognitive deficits may be associated with poor treatment 

retention and outcomes, which emphasises the need for interventions to have a 

cognitive focus.   

Overall, several lines of enquiry show that illicit drug use is associated with 

cognitive deficits and this may impede treatment outcomes, which highlights the 

need for cognition to be considered in cannabis-related interventions. If cognitive 

problems are lessened by interventions, then individuals may feel empowered to 

cease their use of cannabis. But at the very least, researchers should assess the effect 

that drug-related interventions have on cognition to verify that no additional harm to 

cognition will be had. In accordance with the iRISA model and existing literature, an 

aim of this thesis is to assess the impact of interventions on cognitive functioning in 

cannabis consumers.  

Pharmacotherapeutic Interventions for Cannabis Consumers 

As highlighted earlier, theory and research findings suggest that cognitive 

interventions are needed to assist cannabis consumers. Such interventions may 

enhance the ability of individuals to cease recreational cannabis use and maintain 

abstinence. This is particularly important given that several cross-sectional studies 
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have identified that cognitive deficits may interfere with psychotherapy and 

treatment outcomes (Domínguez-Salas, Díaz-Batanero, Lozano-Rojas, & Verdejo-

Garcia, 2016; Shlosberg et al., 2019). As such, researchers are turning their attention 

towards potential interventions for cannabis-related problems, from cannabis 

cessation and withdrawal, to cognitive dysfunction.  

Pharmacotherapy and withdrawal. Various pharmacotherapies have been 

explored to treat cannabis withdrawal. Antidepressants (e.g., bupropion) and mood 

stabilisers (e.g., divalproex) have been studied but show mixed results for helping 

withdrawal and, additionally, have been shown to harm cognitive abilities such as 

attention (Carpenter, McDowell, Brooks, Cheng, & Levin, 2009; Haney et al., 2004; 

Penetar, Looby, Ryan, Maywalt, & Lukas, 2012; Winstock, Lea, & Copeland, 2009). 

Researchers have also studied agonist replacement therapy in which illicit drugs are 

substituted for medications that have similar pharmacological actions to the illicit 

drug, but with reduced addiction potential and potency, that can ameliorate 

withdrawal symptoms when drug use is ceased (e.g., methadone for opioid 

dependence). Agonist replacement medications for cannabis contain THC extracts 

and assist cannabis cessation because the medication continues to exert effects on 

CB1 receptors that reduces withdrawal symptoms, such as irritability and sleep 

problems (Allsop et al., 2015).  

Agonist replacement has been studied in the context of cannabis withdrawal 

and cognition. Haney et al. (2004) conducted a placebo-controlled study using 

agonist replacement medication and investigated its effects on cannabis withdrawal 

and cognition in non-treatment seeking cannabis consumers. Participants were given 

either capsules containing 10% THC or placebo five times a day for 15 days. The 

THC group showed a significant reduction in withdrawal symptoms, such as anxiety. 
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The THC group also exhibited improvements in divided and sustained attention but 

had impaired information processing compared to the placebo group during 

abstinence at days nine to 14. Overall, Haney et al.’s results suggested that THC may 

be useful for treating withdrawal but could produce mixed cognitive effects. As 

outlined earlier, THC can harm cognition, particularly in the acute phase after 

consumption. Therefore, researchers need to investigate alternative medications to 

see if they affect, or could even improve, cognitive function. 

Pharmacotherapy and cognition. CBD, the non-psychoactive component in 

cannabis, has favourable evidence as a cognitive enhancing substance. Animal 

studies have shown that CBD has cognitive benefits in areas such as learning and 

memory and may have rapid benefits, as fast as 30-minutes, in prefrontal areas 

following treatment (Barichello et al., 2012; Cheng, Spiro, Jenner, Garner, & Karl, 

2014; Magen et al., 2010; Sales et al., 2019). In cannabis consumers, Solowij et al. 

(2018) found in a 10-week open label trial that adults who continued to use cannabis 

as usual while receiving CBD (200 mg) had greater verbal learning and memory at 

post-treatment than baseline, which was a moderate magnitude effect (Cohen’s d = 

0.53). Solowij et al. also observed significant improvements for reaction time, but 

not accuracy, on an attention task that was also a moderate magnitude effect (d = 

0.63). While Solowij et al. found that CBD may benefit some areas of cognition, 

CBD alone may be of limited use for people wishing to cease cannabis altogether 

because THC is needed to reduce withdrawal symptoms. Therefore, CBD and THC 

need to be examined together to see if it could benefit cannabis consumers.  

Several research groups have investigated the cognitive effects of THC and 

CBD. Animal research by Wright Jr, Vandewater, and Taffe (2013) showed that a 

single dose of CBD, when administered in a 1:1 ratio with THC, reversed THC-
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induced visuospatial memory impairment but the effect was task-specific with no 

benefits found for working memory or procedural learning. In humans, individuals 

who used recreational cannabis containing THC and low levels of CBD exhibited 

greater memory impairments and lower hippocampal volume than those who used 

cannabis containing THC but with higher levels of CBD (Demirakca et al., 2011; 

Morgan, Schafer, Freeman, & Curran, 2010). However, these human studies did not 

assess other cognitive domains, such as inhibitory control, and had correlational and 

naturalistic designs that did not address if 1:1 THC/CBD extracts directly affect 

cognition. Medication containing a 1:1 ratio of THC and CBD is needed over 

recreational cannabis because higher CBD concentrations in medication would 

contain greater cognitive benefits compared to recreational cannabis that contains 

lower CBD levels. Overall, research supports that CBD may attenuate some 

cognitive impairments related to THC, but more evidence from human trials using 

equal ratios of THC to CBD is needed.  

There is limited work available on cannabinoid extracts used in 1:1 ratios for 

treating cannabis consumers while assessing cognitive abilities, as most studies 

examine withdrawal symptoms (e.g., Allsop et al., 2014). However, a neurocognitive 

study by Schoedel et al. (2011) examined nabiximols, which is an oromucosal 

medication containing equal concentrations of THC and CBD. Schoedel et al. 

compared single, acute doses of nabiximols of varying amounts (10.8 mg, 21.6 mg, 

and 43.2 mg) to dronabinol and placebo in frequent recreational cannabis consumers 

who tested positive to THC in a urine drug screen. It was found by Schoedel et al. 

that there was similar divided attention, short-term memory, and choice reaction time 

between treatment groups, regardless of the size of the nabiximols dose. While these 

results contrast to the naturalistic studies by Demirakca et al. (2011) and Morgan et 
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al. (2010), Schoedel et al. only conducted a single-dose trial so it remains unclear 

how an acute dose of nabiximols would impact cognition following longer term use 

of the medication. 

While 1:1 THC/CBD medication may be receiving attention, researchers 

have voiced safety concerns over medication containing THC (Allsop, Lintzeris, 

Copeland, Dunlop, & McGregor, 2015; Cohen, Weizman, & Weinstein, 2019; 

MacCallum & Russo, 2018). The main concern is that THC-based medications could 

harm driving because THC can impair cognitive abilities, such as reaction time and 

inhibitory control, that successful driving relies upon (Cohen et al., 2019). It was 

shown in a trial of 22 multiple sclerosis patients treated with nabiximols that those 

who continued treatment over 12 months had significantly worse executive function 

during a postural task than discontinuers, which the authors attributed to the harmful 

effects of THC on cannabinoid receptors (Castelli, Prosperini, & Pozzilli, 2019). 

However, this study was with cannabis-naive participants who were likely to be 

greater impacted by THC than regular cannabis consumers who may develop 

tolerance to the impairing effects of THC (Colizzi & Bhattacharyya, 2018). Overall, 

researchers suggest that cannabinoid medications containing THC may harm 

cognition, but more research is needed to clarify this in cannabis consumers.  

Altogether, there is growing evidence showing a potential of cannabinoid-

based medicines to treat cannabis-related problems. Research indicates that 1:1 

THC/CBD medications may assist initial cannabis cessation while animal and 

human studies suggest that CBD may ameliorate THC-related cognitive deficits. 

However, research is in the early stages and has mixed findings to date. Of note, 

there is evidence that cannabinoid medications could harm cognition, but there is 

minimal exploration of this effect in cannabis consumers. It is important to examine 
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cannabinoid medications, such as nabiximols, in cannabis consumers given limited 

research in this area and increasing prevalence of cannabis use, combined with 

prominent relapse rates among those who engage in psychotherapy for cannabis 

cessation (Blevins et al., 2018; Gates et al., 2016; Mauro et al., 2018). Therefore, an 

aim of this thesis is to examine the impact of acute nabiximols administration on 

several cognition domains in adult cannabis consumers who have been treated with 

nabiximols for several weeks. If nabiximols can improve cognition in cannabis 

consumers who concurrently use cannabis, then it may empower them to cease 

cannabis use and engage in psychotherapy. If nabiximols does not improve 

cognition, or even worsens cognition, then safety considerations must be made and 

alternative interventions examined.  

Brain Stimulation for Cognitive Intervention 

Brain stimulation methods provide an alternative to medications for the 

treatment of cannabis-related problems. A non-invasive brain stimulation method 

called transcranial direct current stimulation (tDCS) is designed to enhance cortical 

excitation and brain functioning (Nitsche & Paulus, 2000). TDCS involves a 

constant and weak electrical current (~1.0-2.0 milliamperes; mA) that is applied to 

the scalp using electrodes encased in saline-soaked sponges (Bikson et al., 2016). 

TDCS typically involves two electrodes; the anode (positively charged current) and 

cathode (negatively charged) that produce a circuit in which the current enters the 

skull through the anode and exits via the cathode (Thair, Holloway, Newport, & 

Smith, 2017). The anode depolarises cells to make cells more positively charged 

thereby increasing the likelihood of an action potential, which increases brain 

excitability, while the cathode hyperpolarises cells to make them more negatively 

charged and this decreases the chance of an action potential (Nitsche et al., 2008). 
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Electrodes are placed on the scalp according to the brain region of interest, such as 

the DLPFC, to enhance brain processes relevant to the region (Bikson et al., 2016; 

Boggio et al., 2010).  

 Researchers have identified that tDCS is associated with neurobiological 

changes, such as modulation of the inhibitory and excitatory neurotransmitters, 

GABA and glutamate, respectively (Medeiros et al., 2012; Stagg & Nitsche, 2011). 

GABA and glutamate are implicated in cortical neuronal systems and are involved in 

an array of cognitive abilities, from working memory to impulsivity and motor 

control (Schmidt-Wilcke et al., 2017; Stagg, Bachtiar, & Johansen-Berg, 2011). 

These neurotransmitters exert their effects in a variety of ways, such as glutamate 

enhancing n-methyl-D-aspartate (NMDA) receptor activity that improves memory 

function (Stansley & Conn, 2018; Sullivan, 2000). Cognitive abilities rely on a 

balance of prefrontal and hippocampal glutamate and GABA for optimal 

functioning, with too little or too much neurotransmission causing disruption to 

normal brain function that subsequently impairs cognition (Bast, Pezze, & 

McGarrity, 2017). Both GABA and glutamate are associated with cognitive 

dysfunction in a range of presentations, such as old age, schizophrenia, and drug 

misuse (Fitzgerald, Williams, & Daskalakis, 2009; Marenco et al., 2018; Piras et al., 

2019; Uno & Coyle, 2019).  

GABAergic and glutaminergic effects of tDCS can be assessed by various 

methods, from urine sampling to neurophysiological techniques. A commonly used 

neurophysiological method of assessing the temporal effects of tDCS on cortical 

processes is transcranial magnetic stimulation (TMS), which electromagnetically 

stimulates the cortex (Lang, Nitsche, Paulus, Rothwell, & Lemon, 2004). TMS 

consists of a magnetic coil that is placed over the head and elicits a single electric 
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pulse that stimulates neurons in targeted brain areas, such as the primary motor 

cortex (M1; Terao & Ugawa, 2002). Stimulation with a single pulse to the M1 elicits 

action potentials that travel along the corticospinal tract to trigger a motor response 

in the corresponding hand muscle; the strength of this neurotransmission is called a 

motor evoked potential (MEP) and larger MEPs reflect greater excitability within a 

wide area of the cortex (Di Lazzaro et al., 2004; Groppa et al., 2012).  

TMS can be used to assess more specific excitatory and inhibitory neural 

processes via a paired-pulse paradigm that involves two TMS pulses elicited in close 

succession (Van den Bos et al., 2018). GABAergic inhibitory processes are assessed 

when two pulses are applied with a short inter-stimulus interval (ISI) of one to five 

milliseconds; a subthreshold conditioning stimulus (CS) is initiated and then 

followed by a suprathreshold test stimulus (TS; Kujirai et al., 1993; Terao & Ugawa, 

2002). In this paradigm, the subthreshold CS recruits inhibitory GABAergic 

interneurons that subsequently suppress the MEP that was elicited by the TS (Chu, 

Gunraj, & Chen, 2008). Together, the ratio of CS MEPs to TS MEPs is measured 

and this represents cortical inhibitory processes, termed short-interval intracortical 

inhibition (SICI; Kujirai et al., 1993). Cortical inhibition is implicated in 

neuroplasticity, for instance, greater inhibition blocks cortical reorganisation in areas 

such as the motor cortex and is involved in neurodegenerative conditions like 

fibromyalgia (Cardinal et al., 2019; Elahi, Gunraj, & Chen, 2012).  

In contrast to cortical inhibition, when the interstimulus interval in paired-

pulse TMS is lengthened from 1 to 5 ms to between 8 to 30 ms, this contributes to a 

facilitation of MEPs that reflect glutamate-mediated cortical excitability, termed 

intracortical facilitation (ICF; Kujirai et al., 1993). Like short-interval intracortical 

inhibition, intracortical facilitation provides an index of neuroplasticity and 
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researchers have shown that greater intracortical facilitation is associated with 

superior behavioural task performance following intervention (Christova, Rafolt, & 

Gallasch, 2015; Yamaguchi et al., 2020). As such, paired-pulse TMS is a method for 

examining both excitatory and inhibitory brain processes that underlie 

neuroplasticity. 

Many researchers have used TMS to investigate the effects of tDCS on 

cortical inhibition and excitation. Nitsche et al. (2005) applied anodal tDCS (1.0 

mA) and paired-pulse TMS to the M1 in healthy adults and found that tDCS 

significantly reduced M1 inhibition and increased excitation at 10 minutes post-

stimulation. Boros, Poreisz, Munchau, Paulus, and Nitsche (2008) further revealed 

that anodal tDCS (1.0 mA) applied to the premotor cortex for 13 minutes 

significantly reduced M1 inhibition at paired-pulse ISI’s of 2 and 3 ms, which lasted 

up to 30 minutes post-stimulation. However, neither study measured behavioural 

outcomes associated with tDCS. When using a behavioural task, Christova et al. 

(2015) revealed that 20 minutes of anodal tDCS stimulation (1.0 mA) to the M1 

reduced cortical inhibition and increased cortical excitation, and this was associated 

with faster reaction time on a manual dexterity task. Together, these research teams 

demonstrated that tDCS modulates excitatory and inhibitory neurotransmission in 

the motor cortex and this can subsequently enhance behavioural performance.  

In more recent years, brain stimulation methods such as tDCS, TMS, and 

deep brain stimulation, have been used to investigate and treat drug and other 

addiction problems (Salling & Martinez, 2016). Fitzgerald et al. (2009) used paired-

pulse TMS to the M1 to investigate cortical excitation and facilitation in light (one to 

four times a week) and heavy (daily) abstinent cannabis consumers and found that 

both cannabis groups had significantly reduced short-interval intracortical inhibition, 
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but similar intracortical facilitation and psychomotor performance compared to 

control participants. While the authors suggested that cannabis is associated with 

dysregulated inhibitory processes, most likely by GABA modulation caused from 

cannabis-related effects on CB1 receptors, they did not examine cognitive 

performance associated with prefrontal areas or whether brain stimulation can be 

used to improve dysregulation. 

Researchers have turned their attention towards brain stimulation to treat 

neural dysregulation associated with drug craving and withdrawal, but less work has 

examined the cognitive effects of brain stimulation in these populations (Jansen et 

al., 2013; Salling & Martinez, 2016). Nakamura-Palacios et al. (2012) conducted a 

single session of tDCS to the left DLPFC at 1.0 mA for 10 minutes in 49 abstinent 

alcohol-dependent adults to find a significant increase in executive functioning after 

active, but not placebo, stimulation for a group of more severely impaired 

participants (Lesch alcohol typology IV) compared to less impaired participants 

(Lesch I-III typologies). This finding suggested that tDCS may only benefit 

individuals with greater cognitive deficits to begin with. However, it remains unclear 

how tDCS would benefit cognition in cannabis consumers. 

In one of the few studies examining tDCS effects on cognition in cannabis 

consumers, Boggio et al. (2010) conducted a randomised, double-blind study 

involving a single session of active or placebo stimulation to the right DLPFC for 15 

minutes at 2.0 mA during the Risk Task that was performed by control participants 

and abstinent (≥ 24 hours) cannabis consumers. It was found that more low-risk 

options were chosen by controls during active stimulation while cannabis consumers 

chose more low-risk options during placebo stimulation than controls, and this was 

accompanied with reduced cannabis craving. Boggio et al. were unsure why placebo 
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stimulation had this effect on risk taking in cannabis consumers given that cannabis 

is associated with poor decision making and reduced DLPFC activity than non-users 

(Bolla, Eldreth, Matochik, & Cadet, 2005; Whitlow et al., 2004). Boggio et al. 

suggested it may be due to altered neural networks related to cannabis exposure. 

However, Boggio et al.’s results contrasted from later work on individuals with other 

addiction problems. For example, Soyata et al. (2019) examined individuals with 

gambling disorder and found decision making improvements, measured on Iowa 

Gambling Task, following DLPFC stimulation at 2.0 mA for 20 minutes in a triple-

blind, randomised study. Overall, more work is needed to examine tDCS in cannabis 

consumers to gain a stronger understanding of how tDCS may impact cognition in 

individuals who use cannabis.  

While several studies have examined tDCS in substance-using populations, 

more work needs to investigate if tDCS can enhance cognitive abilities in individuals 

who use cannabis. It is relevant to examine this given that tDCS modulates the same 

neurotransmitters that are associated with cannabis use, such as GABA and 

glutamate (Fitzgerald et al., 2009; Mason et al., 2019). An aim of this thesis is to 

examine if a single session of tDCS applied to the DLPFC of cannabis consumers 

and control participants will affect cognitive functioning. The findings from this 

work will assist in validating if tDCS is a viable cognitive intervention for cannabis 

consumers and identify whether larger clinical trials with tDCS are warranted. The 

knowledge will also assist in gaining insight into treatment options for cannabis-

related cognitive deficits, which is important given that there are limited successful 

treatment options for cannabis consumers to date.   
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Role of Metabolomics in Cognitive Functioning  

While cognitive changes to interventions can be assessed with TMS and 

behavioural tasks, biological markers are increasingly being used to provide a 

precise and reliable method of investigation (Aronson, 2005). Biological markers, or 

biomarkers, are quantitative medical signs providing objective indication of a 

medical condition or state (Strimbu & Tavel, 2010). Biomarkers can include 

molecules in the brain or biological fluids that can be used to identify risk and 

diagnosis, as well as monitor disease progression and response after intervention 

(Baril et al., 2018; Sonnen et al., 2008; van der Lee et al., 2018). Due to the useful 

nature of biomarkers, an aim of this thesis is to explore changes in biomarkers 

following brain stimulation. 

Metabolites are small molecule biomarkers that change as part of a general 

metabolic response to stimuli and are implicated in a variety of processes, such as 

cognition (Dettmer, Aronov, & Hammock, 2007). Metabolic profiling, or 

metabolomics, is a type of biomarker investigation referring to the identification of a 

set of end products (i.e., metabolites) from biochemical reactions and are identified 

via a series of steps - sample collection and preparation, metabolome quantification, 

and analysis (Beyoğlu, Zhou, Chen, & Idle, 2018; Dettmer et al., 2007; Jang, Chen, 

& Rabinowitz, 2018). Metabolites can be analysed from a targeted approach, where 

a small number of known metabolites are identified, or an untargeted approach in 

which all possible metabolites are identified (Bujak, Struck-Lewicka, Markuszewski, 

& Kaliszan, 2015). Metabolites can be measured through a number of matrices, such 

as plasma, cerebrospinal fluid or urine, with the latter being less invasive, faster, and 

more cost-effective than other means (Baril et al., 2018; Nicholson, Connelly, 

Lindon, & Holmes, 2002). Moreover, urine is a more reliable method of 
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investigation because most metabolites, even brain-derived metabolites such as N-

acetylaspartate, are more abundant in urine than cerebrospinal fluid or plasma 

(Havelund, Heegaard, Færgeman, & Gramsbergen, 2017). 

Metabolomics can advance understanding of both neurodegenerative and 

neuropsychiatric conditions (Gowda et al., 2008). For example, researchers have 

suggested from a range of matrices that uric acid, creatine, L-glutamine, and N-

acetylaspartate are markers for neurodegenerative conditions, including Parkinson’s 

disease, Alzheimer’s disease, and amyotrophic lateral sclerosis (Kori, Aydın, Unal, 

Arga, & Kazan, 2016). Additionally, Pan et al. (2018) used plasma metabolites and 

was able to differentiate individuals with major depressive disorder from controls 

with reference to GABA, tyramine, dopamine, and kynurenine, which suggests that 

these metabolites are involved in depression pathology and could assist diagnosis. 

Moreover, reductions in kynurenine, a metabolite of the amino acid L-tryptophan, 

has been shown to be related to improvements in attention and long-term 

potentiation, a neural process that underlies memory formation (Kozak et al., 2014; 

Potter et al., 2010). In sum, there are a range of metabolite biomarkers associated 

with neuropsychological functioning and these biomarkers may be used to identify 

pathology. However, little work has been conducted into metabolite changes that are 

associated with brain stimulation. 

While evidence is minimal, several studies on metabolite responses 

associated with brain stimulation have produced interesting findings. Hone-Blanchet, 

Edden, and Fecteau (2016) applied tDCS to the DLPFC of healthy participants for 

30 minutes and quantified neurometabolites following stimulation using magnetic 

resonance spectroscopy, a non-invasive method of analysing small molecules. The 

authors revealed increased prefrontal N-acetylaspartate and striatal glutamate and 
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glutamine levels compared to placebo stimulation, but no effects on GABA, 

suggesting that tDCS produces fast excitatory effects on the brain. In contrast, tDCS 

stimulation to the DLPFC in individuals with gambling disorder resulted in increased 

prefrontal GABA levels but did not change levels of N-acetylaspartate and striatal 

glutamate and glutamine, as assessed with magnetic resonance spectroscopy (Dickler 

et al., 2018). Dickler et al. (2018) also observed a positive correlation between 

GABA and risk taking and impulsivity during active tDCS, which they interpreted as 

indicating that higher risk takers were more likely to respond, on a metabolic level, 

to stimulation. While these studies provided insight into metabolic changes in 

response to tDCS, more research is needed in other populations, such as cannabis 

consumers. This approach will bring greater insight into how tDCS affects 

metabolites that are associated with cognition in cannabis consumers.  

Metabolomic research is a relatively new and exciting field and several 

studies have investigated metabolite profiles in healthy and neuropsychiatric 

conditions, as well as metabolite changes following intervention. However, there has 

been less examination into urinary metabolites following brain stimulation, with no 

studies investigating these effects in cannabis consumers at the time of writing this 

thesis. Investigating metabolites in cannabis consumers is important as it could 

assist, for instance, in predicting treatment benefit and understanding the biological 

mechanisms of treatments. As such, an aim of this thesis is to identify if urinary 

metabolites are altered following brain stimulation in cannabis consumers. 

Thesis Aim and Chapter Outline 

Cannabis is the most popular illicit drug in Australia and the world. Long-

term, regular cannabis use can contribute to poor life outcomes, such as substance 

dependence and cognitive dysfunction. Cannabis can adversely affect cognitive 
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functioning during acute intoxication and these deficits may persist beyond 

intoxication and into abstinence. Cognitive deficits have the potential to impair daily 

living and hinder attempts at cannabis cessation.  

Cognitive outcomes associated with long-term and regular cannabis use are 

poorly understood, which may be due to lack of empirical research, limited control 

of confounding factors, and heterogeneity concerning cannabis use parameters 

including duration, frequency, and dose of cannabis. Understanding cognitive 

outcomes relating to cannabis use is valuable for policy making and legalisation, 

treatment planning for individuals who use cannabis, and educating the greater 

community.  

The aim of this thesis was threefold: 1) to better understand the cognitive 

outcomes of long-term cannabis use; 2) to assess cognitive outcomes following 

cannabinoid (i.e., nabiximols) pharmacotherapy; and 3) to assess cognitive outcomes 

following neuromodulation (i.e., tDCS). The specific research questions of this 

thesis were as follows:  

1. Investigation of the health outcomes associated with long-term, regular, 

and recreational cannabis use during abstinence 

• Do long-term cannabis consumers differ in cognitive health outcomes 

compared to a control group of long-term tobacco-only consumers?  

2. Meta-analysis of the cognitive outcomes associated with long-term, 

regular, and recreational cannabis consumption during abstinence 

• What does an analysis of existing data indicate about the cognitive 

effects of long-term, regular cannabis consumption compared to no or 

minimal cannabis consumption?  
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3. Examination of acute cognitive changes following 28 days of 

cannabinoid medication in treatment-resistant cannabis-dependent 

individuals 

• Does an acute dose of cannabinoid medication (nabiximols) alter 

cognition in cannabis consumers after several weeks of treatment? 

4. Investigation into acute cognitive changes following non-invasive brain 

stimulation in long-term, regular, and recreational cannabis consumers 

and controls 

• Can brain stimulation with tDCS enhance cognition in long-term, 

regular cannabis consumers who are abstinent?  

• Do indices of neuroplasticity, obtained via TMS, change following 

tDCS?  

• Are there changes in the abundance of urinary metabolites, such as 

amino acid metabolites, that are associated with cognition following 

brain stimulation?  

Study one (chapter two) is an original contribution concerning the cognitive 

outcomes of long-term cannabis use compared to tobacco use. Mental and physical 

health were also examined in this study. Study one was designed and partially 

completed in New South Wales by researchers at the University of Sydney and 

additional participants were recruited by the PhD candidate during the Master of 

Psychology (Clinical) at the University of Tasmania. Therefore, the study was 

previously assessed in a thesis at the University of Tasmania in 2016. The study was 

included in the current thesis to form the foundation for the subsequent studies on 

cognition that were conducted. However, the study was extended during the PhD by 
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recruiting more participants (n = 10) and reanalysing the data, which altered the 

interpretation of the results.  

Study two (chapter three) contains a meta-analysis of existing literature 

investigating the relationship between long-term, regular cannabis consumption and 

cognitive functioning. This meta-analysis incorporated literature from cannabis 

consuming populations after at least a mean of 12 hours of abstinence following 

regular (≥ four days a week) and long-term (≥ two years) cannabis consumption.  

Study three (chapter four) evaluates a novel cannabinoid medication used for 

treatment-resistant cannabis-dependent individuals. We compared the cognitive 

functioning of cannabis consumers treated with either nabiximols or placebo at pre- 

and post-dose at day 28 (maintenance medication phase). This study was part of a 

larger outpatient trial conducted in New South Wales by researchers from the 

University of Sydney. Baseline measures of cognitive function were taken but were 

outside the scope of this report. 

In a final pilot study (chapter five) we investigated if a single session of brain 

stimulation with tDCS to the left DLPFC could improve cognitive functioning in 

cannabis consumers, who were required to refrain from cannabis use for at least 24 

hours prior to participating. We also examined if tDCS would alter urinary 

metabolites and indices of neuroplasticity. This pilot study was conducted at the 

University of Tasmania and, unfortunately, was terminated early due to COVID-19. 

The final chapter (chapter six) comprises of a general discussion and 

integration of the results from the above studies to determine if there is a coherent 

profile of cognitive deficits associated with long-term and regular, recreational 

cannabis use that persist beyond intoxication and whether novel interventions are 

associated with changes in cognition.  
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Preface 

This chapter outlines the cognitive, mental, physical health outcomes 

associated with long-term cannabis use once intoxication has passed. Specifically, 

we undertook this study to determine if long-term cannabis use produces different 

health outcomes compared to long-term tobacco use in adults over 40 years of age. If 

long-term tobacco use is associated with a different pattern of adverse health 

outcomes than cannabis, then this would highlight the need for researchers to control 

for tobacco when researching cannabis health outcomes to avoid overestimating the 

adverse effects of cannabis on cognitions. Gaining this information will assist in 

clarifying the mixed outcomes in the literature to date (Question 1). This study 

provides the foundation for this thesis, with a focus on the cognitive aspects of 

cannabis use.  
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Abstract 

Introduction: Cannabis intoxication adversely affects health, yet persistent effects 

following short-term abstinence in long-term cannabis users are unclear. This 

matched-subjects, cross-sectional study compared health outcomes of long-term 

cannabis and long-term tobacco-only users, relative to population norms. 

Methods: Nineteen long-term (mean 32.3 years of use, mean age 55.7 years), 

abstinent (mean 15 hours) cannabis users and 16 long-term tobacco users (mean 37.1 

years of use, mean age 52.9 years), matched for age, educational attainment, and 

lifetime tobacco consumption, were compared on measures of learning and memory, 

response inhibition, information-processing, sustained attention, executive control, 

and mental and physical health.   

Results: Cannabis users exhibited poorer overall learning and delayed recall and 

greater interference and forgetting than tobacco users, and exhibited poorer recall 

than norms. Inhibition and executive control were similar between groups, but 

cannabis users had slower reaction times during information processing and 

sustained attention tasks. Cannabis users had superior health satisfaction and 

psychological, somatic, and general health than tobacco users and had similar mental 

and physical health to norms whilst tobacco users had greater stress, role limitations 

from emotional problems, and poorer health satisfaction.  

Conclusions: Long-term cannabis users may exhibit deficits in some cognitive 

domains despite short-term abstinence and may therefore benefit from interventions 

to improve cognitive performance. Tobacco alone may contribute to adverse mental 

and physical health outcomes, which requires appropriate control in future studies.  

 

Keywords: cannabis; tobacco; cognition; mental health; adult 
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Introduction 

Whilst it is established that acute cannabis intoxication can contribute to 

adverse effects on cognitive functioning and mental and physical health, less is 

known about the health outcomes of long-term cannabis use following short-term 

abstinence (see Battisti et al., 2010; Hall, 2009; Hall & Solowij, 1998). Cannabis use 

has more than doubled in the last 10 years in the United States, with one in 10 users 

subsequently developing cannabis use disorder (Hasin et al., 2015). Given its 

increased use, it is important to gain greater understanding of the effects of long-term 

cannabis use on health (Choo & Emery, 2016). Research into the effects of long-

term cannabis use on cognition provides conflicting evidence. Solowij et al. (2002) 

found in their cross-sectional study that long-term (mean 23.9 years of use) cannabis 

users with a median abstinence of 17 hours exhibited poorer performance on tests of 

learning and memory and attention than short-term users and controls, with moderate 

to large effect sizes (Cohen’s d 0.47 to 1.29). Conversely, meta-analyses have 

demonstrated that long-term cannabis users do not exhibit substantial cognitive 

deficits (Grant, Gonzalez, Carey, Natarajan, & Wolfson, 2003; Schreiner & Dunn, 

2012). Abstinence and dose effects may explain conflicting evidence to date. An 

abstinence effect may occur in which long-term users exhibit cognitive deficits 

following short periods of abstinence (i.e., several hours or days) that reverse 

following several weeks of abstinence (Pope, Gruber, & Yurgelun-Todd, 2001). 

Recent electroencephalography data show a similar process of recovery, moderated 

by age of first cannabis use, in two-week abstinent cannabis users (Allsop & 

Copeland, 2015). A dose-dependent relationship can occur whereby cognitive 

deficits may reverse following abstinence from light (2-14 joints per week) and 
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moderate (18-70 joints per week) but not heavy use (78-117 joints per week; Bolla et 

al., 2002). Abstinence and dose therefore need to be controlled in cannabis research.  

Researchers must also control for substances other than cannabis. It is 

common practice, in Australia, to mix cannabis with tobacco but tobacco may be a 

confound as it is associated with adverse cognitive outcomes, such as memory 

deficits (see Hill, Nilsson, Nyberg, & Bäckman, 2003; Nooyens, van Gelder, & 

Verschuren, 2008; Ott et al., 2004). However, it has both been reported that tobacco 

is not associated with cognitive deficits among cannabis users and that tobacco may 

mask detrimental effects of cannabis on cognition, such as episodic memory (Meier 

et al., 2012; Schuster et al., 2015). Consistent with the former, cross-sectional 

evidence indicated that abstinent cannabis users, but not tobacco-only users or 

controls, had deficits in visual recognition, verbal fluency, and delayed visual recall 

(McHale & Hunt, 2008). Researchers must investigate and account for such potential 

confounding variables to gain an accurate understanding of the impact that long-term 

cannabis use has on health, particularly during short-term abstinence.  

  Cannabis use is also associated with poor mental and physical health. 

Cannabis is related to increased risk of psychological distress, depression, and 

anxiety relative to non-users, however, the nature of the association remains unclear 

due to lack of control of major confounds (Australian Institute of Health and 

Welfare, 2011; Danielsson, Lundin, Allebeck, & Agardh, 2016; Hoch et al., 2015; 

Lev-Ran et al., 2014). Long-term cannabis use is also associated with increased 

respiratory symptoms, myocardial infarction, and greater pulmonary problems than 

tobacco use alone (Mittleman, Lewis, Maclure, Sherwood, & Muller, 2001; Tashkin, 

2010; Tashkin, Baldwin, Sarafian, Dubinett, & Roth, 2002; Tetrault et al., 2007; 

Tzu-Chin, Tashkin, Djahed, & Rose, 1988). Cannabis may produce more harmful 



Chapter 2: Cognitive Outcomes of Long-Term Cannabis Use                                  53 
 

health effects than tobacco because cannabis tar contains carcinogenic agents (e.g., 

benzanthracenes) in higher concentrations than tobacco smoke (Ashton, 2001). It 

therefore appears that both substances are harmful, but cannabis may be more 

deleterious than tobacco. As tobacco alone is also associated with poor physical and 

mental health, it needs to be controlled in studies investigating health outcomes of 

cannabis use.  

The aim of the current study was to compare cognitive functioning and 

mental and physical health between long-term cannabis users, following short-term 

abstinence, to long-term tobacco users and population norms. It was hypothesised 

that long-term cannabis users would have significantly poorer learning and memory, 

sustained attention, information-processing speed, executive control, and response 

inhibition as well as significantly poorer mental and physical health compared to 

chronic tobacco users and, where available, population norms.  

Method 

Participants and Procedure 

Ethical approval was provided by Universities of Sydney and Tasmania 

(#EC00113 and #H0014300). Participants were recruited via social medial and 

adverts in New South Wales and Hobart. Participants were screened by telephone 

(New South Wales) or internet survey (Hobart) prior to a two-hour face-to-face 

interview. Twenty-three non-treatment seeking cannabis users and 20 tobacco-only 

users were recruited. All cannabis users and three tobacco users were tested in New 

South Wales. Data from three tobacco users testing positive for THC, acetaminophen 

(APEP), and opiates, respectively, was excluded; along with four cannabis users 

reporting abstinence under eight hours. One further tobacco smoker was removed 

due to misunderstanding task instructions. The final sample included 19 cannabis 
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users (M = 55.7 years, SD = 8.5) and 16 tobacco users (M = 52.9 years, SD = 7.5; 

Table 1). Inclusion criteria was current daily/near daily (4+ days a week) cannabis 

and tobacco use for 10 years or greater for cannabis and tobacco users, respectively. 

Exclusion criteria was active or unstable mental/physical health condition, current 

use of drugs (other than alcohol, tobacco, and cannabis) more than twice weekly, and 

drug injection more than once a week within the last month.  

 

Table 1 

Demographic and Substance Use Details of Cannabis and Tobacco Users 

                   Group   

 Cannabis 

n = 19 

Tobacco 

n = 16 

g p 

Demographics 

Age (years) 55.7 (8.5) 52.8 (7.7) 0.35 .303 

Male sex, % (n) 68.4 (13.0) 31.3 (5.0) 0.37b .028* 

Education years, M (SD) 14.2 (3.6) 13.7 (3.4) 0.14 .665 

Married, including de facto, % 

(n) 

42.1 (8.0) 68.8 (11.0) 0.35b .236 

Non-Indigenous status, % (n) 100 (19.0) 100 (16.0)   

WTAR std score, M (SD) 111.6 (11.5) 106.2 (10.23) 0.42 .216 

Substance Use History 

Alcohol use per occasion past 

month, standard drinks  

4.4 (4.3) 

range 1.8-18.0 

5.1 (4.0) 

range 1.0-18.0 

0.16 .635 

Alcohol use, days per month (n) 14.1 (13.1) 9.6 (11.0) 0.36 .326 

Tobacco pack yearsc 20.7 (24.8) 22.8 (7.8) 0.11 .725  

Age first used tobacco, years 14.9 (3.9) 15.8 (3.2) 0.22 .521 

Nicotine dependence, Fagerstrom 

score 

0.5 (1.3) 4.6 (2.5) 2.08a <.001*  

Age first used cannabis, years 18.1 (4.5) 17.5 (2.0) 0.15 .621  

Past month cannabis use, days 27.6 (3.9)    
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Table 1 continued…     

                   Group   

 Cannabis 

n = 19 

Tobacco 

n = 16 

g p 

Cannabis severity of dependence 

score 

2.1 (2.5)    

Cannabis abstinence 15.0 h (7.9) 

range 8-36 

23.6 years 

(9.8) 

4.42a <.001* 

Lifetime illicit drug use   

Hallucinogens, % (n)  94.7 (18.0) 6.3 (1.0) 0.89b  <.001* 

Amphetamines, % (n) 78.9 (15.0) 25.0 (4.0) 0.54b .002* 

Cocaine, % (n) 73.7 (14.0) 18.8 (3.0) 0.55b .001* 

Ecstasy, % (n) 68.4 (13.0) 6.3 (1.0) 0.63b <.001* 

Opiates, % (n) 57.9 (11.0) 20.0 (3.0) 0.38b .038* 

Benzodiazepines, % (n) 21.1 (4.0) 37.5 (6.0) 0.28b .454 

Synthetic cannabinoids, % (n) 16.7 (3.0) 0.0 (0.0) 0.29b .230 

SDS ≥ 3 indicates cannabis dependence (Swift, Copeland, & Hall, 1998). Two cannabis users 
had used benzodiazepines and synthetic cannabinoids in the past month; however, their drug 
results were negative. 
a Moderate effect size classified as > 0.50. 
b Cramer’s V effect size for categorical data. 
c Tobacco pack years was calculated with respect to lifetime use, regardless of current tobacco 
status. 
* p < .05. 
 
 
Measures  

Demographics and substance use. Premorbid intelligence was measured 

with the Wechsler Test of Adult Reading (WTAR; Wechsler, 2001). Tobacco pack 

years was measured as the sum of the average quantity of tobacco used daily by 

number of years of use, divided by 20 (Ott et al., 2004). Past month cannabis use 

was assessed using the Timeline follow-back (TLFB; Sobell & Sobell, 1996). 

Cannabis dependence was assessed using past three month Severity of Dependence 

Scale (SDS), using a cut-off of three providing 64% sensitivity and 82% specificity 

for DSM cannabis dependence (Swift et al., 1998). The Discover Multi-Panel urine 
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cup (at the Tasmanian site) and the Triage Drug Tox Screen (New South Wales site) 

assessed recent drug use.  

Verbal learning and memory. The Rey Auditory Verbal Learning Test 

(RAVLT) measured verbal learning and memory. Participants were read a 15-word 

list (List A) followed by free recall. List A was repeated five times (Trial I-V) 

followed by one trial of List B. Participants were asked to recall as many words as 

they could remember from list A immediately after List B (Trial VI) and after a 20-

minute delay (Trial VII). Outcomes included number of correctly recalled words 

from each trial; forgetting (Trial VII-Trial V); interference (Trial VI-Trial V); total 

learning acquisition (sum of words recalled Trials I-V). The original RAVLT form 

was used in Tasmania and NSW participants received three versions; original form 

(Rey, 1964), the Geffen, Butterworth, and Geffen (1994) version, and Form two by 

Majdan, Sziklas, and Jones-Gotman (1996). Forms were counterbalanced and 

provide comparable results to the original (Strauss et al., 2006).  

Mental and physical health. The Short Form-36 (SF-36 v2) is a 36-item 

survey forming eight subscales (physical functioning, role limitation due to physical 

problems, bodily pain, general health, vitality, social functioning, role limitations 

due to emotional problems, mental health) and a mental and physical component 

score (Bowling, Bond, Jenkinson, & Lamping, 1999). Scores were standardised to a 

mean of 50, where higher scores denote superior health (Gan et al., 2013).  

The 21-item Depression, Anxiety, and Stress Scale (DASS 21; Lovibond & 

Lovibond, 1995) measured depression, anxiety, and stress. The World Health 

Organisation Quality of Life- Brief Survey (WHOQOL-BREF) is a 26-item survey 

measuring overall quality of life, health satisfaction, and four domains (physical health, 

psychological, social relationships, and environment; Min et al., 2002). Domain 
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scores were transformed to a 0-100 scale. The Physical Health Questionnaire (PHQ) 

is a 14-item survey measuring somatic symptoms (Schat, Kelloway, & Desmarais, 

2005).  

Cognitive assessment. PenscreenSix software (version 1.6; Cameron, 

Sinclair, & Tiplady, 2001; Tiplady, Baird, Lütcke, Drummond, & Wright, 2005) on 

an Android 7ʺ tablet assessed four cognitive domains. Information processing speed 

was assessed with the Symbol Digit Substitution Task (Cameron et al., 2001; Mattila 

& Mattila-Evenden, 1997). Symbols were located at a central fixation point, along 

with a reference key displaying each symbol corresponding to a digit (0-9). Symbols 

were presented sequentially and participants responded by tapping the corresponding 

the digit associated with that symbol. Mean response time for correct responses and 

accuracy (out of 87 trials) were recorded.  

Response inhibition was assessed with the Stop Signal Task  (Logan, 

Schachar, & Tannock, 1997). Following 500 ms presentation of a central fixation 

point, participants pressed a left or right square as fast as possible when ‘X’ or ‘O’ 

(go signal), respectively, was presented centrally. Stop-signal trials, requiring 

withholding of response consisted of a stimulus (X) that initially occurred 250 ms 

following letter onset (termed stop-signal delay). Stop signal delay increased 50 ms 

following failure to inhibit and decreased by 50 ms following correct inhibition. 

There were 48 trials (25% stop-signal). Mean reaction time for correct responses, 

number of incorrect responses, and stop signal response time was recorded. Stop 

signal response time was estimated by subtracting SSD from average go signal 

response time (Aron & Poldrack, 2006). 

 Sustained attention was assessed with Rapid Visual Information Processing  

(Bakan, 1959; Wesnes & Warburton, 1984). Single digits were located at a fixation 
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point with a 600 ms inter-stimulus interval and participants responded when three 

even or odd digits appeared sequentially. This task consisted of 300 stimuli and 24 

targets. Average RT for correct responses, number of correct responses, and false 

positive responses were recorded.    

 Executive control was assessed with Arrow flankers (Eriksen & Eriksen, 

1974). Stimuli consisted of five arrows with a central target arrow pointing left or right 

flanked on both side either by two squares (neutral), two arrows pointing in the same 

direction (congruent), or opposite direction (incongruent). Participants responded to the 

direction of the central arrow. Stimuli remained on screen until participants responded or 

1000 ms had elapsed. Congruent, neutral, and incongruent trials each comprised 30% of 

80 total trials. On 10% trials a No Go trial occurred, where suppressor flankers (‘X’) 

indicated to withhold a response. Outcome measures were the number of errors and the 

mean RT to congruent, neutral, and incongruent tasks and the number of false alarms on 

No Go trials. 

Design and Statistical Analysis 

 Participants were matched for age, education years, and tobacco pack years. 

Outcomes were assessed using analysis of variance (ANOVA). Categorical data was 

analysed with Chi-square tests, with Pearson correlation used to assess associations 

(Appendix A). Mean RT and errors on Arrow flankers were analysed with two 

separate 2 [Group: cannabis, tobacco] x 3 [Condition: congruent, neutral, 

incongruent] mixed ANOVAs. Greenhouse-Geisser and Welch corrections corrected 

for violated assumptions. Hedge’s g and partial eta squared (ηp
2) are reported as 

measures of effect size, with g = 0.50 interpreted as medium and ≥ 0.80 as a large 

magnitude effect. Analyses of covariance (ANCOVA) was performed with 

premorbid IQ, sex, and tobacco pack years. Unadjusted descriptive statistics are 
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reported because controlling for covariates were consistent with results of 

uncontrolled analyses. Four extreme outliers were removed from cognitive data 

where performance was lower than 70% accuracy, with no greater than 5.7% of data 

removed per outcome. We re-analysed data following listwise deletion of data from 

seven participants; three cannabis users and one tobacco user whose drug results 

were missing and three cannabis users who tested drug positive to identify if group 

differences were due to other substance use. The second analyses provided 

comparable results with similar interpretations (Appendix A). Nonparametric Mann-

Whitney U tests were conducted to identify if violated assumptions biased results. 

These revealed similar results, except for WHOQOL-BREF psychological health and 

SF-36 physical functioning. Non-parametric results are reported for those two 

measures. 

Results 

Demographic Variables 

Groups were similar on measures of premorbid intelligence, education, age of 

tobacco initiation and tobacco pack years (Table 1). Cannabis users had used 

cannabis for 32.3 (SD = 9.1) years, had used 6.7 (SD = 6.5) cones/joints per day for 

6.4 days a week (SD = 1.0), and had consumed a weekly cannabis weight of 9.0 g 

(SD = 7.5) and a weekly tobacco weight of 21.7 g (SD = 42.8). More cannabis users 

reported using cannabis only (n = 12), than mixing cannabis with tobacco and 

tobacco separately (n = 4) and mixing cannabis with tobacco but not using tobacco 

separately (n = 3). Five cannabis users were current tobacco users and 12 were 

former tobacco users. The tobacco-only group had used tobacco for 37.1 years (SD = 

7.8) and had smoked at their current level for 33.8 years (SD = 9.4). Of those who 

had ever used alcohol, 14 cannabis and tobacco users reported past month use. Of 
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those reporting lifetime use of other illicit drugs, 40.0% (2 of 5) and 50% (2 of 4) of 

cannabis users reported past month use of benzodiazepines and synthetic 

cannabinoids, respectively. Participants reported no other past month illicit drug use. 

Learning and Memory  

Cannabis users recalled significantly fewer words than tobacco users on 

Trials II-IV, B and VII, with a moderate magnitude effect on Trial VI in the same 

direction (Table 2). Cannabis users had significantly lower total learning acquisition 

(g = 1.08). While nonsignificant, there were moderate magnitude impairments on 

Trials I and V (g = 0.47 and 0.48), interference (g = 0.36), and forgetting (g = 0.60).  

Trial I performance and daily standard cannabis units (SCU) were strongly 

inversely related (r = -.53), indicating that poorer immediate recall is associated with 

greater cannabis use quantity. There were no other correlations between other 

RAVLT measures and indices of cannabis consumption.  

Cannabis users systematically performed more poorly than published norms 

on RAVLT measures, but this only met statistical significance for Trials II-III, B, 

and delayed recall (VII; all g > 0.50). Tobacco users scored similarly to norms on all 

trials except for greater recall on Trial IV and total learning.  
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Table 2  

Comparisons on Word Recall between Cannabis Users, Tobacco Users, and Population Norms on RAVLT Measures 

 Group M (SD) Cannabis 

vs Tobacco 

Cannabis vs 

Tobaccod 

Cannabis 

vs Norms 

Tobacco 

vs Norms 

Trial  

 

Cannabis 

n = 19 

Tobacco 

n = 16 

Normsᵃ 

n = 161 

g p g p g p g p 

Ib  5.5 (2.7) 6.7 (2.0) 6.2 (1.6) 0.47 .168 0.33 .907 0.38 .291 0.30 .472 

II 7.1 (2.2) 9.8 (2.0) 9.0 (1.9) 1.24c .001* 1.01c .006* 0.98c  .001* 0.39 .135 

III 9.5 (1.8) 11.2 (1.5) 10.5 (1.9) 1.00c .005* 0.83c .011* 0.54c  .026* 0.37 .161 

IV 10.6 (1.7) 12.4 (3.0) 11.4 (1.9) 0.96c .007* 0.98c .008* 0.41 .094 0.51c  .050* 

V 11.2 (1.9) 12.2 (2.0) 12.1 (2.1) 0.48 .159 0.48 .174 0.42 .081 0.04 .870 

Total learning, Σ I -V 44.0 (7.4) 52.7 (7.6) 47.6 (8.1) 1.08c  .003* 0.99c    .008* 0.45 .063 0.62c  .018* 

Interference, trial VI 

minus V 

-2.4 (1.4) -1.8 (2.0) -  0.36 .301 0.17 .621 - - - - 

Distractor list, B  4.5 (1.7) 6.4 (1.1) 5.7 (2.2) 1.34c <.001* 1.13c  .003* 0.57c  .020* 0.35 .186 

Postdistractor trial, V1 8.8 (2.1)  10.4 (3.3) 9.9 (2.8) 0.58c  .092 0.44 .212 0.39 .112 0.19 .470 

Delayed recall, VII 8.2 (2.9) 10.6 (3.4) 9.9 (3.2) 0.73c  .034* 0.67c  .062 0.53c  .029* 0.20 .435 

Forgetting, trial VII 

minus V 

-3.0 (2.3) -1.6 (2.2) -  0.60c  .080 0.50c  .160 - - - - 

Unadjusted means (M) and standard deviations (SD) are provided. 
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ᵃ Norms obtained from Schmidt (1996) as cited in Strauss et al. (2006), age range 50-59 years. 
b Trials I to V, B, VI, and VII are measured as number of words recalled. 
c Moderate effect size classified as > 0.50. 
d Adjusted for premorbid IQ, gender, and tobacco pack years.  
* p < .05.
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Symbol Digit Substitution Task  

Cannabis users had poorer performance overall, with significantly slower RT 

(g = 0.87) and non-significant but moderate magnitude increased errors (g = 0.48). 

There were no significant correlations between task performance and cannabis use 

measures.  

Stop Signal Task 

Groups performed similarly for RT and errors (Table 3). While non-

significant, there was a moderate magnitude effect for stop signal response time (g = 

0.61) indicating that cannabis users were slower than tobacco users. There were 

significant strong correlations between years of cannabis use and RT (r = .55) and 

stop signal response time (r = .58), indicating that slower stop signal response time 

was associated with greater years of cannabis use.  

Rapid Visual Information Processing 

While there were no group differences in false positive rates, cannabis users 

had significantly slower RT (g = 0.74). There were no significant correlations 

between task performance and any measure of cannabis use.  

Arrow Flankers 

There was a significant main effect of Condition on flanker RT (ηp
2 = 0.35) 

such that RT was slower for incongruent than congruent and neutral conditions. 

There were no group effects or interactions on RT and no correlations with cannabis 

measures. Cannabis users had slower RT on neutral stimuli (g > 0.60). No main 

effects or interactions were apparent for errors. The number of false positive 

responses to No Go trials were similar between groups. There was a strong and 

negative significant (r = -.52) correlation between errors in the incongruent condition 
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and abstinence, indicating increased length of abstinence is associated with a 

decrease in errors.  
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Table 3 

Computerised Cognitive Task Performance of Cannabis and Tobacco Users 

Measure Cannabis 

M (SD) 

Tobacco 

M (SD) 

Cannabis vs Tobacco Cannabis vs Tobacco  

ANCOVAb  

   g p g p 

Symbol Digit Substitution Test   

RT for correct responses (ms) 1825.0 (252.6) 1600.0 (250.3) 0.87a .014* 0.90a .016* 

Number Incorrect (n) 1.37 (1.9) 0.63 (0.89) 0.48 .139  0.46 .055 

Stop Signal Task  

RT to Correct Responses (ms) 709.1 (125.7) 774.8 (145.8) 0.11 .744 0.15 .661 

Mean Stop Signal Response time, 

(ms) 

375.6 (58.0) 

 

336.6 (68.2) 

 

0.61a  .076 0.34 .053 

Number Incorrect (n) 0.67 (0.97) 0.56 (1.03) 0.11 .763 0.34 .352 

Rapid Visual Information Processing  

RT for correct responses (ms) 567.9 (56.9) 526.9 (51.8) 0.74a .038* 0.88a  .021* 

False positives (n) 4.94 (10.4) 4.81 (5.6) 0.02 .965 0.14 .694 

Flankers No Go  

No Go false positives (n) 1.67 (1.1) 2.44 (2.3) 0.43 .226 0.53a  .146 

Flankers Reaction Time (ms) 
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Table 3 continued…     

Measure Cannabis 

M (SD) 

Tobacco 

M (SD) 

Cannabis vs Tobacco Cannabis vs Tobacco  

ANCOVAb  

   g p g p 

Congruent 739.6 (120.9) 679.6 (107.5) 0.51a .134 0.42 .235 

Neutral 766.1 (128.3) 678.5 (143.2) 0.63a  .065 0.71a .051 

Incongruent 821.0 (117.5) 804.6 (199.2) 0.10 .764 0.07 .874 

Flankers Errors (n) 

Congruent 0.94 (1.7)  0.27 (0.8) 0.48 .108 0.51a  .157 

Neutral 0.89 (1.0) 0.53 (1.3) 0.30 .256 0.30 .391 

Incongruent 1.28 (1.1) 1.00 (1.8) 0.19 .583 0.04 .905 

Unadjusted means (M) and standard deviations (SD) are provided. 
* p < .05. 
a Moderate effect size > 0.50. 
b Adjusted for premorbid IQ, gender, and tobacco pack years.
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Depression, Anxiety, and Stress Scale 21 (DASS 21)  

Groups scored similarly on depression, anxiety, and stress (Table 4). There 

were significant, strong correlations between frequency of cannabis use and both 

depression (r =.69) and stress (r =.61). There were no other significant relationships 

between cannabis use measures and DASS 21 scales. Depression, anxiety, and stress 

were similar for cannabis users and norms whilst stress for tobacco users (g = 0.57) 

was significantly greater than norms.  

Short Form 36  

Cannabis users had moderately fewer role limitations due to emotional 

problems than tobacco users (g = 0.53; although this effect reduced following 

covariate control, g = 0.37; Table 4). Tobacco smokers had significantly poorer 

general health than cannabis users (g = 0.72). Non-parametric tests indicated that 

tobacco users had significantly poorer physical functioning (p = .017) than cannabis 

users. No additional significant or moderate magnitude differences were found 

between groups. Groups scored similarly to norms on all SF-36 measures, except 

tobacco users had significantly greater role limitations due to emotional problems (g 

= 0.74). There were no significant correlations between SF-36 measures and 

cannabis use variables.   

World Health Organisation Quality of Life – Brief Survey (WHOQOL-BREF)  

Cannabis users had significantly greater health satisfaction and psychological 

health than tobacco users (g > 0.50; Table 4). Non-parametric results failed to 

identify a statistical significance between groups for psychological health. No other 

significant or moderate magnitude differences were found between groups on 

remaining measures. Cannabis frequency had a significant, strong negative 

correlation with physical and psychological health (r = -.51 and r = -.59, 
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respectively). A significant, strong correlation was apparent between standard 

cannabis units consumed and satisfaction with health (r = .57). There were no 

additional significant correlations with cannabis measures.  

Cannabis users performed similar to norms (all g < 0.17) on all measures 

except for having poorer social functioning (g = 0.48). Tobacco users had 

significantly poorer satisfaction with health (g = 0.81), psychological health (g = 

0.74), and social functioning than norms (g = 0.61).  

Physical Health Questionnaire  

Tobacco users had significantly poorer somatic health than cannabis users (g 

= 1.68). The Physical Health Questionnaire had a significant and strong inverse 

relationship with cannabis use frequency (r = -.54) but no other relationships with 

cannabis measures. 
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Table 4 

Mental and Physical Health Results for Cannabis Users, Tobacco Users, and Population Norms 

                          Group 

 

Cannabis vs 

Tobacco 

Cannabis vs 

Tobacco †† 

Cannabis vs 

Norms 

Tobacco vs 

Norms 

 Cannabis 

M (SD) 

Tobacco 

M (SD) 

Norms 

M (SD) 
g p g p g p g p 

Depression, Anxiety, and Stress Scale 21           

Depression 2.8 (3.5) 3.8 (4.0) 2.6 (3.9) 0.29 .427 0.17 .623 0.06 .807 0.32 .207 

Anxiety 2.3 (2.6) 2.6 (2.5) 1.7 (2.8) 0.12 .732 0.11 .761 0.19 .423 0.30 .245 

Stress 4.4 (3.9) 6.2 (3.2) 4.0 (4.2) 0.48 .155 0.48 .180 0.10 .664 0.57† .040* 

Short Form 36            

Physical functioning 52.1 (7.2) 49.0 (7.0) 50.6 (9.2) 0.43 .204 0.46 .195 0.17 .309 0.17 .493 

Role limitations due to 

physical problems 

50.0 (10.3) 49.4 (7.0) 

 

50.8 (9.9) 0.18 .602 0.24 .503 0.35 .802 0.14 .632 

Bodily pain 49.8 (9.9) 50.3 (9.5) 52.2 (8.9) 0.05 .881 0.20 .575 0.27 .245 0.06 .399 

General health 52.3 (10.0) 45.6 (8.0) 50.5 (10.4) 0.72† .038* 0.84† .021* 0.18 .446 0.47 .062 

Vitality 53.3 (8.9) 49.0 (8.8) 51.4 (10.4) 0.47 .162 0.26 .454 0.18 .439 0.24 .349 

Social functioning 51.1 (7.4) 49.1 (9.8) 50.8 (9.7) 0.23 .497 0.29 .410 0.03 .908 0.18 .479 

Role limitations due to 

emotional problems 

50.4 (8.1) 45.9 (8.4) 52.0 (8.2) 0.53† .121 0.37 .297 0.20 .397 0.74† .003* 
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Table 4 continued…      

 Group 

 

Cannabis vs 

Tobacco 

Cannabis vs 

Tobacco †† 

Cannabis vs 

Norms 

Tobacco vs 

Norms 

 Cannabis 

M (SD) 

Tobacco 

M (SD) 

Norms 

M (SD) 

g p g p g p g p 

Mental health 53.5 (6.0) 49.8 (10.8) 53.2 (9.6) 0.42 .211 0.34 .333 0.04 .876 0.35 .170 

Physical component score 51.0 (9.1) 49.0 (8.6) 50.3 (9.7) 0.23 .506 0.22 .534 0.08 .774 0.13 .593 

Mental component score 52.3 (5.7) 48.5 (12.9) 52.9 (10.2) 0.38 .291 0.27 .445 0.06 .794 0.43 .086 

Brief Version of the World Health Organisation Quality of Life         

Overall quality of life 4.4 (0.7) 4.3 (0.6) 4.3 (0.8) 0.17 .627 0.18 .611 0.15 .522 0.01 .961 

Satisfaction with Health 3.7 (1.2) 2.9 (1.0) 3.6 (0.9) 0.79† .023* 0.75† .041* 0.15 .515 0.80† .002* 

Physical health 77.3 (17.4) 75.2 (12.3) 80.0 (17.1) 0.13 .696 0.19 .622 0.16 .495 0.28 .269 

Psychological health 71.8 (8.9) 62.0 (17.0) 72.6 (14.2) 0.73† .049* 0.54† .133 0.06 .813 0.74† .004* 

Social relationships 63.2 (27.3) 60.9 (20.6) 72.2 (18.5) 0.09 .790 0.19 .594 0.48 .044* 0.61† .018* 

Environment 77.3 (12.4) 72.0 (19.5) 74.8 (13.7) 0.32 .349 0.37 .303 0.18 .415 0.20 .457 

Physical Health Questionnaire 85.4 (8.5) 68.1 (11.6) - 1.68† <.001* 1.40† <.001* - - - - 

Unadjusted means (M) and standard deviations (SD) are provided. 
Norms from Murphy, Herrman, Hawthorne, Pinzone, and Evert (2000), Crawford, Cayley, Lovibond, Wilson, and Hartley (2011) and Hawthorne (2006). DASS 21, 
N = 497, SF-36 N = 3013-15, WHOQOL-BREF, N = 369. 
Higher scores on DASS 21 denote poorer mental health; higher scores on the SF-36, PHQ, and WHOQOL-BREF denote superior functioning. 
* p < .05. 
† Moderate effect size > 0.05.  †† Adjusted for premorbid IQ, gender, and tobacco pack years.
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Discussion 

Cognitive Outcomes  

Consistent with our hypothesis, cannabis users had poorer learning and 

memory than tobacco users, suggesting an effect of long-term cannabis use on 

memory despite short-term abstinence. Cannabis users were slower to learn and 

experienced poorer memory retention, as indicated by poorer performance on 

intermediate RAVLT trials. Cannabis may have contributed to memory deficits due 

to partial agonistic effects of THC (the primary psychoactive component of 

cannabis) on CB1 receptors, that are highly concentrated in the hippocampus, which 

can subsequently block mechanisms necessary for learning and memory, i.e. long 

term potentiation (Battisti et al., 2010; Hoffman, Oz, Yang, Lichtman, & Lupica, 

2007; Kawamura et al., 2006). Other evidence suggests that THC has full agonistic 

effects on CB1 receptors which impairs memory by inhibiting gamma-aminobutyric 

acid transmission in the hippocampus (Laaris, Good, & Lupica, 2010; Tsou, Mackie, 

Sanudo-Pena, & Walker, 1999). The results are similar to past findings which 

indicate long-term cannabis use may impair learning and memory, even following 

short-term abstinence, and is consistent with models that assert cognitive deficits are 

implicated in ongoing drug use (Broyd et al., 2013; Goldstein & Volkow, 2011; 

Solowij et al., 2002). As cognitive deficits may contribute to poorer everyday 

functioning, ongoing drug use, and relapse following drug cessation (Goldstein & 

Volkow, 2011; Volkow, Fowler, Wang, & Goldstein, 2002), long-term cannabis 

users may benefit from memory interventions.    

Contrary to our hypothesis, sustained attention, inhibition, and executive 

control were similar between groups. Cannabis users in our study used 

approximately six to seven cones per day nearly seven days per week, which is a 
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“medium” dose size according to the criteria of Bolla et al. (2002) whom found users 

of that dose did not exhibit cognitive deficits. This suggests that short-term 

abstinence in long-term, moderate cannabis users may not result in impairments in 

executive functioning. However, cannabis users had slower responses during 

processing speed, inhibitory, and sustained attention tasks. The finding of reduced 

RT but equivalent behavioural performance may reflect neuroadaptation/tolerance in 

response to long-term cannabis use (Kanayama, Rogowska, Pope, Gruber, & 

Yurgelun-Todd, 2004; Struve et al., 1999). That is, engaging in an ineffective neural 

processing strategy that maintains accuracy at the cost of speed. This finding is 

consistent with previous results indicating that behavioural performance is 

maintained at the cost of another process (Jager, Block, Luijten, & Ramsey, 2010; 

Kanayama et al., 2004; Nicholls, Bruno, & Matthews, 2015). This suggests that even 

during short-term abstinence, long-term cannabis use may affect tasks requiring 

speedy behavioural responses, such as driving, and necessitates the provision of 

education to long-term cannabis users regarding consequences of cannabis to 

enhance safety. 

Mental and Physical Health of Cannabis and Tobacco Users  

Contrary to expectations, cannabis users exhibited superior mental and 

physical health on some measures than tobacco users and norms. It is likely that 

physical and mental health differences between groups are attributable to tobacco as 

only five of the 19 cannabis users self-reported being current tobacco users. 

Epidemiological research has confirmed that tobacco is more strongly associated 

with poorer mental health than cannabis (Degenhardt, Hall, & Lynskey, 2001). 

Cross-sectional studies also indicate that tobacco is substantially harmful to health 

(Castro, Matsuo, & Nunes, 2010; Laaksonen, Rahkonen, Martikainen, Karvonen, & 
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Lahelma, 2006; Mano-Otagiri, Iwasaki-Sekino, Ohata, Arai, & Shibasaki, 2009; 

Moreira et al., 2013). Our results suggest that long-term tobacco use, alone, may be 

associated with poor mental and physical health. 

Limitations  

This study had a number of limitations. The small sample may have reduced 

the ability to detect differences in performance; however, measures of effect were 

interpreted in consideration of potential statistical power issues. In addition, we did 

not recruit a drug-naïve control group, which limits the ability to draw conclusions 

between cannabis users and non-drug users, however; norms were used to overcome 

this limitation. Whilst the use of self-report measures to assess substance use may be 

problematic as it relies on memory, evidence indicates that self-reporting is relatively 

reliable with little loss of accuracy over time (Del Boca & Darkes, 2003; Robinson, 

Sobell, Sobell, & Leo, 2014). We did not quantify cannabis withdrawal, however, 

the current results are unlikely due to withdrawal as cannabis users tested THC 

positive and had a short abstinence period. Onset of physical and psychological 

withdrawal symptoms range from one to ten days following cannabis cessation and 

typically peak at day three of abstinence (Allsop et al., 2014; Bonnet, Borda, 

Scherbaum, & Specka, 2015; Copersino et al., 2006). Altogether, it is likely that 

intoxication had passed but withdrawal had not begun when cannabis users 

underwent testing. Additionally, some participants reported past use of other 

substances, however, this was minimal in the month prior to testing and exclusion 

criteria were used to screen out regular users of other drugs.  

Conclusion  

Overall, the results suggest that long-term cannabis use is associated with 

deficits in reaction time and learning and memory processes but not attention, 
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inhibition, executive control, and information processing during short-term 

abstinence. Lack of differences between groups on some tasks suggests long-term 

cannabis use may not harm such domains, that tolerance may develop, or that 

impairments reverse following short-term abstinence, however, further research with 

larger sample sizes and control of confounds is needed to delineate stronger 

conclusions. That tobacco users exhibited poorer mental and physical health on some 

measures necessitates that researchers control for confounding factors in future 

studies. Our results suggest that individuals who have used cannabis long-term may 

benefit from mnemonic training to assist any learning and memory difficulties. Our 

results suggest that short-term abstinence in long-term cannabis use is associated 

with impairments in some areas of cognition that may affect everyday tasks, such as 

driving and remembering information, whilst long-term tobacco use may distinctly 

contribute to mental and physical health detriments. 

Role of Funding Source 

This study was partly funded by a Mental Health and Drug and Alcohol 

Office (MHDAO) research grant, NSW Government, Australia. The funding source 

had no input into the study design, collection, analysis, or interpretation of data, 

writing of the manuscript, and the decision to submit the manuscript for publication. 
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Preface 

The first study of this thesis revealed that long-term, regular cannabis use 

was associated with deficits in several areas of cognitive functioning after 

intoxication has passed. Cognitive domains that were impaired included learning, 

delayed recall, and memory interference and reaction time for information 

processing and sustained attention tasks. While these findings add valuable 

knowledge to the cannabis literature, they raise further questions about which 

cognitive domains are commonly affected by cannabis use once intoxication has 

passed. When reviewing literature for the first study, it was noted that an updated 

meta-analysis on the topic was needed. There were several meta-analyses concerning 

broad cognitive domains dating back to 2003 and 2012, but these were outdated and 

did not account for discrete cognitive domains such as decision making. While more 

recent meta-analyses on the topic did not account for the influence of cannabis use 

parameters, such as cannabis use frequency and duration, on cognitive outcomes. 

The aim of this meta-analysis was, therefore, was to provide an updated quantitative 

analysis of the impact of long-term cannabis consumption on a range of cognitive 

abilities to provide clarity into what cognitive domains are typically found to be 

adversely affected by cannabis (question 2). The work also filled a gap in the 

literature in that decision making was assessed as a standalone domain, which had 

not previously been treated as a unique cognitive ability in meta-analyses on 

cannabis and cognition.  
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Abstract 

Despite research advances, it remains unclear if long-term, regular cannabis use 

harms cognition once intoxication has passed. Our meta-analysis aimed to 

investigate the association between cognitive functioning and long-term (mean ≥ two 

years), regular (mean ≥ four days/week), recreational cannabis use in adults during 

abstinence (mean ≥ 12 hours). We searched PubMed, PsycINFO, CINAHL, Scopus, 

and Dissertations and Theses International for English-language articles from the 

date each database began until May 22, 2019. We identified study inclusion by 

completing abstract and full text screening using predetermined criteria and 

Preferred Reporting Items for Systematic Review and Meta-Analysis guidelines. We 

classified cognitive performance into six cognitive domains (attention, executive 

function, learning and memory, decision making, information processing, and 

working memory), and included a global measure. Effect sizes were calculated for 

each domain using univariate meta-analyses. There were 30 studies with a total 849 

participants who used cannabis (M = 30.7 years old, SD = 5.5 years old) and 764 

control participants (M = 30.3 years old, SD = 5.9 years old). Cannabis was 

associated with significant but small-magnitude deficits in executive function, 

learning and memory, and global cognition, while decision making had moderate 

deficits. There were small-magnitude and nonsignificant group differences for 

information processing, working memory, and attention. Cannabis use duration, age 

of onset, and prolonged abstinence (≥ 25 days) did not influence outcomes, except 

group differences in executive function were nonsignificant in analyses of prolonged 

abstinence. Our results suggest that long-term, regular cannabis use is associated 

with small to moderate deficits in some cognitive domains. 

Keywords: cannabis, cognition, residual effects, adult, meta-analysis 
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Introduction  

Despite much research, the question remains open as to whether long-term, 

regular cannabis use is associated with cognitive deficits once intoxication has 

passed. Cannabis is one of the most commonly used illicit substances, with 192 

million consumers worldwide (United Nations Office on Drugs and Crime, 2018). 

There has been a significant rise in daily cannabis consumption in adults over 18 

years old in the United States between 2016 to 2017, which is problematic as regular 

cannabis use has greater risk of progression to cannabis use disorder and is 

associated with failed quit attempts, short-lived abstinence, and prolonged substance 

use (Arterberry, Treloar Padovano, Foster, Zucker, & Hicks, 2019; Budney et al., 

2019; Centre for Behavioral Health Statistics & Quality, 2018). It is important to 

understand how long-term, regular cannabis use affects health given the popularity 

of cannabis use and associated risks of dependence, alongside recent cannabis 

legalisation in some countries. Cannabis intoxication is associated with a range of 

adverse health outcomes from poor respiratory function (Hall & Degenhardt, 2009; 

Tashkin, 2010) to psychological problems (e.g., anxiety and psychosis; Crippa et al., 

2009; Vadhan, Corcoran, Bedi, Keilp, & Haney, 2017) and cognitive deficits (e.g., 

memory and executive function; Hall & Solowij, 1998; Morgan, Freeman, Powell, & 

Curran, 2016; Ramaekers et al., 2016). Cognitive deficits in decision making, 

reaction time (RT), and divided attention that are associated with intoxication can 

contribute to problems in everyday activities, such as planning and motor vehicle 

driving (Broyd et al., 2016; Crean et al., 2011; Hartman & Huestis, 2013; Volkow, 

Baler, Compton, & Weiss, 2014). Overall, there is well-documented evidence of 

cognitive deficits associated with cannabis intoxication, which may adversely affect 
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day-to-day living. However, evidence is less clear regarding cognitive deficits 

associated with long-term cannabis use once intoxication has passed. 

Researchers have found that long-term cannabis consumers, when tested 

during abstinence, exhibit cognitive problems in decision making (mean 12 hours 

abstinent; Wesley, Hanlon, & Porrino, 2011), verbal memory and attention (≥ 36 

hours abstinent; Messinis et al., 2006), as well as inhibitory control (mean 13 hours 

abstinent; Battisti et al., 2010). Other researchers have concluded from cross-

sectional and twin data that long-term cannabis use is not associated with substantial 

deficits in areas of executive functioning (mean 15 hours abstinent; Lovell et al., 

2018) or attention (≥ one year abstinent; Lyons et al., 2004). In a study of controlled 

abstinence, Pope et al. (2001) revealed that residual deficits in learning and memory 

at zero to seven days of abstinence had reversed after 28 days of abstinence. 

However, greater cognitive detriments may occur with cannabis use parameters such 

as long-term and frequent use, early age of onset, and cannabis that contains higher 

concentrations of its key psychoactive component, THC (Bolla et al., 2002; Messinis 

et al., 2006; Pope et al., 2003; Yücel et al., 2016).  

Meta-analyses suggest limited influence of long-term cannabis use on 

cognition, however, studies lack consistent reporting on cannabis use parameters. 

Grant et al. (2003) analysed 11 studies with participants reporting long-term 

cannabis use who were abstinent (approximately 17 to ≥ 1,008 hours) during 

cognitive testing and found small but significantly poorer learning and forgetting 

(Cohen’s d of -0.24 and -0.27, respectively) but similar performance in other 

cognitive domains (d ranging from -0.009 to -0.28) compared with control 

participants. However, meta-analytic results have suggested that length of cannabis 

abstinence influences cognitive outcomes, such that cannabis was associated with 
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memory deficits that were less substantial after 10 days of abstinence (Blest-Hopley, 

Giampietro, & Bhattacharyya, 2019; Schoeler, Kambeitz, Behlke, Murray, & 

Bhattacharyya, 2016). Similarly, Scott et al. (2018) meta-analytically examined 

cognition in cannabis abstinent (zero to 672 hours) adolescents and young adults and 

reported small effects (d ranging from -0.33 to -0.02), which were larger for studies 

with shorter (≤ 72 hours) than longer abstinence (> 72 hours). Scott et al. (2018) 

interpreted the results as indicating questionable clinical significance, with any 

impairments after short term abstinence likely attributable to residual drug effects 

(Scott et al., 2018). Schreiner and Dunn (2012) also found that cannabis consumers 

with any abstinence period exhibited a small (g = -0.29) and significant deficit in 

global cognition compared to controls but found a smaller and nonsignificant (g = -

0.12) difference when only 13 studies with prolonged abstinence (≥ 25 days) were 

analysed. However, a limitation in previous meta-analyses was variability in 

cannabis use frequency across studies (e.g., once per week to daily use) and some 

studies not reporting duration of cannabis use. Variability in cannabis frequency and 

duration can contribute to differential effects on cognitive functioning (Broyd et al., 

2016; Coulston, Perdices, & Tennant, 2007; Harvey, Sellman, Porter, & Frampton, 

2007; Solowij, Michie, & Fox, 1995). Despite the influence of cannabis use 

parameters on cognition, there have been few quantitative reviews addressing the 

relationship between long-term and regular cannabis use and cognitive functioning.  

  Our aim was to provide an updated quantitative review of the cognitive 

outcomes associated with long-term, regular, recreational cannabis use following a 

period of abstinence (≥ 12 hours). Our focus was on participants engaged in 

daily/near-daily (defined as four or more days per week) and long-term (two or more 

years) cannabis use. Such a frequency is similar to previous work (e.g., Hirst, 
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Young, Sodos, Wickham, & Earleywine, 2016; Solowij et al., 1995), institutional 

definitions (European Monitoring Centre for Drugs and Drug Addiction, 2013), and 

reflects common cannabis use patterns in the United States and Australia (Azofeifa 

et al., 2016; Peacock et al., 2018). A cannabis use duration of two years or greater 

was also chosen to be consistent with past research (e.g., Batalla et al., 2013; Nestor, 

Roberts, Garavan, & Hester, 2008). To maximise the number of studies, our search 

was not restricted to participants with cannabis use disorder or cannabis dependence 

because researchers often do not report such information. Therefore, our goal was to 

conduct a comprehensive search regarding cognitive outcomes associated with long-

term and regular cannabis consumption, which included cannabis use disorder. We 

investigated multiple cognitive domains (attention, executive function, learning and 

memory, information processing, working memory, and global cognition) with the 

addition of decision making which has not, to the authors’ knowledge, been 

examined as a separate domain in previous meta-analyses regarding cannabis. 

Persistent substance use is associated with deficits in decision making, which is a 

unique executive function because it is subserved by the orbitofrontal cortex in 

conjunction with the amygdala and nucleus accumbens (Goldstein & Volkow, 2011; 

Schoenbaum, Roesch, & Stalnaker, 2006). Therefore, decision making is a unique 

mechanism to other executive processes that necessitates separate examination.  

Method 

Protocol Registration 

We conducted this systematic review following the Preferred Reporting 

Items for Systematic Reviews and Meta-Analysis (PRISMA) guidelines (Moher, 

Liberati, Tetzlaff, & Altman, 2009). The protocol was registered with PROSPERO 

(registration number: CRD42017058425).  



Chapter 3: Cannabis and Cognition Meta-Analysis                                                   82 

 

  

Eligibility Criteria  

  We included studies with: (a) human adults; (b) free from major 

neuropsychological or physical comorbidities, including mental diagnoses (other 

than cannabis use disorder in the cannabis group); (c) participants reporting regular 

and long-term cannabis use (mean ≥ two years and mean ≥ four days per week of 

cannabis use); (d) sufficient information to determine effect size (e) non- or minimal 

substance-using control group, either with or without an additional comparison 

group; and (6) studies written in English. Exclusion criteria were: (a) case studies; 

(b) qualitative research; (c) participants under 18 years old; and (d) not reporting 

length of cannabis abstinence. We conducted an exhaustive search with limited 

restrictions, including an unlimited date range for article publication. We did not 

specify rigorous criteria regarding other substance use history in the cannabis group, 

other than exclusion of mental diagnoses that included substance use disorders (other 

than cannabis), because research indicates that pure cannabis consumers are not 

representative of the typical cannabis-using population (Rosen, Sodos, Hirst, 

Vaughn, & Lorkiewicz, 2018). As such, we had limited restrictions regarding illicit 

substances, as well as tobacco and alcohol.  

Information Sources 

One investigator (ML) conducted a literature search via several electronic 

databases (PubMed, PsycINFO, CINAHL, Scopus, and Dissertations and Theses 

International). Searches were conducted on March 23 to March 24, 2017. The 

searches were updated on May 22, 2019 upon article review. 

Search 

The following search terms were constructed by one author (ML) in 

consultation with a research librarian: (cannabis or marijuana or 
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tetrahydrocannabinol) AND (chronic or residual or persistent or nonacute or long-

term or abstinen* or abstain* or lasting) AND (cognition or cognitive processes or 

cognitive impairment or executive function or neuroc* or neurop*). Boolean 

operators were modified according to each database’s search requirements (see 

Supplemental Table S1). 

Study Selection 

Duplicates were identified and removed prior to abstract screening. One 

investigator (ML) screened citations using Covidence systematic review software 

(Veritas Health Innovation Ltd., Melbourne, Australia) according to title and abstract 

and classified them as include, exclude, or maybe according to whether they were 

relevant to the research question, not relevant, or if the relevance was unclear. Three 

investigators (ML, AM, and CP) independently completed full-text review to 

include/exclude remaining studies. Disagreements were resolved with a third-party 

discussion with an independent reviewer.  

Data Collection Process 

Two reviewers (ML and JA) used Covidence following a 

Patient/Population/Problem-Intervention-Comparison-Outcome (PICO) format to 

extract data such as participant demographics (age, sex, premorbid intelligence), 

cannabis information (duration, frequency, quantity, hours of abstinence), substance 

use history (e.g., alcohol and tobacco), cognitive tasks, and key findings from 

studies. The two reviewers independently classified objective neuropsychological 

tests into cognitive domains according to published neuropsychological definitions 

(e.g., Lezak, Howieson, Bigler, & Tranel, 2012; Strauss, Sherman, & Spreen, 2006). 

Our review consisted of six core cognitive domains: attention (e.g., Continuous 

Performance Test, Wechsler Memory Scale - Attention test), working memory (e.g., 
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n-back task, Cambridge Neuropsychological Test Automated Battery - Self Ordered 

Search, Spatial Delayed Response Task), executive function (e.g., Stroop task, 

Wisconsin Card Sorting Test), learning and memory (e.g., Rey Auditory Verbal 

Learning Test, Paired Associate Learning), information processing (e.g., Trail 

Making Test A, Symbol Digit Modalities Task), and decision making (e.g., Iowa 

Gambling Task).  

Risk of Bias in Individual Studies  

One investigator (ML) appraised risk of bias by classifying yes, no, unclear, 

or not applicable (see the online supplemental materials) across eight criteria of the 

Joanna Briggs Checklist for Analytical Cross Sectional Studies (Joanna Briggs 

Institute, 2016): (a) Were the criteria for inclusion in the sample clearly defined?; (b) 

Were the study subjects and the setting described in detail?; (c) Was the exposure 

measured in a valid and reliable way?; (d) Were objective, standard criteria used for 

measurement of the condition?; (e) Were confounding factors identified?; (f) Were 

strategies to deal with confounding factors stated?; (g) Were the outcomes measured 

in a valid and reliable way?; and (h) Was appropriate statistical analysis used? 

Statistical Analysis 

Cohen’s d effect sizes were calculated for each outcome measure for the 30 

studies (see Supplemental Table S2). Cohen’s d was calculated as the standardized 

mean difference, d = X1 – X2/Sp, where X1 and X2 was the mean score on an outcome 

measure for the cannabis group and control group, respectively, and Sp was the 

pooled standard deviation. Standard errors were converted to standard deviations 

using the formula, SD x √ (n). Negative effect sizes reflected poorer performance in 

the cannabis group relative to the control group. Pooled means and standard 

deviations were calculated for an overall measure for studies that consisted of two 
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separate cannabis groups, given the groups met inclusion criteria. We did not include 

data from additional substance-using comparison groups (e.g., ecstasy-only users). A 

mean effect size for a single study was calculated when there were multiple outcome 

measures, an approach taken by previous meta-analyses (Bora et al., 2014; Crowe & 

Stranks, 2018). A global outcome measure was calculated as the mean of effect sizes 

from outcome measures across all cognitive domains. To avoid producing unreliable 

group differences in effect size measures (Rosenthal, 1995), we included no less than 

three studies per cognitive domain for the primary analyses, which is an approach 

taken in previous meta-analyses (Hutchinson & Mathias, 2007; van Timmeren, 

Daams, Van Holst, & Goudriaan, 2018).   

 A univariate meta-analysis was conducted for each of the six cognitive 

domains: attention, executive function, learning and memory, decision making, 

information processing, and working memory, in addition to a global outcome. 

Analyses were completed using Exploratory Software for Confidence Intervals 

(ESCI) excel program (Cumming, 2012) from which forest plots were created and 

Hedge’s g measures of effect, which accounts for small sample sizes, were 

calculated for each cognitive domain and interpreted as small (0.2), moderate (0.5), 

and large (≥ 0.8; Cohen, 1988). We chose a random-effects model which is used 

when heterogeneity is expected (Borenstein, Hedges, Higgins, & Rothstein, 2009; 

Cumming, 2012). We used Meta-Essentials (Suurmond, van Rhee, & Hak, 2017) to 

graphically depict effect sizes for all domains and to examine publication bias with a 

funnel plot in which bias is indicated by asymmetry. We assessed heterogeneity with 

Cochran’s Q and I2 statistics. Q denotes the presence or absence of heterogeneity and 

I2 represents the percentage of variance across studies due to systematic 

heterogeneity rather than chance (Higgins & Thompson, 2002), such that 25%, 50%, 
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and 75% indicate low, moderate, and high heterogeneity, respectively (Higgins, 

Thompson, Deeks, & Altman, 2003). Any heterogeneity was corrected by 

successively removing outlying studies until homogeneity was achieved, which is an 

approach taken in previous work (Stewart, Bielajew, Collins, Parkinson, & Tomiak, 

2006). 

Secondary Analyses   

Previous work has indicated that length of cannabis abstinence influences 

cognitive functioning (Schreiner & Dunn, 2012). We therefore conducted sensitivity 

analyses with only studies that included participants with cannabis abstinence of 25 

days or greater to avoid potential cannabis withdrawal and residual drug effects from 

confounding cognitive outcomes, which was chosen in congruence with Schreiner 

and Dunn’s (2012) meta-analysis. We also conducted a sensitivity analysis on 

cannabis use duration to determine if prolonged duration of use impacted cognitive 

outcomes; this included studies reporting a mean duration of 10 or more years. A 10-

year cut-off was chosen to maximise the number of studies to be analysed and was 

chosen according to previous categorisations of long-term cannabis use (Filbey, 

Aslan, Lu, & Peng, 2017; Lovell et al., 2018; Yücel et al., 2008). We performed 

subgroup analyses with age of onset (early: < 16 and late: ≥ 16 years old) as a 

categorical variable because age of cannabis onset is known to influence cognitive 

outcomes (Gruber, Sagar, Dahlgren, Racine, & Lukas, 2012). The 16 year age of 

onset cut-off was chosen in congruence with previous literature (Dahlgren, Sagar, 

Racine, Dreman, & Gruber, 2016; Gruber et al., 2012). Studies that already included 

subgroup age of onset comparisons were treated as two separate studies that 

compared each subgroup separately to the control group (e.g., early onset vs. 

controls, late onset vs. controls). For such studies, we halved the control group 
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sample size to reduce the risk of Type I error. For all secondary analyses, studies 

were classified according to the information reported in each study’s inclusion 

criteria and/or descriptive data, when provided. We also took a conservative 

approach on what studies were included for analysis. For example, studies that only 

reported “at least 12 hours” of cannabis abstinence were excluded from sensitivity 

analyses regarding prolonged abstinence because it would be unlikely that 

participants had maintained abstinence for ≥ 25 days. Additionally, studies were 

excluded from secondary analyses where information on duration or age of onset 

was unclear or not reported.   

Results 

Study Selection  

The initial database search resulted in 1,458 articles that were exported to 

Endnote X7 reference management software (Thomson Reuters Endnote X7). There 

were 1,019 articles left following duplicate removal. Title and abstract screening 

resulted in the removal of 876 articles. Full-text screening was conducted on 143 

remaining articles. A total of 33 articles met the inclusion criteria following full-text 

screening. We excluded three studies due to insufficient data that could not be 

obtained by e-mail requests to authors. Two additional studies were excluded when it 

became apparent that they had the same sample of participants as other studies 

already included in our review. An additional two studies were included when the 

database searches were repeated in 2019 following article review. Altogether, a total 

of 30 studies were included for quantitative analysis (Figure 1; Table 1).  
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Table 1 

Cognitive Tests by Domain and Study Authors 

Domain and Test Studies 

Attention 

Continuous Performance test Fridberg, Skosnik, Hetrick, and O’Donnell (2013); Jockers-Scherübl et al. (2007) 

Letter Cancellation Becker and Luciana (2015) 

Rapid Visual Information Processing Lovell et al. (2018) 

Wechsler Memory Scale – Attention Rodgers (2000) 

Decision making  

Iowa Gambling Task Becker and Luciana (2015); Cousijn et al. (2013); Vaidya et al. (2012); Verdejo-Garcia et al. (2007); Wesley 

et al. (2011); Whitlow et al. (2004) 

Executive Function 

Arrow Flanker Task Lovell et al. (2018) 

Concept Formation Block and Ghoneim (1993) 

Controlled Oral Word Association Test Becker and Luciana (2015); Chang, Yakupov, Cloak, and Ernst (2006); Pope et al. (2001) 

Error Awareness Task (go/no-go task) Hester, Nestor, and Garavan (2009) 

Frontal Assessment Battery Fontes et al. (2011) 

Multi-Source Interference Test Harding et al. (2012) 

Ruff Figural Fluency Test Chang et al. (2006) 
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Table 1 continued… 

Domain and Test Studies 

Stroop Test Chang et al. (2006); Dahlgren et al. (2016); Eldreth, Matochik, Cadet, and Bolla. (2004); Gruber et al. 

(2012); Pope et al. (2001); Sagar et al. (2015) 

Stop Signal Task Lovell et al. (2018) 

Tower of London Becker and Luciana (2015) 

Trail Making Test B Carlin and Trupin (1977); Chang et al. (2006); Gruber et al. (2012); Jockers-Scherübl et al. (2007); Sodos et 

al. (2018) 

Wisconsin Card Sorting Test Dahlgren et al. (2016); Gruber et al. (2012); Jockers-Scherübl et al. (2007); Pope et al. (2001) 

Information Processing 

Symbol Digit Substitution Test Lovell et al. (2018) 

Trail Making Test A Carlin and Trupin (1977); Gruber et al. (2012); Sodos et al. (2018) 

WAIS-III Digit Symbol Coding Becker and Luciana (2015); Sodos, Hirst, Watson, and Vaughn (2018) 

Learning and Memory 

Biber Figure Learning test – Extended Cramer (2008) 

Buschke Selective Reminding Test Pope et al. (2001) 

California Verbal Learning Test Sodos et al. (2018); Gruber et al. (2012) 

Cognitive Mapping Test Palermo, Bianchini, Iaria, Tanzilli, and Guariglua (2012) 

Deese-Roediger-McDermott Paradigm 

(modified version) 

Riba et al. (2015) 

Paired Associate Learning Carey, Nestor, Jones, Garavan, and Hester (2015) 
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Table 1 continued… 

Domain and Test Studies 

Rey Auditory Verbal Learning Test Becker and Luciana (2015); Chang et al. (2006); Cramer (2008); Lovell et al. (2018); Pujol et al. (2014) 

Rey-Osterreith Complex Figure Test Chang et al. (2006); Gruber et al. (2012); Sodos et al. (2018) 

Virtual Morris Water Maze Sneider et al. (2013) 

Wechsler Memory Scale Jockers-Scherübl et al. (2007); Pope et al. (2001); Rodgers (2000) 

Weather Prediction Task van de Giessen et al. (2017) 

Working Memory 

n-back task Cousijn et al. (2014); van de Giessen et al. (2017) 

Spatial Working Memory Becker and Luciana (2015) 

Spatial Delayed Response Task Becker and Luciana (2015) 

WAIS Digit Span Becker and Luciana (2015); Chang et al. (2006); Gruber et al. (2012); Sodos et al. (2018) 

WAIS-III Letter Number Sequencing Chang et al. (2006) 

Note. WAIS = Wechsler Adult Intelligence Scale. 
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Figure 1. PRISMA flow diagram. The total number of studies (k = 30) for quantitative 
analysis includes two additional studies that were identified following an update of 
database search terms.  
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Study Characteristics 

Of the 30 studies, there were 849 participants who used cannabis and 764 

control participants, and the group sample sizes across studies ranged from 10 to 107 

(see Table 2). The mean age of individuals who used cannabis was 30.7 years (SD = 

5.5, range: 20.0-55.7) and the mean age for the control group was 30.3 years (SD = 

5.9, range: 20.0-52.8). Ten studies (33.3%) reported an abstinence period between 12 

and 23 hours, twelve studies (40.0%) reported abstinence of 24 hours to seven days, 

and eight (26.7%) studies consisted of an abstinence period ≥ 25 days. Of the studies 

that reported cannabis age of onset, thirteen (43.3%) studies recruited participants 

with an early age of onset (< 16 years old) and fourteen (46.7%) included late onset 

consumers (≥ 16 years old), with onset ranging across studies from 14.0 to 18.5 

years of age. Studies were conducted primarily in the United States, Europe, United 

Kingdom, and Australia. Studies that we included in this meta-analysis reported 

unadjusted and covariate-adjusted statistics. There were no significant differences in 

premorbid intelligence between groups, where measured, except for one study (Pope 

et al., 2001) in which current cannabis users had significantly lower premorbid 

intelligence than the control group. Five studies reported the control group as having 

significantly greater years of education than the cannabis group. 

There was variability in reporting of cannabis metrics; some studies only 

provided information in the inclusion criteria while others provided descriptive 

statistics. We classified 15 studies (50.0%) as reporting actual cannabis frequency 

data, seven studies (23.3%) as describing participants as daily/near-daily, and eight 

studies (26.7%) as reporting unclear frequency, such as ranges (e.g., five to seven 

days per week). Reporting on cannabis quantity was also variable; 10 studies 

(33.3%) reported grams (per sitting, week, month, or lifetime) and 10 studies 
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(33.3%) reported joints (per day, week, month, year, or lifetime) while six studies 

(20.0%) did not report quantity and four studies (13.3%) reported either cannabis 

episodes, uses, cigarettes, or total hits. Nine studies (30%) reported that some or all 

cannabis consumers were cannabis dependent while the remaining studies were 

unclear regarding cannabis dependence. Twenty-five studies (83.3%) contained 

explicit exclusion criteria regarding illicit drug use. Cannabis consumers in several 

studies reported some minimal history of other illicit drug use, such as stimulants 

and amphetamines (e.g., Chang, Yakupov, Cloak, & Ernst, 2006; Fridberg et al., 

2013; Vaidya et al., 2012). Fewer studies specified criteria for alcohol (18 studies, 

60%) and tobacco use (six studies, 20%) for both groups. Some studies attempted to 

minimise the effects of alcohol, such as by ensuring 0.00% blood alcohol 

concentration on the day of testing (see Supplemental Table S3). Twelve studies 

(40%) reported greater tobacco use/nicotine dependence in cannabis users, nine 

studies (30%) reported group equivalence on these measures, eight studies (26.7%) 

did not report tobacco use at all, and one study (Lovell et al., 2018) consisted of a 

tobacco-only control group that recorded higher nicotine dependence than the 

cannabis group.  
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Table 2 

Details of the Final 30 Studies Included in the Review 

Study 
(year)a 

Cannabis 
n 

Control 
n 

Cannabis use metrics 
Tests included in analyses Domain Quantity 

 
Frequency 

 
Age of onset* 

 
Duration, 

years† 
Abstinence 

1 Becker 
and 

Luciana 
(2015) 

26 29 184.41 
(204.75) 

total hits/past 
30 days 

 

245 (134.92) 
past year 

15.24 (1.23) 

Range: 13-18 
 

2 + 12-24  
hours + 

Spatial Working Memory 
Spatial Delayed Response Task 

WAIS-III Digit Span 
 

Letter Cancellation 
 

Controlled Oral Word Association 
Test 

Tower of London 
 

Rey Auditory Verbal Learning 
Test 

 
Iowa Gambling Task 

 
WAIS-III Digit Symbol Coding 

 

WM 
 
 
 

A 
 

EF 
 
 
 

LM 
 
 

DM 
 

IP 
 

2 Block and 
Ghoneim 

(1993) 

80 
(medium: 

n = 28, 
heavy: 
n = 52) 

72 Not reported Medium: 5-6 
times/week 
Heavy: 7 + 
times/week 

Unclear Medium: 
5.8 (SE = 

0.7) 
Heavy: 6.2 
(SE = 0.6) 

24 hours + Buschke Selective Reminding 
Test 

Paired Associate Learning 
 

Concept Formation 

LM 
 
 
 

EF 
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Study 
(year)a 

Cannabis 
n 

Control 
n 

Cannabis use metrics 
Tests included in analyses Domain Quantity 

 
Frequency 

 
Age of onset* 

 
Duration, 

years† 
Abstinence 

3 Carey, 
Nestor, 
Jones, 

Garavan, 
and Hester 

(2015) 

15 15 72.74 (SE = 
12.60) 

joints/past 
month 

 

20.80 (SE = 
26.66) days 
used/past 

month 
 

15.97 (SE = 
0.42) 

6.43 (SE = 
1.07) 

 

101.67 (SE 
= 37.45) 

hours 

 

Paired Associate Learning LM 

4 Carlin 
and Trupin 

(1977) 

10 10 Not reported ≥ daily Not reported 5 (range: 
2.5-8.0) 

24 hours Trail Making Test A 
 

Trail Making Test B 

IP 
 

EF 
5 Chang, 

Yakupov, 
Cloak, and 

Ernst 
(2006) 

12b 19 168 (SE = 
45) grams/ 

lifetime 
Range: 14-

518 
Mdn =118 

 

26.7 (SE = 
1.4) 

Range: 20-30 
days/month 

 

14.7 (SE = 0.4) 
Range: 12-16 

138.8 (SE = 
24.4) 

months 
Range: 48-
276 months 

 

38 (SE = 
18) months 
Range: 0.5-
156 monthsf 

 

Symbol Digit Modalities Test 
Trail Making Test A 

Paced Auditory Serial Addition 
Test 

 
 

Controlled Oral Word Association 
Test 

Trail Making Test B 
Stroop Test 

Ruff Figural Fluency 
 

Rey Auditory Verbal Learning 
Test 

Rey-Osterreith Complex Figure 
Test 

 
WAIS-III (Digit Span, Letter 

Number Sequencing) 

IP 
 
 
 
 
 

EF 
 
 
 
 
 

LM 
 
 
 
 

WM 
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Study 
(year)a 

Cannabis 
n 

Control 
n 

Cannabis use metrics 
Tests included in analyses Domain Quantity 

 
Frequency 

 
Age of onset* 

 
Duration, 

years† 
Abstinence 

6 Cousijn et 
al. (2013) 

32 41 3.0 (2.3) 
grams/week 

4.0 (1.5) 
days/week 

 

Not reported 2.5 (1.9) 
years of 

heavy use 

1.6 (2.2) 
days 

 

Iowa Gambling Task DM 

7 Cousijn et 
al. (2014) 

20 23 2.3 (1.9) 
grams/week 

 

4.2 (2.3) 
days/week 

15.3 (2.7) 2.4 (2.3) 1.6 (1.5) 
days 

N-back task WM 

8 Cramer 
(2008) 

22 heavy 
users 

25 Not reported 
 

49.9 (54.3) 
times 

used/month 

Heavy: 15.6 
(2.1) 

Heavy: 4.3 
(2.9)  

 

Heavy: 0.3 
(0.5) days 

Rey Auditory Verbal Learning 
Test 

Biber Figure Learning test - 
Extended 

LM 
 

9 Dahlgren, 
Sagar, 
Racine, 
Dreman, 

and Gruber 
(2016) 

 

44 32 11.77 (15.94) 
grams/week 

 

19.54 (17.04) 
smoking 
episodes/ 

week 
 

Early: < 16 
Late: ≥ 16e 

All: 16.16 
(2.82) 

 

7.98 (7.12) 
 

≥ 12 hours 
 

Stroop Color Word test 
Wisconsin Card Sorting Test 

EF 
 

10 Eldreth, 
Matochik, 
Cadet, and 

Bolla 
(2004) 

11 11 34.7 
joints/week 

(range: 8-63) 
 

≥ 4 times a 
week 

15.7  
(range: 12.0-

21.0) 

7.5 
(range: 2-

22) 
 

25 days of 
controlled 
abstinencef 

Modified Stroop Task EF 

11 Fontes et 
al. (2011) 

107 44 1.8 (2.2) 
joints/day 

 

Daily 
 

18.53 (3.1)e 9.9 (5.57) 
years/daily 

use 
 

4.3 (6.3) 
days 

 

Frontal Assessment Battery EF 
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Study 
(year)a 

Cannabis 
n 

Control 
n 

Cannabis use metrics 
Tests included in analyses Domain Quantity 

 
Frequency 

 
Age of onset* 

 
Duration, 

years† 
Abstinence 

12 Fridberg, 
Skosnik, 
Hetrick, 

and 
O'Donnell 

(2013) 

30 32 17.32 (14.84) 
joints/week 

5.52 (1.74) 
days/week 

16.00 (1.93)e 4.20 (3.71) 45.60 
(33.60) 
hours 

XO Continuous Performance Task A 

13 Gruber, 
Sagar, 

Dahlgren, 
Racine, and 

Lukas 
(2012) 

34 (early 
onset 
n=19, 

late onset 
n=15) 

 

28 Early onset: 
14.80 ± 
18.80 

grams/week; 
24.80 (24.33) 
smokes/week 
Late onset: 
5.88 ± 4.97 

grams/week; 
12.19 (6.87) 
smokes/week 
All: 10.86 ± 

19.95 
grams/week; 

19.24 
( 19.58) 

smokes/week 

Daily or a 
minimum of 
5 days out of 
last 7 days 

Early onset: 
14.11 (1.33) 
Late onset: 

17.33 (1.59)e 

All: 15.53 
(2.16) 

Early onset: 
8.68 (8.22)  
Late onset: 
5.40 (5.68) 
All: 7.24 

(7.30) 

12-16 hours 
minimum 

 

Trail Making Test A 
 

Wisconsin Card Sorting Test 
Stroop Test 

Trail Making Test B 
 

Rey-Osterreith Complex Figure 
Test 

California Verbal Learning Test 
 

WAIS-R Digit Span 

IP 
 

EF 
 
 
 

LM 
 
 
 

WM 

14 Harding 
et al. 

(2012) 

21 21 Mdn 26,711 
lifetime 
joints 

(range: 4, 
512-79,200) 

 

Daily or near 
daily 

 

16 (range: 12-
25)e 

20 (10-38) 
years/ 

regular use 
 

≥ 12 hours Multi-Source Interference Test EF 
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Study 
(year)a 

Cannabis 
n 

Control 
n 

Cannabis use metrics 
Tests included in analyses Domain Quantity 

 
Frequency 

 
Age of onset* 

 
Duration, 

years† 
Abstinence 

15 Hester, 
Nestor, and 

Garavan 
(2009) 

16 16 76.3 (SE = 
17.7) 

joints/past 
month 

19.2 (SE = 
2.6) 

days/past 
month 

16.4  
(SE = 0.7)e 

8.2  
(SE = 1.3) 

38.0  
(SE = 47.7) 

hours 

Error Awareness Task (Go/No-Go 
Task) 

EF 

16 Jockers-
Scherübl et 
al. (2007) 

18c 21 ≥ 0.5 (4-5 
joints) 

grams/day 

≥ 0.5 grams 
(4-5 

joints)/day 

Early age of 
onset of 
regular 

cannabis abuse 
(≤ 16) 

Late age of 
onset of 
regular 

cannabis abuse 
(≥ 17)e 

≥ 2 28 daysf Continuous Performance Test - 
Identical Pairs Version 

 
Trail Making Test B 

Wisconsin Card Sorting Test 
 

Wechsler Memory Scale 

A 
 
 

EF 
 
 

LM 

17 Lovell et 
al. (2018) 

19 16 6.7 (6.5) 
joints/cones 

per day 
9.0 (7.5) 
weekly 

cannabis 
grams 

≥ 4 
days/week 

18.1 (4.5)e 23.3 (9.1) 15.0 (7.9) 
Range: 8-36 

Rey Auditory Verbal Learning 
Test 

 
Arrow Flanker Task 

Stop Signal Task 
 

Rapid Visual Information 
Processing 

 
Symbol Digit Substitution Test 

LM 
 
 

EF 
 
 

A 
 
 

IP 
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Study 
(year)a 

Cannabis 
n 

Control 
n 

Cannabis use metrics 
Tests included in analyses Domain Quantity 

 
Frequency 

 
Age of onset* 

 
Duration, 

years† 
Abstinence 

18 Palermo, 
Bianchini, 

Iaria, 
Tanzilli, 

and 
Guariglia 

(2012) 

15 19 16.75 (11.54) 
joints/week 

73.47 (57.89) 
joints/past 

month 

5-7 
days/week 

Not reported 7.13 (3.33) 
 

≥ 12 hours 
 

Cognitive Mapping Test LM 

19 Pope et 
al. (2001) 

63 
(current 
users) 

72 ≥ 5000 
lifetime 
episodes 

Daily at 
study entry 

Not reported Mdn = 19 
(IQR = 15-

24) 

28 days 
controlled 
abstinencef 

Controlled Oral Word Association 
Test 

Wisconsin Card Sorting Test 
Stroop Test 

 
Wechsler Memory Scale 

Buschke Selective Reminding 
Test 

EF 
 
 
 
 

LM 

20 Pujol et 
al. (2014) 

28 29 899 (560) 
joints/year 

≥ 14 
times/week 

14.9 (1.0) 6.0 (2.5) 28 days 
monitored 
abstinencef 

Rey Auditory Verbal Learning 
Test 

LM 

21 Riba et 
al. (2015) 

16 16 5 (range: 1-
24) cannabis 
cigarettes/ 

day 

Daily use for 
≥ 2 years 

17 (range: 12-
20)e 

21 (range: 
3-39) 

4 weeksf Deese-Roediger-McDermott 
Paradigm (Modified Version) 

LM 

22 Rodgers 
(2000) 

15d 15 
 

Not reported 4 days/week Not reported 11 One monthf Wechsler Memory Scale - 
Attention 

 
Wechsler Memory Scale 

A 
 
 

LM 
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Study 
(year)a 

Cannabis 
n 

Control 
n 

Cannabis use metrics 
Tests included in analyses Domain Quantity 

 
Frequency 

 
Age of onset* 

 
Duration, 

years† 
Abstinence 

23 Sagar et 
al. (2015) 

50 
(early 

onset: n 
= 24, 
late 

onset: 
n=26) 

34 Early onset: 
14.57 (16.97) 
grams/week; 
24.51 (21.25) 
smokes/week   
Late onset: 
5.64 (4.54) 

grams/week; 
13.53 (7.74) 
smokes/week 

≥ 5 days/ 
week 

Early onset: 
14.17 (1.31) 
Late onset: 

17.58 (1.94)e 

Early onset: 
9.50 (7.80)  
Late onset: 
6.69 (5.68) 

> 12 hours 
 

Modified Stroop Color Word Test EF 

24 Sneider, 
Gruber, 

Rogowska, 
Silveri, and 
Yurgelun-

Todd 
(2013) 

10 18 4.8 ± 4.9 
grams/week 

 

10.7 (5.5) 
smokes/week 

25.5 (4.0) 
days/past 30 

days 

15.6 (1.2) 4 (2.4) 
 

≥ 12 hours 
 

Virtual Morris Water Maze LM 

25 Sodos et 
al. (2018) 

41 20 1.76 (1.75) 
grams per 

sitting 

≥ 4 
days/week 

16.35 (1.96)e 2.36 (1.82) ≥ 24 hours California Verbal Learning Test - 
II 

Rey-Osterrieth Complex Figure 
 

WAIS-III Digit Span 
 

Trail Making Test A 
WAIS-III Digit Symbol Coding 

 
Trail Making Test B 

LM 
 
 
 

WM 
 

IP 
 
 

EF 
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Study 
(year)a 

Cannabis 
n 

Control 
n 

Cannabis use metrics 
Tests included in analyses Domain Quantity 

 
Frequency 

 
Age of onset* 

 
Duration, 

years† 
Abstinence 

26 Vaidya et 
al. (2012) 

46 34 Not reported 24.58 (6.17) 
days/month 
for past two 

years 
25.87 (5.39) 
days/past 30 

days 

16.43 (1.93) 
Range: 13.11-

20.96)e 

7.90 (3.6) 
Range: 

3.62-22.69 

24-29 hours Standard and Invariant Iowa 
Gambling Task 

DM 
 

27 van de 
Giessen et 
al. (2017) 

11 12 79.2 (72.7) 
grams/month 

29.1 ± 3.6 
days/past 

month 

16.3 (3.2)e 11.3 (3.6) 
 

5-7 days of 
controlled 
abstinence 

N-Back task (2-Back & 3-Back) 
 

Weather Prediction Task 

WM 
 

LM 
28 Verdejo-
Garcia et 
al. (2007) 

11 14 40.1 (22.3) 
joints/week 
Range: 8-84 

6.3 (1.4) 
days/week 
Range: 3-7 

Not reported 7.9 (5.6) 
Range: 2-29 

 

25 days of  
controlled 
abstinencef 

Iowa Gambling Task DM 

29 Wesley 
et al. 

(2011) 

16 16 2.1 (1.5) 
cannabis 
uses/day 

29.4 (1.0) 
days per 
month  

 

16.3 (2.1)e 9.6 (4.1) 
total years 
4.5 (3.8) 
years at 

current level 

12.0 (2.9) hr 
Range: 8.5-

16 

Iowa Gambling Task DM 

30 Whitlow 
et al. 

(2004) 

10 10 Not reported 25 out of 30 
days 

 

14.0 (1.0) 
 

≥ 5 
 

14.6 (3.1) 
hours 

Range: 10-
18 hours 

Iowa Gambling Task DM 

Note. A = attention; DM = decision making; EF = executive function; LM = learning and memory; IP = information processing; WM = working memory. 
a Supplementary Table S2 contains details of effect sizes for each outcome measure per study. b Only the THC negative group from Chang et al. (2006) was analysed. c Only 
data from healthy controls without schizophrenia and cannabis-users without schizophrenia was analysed from Jockers-Scherübl et al. (2007). d We did not analyse data from 
the ecstasy-only group in Rodgers (2000). e Studies that were classified as late age of onset (≥ 16 years old) for subgroup analyses (late onset: k = 14: early onset: k = 13). 
Four studies (Dahlgren et al., 2016; Gruber et al., 2012; Jockers-Scherübl et al. 2007; Sagar et al., 2015) had pre-existing age of onset subgroups. Three of these studies 
classified early age of onset as < 16 years and late onset as ≥ 16 years while Jockers-Scherübl et al. (2007) classified early age of onset as ≤ 16 years and late onset as ≥ 17 
years old. f  ≥ 25 days of abstinence (k = 8). 
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† Reported in years, unless otherwise specified. * Mean (M) and standard deviation (SD), unless otherwise reported. Other statistics include standard error (SE), median 
(mdn), and interquartile range (IQR). 
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Cognitive Domain Outcomes 

The effect sizes for the cognitive domains ranged from -0.52 for decision 

making to 0.05 for attention (Figures 2, 3, 4, 5, 6, 7, 8, and 9). There were significant 

between-groups differences with small effect sizes for learning and memory (g =  

-0.33, p < .001, 95% CI [-0.46, -0.19]), executive functioning (g = -0.18, p = .008, 

95% CI [-0.31, -0.05]), and global cognition (g = -0.25, p < .001, 95% CI [-0.35,  

-0.15]). There were nonsignificant differences and small effect sizes for attention (g 

= 0.05, p = .703, 95% CI [-0.21, 0.31]), information processing (g = -0.11, p = .349, 

95% CI [-0.34, 0.12]), and working memory (g = 0.01, p = .933, 95% CI [-0.23, 

0.25]). We partitioned learning and memory into verbal learning and retention for 

separate analyses, which produced similar results as combining data into one domain 

(see Table 3). There was significant heterogeneity for the decision making domain, 

which had moderate to high heterogeneity (Q = 14.06, p for Q = .015). 

Heterogeneity was corrected by deleting one study (Cousijn et al., 2013) that 

contributed a small, positive effect of cannabis on decision making (g = 0.23). 

Removing this study resulted in a moderate and significant effect for decision 

making, with worse performance in the cannabis group (g = -0.52, p = .013, 95% CI 

[-0.93, -0.11]).  
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Figure 2. Forest plot for decision making (Hedge’s g = -0.52, p = .013) with weighted 
effect sizes and 95% confidence intervals (CIs) using a random-effects model. Negative 
values denote poorer performance in the cannabis group. 
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Figure 3. Forest plot for executive function (Hedge’s g = -0.18, p = .006) with weighted 
effect sizes and 95% confidence intervals (CIs) using a random-effects model. Negative 
values denote poorer performance in the cannabis group. 
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Figure 4. Forest plot for information processing (Hedge’s g = -0.11, p = .349) with 
weighted effect sizes and 95% confidence intervals (CIs) using a random-effects model. 
Negative values denote poorer performance in the cannabis group. 
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Figure 5. Forest plot for learning and memory (Hedge’s g = -0.33, p < .001) with 
weighted effect sizes and 95% confidence intervals (CIs) using a random-effects model. 
Negative values denote poorer performance in the cannabis group. 

 
 
Figure 6. Forest plot for working memory (Hedge’s g = 0.01, p = .933) with weighted 
effect sizes and 95% confidence intervals (CIs) using a random-effects model. Negative 
values denote poorer performance in the cannabis group. 
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Figure 7. Forest plot for attention (Hedge’s g = 0.05, p = .703) with weighted effect sizes 
and 95% confidence intervals (CIs) using a random-effects model. Negative values denote 
poorer performance in the cannabis group. 
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Figure 8. Forest plot for global cognition (Hedge’s g = -0.25, p < .001) with weighted 
effect sizes and 95% confidence intervals (CIs) using a random-effects model. Negative 
values denote poorer performance in the cannabis group. 
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Figure 9. Effect sizes and 95% confidence intervals (CIs) for all cognitive domains. 
Asterisks denote statistical significance (p < .05). 
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Table 3 

Sample Sizes, Effect Sizes, and Heterogeneity of Studies 

  

 

k 

 

 

n of 

effects 

 

 

Cannabis 

group, n 

 

 

Control 

group, n 

 

 

Effect size, 

Hedge’s g† 

 95% CI Heterogeneity 

 

p LL UL I2 Q 

Global 30 255 849 764 -0.25 < .001* -0.35 -0.15 0.00% 28.88 

Attention 5 13 108 113 0.05 .703 -0.21 0.31 0.00%   2.83 

Executive function 15 95 551 442 -0.18  .006* -0.31 -0.05 0.00% 10.72 

Learning and memory  16 86 425 426 -0.33 < .001* -0.46 -0.19 0.00% 13.02 

Verbal learning 11 31 358 346 -0.37 < .001* -0.52 -0.22 0.04% 10.37 

Retention 13 36 409 378 -0.36 < .001* -0.51 -0.21 0.09% 13.17 

Decision making 5 24 108 100   -0.52a   .013* -0.93 -0.11 0.50%   8.07 

Information processing  7 14 160 143 -0.11 .349 -0.34 0.12 0.02% 6.10 

Working memory  6 23 144 130 0.01 .933 -0.23 0.25 0.00% 1.53 

Note. k = number of studies, 95% CI = confidence intervals around the effect size; LL = lower limit; UL = upper limit; Q = measure of heterogeneity with significant 
values (p < .05) denoting presence of heterogeneity; I2 = measure of heterogeneity (25% = low, 50% = moderate, ≥ 75% = high). 
a The results provided in Table 3 for the decision making domain were adjusted for significant heterogeneity. We removed one study (Cousijn et al., 2013) that we 
found to contribute to heterogeneity. Prior to removing this study, there was a small to moderate, nonsignificant effect for the decision making domain (k = 6, g =  
-0.38, p = .070, 95% CI [-0.80, 0.03], I2 = 0.64%, Q = 14.06, p for Q = .015).  
† Effect sizes interpreted as small (0.20), moderate, (0.50), and large (≥ 0.80). * Statistically significant at p < .05. 
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Publication Bias  

The funnel plot assessment of publication bias was largely symmetrical, 

indicating lack of publication bias (see Figure 10).  

 

Secondary Analyses  

With respect to cannabis abstinence, studies reporting ≥ 25 days abstinence in 

the domains of information processing, learning and memory, attention, and global 

cognition had similar results as the primary analyses of any abstinence ≥ 12 hours 

(see Table 4). However, there was a nonsignificant group difference with a small 

effect size for executive functioning, compared to a small but significant difference 

that we found in the primary analysis of abstinence ≥ 12 hours. We could not 

perform sensitivity analyses regarding prolonged abstinence for the decision making 

and working memory domains due to insufficient studies. Concerning cannabis use 

duration, results were similar as the primary analyses for global, attention, executive 

 
Figure 10. Funnel plot for the 30 studies using a random effects model and Hedge’s g 
effect size. Combined effect size is g = -0.25, accompanied with 95% confidence intervals 
[0.35, -0.15]. 
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function, and learning and memory but analyses could not be performed for decision 

making, information processing, and working memory domains due to insufficient 

studies. The subgroup analyses for cannabis age of onset revealed small effect sizes 

and nonsignificant differences in outcomes between early and late onset cannabis 

consumers for all cognitive domains (see Supplemental Table S4 for studies included 

in secondary analyses).
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Table 4 

Secondary Analysis Results: Prolonged Cannabis Abstinence (≥ 25 Days), Cannabis Use Duration (≥ 10 Years), and Age of Onset (early: < 16 

Years Old, late: ≥ 16 Years Old) 

 

Domain and secondary analysis 

 

k 

 

Cannabis 

 n 

 

Control 

 n 

 

Effect size,  

Hedge’s g 

 

p† 

95% CI 

LL UL 

Global         

≥ 25 days abstinence  8 174 197 -0.36 .001* -0.56 -0.15 

Longer cannabis use duration  6 145 152 -0.34 .003* -0.57 -0.12 

Early onseta 13 226 236.5 -0.39 < .001* -0.57 -0.21 

Late onset 14 397 284.5 -0.25 .001* -0.40 -0.10 

Attention         

≥ 25 days abstinence 2 33 36 0.01 .959 -0.45 0.47 

Longer cannabis use duration 2 34 31 -0.18 .458 -0.66 0.30 

Early onseta 2 34 39.5 0.19 .409 -0.26 0.64 

Late onset 3 57 58.5 -0.01 .953 -0.37 0.35 

Executive function         

≥ 25 days abstinence 4 104 123 -0.18 .167 -0.44 0.08 

Longer cannabis use duration 3 103 109 -0.30 .029* -0.57 -0.03 

Early onseta 7 144 113.5 -0.27 .039* -0.53 -0.01 
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Table 4 continued…       

 

Domain and secondary analysis 

 

k 

 

Cannabis 

 n 

 

Control 

 n 

 

Effect size,  

Hedge’s g 

 

p† 

95% CI 

LL UL 

Late onset 9 278 174.5 -0.16 .093 -0.35 0.03 

Learning and memory         

≥ 25 days abstinence 6 147 168 -0.34 .011* -0.60 -0.08 

Longer cannabis use duration 5 123 131 -0.44 .001* -0.69 -0.19 

Early onseta 8 140 159.5 -0.37 .002* -0.59 -0.14 

Late onset 6 112 88.5 -0.42 .003* -0.70 -0.14 

Decision making        

≥ 25 days abstinenceb - - - - - - - 

Longer cannabis use durationb - - - - - - - 

Early onset  2 35 36 -0.40 .295 -1.15 0.35 

Late onset 2 62 50 -0.46 .192 -1.14 0.23 

Information processing         

≥ 25 days abstinence 2 30 40 -0.26 .269 -0.73 0.20 

Longer cannabis use duration 1 19 16 - - - - 

Early onseta 4 65 72.5 -0.04 .808 -0.37 0.29 

Late onset 4 85 60.5 -0.26 .126 -0.59 0.07 
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Table 4 continued…       

 

Domain and secondary analysis 

 

k 

 

Cannabis 

 n 

 

Control 

 n 

 

Effect size,  

Hedge’s g 

 

p† 

95% CI 

LL UL 

Working memory         

≥ 25 days abstinenceb 1 12 18 - - - - 

Longer cannabis use durationb 1 11 12 - - - - 

Early onseta 4 77 84 -0.12 .433 -0.43 0.18 

Late onset 3 67 46 0.19 .309 -0.18 0.57 
a Four studies (Dahlgren et al., 2016; Gruber et al., 2012; Jockers-Scherübl et al., 2007; Sagar et al., 2015) included comparisons between early onset (< 16 years) and 
late age of onset (≥ 16 years old) cannabis consumers in their publications. These were treated as separate studies and the sample size of the control group was halved 
to minimise Type I error.   b Subgroup analyses could not be performed due to small k.  
† The mean effect for studies contributing to early and late onset groups use were not significantly different from zero across all domains (ps > .05, gs < 0.35).  
* Significant difference (p < .05) between cannabis and control groups.  
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Discussion 

We provided an updated meta-analytical review of cognitive functioning in 

relation to cannabis use. Our review uniquely contributed to the literature because 

we addressed long-term and regular (≥ four days/week for ≥ two years) cannabis use 

and examined decision making as a separate cognitive domain, unlike previous meta-

analyses. We included 30 studies where individuals completed cognitive tests after at 

least 12 hours of abstinence from cannabis. We found that, compared with controls, 

long-term, regular cannabis consumers had significantly poorer learning and 

memory, executive function, and global cognitive functioning that were small-

magnitude deficits. The largest effect we found for decision making indicated 

moderately poorer performance in the cannabis group than the control group. 

Working memory, attention, and information processing performance was similar 

between groups. Secondary analyses revealed that age of onset (early: < 16 years, 

late: ≥ 16 years old) and longer cannabis use duration (≥ 10 years) did not influence 

cognitive outcomes. Prolonged abstinence (≥ 25 days) from cannabis did not 

influence outcomes, except for executive function in which group performance was 

not significantly different at longer abstinence. Our results indicate that long-term, 

regular cannabis use is associated with small to moderate-level deficits in some 

cognitive abilities and that cognition may not necessarily be influenced by 

abstinence length, cannabis duration, and age of onset.  

Comparisons with Previous Studies 

The effect sizes we found in our meta-analysis are similar with previous 

reviews utilising different meta-analytical methods. Similar to our results, Scott et al. 

(2018) found small effect sizes for working memory, attention, and information 

processing in adolescent and adult cannabis consumers. The small effects we found 
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for working memory and information processing with relatively larger effects for 

executive functioning and learning, were comparable with the findings of Grant et al. 

(2003). Our results were also comparable with a meta-analysis of adolescents and 

adults with at least 14 days of abstinence that found significant and moderate deficits 

in learning and memory and executive functioning (including inhibitory control and 

decision making) in the cannabis group relative to the control group (Ganzer, 

Bröning, Kraft, Sack, & Thomasius, 2016). Schreiner and Dunn (2012), when 

considering any abstinence length, similarly reported small to moderate and 

significant effects for executive function, attention, learning, and forgetting.  

Altogether, the small to moderate magnitude effect sizes found in our meta-

analysis are similar with previous meta-analyses from which authors have suggested 

long-term cannabis use may not be associated with clinically meaningful cognitive 

impairments (Schreiner & Dunn, 2012; Scott et al., 2018). In our study, the upper 

limits for confidence intervals were small for several domains (e.g., -0.04 for 

executive function), indicating potentially trivial real-life effects. Similarly, the 

confidence interval widths for most cognitive domains were greater than the 

estimated effect sizes; and such imprecision questions the soundness of the effect 

size estimates (Brand & Bradley, 2016). However, effect sizes should be interpreted 

in consideration of the research context (Cumming, 2014; Ferguson, 2009). We 

suggest a cautionary stance given limitations within the cannabis literature, such as 

nonrandomised and cross-sectional designs with varying cannabis use parameters 

and small sample sizes. Moreover, we found several confidence intervals with lower 

limits nearing -0.50, and -0.93 for decision making, which indicates potentially 

moderate to large detriments. While our results show mostly small cognitive deficits 

associated with cannabis once intoxication has passed, we do not suggest that 
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recreational cannabis use is harmless given that longitudinal data indicates possible 

cognitive deficits, especially for earlier age of onset and more frequent cannabis use 

(Auer et al., 2016; Becker et al., 2018; Castellanos-Ryan et al., 2017). More research 

is needed to establish the extent of cognitive deficits from long-term cannabis use 

once intoxication has passed, with consideration to different cannabis use patterns.  

Effects Across Cognitive Domains  

Our effect sizes varied in magnitude across cognitive domains, which 

indicates that the association between cannabis and cognition is not accurately 

captured by a global performance measure. The variability in effect sizes in our 

meta-analysis indicates that cognitive abilities are diversely affected by cannabis, 

which is consistent with previous reviews (Crane et al., 2013; Crean et al., 2011). 

The non-significant differences between groups for several domains (attention, 

working memory, and information processing) suggests that some cognitive deficits 

reverse in the time (e.g.,  ≥ 12 hours) following last cannabis use.  

Disruption to only some cognitive processes can be explained by the complex 

effect that cannabis has on the brain. The main psychoactive constituent of cannabis, 

THC, exerts agonistic effects on CB1 receptors that are differentially distributed 

throughout the central nervous system (Ashton, 2001). CB1 receptors are spread 

densely in cognitive-related brain areas, with localisation predominantly in the 

hippocampus, as well as frontal areas (Glass, Dragunow, & Faull, 1997; Laaris et al., 

2010; Pertwee, 2008). Agonism of CB1 receptors disrupts neurotransmitter 

functioning, particularly the inhibitory neurotransmitter GABA, which contributes to 

imbalances in excitatory and inhibitory neural activity that disrupts brain function 

(Puighermanal et al., 2009). Therefore, cannabis consumers are likely to exhibit 

cognitive deficits in learning and memory as well as decision making and executive 
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function due to neural outcomes following CB1 agonism (Brumback, Castro, 

Jacobus, & Tapert, 2016; Cheetham et al., 2012; Herkenham et al., 1991; Lorenzetti, 

Solowij, Fornito, Lubman, & Yücel, 2014; Puighermanal et al., 2009). It is important 

to note, however, that our meta-analysis involved recreational cannabis consumers 

who were likely exposed to greater THC than individuals who consume cannabidiol-

rich products, such as medicinal cannabis (Freeman, Hindocha, Green, & 

Bloomfield, 2019). Cannabidiol is one of many cannabinoids in cannabis, is non-

psychoactive, and is thought to offset adverse outcomes associated with cannabis via 

a variety of mechanisms, such as cannabinoid and serotonin receptors (Bloomfield et 

al., 2019; Krebs, Kebir, & Jay, 2019). The results of our study cannot be generalised 

to medicinal cannabis-using populations, especially as medicinal cannabis use is 

associated with cognitive benefits (Gruber et al., 2018).  

It was somewhat surprising to find only a small to moderate effect size for 

learning and memory in recreational cannabis consumers in our meta-analysis given 

high CB1 receptor density in the hippocampus. The varied effects that we found may 

reflect drug tolerance, via CB1 downregulation, which occurs in a region-specific 

manner (Hirvonen et al., 2012). The hippocampus has been found to display 

tolerance effects greater than the cerebellum, striatum, amygdala, and prefrontal 

areas (Breivogel et al., 1999; Lazenka, Selley, & Sim-Selley, 2014). Therefore, 

selective CB1 downregulation may account for differences in behavioural 

performance, particularly in learning and memory, which is plausible given that 

tolerance is thought to often occur in heavy or dependent cannabis consumers, such 

as in the sample of participants we examined (Breivogel et al., 1999; Broyd et al., 

2016; Hirvonen, 2015). Alternatively, the small effects that we found may reflect 

neural compensation whereby neural changes occur in response to ongoing toxin 
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exposure that result in the brain “working harder” to maintain adequate behavioural 

performance (Batalla et al., 2013; Kanayama et al., 2004). Researchers (e.g., Jager, 

Kahn, Van Den Brink, Van Ree, & Ramsey, 2006; Kanayama et al., 2004) have 

found compensatory effects on spatial memory, working memory, and attention 

tasks, which may explain our smaller than expected effect sizes for learning and 

memory, as well as attention. In addition, two studies included in our meta-analysis, 

Sagar et al. (2015) and Fridberg, Skosnik, Hetrick, and O’Donnell (2013), reported 

neural alterations in cannabis consumers that reflected poorer neural efficiency that 

has similarly been found in meta-analytic results, which have additionally revealed 

such alterations to persist beyond 25 days of abstinence (Blest-Hopley, Giampietro, 

& Bhattacharyya, 2018; Blest-Hopley et al., 2019). It has been reported that neural 

compensation may only mask deficits on easy, but not cognitively demanding, tasks 

(Callicott et al., 2000; Jager et al., 2006). However, the more cognitively demanding 

tasks in our review (e.g., n-back 2 and 3) were accompanied with small effect sizes, 

which suggests neural compensation may not explain the lack of detriment on, at 

least, working memory.  

Variability in effect sizes could be due to differences in the management of 

potential confounding factors across studies (see Risk of Bias Assessment section in 

the online supplemental materials). Lack of adjustment for confounding factors 

overinflates the estimate of cognitive deficits associated with cannabis (Gonzalez, 

Pacheco-Colón, Duperrouzel, & Hawes, 2017). In the executive functioning domain, 

studies (e.g., Verdejo-Garcia et al., 2007; Wesley et al., 2011) that did not control for 

tobacco had larger effect sizes than studies (Hester et al., 2009; Jockers-Scherübl et 

al., 2007; van de Giessen et al., 2017) that controlled for tobacco. A similar pattern 

emerged for tobacco in studies contributing to learning and memory (e.g., Riba et al., 
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2015; Rodgers, 2000; Sodos, Hirst, Watson, & Vaughn, 2018). In contrast, studies 

(e.g., Rodgers, 2000; van de Giessen et al., 2017) that did not control for intelligence 

had variable effect sizes across several domains, such as learning and memory and 

attention, which was similarly variable for studies that did control for intelligence 

(Cramer, 2008; Jockers-Scherübl et al., 2007). Altogether, it is possible that 

differences in the management of confounding factors may have influenced effect 

size estimates in some domains, however, no firm conclusions can be made given 

other differences between the studies, such as cognitive tests used and cannabis use 

parameters. Moreover, this does not explain the large effect size for decision making 

that consisted mostly of studies that had appropriate management of confounding 

variables (e.g., education, age, sex, intelligence, and mental health). 

It is not surprising that decision making was the most adversely affected 

cognitive ability from long-term, regular cannabis use given that decision making 

deficits are observed when CB1 receptor agonists are injected into the orbitofrontal 

cortex (Khani et al., 2015). The orbitofrontal cortex contributes toward the “limbic” 

network that drives affective and motivational behaviours, such as salience 

attribution, which functions in parallel to the “executive” network in which the 

dorsolateral prefrontal cortex regulates goal-directed and inhibitory behaviour 

(Abernathy et al., 2010; Goldstein & Volkow, 2011; Nejati, Salehinejad, Nitsche, 

Najian, & Javadi, 2017). Our finding supports the idea that decision making is a 

distinct aspect of executive functioning and suggests that the limbic network is more 

greatly affected by cannabis than the executive network. This is consistent with 

previous reports that “hot” (i.e., limbic) cognitive processes are more impaired than 

“cold” (i.e., executive) processes across a spectrum of psychological conditions 
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(Johnson et al., 2008; Roiser et al., 2009; Schoenbaum et al., 2006; Snyder, Miyake, 

& Hankin, 2015). 

 Impaired decision making from long-term, regular cannabis use may result 

in individuals prioritising immediate rewards over undesirable consequences, which 

is problematic because it can contribute to relapse in drug cessation attempts (Bolla 

et al., 2005; Goldstein et al., 2009; Goldstein & Volkow, 2011; Koob & Volkow, 

2010). Therefore, individuals who have used cannabis regularly for many years may 

experience problems with decision making, that persists despite abstinence, and this 

could impede attempts to quit cannabis use. With regard to heterogeneity that was 

found for decision making, one study (Cousijn et al., 2013) that was deleted to 

correct for variance included participants with an average of 2.5 years of cannabis 

use whereas other studies within this domain included participants with longer 

duration of use, from 5.0 (Whitlow et al., 2004) to 9.6 years (Wesley et al., 2011). 

While participants in the Cousijn et al. (2013) study used cannabis at an average of 

four days a week, this frequency was lower compared with other studies contributing 

toward the decision making domain; however, age of onset, where reported, was 

similar between studies (i.e., before 17 years of age) in this domain. Heterogeneity in 

decision making may therefore be attributable to differences in duration and 

frequency of cannabis use, however, this could not be adequately addressed in our 

secondary analyses. The other cognitive domains had homogeneity but similarly had 

variations in cannabis use parameters, which suggests that some, but not all, 

cognitive abilities are sensitive to duration and frequency effects of cannabis.  

Cannabis Age of Onset, Duration, and Prolonged Abstinence   

Unlike Schreiner and Dunn (2012) and Scott et al. (2018), we found that 

analyses regarding prolonged cannabis abstinence (≥ 25 days) provided similar 
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results to the primary analyses (≥ 12 hours abstinence) for the cognitive domains 

analysed. The one exception was executive functioning in which studies with longer 

abstinence showed a nonsignificant difference in performance between groups, 

compared with the significant difference found in the primary analysis. At a global 

level, poorer cognition in the cannabis group at any abstinence ≥ 12 hours and at 

prolonged abstinence (≥ 25 days) may be attributable to high frequency cannabis 

use, as research indicates that greater cannabis use frequency is associated with 

cognitive detriments that persist even after prolonged abstinence (i.e., 28 days; Bolla 

et al., 2002). However, the nonsignificant group differences for executive function 

suggests that deficits in executive abilities were ameliorated following longer 

abstinence and that residual drug effects may have contributed to the deficits 

observed in the primary analysis (≥ 12 hours) for this domain. Indeed, the study that 

reported the longest abstinence of 38 months (Chang et al., 2006) showed small 

effect sizes across cognitive domains, including executive function, which suggests 

that cognitive deficits reverse after several years of abstinence. 

In contrast, a residual confounding effect was not apparent for learning and 

memory in that the cannabis group had poorer cognitive performance than the 

control group in both analyses. It may be that hippocampal brain areas are slower to 

recover following abstinence than frontal areas, which is plausible given that the 

hippocampus has greater CB1 receptor density and greater neuroanatomical changes 

relating to cannabis use than other brain regions (Iversen, 2003; Lorenzetti, Chye, 

Silva, Solowij, & Roberts, 2019). However, the sensitivity analyses should be 

interpreted cautiously due to the heterogenous tests used to analyse cognition and the 

small number of studies analysed. Notably, the effect size for executive function was 

similar between analyses, which indicates that the smaller number of studies reduced 
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statistical power. Overall, our results highlight that cognitive outcomes associated 

with long-term, regular cannabis use may not be affected with longer (≥ 25 days) 

periods of abstinence, but strong conclusions cannot be made due to methodological 

and statistical limitations. 

We also found that age of cannabis onset did not influence cognitive 

outcomes, which was similarly found in the meta-analysis by Scott et al. (2018). A 

meta-analysis by Ganzer et al. (2016) suggested that neural compensatory effects 

may be more prominent in early onset cannabis consumers, such that early onset 

cannabis consumers perform comparable to their late onset counterparts but with a 

greater cost to brain efficiency. Yet the study by Sagar et al. (2015) that was 

included in our meta-analysis found that early onset users had poorer cognitive 

control and more dysregulated brain activity than late onset consumers, but they also 

consumed cannabis at a high frequency that predicted cognitive performance. This 

indicates that greater cannabis use frequency may have a larger impact on outcomes 

than early onset of use, which was also suggested by Ganzer et al. (2016). Given that 

participants in our meta-analysis were daily/near-daily cannabis consumers, the 

effect of high cannabis frequency may have masked any age of onset effects. 

However, Gruber et al. (2012) found that age of onset differentially influenced 

cognitive outcomes even after controlling for frequency. Overall, no strong 

conclusions can be made regarding age of onset given inconsistency in research 

findings and the small number of studies we analysed.  

A similar caution is warranted for our sensitivity analyses that found that 

long cannabis use duration (≥ 10 years) did not influence on cognitive outcomes. 

This finding is dissimilar to Schoeler et al. (2016) who found that longer duration (> 

5,000 days) was associated with poorer memory than shorter duration cannabis use 
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(< 2,500 days). Similar to our results, Schreiner and Dunn (2012) found no influence 

of cannabis use duration on cognition in a meta-regression. However, an earlier brain 

imaging study found that duration of cannabis use was associated with greater brain 

tissue density that indicated possible neural compensation (Matochik, Eldreth, Cadet, 

& Bolla, 2005). This finding may explain our results in that the longer duration 

cannabis consumers may have experienced neural compensatory effects that resulted 

in similar cognitive performance to cannabis consumers with any duration of use 

greater than two years.  

Limitations   

Our meta-analysis has several limitations that should be considered. First, our 

criteria for the prolonged abstinence analyses was ≥ 25 days, with the most common 

abstinence length being 28 days. However, one month is relatively short-term and, as 

such, our meta-analysis does not address cognitive outcomes relating to extended 

periods of abstinence (e.g., months or years). Additionally, our study criteria were 

not specific to cannabis use disorder and, while 30% of studies reported cannabis 

dependence, it was unclear if the remaining studies contained participants that met 

criteria for cannabis use disorder. However, removing the studies that reported 

cannabis use disorder from the global analysis resulted in a similar effect size (-

0.24), suggesting that cannabis use disorder had little impact on the overall results. 

Similarly, our cannabis inclusion criteria (≥ four days for ≥ two years) was chosen to 

be consistent with past literature, however, this was relatively arbitrary as most 

studies do not justify their cut-off criteria. Overall, more consensus is needed within 

the research field concerning definitions of long-term and frequent cannabis use, as 

well as what constitutes as prolonged abstinence. 
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Other illicit drug use is a potential confounding factor in our meta-analysis, 

as drugs other than cannabis can impair cognition (Rosselli & Simmers, 2016). 

However, studies included in our meta-analysis generally reported minimal history 

of other drug use (e.g., Fridberg et al., 2013; Vaidya et al., 2012; see Supplemental 

Table S3), excluded individuals with drug use disorders other than cannabis (e.g., 

Chang et al., 2006; Hester et al., 2009), or required a negative drug screen (e.g., 

Pujol et al., 2014; Verdejo-Garcia et al., 2007). Many studies did not account for 

tobacco or alcohol and many studies reported greater tobacco use in the cannabis 

group. It is possible that results were overinflated due to tobacco and alcohol use, 

given that they are known to harm cognition (Piumatti, Moore, Berridge, Sarkar, & 

Gallacher, 2018; Vergara, Weiland, Hutchison, & Calhoun, 2018). However, meta-

analytic results suggest that alcohol and tobacco do not moderate the effect of 

cannabis on, at least, memory (Schoeler et al., 2016). Altogether, it is unlikely that 

other drug use had a large impact on our results.   

Further limitations include a small number of studies contributing to some 

cognitive domains and averaging effect sizes for multiple outcome measures, which 

did not account for correlations. However, our results were similar to previous meta-

analyses, which suggests our analytical method may not pose a substantial problem 

for interpretation. A further consideration is that while we analysed decision making 

as a unique domain, we did not separate other unique functions such as inhibitory 

control and abstraction/shifting. However, Scott et al. (2018) analysed these 

cognitive skills separately and found that they had similar magnitude effects. 

Similarly, for the attention domain, we did not examine discrete attentional abilities 

separately, such as sustained and divided attention. Another limitation worth noting 

is that all cognitive domains, except decision making, consisted of different 
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cognitive tests which is problematic because cognitive tasks have different 

sensitivities for detecting drug effects (Abush & Akirav, 2012; Crane et al., 2013). 

The largest effect size we found was for the only domain (decision making) that 

consisted of a single cognitive test, the Iowa Gambling task, which is specifically 

recommended for detecting substance-related cognitive deficits (Walsh, Verstraete, 

Huestis, & Mørland, 2008). However, some researchers doubt that the Iowa 

Gambling Task measures decision making, with suggestions that working memory 

or learning are implicated in the task (Dunn, Dalgleish, & Lawrence, 2006). In our 

results we found a trivial effect size for working memory but similar sized effects 

between learning and memory and decision making so it is possible that learning and 

memory abilities, rather than decision making per se, underpinned Iowa Gambling 

Task performance. Altogether, the effect of cannabis on cognition may be 

underestimated when different cognitive tasks are used, and our results could have 

been affected by validity issues of the cognitive tasks that we included for analysis.  

Recommendations  

Considering the results and limitations, it could be useful for future research 

to examine discrete cognitive processes rather than combining different tests into 

broad domains; however, this may prove difficult given that discrete abilities (e.g., 

shifting, updating, and inhibitory control) are not often individually examined, which 

would result in a reduction of study numbers in future meta-analyses. Therefore, it 

would be useful in the future for researchers to implement the same, or similar, 

cognitive batteries that assess a range of discrete cognitive abilities and which are 

known to be sensitive in detecting cannabis-associated impairments. It would 

additionally be worthwhile for researchers to more closely investigate the effect that 
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duration of cannabis use has on cognition to identify if more specific duration 

criteria in future studies is warranted.  

There are several important cannabis measurement issues that must be 

considered in future research. Cannabis metrics, such as quantity, are often not 

reported or are reported in different units, such as joints per year or grams per week, 

which cannot easily be converted into a standardised measure and may have poor 

accuracy due to self-reporting (Hindocha, Freeman, & Curran, 2017). Moreover, 

reporting joints or grams does not capture cannabinoid content, which can vary 

across cannabis products. Hydroponic-grown cannabis has greater THC content than 

outdoor-grown cannabis and the latter has greater concentrations of cannabidiol; the 

second-most abundant cannabinoid to THC that interacts with cannabinoid receptors 

and is associated with cognitive-enhancing effects (Bhattacharyya et al., 2010; 

Morgan et al., 2012; Swift, Wong, Li, Arnold, & McGregor, 2013). Similarly, 

cannabis concentrates (e.g., “wax” or “shatter”) that are inhaled are highly potent, 

containing 68.7% THC compared with 20.6% reported in flower products, and are 

second-most commonly used following flower products (Smart, Caulkins, Kilmer, 

Davenport, & Midgette, 2017). Such information should be addressed when 

examining cannabis and cognition. Many studies do not report cannabis dependence 

and withdrawal, which should be documented because these factors can influence 

cognitive outcomes and neural correlates (Bosker et al., 2013; Chye et al., 2017). It 

would be beneficial for researchers to use measures such as the Daily Sessions, 

Frequency, Age of Onset, and Quantity of Cannabis Use Inventory (DFAQ-CU; 

Cuttler & Spradlin, 2017) to assess cannabis frequency, age of onset, and quantity in 

a standard manner that can be easily compared across future studies. Altogether, 

researchers should adhere to recommendations on minimum reporting criteria for 
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cannabis use research as provided by Lorenzetti, Solowij, and Yücel (2016), which 

includes using toxicology to quantify cannabinoids.  

Conclusions  

 In our meta-analysis we found evidence to suggest that long-term, regular, 

recreational cannabis use is associated with small deficits in global cognition, 

learning and memory, and executive functioning but moderate deficits in decision 

making during abstinence. We found lack of impairments in other cognitive domains 

(i.e., information processing, attention, and working memory). Cannabis use 

duration, age of onset, and prolonged abstinence (≥ 25 days) did not appear to 

influence cognitive abilities for the most part. However, it is unclear if cognitive 

deficits would reverse following very long periods of abstinence (e.g., years). 

Research quality and conclusions can be improved by thorough assessment and 

reporting of cannabis metrics, as well as management of potential confounding 

factors. Altogether, the results indicate that individuals who engage in long-term, 

regular cannabis use may experience deficits in some areas of cognition when not 

intoxicated, which may contribute to problems in everyday functioning and reduce 

the ability to cease and maintain abstinence from cannabis.  
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Preface 

This chapter outlines the cognitive outcomes associated with an acute dose of 

nabiximols taken by cannabis-dependent individuals during the maintenance 

medication phase. Cannabis consumers were permitted to continue using cannabis 

during the trial. Nabiximols is an agonist-replacement therapy that contains equal 

proportions of THC and CBD to reduce cannabis craving and withdrawal. Knowing 

the impact of nabiximols on cognition is important because cannabis can impair 

cognitive functioning via the effects of THC on CB1 receptors, so any interventions 

for cannabis consumers who are concurrently using cannabis need to be safe from a 

cognitive stand-point. Cognitive safety is especially pertinent given that cognitive 

impairments associated with illicit drug use can contribute to relapse and poor 

psychotherapeutic outcomes, as well as harm everyday abilities such as driving. 

Therefore, we sought to determine the acute impact that nabiximols would have on 

cognition (question 3) in cannabis consumers following chronic dosing. Knowing 

this information will help direct cannabis-related interventions.   
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Abstract 
Background: There are an increasing number of applications of chronic cannabis-

based medications. A key question is whether an acute dose of such medication can 

alter cognitive functioning in cannabis consumers, which is crucial for evaluating 

safety among individuals chronically taking these medications.  

Method: This was a phase III randomised, double-blind, and placebo-controlled 

outpatient trial that compared nabiximols (Sativex®) to placebo over 12-weeks. This 

study had four trial sites (drug and alcohol outpatient clinics) in New South Wales, 

Australia. Participants included ninety-three (n = 44 nabiximols) treatment-seeking 

cannabis-dependent adults. Participants received a supervised dose of placebo or 

nabiximols (21.6 mg THC, 20 mg CBD), which was in the context of daily self-

administration of a maximum of 86.4 mg THC and 80 mg CBD split into four daily 

doses over the previous 28 days. After 28 days of daily dosing, participants were 

assessed at trough (prior to scheduled dosing) and 45-60 minutes after a supervised 

dose of 8 sprays (21.6 mg THC, 20 mg CBD) on cognitive tests assessing processing 

speed, attention, inhibition, and working memory.   

Results: Participants were well matched on substance use, demographics, 

psychological distress and general cognition. There were no statistically significant 

interactions of drug condition and time in any cognitive domain. All acute-drug 

effect sizes for nabiximols were small in magnitude, and Bayesian analyses 

suggested moderate evidence for no effect of medication on processing speed, 

attention in the presence of distractions, sustained attention, or working memory.  

Conclusions: In chronic nabiximols dosing, even a substantial acute dose does not 

appear to produce practically meaningful effects, either harmful or beneficial, on 

cognitive performance in domains relevant for everyday safety. Further examination 
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of these effects in simulated and on-road driving contexts will be beneficial but these 

initial results are suggestive of safety for outpatient nabiximols treatment in this 

population. 

Keywords: cannabis; cognition; nabiximols; agonist replacement therapy 
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Introduction 

Cannabis is a commonly used drug with approximately 181.1 million 

consumers worldwide (United Nations Office on Drugs and Crime, 2017). 

Approximately four million consumers experience cannabis use disorder, and this 

contributes substantially to societal burden, including poor health outcomes and 

living with disability (Degenhardt et al., 2013; Substance Abuse and Mental Health 

Services Administration, 2005, 2015). Individuals who consume cannabis for 

intoxication may experience cognitive deficits that interfere with day-to-day 

functioning, such as affecting the ability to drive or to remember information 

(Bergamaschi et al., 2013; Rodgers et al., 2001; Solowij & Battisti, 2008). Such 

cognitive impairments may even persist during early abstinence from cannabis 

(Bolla et al., 2002). Poor treatment outcomes and relapse are common among those 

seeking treatment for cannabis use problems, with only one in three achieving short-

term abstinence following best practice cognitive behavioural interventions (Gates et 

al., 2016).  

 To date, there has been limited success in the application of pharmacotherapy 

to support individuals to discontinue problem cannabis use and research has 

primarily focussed on pharmacotherapy to alleviate withdrawal symptoms. Drugs 

such as buspirone, rimonabant, and dronabinol may reduce withdrawal symptoms 

but carry abuse potential and harmful side effects (from headaches to suicidality), 

and acute doses of nabilone (synthetic THC) may slow psychomotor functioning 

(Haney et al., 2013; Le Foll, Gorelick, & Goldberg, 2009; Levin et al., 2011; 

McRae-Clark et al., 2015; Schoedel et al., 2011). Given that cannabis alone is 

associated with cognitive impairments that are related to treatment drop out, risk of 

relapse, and problems in everyday functioning (e.g., driving; Aharonovich et al., 
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2008; Hartman & Huestis, 2013), it is important to identify pharmacotherapy that 

does not harm cognition, or that can even improve cognition.  

Nabiximols (Sativex, GW Pharmaceuticals, UK) is a rapidly absorbed 

medication (0.5 h plasma level detection and 3-3.5 h to maximum concentration; 

Atsmon, Heffetz, Deutsch, Deutsch, & Sacks, 2017) containing THC and CBD, 

which are the two primary cannabinoids in cannabis (Stott & Guy, 2004). THC acts 

as an agonist replacement that reduces cannabis withdrawal symptoms whereas CBD 

opposes some of the effects of THC and may produce a cognitive-enhancing effect 

in cannabis consumers (Izzo et al., 2009; Magen et al., 2010; Moreno Torres, 

Sanchez, & Garcia-Merino, 2014). Both animal (Cheng, Spiro, Jenner, Garner, & 

Karl, 2014) and human (i.e., Morgan et al., 2010; Solowij et al., 2018) studies 

indicate that CBD has beneficial effects on cognition in the context of cannabis use.  

CB1 receptors are expressed throughout the central nervous system and are 

inhibited by cannabidiol, which counters the agonistic effects that THC has on CB1 

receptors (Thomas et al., 2007; Tsou, Brown, Sañudo-Peña, Mackie, & Walker, 

1998; Wright Jr et al., 2013). Human brain imaging studies have demonstrated that 

acute oral CBD dosing produces opposite effects to THC in several brain regions 

(e.g., prefrontal cortex, hippocampus) during verbal memory and attention tasks 

(Bhattacharyya et al., 2015; Bhattacharyya et al., 2010). In healthy individuals, CBD 

has been found to reduce acute adverse effects of THC on hippocampal-dependent 

memory (Englund et al., 2013; Englund et al., 2012) and 1:1 THC to CBD injections 

in rats have prevented working memory impairment following chronic daily 

administration (Murphy et al., 2017). In human cannabis consumers, cannabis 

containing low levels of CBD was associated with lower hippocampal volume and 

poorer recognition memory than cannabis with greater CBD concentrations 
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(Demirakca et al., 2011; Morgan et al., 2012; Yücel et al., 2016). Together, these 

emerging lines of evidence suggest that CBD may offset unwanted cognitive effects 

associated with THC. As such, combined THC/CBD pharmacotherapy may be 

advantageous for cannabis consumers.  

Nabiximols has favourable evidence such that it is well-tolerated, reduces 

cannabis withdrawal, has minimal abuse potential, and effectively treats a range of 

conditions from multiple sclerosis to rheumatoid arthritis (Allsop et al., 2014; Blake, 

Robson, Ho, Jubb, & McCabe, 2006; Moreno Torres et al., 2014; Syed, McKeage, & 

Scott, 2014; Trigo et al., 2016). Safety concerns of nabiximols on cognition and its 

impact on driving have been noted, however, because nabiximols contains THC 

(Allsop et al., 2015; Vachova et al., 2014). Acute THC administration in cannabis 

consumers has been found to impair cognitive function that may pose a driving 

hazard (Ramaekers et al., 2016). However, other work has demonstrated that 

cannabis consumers have blunted behavioural effects to acute THC administration, 

which may be attributable to tolerance (Colizzi & Bhattacharyya, 2018; D'Souza et 

al., 2008; Lile, Kelly, & Hays, 2011; Ramaekers et al., 2011). Overall, evidence 

suggests that nabiximols may be safe for clinical trials with cannabis consumers and 

may even benefit some cognitive domains, however, cognitive outcomes following 

longer term nabiximols use in human cannabis consumers is lacking.  

The aim of this study was to investigate the acute effects of nabiximols on 

the cognitive performance of treatment-resistant cannabis consumers at week four 

(maintenance phase) of a larger 12-week multisite outpatient, randomised, and 

double-blind controlled trial. If nabiximols has the potential for the application as a 

maintenance outpatient treatment for individuals experiencing cannabis use disorder, 

then it is important to evaluate if clinically relevant doses over longer periods of time 
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alters cognitive performance underlying everyday activities, especially where safety 

is concerned.  

Method 
Participants  

Ethical approval was provided by the Human Research Ethics Committee of 

South East Sydney Local Health District (HREC/14/POWH/701). Based on the 

primary outcome measures (safety, efficacy, and cost-effectiveness), an overall 

sample size of 142 was determined to achieve an abstinence rate of 22% for placebo 

and 44% for nabiximols at week 12, with 80% power (2-tailed). Recruitment began 

February 3, 2016 and ended June 14, 2017. Inclusion criteria were: (1) age 18 to 65 

years, (2) cannabis dependence according to International Classification of Diseases 

– 10th revision (ICD-10) criteria, and (3) past treatment attempts for cannabis use 

without a positive response (as indicated by relapsing to regular cannabis use within 

one month of treatment cessation). Exclusion criteria were: (1) comorbid substance 

use disorder (licit or illicit) other than nicotine or caffeine, as diagnosed by clinical 

assessment and urine drug screen, (2) severe medical or psychiatric disorder (e.g., 

chronic pain, cardiovascular disease, and schizophrenia) as assessed by a medical 

officer, (3) pregnant/lactating females, (4) concern regarding safe medicine storage, 

(5) not available at follow-up (e.g., likely travel or imprisonment), (6) court 

mandated to attend treatment for a substance use disorder, and (7) current or recent 

(past month) treatment for cannabis use. Initially, 137 individuals were randomised 

to receive nabiximols (n = 73) or placebo (n = 64). This paper focusses on a 

complete case analysis of individuals who contributed cognitive data and continued 

to be active in the study at day 28. There were 44 participants in the nabiximols 

group (M = 37.8 years old, SD = 11.6) and 49 participants in the placebo group (M = 

35.5 years old, SD = 10.7). See CONSORT flow diagram (Figure 1).  
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Figure 1. CONSORT flow diagram for the nabiximols study. 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Enrolment 

Assessed for eligibility (n=409) Excluded (n=272) 
• Lost to follow-up (n=150) 
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• Dependent on other illicit drug 

(n=19) 
• Involved in other treatment 

(n=9) 
• Physical or Psychiatric 

Impairment (n=11) 
• Unable to attend for 13 weeks 

(n=42) 
• Legal Issues (n=3) 
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• Other (n=29) 
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Placebo 
Allocated to intervention (n=73) 

• Received allocated intervention (n=67) 
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St George (n=13)  
Cumberland (n=18) 
Newcastle (n=12) 

• Did not receive allocated intervention (n=6) 

Nabiximols 
Allocated to intervention (n=64) 
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Langton Centre (n=20) 
St George (n=10) 
Cumberland (n=17) 
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• Did not receive allocated intervention (n=3) 

Follow-Up 
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Materials 

 Participant characteristic measures. Participant characteristics were 

obtained on several measures at baseline (for more details, see Bhardwaj et al., 

2018). We used the 21-item Depression, Anxiety, and Stress Scale (DASS 21; 

Lovibond & Lovibond, 1995) to measure mental health, with higher scores in each 

domain indicating greater symptom severity. The DASS 21 is a valid measure of 

depression, anxiety, and stress in clinical and nonclinical samples, with moderate to 

large correlations (Pearson’s r ranging from .44 to .85) with other published 

measures such as the State-Trait Anxiety Inventory and Beck Depression Inventory 

(Antony, Bieling, Cox, Enns, & Swinson, 1998). We used the general health and 

physical functioning subscales from the Short-Form 36 (Ware Jr & Sherbourne, 

1992) with scores transformed to a mean of 50 and which higher scores reflect 

superior health. The SF-36 has sound convergent validity, with moderate correlations 

with the Barthel Index (r = .49; Bunevicius, 2017).   

The Fagerström Test of Nicotine Dependence (FTND; Heatherton, 

Kozlowski, Frecker, & Fagerström, 1991) measures severity of nicotine dependence 

over six items and higher scores indicate greater dependence (scores of 4-5 indicate 

moderate dependence and 6-10 indicate high dependence). Scores ≥ six display high 

sensitivity (80%) and high specificity (84.1%) in detecting heavy smokers (Svicher, 

Cosci, Giannini, Pistelli, & Fagerström, 2018) The 10-item Alcohol Use Disorder 

Identification Test (AUDIT; Babor, Higgins-Biddle, Saunders, & Monteiro, 2001) 

measures alcohol dependence on a 0 to 40 point scale, where scores ≥ 16 indicate 

hazardous and harmful alcohol use, respectively. In the general population, scores of 

six show optimal sensitivity (97%) and specificity (74%) for detecting alcohol 
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dependence while scores of seven show optimal sensitivity (55%) and specificity 

(88%) in detecting risky drinking (Lundin, Hallgren, Balliu, & Forsell, 2015).  

The WTAR (Wechsler, 2001) was used as a control measure of premorbid 

verbal intelligence. The WTAR has sound construct validity as indicated by a strong, 

positive correlation (r = .67) with verbal IQ (Whitney, Shepard, Mariner, 

Mossbarger, & Herman, 2010). The WTAR has a standardised score of 100, where 

higher scores indicate greater premorbid intellectual functioning.  

Cannabis-related measures. A modified Timeline Follow-Back (TLFB) 

method adopted from Sobell and Sobell (1996) was used as a retrospective self-

report measure of recent cannabis use, including items such as average daily amount 

of cannabis use (grams). The TLFB has good test-retest reliability, with r ranging 

from .70 to .96 (Robinson et al., 2014). The cannabis Severity of Dependence Scale 

(SDS) was used to measure past three-month cannabis dependence over five items 

with a score of three demonstrating 64% sensitivity and 82% specificity at predicting 

cannabis dependence (Swift et al., 1998).  

 Neuropsychological outcome measures. PenscreenSix software version 1.6 

(Mobile Cognition Ltd., Scotland; Cameron et al., 2001; Tiplady et al., 2005) was 

used on an Android 7ʺ tablet and included five tasks measuring: (1) basic processing 

speed (Symbol Digit Substitution Task), (2) attention in the face of distraction 

(Arrow Flankers), (3) sustained attention (Rapid Visual Information Processing), (4) 

inhibitory control (Stop Signal Task and no-go trials within Arrow Flankers) and (5) 

working memory (N-back Task). These tests are consistent with international 

guidelines on cognitive measures sensitive to detecting medication effects on 

everyday skills, such as driving (Walsh, Verstraete, Huestis, & Mørland, 2008). 
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Basic processing speed: Symbol Digit Substitution Task. The SDST 

(Cameron et al., 2001; Mattila & Mattila-Evenden, 1997) consisted of symbols (e.g., 

“˄”) accompanied with a reference key displaying corresponding digits (0-9). 

Centrally located target symbols appeared consecutively and participants responded 

as fast as possible by tapping the corresponding digit. Stimuli remain on screen until 

participants responded. Outcome measures were mean response time for correct 

responses and the percent of incorrect responses (out of 87 trials). 

Attention in the face of distraction: Arrow Flankers. This task combines 

Arrow Flankers (Eriksen & Eriksen, 1974; Fan, McCandliss, Sommer, Raz, & 

Posner, 2002) with a go/no-go paradigm (Ruchsow, Spitzer, Grön, Grothe, & Kiefer, 

2005). The task consisted of a set of stimuli presented on the screen, which included 

five symbols: a central target arrow that pointed left or right, bordered on both sides 

by either neutral (two squares), congruent (two arrows pointing in the same), or 

incongruent (opposite direction) flankers, which were randomly presented. 

Participants responded to the direction of the central arrow. Stimuli remained on 

screen until participants responded or 1000 ms had elapsed. Congruent, neutral, and 

incongruent trials each comprised 90% of the total 80 trials. The remaining 10% of 

trials contained no-go trials, where “X” flankers signified participants to withhold 

their response, which provided a measure of inhibitory control. Outcome measures 

were RT impairment (difference in reaction time for each participant between 

incongruent and neutral flankers), and inhibitory control errors (false alarms) to no-

go trials.  
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Sustained attention: Rapid Visual Information Processing. Rapid Visual 

Information Processing (RVIP; Harrell & Juliano, 2012; Juliano, Fucito, & Harrell, 

2011; Wesnes & Warburton, 1984) consisted of single digits presented individually 

at a central fixation point with a 600 ms inter-stimulus interval. Participants 

responded when three even or three odd digits occurred sequentially (8% of 300 

trials). Average RT for correct responses and number of false positive responses 

were recorded.  

 Inhibitory control: Stop Signal Task. The Stop Signal task (SST; Eagle, 

Bari, & Robbins, 2008; Logan et al., 1997; Oosterlaan, Logan, & Sergeant, 1998) 

required participants to make two alternative forced choice decisions whenever a 

target appeared (“X” or “O”; go signals, 75% of trials). These were presented 

centrally 500 ms after presentation of a central fixation point. A stop signal (two 

horizontal red lines superimposed over the letter) followed stimuli on 25% of trials. 

The stop signal occurred initially 250 ms after letter onset, termed stop signal delay. 

Stop signal delay increased 50 ms following failure to inhibit responses and 

decreased by 50 ms following correct inhibition. Mean stop signal response time 

(SSRT) was recorded and was used to index inhibition. SSRT was calculated by 

subtracting the stop signal delay from the average go signal response time (Aron & 

Poldrack, 2006). 

 Working memory: N-back task (Jonides et al., 1997). This consisted of a 

sequence of letters presented individually at a rate of 15 stimuli per 20 seconds. 

Participants decided if each letter matched the letter that preceded it by n places 

prior. There were three difficulty levels: 1-, 2-, and 3-back in which participants 

responded when the current letter was identical to one, two, or three letters prior, 
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respectively. Targets accounted for 20% of the 75 trials. The percentage of correct 

responses was recorded. 

Procedure  

Participants were recruited at drug and alcohol services and from 

advertisements in local care services and local media. Eligibility was determined by 

telephone screening and a medical examination (approximately two hours) at one of 

the four trial sites in New South Wales, Australia. All participants provided written 

informed consent. Research interviews, medical interviews, and cognitive 

assessments were conducted repeatedly throughout the trial (for detailed protocol, 

see Bhardwaj et al., 2018). Participants were not required to cease illicit cannabis use 

during the trial. Medical interviews obtained data such as recent substance use, 

withdrawal symptoms, and medication usage. 

 Medication schedule. The full dosing schedule, as well as adherence, for 

nabiximols is available elsewhere (Bhardwaj et al., 2018; Lintzeris et al., 2019). 

Nabiximols is an oromucosal spray containing THC (27 mg/ml), CBD (25 mg/ml), 

and other plant-derived chemicals (terpenes; 4 mg/ml) dispensed in 50% v/v ethanol. 

Each spray delivers 100 µL (2.7 mg THC, 2.5 mg CBD) and is activated by a 

mechanical pump. Doses were individually titrated at weekly reviews and, after a 

three-day dose induction, the maximum daily dose was 32 sprays (86.4 mg THC, 80 

mg CBD) across four separate occasions (21.6 mg THC, 20 mg CBD). All 

medication was packaged and dispensed by trial pharmacists who were aware of the 

randomisation. Placebo consisted of an alcohol base dispensed in identical bottles to 

nabiximols but did not contain cannabinoids or any plant-derived terpenoids. 

Peppermint flavouring masked both treatments. Drug and alcohol nurses provided 

daily check-ups in the first week of medication use and weekly thereafter. 
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Cognitive assessments. Cognitive assessments were completed at day one 

(baseline), week four (during medication maintenance), and at a 24-week follow-up. 

This study focusses on the week four cognitive assessments, in which tests were 

completed approximately 30 minutes prior to supervised dosing of either nabiximols 

or placebo (pre-dose; trough) and approximately 45-60 minutes post-dose (peak 

effects). All participants in the active group administered eight sprays of nabiximols 

(21.6 mg THC, 20 mg CBD) in this session.  

Design and Data Analysis  

This was a Phase III 12-week, outpatient study that consisted of a 

randomised, double-blind, placebo-controlled parallel design comparing nabiximols 

to placebo. An independent researcher completed blind randomisation in a 1:1 ratio 

between groups using a variable eight-block randomisation schedule with 80 codes 

per trial site. Blinding was maintained until study completion. The primary aim of 

this paper was to examine cognitive functioning at pre-dose (trough) and post-dose 

(peak effects) between placebo and nabiximols at week four. 

Chi square (χ2) was used to analyse categorical variables between groups. 

Cognitive data was analysed with eight separate 2 (Group: Nabiximols, placebo) x 2 

(Time: Pre-dose, post-dose) mixed factorial analysis of variance (ANOVA). Paired 

samples t-tests were used to analyse pre- and post-dose data separately for each 

group. Cohen’s d and partial eta squared (ηp
2) are reported as measures of effect size. 

Cohen’s d values of 0.20, 0.50. and ≥ 0.80 and ηp
2 values of 0.01, 0.13, and 0.26 

were interpreted as small, medium, and large magnitude effects, respectively, 

according to Cohen’s criteria (Cohen, 1988). Non-responses to RT tasks were coded 

as missing data. Data was analysed with IBM SPSS Statistics version 24 (IBM 

Corp., Armonk, NY). We conducted complete case analysis of individuals 
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continuing to be active in the study at day 28 and that contributed cognitive data. 

Bayesian paired samples t-tests were conducted using JASP version 0.9.1 (JASP 

Team, 2018) to evaluate the strength of evidence for the null hypothesis. BF01 

provided an index of the evidence in favour of the null over the alternative 

hypothesis, with values ≥ 3.2 indicating substantial evidence in favour of the null 

(Kass & Raftery, 1995).   

Results 

Demographic Characteristics 

The placebo and nabiximols groups were similar in demographic 

background, including education, sex, and age (Table 1). General cognition and 

mental and physical health were similar between groups. Both groups reported an 

average of 26, out of 28, days of cannabis use at study entry. Both groups had similar 

nicotine and alcohol dependence scores and scores did not meet cut-offs indicating 

dependence for either substance.
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Table 1 

Demographic Characteristics for the Nabiximols and Placebo Groups 

 
Placebo 

n = 49 

Nabiximols 

n = 44 
   

 

 Mean SD Mean SD Statistic (t, χ2) p Cohen’s d† BF01 

Age (years) 35.5 10.7 37.8 11.6 -1.01 .315 0.21 2.93 

Sex (% male) 75.5 %  70.5 %  1.43 .489  2.81 

Education (% year 12+) 61.2  61.4  4.03 .258  3.44 

General cognition (WTAR) 99.9 17.2 102.5 3.9 -0.80 .425 0.17 3.46 

General health (SF-36) 48.2 18.8 55.3 22.0 -1.70 .093 0.35 4.39 

Physical functioning (SF-36) 87.9 16.1 85.7 20.4 0.59 .554 0.12 3.93 

Depression (DASS 21) 10.4 7.5 11.4 7.9 -0.60 .549 0.13 3.91 

Anxiety (DASS 21) 6.7 3.9 7.2 4.4 -0.64 .523 0.12 3.83 

Days cannabis use (entry, /28) 25.5 3.9 25.5 4.7 -0.01 .989 0.00 2.77 

Days cannabis use (prior test) 18.8 10.6 15.8 11.1 1.31 .194 0.28 2.16 

Nicotine dependence (FTND) 1.9 2.4 2.9 2.9 -1.87 .064 0.38 0.99 
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Table 1 continued…      

 
Placebo 

n = 49 

Nabiximols 

n = 44 
 

 
 

 

 
Mean SD Mean SD Statistic (t, χ2) p Cohen’s d† BF01 

Alcohol problems (AUDIT) 4.7 5.4 4.9 4.6 -0.29 .773 0.04 4.42 

Blind (% felt on nabiximols) 64.4 %  86.4 %  5.74 .017*  0.34 

Note. Wechsler Test of Adult Reading (WTAR) standardized score is 100, with higher scores denoting greater general cognition; Short Form-36 (SF-36) has 
higher scores reflect greater functioning; Depression, Anxiety, and Stress Scale 21 (DASS 21), with higher scores denote poorer mental health; Fagerström 
Test of Nicotine Dependence (FTND), higher scores denote greater nicotine dependence; Alcohol Use Disorder Identification Test (AUDIT) scores ≥ 16 
indicating harmful alcohol use. These tests report values from baseline, unless otherwise stated. 
Means (M) and standard deviations (SD) reported unless otherwise stated. 
† Effect size calculated as placebo – nabiximols.
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Inhibitory Control: Stop Signal Task 

Descriptive statistics for the cognitive tasks are in Appendix C. For stop 

signal response time (SSRT), the main effect of Group and the Time by Group 

interaction were not significant and had small effect sizes. There was a significant 

but small magnitude main effect of Time (p = .004, d = 0.09), such that SSRT was 

slower at post-dose than pre-dose. A significant but small magnitude effect was 

shown for the placebo group between doses (p = .025, d = -0.33), with slower SSRT 

at post-dose (Figure 2). The nabiximols group showed a similar effect with a non-

significant and small magnitude effect in the same direction (p = .074, d = -0.28). 

Bayesian analysis showed limited evidence for the null for both groups between pre- 

and post-dose (BF01 < 2.0).  

 

Figure 2. Stop signal response time (SSRT) performance between placebo and nabiximols 
groups at pre-dose and post-dose for the Stop Signal Task. Placebo had significantly 
greater reaction time at post-dose than pre-dose (p = .025, d = .033). 
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Inhibitory Control: Arrow Flankers No-Go Component 

For the inhibitory component (percent of errors on no-go trials) of the Arrow 

Flankers task, there was no significant main effect of Group or Time, and no 

significant Group by Time interaction (Figure 3).  

 

 

Figure 3. Inhibitory control (no-go) component on the Arrow Flankers Task. Performance 
between placebo and nabiximols groups at pre-dose and post-dose. Error bars denote 95% 
confidence intervals (CIs). 

 

Basic Processing Speed: Symbol Digit Substitution Task (SDST) 

 There were non-significant and small magnitude effect sizes for the main 

effects of Time and Group, and their interaction (Table 2). The placebo (p = .323, d 

= 0.14) and nabiximols (p = .568, d = 0.09) groups experienced little effect on SDST 

reaction time pre- and post-dose, accompanied with small effect sizes (Figure 4). 

Bayesian analysis showed substantial evidence in favour of the null hypothesis (BF01 

≥ 3.0; i.e. no effect of dosing) for both groups.  
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Attention in the Face of Distraction: Arrow Flankers 

There were non-significant and small magnitude effect sizes for the main 

effect of Time, Group, and their interaction (Table 2). There was similar 

performance on Arrow Flankers before and after the dose for both the placebo (p = 

.495 d = 0.10) and nabiximols (p = .698, d = 0.06) groups (Figure 4). Bayesian 

analysis showed substantial evidence in favour of a null effect of dosing for both 

groups (BF01 ≥ 3.0).  

Sustained Attention: Rapid Visual Information Processing (RVIP) 

 There were non-significant and small magnitude effects for the main effects 

of Time and Group, and the interaction (Table 2). There was no significant 

difference between pre- and post-dose reaction times for the nabiximols group (p = 

.634, d = 0.08), and substantial evidence in favour of the null hypothesis (BF01 = 

5.08). However, there were some indications of a small magnitude improvement in 

reaction time post-dose for the placebo group (p = .037, d = 0.34, Figure 4), with 

limited evidence in favour of the null hypothesis (BF01 = 0.73).  

Working Memory: N-back Task 

Overall, there were no statistically significant main effects of Group or Group 

by Time interactions for any of the n-back conditions (Table 2). There was a 

statistically significant effect of Time for the 1-back task but not for the other 

conditions. The placebo group showed non-significant and small magnitude 

reductions in percent of correct responses on the 1-back (p = .081, d = 0.26) and 3-

back (p = .200, d = -0.19) between doses, but had significantly greater percentage of 

correct responses at post- than pre-dose for 2-back (p = .016, d = -0.36), 

accompanied with a small magnitude effect (Figure 4). For placebo, Bayesian 
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analysis showed limited evidence for the null hypothesis (BF01 ≤ 2.5) on 1-, 2-, and 

3-back conditions.  

There were non-significant and small magnitude differences between pre- 

and post-dose for the nabiximols group on 1-back (p = .198, d = 0.20), 2-back (p = 

.958, d = 0.01), and 3-back (p = .838, d = -0.03), and Bayesian analysis showed 

substantial evidence for the null in the 2- and 3-back conditions (BF01 ≥ 6.0) and 

limited evidence for the 1-back task (BF01 = 2.7).  
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Figure 4. Symbol Digit Substitution Task, Arrow Flanker, N-back, and Rapid Visual Information Processing (RVIP) performance between 
nabiximols and placebo at pre-dose and post-dose. Error bars represent 95% CIs. For 2-back, placebo had significantly greater percentage correct at 
post-dose than pre-dose (p = .016, d = 0.36). For RVIP, placebo had significantly faster reaction time at post-dose than pre-dose (p = .037, d = 
0.34). 
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Table 2 

Summary of Treatment Effects for Placebo and Nabiximols Groups at Pre-dose and Post-dose 

  Main effects Placebo Nabiximols 

  Time Group Time x Group Pre- vs Post-Dose Pre- vs Post-Dose 

  p ηp
2 p ηp

2 p ηp
2 p d BF01† p d BF01 

Basic processing speed: Symbol Digit Substitution Task 

Reaction time, ms .283 0.01 .775 0.00 .866 0.00 .323 0.14 3.99 .568 0.09 5.24 

Attention in the face of distraction: Arrow Flankers 

Flankers RT 

impairment a  
.446 0.01 .378 0.01 .792 0.00 .495 0.10 5.15 .698 0.06 5.64 

Sustained attention: Rapid Visual Information Processing  

 Reaction time, ms .106 0.03 .249 0.02 .410 0.01 .037* 0.34 0.73 .634 0.08 5.08 

Inhibitory control 

Flanker go/no-go, % 

Inhibition error 
.062 0.04 .722 0.00 .686 0.00 .330 0.14 4.08 .076 0.28 1.35 

Stop signal RT, ms .004* 0.09 .083 0.03 .559 0.00 .025* -0.33 0.58 .074 -0.28 1.33 
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Table 2 continued…   

  Main effects Placebo Nabiximols 

  Time Group Time x Group Pre- vs Post-Dose Pre- vs Post-Dose 

  p ηp
2 p ηp

2 p ηp
2 p d BF01† p d BF01 

 

Working memory: N-back  

 1-back % correct .032* 0.05 .210 0.02 .761 0.00 .081 0.26 0.67 .198 0.20 2.77 

 2-back % correct .192 0.02 .745 0.00 .163 0.02 .016* -0.36 2.53 .958 0.01 6.12 

 3-back % correct .265 0.01 .645 0.00 .390 0.01 .200 -0.19 0.35 .838 -0.03 6.00 
a Incongruent reaction time minus neutral reaction time. 
* Statistically significant at p < .05. 
† BF01; Bayes factor, where values ≥ 3.2 indicate substantial evidence in favour of the null hypothesis. 
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Discussion 

The aim of our study was to evaluate the acute cognitive effects of 

nabiximols in individuals with treatment-resistant cannabis dependence who were 

tested at pre- and post-dose during the maintenance medication phase. Participants 

had no restrictions regarding cannabis use during the trial. Our results revealed that 

acute THC/CBD cannabinoid dosing does not pose a risk to cognition in cannabis-

dependent individuals when treated over a long period, which is a similar finding to 

previous work. Several randomised, double-blind, and placebo-controlled studies 

investigating multiple sclerosis in cannabis-naïve participants have reported lack of 

cognitive effects in memory, attention, and information processing following weeks 

to months of daily nabiximols use (Aragona et al., 2009; Rog, Nurmikko, Friede, & 

Young, 2005; Vachová et al., 2014; Wade, Makela, Robson, House, & Bateman, 

2004). Other studies on multiple sclerosis have found no attentional, executive 

function, memory, or driving impairments when nabiximols was used for prolonged 

periods of up to 12 months (Oreja-Guevara et al., 2015; Russo et al., 2016). In an 

open-label study, there were no self-reported cognitive deficits following two weeks 

of nabiximols treatment in terminal cancer patients (Johnson, Lossignol, Burnell-

Nugent, & Fallon, 2013). A single-dose, double-blind, crossover study with cannabis 

consumers also found no significant acute cognitive effects (reaction time, divided 

attention, or short-term memory) of nabiximols (21.6 mg THC + 20 mg CBD) 

compared to dronabinol and placebo (Schoedel et al., 2011). Our findings indicate 

that high doses of nabiximols can be used in outpatient treatment of cannabis-

dependent individuals for a prolonged period without causing acute cognitive deficits 

following dosing that would impact everyday functioning, such as driving abilities.  
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While our findings, and several other studies, suggest that nabiximols may 

not harm cognition, other studies have shown harmful effects of cannabinoids on 

cognition. In a non-acute 12-month trial, cannabis-naïve multiple sclerosis patients 

who continued treatment with nabiximols had moderately worse inhibitory control 

than in those who discontinued nabiximols treatment (Castelli et al., 2019). Acute 

single-dosing research with abstinent nicotine smokers who received oral CBD (800 

mg) found moderately greater commission errors on the go/no-go task when tested 

150 minutes after dosing (Hindocha et al., 2018). Similarly, a randomised controlled 

trial of healthy participants with minimal previous cannabis use showed that 

vaporised THC/CBD resulted in poorer divided attention performance than THC 

alone and poorer information processing than placebo (Arkell et al., 2019). However, 

Arkell et al.’s study was a 1:1 dosing regime in infrequent cannabis consumers, and 

research indicates that such populations are more sensitive to the intoxicating effects 

of THC at this ratio combination than regular cannabis consumers (Solowij et al., 

2019). Thus, cognitive dysfunction may not have been observed in our study because 

regular cannabis consumers may have been less sensitive to cannabinoids due to 

long-term cannabinoid exposure. 

In cannabis consuming populations, Morgan et al. (2018) observed from their 

randomised, double-blind, placebo-controlled trial that a single vaporised dose of 

CBD to THC, at a 2:1 ratio, was associated with acute deficits in episodic and 

working memory performance when tested 10 minutes post-dose. Their results could 

be attributable to several factors, for example, CBD may not have offset THC effects 

at the 10-minute post-dose assessment because Tmax for vaporised CBD is longer 

(approximately 20 minutes) than THC (approximately 10 minutes) in frequent 

cannabis users (Swortwood et al., 2017). Alternatively, inverse tolerance may have 
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occurred in the Morgan et al. study in which CB1 receptor sensitisation made 

participants more vulnerable to the behavioural effects of THC (Cadoni, Pisanu, 

Solinas, Acquas, & Chiara, 2001). However, tolerance effects are more commonly 

reported, such that ongoing cannabinoid exposure results in CB1 downregulation and 

blunting of behavioural effects (Hirvonen et al., 2012; Rubino, Viganò, Massi, & 

Parolaro, 2001). Our results may be explained by tolerance to THC because 

nabiximols was administered over four weeks rather than a single session, and this 

may have resulted in CB1 downregulation and loss of any harmful cognitive effects.  

While nabiximols had no impact on cognitive performance in our study, it 

would not have been surprising to observe superior cognitive performance in the 

nabiximols group compared to placebo, regardless of acute dosing effects, given that 

cognitive tests were conducted following four weeks of treatment. This would be 

expected because CBD is reportedly a cognitive-enhancing agent (Aso et al., 2019; 

Izzo et al., 2009). For example, Morgan et al. (2012) observed that cannabis 

consumers with CBD present in their hair had superior memory than those without 

CBD in their hair; however, this was only a small-magnitude effect (Hedge’s g = 

0.34). More direct evidence from Solowij et al. (2018) found cognitive 

improvements (e.g., verbal learning and memory and reaction time during 

distraction) following 10-weeks of daily oral CBD (200 mg) in regular cannabis 

consumers using cannabis as usual. In contrast, in our study we observed limited 

differences between groups at the four-week assessment. Recent research has 

similarly shown no cognitive effects in discrimination and spatial learning in mice 

receiving chronic 1:1 THC to CBD, which suggests that cognitive benefits may be 

limited to CBD monotherapy; however, any exclusion of THC would not benefit 
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cannabis consumers seeking agonist replacement therapy for cannabis dependence 

(Myers, Siegele, Foss, Tuma, & Ward, 2019).  

Limitations 

Our study had several limitations that should be considered with respect to 

the interpretation of the results. Some researchers suggest a lack of task sensitivity in 

detecting cognitive effects may account for null results (Crane et al., 2013). 

However, this is unlikely in our study because significant differences with small 

magnitude effects were observed on several measures, such as stop signal response 

time for the placebo group. The relatively short time that cognitive assessments were 

conducted after dosing in our study may have impacted the findings. Examination of 

nabiximols in cannabis consumers indicates that CBD can take up to four hours to 

reach maximum concentrations, depending on dose (Karschner, Darwin, Goodwin, 

Wright, & Huestis, 2011). Plasma CBD concentration has also been found to be 

negatively associated with errors during attention performance, which suggests 

greater cognitive benefits may be observed with higher CBD plasma levels (Solowij, 

et al., 2018). As such, cognitive improvements may not have been detected in our 

study because peak drug effects may have occurred later than when our participants 

were tested.  

An additional consideration is that we had no requirements concerning 

cannabis abstinence. CB1 downregulation reverses in a time-dependent manner 

during abstinence (i.e., upregulation within two days of abstinence, which continues 

to increase; D'Souza et al., 2016) and this could have modulated the effect of CBD 

on CB1 receptors. That is, blunted effects to nabiximols may have occurred if some 

participants were tested in early abstinence, when downregulation was still present. 

On average, participants in our study had only used cannabis 15.8 days of the last 28 
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days prior to testing so it is possible that participants had blunted medication effects. 

However, this is only speculative as no measures of abstinence prior to the cognitive 

tests were analysed as part of this paper. It is also possible that lack of differences in 

cognition were found because any changes that could have occurred had happened 

earlier in the dosing regimen. However, it was not possible to analyse baseline 

measures of cognition for comparison as this was outside the scope of this report. 

In addition, while our medication dose was higher than studies with other 

populations (eight to 12 sprays per day for multiple sclerosis; Barnes, 2006), 

different proportions of CBD to THC may be needed to see cognitive improvements 

rather than just the sheer size of the dose. For instance, 5:4 CBD to THC has been 

shown to increase connectivity of cognitive-related brain networks (Wall et al., 

2019). Other studies involving cognitive assessments have revealed 2:1 CBD to 

THC ratios have produced limited effects on cognition (e.g., memory; Morgan et al., 

2018). A recent systematic review by Zeyl, Sawyer, and Wightman (2020) indicated 

there are no clear guidelines for what proportions of CBD to THC are most effective. 

More work is clearly needed to determine what cannabinoid proportions work best 

for indications, such as cognitive dysfunction. 

Conclusions 

Our results suggest that combined THC/CBD oromucosal spray has no acute 

effects, either harmful or beneficial, on cognitive functioning in patients in the 

maintenance treatment phase. This indicates that cannabis consumers may use 

nabiximols to treat cannabis withdrawal without encountering undesirable cognitive 

effects that may harm everyday activities, such as driving. Future trials should 

consider administering CBD at higher doses relative to THC, or as a monotherapy, to 

determine if cognitive benefits exist. The cognitive effects of cannabinoids in 
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cannabis consumers is preliminary at this stage and needs to be further researched, 

especially regarding population differences, dose variations, and mechanisms of 

action. Altogether, our study shows that a 1:1 oromucosal cannabinoid preparation of 

THC and CBD does not harm cognition, which indicates safe use of nabiximols in 

future research for treating cannabis-related issues without resulting in undesirable 

cognitive outcomes.  
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Preface 

It was highlighted in the previous chapter that nabiximols had little impact on 

cognition in cannabis consumers, which suggests nabiximols can safely be used as a 

treatment for people who use cannabis. However, given the mixed evidence for the 

role of nabiximols in cognitive enhancement, its restricted access in Australia, and 

high costs to purchase (e.g., $300 AUD a month in Australia), more research into 

alternative options for cognitive intervention is needed (Castle, Strauss, Norman, & 

Bonomo, 2019). In this chapter, we extend knowledge on interventions for cannabis 

consumers by examining the acute cognitive effects of a brain stimulation technique 

called tDCS. This chapter expands beyond behavioural measures of cognition by 

exploring if brain stimulation is associated with flow-on effects to interconnected 

cortical regions, as well as if brain stimulation is related to changes in urinary 

metabolites. This pilot study was intended to examine the effectiveness of brain 

stimulation to determine if further work in the area is warranted. We originally 

aimed to recruit cannabis consumers that regularly used cannabis four or more days a 

week for two or more years. However, we reduced our cannabis use criteria due to 

difficulty in recruitment and then recruitment was terminated shortly after due to 

COVID-19. As such, we had fewer cannabis consumers in the pilot study than 

anticipated. Yet, the unique approach taken in this study provides useful insight into 

behavioural, neurophysiological, and metabolic changes related to brain stimulation 

that can be used to guide future work.  
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Abstract 

Background: Brain stimulation may improve cognition, but there is minimal 

evidence for its effectiveness in cannabis consumers. We examined the effect of 

transcranial direct current stimulation (tDCS) on cognition in cannabis consumers 

and examined neurophysiological and metabolite outcomes. 

Methods: This was a randomised, double-blind, and placebo-controlled pilot study. 

We recruited 15 control participants (M = 26.3 years old, SD = 5.1) and 5 regular (M 

= 2.4 days per week, SD = 1.5) and long-term (M = 6.4 years of use, SD = 4.9) 

cannabis consumers (M = 23.8 years old, SD = 5.4) who were abstinent at testing (M 

= 81.0 hours, SD = 4.9). Recruitment ceased early due to COVID-19. Tests of 

learning, memory, and inhibitory control were completed before and after a session 

of active or sham tDCS to the DLPFC. Decision making was also assessed. Cortical 

excitation and inhibition were measured with TMS and urine was collected before 

and after tDCS for untargeted metabolomic analysis using liquid chromatography 

and tandem mass spectrometry. 

Results: Cannabis consumers had moderately better decision making than controls. 

There was no benefit of tDCS on cognition in controls. Cannabis consumers 

receiving active-tDCS exhibited small reductions in impulsivity, but significantly 

greater memory interference at post-tDCS. We found from TMS measures that there 

was greater MEP facilitation, overall, at post-tDCS. Cannabis consumers had higher 

peak intensity of THC and norepinephrine sulfate than controls. Several stress-

related metabolites, including cortisol, dopamine, and epinephrine, were lower in 

abundance at post-tDCS that indicated a reduction in stress over time.  
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Conclusion: Our mixed results suggest that larger trials investigating the cognitive 

effects of tDCS with cannabis consumers are warranted. Metabolomic analysis 

suggests that brain stimulation procedures may be associated with a stress response. 

 

Keywords: cannabis; cognition; memory; transcranial direct current stimulation  
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Introduction  

Cannabis is one of the most commonly used illicit drugs in the world, with 

approximately 188 million users globally (United Nations Office on Drugs and 

Crime, 2019). Daily cannabis use has risen significantly, from 1.6% in 2008 to 2.7% 

in 2016, which is problematic as daily use is associated with a 3.1 increased risk of 

cannabis use disorder (Arterberry, Padovano, Foster, Zucker, & Hicks, 2019; Farmer 

et al., 2015; Weinberger et al., 2019). Long-term cannabis use can adversely affect 

cognitive function and underlying brain areas, possibly even after intoxication has 

passed, and this may contribute to lower abstinence rates and harm everyday abilities 

such as driving (Aharonovich et al., 2008; Bondallaz et al., 2016; Nader & Sanchez, 

2018). Cognitive interventions for cannabis consumers have received little attention 

and existing studies show mixed results for methods such as cognitive training 

(Verdejo-Garcia, Alcázar-Córcoles, & Albein-Urios, 2019). Brain stimulation 

provides a promising method for modulating brain processes underlying cognition. 

However, researchers have conducted minimal work into brain stimulation for 

individuals who consume cannabis. 

Cannabis may adversely affect cognition in areas of learning and memory 

and executive function even after intoxication has passed (Broyd et al., 2016; Scott 

et al., 2018). Cannabis may also impact decision making in that individuals who use 

cannabis have been found to be less sensitive to losses, more sensitive to gains, and 

are slower to learn from mistakes (Blithikioti et al., 2019; Bolla et al., 2002; Fridberg 

et al., 2010). Cognitive deficits associated with cannabis are attributed to THC, the 

main psychoactive component in cannabis, which has agonistic effects on CB1 

receptors (Krebs et al., 2019). CB1 receptors are distributed throughout the brain, 

especially in the prefrontal cortex and hippocampus, and modulate neurotransmitter 
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release such as GABA (Herkenham et al., 1991; Laaris et al., 2010). A common 

finding in people who consume cannabis is hypoactivation of the DLPFC, which is 

associated with poor executive function, decision making, and verbal memory (Bolla 

et al., 2002; Bolla et al., 2005; Camchong, Collins, Becker, Lim, & Luciana, 2019; 

Wrege et al., 2014). Downregulation of GABAA in the M1 has also been observed in 

cannabis consumers and this may increase behavioural disinhibition (Fitzgerald et 

al., 2009). Altogether, cannabis is associated with cognitive deficits and this may be 

due to dysregulation of the DLPFC and M1.  

Neuromodulation methods, such as tDCS, can potentially improve cognitive 

function (Alizadehgoradel et al., 2020). A portable and battery-driven device called 

tDCS elicits a constant, weak electrical current (1.0-2.0 milliamperes; mA) that is 

applied to the exterior of the scalp (Nitsche & Paulus, 2000). Anodal tDCS increases 

the firing rate of neurons and thereby increases cortical excitation while cathodal 

stimulation has the opposite effect (Nitsche & Paulus, 2000; Varoli et al., 2018). It 

has been found from functional brain imaging studies that tDCS increases frontal 

cortex activity, even after a single session (Chrysikou, Wing, & van Dam, 2019; 

Fischell, Ross, Deng, Salmeron, & Stein, 2020; Sallard, Mouthon, De Pretto, & 

Spierer, 2018). It has also been identified that tDCS to the DLPFC reduces cannabis 

craving (Boggio et al., 2010), but less work has examined tDCS effects on cognitive 

domains commonly found to be impaired by cannabis, such as inhibitory control and 

memory.  

Many research teams have investigated the effects of tDCS on the left 

DLPFC. Anodal tDCS applied between 1.5-2.0 mA to the DLPFC has been found to 

improve verbal learning and memory in single and multiple sessions, and this is 

attributed to DLPFC involvement in attention and encoding that underlies verbal 
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memory (Balconi, 2013; Fileccia et al., 2019; Javadi & Walsh, 2012; Nikolin, Loo, 

Bai, Dokos, & Martin, 2015). In mild cognitive impairment, 20 sessions of anodal 

tDCS to the DLPFC was found to moderately improve verbal memory (Fileccia et 

al., 2019). In meta-analytic work, researchers showed that tDCS had larger effects on 

verbal memory following stimulation periods over ten minutes, as well as larger 

effects for memory recall (Hedge’s g = 0.23) than recognition (g = 0.06; Galli, 

Vadillo, Sirota, Feurra, & Medvedeva, 2019). Overall, tDCS applied to the left 

DLPFC for over 10 minutes may benefit verbal learning and memory, but research is 

needed into the cognitive effects of tDCS in individuals who consume cannabis. 

Left DLPFC stimulation with tDCS between 1.0-1.5 mA has also been shown 

to improve inhibitory control in healthy and clinical samples (Nakamura-Palacios et 

al., 2012; Nejati, Salehinejad, & Nitsche, 2018; Silva et al., 2017; Soltaninejad, 

Nejati, & Ekhtiari, 2019). However, the effect of tDCS on interconnected brain 

regions is relatively unknown. Reactive tasks that require a motor response, such as 

the Go/No-Go Task, recruit the DLPFC and M1, which together construct a signal 

for behaviour selection that facilitates or inhibits movement via the corticospinal 

tract (Aron, 2011; Stinear et al., 2009). It has been shown that DLPFC stimulation 

using various neurophysiological methods increases excitatory processes of the 

ipsilateral M1, which indicates that these regions interact (Cao et al., 2018; Fierro et 

al., 2010; Hasan et al., 2013). While evidence suggests that DLPFC stimulation may 

enhance inhibitory control, there is little work into whether tDCS produces flow-on 

effects from the DLPFC to connected cortical regions. Investigating this will help 

clarify neural mechanisms underpinning executive and motor function, as well as 

optimise tDCS protocols. 
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Another understudied area is the effect of tDCS on neurotransmitters and 

related small molecule metabolites associated with cognition. This is important to 

examine given the mechanisms underlying the cognitive effects of tDCS are largely 

unknown (Chase, Boudewyn, Carter, & Phillips, 2019; Horvath, Forte, & Carter, 

2015). Studies into dementia have indicated that general cognitive ability is 

associated with a range of metabolites, such as glutamine, ornithine, and tryptophan 

(see Table 1 for a summary; van der Lee et al., 2018; Yilmaz et al., 2020). In healthy 

participants that received tDCS to the left DLPFC for five days, it was observed that 

tDCS was related to increases in the amino acids, glutamine and glutamate, in the 

striatum (Hone-Blanchet et al., 2016). In work with individuals with gambling 

disorder it was shown that a single session of active tDCS increased GABA levels in 

the DLPFC compared to placebo (Dickler et al., 2018). This was associated with 

increases in risk taking and impulsivity that suggested risk takers were more likely to 

have a metabolic response to tDCS (Dickler et al., 2018). However, in recent work 

by Kortteenniemi et al. (2020) it was determined that five sessions of tDCS among 

healthy participants did not alter metabolites, such as GABA, succinic acid, L-

tyrosine, and L-tryptophan that are known to be related to cognition (Castor et al., 

2020; Kortteenniemi et al., 2020; Locke et al., 2020). In sum, tDCS may influence 

central neurotransmitter pathways and these associated metabolites may provide 

more insight into tDCS mechanisms. 
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Table 1  

Metabolites and Neurotransmitters Associated with Cognition and Neurological 

Conditions 

Metabolite Citation 

THC Arkell et al. (2019); Feinstein, Meza, Stefan, and Staines 

(2019) 

GABA Dickler et al. (2018) 

L-glutamine Riese et al. (2015); van der Lee et al. (2018) 

Succinic acid Castor et al. (2020); Xu and Wang (2016) 

Alpha-ketoglutaric acid Menzies et al. (2020) 

Norepinephrine Borodovitsyna, Flamini, and Chandler (2017); Mäki-

Marttunen, Andreassen, and Espeseth (2020) 

Epinephrine McMorris and Hale (2012); Sadowski, Jackson, Wieczorek, 

and Gold (2009) 

Dopamine Hunsberger et al. (2020); Liu et al. (2019) 

Serotonin Cuperlovic-Culf and Badhwar (2020); Park et al. (2020) 

Cortisol Low et al. (2019); Ma and Chan (2020) 

Acetylcholine Luan, Wang, and Cai (2019); Varma et al. (2018) 

D,L-tryptophan Liang, Liu, Li, and Zhang (2016) 

L-tyrosine Pan et al. (2018) 

L-kynurenine Park et al. (2020) 

L-ornithine van der Lee et al. (2018) 

p-tyramine Pan et al. (2018) 

 

Researchers examining the cognitive effects of tDCS in healthy populations 

have found promising results, but less work has evaluated the impact of tDCS on 

cognition in individuals who consume cannabis. Additionally, little research has 

examined if tDCS has flow-on effects to interconnected brain areas, or if tDCS is 

associated with urinary metabolomic changes. Therefore, the primary aim of this 

pilot study was to examine the effectiveness of tDCS in cannabis consumers tested in 
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early abstinence (≥ 24 hours) to determine if larger clinical trials are justified. This 

aim was achieved by assessing cognitive outcomes before and after a single session 

of anodal tDCS to the left DLPFC. We also explored if DLPFC stimulation is related 

to changes in neural processes of the ipsilateral M1. Untargeted urine metabolomics 

was used to assess changes induced by tDCS and to provide insight into the possible 

mechanisms of action underlying tDCS. Decision making between cannabis 

consumers and controls was also examined to identify if cannabis is associated with 

impairments in decision making. 

Methods 

Participants 

Participants were recruited between September, 2019 and March, 2020. 

Recruitment was terminated early due to COVID-19. To obtain a moderate to large 

effect size (Hedge’s g = .65), a sample of 28 would be needed as indicated by 

previous research (Oliveira et al., 2013). G*Power (Faul, Erdfelder, Lang, & 

Buchner, 2017) calculations also indicate a total sample size of 28 to detect a large 

effect (f = .50). We recruited participants who were: (1) 18-50 years old, (2) English-

speaking, and (3) had normal or corrected-to-normal vision. We included regular (≥ 

1 day/week) and long term (≥ 1 year) cannabis consumers who were asked to abstain 

from cannabis for ≥ 24 hours, and we excluded those who were treatment-seekers. 

Our criteria concerning cannabis use was not restrictive to recruit as many 

participants as possible. There are few guidelines on cannabis inclusion criteria in 

the literature, however, our criteria was similar to work completed by other 

researchers (Ehrenreich et al., 1999; Grant, Atkinson, Gouaux, & Wilsey, 2012; 

Skosnik et al., 2008). 
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The control group had no or minimal (≤ 50 lifetime uses) cannabis use 

history, which was consistent with criteria outlined by Pope et al. (2003). General 

exclusion criteria were: (1) use of illicit substances in the past 30 days, (2) other drug 

dependence (excluding nicotine) or scores ≥ 20 on the AUDIT, (3) 

pregnant/suspected pregnancy, (4) known psychological diagnoses and/or using 

medications to treat psychological conditions, (5) physical conditions, and (6) 

metabolic diseases. Brain stimulation contraindications included: (1) epilepsy or 

family history of epilepsy, (2) history of neuropsychiatric conditions (e.g., stroke), 

(3) skin compromised by pre-existing or current burns, injuries, or skin conditions, 

(4) pre-existing implants such as pacemakers and metal implants, or (5) serious head 

injury or neurosurgery.  

Materials 

Demographic information. The DASS 21 measured depression, anxiety, 

and stress symptom severity and was scored from 0 (did not apply to me) to 4 

(applied to me very much, or most of the time). The DASS 21 has sound concurrent 

validity (Pearson’s r ranging from .51 to .85) with the Beck Depression Inventory 

and Beck Anxiety Inventory (Antony, Bieling, Cox, Enns, & Swinson, 1998). The 

WTAR (Wechsler, 2001) was used to estimate pre-morbid IQ across a 50-word 

pronunciation list. The WTAR is strongly correlated (r > .50) with other established 

tests, such as the Wechsler Adult Intelligence Scale-III and National Adult Reading 

Test (Mathias, Bowden, & Barrett-Woodbridge, 2007).  

Substance use questionnaires. Nicotine dependence was quantified with the 

six-item FTND (Heatherton et al., 1991) which has good specificity (96.2%) and 

sensitivity (50.0%) to detect nicotine dependence relative to the International 

Neuropsychiatric Interview (Etter, 2008; Kim, Fang, Difranza, Ziedonis, & Ma, 
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2012; Perez-Rios et al., 2009; Pomerleau, Carton, Lutzke, Flessland, & Pomerleau, 

1994; Weinberger et al., 2007). Alcohol dependence was screened using the AUDIT, 

with scores ≥ 20 indicating dependence (Babor et al., 2001). The AUDIT has sound 

specificity (0.95) and sensitivity (0.79) at a cut-off score of five when tested against 

criteria for alcohol dependence and harmful alcohol use according to the 

International Classification of Diseases – Tenth Revision (Piccinelli et al., 1997). 

The Cannabis Severity of Dependence Scale (SDS) was used to measure cannabis 

dependence over the past three months and the SDS has 64% sensitivity and 82% 

specificity at detecting clinically diagnosable cannabis dependence at cut-off scores 

of three (Swift, Copeland, & Hall, 1998).  

Verbal learning and memory. We used the RAVLT to measure verbal 

learning and memory. Participants were read a 15-word list (List A) five times and 

each time the list was followed by a free recall test (Trials I to V), followed by one 

trial of a new 15-word list (List B). Participants recalled as many words as possible 

from List A and immediately after List B (Trial VI). Parallel versions of the RAVLT 

were used (Form 1 and 7; Geffen et al., 1994; Rey, 1964).  

Computerised cognitive tests. We used two tasks from the Psychology 

Experiment Building Language (PEBL) 2.1 software (Mueller & Piper, 2014):   

Go/No-Go Task. PEBL 2.1 provides a modified version of the Go/No-Go 

Task that was originally used by Bezdjian, Baker, Lozano, and Raine (2009). 

Participants viewed a 2 x 2 quadrant that contained a blue star in each quadrant. A 

star would randomly disappear from one quadrant to reveal a stimulus (“R” or “P”). 

Each letter appeared for 500 ms, and there was an inter-stimulus interval of 1500 ms. 

There was a total of 320 trials split into two blocks. Each block included a 10-trial 

practice session. The first block involved executing a mousepad response using the 
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index finger when “P” appeared and inhibiting responses when “R” (no-go) 

appeared, and vice versa for the second block. There was an 80:20 ratio of targets to 

non-targets. Outcome measures were omission errors (go target misses), commission 

errors (false alarms to no-go stimuli), and reaction time (ms) to go stimuli. 

Commission and omission errors were calculated as the proportion of correct 

responses divided by the number of stimuli. 

Iowa Gambling Task (IGT). We used the IGT (Bechara, Damasio, Damasio, 

& Anderson, 1994) to measure decision making. Participants viewed four decks of 

cards (A, B, C, and D) presented on the screen and were asked to choose 100 cards 

in total. Participants received feedback about winning/losing money after each card 

choice. Participants did not know the value of the cards in advance. Decks A and B 

were high risk in that they always yielded $100 but had a 50% probability of 

incurring a penalty of $250. Decks C and D were low risk in that they always yielded 

$50 but had a 50% probability of incurring a penalty of $50. The probability of 

money loss was randomised. Each participant started with $2000 and were instructed 

to make as much money as possible. The task took approximately 10 minutes to 

complete. Outcome measures were the total amount of money earnt at the end of the 

task and the total proportion (net score) of selections from the advantageous (C and 

D) to disadvantageous (A and B) decks across five blocks of 20 trials, with higher 

scores reflecting superior decision making.  

Transcranial direct current stimulation (tDCS). We used a HDCStim 

(Newronika s. r. l., Italy) tDCS device containing a battery-driven, constant current 

stimulator. The tDCS device delivered a current through two rubber electrodes 

(anode: 5 cm x 5 cm2 , cathode: 6 cm x 8.5 cm2) encased in saline-soaked sponges. 

The anode was placed over the scalp area above the left DLPFC (F3) and the cathode 
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was placed over the right DLPFC (F4; international 10/20 EEG system). The 

electrode montage was selected in accordance with past research (e.g., Fileccia et al., 

2019; He et al., 2016). Stimulation consisted of a seven second ramp-up wherein the 

current linearly increased from zero to the target intensity of 1.5 milliamperes (mA), 

which was maintained for 20 minutes. Sham consisted of active stimulation that 

occurred for 20 seconds and then stopped. Stimulation lasting 20 minutes was 

chosen to be consistent with past studies that had used this stimulation length (e.g., 

da Silva et al., 2013; Habich et al., 2017). Participants were told that the device may 

cause a light tingling or itching sensation. Side effects were measured with a self-

report checklist that rated symptom severity from 1 (absent) to 4 (severe) and if the 

symptom was related to tDCS, from 1 (none) to 4 (definitely; Brunoni et al., 2011). 

We used a double-blind procedure where both the participants and experimenter 

were blind to group allocation.  

Transcranial magnetic stimulation (TMS). We applied TMS using two 

Magstim 2002 stimulators (Magstim Company, UK) via a single figure-of-eight coil, 

with 70 mm wings, attached to a BiStim module. The coil was placed over the left 

M1, approximately 5 cm lateral and 1 cm anterior of the vertex. The coil was held on 

a 45° angle with the handle pointing backwards to induce a posterior-to-anterior 

current across the central sulcus. We identified the prime location (“hot spot”) for 

eliciting MEPs by manually discharging the coil while adjusting the coil positioning 

until the location that consistently elicited MEPs was found. For each participant, we 

determined resting motor threshold (RMT), defined as the lowest TMS intensity to 

produce MEPs greater than or equal to 50 μV in at least three of five consecutive 

trials (Garry & Thomson, 2009). We used a felt tip marker to mark this location on 

the scalp. 
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We used a paired-pulse paradigm that was consistent with the advice of 

Garry and Thomson (2009). The subthreshold conditioning stimulus (CS) was set to 

70% RMT and the suprathreshold test stimulus (TS) was set to 120% RMT. A 3 ms 

interstimulus interval was used to assess short-interval intracortical inhibition (SICI) 

that is mediated by GABAA and reflects cortical inhibition. We assessed intracortical 

facilitation (ICF) using an interstimulus interval of 15 ms, which is used to assess 

excitatory facilitation mediated by glutaminergic neurons (Di Lazzaro, Ziemann, & 

Lemon, 2008). TMS pulses were delivered in blocks consisting of 10 single pulses, 

10 paired pulses for SICI (3 ms), and 10 paired pulses for ICF (15 ms) in a 

randomised order at a rate of 0.2 Hz. Seven control participants received 20 single 

pulses before the study protocol was changed to reduce participation length. Data 

from all pulses were included in the analyses. MEPs (measured in microvolts, mV) 

were measured using electromyography (EMG). We recorded EMG activity through 

Ag/AgC1 disposable electrodes placed in a belly-tendon configuration on the 

abductor pollicis brevis (APB) and first dorsal interosseous (FDI) of the right hand. 

The reference electrode was placed over the styloid process of the radius (wrist) to 

filter out electrical noise. EMG activity was band-passed filtered (20-1000 Hz) and 

amplified (x1000) using CED1902 amplifiers (Cambridge Electronics Design, UK). 

We used Signal software (Signal 4.09; Cambridge Electronics Design, UK) to collect 

sweeps at 100 ms prior to and 400 ms after each test pulse.  

Procedure 

This study was approved by the University of Tasmania Human Research 

Ethics Committee (#H0017713). Participants completed an initial online survey to 

determine eligibility, as well as a second survey to provide data on demographics 

and medical and substance use history prior to the research session. Participants 
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attended a single research session (~2.5 hours) at the University of Tasmania’s 

Sensorimotor and Ageing Research Laboratory that commenced at a similar time of 

day (between 12 pm and 3 pm) to avoid the confounding effects of daytime cortisol 

changes on brain plasticity (Sale, Ridding, & Nordstrom, 2008). Participants 

provided written informed consent and completed the WTAR. Participants 

completed TMS and the RAVLT, and then the IGT and Go/No-Go Task in random 

order prior to providing a urine sample. On pre-tDCS measures, seven control 

participants completed the cognitive tests prior to receiving TMS, which was the 

original procedure prior to changing the protocol to reduce participation time. 

Participants underwent tDCS followed by a second urine sample, TMS, and the 

RAVLT and Go/No-Go Task. Urine samples were collected at pre- and post-tDCS at 

midstream using a 70 ml sample container. Post-tDCS samples were obtained 

approximately five minutes after tDCS ended. An independent researcher completed 

tDCS randomisation with a 1:1 random allocation to tDCS treatment (active, sham). 

Unblinding occurred after initial analyses were completed.  

Untargeted metabolomics. Untargeted metabolomics was undertaken using 

liquid chromatography and tandem mass spectrometry (LC-MS/MS) using data-

dependent acquisition (DDA). Urine samples were reconstituted in 100 µl of 2% 

acetonitrile containing 0.1% formic acid then separated using an analytical Ultimate 

3000 high performance liquid chromatography (HPLC) system comprising of a 

DGP-3600RS pump, thermostatted column oven held at 35°C and autosampler held 

at 10°C (Thermo Scientific, MA, USA). Ten microlitre aliquots of each sample were 

injected onto an Acclaim PA2 column (150 mm x 2.1 mm, particle size 3 µm; 

Thermo Scientific) and separated at 300 µl/min using a 20 minute segmented 

gradient from 98% mobile phase A (water containing 0.1% formic acid) to 60% 
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mobile phase B (acetonitrile containing 0.1% formic acid), included a 1-minute wash 

in 95% B followed by re-equilibration in 2% B for six minutes. Analytes were 

detected by electrospray ionisation mass spectrometry (ESI-MS) on a Q-Exactive HF 

fitted with a heated electrospray ionisation (HESI II) ion source (Thermo Scientific, 

MA, USA) operated in positive ionisation mode then negative ionisation mode for 

two sets of sample runs, respectively. Mass Spectrometry Tune software (Version 

2.9; Thermo Scientific, MA, USA) parameters used for data acquisition were: 3.9 kV 

spray voltage, sheath gas at 40 AU, sweep gas of 1 AU S-lens RF level of 50, 

vaporiser temp of 350°C and heated capillary set to 320°C. The same parameters 

were used for negative ionisation runs, apart from spray voltage that was reduced to 

3.2 kV. MS1 spectra (70-1000 m/z) were acquired at a scan resolution of 120,000 

and automatic gain control (AGC) target of 3e6, followed by MS2 scans on 

compounds selected according to a Top-10 DDA method, with 10-second dynamic 

exclusion of fragmented compounds. MS2 spectra were acquired at a resolution of 

15,000 using an AGC target of 1e5, maximum IT of 50 ms and stepped collision 

energy of 15, 35, then 60.   

Design and Data Analysis  

This was a 2 (Group: Cannabis, Control) x 2 (Time: Pre, Post) x 2 

(Treatment: Active, Sham) randomised, double-blind, and placebo-controlled design. 

The peak-to-peak amplitude of individual MEPs were measured, and the amplitudes 

of MEPs for single pulses, SICI, and ICF were separately averaged. SICI and ICF 

were calculated as the ratio of the mean conditioned MEP amplitude to the mean test 

MEP amplitude, with ratios < 1.0 indicating cortical inhibition and ratios > 1.0 

indicating facilitation.  
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Primary analyses consisted of two between-subject factors of Group 

(Cannabis, Controls) and Treatment (Active, Sham) and one within-subjects factor of 

Time (Pre-tDCS, Post-tDCS). Chi square tests of independence were used to 

describe categorical data (e.g., gender). One-way analysis of variance (ANOVA) 

using Treatment as an independent variable identified any differences in age, 

education, and premorbid IQ between active and sham tDCS separately for the 

cannabis and control groups. This was repeated but as 2 (Group: Cannabis, Control) 

x 2 (Treatment: Active, Sham) ANOVAs to determine differences between Groups 

across treatments. Demographic variables that groups significantly differed in were 

not included as covariates due to the small sample size. A 2 (Group: Control, 

Cannabis) by 5 (Block: 1, 2, 3, 4, 5) mixed factorial ANOVA was used to determine 

differences between groups in decision making on the IGT, as well as a one-way 

ANOVA for total money earnt on the task.  

For the metabolomic analyses, thermo RAW files were imported into 

Compound Discoverer software (Version 3.1.1.12; Themo Scientific, MA, USA) 

and processed according to the untargeted metabolomics workflow using default 

settings for the Detect Compounds, Predict Compositions, Assign Compound 

Annotations and Search mzCloud nodes. Untargeted metabolomics refers to 

processing and identifying all possible metabolites to discover small molecules that 

are associated with an outcome (Schrimpe-Rutledge, Codreanu, Sherrod, & McLean, 

2016). ChemSpider searches were based on the BioCyc, Human metabolome 

database, and KEGG pathways and all Metabolika pathways were included in 

searches. Using principle component analysis, we found that the samples did not 

cluster by treatment, time, or group. Therefore, we sought to determine significant 

treatment effects, either individually or as an interaction, on the levels of a panel of 
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specific neurotransmitter-related metabolites identified from previous work (see 

Table 1). Of these, L-glutamine, L-tyrosine, L-kynurenine, acetylcholine, succinic 

acid, epinephrine, dopamine, norepinephrine sulfate, cortisol, THC, and nor-9-

carboxy-δ9-THC (THC-COOH) were identified either in the positive ion-mass 

spectrometry (PI-MS) or negative ion-mass spectrometry (NI-MS) datasets, while 

GABA, alpha-ketoglutaric acid, D,L,tryptophan, and L-ornithine were not identified. 

Three-way mixed factorial ANOVAs were conducted on metabolomic data with 

Group (Control, Cannabis) and Treatment (Sham, Active) as between-subject factors 

and Time (Pre-tDCS, Post-tDCS) as a within-subjects factor. Metabolite analyses 

were completed with 14 controls and four cannabis consumers; one control 

participant did not provide any urine samples and one cannabis consumer was unable 

to provide a post-tDCS urine sample. The latter participant’s data at pre-tDCS was 

not included in analyses due to time and procedural limitations of metabolomic 

processing procedures.  

We performed Linear Mixed Models for Repeated Measures on cognitive and 

TMS data to include all cases and applied a compound symmetry repeated measures 

covariance structure. The basic model comprised of Group (Cannabis, Control), 

Treatment (Sham, Active), and Time (Pre-tDCS, Post-tDCS) as fixed factors and 

Subject as a random factor. For RAVLT data, RAVLT Trial (Trials I, II, III, IV,V, 

BI, and VI) was included as a repeated measure with the number of words recalled, 

out of 15, as the dependent variable. Separate analyses were completed for RAVLT 

total score as this was calculated as the sum of Trials I to V, out of 75. For each 

Go/No-Go Task outcome measure, Round (Block One: P-Go Target, Block Two: R-

Go Target) was included as a repeated measure. For TMS data, TMS type (SICI, 

ICF) was included in the Mixed Model as a repeated measure with the ratio of 
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CS/TS MEPs as the dependent variable. Post-hoc pairwise comparisons were 

conducted for significant two-way interactions with multiple levels (e.g., RAVLT 

trial). Mixed Models were conducted for significant three-way interactions and were 

broken down according to Treatment. Mixed Models were re-analysed with only the 

control group to minimise possible confounds of the small cannabis sample, which 

acted as a proof-of-principle method to determine if tDCS influenced cognition in 

control participants. For single MEPs, we conducted a mixed ANOVA followed by 

an independent samples t-test to determine differences between active and sham 

tDCS with single MEP size as the dependent variable. We also conducted a one-

sample t-test, with the ratio of pre- and post-tDCS MEPs as the dependent variable to 

analyse net facilitation. One participant declined to undergo TMS. One control 

participant’s pre-tDCS TMS measures were not used due to technical difficulties. 

We used Hedge’s g measures of effect for continuous data, with 0.20, 0.50, 

and ≥ 0.80 interpreted as small, moderate, and large magnitude effects. Partial eta 

squared (ηp
2) for repeated-measures ANOVA was interpreted as small, moderate, 

and large at 0.01, 0.06, and 0.14, respectively. Categorical data was accompanied 

with Cramer’s V effect size, with ≤ 0.10, 0.10 to 0.30, .0.30 to 0.50, and > 0.50 

interpreted as trivial, weak, moderate, and strong, respectively. Welch’s test was 

used when homogeneity of variance was violated and Greenhouse-Geisser 

corrections were applied for violated sphericity assumption on repeated measures. 

Analyses were conducted using IBM SPSS Statistics (Version 26). Alpha levels 

were maintained at p < .05 for all analyses.  

Results 

Participants 

A total of 20 individuals participated, including 15 controls and five cannabis 
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 consumers (Figure 1). The groups were similar on measures of premorbid IQ, 

education, and age, but the cannabis group had significantly older participants in 

active than sham (Table 2). Five control participants had used cannabis in their 

lifetime but had not used cannabis for an average of 4.1 (5.1) years prior to 

participating, except for one participant who reported smoking several inhalations of 

a cannabis joint three days prior to testing (see Table 3 for recent substance use and 

Table D1 for lifetime substance use in Appendix D).  

 

Figure 1. CONSORT flow diagram depicting the study design. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Assessed for eligibility (n = 88) 

Excluded (n = 65) 
• Inclusion criteria not met 

(n=65) 

Analysed (n = 15) 
•  Excluded from analysis  

(n = 0) 

Discontinued intervention (n = 0) 

Sham (n = 8) 
• Received allocated 

intervention (n = 8) 
• Did not receive 

allocated 
intervention (n = 0) 

Discontinued intervention (n = 0) 

Sham (n = 4) 
• Received allocated 

intervention (n = 3) 
• Did not receive 

allocated 
intervention (missed 
session) (n = 1) 

Analysed (n = 5) 
• Excluded from analysis  

(n = 0) 

Allocation 

Analysis 

Randomised (n = 6) 

Enrollment 

Randomised (n = 16) 

Controls (n = 16) Cannabis (n = 7) 

Active (n = 8) 
• Received allocated 

intervention (n = 7) 
• Did not receive 

allocated intervention 
(missed session)  
(n = 1) 

Active (n = 2) 
• Received allocated 

intervention (n = 2) 
• Did not receive 

allocated 
intervention (n = 0) 
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Table 2  

Demographic Data per Group (Control, Cannabis) Separated by Treatment (Sham, 

Active) 

 Treatment   

 Sham Active Effect sizea p 

Number, n     

Control 8 7   

Cannabis 3 2   

Age (years)     

Control 26.5 (4.8) 26.1 (5.9) 0.07 .899 

Cannabis 20.0 (1.7) 29.5 (0.7) 4.78† .006* 

Male sex, n (%)     

Control 3.0 (37.5%) 3.0 (42.9%) 0.05a .622b 

Cannabis 1.0 (33.3%) 2.0 (100.0%) 0.67a .300b 

Premorbid intelligence, WTAR     

Control 103.6 (12.3) 103.6 (12.3) 0.00 .993 

Cannabis 113.0 (2.0) 104.5 (4.9) 1.89† .066 

Education, years     

Control 18.4 (4.2) 14.4 (3.8) 0.94† .076 

Cannabis 14.0 (1.0) 21.5 (5.0) 0.36 .271c 

Country of birth (%)     

Control     

Australia 2.0 (25.0%) 1.0 (14.3%)   

United Kingdom 0.0 (0.0%) 1.0 (14.3%)   

Other 6.0 (75.0%) 5.0 (71.4%)   

Cannabis     

Australia 3.0 (100%) 0.0 (0.0%)   

United Kingdom 0.0 (0.0%) 0.0 (0.0%)   

Other 0.0 (0.0%) 2.0 (100.0%)   

Note. Data reported as means (M) and standard deviations (SD) in brackets unless 
otherwise noted. Two-way analysis of variance for demographic variables can be found 
in Table D2 in Appendix D. 
a Cramer’s V effect size. Other values reported are Hedge’s g. b Fisher’s Exact Test for 
cell counts < 5. c Welch’s test to overcome heterogeneity.  d Cell count < 5 and Fisher’s 
Exact Test was not produced. 
* Statistical significance at p < .05.  
† Moderate to large effect size denoted by Hedge’s g values > 0.5. Effect sizes 
calculated as sham − active. 
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Table 3 

Recent Substance Use of the Cannabis and Control Groups, Presented as Means (M) 

and Standard Deviations (SD) 

                Treatment 

 Placebo Active 

Alcohol dependence score, AUDIT 

Control 2.5 (1.6) 3.9 (4.5) 

Cannabis 3.7 (0.6) 8.5 (5.0) 

Alcohol, past month use, n (%) 

Control 1.0 (50.0) 0.0 (0.0) 

Cannabis 3.0 (100.0) 2.0 (100.0) 

Alcohol, days used in past month 

Control 6.7 (4.9) 8.8 (10.8) 

Cannabis 1.7 (0.6) 13.5 (2.1) 

Alcohol, standard drinks per occasion in past month 

Control 3.4 (3.8) 3.7 (2.8) 

Cannabis 3.0 (1.0) 3.0 (0.0) 

Tobacco smokers, n (%) 

Control 0.0 (0.0) 0.0 (0.0) 

Cannabis 1.0 (33.3) 0.0 (0.0) 

Nicotine Dependence, FTND Score    

Control 0.0 (0.0) 0.0 (0.0) 

Cannabis 0.0 (0.0) 0.0 (0.0) 

Cannabis Use  

Cannabis age of onset (years) 17.0 (1.0) 18.0 (0.0) 

Estimated lifetime cannabis use, n uses 787.3 (733.7) 1820.0 (1838.5) 

Total years of cannabis use 3.0 (2.0) 11.5 (0.7) 

Total years of regular cannabis use 1.3 (0.6) 9.5 (3.5) 

Cannabis severity of dependence 1.7 (2.1) 0.0 (0.0) 

Average days per week of use, past 30 days 3.33 (1.2) 1.0 (0.0) 

Cannabis abstinence, hours 57.7 (30.7)  116.0 (72.1)  

Main route of administration, n (%) 

Joints 

Pipe 

Vaporiser 

2.0 (66.7) 

1.0 (33.3) 

0.0 (0.0) 

0.0 (0.0) 

1.0 (50.0) 

1.0 (50.0) 
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Table 3 continued… 

                Treatment 

 Placebo Active 

Cannabis type, n (%) 

Bush 

Hydroponic 

3.0 (100.0) 

0.0 (0.0) 

1.0 (50.0) 

1.0 (50.0) 

Cannabis mixed with tobacco, n (%) 

Cannabis only 

Cannabis mixed with tobacco, and tobacco 

separately 

1.0 (33.3) 

2.0 (66.7) 

0.0 (100.0) 

0.0 (0.0) 

Frequency of tobacco with cannabis, n (%)  

0%  

25% 

75% 

100% 

1.0 (33.3) 

0.0 (0.0) 

1.0 (33.3) 

1.0 (33.3) 

1.0 (50.0) 

0.0 (50.0) 

0.0 (0.0) 

0.0 (0.0) 

 

Blinding Effectiveness 

There were no significant differences between group or treatment type in 

participants guessing what treatment they received, which suggested that participant 

blinding was effective (see Table 4). 

 

Table 4 

Blinding Effectiveness for tDCS Treatment Allocation 

Group Guessed Actual Treatment Received, 

n (%) 

 Cramer’s V p 

  Sham Active    

Controls Sham 5.0 (62.5) 4.0 (57.1)  0.06 1.0a 

 Active 3.0 (37.5)  3.0 (42.9)    

Cannabis Sham 3.0 (100.0) 1.0 (50.0)  0.61† 4.0a 

 Active 0.0 (0.0) 1.0 (50.0)    
a Fisher’s exact test used as cell count < 5. 
† Strong association denoted by Cramer’s V > 0.50. 
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Safety  

Some participants reported mild headache, scalp pain, tingling, burning 

sensation, sleepiness, and skin redness (see Table D3 in Appendix D). Most 

participants reported itching sensations. No participants withdrew during tDCS.  

Cognitive Outcomes 

Decision making – Iowa Gambling Task. The cannabis and control groups 

scored similarly for total money earned, F (1, 18) = 0.10, p = .754, g = 0.16. The 

two-way ANOVA for IGT blocks one to five (see Table D4) showed there was a 

moderate to large magnitude effect size for the main effect of Group, but this was not 

statistically significant, F (1, 18) = 2.04, p = .171, ηp
2 = 0.10. There was a large 

effect size for the main effect of Block, and this was statistically significant, F (2.0, 

35.80) = 19.57, p < .001, ηp
2 = 0.52, following a Greenhouse-Geisser correction. 

Tests of simple main effects for the interaction revealed that block two net score was 

significantly higher for cannabis consumers (M = 12.4, SD = 6.2) than controls (M = 

3.1, SD = 5.5), and this was a large effect (p = .004, g = 1.56; see Figure 2). No other 

comparisons within Block were significant (ps ≥ .085). The Block by Group 

interaction was nonsignificant, F (2.0, 35.80) = 3.25, p = .051, ηp
2 = 0.15, following 

a Greenhouse-Geisser correction.  
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Figure 2. IGT performance for each block between the control and cannabis groups. On 
block two, the cannabis group had significantly greater performance over the control 
group. Error bars represent 95% confidence intervals (CIs). 

 

Learning and memory – Rey Auditory Verbal Learning Test. Descriptive 

statistics for the RAVLT are presented in Table D5 in Appendix D. Regarding 

Mixed Models for repeated RAVLT trials that were scored out of 15 (see Figure 3), 

there were no significant main effects for Treatment, Group, or Time (ps ≥ .052; see 

Table D6 in Appendix D). There was a significant main effect for RAVLT Trial, F 

(6, 260) = 80.15, p < .001. Pairwise comparisons showed a pattern of recall 

consistent with normative data (Carstairs, Shores, & Myors, 2012). That is, recall 

improved across trials but declined following the novel word list (BI), and was lower 

on Trial VI than V (see Table D7 and D8 in Appendix D).  

 



Chapter 5: Brain Stimulation and Urinary Metabolomics                                        189 
 

 
Figure 3. Mean number of words recalled (out of 15) per trial on the RAVLT for the 
control and cannabis groups. Word recall improved with each consecutive trial, but recall 
declined for the new word list (Trial BI). Word recall was lower for Trial VI than V. Error 
bars represent 95% CIs. 

 

 There was also a significant Treatment by Time interaction, F (1, 260) = 

7.28, p = .007. The simple main effects for this interaction showed that for active 

tDCS there was, overall, a small magnitude effect (p = .003, g = 0.18) with lower 

recall at post-tDCS (M = 10.1, SD = 4.5) than pre-tDCS (M = 11.0, SD = 4.5; see 

Figure 4). Word recall for sham at pre-tDCS (M = 9.8, SD = 4.2) was similar to post-

tDCS (M = 10.0, SD = 4.2, p = .565, g = 0.04). For analyses containing only the 

control group, the Treatment by Time interaction was not significant, F (1, 195) = 

2.54, p = .113, but this may have been due to a reduction in power (Table D7 in 

Appendix D). 
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Figure 4. Mean word recall across RAVLT trials for treatment type (sham, active) and 
time (pre, post) for both groups. Word recall was significantly lower at post-tDCS for 
active tDCS only. Error bars represent 95% CIs. 

 

 The separate Mixed Model analysis performed for the RAVLT total score 

revealed no significant main effects of treatment, F (1, 20), 0.25, p = .625, Group, F 

(1, 20) = 0.01, p = .943, or Time, F (1, 20) = 0.44, p = .513. There were no 

significant interactions (ps ≥ .371; see Figure 5 and Table D7 in Appendix D).  
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Figure 5. Mean number of words recalled for RAVLT total score (out of 75 words) were 
similar for the control and cannabis groups. Error bars represent 95% CIs. 

  

 For the Mixed Models analyses for RAVLT interference, there were no 

significant main effects of Treatment or Group (ps ≥ .605). There was a significant 

main effect of Time, F (1, 20) = 5.31, p = .032, Time by Group interaction, F (1, 20) 

= 4.86, p = .039, and Treatment by Group by Time interaction, F (1, 20) = 4.52, p 

= .046 (see Table D7 in Appendix D). Pairwise comparisons for the Time by Group 
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interaction revealed that the cannabis consumers had greater interference from pre- 

to post-tDCS. Tests of simple main effects for the three-way interaction, split by 

Treatment, showed that cannabis consumers in the active treatment had more word 

loss at post-tDCS (M = -4.0, SD = 3.0) than pre-tDCS (M = 0.50, SD = 3.0, p = .024, 

g = 1.22). The large effect size suggests possible clinical relevance (see Figure 6). 

There was similar word loss (ps ≥ .749) between pre- and post-tDCS for cannabis 

consumers receiving sham. There was also similar word loss (ps ≥ .696) between 

pre- and post-tDCS for the control group in the sham and active conditions. There 

were no other significant interactions (ps ≥ .094). For the Mixed Models analyses 

containing only the control group, the main effect of Time was nonsignificant, F (1, 

15) = 0.01, p = .929, that may be due to reduced power (Table D7 in Appendix D). 
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Figure 6. Memory interference (Trial VI minus Trial V) for the control and cannabis 
groups. Cannabis consumers in the active tDCS condition had greater word loss at post-
tDCS than pre-tDCS. Error bars represent 95% CIs. 
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 Inhibitory control – Go/No-Go Task. 

Reaction time to go targets. Descriptive statistics for the Go/No-Go Task are 

presented in Table D9 in Appendix D. Linear Mixed Models showed no significant 

main effects for Treatment, Group, Block, or Time, and no significant interactions 

(ps ≥ .182; Figure 7; see Table D10 in Appendix D).

 

 

Figure 7. Reaction time (ms) to go targets on the Go/No Go Task showing similar 
performance between the control and cannabis groups. Error bars represent 95% CIs. 
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Omission errors. Mixed Models analyses showed no significant main effects 

for Treatment, Group, Block, or Time, and no significant interactions (ps ≥ .144; 

Figure 8; see Table D10 in Appendix D).  

 

  

Figure 8. Mean omission errors on the Go/No-Go Task showing similar performance for 
the control and cannabis groups. Error bars represent 95% CIs. 
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 Commission errors. There were no significant main effects for Group, Time, 

Block, or Treatment (ps ≥ .232; See Table D10). All interactions were nonsignificant 

(ps ≥ .108), except for a significant Treatment by Group by Time interaction, F (1, 

60) = 4.26, p = .043. Splitting the interaction by Treatment revealed a significant 

Group by Time interaction for active tDCS, F (1, 27) = 7.65, p = .010 (Figure 9). 

Pairwise comparisons showed that for active stimulation, cannabis consumers had 

significantly (p = .021) lower commission errors at post-tDCS (M = 0.11, SD = 0.14) 

than pre-tDCS (M = 0.24, SD = 0.14), and this was a small effect (g = 0.23). The 

Mixed Models analyses containing only the control group produced similar results 

across Go/No-Go measures (Table D10 in Appendix D). 
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Figure 9. Mean commission errors on the Go/No-Go Task for the control and cannabis 
groups. There were significantly fewer commission errors for cannabis consumers in the 
active condition at post-tDCS. Error bars represent 95% CIs. 

 

TMS Outcomes  

 Descriptive statistics for TMS outcomes are presented in Table D11 in 

Appendix D. We found from the mixed ANOVA for single MEPs that there was a 

main effect of Time, F (1, 14) = 5.75, p = .013, showing that MEPs, overall, were 
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facilitated at post-tDCS (see Table D12 in Appendix D). There were no other 

significant main effects or interactions (ps ≥ .194). From the independent-samples t-

test we found no significant differences between active and sham tDCS for single 

MEPs, t (16) = -0.60, p = .415. The one-sample t-test showed there was significant 

net facilitation in the ratio of post- to pre-tDCS MEPs of the primary motor cortex, t 

(17) = 2.54, p = .021. 

For ICF and SICI, there were no significant main effects for Group, Time, or 

Treatment (ps ≥ .321). There was a significant main effect of TMS Type, F (1, 

55.16) = 125.25, p < .001, and a significant TMS Type by Treatment interaction, F 

(1, 55.16) = 6.66, p = .013. The two-way interaction showed that there was greater 

SICI in active (M = 0.24, SD = 0.40) than sham tDCS (M = 0.60, SD = 0.59, p 

= .034, g = 0.67). There was no significant difference in ICF between active and 

sham (p = .645, g = 0.16; see Figure 10).  

 



Chapter 5: Brain Stimulation and Urinary Metabolomics                                        199 
 

 

Figure 10. Treatment by TMS type interaction showing that SICI was significantly 
greater for active than sham tDCS. Ratios < 1.0 indicating cortical inhibition and ratios > 
1.0 indicating facilitation. Error bars denote 95% CIs. 

 
 

There was a Group by TMS Type by Treatment interaction, F (2, 55.79) = 

4.41, p = .040 (Figure 11; see Table D13 in Appendix D). Follow-up tests for the 

three-way interaction, split by Group, showed that the cannabis group had lower 

SICI and lower ICF than the control group in the active condition. Whereas the 

cannabis group had greater SICI but similar ICF to the control group in the sham 

condition. For analyses including only the control group, the Treatment by TMS 

Type interaction was nonsignificant, F (1, 40.22) = 0.17, p = .460 (see Table D13 in 

Appendix D).  
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Figure 11. Mean MEP ratio for active and sham tDCS between groups. The control group 
had greater SICI and ICF than the cannabis group in active tDCS. Values > 1.0 reflect 
excitation and values < 1.0 reflect cortical inhibition. Error bars denote 95% CIs. 

 

Untargeted Urine Metabolomics 

Pre- and post-tDCS metabolite differences. We found from the mixed 

ANOVA with PI-MS data for L-kynurenine that there was a significant Time by 

Treatment interaction, F (1, 14) = 6.28, p = .025 (see Figure 12). Pairwise 
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comparisons showed that for sham tDCS, there was a significant reduction in peak 

intensity of L-kynurenine (p = .048, g = 0.28) between pre- and post-tDCS. No other 

main effects or interactions were significant for L-kynurenine. For the analysis 

including only the control group, the Time by Treatment interaction was 

nonsignificant, F (1, 12) = 3.34, p = .089, while the main effect of Time was 

significant, F (1, 12) = 6.79, p = .023, and indicated that L-kynurenine was lower at 

post- than pre-tDCS (see Table D15 in Appendix D).  

 
Figure 12. Mean peak intensity of  L-kynurenine was significantly lower at post-tDCS for 
sham. Error bars denote 95% CIs.  

 

For epinephrine from the NI-MS data, there was a significant main effect of 

Time, F (1, 14) = 4.98, p = .043, such that peak intensity of epinephrine was lower at 

post-tDCS, regardless of Treatment and Group, and this was a small effect (g = 0.18; 

Figure 13). No other main effects or interactions were significant (ps ≥ .087). Results 

were similar for the analyses containing only the control group (see Table D15).  
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For dopamine from PI-MS data, there was a significant main effect of Time, 

F (1, 14) = 7.28, p = .017, such that peak intensity of dopamine reduced from pre- to 

post-tDCS, which was a small to moderate magnitude effect (g = 0.41; Figure 14). 

No other main effects or interactions were significant (ps ≥ .087). Results were 

similar for the analyses containing only the control group (See Table D15).  

 
Figure 13.  Mean peak intensity for epinephrine was significantly lower at post-tDCS than 
pre-tDCS. Error bars denote 95% CIs. 

 

Figure 14. Mean peak intensity of dopamine significantly reduced from pre-tDCS to post-
tDCS. Error bars denote 95% CIs  
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For dopamine from PI-MS data, there was a significant main effect of Time, 

F (1, 14) = 7.28, p = .017, such that peak intensity of dopamine reduced from pre- to 

post-tDCS, which was a small to moderate magnitude effect (g = 0.41; Figure 14). 

No other main effects or interactions were significant (ps ≥ .087). Results were 

similar for the analyses containing only the control group (See Table D15).  

 
Figure 13.  Mean peak intensity for epinephrine was significantly lower at post-tDCS than 
pre-tDCS. Error bars denote 95% CIs. 

 

Figure 14. Mean peak intensity of dopamine significantly reduced from pre-tDCS to post-
tDCS. Error bars denote 95% CIs  
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For cortisol from PI-MS data, there was a significant main effect of Time, F 

(1, 14) = 7.03, p = .019, such that cortisol decreased from pre- to post-tDCS, which 

was a small to moderate effect (g = 0.42; see Figure 15). No other main effects or 

interactions were significant (ps ≥ .134). Results were similar for analyses containing 

only the control group (see Table D15 in Appendix D). 

 
Figure 15. Mean peak intensity of cortisol significantly reduced from pre-tDCS to post-
tDCS. Error bars denote 95% CIs. 

 

Group differences in metabolites. Descriptive statistics for urinary 

metabolites are presented in Table D14 in Appendix D. A one-way ANOVA using 

PI-MS data revealed that the cannabis group had significantly higher peak intensity 

of the secondary THC metabolite, THC-COOH, than the control group, F (1, 16) = 

9.24, p = .008, g = 1.64. The cannabis and control groups had a large but 

nonsignificant difference in the peak intensity of THC, F (1, 16) = 2.22, p = .156, g = 

0.80, see Figure 16 and Table D15 in Appendix D). 
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Figure 16. Mean peak intensity of THC-COOH and THC was greater for the cannabis 
group than the control group. Error bars denote 95% CIs. 

 

For norepinephrine sulphate from NI-MS data, there was a significant and 

large main effect of Group, F (1, 14) = 5.66, p = .032, g = 1.28; Figure 17) that 

showed cannabis consumers had higher abundance of norepinephrine sulfate than 

controls. No other main effects or interactions were significant (ps ≥ .141). For the 

analysis containing only the control group, there was a significant main effect of 

Time, F (1, 12) = 4.85, p = .048, indicating norepinephrine sulfate was lower at post- 
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than pre-tDCS. Other results remained similar when only the control group was 

analysed (see Table D15 in Appendix D).  

 
Figure 17. Mean peak intensity for norepinephrine sulfate was significantly greater for 
cannabis consumers than controls. Error bars denote 95% CIs. 

For succinic acid from NI-MS data, there was a significant Group by 

Treatment interaction, F (1, 14) = 5.92, p = .029 (see Figure 18). Pairwise 

comparisons showed that cannabis consumers in the active tDCS condition had 

significantly greater (p = .033, g = 1.53) peak intensity of succinic acid than controls 

in the active condition, regardless of Time, and this was a large magnitude effect. No 

other main effects or interactions were significant (ps ≥ .354). For analyses only 

containing the control group, there was a significant main effect of Treatment, F (1, 

12) = 8.62, p = .012, that showed there was greater succinic acid in the sham than 

active condition (see Table D15 in Appendix D). We found no significant main 

effects or interactions for L-glutamine, acetylcholine, or L-tyrosine (ps ≥ .071). 
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Figure 18. Mean peak intensity for succinic acid was significantly greater in cannabis 
consumers than controls in the active condition. Error bars denote 95% CIs. 
 

Discussion 

In our pilot study, we aimed to evaluate the effectiveness of tDCS at 

improving cognition in cannabis consumers to determine if larger trials are 

warranted. Secondly, we explored urinary metabolomics to provide a biological 

mechanistic insight into tDCS, as well as whether tDCS produces flow-on effects to 

the primary motor cortex when examined with TMS. While we discuss the effects of 

tDCS in cannabis consumers, our conclusions should be interpreted with caution 

with the knowledge that our small sample size limits the ability to draw strong 

conclusions. We found from our results an overall increase in MEP size after tDCS, 

suggesting a general facilitatory effect of tDCS on the M1. Further, we found no 

substantial change in urinary metabolites from active tDCS, however, cortisol, 

epinephrine, and dopamine were higher at pre- than post-tDCS, and cannabis users 

had greater abundance of THC, THC-COOH, and norepinephrine sulfate than 

controls. We found lower word recall, overall, on the RAVLT for active stimulation 



Chapter 5: Brain Stimulation and Urinary Metabolomics                                        207 
 

at post-tDCS. Active stimulation had no effect on most measures of the Go/No-Go 

Task, but commission errors were reduced at post-tDCS in cannabis consumers who 

received active tDCS. This group also exhibited greater memory interference at post-

tDCS after active stimulation. We also observed that cannabis consumers had 

moderately better decision making than controls on the IGT. TDCS to the DLPFC is 

being increasingly used in research to alleviate craving and withdrawal in substance 

users, including cannabis (Boggio et al., 2010; da Silva et al., 2013). From our 

results, we suggest that tDCS can continue to be used for drug craving and 

withdrawal knowing that it may not harm inhibitory control, at least. Nonetheless, 

further investigation into the effects of tDCS on cognition is needed, particularly to 

identify if tDCS hinders memory performance.  

Metabolomics 

We found that the cannabis group had higher peak intensity of THC and 

THC-COOH than the control group, suggesting recent cannabis use. We observed 

that cortisol, a stress hormone, was substantially reduced at post-tDCS regardless of 

stimulation type. This finding suggests that a general stress response to an unfamiliar 

procedure occurred whereby stress was heightened prior to stimulation and reduced 

over 20 minutes once familiarisation had occurred. This effect has similarly been 

reported by other researchers (e.g., Raimundo, Uribe, & Brasil-Neto, 2012) who 

found that cortisol reduced post-stimulation for both active and sham DLPFC 

stimulation. Stress is associated with reduced brain functioning (Qin, Hermans, van 

Marle, Luo, & Fernández, 2009) and heightened cortisol has been found to reduce 

neuroplasticity (Vyas et al., 2016). We also found that L-kynurenine was lower at 

post- than pre-tDCS when data was re-analysed with only the control group. L-

kynurenine is involved in metabolism of the amino acid, tryptophan, and is 
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implicated in the body’s stress-response (Stone & Darlington, 2013). L-kynurenine 

is associated with cognition and increasing kynurenic acid levels is related with 

poorer cognition in areas of memory and attention (Stone & Darlington, 2013; Wu et 

al., 2018). As such, our metabolite results suggest that the novel study procedures  

may have induced stress but this response reduced over time. 

Additional results on catecholamines, including norepinephrine sulfate, 

dopamine, and epinephrine, also indicate that a stress-response occurred (Jung-

Klawitter & Kuseyri Hübschmann, 2019). Catecholamine neurotransmitters are 

released during the body’s stress response and are implicated in cognition (Belujon 

& Grace, 2015; Jenkins, Mehta, & Sharp, 2016; Thoma, Kirschbaum, Wolf, & 

Rohleder, 2012). Cannabis consumers exhibited greater abundance of norepinephrine 

sulfate than controls, which is not surprising given that cannabis influences CB1 

agonists that are thought to increase norepinephrine levels (Gobbi et al., 2005; Page, 

Oropeza, & Van Bockstaele, 2008; Wyrofsky et al., 2019). However, the analysis 

containing only the control group showed a reduction in norepinephrine sulfate from 

pre- to post-tDCS. In addition, dopamine and epinephrine were also found to be 

lower at post- than pre-tDCS across groups. That catecholamines reduced in 

abundance over time, regardless of treatment, again points to a general stress-

reduction response. Overall, active tDCS did not appear to directly alter 

catecholamines but a general stress-reduction response may have occurred following 

familiarisation to tDCS. 

We found that tDCS was not associated with changes in other metabolites, 

such as L-glutamine, acetylcholine, L-tyrosine, and succinic acid which are 

implicated in cognition (González-Domínguez, García-Barrera, & Gómez-Ariza, 

2015; van der Lee et al., 2018). The lack of changes in L-glutamine is consistent 
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with our TMS findings that there was no effect of tDCS on ICF, which reflects 

glutaminergic excitatory neurotransmission. This suggests that tDCS may not have 

influenced amino acids in our study, which is contrary to past observations that 

prefrontal tDCS modulates glutamine and GABA (Dickler et al., 2018; Hone-

Blanchet et al., 2016). Our results may be inconsistent with past work because our 

matrix was urine, which can produce variability in results due to pharmacokinetic 

issues (Stevens, Hoover, Wang, & Zanetti, 2019). Lack of changes in amino acid 

from active tDCS may otherwise have been due to a single session procedure, yet, 

other researchers have shown no substantial changes in 102 metabolites, including 

amino acids, from blood serum following five days of tDCS (Kortteenniemi et al., 

2020). Overall, the lack of effects of tDCS on amino acids in this study may explain 

why limited benefits of tDCS on cognition were found.  

Motor Cortex Excitability and Inhibition  

We found that DLPFC stimulation did not influence ICF or SICI in the M1, 

which is inconsistent with past findings from several brain stimulation studies (e.g., 

Cao et al., 2018; Fierro et al., 2010; Hasan et al., 2013). However, our results are 

similar to recent TMS work showing DLPFC stimulation in healthy participants did 

not result in changes to SICI or ICF in the M1 (Brown, Goldenkoff, Chen, Gunraj, & 

Vesia, 2019). Our results suggest that DLPFC stimulation may not have strong flow-

on effects to the M1, at least on measures of SICI and ICF. This is unlikely to be 

explained by cortical changes fading between the time tDCS was administered to the 

time TMS was conducted as changes in the M1 can last up to 15 minutes post-

stimulation (Cao et al., 2018). Altogether, DLPFC stimulation may not produce 

substantial flow-on effects to SICI and ICF in the M1, which suggests that tDCS 

may not have beneficial effects on the M1 that could improve motor performance.  
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However, we found that single MEP size increased at post-tDCS and this 

occurred for active and sham, suggesting a general facilitatory effect of tDCS on the 

M1. This is surprising as a facilitatory effect would be expected for active but not 

sham tDCS. We conducted an impedance check to ensure sham tDCS had been 

correctly programmed, and this confirmed correct treatment allocation. It is possible 

that a placebo effect occurred whereby participants receiving sham thought they had 

received active and this influenced MEPs. Placebo effects have been reported in 

schizophrenia and post-stroke cognitive outcomes following sham brain stimulation 

(Dollfus, Lecardeur, Morello, & Etard, 2016; Jin, Pu, Guo, Jiang, & Mu, 2020) and it 

has been found that expectations about stimulation affect neurophysiology 

(Hoogeveen, Schjoedt, & van Elk, 2018). It is also possible that sham was not a true 

placebo, as researchers have found that both sham and active tDCS produce large 

neurobiological effects (Nikolin, Martin, Loo, & Boonstra, 2018). This suggests that 

future work should use superior sham protocols, such as “ActiSham” that produces 

skin sensations but does not affect corticospinal excitability (Neri et al., 2020).  

Corticospinal excitability can also be influenced by cortisol, such that higher 

cortisol reduces excitability and, therefore, neuroplasticity (Sale et al., 2008) It has 

also been found that high amounts of dopamine reduce facilitatory effects on the 

brain, as measured by TMS (Fresnoza et al., 2014; Monte-Silva, Liebetanz, Grundey, 

Paulus, & Nitsche, 2010). As such, the stress response seen in our study may have 

masked any TMS and cognitive effects from active tDCS. This could also explain 

why a general facilitatory effect was found on TMS measures. That is, excitability 

was lower at pre-tDCS when stress was higher and then excitability increased by 

post-tDCS when stress had decreased. Past work has similarly shown that stress and 

cortisol are associated with reduced cortical excitability and neuroplasticity 
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(Concerto et al., 2017; Sale et al., 2008). This implies that researchers should 

familiarise participants with brain stimulation procedures prior to tDCS to reduce 

stress-related impacts on neuroplasticity.  

Decision Making  

Cannabis consumers are often found to have poorer decision making than 

non-cannabis consumers, which is attributed to impulsivity related to ongoing drug 

use (Becker, Collins, & Luciana, 2014; Whitlow et al., 2004). However, other 

studies have found no such detriments in cannabis consumers, and this may be due to 

changes in neurocircuitry enabling sufficient decision making performance (Cousijn 

et al., 2013; Quednow et al., 2007; Vaidya et al., 2012). Our results contrast to past 

findings in that we found that cannabis consumers generally had greater net score 

than controls and had significantly greater net score on block two of the IGT than 

controls. The lack of decision making detriments in cannabis consumers in our study 

may be attributed to group differences in intelligence, given that intelligence is a 

predictor of decision making (Almy, Kuskowski, Malone, Myers, & Luciana, 2018). 

This idea is supported by evidence from our study that cannabis consumers, on 

average, had higher premorbid intelligence (M = 109.6, SD = 5.5) than controls (M = 

103.6, SD = 11.8). We additionally conducted a correlation that showed premorbid 

intelligence shared a positive association with total net score (p = .033, r = .48). 

Altogether, decision making may not have been impaired in cannabis consumers due 

to confounding factors, such as intelligence.  

Learning and Memory 

Our findings showing limited beneficial effects of tDCS on learning and 

memory are inconsistent with previous work. Nikolin et al. (2015) observed in their 

single-blind, sham, cross-over trial that tDCS to the left DLPFC for 20 minutes 
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significantly improved rate of verbal learning in healthy individuals. Similarly, left 

DLPFC stimulation between 1.0 and 2.0 mA in several studies has been found to 

enhance word recall relative to sham (Javadi & Walsh, 2012; O'Neil-Pirozzi, Doruk, 

Thomson, & Fregni, 2017; Sandrini et al., 2016). In our study, active tDCS did not 

improve verbal learning and memory and was associated with lower word recall 

across groups on the RAVLT. This result may be due to the reduced abundance of 

epinephrine that was measured at post-tDCS, given that epinephrine has a positive 

association with memory (Lorón-Sánchez, Torras-Garcia, Coll-Andreu, Costa-

Miserachs, & Portell-Cortés, 2016; Oliveira, Martinho, Serrão, & Moreira-

Rodrigues, 2018). As such, active tDCS did not appear to have a favourable effect on 

immediate recall, however, cognitive outcomes could have been confounded by the 

general stress-reduction response that we concluded from our metabolomic results. 

Active tDCS was also associated with greater memory interference among 

cannabis consumers, which suggests that DLPFC stimulation had a detrimental 

effect on the retention of previously learnt material following subsequent learning. 

This is similar to one study of cannabis consumers that found greater risk taking 

from active tDCS, which was attributed to altered neural functioning in cannabis 

consumers (Boggio et al., 2010). Cannabis consumers have been found to exhibit 

hypoactivation of the prefrontal cortex (Eldreth et al., 2004; Kober, Devito, Deleone, 

Carroll, & Potenza, 2014). It is possible, then, that our tDCS montage may have been 

suboptimal for this population with potential brain dysregulation. To explain, we 

placed the cathode over the right DLPFC which should decrease excitability (Nitsche 

& Paulus, 2000). The right DLPFC plays a role in memory retrieval while the left 

DLPFC underlies encoding (Gagnon, Schneider, Grondin, & Blanchet, 2011; 

Sandrini, Cappa, Rossi, Rossini, & Miniussi, 2003). Therefore, reducing excitability 
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of the right DLPFC in cannabis consumers who may have already had hypoactivity 

in that region may have reduced memory retrieval. Yet, it has also been found that 

cannabis consumers experience increased and more widespread prefrontal activation 

that prevents cannabis-related cognitive deficits (Kanayama et al., 2004). It is 

possible that hyperactivation, rather than hypoactivation, was present in our study. 

This seems likely as the groups had similar performance on pre-tDCS measures.  

Inhibitory Control 

We largely found no improvements of tDCS on any Go/No-Go Task 

measures, which is inconsistent with past work (e.g., Angius, Santarnecchi, Pascual-

Leone, & Marcora, 2019; Soltaninejad et al., 2019). However, Nejati et al. (2018) 

conducted a single session of left DLPFC stimulation at 1.5 mA in healthy 

participants to reveal that active stimulation only improved no-go accuracy, but not 

go accuracy, on the Go/No-Go Task. In addition, left DLPFC stimulation in binge 

drinkers was not associated with benefits on any measure on the Go/No-Go Task 

compared to non-drinkers (Dormal, Lannoy, Bollen, D’Hondt, & Maurage, 2020). 

Together, DLPFC stimulation may produce more mixed effects on measures of 

inhibitory control than initially suspected. 

 The lack of overall effect of tDCS on inhibitory control seen in our study 

may differ from past work for several reasons, such as anode placement and research 

practices. It has recently been revealed in meta-analytic work that stimulation to the 

IFG produces larger effects on inhibitory control than stimulation of the DLPFC, 

suggesting the DLPFC may not be ideal for enhancing inhibitory control (Schroeder, 

Schwippel, Wolz, & Svaldi, 2020). Alternatively, beneficial findings of tDCS on 

inhibitory control in past work may be overinflated due to questionable practices that 

have been reported in the field, such as publication bias, adjusting statistical analyses 
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to maximise findings, selectively reporting outcomes, and excluding data after seeing 

how it affects findings (Héroux, Loo, Taylor, & Gandevia, 2017). Overall, future 

work should apply tDCS to the IFG to obtain the greatest benefits on inhibitory 

control and biased research practices should be avoided to bring more clarity to the 

impact of tDCS on cognition. 

 We found an improvement in commission errors from active tDCS that was 

specific to cannabis consumers, which may be attributed to how cannabis influences 

the brain. Several researchers have revealed that cannabis use is associated with 

wider and greater brain activation that acts to compensate for cannabis-related 

deficits (Kanayama et al., 2004; Tapert et al., 2007). It may be that using tDCS on 

top of pre-existing DLPFC hyperactivity facilitated an improvement in commission 

errors observed in cannabis consumers relative to controls. However, Talsma, 

Broekhuizen, Huisman, and Slagter (2018) found evidence to suggest that baseline 

prefrontal activity does not predict cognitive performance after tDCS. Overall, firm 

conclusions cannot be made as to why cannabis consumers benefitted despite having 

similar baseline inhibitory performance to controls. However, this points to the need 

for further investigation into tDCS effects on inhibitory control in cannabis 

consumers.  

 That active stimulation reduced commission errors in cannabis consumers but 

did not reduce omission errors or go reaction time may be because different brain 

areas underlie these discrete processes. Researchers using TMS-

electroencephalography have found that prefrontal activity is related to no-go 

performance while M1 activity is related to go-performance (Nakata, Sakamoto, 

Honda, & Kakigi, 2015). Thus, tDCS may not have enhanced go-performance 

because DLPFC stimulation did not substantially increase ICF of the M1, which is 
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what we found with our TMS measures. Our findings suggest that left DLPFC 

stimulation in cannabis users may reduce impulsivity, which commission errors are 

thought to reflect (Bezdjian et al., 2009). An improvement in impulsivity is 

important as it may reduce chronic drug-taking and improve everyday functioning, 

such as driving, which impulsivity is thought to impact (Bıçaksız & Özkan, 2016; 

Goldstein & Volkow, 2011).  

Limitations 

This pilot study had several limitations that require consideration when 

interpreting the results. Firstly, we recruited five cannabis consumers before 

COVID-19 prevented further recruitment. However, we found no favourable effect 

of tDCS on our sample of 15 control participants so lack of tDCS effects may not be 

due to small sample size alone. The overall sample was small for the metabolomics 

analyses and the urine samples were taken in the afternoon, rather than the preferred 

first morning sample that is more concentrated and less variable (Thomas, Sexton, 

Benson, Sutphen, & Koomen, 2010). This means that possible variability in urinary 

metabolites in our study could have masked treatment-specific effects. Moreover, 

our sample was an average of 81 hours abstinent and had a range of cannabis use 

patterns, from one year to 12 years of use. Therefore, our findings may not 

extrapolate to other subgroups, such as those who have used cannabis heavily for 

decades and have cognitive deficits, or those who have been abstinent for weeks or 

months. 

We placed the anode and cathode over the left and right DLPFC, 

respectively, which may not have produced optimal cognitive effects relative to other 

montages. Recent meta-analytic work published after this study was conducted 

showed that right IFG stimulation is most beneficial for improving inhibitory control 
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while the left ventrolateral prefrontal and temporo-parietal sites may be best for 

improving encoding and memory retrieval (Bartl, Blackshaw, Crossman, Allen, & 

Sandrini, 2020; Schroeder et al., 2020). Similarly, placing the cathode on the body, 

such as the arm, may be superior to placing it on the head as the former can focalise 

the current around the anode (Moliadze, Antal, & Paulus, 2010; Nitsche & Paulus, 

2011).  

Conclusions 

The findings obtained from our pilot study indicate that tDCS may not be 

effective at improving learning and memory in cannabis consumers, but tDCS may 

have small benefits on inhibitory control. We found no effect of tDCS on TMS 

measures of ICF and SICI following stimulation and this suggests that tDCS over the 

DLPFC does not produce strong flow-on effects to the M1 that could improve motor 

function. However, we found evidence of a facilitatory effect on MEPs for both 

tDCS conditions, suggesting that sham may exert biological changes or that a 

placebo effect occurred. We found no evidence that tDCS directly influenced urinary 

metabolites, such as amino acids and catecholamines. However, we revealed a 

reduction in the abundance of stress-related metabolites over time, suggesting that 

participants may require time to adjust to unfamiliar brain stimulation procedures to 

optimise treatment effects. Based on our preliminary findings, we suggest that more 

work among cannabis consumers is warranted but with larger sample sizes and with 

greater consideration to discrete cognitive processes and underlying brain regions in 

the context of cannabis use.  
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Overview of Thesis and Aims 

Our primary aims for this thesis were to examine the cognitive outcomes 

associated with long-term, regular cannabis use once intoxication has passed, as well 

as to determine what impact interventions have on the cognitive abilities of 

individuals who use cannabis. These aims are timely and relevant given recent 

leniency in state legislation in some places, such as the United States, that have 

enabled more people to access cannabis (Cerdá et al., 2020). This thesis included 

four unique studies that were conducted to address the aims. In the first study, we 

assessed if long-term, regular cannabis use was related to cognitive impairments. We 

had a similar aim for the second study but this involved a meta-analysis of published 

literature in the field. Given that both studies suggested some cognitive impairments 

are related to cannabis use, we aimed to assess if emerging interventions for cannabis 

consumers impact cognition. The third study in this thesis examined if cannabinoid 

medication would affect cognition in cannabis consumers following acute 

administration after 28 days of treatment. In the fourth study, we investigated if brain 

stimulation would affect cognitive functioning in cannabis consumers. We had 

several secondary aims to the fourth study, which were to identify if brain 

stimulation to the DLPFC would produce changes in urinary metabolites and 

neurophysiological measures. The research questions and key findings are 

summarised below (see Table 1). Following this is an integration of the main 

findings across studies.  
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Table 1 

Key Research Questions and Relevant Findings and Conclusions 

Research Question Chapter Findings Conclusion 

What are the cognitive outcomes of long-

term, regular cannabis use relative to long-

term, regular tobacco use? 

2 Cannabis consumers had poorer overall 

learning, delayed recall, and interference, and 

greater forgetting and slower reaction time on 

information processing and sustained attention 

tasks. Inhibition and executive control were 

similar between cannabis and tobacco groups. 

Despite abstinence, cannabis consumers may 

experience problems with some cognitive 

abilities that may benefit from intervention. 

Tobacco may not confound cannabis-related 

cognitive outcomes. 

What does an integration of existing data 

indicate regarding the cognitive outcomes of 

long-term, regular cannabis use?  

 

3 Cannabis use was associated with moderate 

magnitude deficits in decision making, and 

small to moderate deficits for learning and 

memory, executive function, and global 

cognition. Cannabis use was not associated 

with deficits in attention, information 

processing, or working memory. Cognition was 

largely unaffected by cannabis use parameters. 

The effects of cannabis on cognition are not 

uniform across cognitive domains. Cannabis 

use parameters, such as duration of use, age of 

onset of use, and abstinence length may not 

have a substantial influence on cognitive 

outcomes. 

Are there any acute cognitive effects of 

nabiximols on cognition in cannabis-

dependent individuals? 

4 No evidence of harmful or beneficial effects of 

nabiximols on processing speed, inhibitory 

control, attention, or working memory. 

Nabiximols is safe, from a cognitive 

perspective, as a treatment for cannabis-related 

problems. 
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Table 1 continued…   

Research Question Chapter Findings Conclusion 

Can tDCS alter cognition in cannabis 

consumers and does tDCS alter urinary 

metabolites and indices of neuroplasticity? 

5 Cannabis consumers and controls had similar 

cognitive performance on pre-tDCS measures. 

Active tDCS was associated with worse 

memory recall overall, and greater memory 

interference in cannabis consumers. Active 

tDCS had a small improvement on impulsivity 

in cannabis consumers. TDCS was associated 

with increased MEP size (but not SICI or ICF) 

and changes in stress-related metabolites, 

regardless of tDCS treatment type. 

TDCS is not associated with substantial 

cognitive improvements. TDCS may harm the 

ability to recall information, particularly 

following the presentation of new information. 

TDCS may facilitate cortical excitability of the 

M1. Participants may experience stress prior to 

brain stimulation procedures and this could 

confound results. 
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General Discussion  

One of our main aims was to clarify the cognitive outcomes that are 

associated with long-term, regular, and recreational cannabis use once intoxication 

has passed. Our results from Study 1 and 2 suggest that cannabis use is associated 

with small to moderate detriments in some cognitive domains, namely learning and 

memory, decision making, and executive function, as well as reaction time for tasks 

involving information processing and sustained attention. Our findings align with the 

broader literature that has reported mixed cognitive outcomes for cannabis 

consumers (Broyd et al., 2016). Broyd et al. (2016) concluded from their systematic 

review that learning and memory was one of the most commonly impaired domains 

among cannabis consumers, and our results across Study 1 and 2 are consistent with 

this. The underlying explanation for cognitive deficits is that THC in cannabis 

increases activity of CB1 receptors that modulate the brains structure and function 

(Mason et al., 2019). The reason why cannabis impairs memory is likely due to the 

high density of CB1 receptors in the hippocampus (Prini et al., 2020). Yet, the effects 

of cannabis on the brain are complex and there may be several reasons for our non-

uniform results. 

Tolerance and sensitisation. Firstly, mixed cognitive results seen among 

regular cannabis consumers may be due to tolerance to the behavioural effects of 

cannabis. Tolerance occurs through CB1 downregulation that refers to a decrease in 

receptor density that makes the neuron less sensitive to the agonist (i.e., THC; 

Farquhar et al., 2019; Hirvonen et al., 2012). Tolerance can underpin sound 

performance in some, but not all, cognitive skills and this is because downregulation 

is regionally selective. That is, there is greater CB1 receptor downregulation in areas 

such as the hippocampus and prefrontal cortex than the amygdala or cerebellum 
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(Breivogel et al., 1999; Hirvonen et al., 2012; Lazenka, Selley, & Sim-Selley, 2014). 

The cerebellum is involved in motor movement and reaction time (Nashef, Cohen, 

Israel, Harel, & Prut, 2018) and the cerebellum being less susceptible to tolerance 

may explain why slowed reaction time on several tasks were found in Study 1. To 

add to the complexity, a reversal in CB1 downregulation occurs across the brain at 

different rates, with researchers showing cannabis consumers have upregulation 

within two days of abstinence across most brain regions, except for the thalamus and 

cerebellum (D'Souza et al., 2016). This suggests the cerebellum would continue to 

show tolerance to behavioural effects of cannabis during abstinence, but this is 

inconsistent with our results. It is possible that some brain regions experienced 

sensitisation, which is the opposite of tolerance whereby there is an increased 

response to drug effects (Moreno-Rius, 2019). Sensitisation to cannabis, and other 

drugs, has been reported primarily in the cerebellum (Palomino et al., 2014; Rubino 

et al., 2003). As such, some cognitive abilities may exhibit tolerance while others 

may exhibit sensitisation to the impairing effects of cannabis.  

Neural compensation. Another phenomenon that may explain our mixed 

results across studies is neural compensation. That is, areas of the brain may have 

experienced increased activity or connectivity to compensate for dysfunction in other 

regions. Several brain imaging studies have demonstrated that cannabis consumers 

experience increased and more widespread activation across several brain areas, such 

as the hippocampus and temporal lobes, than controls while cognition remains 

similar between groups (Hatchard et al., 2020; Kanayama et al., 2004). As such, lack 

of cognitive deficits observed in this thesis may be due to neural compensation, 

however, neural compensation occurs unevenly across the brain and may only 

partially restore function (Fornito, Zalesky, & Breakspear, 2015; Saur et al., 2006; 
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Ullman & Pullman, 2015). While speculative, uneven neural compensation may 

explain the mixed cognitive results across tasks in our studies.  

While neural compensation may seem beneficial, it suggests that individuals 

using cannabis may experience poorer neural efficiency. Neural efficiency refers to 

how focussed and specific cortical activation is, with greater efficiency resulting in 

more optimal functioning (Micheloyannis et al., 2006). As a result, people who use 

cannabis regularly may exhibit suboptimal brain functioning. Moreover, neural 

compensation can eventually lead to cognitive deficits when tasks become too 

difficult because hyperactivity is only sufficient to maintain adequate performance 

on easy tasks (Bossong, Jansma, Bhattacharyya, & Ramsey, 2014). Therefore, 

variability in the tasks used, and their difficulty level, across studies may be 

responsible for mixed outcomes, both in our study and in the literature in general.  

Variability in cognitive tests. While we did not specifically examine the 

impact of task difficulty on cognition, the results in this thesis suggest that task 

difficulty may have impacted outcomes. Looking between Study 1 and work in our 

meta-analysis, performance on the California Verbal Learning Test (CVLT) total 

score (Cohen’s d = -0.60) and list B (d = -0.65) was less impaired in cannabis 

consumers than controls than RAVLT total score (Cohen’s d = -1.15) and list B (d = 

-1.22) in Study 1 (see effect sizes for CVLT in Table S2 in the Supplemental 

Material of the meta-analysis). This may have occurred because the CVLT involves 

semantic clustering, which refers to remembering words according to a sematic 

category, while the RAVLT contains unrelated words that makes the task more 

difficult (Grimes, Zanjani, & Zakzanis, 2017; Stallings, Boake, & Sherer, 1995). 

This suggests that differences in difficulty across tasks contained in our thesis, and in 

previous work, may produce mixed cognitive outcomes. However, this is only 
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speculative and strong conclusions cannot be made due to the differences in 

methodological quality between studies that is a limitation of this meta-analysis.  

Using different tasks to measure the same cognitive construct may also 

produce varied outcomes. For example, the only cognitive domain in our meta-

analysis that contained the same cognitive task, the IGT, showed larger deficits than 

other domains such as learning and memory. It was also apparent from the meta-

analysis that different tasks measuring executive function produced different effect 

sizes. For instance, Gruber et al. (2012) and Dahlgren et al. (2016) found similar 

effect sizes on the Wisconsin Card Sorting Test, such as Cohen d values of -0.74 and 

-0.80 for perseverations in deck 1 and -0.43 and -0.40 for categories in deck 1, 

respectively. In contrast, smaller effect sizes ranging from .03 to .34 were found by 

Chang et al. (2006) and Eldreth et al. (2004) for the Stroop task (see Table S2 

Supplemental Material of our meta-analysis). Yet, inhibitory control was similar 

between groups in both Study 1 and Study 4 that included different tasks; the Stop 

Signal Task and the Go/No-Go task, respectively. Lack of deficits observed in Study 

4, however, may be due to low participant numbers and relatively light cannabis 

consumers compared to Study 1 and 2. Overall, the results suggest that a standard 

battery of cognitive tests should be used consistently in research to better compare 

findings across studies.  

Reversibility of deficits in the context of cannabis use parameters. For the 

cognitive areas that did appear to be impaired in cannabis consumers, the magnitude 

of the effects were mostly small to moderate across our studies. That cognitive 

domains did not appear to be substantially impaired, if at all, suggests that the effects 

of cannabis are reversible and fade after the substance is no longer consumed, as 

suggested by Pope et al. (2001). Cognitive improvements with abstinence may be 
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attributed to a reversal of CB1 alterations when individuals are no longer exposed to 

cannabis (D’Souza et al., 2016). Most participants included in this thesis were tested 

during the early abstinence phase, so it is logical that modest detriments may have 

still been present. Such deficits could have reversed entirely if participants were 

tested at a longer abstinence length, such as weeks or months. Indeed, when we 

analysed only participants with over 25 days of abstinence in our meta-analysis we 

found that significant impairments in executive function that were initially present 

became nonsignificant, yet, this may have been due to low power. Overall, our 

results indicate that cannabis is not associated with substantial cognitive detriments 

that persist after intoxication has passed. Note that we are not suggesting that 

cannabis is harmless, only that deficits may slowly reverse once the brain is no 

longer exposed to cannabis.  

The reversibility of cannabis-related cognitive deficits is complicated and 

depends on cannabis use parameters (Bolla et al., 2002). We found no evidence from 

our meta-analysis that different cannabis use parameters (i.e., duration and age of 

onset) were related to cognitive functioning, but our conclusions are hindered by the 

correlational nature and limited power of the analyses. In contrast, cannabis use 

quantity appeared to be negatively related to memory recall in Study 1. While it is 

unclear at what point cannabis use causes irreversible damage (Vonmoos et al., 

2014), research has pointed to more harmful cognitive outcomes being associated 

with higher frequency of use, longer duration of use, earlier age of onset of use, and 

using cannabis containing high THC levels (Gruber et al., 2012; Morgan et al., 2012; 

Nader & Sanchez, 2018). Of note, Bolla et al. reported that heavy cannabis users had 

significantly worse performance on some cognitive measures compared to light users 

after 28 days of abstinence. As such, differences in cannabis use patterns across our 
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studies may have contributed to the varied outcomes that we observed. Study 1 

contained adults who had used cannabis ≥ 4 days a week for over 10 years. In 

contrast, the meta-analysis included studies with a cut-off of a mean ≥ 4 days a week 

for ≥ 2 years, and the final study contained participants who used cannabis ≥ 1 day a 

week for ≥ 1 year. This may explain why larger detriments were found in Study 1 

than the meta-analysis, as well as why no group differences were found in cognition 

and neurophysiological measures in the Study 4. Differences in cannabis use patterns 

across studies can therefore be considered a limitation of the current thesis and 

previous work. Given this knowledge, researchers should measure and account for 

cannabis use patterns and history, such as age of onset, amount of THC, and 

frequency of use (Freeman & Lorenzetti, 2020; Lorenzetti, Solowij, & Yucel, 2016).  

Neurocognitive model of drug dependence. From existing literature and 

evidence in the current thesis there is an obvious complexity to cannabis that 

contributes to mixed cognitive outcomes. This complexity is not fully captured by 

the iRISA model (Goldstein & Volkow, 2011) that describes chronic drug use as 

featuring neural dysregulation that is associated with an array of cognitive deficits, 

particularly in inhibitory control (Goldstein & Volkow, 2011). Further, Goldstein 

and Volkow (2011) highlight several neurotransmitters that are involved in chronic 

drug use, such as dopamine, glutamate, and serotonin, but our results from Study 4 

indicate that norepinephrine may also be involved in persistent drug use. Increased 

norepinephrine has been observed to occur with exposure to other drugs, such as 

cocaine, amphetamine, and morphine (Jadzic, Bassareo, Carta, & Carboni, 2019). 

Increases in norepinephrine are problematic as it can contribute to cognitive deficits 

(Saloner et al., 2020), as well as chronic drug use and relapse (Haile, Mahoney, 
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Newton, & De La Garza, 2012; Smith & Aston-Jones, 2008). Therefore, 

norepinephrine needs to be considered in neurocognitive models. 

While we critique the iRISA model, it is important to note that this model 

relates specifically to drug dependence and we only included cannabis dependent 

participants in Study 3. Previous work has suggested that cannabis dependence is 

associated with poorer cognitive outcomes because dependence produces greater 

detriments to underlying brain areas, such as larger volume reductions in the 

hippocampus and frontal regions (Chye et al., 2019; Chye et al., 2017). Considering 

this, the absence of substantial inhibitory deficits observed for participants in Study 1 

(and Study 4) may be attributable to a lack of cannabis dependence as we found 

lower scores, on average, than the cut off for cannabis dependence on the Severity of 

Dependence Scale (Swift et al., 1998). This suggests that cannabis dependence 

should be measured in future work and neurocognitive models should account for 

dependence and non-dependence. 

Urinary metabolomics. In Study 4 we found little evidence that urinary 

metabolites were affected by active tDCS intervention, but we found a general 

stress-reduction response whereby metabolites associated with stress (i.e., cortisol, 

dopamine, and epinephrine) reduced from pre- to post-tDCS. Our urinary metabolite 

results could be interpreted in several ways. First, any effects of active tDCS on 

metabolites may have returned to baseline by the time we obtained urine at post-

tDCS. Hone-Blanchet et al., (2016) found changes in striatal glutamate + glutamine 

and prefrontal N-acetylaspartate during tDCS but not after tDCS, which indicated 

fast and short-term facilitatory effects. Our results are in-line with their finding given 

that we obtained samples after tDCS ended. Our results indicate that repeated tDCS 

sessions may be needed to see enduring changes.  
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However, it is unclear why some measures of cognition changed when 

metabolites were unaffected by active tDCS. It could be that tDCS exerts effects 

through mechanisms other than neurotransmitter-related metabolites, which is 

possible as tDCS has been found to be associated with increases in cerebral blood 

flow as measured by blood oxygen level dependent (BOLD) signal (Liebrand et al., 

2020). However, the lack of change in urinary metabolites may otherwise indicate 

that the changes in cognition were spurious, especially as no significant differences 

were found on several other outcome measures. As such, cognitive changes could 

have been random or due to other mechanisms associated with tDCS.   

We additionally suggest from the findings of Study 4 that cannabis is 

associated with increased norepinephrine. Norepinephrine is a catecholamine 

associated with cognitive functioning, particularly response inhibition and learning 

and memory (Chmielewski, Mückschel, Ziemssen, & Beste, 2017). Catecholamines 

are thought to have an inverted “U” shaped relationship with cortical functioning, 

such that reduced or excess noradrenergic levels contribute to dysfunction of the 

cells that result in cognitive deficits (Arnsten, 2011; Saloner et al., 2020). 

Concerning the results across studies in this thesis, participants in Study 4 reported 

lower cannabis use than those in Study 1 and 2. It could be possible that deficits in at 

least some measures of cognition in Study 1 and 2 were associated with the effect of 

heavy cannabis use on norepinephrine. Researchers have found that WIN55,212-2, 

an agonist and synthetic analogue of THC, has a dose-dependent relationship with 

norepinephrine where higher doses of WIN55,212-2 are related to greater 

norepinephrine release in the frontal cortex (Oropeza, Page, & Van Bockstaele, 

2005). Therefore, participants in Study 4 who had relatively light use of cannabis 

may have had a greater abundance of norepinephrine so that cognitive performance 
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was unimpaired while heavier users in Study 1 and 2 may have had an over-

abundance of norepinephrine that contributed towards some cognitive impairments. 

This implies that cannabis dose may produce differential cognitive effects via  

norepinephrine modulation. 

Cannabis-related interventions. We observed from our work that neither 

nabiximols nor tDCS substantially enhanced cognitive performance in cannabis 

consumers. Further, while nabiximols did not harm cognition we found that tDCS 

was associated with detriments in memory recall, especially memory interference 

among cannabis consumers. Both cannabinoid-based medications (Haney et al., 

2004; Trigo et al., 2016; Trigo et al., 2018) and brain stimulation (Boggio et al., 

2010; Martinotti et al., 2019; Sahlem et al., 2020) are being increasingly researched 

for treating cannabis and other drug withdrawal and cravings. As such, these 

methods need to be safe from a cognitive standpoint given that cognitive 

impairments affect psychotherapy and everyday abilities. 

Considering safety in the context of Study 3 and 4 and previous literature, we 

suggest that nabiximols, rather than tDCS to the DLPFC or medications that can 

impair cognition (e.g., divalproex; Haney et al., 2004), is a safer option for cannabis 

consumers seeking to quit cannabis. However, implications arising from Study 3 

should be taken with caution given that we did not include baseline measures of 

cognition in our analyses. Importantly, using tDCS to the DLPFC for regular and 

long-term cannabis consumers who may already be experiencing memory 

interference problems (as outlined in Study 1) could be problematic as it may worsen 

existing impairments. However, the results of Study 4 should be interpreted with 

caution due to the small sample size. Clearly, more research is needed to replicate 

the findings of our tDCS study. 
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Replicating research is important due to the mixed findings on tDCS to date. 

We found a general facilitatory effect of tDCS on the M1 when measured by TMS. 

We suggested in Study 4 that this may be due to factors such as a placebo effect, 

both electrodes eliciting neurobiological changes, or a stress-reduction response. If 

tDCS directly enhanced general facilitation in the brain then this acts as a “proof of 

concept” that tDCS does exert neurophysiological changes, which is important as 

tDCS has been criticised for being too weak to alter neural function (Filmer, 

Mattingley, & Dux, 2020). Another criticism to tDCS research is a lack of insight 

into its mechanisms, with suggestions that GABA and glutamate play a role (Filmer 

et al., 2020). However, Study 4 showed no effect of active tDCS on GABA or 

glutamate and this was supported by our TMS findings that there were no changes in 

SICI or ICF. While this may indicate that tDCS works via other mechanisms, our 

study had several limitations that were noted in Chapter 5. To overcome limitations 

in the field, Filmer et al. (2020) suggested researchers need to have a sufficient 

sample size, combine tDCS with neuroimaging, examine individual differences, and 

use sensitive outcome measures. We additionally suggest the use of metabolomics to 

better understand the mechanisms of tDCS, which is especially warranted given that 

metabolomics is a global biomarker approach that identifies a broad collection of 

small molecules within a system (Quinones & Kaddurah-Daouk, 2009). 

Implications  

The findings from the set of studies in this thesis raise some interesting 

implications on the cognitive outcomes of cannabis use. Our main findings from 

Study 1 and 2 indicate that cannabis use is related to modest deficits in some 

cognitive domains that persist beyond intoxication. Yet, it is important to highlight 

that our results do not imply that cannabis causes severe cognitive damage, nor do 
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they imply that cannabis is harmless. Notably, our work was with cannabis 

consumers without significant mental or physical health conditions so our findings 

should not be generalised to other populations of cannabis users, such as individuals 

with schizophrenia or chronic pain which are conditions that are also associated with 

cognitive dysfunction (Mazza, Frot, & Rey, 2018; Rentzsch et al., 2016; Roselló et 

al., 2020). The results we found in relatively healthy cannabis consumers imply that 

subtle impairments in some cognitive domains that could potentially impact 

everyday functioning, such as driving, as well as the ability to engage in 

psychotherapy. For individuals who use cannabis and are experiencing unwanted 

cognitive effects, abstinence may be the best approach to reduce dysfunction.  

Policy and legal implications. Cannabis has been legalised in recent years in 

various places, such as some regions in the United States, and this is associated with 

increased cannabis use and cannabis-related problems (Blevins et al., 2018; Mauro et 

al., 2018). We suggest a cautious stance on cannabis legalisation in Australia given 

the findings of past literature and of this thesis. Specifically, the work in this thesis 

provides mixed results that are consistent with previous findings and, from this, we 

suggest that much is still unknown about how cannabis affects cognitive functioning, 

the extent of harm, and how different cannabis use patterns influence outcomes. 

Policy makers should be aware that cannabis may not produce uniform effects on 

cognition, and consider that such effects may be moderated by factors such as THC 

potency and dose. Given the popularity of cannabis and potential for cannabis to 

harm cognition beyond intoxication, we support that a harm reduction policy will be 

beneficial for governments to take. However, it is possible that cognitive deficits 

may have existed prior to cannabis use and may be related to family background 

factors, which is a possibility that has been raised in several longitudinal studies 
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(Jackson et al., 2016; Meier et al., 2018) and should be considered when interpreting 

cross-sectional work. 

Practical implications. Deficits in memory, decision making, and inhibition 

may translate into real world problems, such as forgetfulness (Cuttler, Mischley, & 

Sexton, 2016), risk taking (e.g., driving under the influence of drugs; Choi, DiNitto, 

& Marti, 2016), and impaired driving that increases the risk of car accidents (Bosker 

et al., 2013; Dahlgren et al., 2020). Such cognitive deficits can also pose problems 

for psychotherapy and related outcomes, such as lower adherence and drop-out rates 

(Aharonovich et al., 2006; Fernandez-Serrano, Perez-Garcia, Schmidt Rio-Valle, & 

Verdejo-Garcia, 2010), as well as greater risk for relapse (Domínguez-Salas et al., 

2016; Harlé, Angela, & Paulus, 2019).  

This highlights that cannabis-related cognitive impairments warrant 

intervention. Cannabis consumers may benefit from verbal memory strategies, such 

as memory aids or mnemonics (Hampstead, Stringer, Stilla, & Sathian, 2020; Knott 

& Thaut, 2018), as well as cognitive behaviour therapy combined with goal 

management training and contingency management to enhance decision making 

(Verdejo-Garcia et al., 2019). Further, brain stimulation interventions could be used 

to reduced impulsivity and relapse rates in cannabis consumers during quit attempts. 

However, tDCS interventions for impulsivity should be aimed at the IFG rather than 

the DLPFC to avoid potential memory detriments, as seen in Study 4. Overall, 

cannabis-related cognitive deficits can translate into real-life problems that require 

intervention. 

Future research. The work contained in this thesis raises several 

implications for future research. From Study 1, we suggest that tobacco may not 

necessarily need to be accounted in research on cannabis-related cognitive outcomes. 
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In Study 3, the evidence that nabiximols had no harmful or beneficial effect on 

cognition indicates that it can continued to be researched for cannabis withdrawal 

and craving while knowing it will be unlikely to harm cognition. It is also suggested 

that researchers should include metabolomics to better understand the underlying 

mechanisms of interventions. Metabolomics can be used not only to better 

understand, but possibly predict cognitive deficits and monitor treatment response 

over time. Additionally, the metabolomic results from Study 4 suggest that a 

familiarisation phase of tDCS should be included in clinical trials to ensure that any 

potential stress response reduces prior to the main tDCS session, which could 

enhance neuroplastic benefits (Vyas et al., 2016).  

Conclusions 

The aim of this thesis was to investigate the cognitive outcomes associated 

with long-term, regular, and recreational cannabis use once intoxication has passed, 

as well as to identify if emerging interventions alter cognition in cannabis 

consumers. Collectively, the original research and meta-analysis suggested that small 

to moderate deficits in some cognitive domains, namely learning and memory, 

executive function, and decision making, may persist despite abstinence from 

cannabis. This highlights that people who use cannabis regularly for a long period of 

time may have difficulties with ceasing cannabis use and performing everyday tasks, 

such as driving, that rely on these cognitive abilities. We also found evidence to 

suggest that cannabinoid treatment with nabiximols does not affect cognition in 

either a harmful or beneficial way, which indicates that individuals seeking treatment 

for cannabis use may use nabiximols without experiencing unwanted cognitive 

effects that could harm, for example, driving. In addition, tDCS interventions for 

cannabis consumers warrant further investigation given we found small benefits to 
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impulsivity but detriments to memory. The changes in cognition may not be 

attributable to metabolic effects of active tDCS, or to flow-on effects from active 

tDCS to other brain regions. However, our conclusions should be considered in light 

of our relatively small samples and variability in study designs, with the latter 

relating to the meta-analysis. 

 It should be acknowledged that including participants with varying patterns 

of cannabis use may influence cognitive abilities differently and, more specifically, 

people who use cannabis heavily from a young age of onset with high THC content 

may exhibit more extreme deficits even after intoxication has passed. As such, we do 

not suggest that cannabis does not harm cognition but that some deficits may reverse 

in early abstinence while other cognitive skills may exhibit modest impairments that 

persist when intoxication has passed. In this thesis we have also highlighted the need 

for more rigorous assessment of cannabis use parameters (e.g., cannabinoid content, 

frequency of use, and duration of use), measurement of discrete cognitive abilities 

rather than broader cognitive domains, and the use of metabolites to investigate 

cognition. Considering these areas of improvement in future work will help to 

further clarify the cognitive outcomes of cannabis use during abstinence. 
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Table A1  

Correlations between Cannabis Parameters and Outcome Measures 

Cannabis 

abstinence 

(hours) 

Cannabis 

use (years) 

Cannabis 

frequency 

(per day) 

Daily 

standard 

cannabis 

units 

Rey Auditory Verbal Learning Test 

I .37 -.06 -.24 -.53* 

II .22 .13 -.04 .10 

III .20 -.01 .19 -.02 

IV .21 -.27 -.14 .06 

V .33 -.10 -.11 -.09 

I-V .39 -.08 -.12 -.17 

B .19 -.09 -.22 -.28 

VI .16 -.17 .03 -.22 

VII .17 -.01 -.03 -.38 

Forgetting -.07 .07 .06 -.41 

Interference -.22 -.12 .20 -.23 

Arrow Flankers 

Congruent RT -.06 .37 -.002 .33 

Neutral RT .05 .32 -.07 .04 

Incongruent RT -.14 .42 -.02 .18 

Congruent errors -.24 -.11 -.09 -.24 

Neutral errors -.12 .33 -.35 -.20 

Incongruent errors -.52* .23 .08 .20 

No Go false positives -.40 .07 .09 -.01 

Symbol Digit Substitution Task 

RT correct -.36 -.19 .23 .02 

Number incorrect .02 -.34 .18 -.15 

Stop Signal Task 

RT correct -.40 .55 .19 .21 

Stop signal response time -.21 .58 .25 .27 

Number incorrect -.28 -.29 -.21 -.17 

Rapid Visual Information Processing Task 
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RT correct .06 .26 .08 -.04 

False positives .13 .17 .16 -.08 

DASS 21 

Depression -.06 .12 .69* .41 

Anxiety -.23 .07 .14 -.07 

Stress -.10 .01 .61* .36 

Short Form 36 

Physical functioning .14 -.27 -.001 .24 

Role limitations due to 

physical problems 

.18 -.12 -.04 .15 

Bodily pain .26 -.32 -.23 -.23 

General health .03 -.27 -.03 .17 

Vitality .22 -.19 -.41 .01 

Social functioning .22 .18 -.07 .26 

Role limitations due to 

emotional problems 

.14 -.15 -.21 .15 

Mental health .16 .20 -.18 .01 

Physical component score .17 -.33 -.07 .08 

Mental component score .20 .19 -.33 .12 

World Health Questionnaire Quality of Life - Brief 

Overall Quality of life .07 -.16 -.01 -.13 

Health satisfaction .20 -.16 .09 .57* 

Physical health .17 -.10 -.51* -.08 

Psychological health .23 -.10 -.59* -.09 

Social relationships -.21 .08 -.27 -.25 

Environment .38 -.37 -.13 .19 

Physical Health 

Questionnaire 

.24 -.40 -.54* -.04 

* p < .05.
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Re-analysis of data excluding all participants that were drug 

positive/unavailable drug urine results 

Table A2 

Demographic and Substance Use Details of Cannabis and Tobacco Users 

Group 

Cannabis 

n = 14 

Tobacco 

n = 15 
g p 

Demographics 

Age (years) 57.9 (8.3) 53.3 (7.5) 0.56† .135 

Male sex, %, (n) 57.1 (8) 33.3 (5) 0.198†† .198 

Education years, M (SD) 14.6 (4.0) 13.3 (3.2) 0.35 .337 

Married, including de facto, % (n.) 42.9 (6) 66.7 (10) 0.265†† .265 

WTAR std score, M (SD) 113.1 (12.1) 106.7 

(10.6) 

0.55† .136 

Substance Use History 

Alcohol use per occasion past month, 

(standard drinks)  

5.0 (4.7) 

range 1.8-

18.0 

5.1 (4.2) 

range 1.0-

18.0 

0.02 .956 

Alcohol use, days per month (n) 17.5 (12.9) 7.6 (8.9) 0.88† .039*a 

Tobacco pack years 23.0 (27.4) 22.9 (10.1) 0.01 .987 

Age first used tobacco, years 15.2 (4.4) 15.9 (3.2) 0.18 .625 

Nicotine dependence, Fagerstrom 

score 

0.7 (1.5) 4.4 (0.6) 1.78† <.001* 

Age first used cannabis (years) 19.1 (4.5) 17.5 (2.0) 0.42 .316 
SDS scores of three or greater indicate cannabis dependence (Swift et al., 1998). 
* Significant at the p < .05 level.
a Correlational analyses comparing past month alcohol use to outcome variables resulted in no
statistically significant correlations, except for a strong, negative ( r= -.48, p = .018) association with
WHOQOL-BREF social relationships. When past month alcohol use was included as a covariate with
this variable, group differences were non-significant which is comparable to the original analysis and
the re-analysis following removal of positive drug tests and missing urine results.
† Moderate effect size > 0.50.
†† Cramer’s V.

350



Table A3 

Mean Word Recall for Cannabis Users, Tobacco Users, and Norms 

Group 

M (SD) 

Cannabis 

vs Tobacco 

Cannabis vs 

Norms 

Tobacco 

vs Norms 

Cannabis vs 

Tobacco †† 

Trial Norms 

n = 161a 

Cannabis 

n = 14 

Tobacco 

n = 15 
g p g p g p g p 

I  6.2 (1.6) 6.0 (2.6) 6.7 (2.1) 0.29 .411 0.12 .673 0.30 .262 0.27 .460 

II 9.0 (1.9) 7.1 (2.1) 9.8 (2.0) 1.28† .001* 0.99* .001* 0.42 .122 0.98† .010* 

III 10.5 (1.9) 9.4 (2.1) 11.2 (1.6) 0.94† .014* 0.57* .041* 0.37 .169 0.89† .021* 

IV 11.4 (1.9) 10.8 (1.5) 12.4 (2.0) 0.88† .023* 0.32 .252 0.52* .054 0.91† .025* 

V 12.1 (2.1) 11.4 (2.0) 12.0 (1.9) 0.30 .443 0.33 .232 0.05 .859 0.39 .340 

Total learning 

acquisition, Σ I-V 

47.6 (8.1) 44.7 (7.4) 52.1 (7.9) 0.94† .015* 0.36 .198 0.55* .041* 0.90† .024* 

Interference, trial 

VI minus V 

- -2.3 (1.4) -1.7 (2.0) 0.34 .343 - - - - 0.20 .599 

Distractor list, B  5.7 (2.2) 4.6 (1.7) 6.5 (1.1) 1.30† .002* 0.51* .070 0.37 .166 1.30† .004* 

Postdistractor trial, 

V1 

9.9 (2.8) 9.1 (2.0) 10.3 (3.4) 0.41 .253 0.29 .298 0.14 .504 0.37 .329 
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Delayed recall, 

VIIb 

9.9 (3.2) 8.6 (2.6) 10.5 (3.5) 0.60† .100 0.41 .142 0.19 .492 0.68† .074 

Forgetting, trial 

VII minus V 

- -2.9 (2.1) -1.5 (2.2) 0.63† .094 - - - - 0.66† .092 

Unadjusted means (M) and standard deviations (SD) are provided. 
ᵃ Norms obtained from Schmidt (1996) as cited in Strauss, Sherman, and Spreen (2006), age range 50-59 years. 
b Trials I to V, B, VI, and VII were measured as number of words recalled. 
† Moderate effect size classified as > 0.50. 
†† Adjusted for premorbid IQ, gender, and tobacco pack years.  
* p < .05.
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Table A4 

Computerised Cognitive Task Performance of Cannabis and Tobacco Users 

Measure Cannabis, 
M (SD) 

Tobacco, 
M (SD) 

Cannabis vs 

Tobacco 

Cannabis vs 

Tobacco †† 

F g p g p 

Symbol Digit Substitution Test  

RT for correct 
responses (ms) 

1825.0 
(295.1) 

1620.1 
(245.3) 

4.03 0.74† .055 0.82† .043* 

Number 
Incorrect (n) 

1.7 (2.1) 0.5 (0.8) 4.01 0.74† .062 0.59† .123 

Stop Signal Task 

RT to Correct 
Responses (ms) 

786.9 
(127.7) 

779.9 
(149.4) 

0.02 0.05 .895 0.11 .777 

Stop Signal 
Response time 
(ms) 

374.1 
(58.1) 

335.1 
(70.4) 

2.62 0.59† .117 0.71† .067 

Number 
Incorrect (n) 

0.8 (1.1) 0.6 (1.1) 0.17 0.15 .681 0.26 .496 

Rapid Visual Information Processing 

RT for correct 
responses (ms) 

575.3 
(61.4) 

529.7 
(52.3) 

4.35 0.78† .047* 0.84† .041* 

False positives 
(n) 

6.4 (12.2) 4.9 (5.8) 0.19 0.16 .665 0.21 .577 

Flankers No Go 

No Go false 
positives (n) 

1.6 (1.2) 2.5 (2.3) 2.07 0.47 .165 0.60† .123 

Flankers Reaction Time (ms) 

Congruent 758.6 
(121.2) 

683.9 
(109.8) 

3.03 0.63† .093 0.50† .197 

Neutral 796.3 
(126.4) 

796.3 
(126.4) 

4.82 0.79† .037* 0.72† .065 

Incongruent 837.4 
(121.8) 

813.3 
(203.0) 

0.15 0.14 .705 0.04 .914 

Flankers Errors (n) 

Congruent 1.29 (1.9) 0.3 (0.8) 3.78 0.67† .063 0.59† .130 

Neutral 1.21 (1.1) 0.5 (1.3) 3.28 0.49 .135 0.38 .320 

Incongruent 1.38 (1.2) 1.1 (1.8) 0.28 0.18 .604 0.08 .839 

Unadjusted means (M) and standard deviations (SD) are provided. 
* p < .05.
† Moderate effect size > 0.50.
†† Adjusted for premorbid IQ, gender, and tobacco pack years.
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Table B4 

Mental and Physical Health Results for Cannabis Users, Tobacco Users, and Population Norms 

Group Cannabis vs 

Tobacco 

Cannabis vs 

Norms 

Tobacco vs 

Norms 

Cannabis vs 

Tobacco †† 

Norms 

M (SD) 

Cannabis 

M (SD) 

Tobacco 

M (SD) 
g p g p g p g p 

Depression, Anxiety, and Stress Scale 21 

Depression 2.6 (3.9) 2.1 (2.3) 3.1 (2.8) 0.40 .309 0.12 .651 0.14 .598 0.25 .534 

Anxiety 1.7 (2.8) 2.1 (3.0) 2.1 (1.8) <.001 .946 0.13 .634 0.13 .619 0.09 .855 

Stress 4.0 (4.2) 3.9 (3.4) 5.9 (3.0) 0.61† .112 0.02 .937 0.45 .084 0.58† .132 

Short Form 36 

Physical functioning 50.6 (9.2) 52.1 (7.9) 48.9 (7.3) 0.41 .270 0.17 .534 0.18 .483 0.59† .122 

Role limitations due to physical 

problems 

50.8 (9.9) 52.5 (10.1) 49.9 (6.9) 0.29 .413 0.18 .465 0.09 .793 0.33 .379 

354



Bodily pain 52.2 (8.9) 52.1 (9.6) 51.7 (7.9) 0.04 .898 0.16 .980 0.05 .842 0.12 .761 

General health 50.5 (10.4) 53.4 (11.1) 46.1 (8.0) 0.74† .052 0.28 .300 0.42 .103 0.30 .026* 

Vitality 51.4 (10.4) 54.3 (9.2) 50.2 (7.4) 0.48 .195 0.28 .297 0.12 .655 0.26 .478 

Social functioning 50.8 (9.7) 51.4 (7.7) 49.3 (10.1) 0.23 .543 0.06 .824 0.16 .547 0.29 .56 

Role limitations due to emotional 

problems 

52.0 (8.2) 52.3 (6.7) 46.8 (7.9) 0.73† .055 0.04 .876 0.63† .015* 0.61† .121 

Mental health 53.2 (9.6) 54.6 (6.3) 51.5 (8.9) 0.39 .292 0.15 .579 0.18 .498 0.30 .448 

Physical component score 50.3 (9.7) 51.9 (10.0) 49.1 (8.9) 0.29 .434 0.17 .531 0.12 .641 0.32 .406 

Mental component score 52.9 (10.2) 53.6 (5.2) 49.9 (12.0) 0.38 .307 0.07 .803 0.30 .252 0.37 .488 

Brief Version of the World Health Organisation Quality of Life 

Overall quality of life 4.3 (0.8) 4.4 (0.8) 4.3 (0.6) 0.14 .929 0.13 .646 0.00 .100 0.13 .949 

Satisfaction with Health 3.6 (0.9) 3.7 (1.1) 2.9 (1.0) 0.74† .056 0.11 .686 0.77† .004* 0.80† .053 

Physical health 80.0 (17.1) 82.1 (15.5) 79.6 (10.6) 0.38 .295 0.12 .651 0.18 .487 0.40 .295 

Psychological health 72.6 (14.2) 72.9 (8.3) 64.4 (14.3) 0.70† .061 0.02 .938 0.58† .029* 0.55† .154 

Social relationships 72.2 (18.5) 66.7 (24.7) 62.8 (19.9) 0.17 .642 0.29 .282 0.51† .055 0.24 .529 

Environment 74.8 (13.7) 77.9 (12.7) 74.6 (18.1) 0.20 .570 0.23 .405 0.01 .956 0.31 .424 355



Physical Health Questionnaire 

Total score - 85.4 (8.5) 68.1 (11.6) 2.00† <.001* - - - - 1.83† <.001*

Unadjusted means (M) and standard deviations (SD) are provided. 
Norms from Murphy et al. (2000), Crawford et al. (2011) and Hawthorne (2006). DASS 21, N = 497, SF-36 N = 3013-15, WHOQOL-BREF, N = 369. 
Higher scores on DASS 21 denote poorer mental health; higher scores on the SF-36, PHQ, and WHOQOL-BREF denote superior functioning. 
* p < .05.
† Moderate effect size > 0.50.
†† Adjusted for premorbid IQ, gender, and tobacco pack years.
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Ethics approval: Study 1 

From: Jude.ViennaHallam@utas.edu.au [mailto:Jude.ViennaHallam@utas.edu.au]  
Sent: Thursday, 30 October 2014 15:41 
To: Raimondo Bruno 
Cc: Lauren Black; Jude Vienna-Hallam 
Subject: Notification of Medical Ethics Approval: H0014300 Health outcomes associated with 
long term cannabis 

Dear AssocProf Bruno, 

Reference number: H0014300 
Title: Health outcomes associated with long term cannabis use 

We are pleased to advise that this study has been approved by the Tasmanian Human 
Research Ethics Committee and a signed approval letter will be emailed to you in the next 
few days, provided we have received the signed copy of the application.  Please note: sign-
off from both the Chief Investigator and appropriate Head of Department/Head of School is 
required on the final approved version of your application.   

This approval constitutes ethical clearance by the Health and Medical HREC.  The decision 
and authority to commence the associated research may be dependent on factors beyond 
the remit of the ethics review process. For example, your research may need ethics 
clearance from other organisations or review by your research governance coordinator or 
Head of Department.  It is your responsibility to find out if the approval of other bodies or 
authorities are required. It is recommended that the proposed research should not 
commence until you have satisfied these requirements. 

PLEASE NOTE REGARDING CTN/CLINICAL TRIALS: To obtain final approval you are required to 
do the following (if you have not already done so):  

1. Provide the signed original copy of the CTN form (if applicable) 2.  Provide a signed
photocopy of the indemnity (this does not apply to UTAS led Investigator initiated studies).

Once these items have been received they will be sent to the Chair of the HREC for 
signing/noting and your approval letter will be generated.  

Please contact us if you require further information. 

With kind regards 

-- 
Jude Vienna-Hallam 
Ethics Administrator 
Office of Research Services 
University of Tasmania 
Private Bag 01 
Hobart TAS 7001 
Phone: (03) 6226 6254 
Fax: (03) 6226 2765 
Email: Jude.ViennaHallam@utas.edu.au 
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Health outcomes associated with long-term cannabis use 

INFORMATION FOR PARTICIPANTS 

Introduction 

Cannabis is the most widely consumed illicit substance, with long-term frequent cannabis 
smokers considered at greatest risk of experiencing harms. There is, however, considerable 
uncertainty about the effects associated with long-term cannabis use, and a lack of research 
undertaken with older, long-term cannabis users. 

You are invited to take part in a research study into the outcomes associated with long-term 
cannabis use as a control participant who either smokes tobacco only or does not smoke at 
all. There are two main aims of the study: 

1) To examine the physical health, mental health, and cognitive functioning (for example
memory and attention) outcomes experienced by long-term cannabis users, compared
with people who smoke tobacco only and those who don’t smoke at all; and

2) To explore functioning outcomes following the cessation of cannabis use.

The study is being conducted by: Dr Jennifer Johnston, University of Sydney; Associate 
Professor Nicholas Lintzeris, Drug Health Services, South Eastern Sydney and Illawara Area 
Local Health District and the University of Sydney; Professor Iain McGregor of the 
Department of Psychology, University of Sydney; Dr David Allsop, National Cannabis 
Prevention and Information Centre; and Associate Professor Raimondo Bruno, University of 
Tasmania.  

The study is a collaborative study being conducted at Riverlands Drug and Alcohol Centre, 
Lismore, Northern NSW Local Health District, and the University of Tasmania. 

Study Procedures 

If you agree to participate in the study, you will be asked to sign the Participant Consent 
Form.  

You will then be asked to complete a research interview covering your demographic 
information (age, education, employment status, etc), drug use (patterns of use, measures 
of dependence), mental health (measures of depression and anxiety), cognitive functioning 
(measures of learning, memory, etc), and the quality of your sleep. You will asked to provide 
a 45 ml blood sample which will be used to analyse your endocrine (hormone), immune and 
endocannabinoid systems, cardiac functioning and vascular risk, and cannabinoid levels. You 
will also provide a urine sample. This research interview will take about one hour. 

With your consent, the results of your clinical assessments (i.e., endocrine, immune, cardiac 
and respiratory systems and bone health, etc) will be made available to your General 
Practitioner within two weeks of your assessment. Should you not consent to this, 
arrangements will be made for you to receive your results from the study Medical Officer. 
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You also have the option of contacting the student investigator or A/Prof Bruno within two 
weeks for the results of your mental health and cognitive functioning assessments. 

Risks 

Blood collection involves some discomfort at the site from which the blood is taken. There is 
also a risk of some minor bruising at the site, which may last one to two days. Blood samples 
will be taken by an experienced phlebotomist to minimise such risks.  

Benefits 

While we intend that this research study furthers knowledge and understanding of the 
outcomes associated with long-term cannabis use, it may not be of direct benefit to you. 

Costs 

Participation in this study will not cost you anything. You will be reimbursed $50 cash for 
your time and any out-of-pocket expenses you may incur for attending the Research 
Interview and Assessment Day. 

Voluntary Participation 

Participation in this study is entirely voluntary. You do not have to take part in it. If you do 
take part, you can withdraw at any time without having to give a reason. Whatever your 
decision, please be assured that it will not affect your medical treatment or your 
relationship with the staff who are caring for you. 

Confidentiality 

All the information collected from you for the study will be treated confidentially, and only 
the researchers named above and their research staff and, if you give your permission, your 
GP will have access to it. Potentially identifying information, such as your consent form, will 
be kept in a locked filing cabinet to which only project staff will have access, and there will 
be no link between your consent form and your data, meaning that your data will be non-
identifiable. Furthermore, although the study results may be presented at a conference or in 
a scientific publication, individual participants will not be identifiable in such presentations. 

Further Information 

When you have read this information, the student investigator will discuss it with you 
further and answer any questions you may have. If you would like to know more at any 
stage, please feel free to contact her at monical@utas.edu.au, or A/Prof Raimondo Bruno at 
Raimondo.Bruno@utas.edu.au 

This information sheet is for you to keep. 

Ethics Approval and Complaints 

This study has been approved by the Tasmanian Social Sciences Human Research Ethics 
Committee. If you have concerns or complaints about the conduct of this study, please 
contact the Executive Officer of the HREC (Tasmania) Network on +61 3 6226 6254 or email 
human.ethics@utas.edu.au. The Executive Officer is the person nominated to receive 
complaints from research participants. Please quote ethics reference number [H0014300].” 
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Health outcomes associated with long-term cannabis use 

PARTICIPANT CONSENT FORM 

I, ...................................................................................................................................... [name] 

of..............................................................................................................................…….[address] 

have read and understood the Information for Participants sheet on the above named research study 
and have discussed the study with the student investigator.  

I have been made aware of the procedures involved in the study, including any known or expected 
inconvenience, risk, discomfort or potential side effect and of their implications as far as they are 
currently known by the researchers. 

I understand that the results of my clinical assessments (i.e., endocrine, immune, cardiac and lung 
function, and bone health) will be available to me two weeks after assessment. 

I DO / DO NOT (please circle) consent to the results of my clinical assessments being provided to my 
General Practitioner. I understand that should I not consent to the results of my clinical assessments 
being provided to my GP, I will have the opportunity to receive my results from the study Medical 
Officer. 

I understand that I have the option of contacting the student investigator or A/Prof Bruno for the 
results of my mental health and cognitive functioning assessments. 

I freely choose to participate in this study and understand that I can withdraw at any time. 

I also understand that the research study is strictly confidential. 

I hereby agree to participate in this research study. 

NAME:    ........................................................................................................... 

SIGNATURE:   ........................................................................................................... 

DATE:   .......................................................................................................... 

NAME OF WITNESS:   .......................................................................................................... 

SIGNATURE OF WITNESS:   .......................................................................................................... 
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GP CONTACT DETAILS: 

NAME:   .......................................................................................................... 

ADDRESS:         .......................................................................................................... 

CONTACT NUMBER:    .......................................................................................................... 
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Copyright permission to reproduce published material: Study 1 

Dear Bala, 

See below. I am fine with Monica's request. 

Regards, 

Marcantonio 

Prof. Marcantonio Spada 
Professor of Addictive Behaviours and Mental Health 
Head of the Division of Psychology and Deputy Lead of the Centre for Addictive Behaviours 
Research 
Editor-in-Chief, Addictive Behaviors and Addictive Behaviors Reports 
School of Applied Sciences, London South Bank University 
T: +44 (0)20 7815 5760; E: spadam@lsbu.ac.uk 

________________________________________ 
From: Monica.Lovell@utas.edu.au [Monica.Lovell@utas.edu.au] 
Sent: 11 December 2018 22:34 
To: Spada, Marcantonio 
Subject: Enquiry: Request to reproduce publication in PhD thesis (doi: 
10.1016/j.addbeh.2017.12.009) 

The following enquiry was sent via the Elsevier Journal website: 

-- Sender -- 
First Name: Monica 
Last Name: Lovell 
Email: Monica.Lovell@utas.edu.au 

-- Message -- 
Dear Dr. Spada, 

Last year Addictive Behaviors published a study of mine titled 'Cognitive, physical, and 
mental health outcomes between long-term cannabis and tobacco users'. I am emailing you 
to request to reproduce this article in my PhD thesis as the study was one of my PhD 
projects. 

Many thanks, 
Monica Lovell 

PhD Candidate & Registered Psychologist 
College of Health and Medicine (Psychology) 
University of Tasmania 
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H I G H L I G H T S

• We examined health outcomes of long-term cannabis users and long-term tobacco users.

• Cannabis users had poorer learning and memory than tobacco users.

• Cannabis users had slower reaction time on some tasks than tobacco users.

• Tobacco users reported poorer physical and mental health than cannabis users.

• Tobacco should be controlled in research investigating cannabis health outcomes.

A R T I C L E I N F O

Keywords:
Cannabis
Tobacco
Cognition
Mental health
Adult

A B S T R A C T

Introduction: Cannabis intoxication adversely affects health, yet persistent effects following short-term ab-
stinence in long-term cannabis users are unclear. This matched-subjects, cross-sectional study compared health
outcomes of long-term cannabis and long-term tobacco-only users, relative to population norms.
Methods: Nineteen long-term (mean 32.3 years of use, mean age 55.7 years), abstinent (mean 15 h) cannabis
users and 16 long-term tobacco users (mean 37.1 years of use, mean age 52.9 years), matched for age, educa-
tional attainment, and lifetime tobacco consumption, were compared on measures of learning and memory,
response inhibition, information-processing, sustained attention, executive control, and mental and physical
health.
Results: Cannabis users exhibited poorer overall learning and delayed recall and greater interference and for-
getting than tobacco users, and exhibited poorer recall than norms. Inhibition and executive control were similar
between groups, but cannabis users had slower reaction times during information processing and sustained
attention tasks. Cannabis users had superior health satisfaction and psychological, somatic, and general health
than tobacco users and had similar mental and physical health to norms whilst tobacco users had greater stress,
role limitations from emotional problems, and poorer health satisfaction.
Conclusions: Long-term cannabis users may exhibit deficits in some cognitive domains despite short-term ab-
stinence and may therefore benefit from interventions to improve cognitive performance. Tobacco alone may
contribute to adverse mental and physical health outcomes, which requires appropriate control in future studies.

1. Introduction

Whilst it is established that acute cannabis intoxication can con-
tribute to adverse effects on cognitive functioning and mental and phy-
sical health, less is known about the health outcomes of long-term can-
nabis use following short-term abstinence (see Battisti et al., 2010; Hall,

2009; Hall & Solowij, 1998). Cannabis use has more than doubled in the
last 10 years in the United States, with one in 10 users subsequently
developing cannabis use disorder (Hasin et al., 2015). Given its increased
use, it is important to gain greater understanding of the effects of long-
term cannabis use on health (Choo & Emery, 2016). Research into the
effects of long-term cannabis use on cognition provides conflicting
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evidence. Solowij et al. (2002b) found in their cross-sectional study that
long-term (mean 23.9 years of use) cannabis users with a median ab-
stinence of 17 h exhibited poorer performance on tests of learning and
memory and attention than short-term users and controls, with moderate
to large effect sizes (Cohen's d 0.47 to 1.29). Conversely, meta-analyses
have demonstrated that long-term cannabis users do not exhibit sub-
stantial cognitive deficits (Grant, Gonzalez, Carey, Natarajan, & Wolfson,
2003; Schreiner & Dunn, 2012). Abstinence and dose effects may explain
conflicting evidence to date. An abstinence effect may occur in which
long-term users exhibit cognitive deficits following short periods of ab-
stinence (i.e., several hours or days) that reverse following several weeks
of abstinence (Pope, Gruber, & Yurgelun-Todd, 2001). Recent electro-
encephalography data show a similar process of recovery, moderated by
age of first cannabis use, in two-week abstinent cannabis users (Allsop &
Copeland, 2015). A dose-dependent relationship can occur whereby
cognitive deficits may reverse following abstinence from light (2–14
joints per week) and moderate (18–70 joints per week) but not heavy use
(78–117 joints per week; Bolla, Brown, Eldreth, Tate, & Cadet, 2002).
Abstinence and dose therefore need to be controlled in cannabis re-
search.

Researchers must also control for substances other than cannabis. It is
common practice, in Australia, to mix cannabis with tobacco but tobacco
may be a confound as it is associated with adverse cognitive outcomes,
such as memory deficits (see Hill, Nilsson, Nyberg, & Bäckman, 2003;
Nooyens, van Gelder, & Verschuren, 2008; Ott et al., 2004). However, it
has both been reported that tobacco is not associated with cognitive
deficits among cannabis users and that tobacco may mask detrimental
effects of cannabis on cognition, such as episodic memory (Meier et al.,
2012; Schuster, Crane, Mermelstein, & Gonzalez, 2015). Consistent with
the former, cross-sectional evidence indicated that abstinent cannabis
users, but not tobacco-only users or controls, had deficits in visual re-
cognition, verbal fluency, and delayed visual recall (McHale & Hunt,
2008). Researchers must investigate and account for such potential
confounding variables to gain an accurate understanding of the impact
that long-term cannabis use has on health, particularly during short-term
abstinence.

Cannabis use is also associated with poor mental and physical health.
Cannabis is related to increased risk of psychological distress, depression,
and anxiety relative to non-users, however, the nature of the association
remains unclear due to lack of control of major confounds (Australian
Institute of Health and Welfare, 2011; Danielsson, Lundin, Allebeck, &
Agardh, 2016; Hoch et al., 2015; Lev-Ran et al., 2014). Long-term can-
nabis use is also associated with increased respiratory symptoms, myo-
cardial infarction, and greater pulmonary problems than tobacco use
alone (Mittleman, Lewis, Maclure, Sherwood, & Muller, 2001; Tashkin,
2010; Tashkin, Baldwin, Sarafian, Dubinett, & Roth, 2002; Tetrault et al.,
2007; Tzu-Chin, Tashkin, Djahed, & Rose, 1988). Cannabis may produce
more harmful health effects than tobacco because cannabis tar contains
carcinogenic agents (e.g., benzanthracenes) in higher concentrations
than tobacco smoke (Ashton, 2001). It therefore appears that both sub-
stances are harmful, but cannabis may be more deleterious than tobacco.
As tobacco alone is also associated with poor physical and mental health,
it needs to be controlled in studies investigating health outcomes of
cannabis use.

The aim of the current study was to compare cognitive functioning
and mental and physical health between long-term cannabis users,
following short-term abstinence, to long-term tobacco users and po-
pulation norms. It was hypothesised that long-term cannabis users
would have significantly poorer learning and memory, sustained at-
tention, information-processing speed, executive control, and response
inhibition as well as significantly poorer mental and physical health
compared to chronic tobacco users and, where available, population
norms.

2. Method

2.1. Participants and procedure

Ethical approval was provided by Universities of Sydney and
Tasmania (#EC00113 and #H0014300). Participants were recruited
via social medial and adverts in New South Wales and Hobart.
Participants were screened by telephone (New South Wales) or internet
survey (Hobart) prior to a two-hour face-to-face interview. Twenty-
three non-treatment seeking cannabis users and 20 tobacco-only users
were recruited. All cannabis users and three tobacco users were tested
in New South Wales. Data from three tobacco users testing positive for
THC, acetaminophen (APEP), and opiates, respectively, was excluded;
along with four cannabis users reporting abstinence under eight hours.
One further tobacco smoker was removed due to misunderstanding task
instructions. The final sample included 19 cannabis users
(M= 55.7 years, SD= 8.5) and 16 tobacco users (M = 52.9 years,
SD = 7.5; Table 1). Inclusion criteria was current daily/near daily (4+
days a week) cannabis and tobacco use for 10 years or greater for
cannabis and tobacco users, respectively. Exclusion criteria was active
or unstable mental/physical health condition, current use of drugs

Table 1
Demographic and substance use details of cannabis and tobacco users.

Group

Cannabis
n= 19

Tobacco
n = 16

g p

Demographics
Age (years) 55.7 (8.5) 52.8 (7.7) 0.35 0.303
Male sex, % (n) 68.4 (13.0) 31.3 (5.0) 0.37b 0.028⁎

Education years, M (SD) 14.2 (3.6) 13.7 (3.4) 0.14 0.665
Married, including de facto, %

(n)
42.1 (8.0) 68.8 (11.0) 0.35b 0.236

Non-Indigenous status, % (n) 100 (19.0) 100 (16.0)
WTAR std. score, M (SD) 111.6

(11.5)
106.2 (10.23) 0.42 0.216

Substance use history
Alcohol use per occasion past

month, standard drinks
4.4 (4.3) 5.1 (4.0) 0.16 0.635
range
1.8–18.0

range
1.0–18.0

Alcohol use, days per month
(n)

14.1 (13.1) 9.6 (11.0) 0.36 0.326

Tobacco pack yearsc 20.7 (24.8) 22.8 (7.8) 0.11 0.725
Age first used tobacco, years 14.9 (3.9) 15.8 (3.2) 0.22 0.521
Nicotine dependence,

Fagerstrom score
0.5 (1.3) 4.6 (2.5) 2.08a < 0.001⁎

Age first used cannabis, years 18.1 (4.5) 17.5 (2.0) 0.15 0.621
Past month cannabis use, days 27.6 (3.9)
Cannabis severity of

dependence score
2.1 (2.5)

Cannabis abstinence 15.0 h (7.9)
range 8–36

23.6 years
(9.8)

4.42a < 0.001⁎

Lifetime illicit drug use
Hallucinogens, % (n) 94.7 (18.0) 6.3 (1.0) 0.89b < 0.001⁎

Amphetamines, % (n) 78.9 (15.0) 25.0 (4.0) 0.54b 0.002⁎

Cocaine, % (n) 73.7 (14.0) 18.8 (3.0) 0.55b 0.001⁎

Ecstasy, % (n) 68.4 (13.0) 6.3 (1.0) 0.63b < 0.001⁎

Opiates, % (n) 57.9 (11.0) 20.0 (3.0) 0.38b 0.038⁎

Benzodiazepines, % (n) 21.1 (4.0) 37.5 (6.0) 0.28b 0.454
Synthetic cannabinoids, % (n) 16.7 (3.0) 0.0 (0.0) 0.29b 0.230

SDS ≥ 3 indicates cannabis dependence (Swift, Copeland, & Hall, 1998). Two cannabis
users had used benzodiazepines and synthetic cannabinoids in the past month; however,
their drug results were negative.

a Moderate effect size classified as> 0.5.
b Cramer's V effect size for categorical data.
c Tobacco pack years was calculated with respect to lifetime use, regardless of current

tobacco status.
⁎ p < 0.05.
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(other than alcohol, tobacco, and cannabis) more than twice weekly,
and drug injection more than once a week within the last month.

2.2. Measures

2.2.1. Demographics and substance use
Premorbid intelligence was measured with the Wechsler Test of

Adult Reading (WTAR; Wechsler, 2001). Tobacco pack years was
measured as the sum of the average quantity of tobacco used daily by
number of years of use, divided by 20 (Ott et al., 2004). Past month
cannabis use was assessed using the Timeline follow-back (TLFB; Sobell
& Sobell, 1996). Cannabis dependence was assessed using past three
month Severity of Dependence Scale (SDS), using a cut-off of three
providing 64% sensitivity and 82% specificity for DSM cannabis de-
pendence (Swift et al., 1998). The Discover Multi-Panel urine cup (at
the Tasmanian site) and the Triage Drug Tox Screen (New South Wales
site) assessed recent drug use.

2.2.2. Verbal learning and memory
The Rey Auditory Verbal Learning Test (RAVLT) measured verbal

learning and memory. Participants were read a 15-word list (List A)
followed by free recall. List A was repeated five times (Trial I – V)
followed by one trial of List B. Participants were asked to recall as many
words as they could remember from list A immediately after List B
(Trial VI) and after a 20-minute delay (Trial VII). Outcomes included
number of correctly recalled words from each trial; forgetting (Trial VII-
Trial V); interference (Trial VI-Trial V); total learning acquisition (sum
of words recalled Trials I-V). The original RAVLT form was used in
Tasmania and NSW participants received three versions; original form
(Rey, 1964), the Geffen, Butterworth, and Geffen (1994) version, and
Form two by Majdan, Sziklas, and Jones-Gotman (1996). Forms were
counterbalanced and provide comparable results to the original
(Strauss, Sherman, & Spreen, 2006).

2.2.3. Mental and physical health
The Short Form-36 (SF-36 v2) is a 36-item survey forming eight

subscales (physical functioning, role limitation due to physical pro-
blems, bodily pain, general health, vitality, social functioning, role
limitations due to emotional problems, mental health) and a mental and
physical component score (Bowling, Bond, Jenkinson, & Lamping,
1999). Scores were standardised to a mean of 50, where higher scores
denote superior health (Gan et al., 2013).

The 21-item Depression, Anxiety, and Stress Scale (DASS 21;
Lovibond & Lovibond, 1995) measured depression, anxiety, and stress.
The World Health Organisation Quality of Life- Brief Survey
(WHOQOL-BREF) is a 26-item survey measuring overall quality of life,
health satisfaction, and four domains (physical health, psychological,
social relationships, and environment; Min et al., 2002). Domain scores
were transformed to a 0–100 scale. The Physical Health Questionnaire
(PHQ) is a 14-item survey measuring somatic symptoms (Schat,
Kelloway, & Desmarais, 2005).

2.2.4. Cognitive assessment
PenscreenSix software (version 1.6; Cameron, Sinclair, & Tiplady,

2001; Tiplady, Baird, Lütcke, Drummond, & Wright, 2005) on an An-
droid 7″ tablet assessed four cognitive domains. Information processing
speed was assessed with the Symbol Digit Substitution Task (Cameron
et al., 2001; Mattila & Mattila-Evenden, 1997). Symbols were located at
a central fixation point, along with a reference key displaying each
symbol corresponding to a digit (0–9). Symbols were presented se-
quentially and participants responded by tapping the corresponding the
digit associated with that symbol. Mean response time for correct re-
sponses and accuracy (out of 87 trials) were recorded. Response in-
hibition was assessed with the Stop Signal Task (Logan, Schachar, &
Tannock, 1997). Following 500 ms presentation of a central fixation
point, participants pressed a left or right square as fast as possible when

‘X’ or ‘O’ (go signal), respectively, was presented centrally. Stop-signal
trials, requiring withholding of response consisted of a stimulus (X) that
initially occurred 250 ms following letter onset (termed stop-signal
delay). Stop signal delay increased 50 ms following failure to inhibit
and decreased by 50 ms following correct inhibition. There were 48
trials (25% stop-signal). Mean reaction time for correct responses,
number of incorrect responses, and stop signal response time was re-
corded. Stop signal response time was estimated by subtracting SSD
from average go signal response time (Aron & Poldrack, 2006).

Sustained attention was assessed with Rapid Visual Information
Processing (Bakan, 1959; Wesnes & Warburton, 1984). Single digits
were located at a fixation point with a 600 ms inter-stimulus interval
and participants responded when three even or odd digits appeared
sequentially. This task consisted of 300 stimuli and 24 targets. Average
RT for correct responses, number of correct responses, and false positive
responses were recorded.

Executive control was assessed with Arrow Flankers (Eriksen &
Eriksen, 1974). Stimuli consisted of five arrows with a central target
arrow pointing left or right flanked on both side either by two squares
(neutral), two arrows pointing in the same direction (congruent), or
opposite direction (incongruent). Participants responded to the direc-
tion of the central arrow. Stimuli remained on screen until participants
responded or 1000 ms had elapsed. Congruent, neutral, and incon-
gruent trials each comprised 30% of 80 total trials. On 10% trials a No
Go trial occurred, where suppressor flankers (‘X’) indicated to withhold
a response. Outcome measures were the number of errors and the mean
RT to congruent, neutral, and incongruent tasks and the number of false
alarms on No Go trials.

2.2.5. Design and statistical analysis
Participants were matched for age, education years, and tobacco

pack years. Outcomes were assessed using analysis of variance
(ANOVA). Categorical data was analysed with Chi-square tests, with
Pearson correlation used to assess associations (Appendix A). Mean RT
and errors on arrow flankers were analysed with two separate 2 [Group:
cannabis, tobacco] × 3 [Condition: congruent, neutral, incongruent]
mixed ANOVAs. Greenhouse-Geisser and Welch corrections corrected
for violated assumptions. Hedge's g and partial eta squared (ηp2) are
reported as measures of effect size, with g = 0.5 interpreted as medium
and ≥0.80 as a large magnitude effect. Analyses of covariance (AN-
COVA) was performed with premorbid IQ, sex, and tobacco pack years.
Unadjusted descriptive statistics are reported because controlling for
covariates were consistent with results of uncontrolled analyses. Four
extreme outliers were removed from cognitive data where performance
was lower than 70% accuracy, with no greater than 5.7% of data re-
moved per outcome. We re-analysed data following listwise deletion of
data from seven participants; three cannabis users and one tobacco user
whose drug results were missing and three cannabis users who tested
drug positive to identify if group differences were due to other sub-
stance use. The second analyses provided comparable results with si-
milar interpretations (Appendix B). Nonparametric Mann-Whitney U
tests were conducted to identify if violated assumptions biased results.
These revealed similar results, except for WHOQOL-BREF psychological
health and SF-36 physical functioning. Non-parametric results are re-
ported for those two measures.

3. Results

3.1. Demographic variables

Groups were similar on measures of premorbid intelligence, edu-
cation, age of tobacco initiation and tobacco pack years (Table 1).
Cannabis users had used cannabis for 32.3 (SD = 9.1) years, had used
6.7 (SD = 6.5) cones/joints per day for 6.4 days a week (SD = 1.0),
and had consumed a weekly cannabis weight of 9.0 g (SD = 7.5) and a
weekly tobacco weight of 21.7 g (SD = 42.8). More cannabis users
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reported using cannabis only (n= 12), than mixing cannabis with to-
bacco and tobacco separately (n = 4) and mixing cannabis with to-
bacco but not using tobacco separately (n= 3). Five cannabis users
were current tobacco users and 12 were former tobacco users. The to-
bacco-only group had used tobacco for 37.1 years (SD = 7.8) and had
smoked at their current level for 33.8 years (SD = 9.4). Of those who
had ever used alcohol, 14 cannabis and tobacco users reported past
month use. Of those reporting lifetime use of other illicit drugs, 40.0%
(2 of 5) and 50% (2 of 4) of cannabis users reported past month use of
benzodiazepines and synthetic cannabinoids, respectively. Participants
reported no other past month illicit drug use.

3.2. Learning and memory

Cannabis users recalled significantly fewer words than tobacco users
on Trials II-IV, B and VII, with a moderate magnitude effect on Trial VI
in the same direction (Table 2). Cannabis users had significantly lower
total learning acquisition (g = 1.08). While non-significant, there were
moderate magnitude impairments on Trials I and V (g = 0.47 and
0.48), interference (g = 0.36), and forgetting (g = 0.60).

Trial I performance and daily standard cannabis units (SCU) were
strongly inversely related (r = −0.53), indicating that poorer im-
mediate recall is associated with greater cannabis use quantity. There
were no other correlations between other RAVLT measures and indices
of cannabis consumption.

Cannabis users systematically performed more poorly than pub-
lished norms on RAVLT measures, but this only met statistical sig-
nificance for Trials II-III, B, and delayed recall (VII; all g > 0.50).
Tobacco users scored similarly to norms on all trials except for greater
recall on Trial IV and total learning.

3.3. Symbol Digit Substitution Task

Cannabis users had poorer performance overall, with significantly
slower RT (g = 0.87) and non-significant but moderate magnitude in-
creased errors (g = 0.48). There were no significant correlations be-
tween task performance and cannabis use measures.

3.4. Stop Signal Task

Groups performed similarly for RT and errors (Table 3). While non-
significant, there was a moderate magnitude effect for stop signal

response time (g = 0.61) indicating that cannabis users were slower
than tobacco users. There were significant strong correlations between
years of cannabis use and RT (r = 0.55) and stop signal response time
(r = 0.58), indicating that slower stop signal response time was asso-
ciated with greater years of cannabis use.

3.5. Rapid Visual Information Processing

While there were no group differences in false positive rates, can-
nabis users had significantly slower RT (g = 0.74). There were no sig-
nificant correlations between task performance and any measure of
cannabis use.

3.6. Arrow flankers

There was a significant main effect of Condition on flanker RT
(ηp2=0.35) such that RT was slower for incongruent than congruent
and neutral conditions. There were no group effects or interactions on
RT and no correlations with cannabis measures. Cannabis users had
slower RT on neutral stimuli (g > 0.60). No main effects or interac-
tions were apparent for errors. The number of false positive responses
to No Go trials were similar between groups. There was a strong and
negative significant (r = −0.52) correlation between errors in the in-
congruent condition and abstinence, indicating increased length of
abstinence is associated with a decrease in errors.

3.7. Depression, anxiety, and stress scale 21 (DASS 21)

Groups scored similarly on depression, anxiety, and stress (Table 4).
There were significant, strong correlations between frequency of can-
nabis use and both depression (r = 0.69) and stress (r = 0.61). There
were no other significant relationships between cannabis use measures
and DASS 21 scales. Depression, anxiety, and stress were similar for
cannabis users and norms whilst stress for tobacco users (g = 0.57) was
significantly greater than norms.

3.8. Short Form 36

Cannabis users had moderately fewer role limitations due to emo-
tional problems than tobacco users (g = 0.53; although this effect re-
duced following covariate control, g = 0.37; Table 4). Tobacco smokers
had significantly poorer general health than cannabis users (g = 0.72).

Table 2
Comparisons on word recall between cannabis users, tobacco users, and population norms on RAVLT measures.

Group
M (SD)

Cannabis vs tobacco Cannabis vs tobaccod Cannabis vs norms Tobacco vs norms

Trial Cannabis
n= 19

Tobacco
n = 16

Normsa

n = 161
g p g p g p g p

Ib 5.5 (2.7) 6.7 (2.0) 6.2 (1.6) 0.47 0.168 0.33 0.907 0.38 0.291 0.30 0.472
II 7.1 (2.2) 9.8 (2.0) 9.0 (1.9) 1.24c 0.001⁎ 1.01c 0.006⁎ 0.98c 0.001⁎ 0.39 0.135
III 9.5 (1.8) 11.2 (1.5) 10.5 (1.9) 1.00c 0.005⁎ 0.83c 0.011⁎ 0.54c 0.026⁎ 0.37 0.161
IV 10.6 (1.7) 12.4 (3.0) 11.4 (1.9) 0.96c 0.007⁎ 0.98c 0.008⁎ 0.41 0.094 0.51c 0.050⁎

V 11.2 (1.9) 12.2 (2.0) 12.1 (2.1) 0.48 0.159 0.48 0.174 0.42 0.081 0.04 0.870
Total learning, Σ I-V 44.0 (7.4) 52.7 (7.6) 47.6 (8.1) 1.08c 0.003⁎ 0.99c 0.008⁎ 0.45 0.063 0.62c 0.018⁎

Interference, trial VI minus V −2.4 (1.4) −1.8 (2.0) – 0.36 0.301 0.17 0.621 – – – –
Distractor list, B 4.5 (1.7) 6.4 (1.1) 5.7 (2.2) 1.34c < 0.001⁎ 1.13c 0.003⁎ 0.57c 0.020⁎ 0.35 0.186
Postdistractor trial, V1 8.8 (2.1) 10.4 (3.3) 9.9 (2.8) 0.58c 0.092 0.44 0.212 0.39 0.112 0.19 0.470
Delayed recall, VII 8.2 (2.9) 10.6 (3.4) 9.9 (3.2) 0.73c 0.034⁎ 0.67c 0.062 0.53c 0.029⁎ 0.20 0.435
Forgetting, trial VII minus V −3.0 (2.3) −1.6 (2.2) – 0.60c 0.080 0.50c 0.160 – – – –

Unadjusted means (M) and standard deviations (SD) are provided.
a Norms obtained from Schmidt (1996) as cited in Strauss et al. (2006), age range 50–59 years.
b Trials I to V, B, VI, and VII are measured as number of words recalled.
c Moderate effect size classified as> 0.5.
d Adjusted for premorbid IQ, gender, and tobacco pack years.
⁎ p < 0.05.
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Non-parametric tests indicated that tobacco users had significantly
poorer physical functioning (p= 0.017) than cannabis users. No addi-
tional significant or moderate magnitude differences were found be-
tween groups. Groups scored similarly to norms on all SF-36 measures,
except tobacco users had significantly greater role limitations due to
emotional problems (g = 0.74). There were no significant correlations
between SF-36 measures and cannabis use variables.

3.9. World Health Organisation Quality of Life – Brief Survey (WHOQOL-
BREF)

Cannabis users had significantly greater health satisfaction and
psychological health than tobacco users (g > 0.50; Table 4). Non-
parametric results failed to identify a statistical significance between
groups for psychological health. No other significant or moderate
magnitude differences were found between groups on remaining mea-
sures. Cannabis frequency had a significant, strong negative correlation
with physical and psychological health (r= −0.51 and r= −0.59,
respectively). A significant, strong correlation was apparent between
standard cannabis units consumed and satisfaction with health
(r = 0.57). There were no additional significant correlations with
cannabis measures.

Cannabis users performed similar to norms (all g < 0.17) on all
measures except for having poorer social functioning (g = 0.48).
Tobacco users had significantly poorer satisfaction with health
(g = 0.81), psychological health (g = 0.74), and social functioning
than norms (g = 0.61).

3.10. Physical Health Questionnaire

Tobacco users had significantly poorer somatic health than cannabis
users (g = 1.68). The Physical Health Questionnaire had a significant
and strong inverse relationship with cannabis use frequency
(r = −0.54) but no other relationships with cannabis measures.

4. Discussion

4.1. Cognitive outcomes

Consistent with our hypothesis, cannabis users had poorer learning
and memory than tobacco users, suggesting an effect of long-term
cannabis use on memory despite short-term abstinence. Cannabis users
were slower to learn and experienced poorer memory retention, as in-
dicated by poorer performance on intermediate RAVLT trials. Cannabis
may have contributed to memory deficits due to partial agonistic effects
of Δ-9 tetrahydrocannbinol (THC; the primary psychoactive component
of cannabis) on cannabinoid type I (CB1) receptors, that are highly
concentrated in the hippocampus, which can subsequently block me-
chanisms necessary for learning and memory, i.e. long term potentia-
tion (Battisti et al., 2010; Hoffman, Oz, Yang, Lichtman, & Lupica,
2007; Kawamura et al., 2006). Other evidence suggests that THC has
full agonistic effects on CB1 receptors which impairs memory by in-
hibiting gamma-aminobutyric acid transmission in the hippocampus
(Laaris, Good, & Lupica, 2010; Tsou, Mackie, Sanudo-Pena, & Walker,
1999). The results are similar to past findings which indicate long-term
cannabis use may impair learning and memory, even following short-
term abstinence, and is consistent with models that assert cognitive
deficits are implicated in ongoing drug use (Broyd et al., 2013;
Goldstein & Volkow, 2011; Solowij et al., 2002a). As cognitive deficits
may contribute to poorer everyday functioning, ongoing drug use, and
relapse following drug cessation (Goldstein & Volkow, 2011; Volkow,
Fowler, Wang, & Goldstein, 2002), long-term cannabis users may ben-
efit from memory interventions.

Contrary to our hypothesis, sustained attention, inhibition, and
executive control were similar between groups. Cannabis users in our
study used approximately six to seven cones per day nearly seven days
per week, which is a “medium” dose size according to the criteria of
Bolla et al. (2002) whom found users of that dose did not exhibit
cognitive deficits. This suggests that short-term abstinence in long-term,
moderate cannabis users may not result in impairments in executive

Table 3
Computerised cognitive task performance of cannabis and tobacco users.

Measure Cannabis
M (SD)

Tobacco
M (SD)

Cannabis vs tobacco Cannabis vs tobaccob

g p g p

Symbol Digit Substitution Test
RT for correct responses (ms) 1825.0 (252.6) 1600.0 (250.3) 0.87a 0.014⁎ 0.90a 0.016⁎

Number incorrect (n) 1.37 (1.9) 0.63 (0.89) 0.48 0.139 0.46 0.055

Stop Signal Task
RT to correct responses (ms) 709.1 (125.7) 774.8 (145.8) 0.11 0.744 0.15 0.661
Mean stop signal response time, (ms) 375.6 (58.0) 336.6 (68.2) 0.61a 0.076 0.34 0.053
Number incorrect (n) 0.67 (0.97) 0.56 (1.03) 0.11 0.763 0.34 0.352

Rapid Visual Information Processing
RT for correct responses (ms) 567.9 (56.9) 526.9 (51.8) 0.74a 0.038⁎ 0.88a 0.021⁎

False positives (n) 4.94 (10.4) 4.81 (5.6) 0.02 0.965 0.14 0.694

Flankers No Go
No Go false positives (n) 1.67 (1.1) 2.44 (2.3) 0.43 0.226 0.53a 0.146

Flankers Reaction Time (ms)
Congruent 739.6 (120.9) 679.6 (107.5) 0.51a 0.134 0.42 0.235
Neutral 766.1 (128.3) 678.5 (143.2) 0.63a 0.065 0.71a 0.051
Incongruent 821.0 (117.5) 804.6 (199.2) 0.10 0.764 0.07 0.874

Flankers Errors (n)
Congruent 0.94 (1.7) 0.27 (0.8) 0.48 0.108 0.51a 0.157
Neutral 0.89 (1.0) 0.53 (1.3) 0.30 0.256 0.30 0.391
Incongruent 1.28 (1.1) 1.00 (1.8) 0.19 0.583 0.04 0.905

Unadjusted means (M) and standard deviations (SD) are provided.
⁎ p < 0.05.
a Moderate effect size > 0.50.
b Adjusted for premorbid IQ, gender, and tobacco pack years.
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functioning. However, cannabis users had slower responses during
processing speed, inhibitory, and sustained attention tasks. The finding
of reduced RT but equivalent behavioural performance may reflect
neuroadaptation/tolerance in response to long-term cannabis use
(Kanayama, Rogowska, Pope, Gruber, & Yurgelun-Todd, 2004; Struve
et al., 1999). That is, engaging in an ineffective neural processing
strategy that maintains accuracy at the cost of speed. This finding is
consistent with previous results indicating that behavioural perfor-
mance is maintained at the cost of another process (Jager, Block,
Luijten, & Ramsey, 2010; Kanayama et al., 2004; Nicholls, Bruno, &
Matthews, 2015). This suggests that even during short-term abstinence,
long-term cannabis use may affect tasks requiring speedy behavioural
responses, such as driving, and necessitates the provision of education
to long-term cannabis users regarding consequences of cannabis to
enhance safety.

4.2. Mental and physical health of cannabis and tobacco users

Contrary to expectations, cannabis users exhibited superior mental
and physical health on some measures than tobacco users and norms. It
is likely that physical and mental health differences between groups are
attributable to tobacco as only five of the 19 cannabis users self-re-
ported being current tobacco users. Epidemiological research has con-
firmed that tobacco is more strongly associated with poorer mental
health than cannabis (Degenhardt, Hall, & Lynskey, 2001). Cross-sec-
tional studies also indicate that tobacco is substantially harmful to

health (Castro, Matsuo, & Nunes, 2010; Laaksonen, Rahkonen,
Martikainen, Karvonen, & Lahelma, 2006; Mano-Otagiri, Iwasaki-
Sekino, Ohata, Arai, & Shibasaki, 2009; Moreira et al., 2013). Our re-
sults suggest that long-term tobacco use, alone, may be associated with
poor mental and physical health.

4.3. Limitations

This study had a number of limitations. The small sample may have
reduced the ability to detect differences in performance; however,
measures of effect were interpreted in consideration of potential sta-
tistical power issues. In addition, we did not recruit a drug-naïve con-
trol group, which limits the ability to draw conclusions between can-
nabis users and non-drug users, however; norms were used to overcome
this limitation. Whilst the use of self-report measures to assess sub-
stance use may be problematic as it relies on memory, evidence in-
dicates that self-reporting is relatively reliable with little loss of accu-
racy over time (Del Boca & Darkes, 2003; Robinson, Sobell, Sobell, &
Leo, 2014). We did not quantify cannabis withdrawal, however, the
current results are unlikely due to withdrawal as cannabis users tested
THC positive and had a short abstinence period. Onset of physical and
psychological withdrawal symptoms range from one to ten days fol-
lowing cannabis cessation and typically peak at day three of abstinence
(Allsop et al., 2014; Bonnet, Borda, Scherbaum, & Specka, 2015;
Copersino et al., 2006). Altogether, it is likely that intoxication had
passed but withdrawal had not begun when cannabis users underwent

Table 4
Mental and physical health results for cannabis users, tobacco users, and population norms.

Group Cannabis vs tobacco Cannabis vs tobacco†† Cannabis vs norms Tobacco vs norms

Cannabis
M (SD)

Tobacco
M (SD)

Norms
M (SD)

g p g p g p g p

Depression, Anxiety, and Stress Scale 21
Depression 2.8 (3.5) 3.8 (4.0) 2.6 (3.9) 0.29 0.427 0.17 0.623 0.06 0.807 0.32 0.207
Anxiety 2.3 (2.6) 2.6 (2.5) 1.7 (2.8) 0.12 0.732 0.11 0.761 0.19 0.423 0.30 0.245
Stress 4.4 (3.9) 6.2 (3.2) 4.0 (4.2) 0.48 0.155 0.48 0.180 0.10 0.664 0.57† 0.040⁎

Short Form 36
Physical functioning 52.1 (7.2) 49.0 (7.0) 50.6 (9.2) 0.43 0.204 0.46 0.195 0.17 0.309 0.17 0.493
Role limitations due to physical

problems
50.0 (10.3) 49.4 (7.0) 50.8 (9.9) 0.18 0.602 0.24 0.503 0.35 0.802 0.14 0.632

Bodily pain 49.8 (9.9) 50.3 (9.5) 52.2 (8.9) 0.05 0.881 0.20 0.575 0.27 0.245 0.06 0.399
General health 52.3 (10.0) 45.6 (8.0) 50.5 (10.4) 0.72† 0.038⁎ 0.84† 0.021⁎ 0.18 0.446 0.47 0.062
Vitality 53.3 (8.9) 49.0 (8.8) 51.4 (10.4) 0.47 0.162 0.26 0.454 0.18 0.439 0.24 0.349
Social functioning 51.1 (7.4) 49.1 (9.8) 50.8 (9.7) 0.23 0.497 0.29 0.410 0.03 0.908 0.18 0.479
Role limitations due to emotional

problems
50.4 (8.1) 45.9 (8.4) 52.0 (8.2) 0.53† 0.121 0.37 0.297 0.20 0.397 0.74† 0.003⁎

Mental health 53.5 (6.0) 49.8 (10.8) 53.2 (9.6) 0.42 0.211 0.34 0.333 0.04 0.876 0.35 0.170
Physical component score 51.0 (9.1) 49.0 (8.6) 50.3 (9.7) 0.23 0.506 0.22 0.534 0.08 0.774 0.13 0.593
Mental component score 52.3 (5.7) 48.5 (12.9) 52.9 (10.2) 0.38 0.291 0.27 0.445 0.06 0.794 0.43 0.086

Brief Version of the World Health Organisation Quality of Life
Overall quality of life 4.4 (0.7) 4.3 (0.6) 4.3 (0.8) 0.17 0.627 0.18 0.611 0.15 0.522 0.01 0.961
Satisfaction with Health 3.7 (1.2) 2.9 (1.0) 3.6 (0.9) 0.79† 0.023⁎ 0.75† 0.041⁎ 0.15 0.515 0.80† 0.002⁎

Physical health 77.3 (17.4) 75.2 (12.3) 80.0 (17.1) 0.13 0.696 0.19 0.622 0.16 0.495 0.28 0.269
Psychological health 71.8 (8.9) 62.0 (17.0) 72.6 (14.2) 0.73† 0.049⁎ 0.54† 0.133 0.06 0.813 0.74† 0.004⁎

Social relationships 63.2 (27.3) 60.9 (20.6) 72.2 (18.5) 0.09 0.790 0.19 0.594 0.48 0.044⁎ 0.61† 0.018⁎

Environment 77.3 (12.4) 72.0 (19.5) 74.8 (13.7) 0.32 0.349 0.37 0.303 0.18 0.415 0.20 0.457

Physical Health Questionnaire
85.4 (8.5) 68.1 (11.6) – 1.68† < 0.001⁎ 1.40† < 0.001⁎ – – – –

Unadjusted means (M) and standard deviations (SD) are provided.
Norms from Murphy, Herrman, Hawthorne, Pinzone, and Evert (2000), Crawford, Cayley, Lovibond, Wilson, and Hartley (2011) and Hawthorne (2006). DASS 21, N = 497, SF-
36 N= 3013–15, WHOQOL-BREF, N= 369.
Higher scores on DASS 21 denote poorer mental health; higher scores on the SF-36, PHQ, and WHOQOL-BREF denote superior functioning.

⁎ p < 0.05.
† Moderate effect size > 0.05.
†† Adjusted for premorbid IQ, gender, and tobacco pack years.
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testing. Additionally, some participants reported past use of other
substances, however, this was minimal in the month prior to testing and
exclusion criteria were used to screen out regular users of other drugs.

5. Conclusion

Overall, the results suggest that long-term cannabis use is associated
with deficits in reaction time and learning and memory processes but
not attention, inhibition, executive control, and information processing
during short-term abstinence. Lack of differences between groups on
some tasks suggests long-term cannabis use may not harm such do-
mains, that tolerance may develop, or that impairments reverse fol-
lowing short-term abstinence, however, further research with larger
sample sizes and control of confounds is needed to delineate stronger
conclusions. That tobacco users exhibited poorer mental and physical
health on some measures necessitates that researchers control for
confounding factors in future studies. Our results suggest that in-
dividuals who have used cannabis long-term may benefit from mne-
monic training to assist any learning and memory difficulties. Our re-
sults suggest that short-term abstinence in long-term cannabis use is
associated with impairments in some areas of cognition that may affect
everyday tasks, such as driving and remembering information, whilst

long-term tobacco use may distinctly contribute to mental and physical
health detriments.
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Appendix A

Table A1
Correlations between cannabis parameters and outcome measures.

Cannabis abstinence
(hours)

Cannabis use
(years)

Cannabis
frequency
(per day)

Daily standard cannabis
units

Rey Auditory Verbal Learning Test
I 0.37 −0.06 −0.24 −0.53⁎

II 0.22 0.13 −0.04 0.10
III 0.20 −0.01 0.19 −0.02
IV 0.21 −0.27 −0.14 0.06
V 0.33 −0.10 −0.11 −0.09
I-V 0.39 −0.08 −0.12 −0.17
B 0.19 −0.09 −0.22 −0.28
VI 0.16 −0.17 0.03 −0.22
VII 0.17 −0.01 −0.03 −0.38
Forgetting −0.07 0.07 0.06 −0.41
Interference −0.22 −0.12 0.20 −0.23

Arrow flankers
Congruent RT −0.06 0.37 −0.002 0.33
Neutral RT 0.05 0.32 −0.07 0.04
Incongruent RT −0.14 0.42 −0.02 0.18
Congruent errors −0.24 −0.11 −0.09 −0.24
Neutral errors −0.12 0.33 −0.35 −0.20
Incongruent errors −0.52⁎ 0.23 0.08 0.20
No Go false positives −0.40 0.07 0.09 −0.01

Symbol Digit Substitution Task
RT correct −0.36 −0.19 0.23 0.02
Number incorrect 0.02 −0.34 0.18 −0.15

Stop Signal Task
RT correct −0.40 0.55 0.19 0.21
Stop signal response time −0.21 0.58 0.25 0.27
Number incorrect −0.28 −0.29 −0.21 −0.17

Rapid Visual Information Processing Task
RT correct 0.06 0.26 0.08 −0.04
False positives 0.13 0.17 0.16 −0.08
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DASS 21
Depression −0.06 0.12 0.69⁎ 0.41
Anxiety −0.23 0.07 0.14 −0.07
Stress −0.10 0.01 0.61⁎ 0.36

Short Form 36
Physical functioning 0.14 −0.27 −0.001 0.24
Role limitations due to physical problems 0.18 −0.12 −0.04 0.15
Bodily pain 0.26 −0.32 −0.23 −0.23
General health 0.03 −0.27 −0.03 0.17
Vitality 0.22 −0.19 −0.41 0.01
Social functioning 0.22 0.18 −0.07 0.26
Role limitations due to emotional

problems
0.14 −0.15 −0.21 0.15

Mental health 0.16 0.20 −0.18 0.01
Physical component score 0.17 −0.33 −0.07 0.08
Mental component score 0.20 0.19 −0.33 0.12

World Health Questionnaire Quality of Life - Brief
Overall Quality of life 0.07 −0.16 −0.01 −0.13
Health satisfaction 0.20 −0.16 0.09 0.57⁎

Physical health 0.17 −0.10 −0.51⁎ −0.08
Psychological health 0.23 −0.10 −0.59⁎ −0.09
Social relationships −0.21 0.08 −0.27 −0.25
Environment 0.38 −0.37 −0.13 0.19
Physical Health Questionnaire 0.24 −0.40 −0.54⁎ −0.04

⁎ p < 0.05.

Appendix B. Re-analysis of data excluding all participants that were drug positive/had unavailable drug urine results

Table B1
Demographic and substance use details of cannabis and tobacco users.

Group

Cannabis
n = 14

Tobacco
n = 15

g p

Demographics
Age (years) 57.9 (8.3) 53.3 (7.5) 0.56† 0.135
Male sex, %, (n) 57.1 (8.0) 33.3 (5.0) 0.198†† 0.198
Education years, M (SD) 14.6 (4.0) 13.3 (3.2) 0.35 0.337
Married, including de facto, % (n.) 42.9 (6.0) 66.7 (10.0) 0.265†† 0.265
WTAR std. score, M (SD) 113.1 (12.1) 106.7 (10.6) 0.55† 0.136

Substance Use History
Alcohol use per occasion past month, (standard drinks) 5.0 (4.7)

range 1.8–18.0
5.1 (4.2)
range 1.0–18.0

0.02 0.956

Alcohol use, days per month (n) 17.5 (12.9) 7.6 (8.9) 0.88† 0.039⁎,a

Tobacco pack years 23.0 (27.4) 22.9 (10.1) 0.01 0.987
Age first used tobacco, years 15.2 (4.4) 15.9 (3.2) 0.18 0.625
Nicotine dependence, Fagerstrom score 0.7 (1.5) 4.4 (0.6) 1.78† < 0.001⁎

Age first used cannabis (years) 19.1 (4.5) 17.5 (2.0) 0.42 0.316

SDS scores of three or greater indicate cannabis dependence (Swift et al., 1998).
⁎ Significant at the p < 0.05 level.
a Correlational analyses comparing past month alcohol use to outcome variables resulted in no statistically significant correlations, except for a strong, negative (r= −0.48,

p = 0.018) association with WHOQOL-BREF social relationships. When past month alcohol use was included as a covariate with this variable, group differences were non-significant
which is comparable to the original analysis and the re-analysis following removal of positive drug tests and unavailable urine results.

† Moderate effect size > 0.05.
†† Cramer's V.
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Table B2
Mean word recall for cannabis users, tobacco users, and norms.

Group
M (SD)

Cannabis vs
Tobacco

Cannabis vs
Norms

Tobacco vs
Norms

Cannabis vs
Tobacco††

Trial Norms
n = 161a

Cannabis
n= 14

Tobacco
n= 15

g p g p g p g p

I 6.2 (1.6) 6.0 (2.6) 6.7 (2.1) 0.29 0.411 0.12 0.673 0.30 0.262 0.27 0.460
II 9.0 (1.9) 7.1 (2.1) 9.8 (2.0) 1.28† 0.001⁎ 0.99⁎ 0.001⁎ 0.42 0.122 0.98† 0.010⁎

III 10.5 (1.9) 9.4 (2.1) 11.2 (1.6) 0.94† 0.014⁎ 0.57⁎ 0.041⁎ 0.37 0.169 0.89† 0.021⁎

IV 11.4 (1.9) 10.8 (1.5) 12.4 (2.0) 0.88† 0.023⁎ 0.32 0.252 0.52⁎ 0.054 0.91† 0.025⁎

V 12.1 (2.1) 11.4 (2.0) 12.0 (1.9) 0.30 0.443 0.33 0.232 0.05 0.859 0.39 0.340
Total learning acquisition, Σ I-V 47.6 (8.1) 44.7 (7.4) 52.1 (7.9) 0.94† 0.015⁎ 0.36 0.198 0.55⁎ 0.041⁎ 0.90† 0.024⁎

Interference, trial VI minus V – −2.3 (1.4) −1.7 (2.0) 0.34 0.343 – – – – 0.20 0.599
Distractor list, B 5.7 (2.2) 4.6 (1.7) 6.5 (1.1) 1.30† 0.002⁎ 0.51⁎ 0.070 0.37 0.166 1.30† 0.004⁎

Postdistractor trial, V1 9.9 (2.8) 9.1 (2.0) 10.3 (3.4) 0.41 0.253 0.29 0.298 0.14 0.504 0.37 0.329
Delayed recall, VIIb 9.9 (3.2) 8.6 (2.6) 10.5 (3.5) 0.60† 0.100 0.41 0.142 0.19 0.492 0.68† 0.074
Forgetting, trial VII minus V – −2.9 (2.1) −1.5 (2.2) 0.63† 0.094 – – – – 0.66† 0.092

Unadjusted means (M) and standard deviations (SD) are provided.
a Norms obtained from Schmidt (1996) as cited in Strauss et al. (2006), age range 50–59 years.
b Trials I to V, B, VI, and VII were measured as number of words recalled.
† Moderate effect size classified as > 0.5.
†† Adjusted for premorbid IQ, gender, and tobacco pack years.
⁎ p < 0.05.

Table B3
Computerised cognitive task performance of cannabis and tobacco users.

Measure Cannabis, M (SD) Tobacco, M (SD) Cannabis vs Tobacco Cannabis vs Tobacco ††

F g p g p

Symbol Digit Substitution Test
RT for correct responses (ms) 1825.0 (295.1) 1620.1 (245.3) 4.03 0.74† 0.055 0.82† 0.043⁎

Number Incorrect (n) 1.7 (2.1) 0.5 (0.8) 4.01 0.74† 0.062 0.59† 0.123

Stop Signal Task
RT to Correct Responses (ms) 786.9 (127.7) 779.9 (149.4) 0.02 0.05 0.895 0.11 0.777
Stop Signal Response time (ms) 374.1 (58.1) 335.1 (70.4) 2.62 0.59† 0.117 0.71† 0.067
Number Incorrect (n) 0.8 (1.1) 0.6 (1.1) 0.17 0.15 0.681 0.26 0.496

Rapid Visual Information Processing
RT for correct responses (ms) 575.3 (61.4) 529.7 (52.3) 4.35 0.78† 0.047⁎ 0.84† 0.041⁎

False positives (n) 6.4 (12.2) 4.9 (5.8) 0.19 0.16 0.665 0.21 0.577

Flankers No Go
No Go false positives (n) 1.6 (1.2) 2.5 (2.3) 2.07 0.47 0.165 0.60† 0.123

Flankers Reaction Time (ms)
Congruent 758.6 (121.2) 683.9 (109.8) 3.03 0.63† 0.093 0.50† 0.197
Neutral 796.3 (126.4) 796.3 (126.4) 4.82 0.79† 0.037⁎ 0.72† 0.065
Incongruent 837.4 (121.8) 813.3 (203.0) 0.15 0.14 0.705 0.04 0.914

Flankers Errors (n)
Congruent 1.29 (1.9) 0.3 (0.8) 3.78 0.67† 0.063 0.59† 0.130
Neutral 1.21 (1.1) 0.5 (1.3) 3.28 0.49 0.135 0.38 0.320
Incongruent 1.38 (1.2) 1.1 (1.8) 0.28 0.18 0.604 0.08 0.839

Unadjusted means (M) and standard deviations (SD) are provided.
⁎ p < 0.05.
† Moderate effect size > 0.50.
†† Adjusted for premorbid IQ, gender, and tobacco pack years.
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Table B4
Mental and physical health results for cannabis users, tobacco users, and population norms.

Group Cannabis vs Tobacco Cannabis vs
Norms

Tobacco vs
Norms

Cannabis vs
Tobacco††

Norms
M (SD)

Cannabis
M (SD)

Tobacco
M (SD)

g p g p g p g p

Depression, Anxiety, and Stress Scale 21
Depression 2.6 (3.9) 2.1 (2.3) 3.1 (2.8) 0.40 0.309 0.12 0.651 0.14 0.598 0.25 0.534
Anxiety 1.7 (2.8) 2.1 (3.0) 2.1 (1.8) < 0.001 0.946 0.13 0.634 0.13 0.619 0.09 0.855
Stress 4.0 (4.2) 3.9 (3.4) 5.9 (3.0) 0.61† 0.112 0.02 0.937 0.45 0.084 0.58† 0.132

Short Form 36
Physical functioning 50.6 (9.2) 52.1 (7.9) 48.9 (7.3) 0.41 0.270 0.17 0.534 0.18 0.483 0.59† 0.122
Role limitations due to physical

problems
50.8 (9.9) 52.5

(10.1)
49.9 (6.9) 0.29 0.413 0.18 0.465 0.09 0.793 0.33 0.379

Bodily pain 52.2 (8.9) 52.1 (9.6) 51.7 (7.9) 0.04 0.898 0.16 0.980 0.05 0.842 0.12 0.761
General health 50.5

(10.4)
53.4
(11.1)

46.1 (8.0) 0.74† 0.052 0.28 0.300 0.42 0.103 0.30 0.026⁎

Vitality 51.4
(10.4)

54.3 (9.2) 50.2 (7.4) 0.48 0.195 0.28 0.297 0.12 0.655 0.26 0.478

Social functioning 50.8 (9.7) 51.4 (7.7) 49.3
(10.1)

0.23 0.543 0.06 0.824 0.16 0.547 0.29 0.56

Role limitations due to emotional
problems

52.0 (8.2) 52.3 (6.7) 46.8 (7.9) 0.73† 0.055 0.04 0.876 0.63† 0.015⁎ 0.61† 0.121

Mental health 53.2 (9.6) 54.6 (6.3) 51.5 (8.9) 0.39 0.292 0.15 0.579 0.18 0.498 0.30 0.448
Physical component score 50.3 (9.7) 51.9

(10.0)
49.1 (8.9) 0.29 0.434 0.17 0.531 0.12 0.641 0.32 0.406

Mental component score 52.9
(10.2)

53.6 (5.2) 49.9
(12.0)

0.38 0.307 0.07 0.803 0.30 0.252 0.37 0.488

Brief Version of the World Health Organisation Quality of Life
Overall quality of life 4.3 (0.8) 4.4 (0.8) 4.3 (0.6) 0.14 0.929 0.13 0.646 0.00 0.100 0.13 0.949
Satisfaction with Health 3.6 (0.9) 3.7 (1.1) 2.9 (1.0) 0.74† 0.056 0.11 0.686 0.77† 0.004⁎ 0.80† 0.053
Physical health 80.0

(17.1)
82.1
(15.5)

79.6
(10.6)

0.38 0.295 0.12 0.651 0.18 0.487 0.40 0.295

Psychological health 72.6
(14.2)

72.9 (8.3) 64.4
(14.3)

0.70† 0.061 0.02 0.938 0.58† 0.029⁎ 0.55† 0.154

Social relationships 72.2
(18.5)

66.7
(24.7)

62.8
(19.9)

0.17 0.642 0.29 0.282 0.51† 0.055 0.24 0.529

Environment 74.8
(13.7)

77.9
(12.7)

74.6
(18.1)

0.20 0.570 0.23 0.405 0.01 0.956 0.31 0.424

Physical Health Questionnaire
Total score – 85.4 (8.5) 68.1

(11.6)
2.00† < 0.001⁎ – – – – 1.83† < 0.001⁎

Unadjusted means (M) and standard deviations (SD) are provided.
Norms from Murphy et al. (2000), Crawford et al. (2011) and Hawthorne (2006). DASS 21, N = 497, SF-36 N = 3013–15, WHOQOL-BREF, N = 369.
Higher scores on DASS 21 denote poorer mental health; higher scores on the SF-36, PHQ, and WHOQOL-BREF denote superior functioning.

⁎ p < 0.05.
† Moderate effect size > 0.05.
†† Adjusted for premorbid IQ, gender, and tobacco pack years.
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Risk of Bias Assessment 

Clarity of inclusion criteria. Studies were generally consistent in reporting 

exclusion criteria relating to mental health disorders, such as excluding DSM-IV 

Axis I pathology according to clinical interviews (e.g., Dahlgren, Sagar, Racine, 

Dreman, & Gruber, 2016; Sneider, Gruber, Rogowska, Silveri, and Yurgelun-Todd, 

2013; Verdejo-García et al., 2007; Wesley, Hanlon, & Porrino, 2011). There was a 

lack of clarity in reporting specific, predetermined inclusion and exclusion criteria, 

especially regarding cannabis use (Rodgers, 2000; Vaidya et al., 2012; Wesley et al., 

2011), which resulted in studies having participants with different drug use patterns. 

For example, Eldreth, Matochik, Cadet, and Bolla (2004) did not specify cannabis 

use parameters in their inclusion criteria and therefore their sample resulted in 

variable cannabis use duration (ranging from two to 22 years of use). It is unlikely 

that poor reporting of inclusion criteria would, alone, bias our meta-analytic results, 

however, it would be easier to compare studies for similarity if specific selection 

criteria were reported (see Figure 9 for risk of assessment bias summary). Using 

specific pre-determined screening criteria would also help reduce the influence of 

possible confounding factors.  

Clarity of subjects and setting descriptions. Ethnicity and socioeconomic 

status were mostly not reported (e.g., Cramer, 2008; Dahlgren et al., 2016; Harding 

et al., 2012; Vaidya et al., 2012), apart from in several studies (e.g., Eldreth et al., 

2004; Sneider et al., 2013; van de Giessen et al., 2017). Demographic factors such as 

socioeconomic status correlate with cognitive functioning (Lynch, Kaplan, & Shema, 

1997) and may result in overestimating the effect of cannabis on cognition if a 

sample has low socioeconomic status (Rogeberg, 2013). Recruitment strategies were 

not reported in some studies (Chang, Yakupov, Cloak, & Ernst, 2006; Wesley et al., 
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2011), several studies were conducted in inpatient settings (Pope, Gruber, Hudson, 

Huestis, & Yurgelun-Todd, 2001; van de Giessen et al., 2017; Verdejo-García et al., 

2007), and many studies used convenience sampling, such as recruitment of college 

students (e.g., Carey, Nestor, Jones, Garavan, & Hester, 2015; Cramer, 2008; 

Jockers-Scherübl et al., 2007; Hester, Nester, & Garavan, 2009; Fridberg, Skosnik, 

Hetrick, & O’Donnell, 2013), which introduces selection bias and may threaten 

external validity.  

Cannabis measurement. There was potential risk of bias with respect to 

cannabis use measurement. Numerous studies did not report or include urine or 

plasma metabolite analysis to identify the presence, or amount, of cannabis 

metabolites (Carlin & Trupin, 1977; Cramer, 2008; Palermo et al., 2012; Rodgers, 

2000). There was limited use of published questionnaires to obtain detailed cannabis 

use information (e.g., Carlin & Trupin, 1977; Cramer, 2008; Jockers-Scherübl et al., 

2007; Palermo et al., 2012), however, some studies (e.g., Cousijn et al., 2013; 

Dahlgren et al., 2016; Eldreth et al., 2004) used published measures such as the 

Cannabis Use Disorder Identification Test (Adamson & Sellman, 2003), Addiction 

Severity Index (McLellan et al., 1980), Diagnostic Interview Schedule (Robins, 

Helzer, Croughan, & Ratcliff, 1981), and Timeline Follow Back (Sobell & Sobell, 

1992). Reliance on self-report measures of cannabis use may bias study findings due 

to inaccuracy (Buchan, Dennis, Tims, & Diamond, 2002), however, other studies 

have indicated self-reporting drug use is generally accurate (Del Boca & Darkes, 

2003; Kedzior, Badcock, & Martin-Iverson, 2006; Wilcox, Bogenschutz, Nakazawa, 

& Woody, 2013).  

 Identification of confounding factors. Nearly half of the studies did not 

identify or did not report one or more factors that may potentially confound 
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cognitive outcomes. For example, age of onset of cannabis use influences cognitive 

functioning (Broyd, van Hell, Beale, Yücel, & Solowij, 2016; Gruber, Sagar, 

Dahlgren, Racine, & Lukas, 2012; Pope et al., 2003) but many studies included in 

this review did not report age of onset of cannabis use (e.g., Carey et al., 2015; 

Chang et al., 2006; Fridberg et al., 2013; Palermo et al., 2012; Pope et al., 2001; 

Rodgers, 2000; Sneider et al., 2013). Possible confounding factors such as tobacco 

(e.g., Fontes et al., 2011; Rodgers, 2000), alcohol (Carlin & Trupin, 1977), 

premorbid intelligence (Fontes et al., 2011; Pujol et al., 2014; Rodgers, 2000; van de 

Giessen et al., 2017), and education (Dahlgren et al., 2016; Harding et al., 2012; 

Sagar et al., 2015) were also not reported in many studies included in our meta-

analysis. 

Management of confounding factors. Methods of control for confounds, 

where reported, was statistically or by the exclusion process, such as including 

individuals who only started using cannabis prior to 17 years of age (Becker & 

Luciana, 2015). Several studies statistically controlled for confounds (e.g., cannabis 

parameters, sex, and age) on brain imaging data but not cognitive data (Chang et al., 

2006; Fridberg et al, 2013; Sneider et al., 2013; Wesley et al., 2011). Many studies 

conducted participant matching on one or more variables to minimise possible 

confounding effects (Block & Ghoneim, 1993; Carey et al., 2015; Carlin & Trupin, 

1977; Chang et al., 2006; Cramer, 2008; Palermo et al., 2012; Pope et al., 2001; Riba 

et al., 2015) and researchers attempted to control confounding variables in the study 

procedure, such as asking participants to abstain from tobacco smoking on the day of 

testing (Chang et al., 2006; Pujol et al., 2014; Riba et al., 2015). Some studies 

conducted covariate analyses to control for confounding variables (Becker & 

Luciana, 2015; Cramer, 2008; Harding et al., 2012; Pope et al., 2001; Whitlow et al., 
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2004). Altogether, it is possible that our effect size estimates may be unreliable due 

to the possible presence of confounding factors. 

Measurement of outcome variables. All articles included in this review 

implemented objective cognitive tests and some of these were computerised which 

included automatised scoring, such as the Continuous Performance Test and the 

virtual Morris water maze task. Some authors did not report who administered the 

cognitive tests (e.g., Carey et al., 2015; Carlin & Trupin, 1977; Chang et al., 2006; 

Dahlgren et al., 2016; Jockers-Scherübl et al., 2007). Tests administered in the 

studies included in our meta-analysis provide sound measures of cognition. For 

example, the Rey Auditory Verbal Learning Test that was used in several studies 

(Cramer, 2008; Pujol et al., 2014) is sensitive to neurological impairment (Kilpatrick 

et al., 1997; Ricci, Graef, Blundo, & Miller, 2012). Two studies (Dahlgren et al., 

2016; Pope et al., 2001) administered the Wisconsin Card Sorting Test which 

provides a valid mesure of working memory, as supported by event-related potential 

findings (Barceló, Sanz, Molina, & Rubia, 1996), and identifies cognitive 

impairment related to substance dependence (Bishara et al., 2010). Other studies 

(e.g., Eldreth et al., 2004; Sagar et al., 2015) used the Stroop test, which successfully 

measures executive function in a range of populations (Bayard, Erkes, & Moroni 

2011; Fernándex-Serrano et al., 2012; Homack & Riccio, 2003).  

Appropriateness of statistical analysis. Risk of bias regarding statistical 

analyses related mostly to lack of control for confounding factors, as described 

earlier. Some studies (e.g., Carlin & Trupin, 1977; Rodgers, 2000) were classified as 

posing risk of bias due to insufficient reporting on statistical procedures, particularly 

whether any confounding factors were statistically controlled. Other studies did not 

appear to control possible confounding factors when between group differences were 
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observed, such as including participants who were tobacco users but not analysing 

tobacco as a covariate (Riba et al., 2015). It is necessary to control for tobacco 

because it is associated with cognitive functioning (Hill, Nilsson, Nyberg, & 

Bäckman, 2003). Many studies adequately reported on statistical assumptions and 

statistical procedures used when violated assumptions were identified (e.g., Dahlgren 

et al., 2016; Eldreth et al., 2004; Sagar et al., 2015). Overall, it is possible that 

estimates of effect sizes in our meta-analysis may have been influenced by bias 

resulting from statistical procedures. 

Figure S1. Risk of bias assessment summary (Joanna Briggs Checklist for Analytical Cross-
Sectional Studies) for the 30 studies included in the meta-analysis. Percentages denote the 
percent of studies identified as having possible risk of bias. 

Were the criteria for inclusion in the sample clearly defined?

Were he study subjects and the setting described in detail?

Was the exposure measured in a valid and reliable way?

Were objective, standard criteria used for measurement of the condition?

Were confounding factors identified?

Were strategies to deal with confounding factors stated?

Were the outcomes measured in a valid and reliable way?

Was appropriate statistical analysis used?

Unclear No Yes

0% 25% 50% 75% 100%

30.0%

13.3%

26.7%

30.0%

56.7%

53.3%

30.0%

0%
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Table S1 

Full Search Term List per Database  

Database Concept 1 Concept 2 Concept 3 
PsychINFO 
(OVID) 

Exp cannabis/ 
Exp marijuana/ 
Exp 
tetrahydrocannbino
l/ 
Marihuana.ab,ti 
THC.ab,ti. 
1 or 2 or 3 or 4 or 5 

Exp Drug 
Abstinence/ 
Chronic.ab,ti. 
Residual.ab,ti. 
Persistent.ab,ti. 
Non-acute.ab,ti. 
Non acute.ab,ti. 
Long-term.ab,ti. 
Long term.ab,ti. 
“abstinen*”.ab,ti. 
“abstain*”.ab,ti. 
lasting.ab,ti. 
7 or 8 or 9 or 10 
or 11 or 12 

Exp Cognition/ 
Exp Cognitive processes/ 
Exp Cognitive 
impairment/ 
Exp Executive function/ 
“neuroc*”.ab,ti. 
“neurop*”.ab,ti. 
“executive 
function*”.ab,ti. 
19 or 20 or 21 or 22 or 23 
or 24 or 25  
6 and 18 and 26 

PubMed Cannabis [MeSH 
Terms] OR 
Marijuana smoking 
[MeSH Terms] OR 
Marijuana [text 
word] OR 
Marihuana [text 
word] OR 
Tetrahydrocannabi
nol [text word] OR 
THC [text word] 
AND  

Long term 
adverse effects 
[MeSH Term] 
OR 
Chronic [text 
word] OR 
Residual [text 
word] OR  
Persistent [text 
word] OR  
Non acute [text 
word] OR  
Long term [text 
word] OR  
Abstinen* [text 
word] OR  
Abstain* [text 
word] OR  
Lasting [text 
word] AND 

Cognition [MeSH Term] 
OR  
Executive function 
[MeSH Term] OR 
Cognitive processes [text 
word] OR  
Cognitive impairment 
[text word] OR  
Neuroc* [text word] OR  
Neurop* [text word] OR 
Executive function [text 
word] 

CINAHL 
(EBSCOho
st) 

MH Cannabis 
Marijuana 
Marihuana 
Tetrahydrocannabi
nol 
THC 
1 OR 2 OR 3 OR 4 
OR 5 

Chronic 
Residual 
Persistent  
Non-acute 
Long-term 
Lasting 
Abstain*  
Abstinen* 

MH Cognition  
MH Executive function  
Cognitive processes  
Cognitive impairment 
Neuro* 
16 OR 17 OR 18 OR 19 
OR 20  
6 AND 15 AND 21 
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6 OR 7 OR 8 OR 
9 OR 10 OR 11 
OR 12 OR 13 

Scopus 
(Elsevier) 

TITLE-ABS-KEY 
cannabis OR  
Marijuana OR  
Marihuana OR  
Tetrahydrocannabi
nol OR  
THC AND  

TITLE-ABS-
KEY nonacute 
OR non-acute OR 
Long term OR 
long-term OR  
Chronic OR  
Residual OR  
Persistent OR  
Lasting OR 
Abstinen* OR  
Abstain* AND 

TITLE-ABS-KEY 
cognition OR  
Executive AND function 
OR  
Cognitive AND 
impairment OR  
Neuroc* OR 
Neurop* 

ProQuest 
Dissertation 
and Theses 
Internationa
l 

Su.Exact(“Marijuan
a”) OR all 
Cannabis OR 
marijuana OR 
marihuana OR 
tetrahydocannabino
l OR THC AND

Su.Exact(“Chroni
c”) OR all 
Residual OR 
persistent OR 
non-acute OR 
non acute OR 
long-term OR 
long term OR 
abstinen* OR 
abstain* OR 
lasting AND 

Su.Exact (“cognition”) 
OR all  
Cognitive impairment 
OR neuroc* or neurop* 
OR executive function* 
AND 
Stype.exact(“scholarly 
journals” OR 
“Dissertations & 
Theses”) AND  
At.exact(“Dissertation/th
esis” OR “Article” OR 
“Conference paper”)   
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Table S2  

Individual Effect Sizes (Cohen’s d) and Cognitive Tests Analysed in the Meta-

analysis, by Cognitive Domain and Study  

Cognitive Domain 
Attention 
Study Test da

Becker and Luciana 
(2015) 

Letter Cancellation: Time (ms) 2.41 

Letter Cancellation: Total omissions 0.06 
Letter Cancellation: Total commissions -0.01

Fridberg et al. (2013) XO Continuous Performance task: Total errors -0.29
XO Continuous Performance task: Errors to 
frequent stimuli  

0.06 

XO Continuous Performance task: Errors to 
infrequent stimuli 

-0.37

XO Continuous Performance task: Mean 
response time for correct trials 

0.90

XO Continuous Performance task: Mean 
response time for incorrect trials 

0.75

Jockers-Scherübl et al. 
(2007) 

Continuous Performance Test (identical pairs 
version): d’ prime symbols 

-0.10

Continuous Performance Test (identical pairs 
version): d’ prime digits  

-0.10

Lovell et al. (2018) Rapid Visual Information Processing: Reaction 
time for correct responses, ms  

-0.76

Rapid Visual Information Processing: False 
positives 

-0.02

Rodgers (2000) Wechsler Memory Scale (revised): Attention  0.04

n effects 13 
Total k 5 

Executive Function 
Becker and Luciana 
(2015) 

Controlled Oral Word Association Test: Total 
words generated 

0.36 

Controlled Oral Word Association Test: Total 
set-loss errors 

0.14 

Controlled Oral Word Association Test: Total 
perseverative errors 

-0.09

Tower of London: Perfect solutions (%) -0.45
Tower of London: Average moves, 2-move 0.00
Tower of London: Average moves, 3-move -0.71
Tower of London: Average moves, 4-move -0.30
Tower of London: Average moves, 5-move 0.11
Tower of London: First move initiation time, 2-
move (ms) 

-0.09
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Tower of London: First move initiation time, 3-
move (ms) 

0.32 

Tower of London: First move initiation time, 4-
move (ms) 

0.67 

Tower of London: First move initiation time, 5-
move (ms) 

0.38 

Tower of London: Average move initiation 
time (ms) 

0.47 

Block & Gronheim 
(1993) 

Concept Formation: Fuzzy concepts (% 
correct) 

0.02 

Concept Formation: Clear concepts (% correct) -0.14
Carlin and Trupin 
(1977) 

Trail Making Test B: Time (s) 0.20 

Chang, Yakupov, 
Cloak and Ersnt 
(2006) 

Controlled Oral Word Association Test: Total 0.01 

Trail Making Test B: Time (s) -0.18
Stroop test: Colour (s) 0.13
Stroop test: Word (s) -0.03
Stroop test: Interference (s) 0.23
Ruff Figural Fluency Test: Unique designs -0.26
Ruff Figural Fluency Test: Perseverative errors -0.24

Dahlgren et al. (2016) Stroop: Colour naming omission errors -0.32
Stroop: Colour naming commission errors -0.21
Stroop: Colour naming accuracy (%) -0.32
Stroop: Word reading omission errors -0.14
Stroop: Word reading commission errors -0.69
Stroop: Word reading accuracy (%) -0.39
Stroop: Interference omission errors -0.43
Stroop: Interference commission errors -0.42
Stroop: Interference accuracy (%) -0.52
Wisconsin Card Sorting Test: Categories deck 
1 

-0.40

Wisconsin Card Sorting Test: Categories deck 
2 

-0.49

Wisconsin Card Sorting Test: Categories total  -0.51
Wisconsin Card Sorting Test: Perseverations 
deck 1 

-0.80

Wisconsin Card Sorting Test: Perseverations 
deck 2 

-0.41

Wisconsin Card Sorting Test: Perseverations 
total 

-0.77

Wisconsin Card Sorting Test: Loss of set deck 
1 

-0.18

Wisconsin Card Sorting Test: Loss of set deck 
2 

-0.37

Wisconsin Card Sorting Test: Loss of set total  -0.47
Eldreth et al. (2004)  Modified Stoop test: No conflict response time 

(ms) 
-0.23
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Modified Stoop test: Conflict response time 
(ms)  

0.34 

Fontes et al. (2011) Frontal Assessment Battery: Total score  -0.34
Gruber et al. (2012) Controlled Oral Word Association Test: Total -0.16

Controlled Oral Word Association Test: 
Animals 

-0.55

Wisconsin Card Sorting Test: Categories, deck 
1 

-0.43

Wisconsin Card Sorting Test: Categories, deck 
2 

-0.42

Wisconsin Card Sorting Test: Categories, total -0.48
Wisconsin Card Sorting Test: Perseverations, 
deck 1 

-0.76

Wisconsin Card Sorting Test: Perseverations, 
deck 2 

-0.37

Wisconsin Card Sorting Test: Perseverations, 
total 

-0.74

Wisconsin Card Sorting Test: Loss of set, deck 
1 

-0.16

Wisconsin Card Sorting Test: Loss of set, deck 
2 

-0.46

Wisconsin Card Sorting Test: Loss of set, total -0.51
Stroop test: Colour naming, accuracy (%) 0.00 
Stroop test: Colour naming, commissions -0.10
Stroop test: Word reading, accuracy (%) -0.41
Stroop test: Word reading, commissions -0.73
Stroop test: Interference, accuracy (%) -0.40
Stroop test: Interference, commissions -0.35
Trail Making Test B: Time (s) -0.49
Trail Making Test B: Errors -0.10

Hester, Nestor, and 
Garavan (2009) 

Error Awareness Test: No-go accuracy (%)  -0.08

Error Awareness Test: Repeat no-go accuracy 
(%) 

-0.13

Error Awareness Test: Colour no-go accuracy 
(%)  

-0.03

Harding et al. (2012) Multi-Source Interference Task: Congruent 
reaction time (ms) 

-0.25

Multi-Source Interference Task: Incongruent 
reaction time (ms) 

-0.57

Jockers-Scherübl et al. 
(2007) 

Trail Making Test B: Time (s) 0.11

Wisconsin Card Sorting Test: Trials to 
complete, first category 

-0.47

Wisconsin Card Sorting Test: Perseverative 
errors 

0.00

Wisconsin Card Sorting Test: Other errors 0.14
Lovell et al. (2018) Stop Signal Task: Reaction time for correct 

responses (ms) 
0.49
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Stop Signal Task: Mean stop signal response 
time (ms) 

-0.63

Stop Signal Task: Number incorrect -0.10
Arrow Flanker task: No-go false positives 0.43
Arrow Flanker task: Congruent reaction time 
(ms) 

-0.53

Arrow Flanker task: Neutral reaction time (ms) -0.65
Arrow Flanker task: Incongruent reaction time 
(ms) 

-0.10

Arrow Flanker task: Congruent errors -0.47
Arrow Flanker task: Neutral errors -0.29
Arrow Flanker task: Incongruent errors -0.18

Pope et al. (2001) Controlled Oral Word Association Test: Raw 
score 

-0.40

Wisconsin Card Sorting Test: Total 
perseverations  

-0.33

Stroop Test: Colour interference time (s) -0.16
Sagar et al. (2015) Stroop Colour Word Test: Colour naming 

accuracy (%) 
-0.25

Stroop Colour Word Test: Colour naming 
omissions 

-0.25

Stroop Colour Word Test: Colour naming 
commissions 

-0.18

Stroop Colour Word Test: Word reading 
accuracy (%) 

-0.35

Stroop Colour Word Test: Word reading 
omissions  

-0.18

Stroop Colour Word Test: Word reading 
commissions  

-0.59

Stroop Colour Word Test: Interference 
accuracy (%) 

-0.45

Stroop Colour Word Test: Interference 
omissions 

-0.43

Stroop Colour Word Test: Interference 
commissions 

-0.29

Sodos et al. (2018) Trail Making Test B: Time (s) 0.32
n effects 95 
Total k 15 

Learning and Memory 
Becker and Luciana 
(2015) 

Rey Auditory Verbal Learning Test: Total 
(trials I to V) † 

-0.40

Rey Auditory Verbal Learning Test: 
Interference (List B) † 

-0.13

Rey Auditory Verbal Learning Test: Immediate 
recall† 

-0.25

Rey Auditory Verbal Learning Test: Delayed 
Recall †† 

-0.23

Block and Ghoneim 
(1993) 

Buschke’s test: Total recall † -0.23

Buschke’s test: Long-term retrieval †† -0.21
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Buschke’s test: Long-term storage †† -0.11
Buschke’s test: Short-term retrieval 0.07
Buschke’s test: Consistent long-term retrieval 
†† 

-0.27

Paired Associate Learning: Correct (%) -0.09
Text Learning: Number of propositions 
recalled †

-0.24

Carey et al. (2015) Paired Associate Learning: Round 1 accuracy 
(%) 

-0.97

Paired Associate Learning: Error correction 
rate (%) 

-0.79

Paired Associate Learning: Round 2 accuracy 
(%) 

-1.08

Paired Associate Learning: Response times for 
error responses 

-0.47

Paired Associate Learning: Response times for 
correct responses 

-0.10

Chang et al. (2006) Rey Auditory Verbal Learning Test: Immediate 
recall † 

0.02

Rey Auditory Verbal Learning Test: After five 
trials † 

-0.10

Rey Auditory Verbal Learning Test: Following 
interference † 

0.44

Rey Auditory Verbal Learning Test: Delayed 
recall †† 

0.23

Rey Osterreith Complex Figure Test: Copy 0.31
Rey Osterreith Complex Figure Test: 
Immediate 

0.68

Rey Osterreith Complex Figure Test: Delay †† 0.65
Cramer (2008) Rey Auditory Verbal Learning Test: Total 

score (sum of trial I to V) †
-0.81

Rey Auditory Verbal Learning Test: 
Interference score (BI) †

-0.40

Rey Auditory Verbal Learning Test: Trial VI 
score †

-0.77

Rey Auditory Verbal Learning Test: Delayed 
recall (trial VII) †† 

-0.86

Rey Auditory Verbal Learning Test: 
Recognition score†† 

-0.75

Biber Figure Learning Test – Extended: 
Immediate recall 

-0.32

Gruber et al. (2012) Rey-Osterreith Complex Figure Test: Copy  -0.19
Rey-Osterreith Complex Figure Test: Delay †† -0.10
California Verbal Learning Test: Trial I † -0.27
California Verbal Learning Test: Trial I to V † -0.28
California Verbal Learning Test: Long Delay 
†† 

-0.04

Jockers-Scherübl et al. 
(2007) 

Wechsler Memory Scale: Verbal memory † -0.13

Wechsler Memory Scale: Visual memory -0.14
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Lovell et al. (2018) Rey Auditory Verbal Learning Test: Trial I † -0.49
Rey Auditory Verbal Learning Test: Trial II † -1.23
Rey Auditory Verbal Learning Test: Trial III † -0.97
Rey Auditory Verbal Learning Test: Trial IV † -0.74
Rey Auditory Verbal Learning Test: Trial V † -0.14
Rey Auditory Verbal Learning Test: Total (I-
V) † 

-1.15

Rey Auditory Verbal Learning Test: 
Interference (trial VI – V) † 

-0.34

Rey Auditory Verbal Learning Test: List B † -1.22
Rey Auditory Verbal Learning Test: Trial VI † -0.59
Rey Auditory Verbal Learning Test: Trial VII, 
delayed recall †† 

-0.87

Rey Auditory Verbal Learning Test: Forgetting 
(trial VII-V) †† 

-0.60

Palermo et al. (2012) Cognitive Maps Task: Learning, non-verbal 
(seconds to perform the task) 

-0.05

Cognitive Maps Task: Retrieval (seconds) †† -0.40
Pope et al. (2001) Wechsler Memory Scale: Total score -0.14

Buschke Selective Reminding Test: Total recall 
† 

-0.35

Buschke Selective Reminding Test: Long-term 
storage †† 

-0.26

Buschke Selective Reminding Test: Consistent 
long-term retrieval †† 

-0.40

Buschke Selective Reminding Test: Delayed 
recall †† 

-0.48

Pujol et al. (2014)  Rey Auditory Verbal Learning Test: Total 
score (trial 1 to 5, minus 5 times the words on 
trial 1) † 

-0.05

Rey Auditory Verbal Learning Test: Verbal 
span (trial I) †  

-0.77

Rey Auditory Verbal Learning Test: Forgetting 
(trial V minus trial VII) †† 

-0.51

Rey Auditory Verbal Learning Test: Delayed 
recall (trial VII) ††  

-0.81

Riba et al. (2015) Deese-Roediger-McDermott paradigm: 
Correctly identified catch trials †† 

0.21

Deese-Roediger-McDermott paradigm: True 
memory recognition †† 

-0.17

Deese-Roediger-McDermott paradigm: 
Correctly rejected new words †† 

-0.90

Deese-Roediger-McDermott paradigm: Time 
(ms) to correctly recognise studied words †† 

-0.60

Deese-Roediger-McDermott paradigm: Time 
(ms) to correctly reject new words †† 

-0.57

Deese-Roediger-McDermott paradigm: False 
recognition (lure words) †† 

-0.79

Deese-Roediger-McDermott paradigm: False 
memory rejection †† 

-0.98
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Rodgers (2000) Wechsler Memory Scale (revised): Verbal 
memory † 

-1.77

Wechsler Memory Scale (revised): Visual 
memory 

0.08

Wechsler Memory Scale (revised): General 
memory 

-1.52

Wechsler Memory Scale (revised): Delayed 
memory †† 

-0.31

Sneider et al. (2013) Virtual Morris Water Maze: Probe Trial, total 
navigation distance % (retention) †† 

-0.73

Virtual Morris Water Maze: Probe trial, 
heading error (retention) †† 

-0.31

Virtual Morris Water Maze: Hidden platform 
trials, platform trials completed (retrieval) †† 

-0.36

Virtual Morris Water Maze: Hidden platform 
trials, latency (seconds) for first movement 
(retrieval) †† 

0.90

Virtual Morris Water Maze: Hidden platform 
trials, length to reach platform (retrieval) †† 

-0.85

Virtual Morris Water Maze: Hidden platform 
trials, navigation latency (seconds) †† 

-0.60

Sodos et al. (2018) Rey-Osterrieth Complex Figure test: Copy -0.23
Rey-Osterrieth Complex Figure test: Immediate 
recall 

-0.52

Rey-Osterrieth Complex Figure test: Delayed 
recall (20-minute delay) †† 

-0.61

Rey-Osterrieth Complex Figure test: 
Recognition (20-minute delay) †† 

-0.28

California Verbal Learning Test II: Trials I to 
V † 

-0.61

California Verbal Learning Test II: Trial B † -0.65
California Verbal Learning Test II: Short delay 
free recall † 

-0.53

California Verbal Learning Test II: Short delay 
cued recall † 

-0.46

California Verbal Learning Test II: Long delay 
free recall †† 

-0.72

California Verbal Learning Test II: Long delay 
cued recall †† 

-0.50

van de Giessen et al. 
(2017) 

Weather Prediction Task: Optimal responses 
(%) 

0.03

Verbal learning subdomain, n effects 31 
Retention, subdomain n effects 36 
Total n effects 86 
Total k 16 

Decision Making 
Becker and Luciana 
(2015) 

Iowa Gambling Task: Good-bad choices, block 
1 

0.50 

Iowa Gambling Task: Good-bad choices, block 
2 

0.02 
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Iowa Gambling Task: Good-bad choices, block 
3 

0.04 

Iowa Gambling Task: Good-bad choices, block 
4 

-0.25

Iowa Gambling Task: Good-bad choices, block 
5 

0.03

Iowa Gambling Task: Deck 1 choices 0.29
Iowa Gambling Task: Deck 2 choices -0.31
Iowa Gambling Task: Deck 3 choices 0.63
Iowa Gambling Task: Deck 4 choices -0.58

Wesley et al. (2011) Iowa Gambling Task: Run 1 net score -0.15
Iowa Gambling Task: Run 2 net score -0.50
Iowa Gambling Task: Run 3 net score -0.83
Iowa Gambling Task: Run 1 win events -0.59
Iowa Gambling Task: Run 1 loss events -1.11

Verdejo-García et al. 
(2007) 

Iowa Gambling Task: Total net score -1.44

Cousijn et al. (2013) Iowa Gambling Task: Improvement score 
session 1 – 2  

0.29

Iowa Gambling Task: Improvement score 
session 1 – 3 

0.18

Vaidya et al. (2012) Iowa Gambling Task: Performance (standard 
version A’B’C’D)  

-0.19

Iowa Gambling Task: Performance (variant 
version E’F’G’H)  

-0.55

Iowa Gambling Task: Total amount of money 
won or lost (standard version A’B’C’D)  

-0.19

Iowa Gambling Task: Total amount of money 
won or lost (variant version E’F’G’H)  

-0.40

Whitlow et al. (2004)  Iowa Gambling Task: Block 1 -0.29
Iowa Gambling Task: Block 2 -1.43
Iowa Gambling Task: Block 3 -1.35
Iowa Gambling Task: Block 4 -1.04
Iowa Gambling Task: Block 5 -1.60
n effects 26
Total k b 6 

Information Processing 
Becker and Luciana 
(2015) 

Wechsler Test of Adult Intelligence-III Digit 
Symbol Coding, total correct 

0.25 

Carlin and Trupin 
(1977) 

Trail Making Test A: Time (s) 0.25 

Chang et al. (2006) Symbol Digit Modalities -0.16
Paced Auditory Serial Addition Test 2.4’ 0.06
Paced Auditory Serial Addition Test 2.0’ -0.32
Controlled Oral Word Association Test 0.01
Trail Making Test A: Time (s) -0.43

Gruber et al. (2012) Trail Making Test A: Time (s) -0.22
Trail Making Test A: Errors -0.21

Jockers-Scherübl et al. 
(2007) 

Trail Making Test A: Time (s) -0.31
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Lovell et al. (2018) Symbol Digit Substitution Test: Reaction time 
for correct responses (ms)  

-0.90

Symbol Digit Substitution Test: Number 
incorrect 

-0.47

Sodos et al. (2018) Trail Making Test A: Time (s) 0.28
WAIS-III: Digit symbol coding -0.17
n effects 14
Total k 7 

Working Memory 
van de Giessen et al. 
(2017) 

n-back task: 2-back (adjusted hit rate) -0.02

n-back task: 3-back (adjusted hit rate) -0.02
Becker and Luciana 
(2015) 

Wechsler Test of Adult Intelligence-III Digit
span: Forward

-0.19

Wechsler Test of Adult Intelligence-III Digit
span: Backward

0.10

Spatial Delayed Response Task: Error, no
delay (mm)

-0.31

Spatial Delayed Response Task: Error, 500 ms
delay (mm)

0.29

Spatial Delayed Response Task: Error, 8000
ms delay (mm)

-0.22

Spatial Delayed Response Task: Mean RT, no
delay (ms)

-0.06

Spatial Delayed Response Task: Mean RT, 500
ms delay (ms)

-0.39

Spatial Delayed Response Task: Mean RT,
8000 ms delay (ms)

-0.36

Spatial Working Memory: Total between
search errors

-0.20

Spatial Working Memory: Strategy score 6-8 0.02
Cousijn et al. (2014) n-back task: 0-back reaction time correct 

responses (ms) at year three assessment 
0.22

n-back task: 1-back reaction time correct
responses (ms) at year three assessment

0.10

n-back task: 2-back reaction time correct
responses (ms) at year three assessment

-0.37

Chang et al. (2006) Wechsler Test of Adult Intelligence-III Digit
span: forward

-0.24

Wechsler Test of Adult Intelligence-III Digit
span: Backward

-0.04

Wechsler Test of Adult Intelligence-III Digit
span: Total

-0.15

Wechsler Test of Adult Intelligence-III Letter
number sequence

-0.13

Gruber et al. (2012) Wechsler Test of Adult Intelligence-III Digit
span: Forward

0.18

Wechsler Test of Adult Intelligence-III Digit
span: Backward

-0.03
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Wechsler Test of Adult Intelligence-III Digit 
span: Total 

-0.16

Sodos et al. (2018) Wechsler Test of Adult Intelligence-III Digit 
span 

0.29

n effects 23 
Total k 6 
Total n effects across domains 255 
Total k across domains 30 

a Cohen’s d effect sizes are rounded. Whole numbers were used in the meta-analysis. 
b Data from Cousijn et al. (2013) was removed from primary analyses for decision 
making due to significant heterogeneity observed in the decision making domain.  
† Contributed to verbal learning subdomain analysis (31 effects, k = 11). 
†† Contributed to retention subdomain analysis (36 effects, k = 13).
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Table S3  

Alcohol and Other Drug use Exclusion Criteria and Data across Studies for Cannabis and Control Groups 

Authors Drug and alcohol exclusion criteria Drug and alcohol dataa 

1 Becker and 
Luciana (2015) 

Cannabis: Daily cigarette use, alcohol > 4 drinks for females and  > 5 drinks 
for males on more than 2 occasions p/week 

Controls: Cannabis use > 1 p/month, or any other illicit substance use, current 
or past Axis I DSM-IV-TR disorders 

Days drunk in past 6 months (p < .001)  
Cannabis: 7.65 (22.56)  
Controls: 6.90 (9.84)   
Alcohol use was controlled by covariate analysis 

Nicotine use, per day past 6 months (p < .001) 
Cannabis: 2.03 (3.10) 
Controls: 0.00 (0.00) 
Not controlled by covariate analysis  

DSM-IV-TR Current Diagnoses  
Cannabis: Cannabis dependent (n = 15), cannabis abuse (n = 2), 
alcohol dependence (n = 3), alcohol abuse (n = 4)  
Controls: Alcohol abuse (n = 1) 

2 Block and 
Ghoneim 
(1993) 

Controls: > 2 lifetime uses of cannabis Alcohol, ever used (%) 
Cannabis (heavy users): 88% 
Controls: 49%  

Alcohol use, median frequency past month 
Cannabis: 6-9 times (upper quartile: 10-19)  
Controls: 6-9 times 
Controlled in analyses on lifetime frequencies, results remained 
significant on cognitive tests. Participants were required to 
abstain from alcohol on the day of testing 

Lifetime use of other drugs  
Cannabis (heavy users): cocaine (90%), LSD (88%), 
amphetamines (79%), narcotics other than heroin (54%), 393



tranquilizers (52%), amyl or butyl nitrates (42%), barbiturates 
(31%), heroin (12%), phencyclidine (12%).  
Drugs heavy cannabis users had used ≥ 100 times were: alcohol 
(88%), cocaine (12%), amphetamines (12%), LSD (6%), 
tranquilizers (4%). 
Cannabis (intermediate users): Did not differ in lifetime 
prevalence of having tried any of the drugs  
Controls: Almost had no experience with drugs other than 
alcohol 
Cognitive impairments in heavy cannabis users remained 
significant after covariate control of lifetime other-drug use 

Drugs used, past 30 days 
Heavy cannabis users (15%) and intermediate users (4%) 
reported using illicit drugs, other than cannabis, > 2 times  
Re-analyses with removing data from participants who had used 
drugs other than cannabis in the past 30 days still resulted in 
significant differences between controls and heavy cannabis 
users 

Urine drug screen  
8 heavy cannabis users (8%) and 3 intermediate users (11%) 
tested positive for cocaine  

3 Carey, Nestor, 
Jones, Garavan, 
and Hester 
(2015) 

All participants: Dependent on drugs including alcohol and tobacco, > 15 
lifetime uses of illicit drugs and positive drug urine toxicology (excluding 
cannabis for cannabis group), regular use of psychotropic drugs (> 15 
lifetime uses)  

Alcohol days past month (n.s.)  
Cannabis: 7.77 (SE = 1.68)  
Controls: 5.47 (SE = 1.25)  
Participants had 0.00% blood alcohol concentration (BAC) at 
time of testing 

Nicotine smokers, % (n.s.) 
Cannabis: 47% 
Controls: 40% 
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4 Carlin and 
Trupin (1977) 

All participants: > 10 occasions of drug use (other than cannabis for cannabis 
group)  

No information reported 

5 Chang, 
Yakupov, 
Cloak, and 
Ernst (2006) 

All participants: History of drug dependence according to DSM-IV criteria 
(except nicotine), positive urine drug toxicology (except cannabis for 
cannabis group)  

Controls: History of regular cannabis use 

Most participants used alcohol recreationally 

Addiction Severity Index alcohol score 
Cannabis: 0.07 ± 0.02  

Daily nicotine use 
Controls: n = 3,  
THC(-): n = 5 

Lifetime history (< 10 times) other drugs 
Opiates: 1 THC(-) 
Stimulants: 3 controls, 6 THC(-) 
Hallucinogens: 1 control, 7 THC(-) 
Club drugs: 4 THC(-) 

6 Cousijn et al. 
(2013) 

All participants: Score > 10 on Alcohol Use Disorders Identification Test 
(AUDIT), > 20 cigarettes p/day, positive urine test for alcohol and other 
drugs (except cannabis in cannabis group), or using non-cannabinoid drugs > 
100 occasions  

Controls: > 50 lifetime cannabis users, past year cannabis use (5 controls 
reported using > 10 cannabis joints in lifetime) 

AUDIT (n.s.) 
Cannabis: 6.1 (3.3)  
Controls: 5.1 (3.4)  

Cannabis Use Disorders Identification Test (CUDIT)  
Cannabis: 12.2 (5.7), scores ≥ 12 suggest possible cannabis use 
disorder 

Nicotine dependence, FTND (p < .001) 
Cannabis: 2.8 (2.4) 
Controls: 0.5 (1.2) 

Refrained from drug and alcohol use 24hrs prior to testing 
7 Cousijn et al. 
(2014) 

All participants: Positive urine test for alcohol and other drugs (except 
cannabis in cannabis group), AUDIT > 10, > 20 cigarettes p/day, non-
cannabinoid drugs > 100 lifetime occasions  

AUDIT (p = .052) 
Cannabis (heavy users): 8.2 (4.7)  
Controls: 5.8 (3.2)  
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Cigarette smokers, number (p < .001) 
Cannabis (heavy users): 12  
Controls: 2 

Nicotine, cigarettes per day (n.s.) 
Cannabis (heavy users): 12.2 (8.3) 
Controls: 15.0 (14.1) 

Nicotine dependence, FTND (n.s.) 
Cannabis (heavy users): 4.9 (1.9) 
Controls: 4.5 (2.1) 

Refrained from drug and alcohol use 24 hours prior to testing 
8 Cramer (2008) All participants: Regular and heavy alcohol use (severe drunkenness twice 

p/month over 6 months or more within the last 2 years), > 15 lifetime uses of 
other illicit drugs (except cannabis for cannabis group)  

Alcohol use, number of ‘times’ p/week 
Cannabis (heavy users): 4.3 (3.7) 
Controls: 1.2 (2.3)  
Alcohol was covariate analysed 

Nicotine use, cigarettes p/week 
Cannabis (heavy users): 15.7 (20.7), 50% nicotine users 
Controls: 0.7 (1.2), 14% nicotine users 
Nicotine was covariate analysed 

Other drug use, % ever use  
Cannabis: Ecstasy (0), cocaine (50%), methamphetamine (5%), 
mushrooms (41%), LSD (5%), heroin (0%) 
Controls: Ecstasy (0), cocaine (0), methamphetamine (0%), 
mushrooms (0%), LSD (0%), heroin (0%) 

Participants abstained from alcohol and other drugs ≥ 24 hours 
prior to testing 

9 Dahlgren et al. 
(2016) 

All participants: > 20 alcohol beverage p/week or meet DSM-IV disorders 
including current or past alcohol dependence (except cannabis 

Alcohol use days per month (p = .01)  
Cannabis: 9.93 (5.71) 
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abuse/dependence in cannabis group), met criteria for binge drinking, > 15 
lifetime uses of any illicit drugs or recreational use of prescription drugs, 
positive urine drug screen (except cannabis for cannabis group), 
current/previous use of psychotropic medications  

Controls: 4.72 (4.51)   
Alcohol use was covaried with cognitive results 

Nicotine dependence, FTND (n.s.) 
Cannabis: 0.39 (0.99) 
Controls: 0 (0)  

10 Eldreth et al. 
(2004) 

All participants: DSM-IV Axis I disorder other than nicotine dependence, 
positive urine toxicology (except cannabis for cannabis group) 

Controls: Current or past use of illicit drugs (tested with urine toxicology) 

Drinks p/week (n.s.) 
All participants drank < 13 drinks p/week 
Cannabis: n = 3 (0-12) 
Controls: n = 1 (0-6) 

Tobacco users (n.s.) 
Cannabis: n = 6  
Controls: n = 4 

11 Fontes et al. 
(2011) 

All participants: DSM-IV-TR Axis I disorders (except nicotine-related 
disorders or cannabis abuse or dependence for cannabis group), current use of 
psychoactive medications 

Controls: Previous/present use of psychoactive substances, cannabis use in 
past 3 months, > 10 lifetime uses of cannabis 

Cannabis group met DSM-IV-TR criteria for cannabis 
abuse/dependence 

12 Fridberg et 
al. (2013) 

All participants: DSM-IV Axis I disorder (except cannabis abuse/dependence 
for cannabis group but including other substance abuse/dependence), self-
reported alcohol consumption > 3 standard drinks p/day for males and > 2 
standard drinks p/day for females 

Cannabis: Past 3-month illicit substance use 

Controls: History of illicit substance use (including cannabis) 

Alcoholic drinks p/week, past month (< .001) 
Cannabis: 3.80 (4.07) 
Controls: 0.69 (1.34)  

Alcohol was not correlated to the event related potential (ERP) 
data 

Past drug use 
Cannabis group: Sedatives (n = 9), ecstasy (n = 5), stimulants (n 
= 11), opiates (n = 7), hallucinogens (n = 13), salvia 
divornorum (n = 12), and inhalants (n = 4)  
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All participants had negative drug urine toxicology (except 
THC-COOH for cannabis group)  

Current tobacco users (p = .002) 
Cannabis: 8 
Controls: 0 

13 Gruber et al. 
(2012)  

All participants: Current or past DSM-IV Axis I pathology including drug or 
alcohol abuse or dependence (except cannabis for cannabis group), binge 
drinking or routinely having > 15 drinks per week, positive urine drug screen 
(excluding cannabis for cannabis group), > 15 lifetime uses of illicit drugs 

Participants (either group) did not meet criteria for nicotine 
dependence  

Cannabis group all met DSM-IV criteria for cannabis abuse or 
dependence 

14 Harding et al. 
(2012) 

All participants: Substance dependence (except cannabis in cannabis group), 
Axis I DSM-IV disorders, current use of psychotropic medications 

Drinks p/month (p = .410)  
Cannabis: 5.25 (range: 0-55) 
Control: 10.5 (range: 0-100) 
Participants were matched for alcohol use, which was also 
covariate analysed 

Nicotine use, cigarettes p/day (p <.001) 
Cannabis: 5 (range: 0–30) 
Controls: 0 (range: 0-15) 
Cigarette use in cannabis group was analysed by low and high 
cigarette use, which did not predict performance 

Other drug use 
Cannabis: Median number of cumulative lifetime episodes of 
illicit drugs (0-6.5) and no regular consumption (> 1 use/month) 
for any substance other than cannabis in the past 2 years 

Cannabis dependence and withdrawal  
Cannabis group scored M = 3 (range: 0-17) for cannabis 
withdrawal on the Marijuana Withdrawal Checklist. Cannabis 
group scored M = 5 (range: 0-14) on the Severity of 
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Dependence Scale, with scores > 3 indicating cannabis 
dependence 

15 Hester et al. 
(2009) 

All participants: Past/current dependence on other drugs including alcohol 
and nicotine, positive urine drug screen (except cannabis for cannabis group) 

Number of drinks p/month (p < .001) 
Cannabis: 9.3 (SE = 1.8) 
Control: 6.2 (SE = 1.4)   
All participants had 0.00% BAC 

Drug use 
Controls reported minimal previous cannabis use (M = 3.0, SE 
= 0.6) and no cannabis use in the past month. The groups did 
not differ on any other measure of drug use other than cannabis 

Cannabis withdrawal score 
The cannabis group had a mean withdrawal score of 9.3 (SE = 
2.2), which was unrelated to brain imaging data  

16 Jockers-
Scherübl et al. 
(2007) 

All participants: DSM-IV alcohol or other drug abuse or dependence or > 3 
drinks p/week, positive urine drug screen, acute intoxication on day of testing 

Controls: > 5 lifetime uses of cannabis 

Tobacco use, cigarettes per month (p = .00) 
Cannabis: 390.6 (354.9)  
Controls: 129.5 (233.0)  
Participants abstained from tobacco 30 minutes prior to tests  

Cannabis abuse/dependence 
Not reported, however, cannabis group was recruited from an 
outpatient clinic specialised in cannabis abuse and dependence 

17 Lovell et al. 
(2018) 

All participants: Current use of other drugs (other than alcohol, tobacco, or 
cannabis in the cannabis group) more than twice weekly, drug injection more 
than once a week in the past month 

Cannabis Severity of Dependence Scale  
Cannabis group scored M = 2.1 (SD = 2.5) 

Fagerström test of Nicotine Dependence  (< .001) 
Cannabis: 0.5 (1.3)  
Controls: 4.6 (2.5)  

Alcohol, n days past month (p = .039) 
Cannabis: M = 17.5 (SD = 12.9)  
Controls: M = 7.6 (SD = 8.9) 
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Lifetime illicit drug use  
Cannabis: Hallucinogens (94.7%), amphetamines (78.9%), 
cocaine (73.7%), ecstasy (68.4%), opiates (57.9%), 
benzodiazepines (21.1%), synthetic cannabinoids (16.7%) 
Controls: Hallucinogens (6.3%), amphetamines (25.0%), 
cocaine (18.8%), ecstasy (6.3%), opiates (20%), 
benzodiazepines (37.5%), synthetic cannabinoids (0.0%) 

Past month drug use  
Cannabis: Benzodiazepines (n = 2), synthetic cannabinoids (n = 
2) 
Controls: Nil 

18 Palermo et al. 
(2012) 

All participants: Illicit recreational drug use (excluding cannabis in cannabis 
group), psychotropic medication 

Alcohol, n units p/week (n.s.): 
Cannabis: 8.13 (8.65)  
Controls: 4.89 (4.59) 

Nicotine use, cigarettes p/week (n.s.) 
Cannabis: 75.26 (82.07) 
Controls: 41.41 (50.33) 

19 Pope et al. 
(2001) 

All participants: History of DSM-IV alcohol abuse or dependence, positive 
ethanol urine screen, > 100 lifetime uses of any drug (excluding cannabis in 
cannabis group), current use of psychoactive medication  

Controls: > 50 lifetime cannabis uses, past year cannabis use 

Lifetime alcoholic drinks (n.s.):  
Cannabis: mdn = 4700 (IQR = 2100 - 7700)  
Controls: mdn = 2800 (IQR = 1100 - 55000) 

Lifetime packs of cigarettes (p < .001) 
Cannabis: mdn = 730 (IQR = 0 - 5100)  
Controls: mdn = 0 (IQR = 0) 
Cigarette use was not covariate analysed 

20 Pujol et al. 
(2014) 

Cannabis: Lifetime criteria for alcohol abuse or dependence and relevant 
current alcohol consumption 

Controls: > 15 lifetime cannabis uses 

Alcohol units per week (p = .017) 
Cannabis: 5.3 (4.0) 
Controls: 3.1 (2.0)  
Participants refrained from alcohol 12 hours prior to the study 
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All participants: > 5 lifetime uses of recreational drugs (except nicotine and 
alcohol), positive urine drug screen for opiates, cocaine, amphetamines, and 
benzodiazepines  

Tobacco use, cigarettes per day (p = .021*) 
Cannabis: 5.9 (5.2) 
Controls: 2.4 (5.9)  

21 Riba et al. 
(2015) 

All participants: Psychiatric/neurological conditions including alcohol abuse  Urine drug screen 
All participants tested negative for alcohol, cannabis, 
benzodiazepines, amphetamines, opiates, and cocaine 

Tobacco smokers (n.s.) 
Cannabis: n = 10  
Control: n = 4  

14 controls had used cannabis < 10 times and two controls had 
used cannabis between 10 to 50 times. 

22 Rodgers 
(2000) 

No specific criteria reported Alcohol 
Use of alcohol was low among participants. All participants 
reported an average 2 units of alcohol p/week  

Other drug use  
Cannabis: Reported never having used ecstasy or other 
psychoactive substances 
Controls: Reported never having used any illicit drug  

23 Sagar et al. 
(2015) 

All participants: Axis I DSM-IV-TR disorders (except for cannabis 
abuse/dependence in cannabis group), previous or current use of psychotropic 
medications, > 15 lifetime uses of illicit drugs and positive urine drug screen 
(except cannabis in cannabis group)  

Alcohol use, days past month (n.s.) 
Cannabis (all): 7.25 (5.76)  
Controls: 5.53 (5.56) 

Nicotine dependence (n.s.) 
Cannabis (all): 0.29 (0.86) 
Controls: 0.00 (0.00) 
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24 Sneider et al. 
(2013) 

All participants: Free of DSM-IV Axis I disorder (except cannabis 
dependence in cannabis group), positive urine toxicology (except THC in 
cannabis group) 

Cannabis: Not meeting DSM-IV criteria for cannabis abuse on day of testing 

Controls: No illicit drug use, > 5 lifetime cannabis uses 

Alcoholic beverages p/ week (p = .050)  
Cannabis: 4.4 (4.3)  
Controls: 1.8 (2.5)  
Alcohol was not controlled by covariate analysis for cognitive 
data 

Nicotine use 
Cannabis: n = 4 (ranging from 1 pack/day to 1 pack/month)  
Controls: n = 0 

25 Sodos et al. 
(2018) 

All participants: Use of any other class of drugs of abuse more than 5 times, 
≥ 2 drinks on ≥ 4 days p/week for the past month or longer 

Control: > 5 lifetime cannabis uses and use in past 30 days 

Alcohol use 
Groups did not significantly differ in frequency (p = .876) or 
amount (p = .987) of alcohol use  

26 Vaidya et al. 
(2012)  

All participants: DSM-IV dependence on alcohol, positive urine drug test 
(other than cannabis for cannabis group), use of prescribed psychotropic 
drugs  

Controls: > 6 days of cannabis use, > 5 days of other illicit drugs 

Alcohol Use, frequency past month (p =.110) 
Cannabis: 6.69 (5.80) 
Controls: 4.53 (6.17)   

Cigarettes p/day past year (p < .001) 
Cannabis: 3.02 (5.11)  
Controls: 0.15 (0.54) 
Cigarette use was analysed with correlations with brain imaging 
data only 

Other drug use 
Cannabis: Amphetamines (16%), barbiturates (0%), cocaine 
(18), ecstasy (7), hallucinogens (20), heroin (2), inhalants (0), 
methadone (0), other opiates/analgesics (13), other 
sedatives/hypnotics/tranquilizers (4) 
Controls: No drug use history except cannabis use, 0.06 (0.16) 
days used in past 2 years 
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27 van de 
Giessen et al. 
(2017) 

All participants: DSM-IV Axis I diagnosis, including current and/or previous 
substance dependence or nicotine abuse, use of psychotropic medication or 
substances of abuse (texted with urine drug toxicology) 

Cannabis: Cannabis dependent or cannabis use > twice daily use for ≥ 5 days 
p/week 

Not reported 

28 Verdejo-
García et al. 
(2007) 

All participants: ≥ 12 alcoholic drinks/week, current or past dependence on 
other drugs including alcohol (except cannabis in cannabis group), MDMA, 
heroin, opiates, amphetamines, and barbiturates 

Alcoholic drinks p/week (n.s.) 
Cannabis: 2.4 (3.9, 0-12) 
Controls: 0.79 (1.6, 0-6)  

Urine drug screen 
 Negative for all participants, except cannabis for cannabis 
group  

29 Wesley et al. 
(2011) 

All participants: Abuse of substances other than nicotine (except cannabis in 
cannabis group), DSM-IV Axis I pathology, positive urine drug screen for 
illicit drugs (other than cannabis in cannabis group)  

AUDIT (n.s.) 
Cannabis: 4.2 (2.3) 
Control: 2.8 (2.0) 

Tobacco smokers (p = .022) 
Cannabis: 50.0% 
Controls: 12.5%  
Cigarettes smoked p/day were covariate analysed 

Cannabis dependence 
4 of 16 participants in the cannabis group were classified as 
cannabis dependent 

30 Whitlow et 
al. (2004) 

All participants: History of substance abuse (except cannabis abuse in the 
cannabis group)  

Controls: Past year cannabis use, > 50 lifetime cannabis uses 

Alcohol use, daily drinks (n.s.) 
 Cannabis: 5 ± 3 
 Controls: 2 ± 1 

Tobacco use, cigarettes p/day (p = .040) 
Cannabis: 13 ± 3 
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Controls: 5 ± 2 
Tobacco use was included in covariate analyses 

Note: n.s. = not significant.  
a Means (M) and standard deviations (SD), unless otherwise reported. 
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Table S4 

Studies included in Secondary Analyses (Prolonged Abstinence, Age of Onset, Long Cannabis Use Duration), by Cognitive Domain 

Prolonged Abstinence 
(≥ 25 days) 

Long cannabis use duration (≥ 
10 years) 

Age of Onset 
Early Late 

Global Chang et al. (2006) 
Eldreth et al. (2004) 
Jockers-Scherübl et al. 
(2007) 
Pujol et al. (2014) 
Pope et al. (2001) 
Riba et al. (2015) 
Rodgers (2000) 
Verdejo-García et al. 
(2007) 

Harding et al. (2012) 
Lovell et al. (2018) 
Pope et al. (2001) 
Riba et al. (2015) 
Rodgers (2000) 
van de Giessen et al. (2017) 

Becker and Luciana 
(2015) 
Carey et al. (2015) 
Chang et al. (2006) 
Cousijn et al. (2014) 
Cramer (2008) 
Dahlgren et al. (2016) 
Eldreth et al. (2004) 
Gruber et al. (2012) 
Jockers-Scherübl et al. 
(2007) 
Pujol et al. (2014) 
Sagar et al. (2015) 
Sneider et al. (2013) 
Whitlow et al. (2004) 

Dahlgren et al. (2016) 
Fontes et al. (2011) 
Fridberg et al. (2013) 
Gruber et al. (2012) 
Harding et al. (2012) 
Hester et al. (2009) 
Jockers-Scherübl et al. 
(2007) 
Lovell et al. (2018) 
Wesley et al. (2011) 
Riba et al. (2015) 
Sagar et al. (2015) 
Sodos et al. (2018) 
Vaidya et al. (2012) 
van de Giessen et al. 
(2017) 

Attention Jockers-Scherübl et al. 
(2007) 
Rodgers (2000) 

Lovell et al. (2018) 
Rodgers (2000) 

Becker and Luciana 
(2015) 
Jockers-Scherübl et al. 
(2007) 

Fridberg et al. (2013) 
Jockers-Scherübl et al. 
(2007) 
Lovell et al. (2018) 
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Decision Making Verdejo-García et al. 
(2007) 

- Becker and Luciana 
(2015) 
Whitlow et al. (2004) 

Wesley et al. et al. (2011) 
Vaidya et al. (2012) 

Executive function Chang et al. (2006) 
Eldreth et al. (2004) 
Jockers-Scherübl et al. 
(2007) 
Pope et al. (2001) 

Harding et al. (2012) 
Lovell et al. (2018) 
Pope et al. (2001) 

Becker and Luciana 
(2015) 
Chang et al. (2006) 
Dahlgren et al. (2016) 
Gruber et al. (2012) 
Jockers-Scherübl et al. 
(2007) 
Sagar et al. (2015) 

Dahlgren et al. (2016) 
Fontes et al. (2011) 
Gruber et al. (2012) 
Harding et al. (2012) 
Hester et al. (2009) 
Jockers-Scherübl et al. 
(2007) 
Lovell et al. (2018) 
Sagar et al. (2015) 
Sodos et al. (2018) 

Information 
processing 

Chang et al. (2006) 
Jockers-Scherübl et al. 
(2007) 

Lovell et al. (2018) Becker and Luciana 
(2015) 
Chang et al. (2006) 
Gruber et al. (2012) 
Jockers-Scherübl et al. 
(2007) 

Gruber et al. (2012) 
Jockers-Scherübl et al. 
(2007) 
Lovell et al. (2018) 
Sodos et al. (2018) 

Learning and Memory Chang et al. (2006) 
Jockers-Scherübl et al. 
(2007) 
Pope et al. (2001) 
Pujol et al. (2014) 
Riba et al. (2015) 
Rodgers (2000) 

Lovell et al. (2018) 
Pope et al. (2001) 
Riba et al. (2015) 
Rodgers (2000) 
van de Giessen et al. (2017) 

Becker and Luciana 
(2015) 
Carey et al. (2015) 
Chang et al. (2006) 
Cramer (2008) 
Gruber et al. (2012) 
Jockers-Scherübl et al. 
(2007) 
Pujol et al. (2014) 
Sneider et al. (2013) 

Gruber et al. (2012) 
Jockers-Scherübl et al. 
(2007) 
Lovell et al. (2018) 
Riba et al. (2015) 
Sodos et al. (2018) 
van de Giessen et al. 
(2017) 
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Working Memory Chang et al. (2006) van de Giessen et al. (2017) Becker and Luciana 
(2015) 
Chang et al. (2006) 
Cousijn et al. (2014) 
Gruber et al. (2012) 

Gruber et al. (2012) 
Sodos et al. (2018) 
van de Giessen et al. 
(2017) 

a Four studies (Dahlgren et al., 2016; Gruber et al., 2012; Jockers-Scherübl et al., 2007; Sagar et al., 2015) already included comparisons between early onset and 
late onset cannabis consumers in their publications. These were treated as separate studies and the sample size of the control group was halved to minimise type I 
error.  
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Cognitive Outcomes Associated With Long-Term, Regular, Recreational
Cannabis Use in Adults: A Meta-Analysis

Monica E. Lovell, Jane Akhurst, Christine Padgett, Michael I. Garry, and Allison Matthews
University of Tasmania

Despite research advances, it remains unclear if long-term, regular cannabis use harms cognition once
intoxication has passed. Our meta-analysis aimed to investigate the association between cognitive functioning
and long-term (mean �2 years), regular (mean �4 days/week), recreational cannabis use in adults during
abstinence (mean �12 hr). We searched PubMed, PsycINFO, CINAHL, Scopus, and Dissertations and
Theses International for English-language articles from the date each database began until May 22, 2019. We
identified study inclusion by completing abstract and full text screening using predetermined criteria and
Preferred Reporting Items for Systematic Review and Meta-Analysis guidelines. We classified cognitive
performance into 6 cognitive domains (attention, executive function, learning and memory, decision making,
information processing, and working memory), and included a global measure. Effect sizes were calculated
for each domain using univariate meta-analyses. There were 30 studies with a total 849 participants who used
cannabis (M � 30.7-years-old, SD � 5.5-years-old) and 764 control participants (M � 30.3-years-old, SD �
5.9-years-old). Cannabis was associated with significant but small-magnitude deficits in executive function,
learning and memory, and global cognition, while decision making had moderate deficits. There were
small-magnitude and nonsignificant group differences for information processing, working memory, and
attention. Cannabis use duration, age of onset, and prolonged abstinence (�25 days) did not influence
outcomes, except group differences in executive function were nonsignificant in analyses of prolonged
abstinence. Our results suggest that long-term, regular cannabis use is associated with small to moderate
deficits in some cognitive domains.

Public Health Significance
Our meta-analysis found minor deficits in global cognition, executive function, and learning and memory,
and moderate-sized deficits in decision making related to long-term, regular cannabis consumption, which
were largely uninfluenced by age of onset, cannabis use duration, and prolonged abstinence. Individuals
who use cannabis regularly over many years may experience difficulties with some cognitive skills that
underlie everyday tasks, such as driving, and the ability to cease substance use.

Keywords: cannabis, cognition, residual effects, adult, meta-analysis

Supplemental materials: http://dx.doi.org/10.1037/pha0000326.supp

Despite much research, the question remains open as to whether
long-term, regular cannabis use is associated with cognitive defi-
cits once intoxication has passed. Cannabis is one of the most
commonly used illicit substances, with 192 million consumers
worldwide (United Nations Office on Drugs and Crime, 2018).
There has been a significant rise in daily cannabis consumption in

adults over 18-years-old in the United States between 2016 to
2017, which is problematic as regular cannabis use has greater risk
of progression to cannabis use disorder and is associated with
failed quit attempts, short-lived abstinence, and prolonged sub-
stance use (Arterberry, Treloar Padovano, Foster, Zucker, &
Hicks, 2019; Budney, Sofis, & Borodovsky, 2019; Centre for
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Behavioral Health Statistics & Quality, 2018). It is important to
understand how long-term, regular cannabis use affects health
given the popularity of cannabis use and associated risks of de-
pendence, alongside recent cannabis legalization in some coun-
tries. Cannabis intoxication is associated with a range of adverse
health outcomes from poor respiratory function (Hall & Degen-
hardt, 2009; Tashkin, 2010) to psychological problems (e.g., anx-
iety and psychosis; Crippa et al., 2009; Vadhan, Corcoran, Bedi,
Keilp, & Haney, 2017) and cognitive deficits (e.g., memory and
executive function; Hall & Solowij, 1998; Morgan, Freeman,
Powell, & Curran, 2016; Ramaekers et al., 2016). Cognitive def-
icits in decision making, reaction time (RT), and divided attention
that are associated with intoxication can contribute to problems in
everyday activities, such as planning and motor vehicle driving
(Broyd, van Hell, Beale, Yücel, & Solowij, 2016; Crean, Crane, &
Mason, 2011; Hartman & Huestis, 2013; Volkow, Baler, Compton,
& Weiss, 2014). Overall, there is well-documented evidence of
cognitive deficits associated with cannabis intoxication, which
may adversely affect day-to-day living. However, evidence is less
clear regarding cognitive deficits associated with long-term can-
nabis use once intoxication has passed.

Researchers have found that long-term cannabis consumers,
when tested during abstinence, exhibit cognitive problems in de-
cision making (mean 12 hr abstinent; Wesley, Hanlon, & Porrino,
2011), verbal memory and attention (�36 hr abstinent; Messinis,
Kyprianidou, Malefaki, & Papathanasopoulos, 2006), as well as
inhibitory control (mean 13 hr abstinent; Battisti et al., 2010).
Other researchers have concluded from cross-sectional and twin
data that long-term cannabis use is not associated with substantial
deficits in areas of executive functioning (mean 15 hr abstinent;
Lovell et al., 2018) or attention (�1 year abstinent; Lyons et al.,
2004). In a study of controlled abstinence, Pope, Gruber, Hudson,
Huestis, and Yurgelun-Todd (2001) revealed that residual deficits
in learning and memory at 0 to 7 days of abstinence had reversed
after 28 days of abstinence. However, greater cognitive detriments
may occur with cannabis use parameters such as long-term and
frequent use, early age of onset, and cannabis that contains higher
concentrations of its key psychoactive component, �9-
tetrahydrocannabinol (THC; Bolla, Brown, Eldreth, Tate, & Cadet,
2002; Messinis et al., 2006; Pope et al., 2003; Yücel et al., 2016).

Meta-analyses suggest limited influence of long-term cannabis
use on cognition, however, studies lack consistent reporting on
cannabis use parameters. Grant, Gonzalez, Natarajan, and Wolfson
(2003) analyzed 11 studies with participants reporting long-term
cannabis use who were abstinent (approximately 17 to �1,008 hr)
during cognitive testing and found small but significantly poorer
learning and forgetting (Cohen’s d of �0.24 and �0.27, respec-
tively) but similar performance in other cognitive domains (d
ranging from �0.009 to �0.28) compared with control partici-
pants. However, meta-analytic results have suggested that length
of cannabis abstinence influences cognitive outcomes, such that
cannabis was associated with memory deficits that were less
substantial after 10 days of abstinence (Blest-Hopley, Giampietro,
& Bhattacharyya, 2019; Schoeler, Kambeitz, Behlke, Murray, &
Bhattacharyya, 2016). Similarly, Scott et al. (2018) meta-
analytically examined cognition in cannabis abstinent (0 to 672 hr)
adolescents and young adults and reported small effects (d ranging
from �0.33 to �0.02), which were larger for studies with shorter
(�72 hr) than longer abstinence (�72 hr). Scott et al. (2018)

interpreted the results as indicating questionable clinical signifi-
cance, with any impairments after short term abstinence likely
attributable to residual drug effects (Scott et al., 2018). Schreiner
and Dunn (2012) also found that cannabis consumers with any
abstinence period exhibited a small (g � �0.29) and significant
deficit in global cognition compared to controls but found a
smaller and nonsignificant (g � �0.12) difference when only 13
studies with prolonged abstinence (�25 days) were analyzed.
However, a limitation in previous meta-analyses was variability in
cannabis use frequency across studies (e.g., once per week to daily
use) and some studies not reporting duration of cannabis use.
Variability in cannabis frequency and duration can contribute to
differential effects on cognitive functioning (Broyd et al., 2016;
Coulston, Perdices, & Tennant, 2007; Harvey, Sellman, Porter, &
Frampton, 2007; Solowij, Michie, & Fox, 1995). Despite the
influence of cannabis use parameters on cognition, there have been
few quantitative reviews addressing the relationship between long-
term and regular cannabis use and cognitive functioning.

Our aim was to provide an updated quantitative review of the
cognitive outcomes associated with long-term, regular, recre-
ational cannabis use following a period of abstinence (�12 hr).
Our focus was on participants engaged in daily/near-daily (defined
as 4 or more days per week) and long-term (2 or more years)
cannabis use. Such a frequency is similar to previous work (e.g.,
Hirst, Young, Sodos, Wickham, & Earleywine, 2016; Solowij et
al., 1995), institutional definitions (European Monitoring Centre
for Drugs and Drug Addiction, 2013), and reflects common can-
nabis use patterns in the United States and Australia (Azofeifa et
al., 2016; Peacock et al., 2018). A cannabis use duration of 2 years
or greater was also chosen to be consistent with past research (e.g.,
Batalla et al., 2013; Nestor, Roberts, Garavan, & Hester, 2008). To
maximize the number of studies, our search was not restricted to
participants with cannabis use disorder or cannabis dependence
because researchers often do not report such information. There-
fore, our goal was to conduct a comprehensive search regarding
cognitive outcomes associated with long-term and regular canna-
bis consumption, which included cannabis use disorder. We in-
vestigated multiple cognitive domains (attention, executive func-
tion, learning and memory, information processing, working
memory, and global cognition) with the addition of decision mak-
ing which has not, to the authors’ knowledge, been examined as a
separate domain in previous meta-analyses regarding cannabis.
Persistent substance use is associated with deficits in decision
making, which is a unique executive function because it is sub-
served by the orbitofrontal cortex in conjunction with the
amygdala and nucleus accumbens (Goldstein & Volkow, 2011;
Schoenbaum, Roesch, & Stalnaker, 2006). Therefore, decision
making is a unique mechanism to other executive processes that
necessitates separate examination.

Method

Protocol Registration

We conducted this systematic review following the Preferred
Reporting Items for Systematic Reviews and Meta-Analysis
(PRISMA) guidelines (Moher, Liberati, Tetzlaff, & Altman,
2009). The protocol was registered with PROSPERO (registration
number: CRD42017058425).
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Eligibility Criteria

We included studies with: (a) human adults; (b) free from major
neuropsychological or physical comorbidities, including mental
diagnoses (other than cannabis use disorder in the cannabis group);
(c) participants reporting regular and long-term cannabis use
(mean �2 years and mean �4 days per week of cannabis use); (d)
sufficient information to determine effect size; (e) non- or minimal
substance-using control group, either with or without an additional
comparison group; and (f) studies written in English. Exclusion
criteria were: (a) case studies; (b) qualitative research; (c) partic-
ipants under 18-years-old; and (d) not reporting length of cannabis
abstinence. We conducted an exhaustive search with limited re-
strictions, including an unlimited date range for article publication.
We did not specify rigorous criteria regarding other substance use
history in the cannabis group, other than exclusion of mental
diagnoses that included substance use disorders (other than can-
nabis), because research indicates that pure cannabis consumers
are not representative of the typical cannabis-using population
(Rosen, Sodos, Hirst, Vaughn, & Lorkiewicz, 2018). As such, we
had limited restrictions regarding illicit substances, as well as
tobacco and alcohol.

Information Sources

One investigator (ML) conducted a literature search via several
electronic databases (PubMed, PsycINFO, CINAHL, Scopus, and
Dissertations and Theses International). Searches were conducted
on March 23 to March 24, 2017. The searches were updated on
May 22, 2019 upon article review.

Search

The following search terms were constructed by one author
(ML) in consultation with a research librarian: (cannabis or mar-
ijuana or tetrahydrocannabinol) AND (chronic or residual or per-
sistent or nonacute or long-term or abstinen� or abstain� or lasting)
AND (cognition or cognitive processes or cognitive impairment or
executive function or neuroc� or neurop�). Boolean operators were
modified according to each database’s search requirements (see
Supplemental Table S1).

Study Selection

Duplicates were identified and removed prior to abstract screen-
ing. One investigator (ML) screened citations using Covidence
systematic review software (Veritas Health Innovation Ltd., Mel-
bourne, Australia) according to title and abstract and classified
them as include, exclude, or maybe according to whether they were
relevant to the research question, not relevant, or if the relevance
was unclear. Three investigators (ML, AM, and CP) independently
completed full-text review to include/exclude remaining studies.
Disagreements were resolved with a third-party discussion with an
independent reviewer.

Data Collection Process

Two reviewers (ML and JA) used Covidence following a Patient/
Population/Problem-Intervention-Comparison-Outcome (PICO) for-
mat to extract data such as participant demographics (age, sex, pre-

morbid intelligence), cannabis information (duration, frequency,
quantity, hours of abstinence), substance use history (e.g., alcohol and
tobacco), cognitive tasks, and key findings from studies. The two
reviewers independently classified objective neuropsychological tests
into cognitive domains according to published neuropsychological
definitions (e.g., Lezak, Howieson, Bigler, & Tranel, 2012; Strauss,
Sherman, & Spreen, 2006). Our review consisted of six core cognitive
domains: attention (e.g., Continuous Performance Test, Wechsler
Memory Scale—Attention test), working memory (e.g., n-back task,
Cambridge Neuropsychological Test Automated Battery–Self Or-
dered Search, Spatial Delayed Response Task), executive function
(e.g., Stroop task, Wisconsin Card Sorting Test), learning and mem-
ory (e.g., Rey Auditory Verbal Learning Test, Paired Associate
Learning), information processing (e.g., Trail Making Test A, Symbol
Digit Modalities Task), and decision making (e.g., Iowa Gambling
Task).

Risk of Bias in Individual Studies

One investigator (ML) appraised risk of bias by classifying yes,
no, unclear, or not applicable (see the online supplemental mate-
rials) across eight criteria of the Joanna Briggs Checklist for
Analytical Cross Sectional Studies (Joanna Briggs Institute, 2016):
(a) Were the criteria for inclusion in the sample clearly defined?;
(b) Were the study subjects and the setting described in detail?; (c)
Was the exposure measured in a valid and reliable way?; (d) Were
objective, standard criteria used for measurement of the condi-
tion?; (e) Were confounding factors identified?; (f) Were strategies
to deal with confounding factors stated?; (g) Were the outcomes
measured in a valid and reliable way?; and (h) Was appropriate
statistical analysis used?

Statistical Analysis

Cohen’s d effect sizes were calculated for each outcome mea-
sure for the 30 studies (see Supplemental Table S2). Cohen’s d was
calculated as the standardized mean difference, d � X1 – X2/Sp,

where X1 and X2 was the mean score on an outcome measure for
the cannabis group and control group, respectively, and Sp was the
pooled standard deviation. Standard errors were converted to stan-
dard deviations using the formula, SD � �(n). Negative effect
sizes reflected poorer performance in the cannabis group relative
to the control group. Pooled means and standard deviations were
calculated for an overall measure for studies that consisted of two
separate cannabis groups, given the groups met inclusion criteria.
We did not include data from additional substance-using compar-
ison groups (e.g., ecstasy-only users). A mean effect size for a
single study was calculated when there were multiple outcome
measures, an approach taken by previous meta-analyses (Bora et
al., 2014; Crowe & Stranks, 2018). A global outcome measure was
calculated as the mean of effect sizes from outcome measures
across all cognitive domains. To avoid producing unreliable group
differences in effect size measures (Rosenthal, 1995), we included
no less than three studies per cognitive domain for the primary
analyses, which is an approach taken in previous meta-analyses
(Hutchinson & Mathias, 2007; van Timmeren, Daams, Van Holst,
& Goudriaan, 2018).

A univariate meta-analysis was conducted for each of the six
cognitive domains: attention, executive function, learning and
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memory, decision making, information processing, and working
memory, in addition to a global outcome. Analyses were com-
pleted using Exploratory Software for Confidence Intervals (ESCI)
excel program (Cumming, 2012) from which forest plots were
created and Hedge’s g measures of effect, which accounts for
small sample sizes, were calculated for each cognitive domain and
interpreted as small (0.2), moderate (0.5), and large (�0.8; Cohen,
1988). We chose a random-effects model which is used when
heterogeneity is expected (Borenstein, Hedges, Higgins, & Roth-
stein, 2009; Cumming, 2012). We used Meta-Essentials (Suur-
mond, van Rhee, & Hak, 2017) to graphically depict effect sizes
for all domains and to examine publication bias with a funnel plot
in which bias is indicated by asymmetry. We assessed heteroge-
neity with Cochran’s Q and I2 statistics. Q denotes the presence or
absence of heterogeneity and I2 represents the percentage of vari-
ance across studies due to systematic heterogeneity rather than
chance (Higgins & Thompson, 2002), such that 25%, 50%, and
75% indicate low, moderate, and high heterogeneity, respectively
(Higgins, Thompson, Deeks, & Altman, 2003). Any heterogeneity
was corrected by successively removing outlying studies until
homogeneity was achieved, which is an approach taken in previous
work (Stewart, Bielajew, Collins, Parkinson, & Tomiak, 2006).

Secondary Analyses

Previous work has indicated that length of cannabis abstinence
influences cognitive functioning (Schreiner & Dunn, 2012). We
therefore conducted sensitivity analyses with only studies that
included participants with cannabis abstinence of 25 days or
greater to avoid potential cannabis withdrawal and residual drug
effects from confounding cognitive outcomes, which was chosen
in congruence with Schreiner and Dunn’s (2012) meta-analysis.
We also conducted a sensitivity analysis on cannabis use duration
to determine if prolonged duration of use impacted cognitive
outcomes; this included studies reporting a mean duration of 10 or
more years. A 10-year cut-off was chosen to maximize the number
of studies to be analyzed and was chosen according to previous
categorizations of long-term cannabis use (Filbey, Aslan, Lu, &
Peng, 2017; Lovell et al., 2018; Yücel et al., 2008). We performed
subgroup analyses with age of onset (early: �16 and late: �16-
years-old) as a categorical variable because age of cannabis onset
is known to influence cognitive outcomes (Gruber, Sagar, Dahl-
gren, Racine, & Lukas, 2012). The 16-year age of onset cut-off
was chosen in congruence with previous literature (Dahlgren,
Sagar, Racine, Dreman, & Gruber, 2016; Gruber et al., 2012).
Studies that already included subgroup age of onset comparisons
were treated as two separate studies that compared each subgroup
separately to the control group (e.g., early onset vs. controls, late
onset vs. controls). For such studies, we halved the control group
sample size to reduce the risk of Type I error. For all secondary
analyses, studies were classified according to the information
reported in each study’s inclusion criteria and/or descriptive data,
when provided. We also took a conservative approach on what
studies were included for analysis. For example, studies that only
reported “at least 12 hr” of cannabis abstinence were excluded
from sensitivity analyses regarding prolonged abstinence because
it would be unlikely that participants had maintained abstinence
for �25 days. Additionally, studies were excluded from secondary

analyses where information on duration or age of onset was
unclear or not reported.

Results

Study Selection

The initial database search resulted in 1,458 articles that were
exported to Endnote �7 reference management software
(Thomson Reuters Endnote �7). There were 1,019 articles left
following duplicate removal. Title and abstract screening re-
sulted in the removal of 876 articles. Full-text screening was
conducted on 143 remaining articles. A total of 33 articles met
the inclusion criteria following full-text screening. We excluded
three studies due to insufficient data that could not be obtained
by e-mail requests to authors. Two additional studies were
excluded when it became apparent that they had the same
sample of participants as other studies already included in our
review. An additional two studies were included when the
database searches were repeated in 2019 following article re-
view. Altogether, a total of 30 studies were included for quan-
titative analysis (Figure 1; Table 1).

Study Characteristics

Of the 30 studies, there were 849 participants who used cannabis
and 764 control participants, and the group sample sizes across
studies ranged from 10 to 107 (see Table 2). The mean age of
individuals who used cannabis was 30.7 years (SD � 5.5, range:
20.0–55.7) and the mean age for the control group was 30.3 years
(SD � 5.9, range: 20.0–52.8). Ten studies (33.3%) reported an
abstinence period between 12 and 23 hr, 12 studies (40.0%)
reported abstinence of 24 hr to 7 days, and eight (26.7%) studies
consisted of an abstinence period �25 days. Of the studies that
reported cannabis age of onset, 13 (43.3%) studies recruited par-
ticipants with an early age of onset (�16-years-old) and 14
(46.7%) included late onset consumers (�16-years-old), with on-
set ranging across studies from 14.0 to 18.5 years of age. Studies
were conducted primarily in the United States, Europe, United
Kingdom, and Australia. Studies that we included in this meta-
analysis reported unadjusted and covariate-adjusted statistics.
There were no significant differences in premorbid intelligence
between groups, where measured, except for one study (Pope et
al., 2001) in which current cannabis users had significantly lower
premorbid intelligence than the control group. Five studies re-
ported the control group as having significantly greater years of
education than the cannabis group.

There was variability in reporting of cannabis metrics; some
studies only provided information in the inclusion criteria while
others provided descriptive statistics. We classified 15 studies
(50.0%) as reporting actual cannabis frequency data, seven studies
(23.3%) as describing participants as daily/near-daily, and eight
studies (26.7%) as reporting unclear frequency, such as ranges
(e.g., 5 to 7 days per week). Reporting on cannabis quantity was
also variable; 10 studies (33.3%) reported grams (per sitting, week,
month, or lifetime) and 10 studies (33.3%) reported joints (per day,
week, month, year, or lifetime) while six studies (20.0%) did not
report quantity and four studies (13.3%) reported either cannabis
episodes, uses, cigarettes, or total hits. Nine studies (30%) reported
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that some or all cannabis consumers were cannabis dependent
while the remaining studies were unclear regarding cannabis de-
pendence. Twenty-five studies (83.3%) contained explicit exclu-
sion criteria regarding illicit drug use. Cannabis consumers in
several studies reported some minimal history of other illicit drug
use, such as stimulants and amphetamines (e.g., Chang, Yakupov,
Cloak, & Ernst, 2006; Fridberg, Skosnik, Hetrick, & O’Donnell,
2013; Vaidya et al., 2012). Fewer studies specified criteria for
alcohol (18 studies, 60%) and tobacco use (six studies, 20%) for
both groups. Some studies attempted to minimize the effects of
alcohol, such as by ensuring 0.00% blood alcohol concentration on
the day of testing (see Supplemental Table S3). Twelve studies
(40%) reported greater tobacco use/nicotine dependence in canna-
bis users, nine studies (30%) reported group equivalence on these
measures, eight studies (26.7%) did not report tobacco use at all,
and one study (Lovell et al., 2018) consisted of a tobacco-only
control group that recorded higher nicotine dependence than the
cannabis group.

Cognitive Domain Outcomes

The effect sizes for the cognitive domains ranged from �0.52
for decision making to 0.05 for attention (Figures 2, 3, 4, 5, 6, 7,
8, and 9). There were significant between-groups differences with
small effect sizes for learning and memory (g � �0.33, p � .001,
95% CI [�0.46, �0.19]), executive functioning (g � �0.18, p �
.008, 95% CI [�0.31, �0.05]), and global cognition (g � �0.25,
p � .001, 95% CI [�0.35, �0.15]). There were nonsignificant
differences and small effect sizes for attention (g � 0.05, p � .703,
95% CI [�0.21, 0.31]), information processing (g � �0.11, p �
.349, 95% CI [�0.34, 0.12]), and working memory (g � 0.01, p �
.933, 95% CI [�0.23, 0.25]). We partitioned learning and memory
into verbal learning and retention for separate analyses, which
produced similar results as combining data into one domain (see
Table 3). There was significant heterogeneity for the decision
making domain, which had moderate to high heterogeneity (Q �
14.06, p for Q � .015). Heterogeneity was corrected by deleting

Figure 1. PRISMA flow diagram. The total number of studies (k � 30) for quantitative analysis includes two
additional studies that were identified following an update of database search terms.
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one study (Cousijn et al., 2013) that contributed a small, positive
effect of cannabis on decision making (g � 0.23). Removing this
study resulted in a moderate and significant effect for decision
making, with worse performance in the cannabis group (g �
�0.52, p � .013, 95% CI [�0.93, �0.11]).

Publication Bias

The funnel plot assessment of publication bias was largely
symmetrical, indicating lack of publication bias (see Figure 10).

Secondary Analyses

With respect to cannabis abstinence, studies reporting �25
days abstinence in the domains of information processing,
learning and memory, attention, and global cognition had sim-
ilar results as the primary analyses of any abstinence �12 hr
(see Table 4). However, there was a nonsignificant group dif-
ference with a small effect size for executive functioning,
compared to a small but significant difference that we found in
the primary analysis of abstinence �12 hr. We could not

Table 1
Cognitive Tests by Domain and Study Authors

Domain and Test Studies

Attention
Continuous Performance Test Fridberg, Skosnik, Hetrick, and O’Donnell (2013), Jockers-Scherübl et al. (2007)
Letter Cancellation Becker and Luciana (2015)
Rapid Visual Information Processing Lovell et al. (2018)
Wechsler Memory Scale—Attention Rodgers (2000)

Decision making
Iowa Gambling Task Becker and Luciana (2015); Cousijn et al. (2013); Vaidya et al. (2012); Verdejo-García et al.

(2007); Wesley, Hanlon, and Porrino (2011); Whitlow et al. (2004)
Executive function

Arrow Flanker Task Lovell et al. (2018)
Concept Formation Block and Ghoneim (1993)
Controlled Oral Word Association Test Becker and Luciana (2015); Chang, Yakupov, Cloak, and Ernst (2006); Pope, Gruber, Hudson,

Huestis, and Yurgelun-Todd (2001)
Error Awareness Task (go/no-go task) Hester, Nestor, and Garavan (2009)
Frontal Assessment Battery Fontes et al. (2011)
Multi-Source Interference Test Harding et al. (2012)
Ruff Figural Fluency Test Chang et al. (2006)
Stroop Test Chang et al. (2006); Dahlgren, Sagar, Racine, Dreman, and Gruber (2016); Eldreth, Matochik,

Cadet, and Bolla (2004); Gruber, Sagar, Dahlgren, Racine, and Lukas (2012); Pope et al. (2001);
Sagar et al. (2015)

Stop Signal Task Lovell et al. (2018)
Tower of London Becker and Luciana (2015)
Trail Making Test B Carlin and Trupin (1977); Chang et al. (2006); Gruber et al. (2012), Jockers-Scherübl et al. (2007),

Sodos, Hirst, Watson, and Vaughn (2018)
Wisconsin Card Sorting Test Dahlgren et al. (2016); Gruber et al. (2012), Jockers-Scherübl et al. (2007), Pope et al. (2001)

Information Processing
Symbol Digit Substitution Test Lovell et al. (2018)
Trail Making Test A Carlin and Trupin (1977); Gruber et al. (2012); Sodos et al. (2018)
WAIS-III Digit Symbol Coding Becker and Luciana (2015); Sodos et al. (2018)

Learning and Memory
Biber Figure Learning Test—Extended Cramer (2008)
Buschke Selective Reminding Test Pope et al. (2001)
California Verbal Learning Test Sodos et al. (2018); Gruber et al. (2012)
Cognitive Mapping Test Palermo, Bianchini, Iaria, Tanzilli, and Guariglia (2012)
Deese-Roediger-McDermott Paradigm

(modified version) Riba et al. (2015)
Paired Associate Learning Carey, Nestor, Jones, Garavan, and Hester (2015)
Rey Auditory Verbal Learning Test Becker and Luciana (2015); Chang et al. (2006); Cramer (2008); Lovell et al. (2018); Pujol et al.

(2014)
Rey-Osterreith Complex Figure Test Chang et al. (2006); Gruber et al. (2012); Sodos et al. (2018)
Virtual Morris Water Maze Sneider, Gruber, Rogowska, Silveri, and Yurgelun-Todd (2013)
Wechsler Memory Scale Jockers-Scherübl et al. (2007), Pope et al. (2001); Rodgers (2000)
Weather Prediction Task van de Giessen et al. (2017)

Working Memory
n-back task Cousijn et al. (2014); van de Giessen et al. (2017)
Spatial Working Memory Becker and Luciana (2015)
Spatial Delayed Response Task Becker and Luciana (2015)
WAIS Digit Span Becker and Luciana (2015); Chang et al. (2006); Gruber et al. (2012); Sodos et al. (2018)
WAIS-III Letter Number Sequencing Chang et al. (2006)

Note. WAIS � Wechsler Adult Intelligence Scale.
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perform sensitivity analyses regarding prolonged abstinence for
the decision making and working memory domains due to
insufficient studies. Concerning cannabis use duration, results
were similar as the primary analyses for global, attention,
executive function, and learning and memory but analyses
could not be performed for decision making, information pro-
cessing, and working memory domains due to insufficient stud-
ies. The subgroup analyses for cannabis age of onset revealed
small effect sizes and nonsignificant differences in outcomes
between early and late onset cannabis consumers for all cogni-
tive domains (see Supplemental Table S4 for studies included in
secondary analyses).

Discussion

We provided an updated meta-analytical review of cognitive
functioning in relation to cannabis use. Our review uniquely con-

tributed to the literature because we addressed long-term and
regular (�4 days/week for �2 years) cannabis use and examined
decision making as a separate cognitive domain, unlike previous
meta-analyses. We included 30 studies where individuals com-
pleted cognitive tests after at least 12 hr of abstinence from
cannabis. We found that, compared with controls, long-term, reg-
ular cannabis consumers had significantly poorer learning and
memory, executive function, and global cognitive functioning that
were small-magnitude deficits. The largest effect we found for
decision making indicated moderately poorer performance in the
cannabis group than the control group. Working memory, atten-
tion, and information processing performance was similar between
groups. Secondary analyses revealed that age of onset (early: �16
years, late: �16-years-old) and longer cannabis use duration (�10
years) did not influence cognitive outcomes. Prolonged abstinence
(�25 days) from cannabis did not influence outcomes, except for

Table 3
Sample Sizes, Effect Sizes, and Heterogeneity of Studies

Cognitive domain k n of Effects
Cannabis
group, n

Control
group, n

Effect size,
Hedge’s g† p

95% CI Heterogeneity

LL UL I2 Q

Global 30 255 849 764 �0.25 �.001� �0.35 �0.15 .00% 28.88
Attention 5 13 108 113 0.05 .703 �0.21 0.31 .00% 2.83
Executive function 15 95 551 442 �0.18 .006� �0.31 �0.05 .00% 10.72
Learning and memory 16 86 425 426 �0.33 �.001� �0.46 �0.19 .00% 13.02

Verbal learning 11 31 358 346 �0.37 �.001� �0.52 �0.22 .04% 10.37
Retention 13 36 409 378 �0.36 �.001� �0.51 �0.21 .09% 13.17

Decision making 5 24 108 100 �0.52a .013� �0.93 �0.11 .50% 8.07
Information processing 7 14 160 143 �0.11 .349 �0.34 0.12 .02% 6.10
Working memory 6 23 144 130 0.01 .933 �0.23 0.25 .00% 1.53

Note. k � number of studies; 95% CI � confidence intervals around the effect size; LL � lower limit; UL � upper limit; Q � measure of heterogeneity
with significant values (p � .05) denoting presence of heterogeneity; I2 � measure of heterogeneity (25% � low, 50% � moderate, �75% � high).
a The results provided in Table 3 for the decision making domain were adjusted for significant heterogeneity. We removed one study (Cousijn et al., 2013)
that we found to contribute to heterogeneity. Prior to removing this study, there was a small to moderate, nonsignificant effect for the decision making
domain (k � 6, g � �0.38, p � .070, 95% CI [�0.80, 0.03], I2 � .64%, Q � 14.06, p for Q � .015).
† Effect sizes interpreted as small (0.20), moderate, (0.50), and large (�0.80). � Statistically significant at p � .05.

Figure 2. Forest plot for decision making (Hedge’s g � �0.52, p � .013) with weighted effect sizes and 95%
confidence intervals using a random-effects model. Negative values denote poorer performance in the cannabis
group.
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executive function in which group performance was not signifi-
cantly different at longer abstinence. Our results indicate that
long-term, regular cannabis use is associated with small to
moderate-level deficits in some cognitive abilities and that cogni-
tion may not necessarily be influenced by abstinence length, can-
nabis duration, and age of onset.

Comparisons With Previous Studies

The effect sizes we found in our meta-analysis are similar
with previous reviews utilizing different meta-analytical meth-
ods. Similar to our results, Scott et al. (2018) found small effect
sizes for working memory, attention, and information process-
ing in adolescent and adult cannabis consumers. The small
effects we found for working memory and information process-
ing with relatively larger effects for executive functioning and
learning, were comparable with the findings of Grant et al.
(2003). Our results were also comparable with a meta-analysis
of adolescents and adults with at least 14 days of abstinence that
found significant and moderate deficits in learning and memory
and executive functioning (including inhibitory control and
decision making) in the cannabis group relative to the control
group (Ganzer, Bröning, Kraft, Sack, & Thomasius, 2016).
Schreiner and Dunn (2012), when considering any abstinence

length, similarly reported small to moderate and significant
effects for executive function, attention, learning, and forget-
ting.

Altogether, the small to moderate magnitude effect sizes found
in our meta-analysis are similar with previous meta-analyses from
which authors have suggested long-term cannabis use may not be
associated with clinically meaningful cognitive impairments
(Schreiner & Dunn, 2012; Scott et al., 2018). In our study, the
upper limits for confidence intervals were small for several do-
mains (e.g., �0.04 for executive function), indicating potentially
trivial real-life effects. Similarly, the confidence interval widths
for most cognitive domains were greater than the estimated effect
sizes; and such imprecision questions the soundness of the effect
size estimates (Brand & Bradley, 2016). However, effect sizes
should be interpreted in consideration of the research context
(Cumming, 2014; Ferguson, 2009). We suggest a cautionary
stance given limitations within the cannabis literature, such as
nonrandomized and cross-sectional designs with varying can-
nabis use parameters and small sample sizes. Moreover, we
found several confidence intervals with lower limits near-
ing �0.50, and �0.93 for decision making, which indicates
potentially moderate to large detriments. While our results
show mostly small cognitive deficits associated with cannabis

Figure 3. Forest plot for executive function (Hedge’s g � �0.18, p � .006) with weighted effect sizes and 95%
confidence intervals (CIs) using a random-effects model. Negative values denote poorer performance in the
cannabis group.
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once intoxication has passed, we do not suggest that recre-
ational cannabis use is harmless given that longitudinal data
indicates possible cognitive deficits, especially for earlier age
of onset and more frequent cannabis use (Auer et al., 2016;

Becker et al., 2018; Castellanos-Ryan et al., 2017). More re-
search is needed to establish the extent of cognitive deficits
from long-term cannabis use once intoxication has passed, with
consideration to different cannabis use patterns.

Figure 4. Forest plot for information processing (Hedge’s g � �0.11, p � .349) with weighted effect sizes and
95% confidence intervals (CIs) using a random-effects model. Negative values denote poorer performance in the
cannabis group.

Figure 5. Forest plot for learning and memory (Hedge’s g � �0.33, p � .001) with weighted effect sizes and
95% confidence intervals (CIs) using a random-effects model. Negative values denote poorer performance in the
cannabis group.
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Effects Across Cognitive Domains

Our effect sizes varied in magnitude across cognitive domains,
which indicates that the association between cannabis and cogni-
tion is not accurately captured by a global performance measure.
The variability in effect sizes in our meta-analysis indicates that
cognitive abilities are diversely affected by cannabis, which is
consistent with previous reviews (Crane, Schuster, Fusar-Poli, &
Gonzalez, 2013; Crean et al., 2011). The nonsignificant differ-
ences between groups for several domains (attention, working
memory, and information processing) suggests that some cognitive
deficits reverse in the time (e.g., �12 hr) following last cannabis
use.

Disruption to only some cognitive processes can be explained
by the complex effect that cannabis has on the brain. The main
psychoactive constituent of cannabis, THC, exerts agonistic effects
on cannabinoid Type I (CB1) receptors that are differentially
distributed throughout the central nervous system (Ashton, 2001).
CB1 receptors are spread densely in cognitive-related brain areas,
with localization predominantly in the hippocampus, as well as
frontal areas (Glass, Dragunow, & Faull, 1997; Laaris, Good, &
Lupica, 2010; Pertwee, 2008). Agonism of CB1 receptors disrupts
neurotransmitter functioning, particularly the inhibitory neu-
rotransmitter 
-aminobutyric acid (GABA), which contributes to
imbalances in excitatory and inhibitory neural activity that disrupts

Figure 6. Forest plot for working memory (Hedge’s g � 0.01, p � .933) with weighted effect sizes and 95%
confidence intervals (CIs) using a random-effects model. Negative values denote poorer performance in the
cannabis group.

Figure 7. Forest plot for attention (Hedge’s g � 0.05, p � .703) with weighted effect sizes and 95% confidence
intervals (CIs) using a random-effects model. Negative values denote poorer performance in the cannabis group.
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brain function (Puighermanal et al., 2009). Therefore, cannabis
consumers are likely to exhibit cognitive deficits in learning and
memory as well as decision making and executive function due to
neural outcomes following CB1 agonism (Brumback, Castro, Ja-
cobus, & Tapert, 2016; Cheetham et al., 2012; Herkenham et al.,

1991; Lorenzetti, Solowij, Fornito, Lubman, & Yücel, 2014;
Puighermanal et al., 2009). It is important to note, however, that
our meta-analysis involved recreational cannabis consumers who
were likely exposed to greater THC than individuals who consume
cannabidiol-rich products, such as medicinal cannabis (Freeman,

Figure 8. Forest plot for global cognition (Hedge’s g � �0.25, p � .001) with weighted effect sizes and 95%
confidence intervals (CIs) using a random-effects model. Negative values denote poorer performance in the
cannabis group.
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Hindocha, Green, & Bloomfield, 2019). Cannabidiol is one of
many cannabinoids in cannabis, is nonpsychoactive, and is thought
to offset adverse outcomes associated with cannabis via a variety
of mechanisms, such as cannabinoid and serotonin receptors
(Bloomfield et al., 2019; Krebs, Kebir, & Jay, 2019). The results
of our study cannot be generalized to medicinal cannabis-using
populations, especially as medicinal cannabis use is associated
with cognitive benefits (Gruber et al., 2018).

It was somewhat surprising to find only a small to moderate
effect size for learning and memory in recreational cannabis con-
sumers in our meta-analysis given high CB1 receptor density in the
hippocampus. The varied effects that we found may reflect drug
tolerance, via CB1 downregulation, which occurs in a region-
specific manner (Hirvonen et al., 2012). The hippocampus has
been found to display tolerance effects greater than the cerebellum,
striatum, amygdala, and prefrontal areas (Breivogel et al., 1999;
Lazenka, Selley, & Sim-Selley, 2014). Therefore, selective CB1

downregulation may account for differences in behavioral perfor-
mance, particularly in learning and memory, which is plausible
given that tolerance is thought to often occur in heavy or depen-
dent cannabis consumers, such as in the sample of participants we
examined (Breivogel et al., 1999; Broyd et al., 2016; Hirvonen,
2015). Alternatively, the small effects that we found may reflect
neural compensation whereby neural changes occur in response to
ongoing toxin exposure that result in the brain “working harder” to
maintain adequate behavioral performance (Batalla et al., 2013;
Kanayama, Rogowska, Pope, Gruber, & Yurgelun-Todd, 2004).
Researchers (e.g., Jager, Kahn, Van Den Brink, Van Ree, &
Ramsey, 2006; Kanayama et al., 2004) have found compensatory
effects on spatial memory, working memory, and attention tasks,
which may explain our smaller than expected effect sizes for
learning and memory, as well as attention. In addition, two studies
included in our meta-analysis, Sagar et al. (2015) and Fridberg,
Skosnik, Hetrick, and O’Donnell (2013), reported neural altera-
tions in cannabis consumers that reflected poorer neural efficiency

that has similarly been found in meta-analytic results, which have
additionally revealed such alterations to persist beyond 25 days of
abstinence (Blest-Hopley, Giampietro, & Bhattacharyya, 2018;
Blest-Hopley et al., 2019). It has been reported that neural com-
pensation may only mask deficits on easy, but not cognitively
demanding, tasks (Callicott et al., 2000; Jager et al., 2006). How-
ever, the more cognitively demanding tasks in our review (e.g.,
n-back 2 and 3) were accompanied with small effect sizes, which
suggests neural compensation may not explain the lack of detri-
ment on, at least, working memory.

Variability in effect sizes could be due to differences in the
management of potential confounding factors across studies (see
Risk of Bias Assessment section in the online supplemental ma-
terials). Lack of adjustment for confounding factors overinflates
the estimate of cognitive deficits associated with cannabis (Gon-
zalez, Pacheco-Colón, Duperrouzel, & Hawes, 2017). In the ex-
ecutive functioning domain, studies (e.g., Verdejo-García et al.,
2007; Wesley et al., 2011) that did not control for tobacco had
larger effect sizes than studies (Hester, Nestor, & Garavan, 2009;
Jockers-Scherübl et al., 2007; van de Giessen et al., 2017) that
controlled for tobacco. A similar pattern emerged for tobacco in
studies contributing to learning and memory (e.g., Riba et al.,
2015; Rodgers, 2000; Sodos, Hirst, Watson, & Vaughn, 2018). In
contrast, studies (e.g., Rodgers, 2000; van de Giessen et al., 2017)
that did not control for intelligence had variable effect sizes across
several domains, such as learning and memory and attention,
which was similarly variable for studies that did control for intel-
ligence (Cramer, 2008; Jockers-Scherübl et al., 2007). Altogether,
it is possible that differences in the management of confounding
factors may have influenced effect size estimates in some domains,
however, no firm conclusions can be made given other differences
between the studies, such as cognitive tests used and cannabis use
parameters. Moreover, this does not explain the large effect size
for decision making that consisted mostly of studies that had

Figure 9. Effect sizes and 95% confidence intervals (CIs) for all cognitive domains. Asterisks denote statistical
significance (p � .05).
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appropriate management of confounding variables (e.g., education,
age, sex, intelligence, and mental health).

It is not surprising that decision making was the most adversely
affected cognitive ability from long-term, regular cannabis use
given that decision making deficits are observed when CB1 recep-
tor agonists are injected into the orbitofrontal cortex (Khani et al.,
2015). The orbitofrontal cortex contributes toward the “limbic”
network that drives affective and motivational behaviors, such as
salience attribution, which functions in parallel to the “executive”
network in which the dorsolateral prefrontal cortex regulates goal-
directed and inhibitory behavior (Abernathy, Chandler, & Wood-
ward, 2010; Goldstein & Volkow, 2011; Nejati, Salehinejad,
Nitsche, Najian, & Javadi, 2017). Our finding supports the idea
that decision making is a distinct aspect of executive functioning
and suggests that the limbic network is more greatly affected by
cannabis than the executive network. This is consistent with pre-
vious reports that “hot” (i.e., limbic) cognitive processes are more
impaired than “cold” (i.e., executive) processes across a spectrum
of psychological conditions (Johnson et al., 2008; Roiser et al.,
2009; Schoenbaum et al., 2006; Snyder, Miyake, & Hankin, 2015).

Impaired decision making from long-term, regular cannabis use
may result in individuals prioritizing immediate rewards over
undesirable consequences, which is problematic because it can
contribute to relapse in drug cessation attempts (Bolla, Eldreth,
Matochik, & Cadet, 2005; Goldstein et al., 2009; Goldstein &
Volkow, 2011; Koob & Volkow, 2010). Therefore, individuals

who have used cannabis regularly for many years may experience
problems with decision making, that persists despite abstinence,
and this could impede attempts to quit cannabis use. With regard
to heterogeneity that was found for decision making, one study
(Cousijn et al., 2013) that was deleted to correct for variance
included participants with an average of 2.5 years of cannabis use
whereas other studies within this domain included participants
with longer duration of use, from 5.0 (Whitlow et al., 2004) to 9.6
years (Wesley et al., 2011). While participants in the Cousijn et al.
(2013) study used cannabis at an average of 4 days a week, this
frequency was lower compared with other studies contributing
toward the decision making domain; however, age of onset, where
reported, was similar between studies (i.e., before 17 years of age)
in this domain. Heterogeneity in decision making may therefore be
attributable to differences in duration and frequency of cannabis
use, however, this could not be adequately addressed in our sec-
ondary analyses. The other cognitive domains had homogeneity
but similarly had variations in cannabis use parameters, which
suggests that some, but not all, cognitive abilities are sensitive to
duration and frequency effects of cannabis.

Cannabis Age of Onset, Duration, and
Prolonged Abstinence

Unlike Schreiner and Dunn (2012) and Scott et al. (2018), we
found that analyses regarding prolonged cannabis abstinence (�25

Figure 10. Funnel plot for the 30 studies using a random effects model and Hedge’s g effect size. Combined
effect size is g � �0.25, accompanied with 95% confidence intervals [0.35, �0.15].
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days) provided similar results to the primary analyses (�12 hr
abstinence) for the cognitive domains analyzed. The one ex-
ception was executive functioning in which studies with longer
abstinence showed a nonsignificant difference in performance
between groups, compared with the significant difference found
in the primary analysis. At a global level, poorer cognition in
the cannabis group at any abstinence �12 hr and at prolonged
abstinence (�25 days) may be attributable to high frequency
cannabis use, as research indicates that greater cannabis use fre-
quency is associated with cognitive detriments that persist even
after prolonged abstinence (i.e., 28 days; Bolla et al., 2002).
However, the nonsignificant group differences for executive func-
tion suggests that deficits in executive abilities were ameliorated
following longer abstinence and that residual drug effects may
have contributed to the deficits observed in the primary analysis
(�12 hr) for this domain. Indeed, the study that reported the
longest abstinence of 38 months (Chang et al., 2006) showed small

effect sizes across cognitive domains, including executive func-
tion, which suggests that cognitive deficits reverse after several
years of abstinence.

In contrast, a residual confounding effect was not apparent for
learning and memory in that the cannabis group had poorer cog-
nitive performance than the control group in both analyses. It may
be that hippocampal brain areas are slower to recover following
abstinence than frontal areas, which is plausible given that the
hippocampus has greater CB1 receptor density and greater neuro-
anatomical changes relating to cannabis use than other brain re-
gions (Iversen, 2003; Lorenzetti, Chye, Silva, Solowij, & Roberts,
2019). However, the sensitivity analyses should be interpreted
cautiously due to the heterogenous tests used to analyze cognition
and the small number of studies analyzed. Notably, the effect size
for executive function was similar between analyses, which indi-
cates that the smaller number of studies reduced statistical power.
Overall, our results highlight that cognitive outcomes associated

Table 4
Secondary Analysis Results: Prolonged Cannabis Abstinence (�25 Days), Cannabis Use Duration (�10 Years), and Age of Onset
(Early: � 16-Years-Old, Late: �16-Years-Old)

Domain and secondary
analysis k Cannabis n Control n

Effect size,
Hedge’s g p†

95% CI

LL UL

Global
�25 days abstinence 8 174 197 �0.36 .001� �0.56 �0.15
Longer cannabis use duration 6 145 152 �0.34 .003� �0.57 �0.12
Early onseta 13 226 236.5 �0.39 �.001� �0.57 �0.21
Late onset 14 397 284.5 �0.25 .001� �0.40 �0.10

Attention
�25 days abstinence 2 33 36 0.01 .959 �0.45 0.47
Longer cannabis use duration 2 34 31 �0.18 .458 �0.66 0.30
Early onseta 2 34 39.5 0.19 .409 �0.26 0.64
Late onset 3 57 58.5 �0.01 .953 �0.37 0.35

Executive function
�25 days abstinence 4 104 123 �0.18 .167 �0.44 0.08
Longer cannabis use duration 3 103 109 �0.30 .029� �0.57 �0.03
Early onseta 7 144 113.5 �0.27 .039� �0.53 �0.01
Late onset 9 278 174.5 �0.16 .093 �0.35 0.03

Learning and memory
�25 days abstinence 6 147 168 �0.34 .011� �0.60 �0.08
Longer cannabis use duration 5 123 131 �0.44 .001� �0.69 �0.19
Early onseta 8 140 159.5 �0.37 .002� �0.59 �0.14
Late onset 6 112 88.5 �0.42 .003� �0.70 �0.14

Decision making
�25 days abstinenceb — — — — — — —
Longer cannabis use durationb — — — — — — —
Early onset 2 35 36 �0.40 .295 �1.15 0.35
Late onset 2 62 50 �0.46 .192 �1.14 0.23

Information processing
�25 days abstinence 2 30 40 �0.26 .269 �0.73 0.20
Longer cannabis use duration 1 19 16 � � � �
Early onseta 4 65 72.5 �0.04 .808 �0.37 0.29
Late onset 4 85 60.5 �0.26 .126 �0.59 0.07

Working memory
�25 days abstinenceb 1 12 18 — — — —
Longer cannabis use durationb 1 11 12 — — — —
Early onseta 4 77 84 �0.12 .433 �0.43 0.18
Late onset 3 67 46 0.19 .309 �0.18 0.57

a Four studies (Dahlgren et al., 2016; Gruber et al., 2012; Jockers-Scherübl et al., 2007; Sagar et al., 2015) included comparisons between early onset
(�16-years-old) and late age of onset (�16-years-old) cannabis consumers in their publications. These were treated as separate studies and the sample size
of the control group was halved to minimize Type I error. b Subgroup analyses could not be performed due to small k.
† The mean effect for studies contributing to early and late onset groups use were not significantly different from zero across all domains (p’s � .05, g’s �
.35). � Significant difference (p � .05) between cannabis and control groups.
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with long-term, regular cannabis use may not be affected with
longer (�25 days) periods of abstinence, but strong conclusions
cannot be made due to methodological and statistical limitations.

We also found that age of cannabis onset did not influence
cognitive outcomes, which was similarly found in the meta-
analysis by Scott et al. (2018). A meta-analysis by Ganzer Brön-
ing, Kraft, Sack, and Thomasius (2016) suggested that neural
compensatory effects may be more prominent in early onset can-
nabis consumers, such that early onset cannabis consumers per-
form comparable to their late onset counterparts but with a greater
cost to brain efficiency. Yet the study by Sagar et al. (2015) that
was included in our meta-analysis found that early onset users had
poorer cognitive control and more dysregulated brain activity than
late onset consumers, but they also consumed cannabis at a high
frequency that predicted cognitive performance. This indicates that
greater cannabis use frequency may have a larger impact on
outcomes than early onset of use, which was also suggested by
Ganzer et al. (2016). Given that participants in our meta-analysis
were daily/near-daily cannabis consumers, the effect of high can-
nabis frequency may have masked any age of onset effects. How-
ever, Gruber, Sagar, Dahlgren, Racine, and Lukas (2012) found
that age of onset differentially influenced cognitive outcomes even
after controlling for frequency. Overall, no strong conclusions can
be made regarding age of onset given inconsistency in research
findings and the small number of studies we analyzed.

A similar caution is warranted for our sensitivity analyses that
found that long cannabis use duration (�10 years) did not influ-
ence on cognitive outcomes. This finding is dissimilar to Schoeler,
Kambeitz, Behlke, Murray, and Bhattacharyya (2016) who found
that longer duration (�5,000 days) was associated with poorer
memory than shorter duration cannabis use (�2,500 days). Similar
to our results, Schreiner and Dunn (2012) found no influence of
cannabis use duration on cognition in a metaregression. However,
an earlier brain imaging study found that duration of cannabis use
was associated with greater brain tissue density that indicated
possible neural compensation (Matochik, Eldreth, Cadet, & Bolla,
2005). This finding may explain our results in that the longer
duration cannabis consumers may have experienced neural com-
pensatory effects that resulted in similar cognitive performance to
cannabis consumers with any duration of use greater than 2 years.

Limitations

Our meta-analysis has several limitations that should be consid-
ered. First, our criteria for the prolonged abstinence analyses
was �25 days, with the most common abstinence length being 28
days. However, 1 month is relatively short-term and, as such, our
meta-analysis does not address cognitive outcomes relating to
extended periods of abstinence (e.g., months or years). Addition-
ally, our study criteria were not specific to cannabis use disorder
and, while 30% of studies reported cannabis dependence, it was
unclear if the remaining studies contained participants that met
criteria for cannabis use disorder. However, removing the studies
that reported cannabis use disorder from the global analysis re-
sulted in a similar effect size (�0.24), suggesting that cannabis use
disorder had little impact on the overall results. Similarly, our
cannabis inclusion criteria (�4 days for �2 years) was chosen to
be consistent with past literature, however, this was relatively
arbitrary as most studies do not justify their cut-off criteria. Over-

all, more consensus is needed within the research field concerning
definitions of long-term and frequent cannabis use, as well as what
constitutes as prolonged abstinence.

Other illicit drug use is a potential confounding factor in our
meta-analysis, as drugs other than cannabis can impair cognition
(Rosselli & Simmers, 2016). However, studies included in our
meta-analysis generally reported minimal history of other drug use
(e.g., Fridberg et al., 2013; Vaidya et al., 2012; see Supplemental
Table S3), excluded individuals with drug use disorders other than
cannabis (e.g., Chang et al., 2006; Hester et al., 2009), or required
a negative drug screen (e.g., Pujol et al., 2014; Verdejo-García et
al., 2007). Many studies did not account for tobacco or alcohol and
many studies reported greater tobacco use in the cannabis group. It
is possible that results were overinflated due to tobacco and
alcohol use, given that they are known to harm cognition (Piu-
matti, Moore, Berridge, Sarkar, & Gallacher, 2018; Vergara,
Weiland, Hutchison, & Calhoun, 2018). However, meta-analytic
results suggest that alcohol and tobacco do not moderate the effect
of cannabis on, at least, memory (Schoeler et al., 2016). Alto-
gether, it is unlikely that other drug use had a large impact on our
results.

Further limitations include a small number of studies contrib-
uting to some cognitive domains and averaging effect sizes for
multiple outcome measures, which did not account for correla-
tions. However, our results were similar to previous meta-analyses,
which suggests our analytical method may not pose a substantial
problem for interpretation. A further consideration is that while we
analyzed decision making as a unique domain, we did not separate
other unique functions such as inhibitory control and abstraction/
shifting. However, Scott et al. (2018) analyzed these cognitive
skills separately and found that they had similar magnitude effects.
Similarly, for the attention domain, we did not examine discrete
attentional abilities separately, such as sustained and divided at-
tention. Another limitation worth noting is that all cognitive do-
mains, except decision making, consisted of different cognitive
tests which is problematic because cognitive tasks have different
sensitivities for detecting drug effects (Abush & Akirav, 2012;
Crane et al., 2013). The largest effect size we found was for the
only domain (decision making) that consisted of a single cognitive
test, the Iowa Gambling task, which is specifically recommended
for detecting substance-related cognitive deficits (Walsh, Verstra-
ete, Huestis, & Mørland, 2008). However, some researchers doubt
that the Iowa Gambling Task measures decision making, with
suggestions that working memory or learning are implicated in the
task (Dunn, Dalgleish, & Lawrence, 2006). In our results we found
a trivial effect size for working memory but similar sized effects
between learning and memory and decision making so it is possi-
ble that learning and memory abilities, rather than decision making
per se, underpinned Iowa Gambling Task performance. Altogether,
the effect of cannabis on cognition may be underestimated when
different cognitive tasks are used, and our results could have been
affected by validity issues of the cognitive tasks that we included
for analysis.

Recommendations

Considering the results and limitations, it could be useful for
future research to examine discrete cognitive processes rather than
combining different tests into broad domains; however, this may
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prove difficult given that discrete abilities (e.g., shifting, updating,
and inhibitory control) are not often individually examined, which
would result in a reduction of study numbers in future meta-
analyses. Therefore, it would be useful in the future for researchers
to implement the same, or similar, cognitive batteries that assess a
range of discrete cognitive abilities and which are known to be
sensitive in detecting cannabis-associated impairments. It would
additionally be worthwhile for researchers to more closely inves-
tigate the effect that duration of cannabis use has on cognition to
identify if more specific duration criteria in future studies is
warranted.

There are several important cannabis measurement issues that
must be considered in future research. Cannabis metrics, such as
quantity, are often not reported or are reported in different units,
such as joints per year or grams per week, which cannot easily be
converted into a standardized measure and may have poor accu-
racy due to self-reporting (Hindocha, Freeman, & Curran, 2017).
Moreover, reporting joints or grams does not capture cannabinoid
content, which can vary across cannabis products. Hydroponic-
grown cannabis has greater THC content than outdoor-grown
cannabis and the latter has greater concentrations of cannabidiol;
the second-most abundant cannabinoid to THC that interacts with
cannabinoid receptors and is associated with cognitive-enhancing
effects (Bhattacharyya et al., 2010; Morgan et al., 2012; Swift,
Wong, Li, Arnold, & McGregor, 2013). Similarly, cannabis con-
centrates (e.g., “wax” or “shatter”) that are inhaled are highly
potent, containing 68.7% THC compared with 20.6% reported in
flower products, and are second-most commonly used following
flower products (Smart, Caulkins, Kilmer, Davenport, & Midgette,
2017). Such information should be addressed when examining
cannabis and cognition. Many studies do not report cannabis
dependence and withdrawal, which should be documented because
these factors can influence cognitive outcomes and neural corre-
lates (Bosker et al., 2013; Chye et al., 2017). It would be beneficial
for researchers to use measures such as the Daily Sessions, Fre-
quency, Age of Onset, and Quantity of Cannabis Use Inventory
(DFAQ-CU; Cuttler & Spradlin, 2017) to assess cannabis fre-
quency, age of onset, and quantity in a standard manner that can be
easily compared across future studies. Altogether, researchers
should adhere to recommendations on minimum reporting criteria
for cannabis use research as provided by Lorenzetti, Solowij, and
Yücel (2016), which includes using toxicology to quantify canna-
binoids.

Conclusions

In our meta-analysis we found evidence to suggest that long-
term, regular, recreational cannabis use is associated with small
deficits in global cognition, learning and memory, and executive
functioning but moderate deficits in decision making during ab-
stinence. We found lack of impairments in other cognitive domains
(i.e., information processing, attention, and working memory).
Cannabis use duration, age of onset, and prolonged abstinence
(�25 days) did not appear to influence cognitive abilities for the
most part. However, it is unclear if cognitive deficits would
reverse following very long periods of abstinence (e.g., years).
Research quality and conclusions can be improved by thorough
assessment and reporting of cannabis metrics, as well as manage-
ment of potential confounding factors. Altogether, the results

indicate that individuals who engage in long-term, regular canna-
bis use may experience deficits in some areas of cognition when
not intoxicated, which may contribute to problems in everyday
functioning and reduce the ability to cease and maintain abstinence
from cannabis.
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Table C1 

Means (M) and Standard deviations (SD) for Cognitive Task Performance at Pre-

Dose and Post-Dose for the Nabiximols (n =44 ) and placebo (n = 49) Groups 

Cognitive task Group Session 

Pre-dose Post-dose 

Arrow flanker task  

Reaction time impairmenta Nabiximols 70.63 (47.67) 68.19 (40.20) 

Placebo 64.80 (52.55) 59.78 (37.85) 

Error impairmentb Nabiximols 2.02 (5.83) 0.47 (3.03) 

Placebo 0.07 (5.30) 1.15 (3.47) 

N-back task

n-back 1, % correct Nabiximols 93.43 (9.45) 90.40 (10.22) 

Placebo 92.10 (9.59) 88.08 (11.97) 

n-back 2, % correct Nabiximols 64.40 (18.71) 64.21 (21.01) 

Placebo 60.40 (17.88) 66.02 (18.42)* 

n-back 3, % correct Nabiximols 43.29 (24.27) 43.84 (22.44) 

Placebo 43.50 (20.92) 47.73 (26.28) 

Symbol Digit Substitution Task 

Reaction time for correct 

responses, ms 

Nabiximols 1457.09 (264.42) 1441.73 (284.99) 

Placebo 1475.38 (237.23) 1454.31 (257.26) 

n incorrect, % Nabiximols 1.23 (1.76) 1.23 (1.76) 

Placebo 0.96 (1.38) 1.22 (1.31) 

Stop Signal Task 

Go/no-go inhibition failures, % Nabiximols 40.00 (40.66) 36.69 (44.61) 

Placebo 36.33 (40.31) 34.18 (42.58) 

Stop signal response time, ms Nabiximols 602.66 (86.43) 624.46 (84.06) 

Placebo 563.44 (123.11) 596.21 (108.37)* 

Rapid Visual Information Processing 

Reaction time for correct 

responses, ms 

Nabiximols 538.49 (112.77) 528.76 (101.14) 

Placebo 569.73 (83.70) 540.00 (85.63)* 

False positives, % Nabiximols 2.99 (3.68) 3.14 (4.23) 

Placebo 2.77 (2.73) 2.00 (2.33) 
a Reaction time impairment: incongruent reaction time minus neutral reaction time (ms). 
b Error impairment: incongruent errors minus neutral errors (n).  
* Significant difference (p < .05) between pre-dose and post-dose.
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Table D1 

Lifetime Drug Use for the Control (n = 15) and Cannabis (n = 5) Groups† 

Treatment 

Substance ever used, n (%) Placebo Active 

Alcohol 

Control 8.0 (100.0) 6.0 (85.7) 

Cannabis 3.0 (100.0) 2.0 (100.0) 

Hallucinogens 

Control 0.0 (0.0) 0.0 (0.0) 

Cannabis 1.0 (33.3%) 2.0 (100.0) 

Meth/amphetamines 

Control 0.0 (0.0) 0.0 (0.0) 

Cannabis 0.0 (0.0) 2.0 (100.0) 

Cocaine 

Control 0.0 (0.0) 0.0 (0.0) 

Cannabis 1.0 (33.3) 2.0 (100.0) 

Ecstasy 

Control 0.0 (0.0) 0.0 (0.0) 

Cannabis 1.0 (33.3) 2.0 (100.0) 

Benzodiazepines 

Control 0.0 (0.0) 2.0 (28.6) 

Cannabis 0.0 (0.0) 1.0 (50.0) 

Opiates 

Control 1.0 (12.5) 1.0 (14.3) 

Cannabis 1.0 (33.3) 2.0 (100.0) 

Synthetic cannabinoids 

Control 0.0 (0.0) 0.0 (0.0) 

Cannabis 1.0 (33.3) 0.0 (0.0) 

† Insufficient n to calculate statistical significance and effect sizes. 
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Table D2 

Univariate Analyses of Variance (ANOVA) for Demographic Data for Group (Control, Cannabis) and Treatment (Sham, Active) 

Group Treatment Group x Treatment 

Age F (1, 11) = 0.34, p = .569, ηp
2 = 0.03 F (1, 11) =1.88, p = .198, ηp

2 = 0.15 F (1, 11) = 5.51, p = .029*, ηp
2 = 0.33† 

Education years F (1, 11) = 0.39, p = .544, ηp
2 = 0.03 F (1, 11) = 0.57, p =.468, ηp

2 = 0.05 F (1, 11) = 9.04, p = .012*, ηp
2 = 0.45† 

WTAR F (1, 11) =0.68, p = .427, ηp
2 = 0.06 F (1, 11) = 0.38, p = .549, ηp

2 = 0.03 F (1, 11) = 0.50, p = .493, ηp
2 = 0.04 

DASS depression F (1, 11) = 3.47, p =.089, ηp
2 = 0.24† F (1, 11) = 0.45, p = .518, ηp

2 =0.04 F (1, 11) = 0.15, p = .706, ηp
2 = 0.01 

DASS anxiety F (1, 11) = 0.37, p = .556, ηp
2 = 0.03 F (1, 11) = 0.02, p =.905, ηp

2 = 0.001 F (1, 11) = 0.37, p = .556, ηp
2 = 0.03 

DASS stress F (1, 11) = 0.10, p = .764, ηp
2 = 0.01 F (1, 11) = 2.37, p = .152, ηp

2 = 0.18† F (1, 11) = 0.52, p = . 488, ηp
2 = 0.05 

AUDIT F (1, 11) = 0.68, p = .427, ηp
2 = 0.06a F (1, 11) = 6.6, p = .026*, ηp

2 = 0.38a† F (1, 11) = 0.17, p = .688, ηp
2 = 0.02a 

Alcohol use, past 30 days F (1, 11) = 0.03, p = .878, ηp
2 = 0.002a F (1, 11) = 4.86, p = .050*, ηp

2 = 0.31a† F (1, 11) = 1.48, p = .249, ηp
2 = 0.12a† 

Standard drinks per occasion, 

past 30 days 

F (1, 11) = 0.11, p = .749, ηp
2 = 0.01 F (1, 11) = 0.01, p = .925, ηp

2 = 0.001 F (1, 11) = 0.01, p = .925, ηp
2 = 0.001 

a Violated homogeneity of variance. 
* Statistical significance at p < .05.
† Values of ≥ 0.06 and ≥ .014 interpreted as moderate and large effect size, respectively.
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Table D3 

Self-Report Side Effects Questionnaire Data, n (%) 

Control Cannabis 

Side effect Sham Active Sham Active 

Headaches 

Absent 7.0 (87.5) 6.0 (85.7) 3.0 (100.0) 2.0 (100.0) 

Mild 1.0 (12.5) 1.0 (14.3) 

Moderate 

Severe 

Neck pain 

Absent 8.0 (100.0) 7.0 (100.0) 3.0 (100.0) 2.0 (100.0) 

Mild 

Moderate 

Severe 

Scalp pain 

Absent 8.0 (100.0) 6.0 (85.7) 3.0 (100.0) 2.0 (100.0) 

Mild 1.0 (14.3) 

Moderate 

Severe 

Tingling 

Absent 5.0 (62.5) 3.0 (42.9) 2.0 (66.7) 1.0 (50.0) 

Mild 3.0 (37.5) 3.0 (42.9) 1.0 (33.3) 

Moderate 1.0 (14.3) 1.0 (50.0) 

Severe 

Itching 

Absent 3.0 (37.5) 2.0 (28.6) 

Mild 5.0 (62.5) 4.0 (57.1) 3.0 (100.0) 1.0 (50.0) 

Moderate 1.0 (14.3) 1.0 (50.0) 

Severe 

Burning sensation 

Absent 6.0 (75.0) 6.0 (85.7) 2.0 (66.7) 2.0 (100.0) 

Mild 1.0 (12.5) 1.0 (14.3) 1.0 (33.3) 

Moderate 1.0 (12.5) 

Severe 

Skin redness 
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Absent 8.0 (100.0) 3.0 (42.9) 3.0 (100.0) 

Mild 4.0 (57.1) 2.0 (100.0) 

Moderate 

Severe 

Sleepiness 

Absent 2.0 (25.0) 5.0 (71.4) 1.0 (33.3) 

Mild 5.0 (62.5) 1.0 (14.3) 2.0 (66.7) 1.0 (50.0) 

Moderate 1.0 (12.5) 1.0 (14.3) 1.0 (50.0) 

Severe 

Trouble concentrating 

Absent 7.0 (87.5) 7.0 (100) 3.0 (100) 2.0 (100) 

Mild 1.0 (12.5) 

Moderate 

Severe 

Acute mood change 

Absent 7.0 (87.5) 6.0 (85.7) 3.0 (100.0) 1.0 (50.0) 

Mild 1.0 (14.3) 1.0 (50.0) 

Moderate 1.0 (12.5) 

Severe 

Note. Statistical significance not provided due to small n. 
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Table D4 

Mixed ANOVA Outcomes for the Iowa Gambling Task, with Group (Control, 

Cannabis) and Block (1, 2, 3, 4, and 5) 

dfbetween dfwithin F p ηp
2 

Group 1.00 18 2.04 .171 0.10 

Block 2.00† 35.80 19.57 < .001* 0.52 

Block x 

Group 

2.00† 35.80 3.25 .051 0.15 

* Statistically significant at p < .05.
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Table D5  

Means (M) and Standard deviations (SD) for Word Recall on the RAVLT 

between Groups (Cannabis, Controls), Treatment (Sham, Active) and Time (Pre-

tDCS, Post-tDCS) 

Treatment 

Sham Active 

Outcome Pre Post Pre Post 

Trial Ia 

Control 7.88 (2.10) 8.00 (2.33) 7.71 (1.79) 6.71 (2.05) 

Cannabis 6.67 (1.52) 6.33 (3.05) 7.50 (0.70) 8.00 (1.41) 

Trial II 

Control 11.12 (2.03) 10.00 (2.67) 10.00 (1.63) 10.00 (2.44) 

Cannabis 10.00 (1.73) 9.33 (2.30) 11.00 (1.41) 9.00 (1.41) 

Trial III 

Control 11.63 (1.99) 12.25 (2.55) 11.71 (1.89) 10.57 (2.22) 

Cannabis 11.00 (1.00) 11.00 (3.00) 12.50 (0.70) 12.50 (0.70) 

Trial IV 

Control 11.50 (1.92) 12.13 (2.41) 12.14 (1.95) 11.71 (1.89) 

Cannabis 11.67 (1.52) 12.00 (2.00) 13.00 (1.42) 12.00 (1.41) 

Trial V 

Control 12.38 (2.38) 13.00 (2.39) 13.14 (1.21) 13.14 (1.21) 

Cannabis 12.00 (2.64) 12.67 (0.57) 14.00 (0.00) 13.50 (2.12) 

Trial BI 

Control 6.50 (1.51) 6.38 (2.20) 7.57 (2.07) 6.71 (1.70) 

Cannabis 5.33 (2.30) 6.00 (2.00) 8.00 (1.41) 6.00 (0.00) 

Trial VI 

Control 10.50 (3.20) 10.88 (3.04) 11.14 (3.48) 11.29 (1.97) 

Cannabis 9.67 (3.05) 10.00 (2.64) 14.50 (0.70) 9.50 (0.70) 

Total learning (I to V)b 

Control 54.50 (9.18) 55.38 (10.75) 54.71 (6.87) 52.14 (8.64) 

Cannabis 51.33 (7.63) 51.33 (8.38) 58.00 (4.24) 55.00 (2.82) 

Interference (VI-V)c 

Control -1.88 (1.64) -2.13 (1.88) -2.00 (2.44) -1.86 (2.11)

Cannabis -2.33 (1.52) -2.67 (2.88) 0.50 (0.70) -4.00 (1.41)
a Trials I – V, BI, and VI are scored as the number of words recalled, out of 15 words. 
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b Total learning is calculated as the number of words recalled across trials I to V, out of 
75 words. 
c Interference is calculated as Trial VI minus Trial V, with lower scores below 0 
indicating greater word loss. 
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Table D6 

Pairwise Comparisons between RAVLT Trials for the Mixed Models Analysis 

Trial Trial Hedge’s g† p 

Trial I II 0.97† < .001* 

III 1.51† < .001* 

IV 1.66† < .001* 

V 2.02† < .001* 

BI 0.29 .040* 

VI 1.26† < .001* 

Trial II III 0.54† < .001* 

IV 0.69† < .001* 

V 1.05† < .001* 

BI 1.26† < .001* 

VI 0.29 .022* 

Trial III IV 0.14 .329 

V 0.51† .001* 

BI 1.80† < .001* 

VI 0.25 .064 

Trial IV V 0.36 .013* 

BI 1.95† < .001* 

VI 0.40 .005* 

Trial V BI 2.31† < .001* 

VI 0.76† < .001* 

† Moderate to large effect size denoted by Hedge’s g values > 0.50 and > 0.80, 
respectively. 
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Table D7 

Linear Mixed Model Results for Rey Auditory Verbal Learning Task (RAVLT) 

Controls and Cannabis Controls Only 

Test dfbetween dfwithin F p dfwithin F p 

Trials I-V, VI, and BI 

Treatment 1 20 0.71 .408 15 0.002 .961 

Group 1 20 0.02 .880 - - 

Time 1 260 3.82 .052 195 0.61 .436 

RAVLT Trial 6 260 80.15 < .001* 195 75.47 < .001* 

Treatment x Group 1 20 0.81 .378 - - - 

Treatment x Time 1 260 7.28 .007* 195 2.54 .113 

Treatment x RAVLT Trial 6 260 0.90 .495 195 1.50 .182 

Group x Time 1 260 1.43 .232 - - - 

Group x RAVLT Trial 6 260 0.39 .996 - - - 

Time x RAVLT Trial 6 260 0.74 .616 195 0.50 .807 

Treatment x Group x Time 1 260 1.33 .250 - - - 

Treatment x Group x RAVLT Trial 6 260 0.41 .874 - - - 

Treatment x Time x RAVLT Trial 6 260 0.74 .616 0.76 .605 

Group x Time x RAVLT Trial 6 260 0.89 .500 - - - 

Treatment x Group x Time x RAVLT Trial 6 260 1.32 .248 - - - 
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Total Score (Trials I to V, out of 75) 

Treatment 1 20 0.25 .624 15 0.13 .723 

Group 1 20 0.01 .943 - - - 

Time 1 20 0.44 .513 15 0.45 .513 

Treatment x Group 1 20 0.82 .375 - - - 

Treatment x Time 1 20 0.84 .371 15 1.86 .193 

Group x Time 1 20 0.03 .855 - - - 

Treatment x Time x Group 1 20 0.004 .950 - - - 

Interference (Trial VI minus V) 

Treatment 1 20 0.28 .605 15 0.01 .928 

Group 1 20 0.04 .839 - - - 

Time 1 20 5.31 .032* 15 0.01 .929 

Treatment x Group 1 20 0.19 .669 - - - 

Treatment x Time 1 20 3.10 .094 15 0.11 .744 

Group x Time 1 20 4.86 .039* - - - 

Treatment x Time x Group 1 20 4.52 .046* - - - 

* Statistical significance at p < .05.
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Table D8 

Estimated Marginal Means (M) and Standard Deviations (SD) for the Main Effect 

of Trial on the RAVLT, following Mixed Models Analysis 

n M SD 

Trial I 40 7.4 2.72 

Trial II 40 10.1 2.72 

Trial III 40 11.6 2.72 

Trial IV 40 12.0 2.72 

Trial V 40 13.0 2.72 

Trial BI 40 6.6 2.72 

Trial VI 40 10.9 2.72 

Note. SD was calculated from standard errors from the estimated marginal means table of 
the Mixed Models output, SD = SE x √ (n). Dependent variable is number of words 
recalled, out of 15. 
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Table D9 

Means (M) and Standard Deviations (SD) for Group, Treatment, and Time (Pre, 

Post) for Go/No-Go Outcome Measures 

Treatment 

Sham Active 

Measure Pre Post Pre Post 

Go RT, ms 

P-Go (block 1)

Control 459.5 (61.8) 488.5 (142.63) 463.0 (79.4) 465.5 (96.5) 

Cannabis 446.1 (38.4) 419.2 (12.9) 397.6 (23.1) 408.5 (7.5) 

R-Go (block 2)

Control 481.3 (86.3) 471.6 (90.6) 449.9 (34.9) 445.6 (48.4) 

Cannabis 456.4 (44.7) 422.3 (28.6) 407.9 (20.7) 424.7 (28.7) 

Omission Errors, % 

P-Go (block 1)

Control 0.01 (0.02) 0.001 (0.003) 0.01 (0.02) 0.01 (0.02) 

Cannabis 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.01 (0.01) 

R-Go (block 2)

Control 0.01 (0.03) 0.01 (0.01) 0.01 (0.02) 0.02 (0.02) 

Cannabis 0.00 (0.00) 0.003 (0.01) 0.00 (0.00) 0.00 (0.00) 

Commission Errors, % 

R-No Go (block 1)

Control 0.24 (0.14) 0.22 (0.20) 0.28 (0.18) 0.34 (0.20) 

Cannabis 0.16 (0.05) 0.22 (0.09) 0.22 (0.13) 0.09 (0.00) 

P-No Go (block 2)

Control 0.25 (0.12) 0.25 (0.22) 0.27 (0.16) 0.28 (0.16) 

Cannabis 0.29 (0.14) 0.27 (0.05) 0.25 (0.27) 0.13 (0.09) 
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Table D10 

Linear Mixed Model Results for the Go/No-Go Task 

Controls and Cannabis Controls only 

Test dfbetween dfwithin F p dfwithin F p 

Omission Errors 

Treatment 1 20 0.17 .683 15 0.45 .514 

Group 1 20 2.31 .144 - - - 

Time 1 60 0.004 .947 45 0.27 .609 

Block 1 60 0.51 .480 45 1.91 .174 

Treatment x Group 1 20 0.12 .732 - - - 

Treatment x Time 1 60 0.73 .397 45 1.91 .174 

Treatment x Block 1 60 0.42 .519 45 0.27 .609 

Group x Time 1 60 0.42 .519 - - - 

Group x Block 1 60 0.73 .397 - - - 

Time x Block 1 60 0.001 .947 45 0.04 .850 

Treatment x Group x Time 1 60 0.51 .480 - - - 

Treatment x Group x Block 1 60 0.004 .947 - - - 

Treatment x Time x Block 1 60 0.22 .643 45 0.04 .850 

Group x Time x Block 1 60 0.03 .859 - - - 

Treatment x Group x Time x Block 1 60 0.06 .803 - - - 
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Commission Errors 

Treatment 1 20 0.002 .965 15 0.56 .466 

Group 1 20 0.87 .364 - - - 

Time 1 60 0.93 .339 45 0.44 .513 

Block 1 60 1.46 .232 45 0.09 .769 

Treatment x Group 1 20 0.76 .393 - - - 

Treatment x Time 1 60 1.30 .259 45 0.83 .366 

Treatment x Block 1 60 1.60 .211 45 1.63 .208 

Group x Time 1 60 2.67 .108 - - - 

Group x Block 1 60 2.27 .138 - - - 

Time x Block 1 60 0.40 .528 45 0.07 .794 

Treatment x Group x Time 1 60 4.26 .043* - - - 

Treatment x Group x Block 1 60 0.001 .976 - - - 

Treatment x Time x Block 1 60 0.02 .876 45 0.63 .430 

Group x Time x Block 1 60 0.14 .713 - - - 

Treatment x Group x Time x Block 1 60 0.93 .340 - - - 

Reaction time to Go Targets 

Treatment 1 19.7 0.26 .615 14.8 0.05 .820 

Group 1 19.7 1.91 .182 - - - 

Time 1 58.7 0.01 .909 43.8 0.27 .608 

Block 1 58.7 0.41 .523 43.8 0.07 .788 
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Treatment x Group 1 19.7 0.06 .805 - - - 

Treatment x Time 1 58.7 0.83 .366 43.8 0.09 .791 

Treatment x Block 1 58.7 0.04 .843 43.8 0.004 .950 

Group x Time 1 58.7 0.50 .484 - - - 

Group x Block 1 58.7 0.11 .740 - - - 

Time x Block 1 58.7 0.24 .625 43.8 0.69 .409 

Treatment x Group x Time 1 58.7 1.59 .213 - - - 

Treatment x Group x Block 1 58.7 0.02 .900 - - - 

Treatment x Time x Block 1 58.7 0.40 .531 43.8 0.68 .414 

Group x Time x Block 1 58.7 0.21 .648 - - - 

Treatment x Group x Time x Block 1 58.7 0.10 .756 - - - 

* Statistical significance at p < .05.
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Table D11 

Means (M) and Standard Deviations (SDs) for Group, Treatment, and Time (Pre-

tDCS, Post-tDCS) for TMS Outcomes 

Treatment 

Sham Active 

TMS Measure Pre Post Pre Post 

Single MEP size (mV) 

Control 0.95 (0.52) 1.78 (0.85) 1.09 (0.38) 1.63 (1.68) 

Cannabis 3.16 (2.49) 3.22 (1.72) 1.20 (0.63) 2.53 (0.61) 

SICIa 

Control 0.57 (0.34) 0.56 (0.27) 0.38 (0.18) 0.29 (0.22) 

Cannabis 0.62 (0.31) 0.65 (0.23) 0.17 (0.17) 0.17 (0.08) 

ICFa 

Control 1.41 (0.68) 1.42 (0.67) 1.05 (0.28) 1.51 (0.57) 

Cannabis 1.21 (0.38) 1.27 (0.13) 1.81 (0.27) 1.33 (0.45) 
a For SICI and ICF, the dependent variable was the ratio between conditioning and test 
TMS pulse amplitudes. Ratios < 1.0 indicate cortical inhibition and ratios > 1.0 indicate 
facilitation.  
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Table D12 

Outcomes from Mixed ANOVA for Single MEP data 

dfbetween dfwithin F p 

Time 1 14 5.75 .031* 

Group 1 14 

Time x Group 1 14 0.00 .983 

Time x Treatment 1 14 0.74 .405 

Time x Group x Treatment 1 14 1.86 .194 

* Statistical significance at p < .05.
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Table D13 

Linear Mixed Model Outcomes for SICI and ICF TMS Measures 

Controls and Cannabis Controls only 

Test dfbetween dfwithin F p dfwithin F p 

Group 1 18.84 0.03 .869 - - - 

Treatment 1 18.84 1.04 .321 14.30 1.82 .198 

Time 1 55.16 0.01 .914 41.88 0.66 .423 

TMS Type 1 55.16 125.25 < .001* 40.22 82.97 < .001* 

Group x Treatment 1 18.84 0.29 .597 - - - 

Group x Time 1 55.79 1.11 .297 - - - 

Group x TMS Type 2 55.16 0.41 .525 - - - 

Treatment x Time 1 55.79 0.17 .685 41.88 0.56 .460 

Treatment x TMS type 2 55.16 6.66 .013* 40.22 0.17 .460 

Time x TMS Type 2 55.79 0.02 .879 40.22 1.92 .173 

Group x Treatment x Time 1 55.79 1.63 .207 - - - 

463



Group x Treatment x TMS Type 2 55.79 4.41 .040* - - - 

Group x Time x TMS Type 2 55.16 2.12 .151 - - - 

Treatment x Time x TMS Type 2 55.16 0.00 .997 40.22 1.72 .197 

Group x Treatment x Time x TMS 

type 

2 55.16 2.30 .135 - - - 

* Statistical significance at p < .05.
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Table D14 

Means (M) and Standard Deviations (SD) for Urinary Metabolites for Group 

(Cannabis, Control), Treatment (Sham, Active), and Time (Pre, Post) 

Treatment 

Sham Active 

Metabolite Pre Post Pre Post 

THC 

Control 4211526.9 

(1955509.8) 

2926958.8 

(1261295.2) 

3418465.0 

(2372581.1) 

2800853.0 

(2071422.9) 

Cannabis 7942589.6 

(3203831.7) 

4473361.1 

(511254.2) 

3815089.8 

(2476694.8) 

3293662.3 

(2767138.5) 

THC-COOH 

Control 3122230.4 

(1873310.9) 

2535847.2 

(1776725.2) 

2184694.2 

(630014.4) 

1616728.3 

(1079384.1) 

Cannabis 8068975.2 

(2348337.8) 

4599612.7 

(1673386.6) 

4098590.2 

(3175372.2) 

6502629.4 

(7336295.3) 

L-kynurenine

Control 317423068.8 

(371736731.7) 

218640998.7 

(277214942.0) 

56442011.6 

(35690725.6) 

39779268.0 

(25399343.0) 

Cannabis 133548676.0 

(22272039.6) 

71485651.8 

(64118452.5) 

162348448.0 

(193240188.4) 

285001910.6 

(379305841.5) 

L-glutamine

Control 35066224.3 

(24397996.1) 

39701558.2 

(30863897.9) 

26300576.2 

(19592848.6) 

17730801.8 

(9527489.4) 

Cannabis 34922409.4 

(5704716.4) 

34888030.6 

(31262555.5) 

46758658.7 

(1805463.2) 

88082606.3 

(60726324.2) 

Epinephrine 

Control 105458906.0 

(88564805.1) 

68162920.2 

(74538625.4 

78958468.0 

(23802994.8) 

53943555.2 

(29061368.7) 

Cannabis 150866140.2 

(126586085.3) 

143772258.5 

(189419247.4) 

51564531.5 

(49386652.7) 

52635557.1 

(46036781.9) 

Norepinephrine sulphate 

Control 25490766.7 

(20631562.9) 

15110712.7 

(15553889.9) 

20304812.2 

(38700934.0) 

4359524.2 

(7609233.6) 

Cannabis 59717281.0 30310004.2 39334868.6 58705516.0 
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(5657663.3) (42488878.6) (10916052.2) (81204678.5) 

Succinic acid 

Control 6980407.2 

(2616142.0) 

6629221.2 

(2986994.2) 

3824152.9 

(3539885.2) 

2655819.4 

(806314.1) 

Cannabis 5002602.7 

(1163350.9) 

4269376.5 

(2774428.6) 

7576707.1 

(1672275.3) 

8880097.9 

(9132595.5) 

Acetylcholine 

Control 16873119.8 

(20642571.9) 

17504825.2 

(19397399.9) 

79327559.4 

(166553482.1) 

55369700.5 

(94331936.8) 

Cannabis 68651876.6 

(29707718.1) 

21101721.1 

(23700487.7) 

15141454.6 

(10515191.9) 

34563728.9 

(13316047.1) 

L-Tyrosine

Control 30769755.2 

(29960041.5) 

19965542.9 

(17042555.6) 

7075872.3 

(2807058.1) 

5439708.1 

(1891481.4) 

Cannabis 20749265.9 

(14883897.1) 

11550899.4 

(2841713.5) 

21356781.7 

(20910422.0) 

27506946.5 

(35068363.1) 

Dopamine 

Control 26358446.4 

(13710611.2) 

22205211.3 

(11032008.9) 

17024855.6 

(12219029.6) 

12347858.9 

(9409123.3) 

Cannabis 44686216.0 

(3226508.0) 

28081976.6 

(21916889.3) 

29020243.0 

(7170484.1) 

29135203.1 

(19735151.2) 

Cortisol 

Control 10885157.2 

(6864937.8) 

7313406.8 

(3313280.8) 

7000275.9 

(4286639.5) 

5586140.0 

(4518137.1) 

Cannabis 14689105.1 

(1759172.9) 

9005327.7 

(5853002.2) 

8897881.1 

(5674977.1) 

7995757.3 

(6963732.1) 
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Table D15 

Mixed ANOVA Outcomes for Urinary Metabolites 

Controls and Cannabis Controls only 

Test dfbetween dfwithin F p dfwithin F p 

L-kynurenine

Time 1 14 0.27 .614 12 6.79 .023* 

Group 1 14 0.001 .971 - - - 

Treatment 1 14 0.13 .971 12 2.70 .126 

Group x Treatment 1 14 1.54 .235 - - - 

Time x Group 1 14 2.73 .121 - - - 

Time x Treatment 1 14 6.28 .025* 12 3.43 .089 

Time x Group x Treatment 1 14 0.93 .352 - - - 

L-glutamine

Time 1 14 1.55 .234 12 0.11 .743 

Group 1 14 3.07 .102 - - - 

Treatment 1 14 0.49 .496 12 1.27 .282 

Group x Treatment 1 14 3.82 .071 - - - 

Time x Group 1 14 2.27 .154 - - - 

Time x Treatment 1 14 0.88 .365 12 1.27 .282 

Time x Group x Treatment 1 14 3.30 .091 - - - 
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Succinic acid 

Time 1 14 0.06 .813 12 0.87 .371 

Group 1 14 0.92 .354 - - - 

Treatment 1 14 0.00 .993 12 8.62 .012* 

Group x Treatment 1 14 5.92 .029* - - - 

Time x Group 1 14 0.28 .604 - - - 

Time x Treatment 1 14 0.10 .761 12 0.25 .626 

Time x Group x Treatment 1 14 0.53 .481 - - - 

Norepinephrine sulfate 

Time 1 14 1.09 .314 12 4.85 .048* 

Group 1 14 5.66 .032* - - - 

Treatment 1 14 0.02 .880 12 0.55 .473 

Group x Treatment 1 14 0.22 .650 - - - 

Time x Group 1 14 0.22 .647 - - - 

Time x Treatment 1 14 1.54 .235 12 0.22 .650 

Time x Group x Treatment 1 14 2.43 .141 - - - 

Epinephrine 

Time 1 14 4.98 .043* 12 25.73 <.001* 

Group 1 14 0.30 .590 - - - 

Treatment 1 14 1.90 .189 12 0.35 .566 

Group x Treatment 1 14 0.80 .387 - - - 
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Time x Group 1 14 3.37 .087 - - - 

Time x Treatment 1 14 0.45 .515 12 1.00 .337 

Time x Group x Treatment 1 14 0.02 .895 - - - 

L-Tyrosine

Time 1 14 0.90 .358 12 2.69 .127 

Group 1 13 0.20 .664 - - - 

Treatment 1 14 0.29 .600 12 4.18 .064 

Group x Treatment 1 14 1.84 .196 - - - 

Time x Group 1 14 0.33 .574 - - - 

Time x Treatment 1 14 2.26 .155 12 1.46 .250 

Time x Group x Treatment 1 14 0.14 .710 - - - 

Dopamine 

Time 1 14 7.28 .017* 12 7.18 .020* 

Group 1 14 3.99 .066 - - - 

Treatment 1 14 1.63 .223 12 2.42 .146 

Group x Treatment 1 14 0.03 .865 - - - 

Time x Group 1 14 0.67 .428 - - - 

Time x Treatment 1 14 2.98 .106 12 0.03 .876 

Time x Group x Treatment 1 14 3.38 .087 - - - 

Cortisol 

Time 1 14 7.03 .019* 12 5.44 .038* 
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Group 1 14 0.85 .373 - - - 

Treatment 1 14 1.36 .264 12 1.28 .280 

Group x Treatment 1 14 0.01 .913 - - - 

Time x Group 1 14 0.13 .719 - - - 

Time x Treatment 1 14 2.52 .134 12 1.02 .333 

Time x Group x Treatment 1 14 0.36 .557 - - - 

Acetylcholine 

Time 1 14 0.88 .365 12 0.77 .399 

Group 1 14 0.03 .871 - - - 

Treatment 1 14 0.11 .742 12 1.19 .297 

Group x Treatment 1 14 0.61 .447 - - - 

Time x Group 1 14 0.02 .932 - - - 

Time x Treatment 1 14 0.60 .453 12 2.62 .247 

Time x Group x Treatment 1 14 2.78 .118 - - - 

* Statistical significance at p < .05.
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Ethics amendment approval: Study 4 

Dear Dr Garry, 

Ethics Ref: H0017713 
Title: Pilot Study: Transcranial direct current stimulation for enhancing cognitive functioning 
in long-term cannabis users 

This email is to confirm that the following amendment was approved by the Chair of the 
Tasmanian Health and Medical Human Research Ethics Committee on 12/12/2019: 

Protocol Protocol v1.4 0611019 
Information Sheet PICF v1.4 06112019 
Miscellaneous H0017713 Combined appendices v1.4 

All committees operating under the Human Research Ethics Committee (Tasmania) Network 
are registered and required to comply with the National Statement on Ethical Conduct in 
Human Research (NHMRC 2007, updated 2018). 

Please be reminded that all ethical approvals granted are subject to conditions as required 
by the National Statement. A copy of the conditions of approval is available at 
http://www.utas.edu.au/research-admin/research-integrity-and-ethics-unit-rieu/human-
ethics/human-research-ethics-review-process/managing-your-ethics-approved-projects 

Kind regards, 

Erin Dyson  
Executive Officer 
Human Ethics 
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Pilot Study: Transcranial direct current stimulation for enhancing 
cognitive functioning in long-term cannabis users 

Before you decide whether to participate in this study, it is important to understand why 
the research is being done and what it will involve. Please take the time to read the 

following information carefully and discuss it with the researchers if you wish. 

1. Invitation

You are invited to participate in this research studying the effects of brain stimulation 
on mental abilities (like memory and the ability to stop actions). Brain stimulation is 
non-invasive (does not involve objects being inserted into your body). You will be 
asked to undergo EITHER one session of brain stimulation OR placebo (fake) 
stimulation. You will not know which you will receive. 

The main aim of the study is: 

A) To see if one session of brain stimulation can enhance mental abilities,
such as learning and the ability to stop actions, in people who use
cannabis and people who do not use cannabis (‘control’ group)

B) To see if brain stimulation causes changes in how the brain works (how
active the cells in the brain are)

C) To see if brain stimulation is related to metabolic (chemical) changes in
urine

This study is being conducted by:  

Lead investigator: Dr Michael Garry 

Co-investigators: Dr Christine Padgett, and Associate Professor Glenn Jacobson. 

Student Investigator: Monica Lovell, PhD candidate 

2. What is the purpose of this study?

The aim of this study is to investigate whether brain stimulation improves mental 
abilities in people who use cannabis compared to people who do not use cannabis. 
The findings will help improve our knowledge for the treatment of mental ability 
problems, particularly in people who use cannabis.  

3. Why have I been invited to participate?

You have been invited to participate in the study if:

A. You have used cannabis regularly (1+ day a week) for 1+ years, and currently
use cannabis, OR

472



V1.4 (06/11/2019) 

2 

B. You do not currently use cannabis or other illicit drugs

To be included, you must not have used illicit drugs in the past 30 days prior to your 
face-to-face research session (except for cannabis in the cannabis group) 

Your participation in the study is voluntary and you may withdraw from the study at 
any point. There will be no unfavourable consequences if you decide you no longer 
want to participate in the study.  

4. What will I be asked to do?

If you agree to participate in this study, you will be screened for eligibility via an 
online questionnaire. If eligible, you will be invited to attend a research session at the 
University of Tasmania Sandy Bay Campus. The research session will take 
approximately 2 hours to complete. Prior to the research session, you will be asked 
to complete another online survey (about 5-10 minutes long).  

All participants will be required to avoid illicit substances/drugs in the 30 days before 
the research session. All participants will also be asked to avoid alcohol 24+ hours 
before the research session. For those who use cannabis, you will be asked to avoid 
using cannabis 24+ hours before the research session. If you appear 
intoxicated/drunk from any type of substance at the research session, you will be 
asked to leave and return at a later date when you are sober. We ask you to fast 
from food (and caffeine) in the 2 hours prior to the research session.  

In the research session, you will be asked to do a test of overall mental/cognitive 
ability. It is okay if you do not want to answer particular questions, just tell us and we 
can skip those questions. You will be asked to complete a single session (20 
minutes) of brain stimulation, called transcranial direct current stimulation (tDCS). 
tDCS is considered to be well-tolerated and is non-invasive (does not involve objects 
being inserted into the body). Whilst this method does not involve objects being 
inserted into the body, it does use electric waves that are applied to the skin on your 
scalp using small electrodes.  

You will be asked once to complete a test measuring decision making with money 
(takes about 10 minutes to complete). You will be asked twice (once before and 
once after brain stimulation) to complete tests that assess mental abilities such as 
learning and memory and the ability to stop actions (inhibitory control; takes about 10 
minutes to complete). You will be allowed to have breaks between the tests but no 
food or drink should be consumed apart from water during the testing. You can eat 
food after testing is complete (you are welcome to bring your own food). 

Before and after the session of brain stimulation, you will be asked to do a test that 
measures how the brain is working, called Transcranial Magnetic Stimulation 
(TMS), which is well-tolerated and non-invasive (does not involve objects being 
inserted into the body). A non-permanent marker will be used to mark a spot on your 
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head, which is removed afterwards with alcohol wipes. A magnetic pulse will be 
applied to this spot to stimulate the area of the brain that controls hand movements. 
This will cause a short activation of the muscles of the hand. We will measure the 
size of this activity through sticky sensors placed on the skin of the hand using a 
technique called electromyograph (EMG).   

You will be asked once before brain stimulation and once shortly after brain 
stimulation to provide a urine sample in a cup. The sample will be given a number 
code (e.g., CHT001. Your name will not be on the cup). The urine will be analysed in 
secure laboratories at the University of Tasmania for chemical markers that may 
relate to how the brain is working. Information gained from the urine sample will not 
be diagnostic (i.e., will not be used to diagnose illness). Your urine sample will be 
stored in a freezer until analysed and will be destroyed at study completion. If you 
change your mind about allowing us to analyse your urine sample, we can destroy 
your urine sample if we have not already analysed it. 

Your urine sample will be used to measure the following metabolites (chemicals) to 
identify if they are associated with mental abilities/cognitive function:  

Gamma y-aminobutyric 
acid 

L-glutamine
Succinic acid

Alpha-ketoglutaric acid 

Catecholamines (e.g., 
dopamine)  

D,L-tryptophan 
L-tyrosine
p-tyramine

Serotonin 
L-kynurenine
L-ornithine

5. Are there any possible benefits from participation in this study?

Participating in the study does not guarantee you any benefit. However, this study 
will increase knowledge about the treatment of cognitive/mental ability problems 
(specifically problems linked to long-term cannabis use) and if chemicals 
(biomarkers) in urine can measure mental ability.  

First year psychology students will have the option of receiving 2 hours course credit 
OR receiving a $30 gift voucher. Non-first year psychology students will receive a 
$30 gift voucher for participation. The results of this study will have no implications 
for the legalisation of cannabis.  

6. Are there any possible risks from participation in this study?

To ensure your own safety, you must not participate in the study if you have any of 
the following:  

1. Epilepsy, history of epilepsy, family history of epilepsy
2. Pregnancy or suspected pregnancy
3. Diagnosed mental condition (e.g., PTSD, major depressive disorder,

anxiety)
4. Physical health conditions (e.g., heart problems)
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5. Taking medications such as benzodiazepines (e.g., Xanax),
antipsychotics, antidepressants (e.g., Endep), or mood stabilisers (e.g.,
lithium) OR medications for heart/cardiac problems (beta-blockers)

6. Have ever had neurosurgery
7. Have metal implants in your face or head (such as cochlear implant;

aneurysm clips)
8. Pacemaker
9. Skin conditions or injuries/burns on the scalp (e.g., eczema, psoriasis,

sun burn)
10. Do not speak or read English and cannot fully understand the study

tDCS: You may experience some mild skin irritation or itchiness on your scalp. 
This typically lasts 20 minutes. You might feel a light tingling under the scalp from 
the brain stimulation but this should not be painful. There are some other less 
common side effects like: headaches (11% of people), fatigue (35% of people), 
burning sensation (8.7% of people), and nausea (2.9% of people). Reviews on tDCS 
safety have concluded that tDCS is a safe medical device that has not produced 
serious adverse effects or irreversible injury in more than 33,000 sessions and 1,000 
participants. If you are feeling fatigued or unwell, avoid using heavy machinery and 
driving to ensure safety. It is essential that you tell the researcher if you do not feel 
well. 

The use of electrodes (small conductor of electricity) may cause minor irritation 
because 1) your hand (regarding TMS electrodes) and forehead (tDCS electrodes) 
will be cleaned with alcohol wipes and abrasive gel to ensure your skin is clean, and 
2) the electrodes are stuck to the skin of your hand with stickers that will be
removed, as gently as possible, afterwards.

This is what tDCS looks like 

TMS.  You may feel some mild discomfort as there will be a slight ‘tapping’ sensation 
occasionally on your head (like someone is tapping a finger on your head). People 
differ in their response to TMS; some people tolerate it very well but other people 
dislike it. People may experience slight contraction of their hand muscle, which 
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should not be painful. Sometimes people may experience headaches and on rare 
occasions a person may faint. There is an extremely small risk of seizure in some 
individuals. To ensure your safety, it is essential for you to report as accurately 
as possible on our safety screening questionnaires and let the researcher 
know if you are experiencing any unwanted effects. First Aid procedures will be 
followed, where appropriate. 

We will need to mark the location for the brain stimulation which will be done with a 
non-permanent marker on your skin (which may get on your hair). Any marks can be 
removed afterwards with an alcohol swab. 

You will be encouraged to stay at the Laboratory for around 10 minutes after 
participation to ensure your safety.  

This is what TMS looks like 

There may be risks involved in participating in the study concerning illicit substance 
use, however, these risks are similar to those involved in treatments for substance 
use.  

Help Services 

This study involves asking some questions about your mood; if this 
causes you distress then you should seek assistance.   

If your distress is an emergency then phone 000 for emergency services or 24/7 
hotlines such as Lifeline (13 11 14)  

General help: 
- For non-emergency, cost-free psychological services (no referral needed)

contact the University of Tasmania Psychology Clinic (email:
clinic@psychology.utas.edu.au or 62262805).

- Speak to your personal GP if you have concerns about any health or mental
health issues raised during this study

- Counselling online (https://www.counsellingonline.org.au/)

476

https://www.counsellingonline.org.au/


V1.4 (06/11/2019) 

6 

- Beyond Blue (1300 22 4636).

Substance-related help: 
- Cannabis Support, Australian website (https://cannabissupport.com.au/)
- Holyoake Drug and Alcohol Support Service (email:

clientservices@holyoake.org.au, ph: 6224 1777)
- The Salvation Army Bridge Program (inpatient and outpatient services, ph:

62 322 900)

Substances: The other aspect of risk involves legal issues relating to substance 
use. This project involves asking you questions about your use of illicit substances. 
Like any study, we will protect your confidentiality. However, if any legal situations 
arise then we may be obligated to disclose information we have obtained. For 
example, substance use information might be considered necessary for criminal 
investigations or Family Court issues. If this situation does arise then we will do our 
best to notify you before disclosing the necessary information. To our knowledge, 
researchers in this institution have not been required by law to provide information. 
As described below, any information you provide will be linked with a study ID (e.g. 
ACX747) to avoid identification. 

Driving and Cannabis: Please ensure 24 hours or more have passed 
since your last use of cannabis, and other intoxicating substances 
(including alcohol). If you intend on driving to your research session at 
Sandy Bay there may be a chance of being ‘under the influence’ if you 
have used cannabis in the hours before driving. It is your responsibility 
to drive safely. Contact the researcher in advance of your research 
session if you have used cannabis more recently than in the last 24 
hours. Your research session may need to be rescheduled to a time 
when intoxication has passed.  

Visit https://cannabissupport.com.au/stoned-driving/faq/ for more information on 
driving and cannabis 

7. What if I change my mind during or after the study?

Participating in this study is voluntary, and you are free to withdraw at any time. You 
do not need to provide an explanation for leaving the study. Your data may still be 
used in the study if you withdraw but you will not be directly identifiable from this 
information. If you do not want your data included, contact the Student Investigator. If 
you want to participate but do not feel comfortable answering particular questions, 
then you can skip questions or certain aspects of the study; you don’t need to 
provide a reason for why you do not want to answer questions. 
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*The analysis of your urine will only provide information on biomarkers, linked to mental ability,
that are naturally occurring compounds in the body

8. What will happen to the information when this study is over?

Data from this study, including the data from your urine sample* (but not the urine 
sample itself) will be kept at the University of Tasmania either in a locked cabinet or 
password protected on a computer. This information will be kept for a minimum of 15 
years. After 15 years, all paper documents will be shredded and electronic files will 
be permanently deleted. 

All information obtained from the study is confidential. Potentially identifying 
information, such as your consent form, will be kept in a locked filing cabinet to which 
only project staff will have access. Your data will be re-identifiable which means that 
a code will be used on all data you provided, but this can be linked back to your 
name. Any information collected via survey will only be accessible by password by 
the research team and only a participant code will be used with any surveys. Any 
urine samples collected will be respectfully disposed of following completion of 
relevant tests; urine samples are generally stored for a maximum of 24 hours in 
refrigeration.  

When this study is over, you will no longer be provided with brain stimulation by the 
University of Tasmania. If you wish to have treatment for cannabis-related problems 
then speak to your GP. Please note that brain stimulation is not yet a typical 
treatment used for people who use cannabis or anyone with mental ability problems. 
If you are worried your mental abilities are poor, discuss this with your GP. 

You will be given the option of requesting to receive a general summary of your 
cognitive test results after participating in the study. You may or may not find that 
these results benefit you. It will include information such as levels of depression, 
anxiety, and stress and verbal ability. This information will not be able to diagnose 
any problems. 

9. How will the results of the study be published?

It is intended that the results of this study will be published in one or more peer-
reviewed journal article and in a PhD thesis. If you want to know the results of the 
study, you can contact the Student Investigator (Monica.Lovell@utas.edu.au) or 
chief Investigator (Michael.Garry@utas.edu.au). The results of the study may be 
presented at a conference or in a scientific publication, but individual participants will 
not be identifiable in such presentations. Any study publications arising from this 
study will be available on the University of Tasmania publications repository, WARP 
(https://rmdb.research.utas.edu.au/public/rmdb/q/warp_home) 

10. What if I have questions about this study?

If you have any questions or concerns about this study, contact:

Student Investigator, Monica Lovell at Monica.Lovell@utas.edu.au
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or Lead Investigator Dr Michael Garry at Michael.Garry@utas.edu.au 

This study has been approved by the Tasmanian Health and Medical Human 
Research Ethics Committee. If you have concerns or complaints about the conduct 
of this study, please contact the Executive Officer of the HREC (Tasmania) Network 
on +61 3 6226 6254 or email human.ethics@utas.edu.au. The Executive Officer is 
the person nominated to receive complaints from research participants. Please quote 
ethics reference number [H0017713]. 

Thank you for showing interest in participating in this study. This Information 
Sheet is for you to keep. If you wish to participate in the study, please read and 
sign the Consent Form.
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Pilot Study: Transcranial direct current stimulation for enhancing cognitive 
functioning in long-term cannabis users 

CONSENT FORM 

1. I agree to take part in the research study named above.

2. I have read and understood the Information Sheet for this study.

3. The nature and possible effects of the study have been explained to me.

4. I understand that the study involves two online surveys and one session (taking
approximately 2 hours) where I will receive brain stimulation, undergo tests of mental
abilities, and provide 2 urine samples.

5. I understand that participation involves the risk(s) that I might feel mild skin irritation
or itchiness, headache, discomfort, and/or fatigue, or fainting (rare) which will be
monitored by the Researcher. There is a possibility I might feel self-conscious or
distressed by answering mental health and substance use related questions,
however, I can refuse to answer questions if I wish.

6. I understand that all research data will be securely stored on the University of
Tasmania’s premises (either in hard copy paper format or electronic format that will
be password protected on a secure network drive) for 15 years from the publication
of the study results, and will then be destroyed

7. Any questions that I have asked have been answered to my satisfaction.

8. I understand that the researcher(s) will maintain confidentiality and that any
information I supply to the researcher(s) will be used only for the purposes of the
research. I understand that some information might be considered necessary for
subpoenas (criminal investigations or Family Court issues), however, the University
has no legal obligation to provide such information.

9. I understand that the results of the study will be published so that I cannot be
identified as a participant.

10. I understand that my participation is voluntary and that I may withdraw at any time
without any effect.

11. I understand it is my responsibility to ensure safe transport and I acknowledge it is
illegal to drive under the influence of substances and I may be road-side tested at
any time under the Road Traffic Act 1974

12. If I so wish, I may request that any data I have supplied be withdrawn from the
research until one week following participation.

Participant’s name:  _______________________________________________________ 

I request a non-diagnostic summary of my cognitive test results:   YES   /   NO (circle) 

Preferred method of receiving cognitive test results (e.g., email): _________________ 
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First year psychology students only – choice: Course-credit             Gift Voucher  

Participant’s signature: ____________________________________________________ 

Date:  ________________________ 

Statement by Investigator 

I have explained the project and the implications of participation in it to this 
volunteer and I believe that the consent is informed and that he/she understands 
the implications of participation. 

If the Investigator has not had an opportunity to talk to participants prior to them participating, 
the following must be ticked. 

The participant has received the Information Sheet where my details have been 
provided so participants have had the opportunity to contact me prior to consenting 
to participate in this project. 

Investigator’s name:  _______________________________________________________ 

Investigator’s signature: ____________________________________________________ 

Date:  ________________________ 
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