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Possibly orally transmitted from before circa 2000 B.C., the first written evidence of a role of
cannabis in health and disease dates back to Chinese medicine texts of the first to second century
B.C. [1]. Between the 12th and the 13th century C.E., the detrimental effects of cannabis on mental health
were first reported by the physician Iban Beitar [2]. Later in 1845, the French psychiatrist Jacque-Joseph
Moreau described such effects as “acute psychotic reactions, generally lasting but a few hours,
but occasionally as long as a week; the reaction seemed dose-related and its main features included
paranoid ideation, illusions, hallucinations, delusions, depersonalization, confusion, restlessness,
and excitement. There can be delirium, disorientation, and marked clouding of consciousness” [3].
Such evidence suggested a potential role of cannabis in the pathophysiology of psychosis and other
mental disorders, as later corroborated by research studies performed over the last 50 years [4].

Now, in the 21st century, while the medicinal properties of cannabis are also under scrutiny
through appropriate clinical development, testing and approval process, we are bombarded by claims
about cannabis products that are sold over-the-counter with the promise to cure or prevent disease,
improve health, and restore functioning. This has led to the question whether and why a drug like
cannabis could be both a poison and an antidote. Much of the debate has been on the detrimental
and potentially therapeutic effects of cannabis on brain and related behavior, with implications for a
number of neuropsychiatric disorders [5].

Despite such apparent discrepancy, in recent times we have seen a considerable progress in
our understanding of the role of specific cannabis ingredients and patterns of use for brain function,
its neurobiology, and related behavior [6–10]. The chapters in this volume are but a sampling of the
latest research evidence on the role of cannabis and its compounds in brain function and dysfunction
as well as normal and aberrant behavior. Attention is also given to studies investigating how cannabis
compounds may accelerate or prevent and even treat neuropsychiatric disorders.

Cognitive dysfunction as a consequence of cannabis use has been one of the hypotheses mostly
investigated, even in this Special Issue, but also one of those mostly debated, due to conflicting
evidence in both health and disease. Blest-Hopley et al. performed a systematic review of human
studies investigating whether cannabis users and non-users differ in terms of memory-related brain
functioning and related task performance. The authors found that cannabis use tends to be associated
with poorer performance possibly underpinned by altered functioning of a wide network of brain
substrates. However, they suggest that such evidence is far from unequivocal, due to difficulties
in drawing conclusions from highly heterogeneous studies in terms of level and type of cannabis
exposure, use during developmentally sensitive periods such as adolescence, and duration of abstinence,
if any [11]. In order to clarify the effects of problematic cannabis use among young adults from both
the neurophysiological and neurocognitive point of view, Imperatori et al. investigated triple-network
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electroencephalographic (EEG) functional connectivity in a case-control study. Results revealed an
increased delta connectivity between the salience network and central executive network in the
context of problematic cannabis use, specifically between the dorsal anterior cingulate cortex and
right posterior parietal cortex. Such alteration, which is thought to regulate the general access to
cognitive functions and to explain the development of psychopathological symptoms across multiple
mental disorders, correlated with the severity of problematic cannabis use after controlling for
the confounding effect of age, sex, educational level, tobacco use, problematic alcohol use, and
general psychopathology [12]. In another case-control study among young adults, Shevorykin et
al. investigated whether frontal alpha asymmetry (FAA), which is a measure of approach bias and
inhibitory control, differs between cannabis users and healthy controls. Electroencephalographic
measures revealed different patterns between the two groups, with healthy controls exhibiting greater
relative right activity, that is associated with withdrawal-related tendencies, when exposed to cannabis
cues during the filtering task. In contrast, cannabis users exhibited greater relative left frontal activity,
which is associated with approach-related tendencies, independent of the cue. According to the
authors, such a difference in using the behavioral inhibition system (BIS) and the behavioral activation
system (BAS) may reflect a different organization of cognitive resources among cannabis users, with
implication for emotions and behavior [13]. In another study, Sullivan et al. investigated structural
brain abnormalities in the context of adolescent and adult cannabis use, finding larger cuneus surface
area (SA). However, when clustering by gender, male cannabis users exhibited smaller SA and less
complex local gyrification index (LGI) in frontal, cingulate and parietal regions, while female cannabis
users tended to present with the opposite pattern. Moreover, independent of cannabis use, increased
aerobic fitness was associated with more complex LGI and larger SA across different brain regions,
possibly reflecting a superior cognitive functioning as a consequence of aerobic exercise which may
mitigate the negative impact of chronic cannabis use on neurocognition [14]. Complementing this
work, based on the evidence of a role of the endocannabinoid system in memory function as well as of
an exercise–memory relationship, Loprinzi et al. proposed a model in which the endocannabinoid
system may, at least in part, subserve the effects of exercise on memory function, through a number of
endocannabinoid signaling mechanisms related to long-term potentiation, production of neurotrophic
factors, and cellular neurogenesis. Its potential mechanistic paradigm, for instance, whether the site of
cannabinoid receptor type 1 activation (e.g., gamma-aminobutyric acid (GABA)-ergic, glutamatergic)
moderates the exercise–memory relationship, remains to be investigated [15]. Colizzi et al. discussed
the importance of interpreting different lines of research evidence on cannabis and cognition altogether,
including preclinical versus clinical evidence, acute versus long-term effects, occasional versus regular
exposure, and organic versus synthetic cannabinoids, as a strategy to overcome the risks of interpreting
the phenomenon based only on partial data. Their reappraisal concludes that earlier age of use,
high-frequency and high-potency cannabis use, as well as sustained use over time and use of synthetic
cannabinoids, are all correlated with a higher likelihood of developing potentially severe and persistent
executive function impairments, as also corroborated by additional evidence from both structural and
functional brain alterations associated with cannabis use. The authors call for attention regarding
the effects that cannabis use may have in patients with neuropsychiatric conditions, whose cognitive
function may already be less proficient as consequence of the underlying pathology [16].

Another recurring question in the field of cannabis and neuropsychiatry is whether the association
between cannabis use and psychosis observed in many studied should be interpreted as cannabis
use being a causal component in the development of psychosis [4]. Two studies published in
this Special Issue advanced our understanding of the phenomenon. Colizzi et al. performed a
double-blind, randomized, placebo-controlled crossover study where healthy young adults with
modest previous cannabis exposure were acutely exposed to cannabis’ key psychoactive ingredient,
delta-9-tetrahydrocannabinol (Δ9-THC). Under such controlled experimental conditions, Δ9-THC
elicited symptomatic manifestations that resembled those observed in psychosis in most of the
participants, with one in five presenting with moderate to severe symptoms. Symptoms tended to
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quickly self-resolve; however, nearly one-third of the volunteers experienced mild symptomatic effects
that lasted for at least 2.5 h [17]. van der Steur et al. performed a systematic review of the factors
that may increase the risk of psychosis among cannabis users. They found that frequent cannabis use,
especially on a daily basis, and the consumption of high-potency varieties, with high concentrations of
Δ9-THC, are both associated with a higher risk of developing psychosis. Moreover, a common genetic
background resulted to predispose to psychotic disorders as well as cannabis use, especially genetic
variations in dopamine signaling. Finally, cannabis use was reported to be associated with an earlier
onset of psychosis and to increase the risk of transition in individuals at clinical high risk of psychosis,
thus potentially accelerating the cascade of neurobiological events leading to the manifestation of the
disorder [18].

Another line of research is interested in investigating the psychobiological reasons for continuing
using cannabis despite the potential experience of detrimental effects [19]. May et al. investigated the
role of negative reinforcement by using the Cue Breathing fMRI paradigm which pairs a cue reactivity
task with anticipation and experience of an unpleasant interoceptive stimulus, an inspiratory breathing
load. Adolescents whose cannabis use reflected a substance use disorder experienced the aversive
breathing load differently than experimental users and controls. However, instead of exhibiting an
exaggerated activation in brain regions implicated in interoception and emotion regulation, as expected
by the authors, the experience of the aversive interoceptive probe resulted in a greater deactivation
across such regions. Moreover, findings did not support the hypothesis that cannabis use would
be driven by negative reinforcement, as viewing substance images did not dampen uncomfortable
sensations. On the contrary, results pointed in the direction of a positive reinforcement, such as
increased sensation-seeking and reward responsivity, at least in adolescence [20]. A further study
performed among African Americans in economically challenged areas found that current use of
cannabis is more common in younger, healthier, less obese, and less educated African American older
adults. In particular, findings suggest that African American older adults do not use cannabis to
alleviate chronic disease, pain, or depression, and its use does not necessarily co-occur with cigarette
smoking and alcohol drinking [21]. While these studies add to the increasing evidence against a
self-medication hypothesis of cannabis use among both young and older people, the debate is still open.

Last but not least, cannabis use has seen a huge increase in its licit production, growing
from 1.4 tons in 2000, mainly for purposes of scientific research, to 211.3 tons by 2016, due to
the increasing implementation of medicinal programs with cannabis-related medicinal products for a
wide range of neuropsychiatric conditions [5]. Aviram et al. reported the results of a cross-sectional
questionnaire-based study aimed to investigate the impact of treatment with medical cannabis in people
suffering from migraine. Medical cannabis resulted in long-term reduction of migraine frequency
in >60% of treated patients, also reducing migraine disability severity and migraine analgesics
consumption. Based on treatment response, indexed as a decrease in monthly migraine attacks
frequency≥50%, authors were able to identify a specific strain with potential benefits, containing higher
doses of the phytocannabinoid ms_373_15c and lower doses of the phytocannabinoid ms_331_18d.
As stated by the authors themselves, the anti-migraine effect of such phytocannabinoids and whether
they are biological active will have to be elucidated in future studies [22]. This Special Issue also
hosts the study protocol of a randomized controlled trial aiming to evaluate the efficacy of adjunctive
dronabinol (licensed form of Δ9-THC) at the doses of 5 to 30 mg/die versus control (systemic analgesics
only) for reducing opioid consumption in adults aged 18–65 years with traumatic injury [23].

We hope that the topics addressed in this Special Issue will result in new studies that will help
further understanding the increasing role of cannabis and its components in neuropsychiatric health
and disease. Thanks to such studies, we believe that in the near future we will witness important and
exciting advances in the field of cannabis-related pharmacological treatments. Stay tuned.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Cannabis has been associated with deficits in memory performance. However, the neural
correlates that may underpin impairments remain unclear. We carried out a systematic review of
functional magnetic resonance imaging (fMRI) studies investigating brain functional alterations in
cannabis users (CU) compared to nonusing controls while performing memory tasks, complemented
with focused narrative reviews of relevant preclinical and human studies. Twelve studies employing
fMRI were identified finding functional brain activation during memory tasks altered in CU.
Memory performance studies showed CU performed worse particularly during verbal memory tasks.
Longitudinal studies suggest that cannabis use may have a causal role in memory deficits. Preclinical
studies have not provided conclusive evidence of memory deficits following cannabinoid exposure,
although they have shown evidence of cannabinoid-induced structural and histological alteration.
Memory performance deficits may be related to cannabis use, with lower performance possibly
underpinned by altered functional activation. Memory impairments may be associated with the level
of cannabis exposure and use of cannabis during developmentally sensitive periods, with possible
improvement following cessation of cannabis use.

Keywords: cannabis; memory; functional magnetic resonance imaging; THC; systematic review

1. Introduction

Cannabis is the most-used illicit drug worldwide [1], with many beginning to use it during
their adolescent years [2,3]. Acute effects of the drug have been shown on cognitive performance,
particularly in the domain of memory [4], with impairments being observed in all aspects of memory
function, such as encoding, storage, and recall [5,6]. In addition to evidence about its acute effects,
meta-analytic evidence has documented that long-term use of cannabis is associated with memory
deficits [7].

Brain-structural alterations in cannabis users have been previously attributed to underlie deficits
in memory performance. Reduced hippocampal volumes have been observed in cannabis users [8–10],
with some studies showing evidence of a dose-dependant effect [11–13]. Along with this, cannabis users
have shown volume reductions in the medial temporal cortex, particularly in the parahippocampal
gyrus and temporal pole [14], as well as decreased cortical thickness in the orbital frontal cortex [14–17],

Brain Sci. 2020, 10, 102; doi:10.3390/brainsci10020102 www.mdpi.com/journal/brainsci7
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frontal gyrus [17], and prefrontal cortex [18]. Other evidence suggests that structural alterations are not
robust in the hippocampus [17,19–21], the orbitofrontal cortex [13,22,23], frontal gyrus [23], or prefrontal
regions [17], or for overall grey matter volumes [19,24–28], even following meta-analysis [29]. Therefore,
proposed cognitive deficits in cannabis users may be better explained by alterations in the functioning
of relevant brain regions.

The cannabinoid 1 (CB1) receptor is the main central cannabinoid receptor through which the
leading psychoactive component of cannabis, delta-9-tertahydrocanabinol (THC), exerts its effect.
The CB1 receptors are expressed ubiquitously throughout the brain [30], although higher densities
are observed in regions key for memory functioning, such as the hippocampus and related medial
temporal lobe structures and the frontal cortex [31]. Cannabis use may alter functioning of the
key neural substrates involved in the processing of memory by affecting the homeostatic role of
the endocannabinoid system, particularly when exposure occurs during developmentally sensitive
periods [32].

Memory is a multidimensional construct and may be classified based on temporal characteristics
into short-term (e.g., working) and long-term memory (e.g., declarative memory, i.e., the memory of
facts and events; or procedural memory, i.e., the memory of skills or habits); its content (e.g., into verbal,
visual, or spatial memory) or stage (e.g., encoding, consolidation, or retrieval) [33]. Declarative memory
may be further classified into episodic or associative memory (i.e., memory for events and associations)
and semantic memory (i.e., memory for meanings and facts) [34]. In the context of cannabis use,
human neuroimaging studies have typically used cognitive paradigms involving working, associative,
or spatial memory or encoding and recall stages [35]. Working memory requires the involvement of
the prefrontal cortex, inferior and ventral temporal cortex, and the hippocampus [36–38], while spatial
memory requires input from the hippocampus and prefrontal cortex [39], particularly for encoding [40].
Encoding into associative memory requires input from the hippocampus, medial temporal cortex,
frontal cortex. and cingulate cortex [41–46], while recall of information relies on activation of the
medial temporal cortex, including the hippocampus and parahippocampus, as well as the posterior
parietal cortex and prefrontal cortex [47–49]. The hippocampus is therefore important in the context of
multiple domains of memory processing and in both encoding and retrieval of information [50].

Previous work has reviewed both the cognitive [5,7,51–54] and neurofunctional [55–58] effects of
cannabis, both acutely and chronically, in the context of memory processing. Although a number of
systematic reviews have summarised brain-structural alterations [56,59,60] as well brain-functional
alterations [56,59–63] more broadly over a wide range of cognitive domains associated with cannabis
use, functional alterations in the context of memory processing in cannabis users have not been
systematically and comprehensively summarized to include up-to-date literature [54]. Therefore,
in order to summarise the current literature, we have conducted a systematic review of studies
that have employed functional magnetic resonance (fMRI) techniques in conjunction with cognitive
activation paradigms that involve memory processing, to investigate memory-related brain-functional
alterations in long-term cannabis users (CU) compared to nonusers (NU). In addition, we review
relevant preclinical and human studies investigating memory-related cognitive impairments (both
cross-sectional and longitudinal) in association with nonacute cannabis or cannabinoid exposure,
as well as human studies employing imaging techniques other than fMRI, to provide a comprehensive
summary of current evidence linking the effects of persistent cannabis use on memory performance and
brain functioning during memory processing. Furthermore, as the period of adolescence is thought to
be a period of greater vulnerability to the effects of cannabis and cannabinoids [64–67], we also discuss
the role of participant age (adolescent or adult) and age of onset of cannabis use as potential factors that
may influence the extent of harm from cannabis use evident in current literature. We also link existing
evidence to the effects of abstinence from cannabis exposure, as previous literature has documented
the importance of this as a factor influencing the persistence of functional alterations associated
with cannabis use [62,68]. Meta-analytic evidence focusing on memory performance in otherwise
healthy recreational cannabis users suggests that cannabis use is associated with alterations in several
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memory domains, including prospective memory, working memory, verbal or visual memory/ learning/
recognition except for visual working memory, and visual immediate recall [7], suggesting that review
of neuroimaging evidence should point toward altered activation in brain regions sub-serving these
particular domains in cannabis users.

2. Methods

2.1. Systematic Search of fMRI Studies

A systematic search of previous studies comparing brain functional differences in CU and NU and
employing fMRI in conjunction with memory processing tasks as activation paradigms was completed
using the PUBMED database following the Cochrane Handbook [69] and the MOOSE guidelines [70].
We employed two categories of search terms: (1) those related to cannabis—cannabis, marijuana,
marihuana, THC, and tetrahydrocannabinol—and (2) those related to neuroimaging technique: fMRI,
imaging, functional activation, BOLD. The search was limited to human studies and was assessed
for suitability through an initial screening of the titles, then abstracts, and a final full article review.
An initial PUBMED search was completed on 21/10/2015 and was then repeated on 22/1/2020. Reference
lists were also screened from included manuscripts and published reviews. Only manuscripts meeting
the following criteria were included, as shown in Figure 1:

- Original peer-reviewed data-based publication, reported in the English language.
- Compared habitual, otherwise healthy cannabis users (>50 occasions of self-reported lifetime

cannabis use) with healthy controls (<50 occasions of self-reported lifetime cannabis use).
- Used fMRI in conjunction with a memory-based cognitive activation task.

Studies were excluded if they did not use a cognitive activation paradigm or did not include a
memory-based task; did not clearly indicate the extent of cannabis use in the cannabis user group;
or involved use less than or equal to 50 times in their lifetime in the cannabis user group; were
non-English-language studies.

2.2. Review of Other Evidence of Effects of Persistent Cannabis Use on Memory Performance (Preclinical and
Clinical Evidence) and on Memory-Related Brain-Function Alterations Using Neuroimaging Modalities Other
than fMRI

Studies investigating memory performance in humans and animals and brain-function alterations
related to memory processing using neuroimaging techniques other than fMRI in humans were
identified through a bibliography search of previous systematic and narrative reviews [5,56,58,71,72].
To capture papers that have been published since the previous reviews, a search was carried out
using the PUBMED database for relevant studies using the search terms “cannabis” or “marijuana”
or “cannabinoid” and “memory”, which was completed on the 7/6/2018. These further papers were
screened initially through a search of titles, then abstract, and finally a full article review. For the
purposes of this review, we included only studies that used memory processing tasks with group
comparison between cannabis or cannabinoid-exposed groups and a non-exposed or non-using control
groups. Other studies that employed study designs different to this, but focused on the topics of
interest in this review, have been discussed in the text, although they are not included in the tables.

9



Brain Sci. 2020, 10, 102

  

 

Total papers screened 
(N = 602) 

Eligible after title review 
(N = 74) 

 Phase 1 
Papers excluded after title review 

(N = 528) 

Eligible after abstract 
review 

(N = 49) 

Phase 2 
Papers excluded after abstract 

review (N = 25) 

Eligible after full article 
review 

(N = 11) 

Phase 3 
Papers excluded after full article 

review 
(N = 38) 

 

Total number of papers 
included in systematic 

review 
(N = 13)  

Paper included following 
reference list screening   

(N= 1) 

Papers identified through database search 
(N = 600) 

 

Additional paper identified 
through Bibliography search 

(N= 1) 

Figure 1. Identification of papers for systematic review.

3. Results

3.1. Systematic Review of Human fMRI Studies Investigating the Association between Cannabis Use and
Memory-Related Brain Function

The initial search for fMRI studies comparing CU to NU while they performed memory-based
cognitive activations tasks carried out in October 2015 identified 598 manuscripts. Of those, 10 met our
inclusion criteria. Two further studies were identified by our final search on 22/1/2020 [73,74],
and a further was identified from reference list screening [75]. Thirteen papers assessing
memory-processing-related brain-activation differences between CU (n = 267) and NU (n = 261)
using fMRI were identified in total. All included studies are reported in Table 1. Three of these
papers involved only adolescents [76–78] CU (n = 72), NU (n = 79), while the remaining investigated
adults CU (n = 195), NU (n = 182) with a group average age over 20 years. Four papers investigated
spatial memory [73,78–80] and five associative memory [74,76,81–83], and four investigated working
memory [76,84–86], while verbal learning [77] and false memory [75] were investigated by one paper
each. Seven papers reported on group differences in whole-brain activation (WBA) [73,75,77,79–81,87]
while eight investigated regions of interest (ROI) [76,77,79,81–85]. Four papers found CU to have
performed worse than NU in the scanner-based memory task [75,79,81,83], nine found no significant
performance difference [73,74,76,80,82,84–87].
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3.1.1. Summary of Results—Adult Studies

Three studies investigated spatial memory in adults [73,79,80] using different types of tasks (water
maze [79]; dot probe task [73,80]) and employed a whole-brain analysis approach. Opposite patterns of
activation were identified in the superior and middle frontal gyri and putamen in two studies [79,80],
while no difference was observed in a third study [73]. Tervo-Clemmens et al. included participants
with low levels of cannabis use and long periods of abstinence, with only 15 of the 46 CU group having
used in the previous year [73], which might explain the absence of difference between CU and NU in
that study. Snieder et al. also employed an ROI analysis approach, finding only deceased activation in
CU compared to NU in brain regions similar to their whole-brain analysis (WBA) approach, although
they did not find any group difference in activation in the hippocampal ROI.

Associative memory in adults was assessed by four studies [74,81–83]. Three studies investigated
activation during learning, with two finding that activation decreased in CU in the frontal and temporal
regions, with one using both WBA and ROI [81] and another only using the ROI [82] approach, although
Nestor et al. found an opposite direction of activation in the parahippocampal gyrus. Blest-Hopley et
al. found CU to have increased activation in the inferior, superior, and middle frontal gyrus bilaterally
and in the right medial frontal gyrus in a WBA. During recall of information, a decrease in activation
was seen in two studies in the anterior cingulate cortex [82,83], but no group difference was found by
another [74]. Carey et al. found activation decreased in other regions, including the hippocampus,
using ROI analysis during a paired location number task, where CU had more repeated errors [83].

Two studies investigated working memory [84,85], where both studies employing ROI analysis
found no difference in activation between CU and NU.

Using a task used to investigate brain activation associated with false memory, Riba et al. [75]
found CU not only had more false memories but also decreased activation compared to NU in temporal,
parietal, and frontal cortex, as well as thalamus, caudate, and precuneus, employing a whole-brain
analysis approach.

Only one study found activation differences in the hippocampus [83] during the recall condition
of an associative memory task, where CU had decreased activation compared to NU, whereas another
found no significant differences using an ROI analysis approach [79] during a spatial memory task.
Parahippocampal activation was, however, seen to be decreased in CU compared to NU during spatial
and associative memory tasks [79,82], although another study found parahippocampal activation
increased in CU compared to NU while performing an associative memory task [81]. The majority
of studies reporting activation differences between groups found activation to be decreased in CU
compared to NU in a variety of memory tasks [75,79,81–83]; however, some found regions of increased
activation [74,80,81], with many regions overlapping with areas previously found as having decreased
activation. Three studies, however, found no differences between CU and NU, using both whole-brain
(WBA) and ROI analysis approaches [73,84,85].

Finally, a study not meeting our entry requirement for cannabis use levels compared 18- to
22-year-old cannabis users, based on their use over the previous 3 months, with those who had not
used over that period. Using a visual memory task, no difference in activation was seen in the ROI of
the IFG and hippocampus during the encoding condition; however, WBA found CU had decreased
activation in the cerebellum (left), insula, basal ganglia, superior frontal gyrus, right precentral gyrus,
and bilateral parahippocampal gyri. During the recognition condition of the task, ROI analysis showed
CU had significant decreased activation in the hippocampus bilaterally and left IFG, while WBA
revealed that CU had decreased activation in the cerebellum (bilateral), insula, basal ganglia and
cingulate, and left posterior parietal cortices [88]. A longitudinal fMRI study of working memory from
a baseline to 3 years in heavy cannabis users found that activation of the working memory network
remained stable [89] over time despite continued moderate to heavy use of cannabis as well as nicotine,
alcohol, and illegal substances.
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3.1.2. Summary of Results—Adolescent Studies

Of the studies in adolescent cannabis users, one used a spatial working memory test and reported
decreased activation in frontal and parietal regions in adolescent CU compared to NU [87]. Another
study used an associative picture task, finding no significant difference in activation between adolescent
CU and NU in ROI analysis [76]. Jager et al. also investigated working memory in adolescents using a
letter recognition task and, using ROI analysis, found increased activation in CU compared to NU
in frontal and parietal regions [76]. A third study of adolescent CU found no differences in brain
activation during verbal encoding following both WBA and ROI analysis [77]. Of the two studies
reporting activation differences between groups, both found activation in the superior parietal lobe
to be increased in CU using different forms of working memory tasks, though opposite patterns of
activation were seen in the dorsolateral prefrontal cortex by these studies [76,87].

3.2. Human Studies Investigating Memory-Related Brain Function Alterations Using Neuroimaging
Modalities other than fMRI

Only two studies have employed neuroimaging techniques other than fMRI to investigate
neurofunctional differences between CU and NU in the context of memory processing. Battisti et al. [90]
investigated event-related potentials (ERP) during a verbal memory task wherein participants’ responses
were characterised based on whether they correctly recalled (CR) or did not recall (NR). In this study
with 24 participants (CU = 24; NU = 24; average age of CU 36.4 (11.2) and NU 35.5 (11.5)), CU had an
average of 17 years of near-daily use and had all used in the week prior to testing, with a minimum
of 13 h between last use and testing. They identified attenuated latency in the frontal region of CU
compared to NU in N4, a window around 350 ms, thought to originate in the hippocampus during
encoding [91]. The amplitude of frontal and parietal zones was decreased in CU. The NR latency was
attenuated in line with longer periods of cannabis use. Block et al. [90] investigated cerebral blood flow
using positron emission technology (PET) during delayed and novel recall tasks in 18 CU who reported
daily use of cannabis for over 2 years prior to recruitment and underwent 26 h of monitored abstinence
and compared them with 13 NU. They found a decrease in frontal blood flow in CU compared to NU,
which was most prominent whilst recalling newly presented words. Differences between CU and NU
included the fact that language-based memory-related activity in the left hippocampus was observed
to be higher in NU, with CU lacking this lateralization of hippocampal activation.

3.3. Human Studies Investigating Association between Cannabis Use and Memory Performance
Alterations—Cross-Sectional Studies

Seventeen cross-sectional studies were identified that investigated the effects of cannabis use on
memory performance by comparing CU and NU using various cognitive tasks engaging different
domains of memory (Table 2). Twelve studies investigated adult cannabis users and five investigated
adolescent participants.
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3.3.1. Summary of Results—Adult Studies

Four studies employed a verbal learning task where stimuli were visually presented, finding that
CU performed significantly worse at recall of words [93,96–98]. However, in the study by Wadsworth
and colleagues, this was only observed in CU that had used in the 24 h prior to testing [96]. Pope et al.
found in both studies that CU performed worse compared to NU at verbal memory test over the first
week of examination following an abstinence of 0, 1, and 7 days, but by day 25, CU only performed
worse on long-delay recall [97,98]. In contrast, no difference in performance was seen in a smaller
former CU group compared to NU on the verbal memory test [98].

Auditory verbal learning tasks were used by six studies, where word lists were read out to
the participants. CU had worse recall performance than NU [94], with higher performance deficits
seen in those who had used for longer periods [99,107] or at a higher dose [95]. While Rodgers et al.
tested participants after a month of self-reported abstinence from cannabis use, they did not carry
out testing of urine or blood to confirm abstinence [94]. McKetin et al. did not report time since last
use but interestingly found that abstinence did not improve performance at two waves of four-year
retesting [95]. No difference between CU and NU was seen in recall performance in two studies [92,100].
However, Cengel et al. found that CU performed worse compared to NU on five of the eight conditions
tested, including false recall and maximum and total learning [92] after three days’ abstinence.

Three studies used the California verbal learning test [101–103], with two finding that CU
performed significantly worse than NU [102,103], and the third study no significant difference [101].
Levar et al. only found a significant difference in the long-delay cued recall condition out of four tests
of short and long delay free and cued recall with earlier-onset users performing worse than late-onset
users [102], and Schuster et al. found that CU performed significantly worse at encoding and recall
only in early-onset users, i.e., before the age of 16 [103]. It is unclear whether duration of abstinence or
extent of cannabis use may have accounted for the difference in results in these three studies. While
Levar et al. studied participants with an average abstinence of a few days, participants in the study
by Schuster et al. were only required to be abstinent on the day of testing. In contrast, the study by
Gruber et al. [92] required only a 12-hour abstinence period of their participants but failed to detect
significant performance difference between users and nonusers, although their participants reported
the highest mean years of cannabis use of these three studies.

Using the Wechsler memory scale, Pope et al. compared a set of heavy-using CU to NU at four
time-points of abstinence, finding no significant difference between CU and NU after 25 days of
abstinence [97], replicating findings of their previous smaller study [98]. Rodgers et al. also used a test
for general memory, finding significant impairment in their CU group after abstinence for 1 month
compared to NU [94].

None of the four studies investigating visual memory found a significant difference between CU
and NU [94,97,98,101].

3.3.2. Summary of Results—Adolescent Studies

Two studies investigated auditory verbal learning in adolescent CU compared to NU [104,105].
Solowij et al. observed these deficits were in line with the quantity and frequency of cannabis used,
as well as the age of onset of use, which remained even after controlling for premorbid intellectual
ability [104]. In contrast, Hanson et al. found that performance in CU returned to a level comparable
to NU after a 3-week period of abstinence, though users in this study had comparatively low levels of
cannabis use [105].

The California verbal learning test was used by two studies with one finding some deficits in
adolescent CU compared to NU following a 1 month abstinence [106], while the other found no
significant difference following a 3- to 11-month period of abstinence [12]. Medina and colleagues
found deficits were trend level in CU (with cannabis use ranging between 60 and 1800 times per
lifetime) compared to NU in the California verbal learning test and Wechsler Memory scale Logical
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memory test of first recall, immediate, and delayed recall and recognition scores, while there were no
impairments in verbal list learning and visuospatial memory [106].

Both immediate and general memory performance was tested by Fried et al. in current heavy
(average 12.4 (9.8) joints per week), light (<5 joints per week), and former cannabis users (over 3 months
abstinence), with all three groups compared to NU separately. Heavy CU performed worse in both
immediate and general memory performance, whereas light CU and former CU had no significant
difference in performance compared to NU [108].

Two studies investigated working memory in adolescent CU compared to NU [105,108], with
one finding CU performed significantly worse initially, which was no longer evident after 3 weeks of
abstinence [105]. These results were consistent with evidence from another study reporting significantly
impaired immediate and delayed memory in current heavy cannabis users but not in light users or in
former users [108].

One study investigated spatial learning performance following a 1 month abstinence in a group
with cannabis use ranging between 60 and 1800 times per lifetime, with no significant difference in
performance between CU and NU [106].

3.4. Human Studies Investigating Association between Cannabis Use and Memory—Longitudinal Studies

We identified six studies that used some form of longitudinal study design to investigate whether
memory deficits seen in CU predated the use of the drug or developed following cannabis use. In one
of the earliest reports, Fried et al. controlled for differences in cognitive performance prior to initiation
of drug use and compared immediate, general, and working memory performance between heavy
CU and NU. Heavy CU performed significantly worse in all memory domains compared to NU.
Immediate and general memory impairments persisted after controlling for pre-drug-use performance,
though working memory performance was no longer significantly impaired after controlling for
pre-drug-use performance [108]. In an 8-year follow-up study, Tait et al. found that cessation of
use in heavy cannabis users was associated with significant longitudinal improvement in immediate
recall performance compared to continued heavy cannabis users [109]. In another cohort study, Meier
et al. measured IQ at the age of 13 years old and used it to control for memory performance at a
follow-up age of 38 years. After also controlling for years of education, cannabis use was found to
be significantly associated with decline in memory performance [110]. A 25-year follow-up study
by Auer et al. found that after excluding current CU and adjusting for potential confounders such
as baseline memory performance cumulative lifetime exposure to cannabis was strongly associated
with poorer performance subsequently in a verbal memory task in a dose-dependant manner [111].
However, another study employing a longitudinal design did not find any significant adverse effect of
cannabis use on longitudinal change in performance in memory tasks at 4 and 8 years follow-up in an
older (40–46 years) cohort of participants [95]. In contrast, in another study, Castellanos-Ryan et al.
found a bidirectional relationship between cannabis use and cognitive performance such that poorer
short-term memory and working memory performance at age 13 (prior to initiation of cannabis use)
was associated with earlier age of onset of cannabis use, and earlier onset, and more frequent cannabis
during adolescence, in turn, was associated with neurocognitive decline by age 20 [112]. However, a
specific effect of cannabis use on subsequent memory performance was not reported in this study.

3.5. Preclinical Studies Investigating the Effect of Cannabis Use on Memory

A total of 18 animal studies were identified in our search (listed in Table 3). Exposure times to
cannabinoids ranged from 14–180 days, while washout periods ranged from 0–116 days. All studies
presented used rats. Thirteen studies investigated spatial memory, eleven investigated short-term
memory, and four examined working memory. Six studies treated two separate groups of animals
with cannabinoids during either adolescence and adulthood.

20



Brain Sci. 2020, 10, 102

T
a

b
le

3
.

A
ni

m
al

st
ud

ie
s

us
in

g
m

em
or

y
ta

sk
s

to
in

ve
st

ig
at

e
ex

po
su

re
to

ex
og

en
ou

s
ca

nn
ab

in
oi

ds
.

S
tu

d
y

T
a
sk

U
se

d
A

g
e

o
f

E
x
p

o
su

re
W

a
sh

o
u

t
P

e
ri

o
d

A
n

im
a
l

T
y

p
e

D
ru

g
U

se
d

R
e
su

lt
s

O
th

e
r

N
o

te
s

R
en

ar
d,

K
re

bs
,J

ay
,

an
d

Le
Pe

n,
20

13
[1

13
]

O
bj

ec
tR

ec
og

ni
ti

on
29

–5
0

PN
D

28
da

ys
W

is
te

r
R

at
C

P5
5,

94
0

D
ru

g-
tr

ea
te

d
an

im
al

s
sp

en
tl

es
s

ti
m

e
ex

pl
or

in
g

no
ve

l
ob

je
ct

s
an

d
ha

d
si

gn
ifi

ca
nt

ly
di
ff

er
en

tt
im

es
ex

pl
or

in
g

fa
m

ili
ar

ob
je

ct
s

to
co

nt
ro

l

W
is

te
r

R
at

s
ha

d
a

la
rg

er
eff

ec
t

of
m

em
or

y
pe

rf
or

m
an

ce
fo

llo
w

in
g

dr
ug

ex
po

su
re

th
an

Li
st

er
ho

od
ed

R
at

s

O
bj

ec
tR

ec
og

ni
ti

on
29

–5
0

PN
D

28
da

ys
Li

st
er

ho
od

ed
R

at
C

P5
5,

94
0

D
ru

g-
tr

ea
te

d
an

im
al

s
sp

en
tl

es
s

ti
m

e
ex

pl
or

in
g

no
ve

l
ob

je
ct

s
an

d
ha

d
si

gn
ifi

ca
nt

ly
di
ff

er
en

tt
im

es
ex

pl
or

in
g

fa
m

ili
ar

ob
je

ct
s

to
co

nt
ro

l

O
bj

ec
tR

ec
og

ni
ti

on
70

–9
1

PN
D

28
da

ys
W

is
te

r
R

at
C

P5
5,

94
0

N
o

di
ff

er
en

ce
in

tim
e

ex
pl

or
in

g
no

ve
lo

bj
ec

ts
an

d
fa

m
ili

ar
ob

je
ct

s
to

co
nt

ro
l

O
bj

ec
tR

ec
og

ni
ti

on
70

–9
1

PN
D

28
da

ys
Li

st
er

ho
od

ed
R

at
C

P5
5,

94
0

N
o

di
ff

er
en

ce
in

tim
e

ex
pl

or
in

g
no

ve
lo

bj
ec

ts
an

d
fa

m
ili

ar
ob

je
ct

s
to

co
nt

ro
l

O
bj

ec
tl

oc
at

io
n

29
–5

0
PN

D
28

da
ys

W
is

te
r

R
at

C
P5

5,
94

0
D

ru
g-

tr
ea

te
d

an
im

al
s

di
d

no
ts

ho
w

a
si

gn
ifi

ca
nt

ch
an

ge
to

no
ve

le
xp

lo
ra

ti
on

ti
m

e,
w

he
re

co
nt

ro
ld

id

O
bj

ec
tl

oc
at

io
n

29
–5

0
PN

D
28

da
ys

Li
st

er
ho

od
ed

R
at

C
P5

5,
94

0
D

ru
g-

tr
ea

te
d

an
im

al
s

di
d

no
ts

ho
w

a
si

gn
ifi

ca
nt

ch
an

ge
to

no
ve

le
xp

lo
ra

ti
on

ti
m

e,
w

he
re

co
nt

ro
ld

id

O
bj

ec
tl

oc
at

io
n

70
–9

1
PN

D
28

da
ys

W
is

te
r

R
at

C
P5

5,
94

0
D

ru
g-

tr
ea

te
d

an
im

al
s

sh
ow

ed
no

di
ff

er
en

ce
in

be
ha

vi
ou

r
to

co
nt

ro
l

O
bj

ec
tl

oc
at

io
n

70
–9

1
PN

D
28

da
ys

Li
st

er
ho

od
ed

R
at

C
P5

5,
94

0
D

ru
g-

tr
ea

te
d

an
im

al
s

sh
ow

ed
no

di
ff

er
en

ce
in

be
ha

vi
ou

r
to

co
nt

ro
l

K
ir

sc
hm

an
n,

Po
llo

ck
,

N
ag

ar
aj

an
,a

nd
To

rr
eg

ro
ss

a,
20

17
[1

14
]

O
bj

ec
tR

ec
og

ni
ti

on
34

–5
4

PN
D

0
da

ys
Sp

ra
gu

e
D

aw
le

tR
at

s
W

IN
55

,2
12

-2
D

ru
g-

tr
ea

te
d

an
im

al
s

sh
ow

ed
si

gn
ifi

ca
nt

eff
ec

to
fd

ru
g

on
ob

je
ct

re
co

gn
it

io
n

W
or

ki
ng

M
em

or
y

te
st

34
–5

4
PN

D
17

da
ys

Sp
ra

gu
e

D
aw

le
tR

at
s

W
IN

55
,2

12
-2

N
o

si
gn

ifi
ca

nt
eff

ec
to

fd
ru

g
on

w
or

ki
ng

m
em

or
y

pe
rf

or
m

an
ce

O
bj

ec
tL

oc
at

io
n

34
–5

4
PN

D
17

da
ys

Sp
ra

gu
e

D
aw

le
tR

at
s

W
IN

55
,2

12
-2

N
o

si
gn

ifi
ca

nt
eff

ec
to

fd
ru

g
on

ob
je

ct
lo

ca
ti

on
te

st

H
ar

te
an

d
D

ow
-E

dw
ar

ds
,

20
10

[1
15

]

A
ct

iv
e

Pl
ac

e
A

vo
id

an
ce

Te
st

in
g

22
–4

0
PN

D
33

da
ys

Sp
ra

gu
e

D
aw

le
tR

at
s

TH
C

D
ru

g-
tr

ea
te

d
an

im
al

s
pe

rf
or

m
ed

w
or

se
th

an
co

nt
ro

l

A
ct

iv
e

Pl
ac

e
A

vo
id

an
ce

Te
st

in
g

41
–6

0
PN

D
16

da
ys

Sp
ra

gu
e

D
aw

le
tR

at
s

TH
C

N
o

si
gn

ifi
ca

nt
eff

ec
to

fd
ru

g
se

en
in

pe
rf

or
m

an
ce

Sc
hn

ei
de

r
an

d
K

oc
h,

20
03

[1
16

]

O
bj

ec
tR

ec
og

ni
ti

on
40

–6
5

PN
D

20
da

ys
W

is
te

r
R

at
W

IN
55

,2
12

-2
D

ru
g-

tr
ea

te
d

an
im

al
s

sh
ow

ed
si

gn
ifi

ca
nt

ly
im

pa
ir

m
en

t
of

re
co

gn
it

io
n

m
em

or
y

O
bj

ec
tR

ec
og

ni
ti

on
>

70
PN

D
20

–2
5

da
ys

W
is

te
r

R
at

W
IN

55
,2

12
-2

N
o

si
gn

ifi
ca

nt
eff

ec
to

fd
ru

g
se

en
in

pe
rf

or
m

an
ce

O
’S

he
a,

Si
ng

h,
M

cG
re

go
r,

an
d

M
al

le
t,

20
04

[1
17

]

O
bj

ec
tR

ec
og

ni
ti

on
30

–5
1

PN
D

W
is

te
r

R
at

C
P5

5,
94

0
N

ov
el

ob
je

ct
re

co
gn

it
io

n
w

as
si

gn
ifi

ca
nt

ly
lo

w
er

in
dr

ug
-t

re
at

ed
an

im
al

s
to

co
nt

ro
ls

;h
ow

ev
er

,d
el

ay
ti

m
e

ha
d

no
si

gn
ifi

ca
nt

eff
ec

tb
et

w
ee

n
gr

ou
ps

.

O
bj

ec
tR

ec
og

ni
ti

on
56

–7
7

PN
D

W
is

te
r

R
at

C
P5

5,
94

0
N

o
eff

ec
to

ft
re

at
m

en
tw

as
se

en
be

tw
ee

n
gr

ou
ps

.
O

nl
y

ni
ne

an
im

al
s

in
th

e
ad

ul
t

56
-7

7
PN

D
-t

re
at

ed
gr

ou
p

21



Brain Sci. 2020, 10, 102

T
a

b
le

3
.

C
on

t.

S
tu

d
y

T
a
sk

U
se

d
A

g
e

o
f

E
x
p

o
su

re
W

a
sh

o
u

t
P

e
ri

o
d

A
n

im
a
l

T
y

p
e

D
ru

g
U

se
d

R
e
su

lt
s

O
th

e
r

N
o

te
s

R
ub

in
o

et
al

.,
20

08
[1

18
]

El
ev

at
ed

Pl
us

-M
az

e
35

–4
5

PN
D

30
da

ys
Sp

ra
gu

e
D

aw
le

tR
at

s
TH

C
N

o
si

gn
ifi

ca
nt

eff
ec

to
fd

ru
g

se
en

in
pe

rf
or

m
an

ce

Sc
hn

ei
de

r,
D

re
w

s,
an

d
K

oc
h,

20
05

[1
19

]

O
bj

ec
tR

ec
og

ni
ti

on
15

–4
0

PN
D

45
da

ys
W

is
te

r
R

at
W

IN
55

,2
12

-2
N

o
si

gn
ifi

ca
nt

eff
ec

to
fd

ru
g

se
en

in
pe

rf
or

m
an

ce

Pr
og

re
ss

iv
e

R
at

io
n/

O
pe

ra
nt

le
ar

ni
ng

15
–4

0
PN

D
35

da
ys

W
is

te
r

R
at

W
IN

55
,2

12
-2

N
o

si
gn

ifi
ca

nt
eff

ec
to

fd
ru

g
se

en
in

pe
rf

or
m

an
ce

A
bu

sh
an

d
A

ki
ra

v,
20

12
[1

20
]

W
at

er
M

az
e

45
–6

0
PN

D
24

h
Sp

ra
gu

e
D

aw
le

tR
at

s
W

IN
55

,2
12

-2
D

ru
g-

tr
ea

te
d

an
im

al
s

to
ok

lo
ng

er
to

fin
d

th
e

pl
at

fo
rm

W
at

er
M

az
e

45
–6

0
PN

D
10

da
ys

Sp
ra

gu
e

D
aw

le
tR

at
s

W
IN

55
,2

12
-2

A
si

gn
ifi

ca
nt

di
ff

er
en

ce
w

as
fo

un
d

co
m

pa
re

d
to

ra
ts

te
st

ed
at

24
h

ab
st

in
en

ce
.

O
bj

ec
tL

oc
at

io
n

45
–6

0
PN

D
24

h
Sp

ra
gu

e
D

aw
le

tR
at

s
W

IN
55

,2
12

-2
D

ru
g-

tr
ea

te
d

an
im

al
s

sh
ow

ed
im

pa
ir

ed
lo

ng
-t

er
m

m
em

or
y

to
co

nt
ro

la
ni

m
al

s

O
bj

ec
tL

oc
at

io
n

45
–6

0
PN

D
10

da
ys

Sp
ra

gu
e

D
aw

le
tR

at
s

W
IN

55
,2

12
-2

D
ru

g-
tr

ea
te

d
an

im
al

s
sh

ow
ed

im
pa

ir
ed

lo
ng

-t
er

m
m

em
or

y
to

co
nt

ro
la

ni
m

al
s

O
bj

ec
tL

oc
at

io
n

45
–6

0
PN

D
30

da
ys

Sp
ra

gu
e

D
aw

le
tR

at
s

W
IN

55
,2

12
-2

D
ru

g-
tr

ea
te

d
an

im
al

s
sh

ow
ed

im
pa

ir
ed

lo
ng

-t
er

m
m

em
or

y
to

co
nt

ro
la

ni
m

al
s

O
bj

ec
tR

ec
og

ni
ti

on
45

–6
0

PN
D

24
h

Sp
ra

gu
e

D
aw

le
tR

at
s

W
IN

55
,2

12
-2

D
ru

g-
tr

ea
te

d
an

im
al

s
sp

en
ts

ig
ni

fic
an

tl
y

le
ss

ti
m

e
ex

pl
or

in
g

no
ve

lo
bj

ec
ts

O
bj

ec
tR

ec
og

ni
ti

on
45

–6
0

PN
D

10
da

ys
Sp

ra
gu

e
D

aw
le

tR
at

s
W

IN
55

,2
12

-2
D

ru
g-

tr
ea

te
d

an
im

al
s

sp
en

ts
ig

ni
fic

an
tl

y
le

ss
ti

m
e

ex
pl

or
in

g
no

ve
lo

bj
ec

ts

O
bj

ec
tR

ec
og

ni
ti

on
45

–6
0

PN
D

30
da

ys
Sp

ra
gu

e
D

aw
le

tR
at

s
W

IN
55

,2
12

-2
D

ru
g-

tr
ea

te
d

an
im

al
s

sp
en

ts
ig

ni
fic

an
tl

y
le

ss
ti

m
e

ex
pl

or
in

g
no

ve
lo

bj
ec

ts

Fe
hr

,K
al

an
t,

an
d

Le
Bl

an
c,

19
76

[1
12

]

C
lo

se
d

Fi
el

d
M

az
e

14
da

y
tr

ea
tm

en
t

24
h

R
at

s
TH

C
D

ru
g-

tr
ea

te
d

an
im

al
s

pe
rf

or
m

ed
w

or
se

th
an

co
nt

ro
l

an
im

al
s

C
lo

se
d

Fi
el

d
M

az
e

25
da

ys
R

at
s

TH
C

N
o

si
gn

ifi
ca

nt
di
ff

er
en

ce
w

as
se

en
be

tw
ee

n
th

e
gr

ou
ps

H
ill

,F
ro

c,
Fo

x,
G

or
za

lk
a,

an
d

C
hr

is
ti

e,
20

04
[1

21
]

W
at

er
M

az
e

15
da

y
tr

ea
tm

en
t

D
ur

in
g

da
ily

tr
ea

tm
en

t
Lo

ng
-E

va
ns

R
at

s
3-

11
-Δ

8-
TH

C
D

ru
g-

tr
ea

te
d

gr
ou

p
to

ok
m

uc
h

lo
ng

er
to

le
ar

n
th

e
ta

sk
,

sh
ow

ed
si

m
ila

r
pe

rf
or

m
an

ce

W
at

er
M

az
e,

pl
us

ti
m

e
de

la
y

3-
11

-Δ
8-

TH
C

D
ru

g-
tr

ea
te

d
an

im
al

s
ha

d
si

gn
ifi

ca
nt

ly
w

or
se

pe
rf

or
m

an
ce

M
at

eo
s

et
al

.,
20

11
[1

22
]

Sp
on

ta
ne

ou
s

A
lt

er
na

ti
on

(S
ho

rt
-t

er
m

m
em

or
y)

Ta
sk

28
–4

3
PN

D
24

h
W

is
te

r
R

at
C

P5
5,

94
0

D
ru

g-
tr

ea
te

d
an

im
al

s
pe

rf
or

m
ed

si
gn

ifi
ca

nt
ly

w
or

se
th

an
co

nt
ro

l

O
bj

ec
tL

oc
at

io
n

28
–4

3
PN

D
37

da
ys

W
is

te
r

R
at

C
P5

5,
94

0
N

o
si

gn
ifi

ca
nt

eff
ec

to
fd

ru
g

se
en

in
pe

rf
or

m
an

ce

O
bj

ec
tR

ec
og

ni
ti

on
28

–4
3

PN
D

43
da

ys
W

is
te

r
R

at
C

P5
5,

94
0

D
ru

g-
tr

ea
te

d
an

im
al

s
pe

rf
or

m
ed

si
gn

ifi
ca

nt
ly

w
or

se
th

an
co

nt
ro

l

R
ub

in
o

et
al

.,
20

09
[1

23
]

Pa
ss

iv
e

A
vo

id
an

ce
35

–4
5

PN
D

30
da

ys
Sp

ra
gu

e
D

aw
le

tR
at

s
TH

C
N

o
si

gn
ifi

ca
nt

eff
ec

to
fd

ru
g

se
en

in
pe

rf
or

m
an

ce

R
ad

ia
lM

az
e

35
–4

5
PN

D
30

da
ys

Sp
ra

gu
e

D
aw

le
tR

at
s

TH
C

D
ru

g-
tr

ea
te

d
an

im
al

s
ha

d
si

gn
ifi

ca
nt

ly
m

or
e

er
ro

rs
an

d
to

ok
si

gn
ifi

ca
nt

ly
m

or
e

ti
m

e
to

le
ar

n
th

e
m

az
e

la
yo

ut

22



Brain Sci. 2020, 10, 102

T
a

b
le

3
.

C
on

t.

S
tu

d
y

T
a
sk

U
se

d
A

g
e

o
f

E
x
p

o
su

re
W

a
sh

o
u

t
P

e
ri

o
d

A
n

im
a
l

T
y

p
e

D
ru

g
U

se
d

R
e
su

lt
s

O
th

e
r

N
o

te
s

St
ig

lic
k

an
d

K
al

an
t,

19
82

[1
24

]
R

ad
ia

lM
az

e
18

0
da

ys
30

da
ys

W
is

te
r

R
at

TH
C

an
d

C
BN

D
ru

g-
tr

ea
te

d
an

im
al

s
m

ad
e

si
gn

ifi
ca

nt
ly

m
or

e
er

ro
rs

an
d

le
ss

co
rr

ec
tr

es
po

ns
es

an
d

to
ok

lo
ng

er
to

le
ar

ni
ng

th
e

ov
er

al
lt

as
k

St
ig

lic
k

an
d

K
al

an
t,

19
85

[1
25

]

R
ad

ia
lM

az
e

90
da

ys
31

da
ys

W
is

te
r

R
at

TH
C

,C
BN

an
d

C
BD

N
o

eff
ec

to
fd

ru
g

w
as

se
en

be
tw

ee
n

gr
ou

ps

A
vo

id
an

ce
te

st
90

da
ys

11
6

da
ys

W
is

te
r

R
at

TH
C

,C
BN

an
d

C
BD

D
ru

g-
tr

ea
te

d
an

im
al

s
pe

rf
or

m
ed

w
or

se
th

an
co

nt
ro

ls

C
ha

,J
on

es
,K

uh
n,

W
ils

on
,a

nd
Sw

ar
tz

w
el

de
r,

20
07

[1
26

]

W
at

er
M

az
e

30
–5

1
PN

D
28

da
ys

Sp
ra

gu
e

D
aw

le
tR

at
s

TH
C

N
o

eff
ec

to
fd

ru
g

w
as

se
en

be
tw

ee
n

gr
ou

ps

W
at

er
M

az
e

70
–9

1
PN

D
28

da
ys

Sp
ra

gu
e

D
aw

le
tR

at
s

TH
C

N
o

eff
ec

to
fd

ru
g

w
as

se
en

be
tw

ee
n

gr
ou

ps

C
ha

,W
hi

te
,K

uh
n,

W
ils

on
,a

nd
Sw

ar
tz

w
el

de
r,

20
06

[1
27

]

W
at

er
M

az
e—

Sp
at

ia
l

ta
sk

34
/3

6
PN

D
+

21
da

y
28

da
ys

Sp
ra

gu
e

D
aw

le
tR

at
s

TH
C

N
o

eff
ec

to
fd

ru
g

w
as

se
en

be
tw

ee
n

gr
ou

ps

W
at

er
M

az
e—

N
on

-S
pa

ti
al

Ta
sk

34
/3

6
PN

D
+

21
da

y
28

da
ys

Sp
ra

gu
e

D
aw

le
tR

at
s

TH
C

N
o

eff
ec

to
fd

ru
g

w
as

se
en

be
tw

ee
n

gr
ou

ps

W
at

er
M

az
e—

Sp
at

ia
l

ta
sk

69
/7

4
PN

D
+

21
da

ys
Sp

ra
gu

e
D

aw
le

tR
at

s
TH

C
N

o
eff

ec
to

fd
ru

g
w

as
se

en
be

tw
ee

n
gr

ou
ps

W
at

er
M

az
e—

N
on

-S
pa

ti
al

Ta
sk

69
/7

4
PN

D
+

21
da

ys
Sp

ra
gu

e
D

aw
le

tR
at

s
TH

C
N

o
eff

ec
to

fd
ru

g
w

as
se

en
be

tw
ee

n
gr

ou
ps

H
ig

ue
ra

-M
at

as
et

al
.,

20
09

[1
28

]

O
bj

ec
tR

ec
og

ni
ti

on
28

–3
8

PN
D

63
da

ys
W

is
te

r
R

at
C

P5
5,

94
0

N
o

eff
ec

to
fd

ru
g

w
as

se
en

be
tw

ee
n

gr
ou

ps

W
at

er
M

az
e—

R
ef

er
en

ce
m

em
or

y
28

–3
8

PN
D

67
da

ys
W

is
te

r
R

at
C

P5
5,

94
0

N
o

eff
ec

to
fd

ru
g

w
as

se
en

be
tw

ee
n

gr
ou

ps

W
at

er
M

az
e—

Sp
at

ia
l

ta
sk

28
–3

8
PN

D
67

da
ys

W
is

te
r

R
at

C
P5

5,
94

0
N

o
eff

ec
to

fd
ru

g
w

as
se

en
be

tw
ee

n
gr

ou
ps

PN
D
=

Po
st

na
ta

ld
ay

,3
-1

1-
Δ

8-
TH

C
=

3-
(1

,1
-d

im
et

hy
lh

ep
ty

l)
-(

–)
-1

1-
hy

dr
ox

y-
Δ

8-
te

tr
ah

yd
ro

ca
nn

ab
in

ol
,T

H
C
=

Δ
-9

-t
et

ra
hy

dr
oc

an
na

bi
no

l,
C

BN
=

ca
nn

ab
in

ol
,C

BD
=

ca
nn

ab
id

io
l.

23



Brain Sci. 2020, 10, 102

Spatial memory, investigated using learning maze-based tasks, was been found to be impaired in
rats following chronic exposure to THC or CB1 receptor agonist by five studies [120,121,123,124,126].
Five other studies using maze tasks found that previous exposure to cannabinoids did not have a
significant effect on performance [113,118,125,127,128]. Object location tasks have also been used
to assess spatial memory in rats, with impairments found in two studies following a prolonged
cannabinoid exposure [122,123], but not in two others [114,115].

Impairments have also been observed in short-term memory in eight studies [113–117,119,122,123],
although these findings have not been replicated in three other studies [121,128,129]. Two studies
reported deficits in working memory performance following cannabinoid exposure [123,126], although
two other studies did not find cannabinoid exposure having a significant negative effect in working
memory performance [115,119]. No effect was seen on recognition or operant learning in rats following
adolescent exposure [129].

Of the studies that exposed the animals during adolescence to adulthood, four found that
cannabinoids had a negative effect on memory performance in the adolescent group, but not in the
adult group in the same study [116,117,119,122]. Two studies, however, found no difference between
the two age groups and did not find any deficit following chronic cannabinoid exposure at all [127,128].

Investigating memory performance after a period of washout is useful to disentangle the residual
effects of cannabinoids from any acute effects. Of the four studies that included a memory test
done within 24 h of the last drug administration, all reported deficits in the cannabinoid-treated
animals [114,115,123,124]. Impairments in spatial memory appeared to reverse after an abstinence of a
few days in two studies [123,126]; however, they were still present at 75 days abstinence in short-term
memory tasks in one [123]. Rats who showed deficit following WIN 55,212-2 exposure in short-term
memory after a 24 hr abstinence had no significant differences to controls after a 51 day washout
period [115]. Similarly, those that had shown poorer performance after THC exposure in spatial
memory at 24 h had no significant differences after 25 days [124]. Memory deficits remained following
washout periods of 30 [120] and 116 [113] days.

4. Discussion

Our objective was to carry out a comprehensive review of alterations in brain functioning and
performance in the domain of memory associated with persistent cannabis use, by drawing upon
evidence from human and relevant preclinical studies. To this end, first, we carried out a systematic
review of studies investigating brain-functional alterations in CU compared to NU using fMRI.
We also reviewed published studies that have employed neuroimaging techniques other than fMRI
to investigate memory-related functional alterations associated with cannabis use. Finally, to situate
this understanding within the context of specific subdomains of memory affected, we performed two
focused narrative reviews of studies investigating alterations in memory performance associated with
persistent cannabis use employing a range of designs: studies in humans using cross-sectional and
longitudinal designs to compare CU and NU and preclinical studies comparing cannabinoid exposed
animals with nonexposed animals. These results are discussed under separate subsections below.

4.1. Systematic Review of fMRI Studies Using Memory Tasks

Our systematic review of functional brain activation during memory performance found CU to
have altered brain activation, although no consistent pattern emerged either in terms of the direction of
alteration in activation or the brain regions affected, although changes appeared to be mostly focused
in the frontal and temporal regions. Altered activation in the hippocampus was found in some studies,
particularly those employing ROI analysis approaches focusing on the hippocampus, but without
a conclusive direction of change. Alteration of hippocampal activation was perhaps less frequently
observed than one would have expected considering the central role of the hippocampal region in
memory processing. Activation was altered more often during the encoding/learning stage than while
recalling information, similar to previous evidence investigating memory performance [130].
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Of the three studies reporting hippocampal activation differences between CU and NU during
learning, there was no consistent direction of change [81–83], despite having similar ages of participants
as well as ages of onset and levels of cannabis use in their participant groups. Inconsistencies in
abstinence periods could have played a role in these differences, as cannabis users in the study by
Nestor et al. had a self-reported abstinent range of 2–45 h, while those in the study by Carey et al.
had an average of 101.67 h of self-reported abstinence, and Jager et al. required subjects to have
tested negative for THC on urine screening indicating that the psychoactive substance was no longer
present in their system. A further study investigating hippocampal activation with ROI analysis
approach found no difference in brain activation between CU and NU during encoding but decreased
activation in CU compared to NU during recognition. WBA found the parahippocampal gyrus to have
significantly less activation during encoding in CU compared to NU [88].

The level of previous cannabis use might have been a potential confounder in studies that have
reported no significant differences between CU and NU. Significant differences in activation between
CU and NU were observed in studies using similar tasks investigating CU with high levels and
prolonged periods of cannabis use [74,76,80,87] but not in those with lower levels and/or less extensive
cannabis use [73,84]. Counter to this, however, was that continued cannabis use was not associated with
altered activation patterns during working memory at 3-year follow up in another study [89]. Although
a study with a wide range of cannabis use levels in the previous three months found higher levels of
cannabis use was correlated with decreased hippocampal activation during recognition [88], it should
be noted that no abstinence period prior to scanning was reported for cannabis use. Differences in task
performance may also have contributed to the differences seen in activation; however, task difference
during fMRI was only found in four of the studies [75,79,81,83].

The literature on brain activation differences measured by fMRI between CU and NU during
memory tasks still lacks clarity, possibly due to heterogeneity of both the extent of cannabis use
as well as the quantity, frequency, and age of onset of cannabis use, which have been found to
correlate with alterations seen in cannabis users [88,104,131]. In addition, the wide range of tasks
employed measuring different domains of memory function (e.g., spatial or working memory) mean it
is difficult to perform a robust meta-analysis of their results or to draw consistent conclusions between
studies. Subgroup analysis in a previous meta-analytic study focusing only on memory tasks in adult
cannabis users found only decreased activation in the inferior frontal gyrus, pre- and post-central
gyrus and precuneus, although the previously mentioned inconsistencies and the modest number of
studies available for this analysis were major limitations [61]. In the fullness of time, meta-analysis
of well-matched studies focusing on a particular domain of memory, such as verbal memory, spatial
memory, etc., may better serve to reveal a consistent pattern of functional alterations in the context of
memory processing associated with cannabis use.

Functional activation differences between CU and NU were more consistently seen in adult
populations of cannabis users than in adolescents, although a previous meta-analysis of all
cognitive domains has identified functional difference in CU compared to NU in both adults and
adolescents [61,63]. Lack of differences in brain activation between adolescent CU and NU may be
attributable to the design of some adolescent studies, with participants having used cannabis for a
shorter period of time and therefore not having been exposed to the threshold at which functional
differences become detectable using fMRI, and also simply the smaller subset of studies available. For
example, one study in adolescent users that found no difference between CU and NU in whole-brain
or ROI analysis during verbal learning had four groups of participants with and without alcohol abuse
as well as with and without CU, meaning that comparisons of CU to NU groups without alcohol abuse
involved a relatively small number of participants. CU participants also had a relatively long period of
abstinence, and their cannabis use levels were relatively modest [77], indicating that certain functional
differences may become less evident with longer periods of abstinence. This was further supported
from a comparison of adolescent CU with recent cannabis use (2–7 days of abstinence) and a group of
CU following a longer period of abstinence (27–60 days of abstinence) performing a spatial working
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memory task, suggesting that duration of abstinence may have an impact on alterations in functional
activation associated with cannabis use [86]. More recent CU had greater activation compared to
abstinent users in the bilateral insula and superior frontal gyrus; right—inferior gyrus; left—precentral
gyrus, medial and middle frontal, and gyrus. In contrast, abstinent users only had greater activation
compared to recent users in the right precentral gyrus, which may reflect a compensatory response
in recent CU requiring recruitment of additional brain regions compared to abstinent CU in order to
perform the memory task, as has been suggested previously [80].

Acute effects of THC confounding previous literature cannot be ruled out in some studies that
have investigated participants who were not confirmed to have a negative result for THC on urine
drug screening and/or studied participants after only short periods of abstinence from cannabis.
Although a sustained period of abstinence may have alleviated some of the group differences in
functional activation, abstinence periods did not consistently predict the detection of group differences
in functional activation. While this may suggest that certain functional alterations are more robust
than others and therefore detectable in CU even following a washout period of the drug, it is very
likely that this also reflects the possibility that functional alterations observed cross-sectionally are not
just attributable to the effects of drug exposure but an interplay with baseline differences between CU
and NU that predate initiation of cannabis use.

4.2. Review of Cross-Sectional Human Studies Investigating Memory Task Performance

We reviewed studies of both adults and adolescents, comparing the performance of memory
tasks between CU to NU. Verbal memory performance was negatively affected by cannabis
use [93,94,96–98,102–106], with increased deficits associated with cannabis use levels [95,99,107].
This was also shown in a study of cannabis users ranging from light to heavy use after a month
abstinence [132], in both adolescent and adult users, though deficits in performance were not reported
in all studies [12,97,100,101]. Visual memory did not appear to have been affected in CU [94,97,98,101],
although there were only a limited number of studies that investigated this paradigm, which were all
conducted only in adults. General memory performance, as tested in adults and adolescents, was also
negatively affected by cannabis use [94,108]. Working memory, in contrast, was shown to be affected in
some studies, but these effects were not sustained following abstinence from the drug [96,108]. Spatial
memory was only tested in one study in adolescents and was found to be unaffected by cannabis
use [106].

Evidence from some studies suggests that longer duration of cannabis use may have an adverse
impact on memory performance [93,107] with the amount of cannabis used correlating with performance
in some studies [95,106], implying that high levels and longer use of cannabis are related to reduced
memory performance. An increased likelihood of memory impairments was found to be associated
with an earlier age of onset of cannabis use [103,133], although this association may also have been a
result of the longer duration of exposure in those that started earlier and therefore the greater amount of
cannabis that they had been exposed to and not necessarily an effect of earlier age of onset of use per se.
This issue was investigated in one study that found significant deficits in early-onset users compared
to late-onset users, despite late-onset users having used for longer periods [103], suggesting that there
is very likely a developmentally sensitive period when the effects of cannabis exposure on memory
performance are more prominent in humans, consistent with preclinical evidence [116,117,119,122].
However, another study did not identify differences between early- and late-onset CU, although they
also failed to detect any significant difference between all CU and NU [101], perhaps due to a large
range in years of cannabis use.

Abstinence from cannabis use reversed some memory deficits observed, with an earlier
meta-analysis showing no significant effect of the drug after a 4-week abstinence on performance [68].
We also observed in our review, which included a number of studies published subsequent to that
meta-analysis, that the interval period from last cannabis use to the assessment of task performance
may have a bearing on the likelihood of studies reporting poorer memory performance in CU compared
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to NU. This may reflect two different factors influencing task performance in cannabis users in these
studies: the residual acute effects of cannabis influencing memory task performance in studies involving
shorter periods of abstinence, as well as the recovery of CB1 receptor density following an initial
downregulation after prolonged exposure to cannabis, resulting in absence of detectable differences
in memory performance in studies involving longer periods of abstinence [134]. Lack of significant
difference in memory performance between CU and NU, as found in several studies with abstinence
periods from as little as 3 weeks, may mean there is a reversal of the negative effects of cannabis use on
memory performance.

It is of interest to note that the effort made during memory tasks has also been found to be
negatively associated with frequency of cannabis use [135,136]. Therefore, it is possible that the
effort made in completing the tasks may have also influenced the relationship between cannabis use
frequency and performance deficits observed in learning and memory tasks. There is some evidence
that the extent of impairments in task performance is not always perceived fully by cannabis-using
participants [137], which may also adversely affect their effort during the task, thereby influencing
their performance.

4.3. Review of Longitudinal Human Studies Investigating Memory Task Performance

While some longitudinal studies of memory performance suggest that CU may be associated with
a deficit in memory performance following prolonged use, the evidence is not unequivocal, especially
when baseline cognitive ability predating initiation of cannabis use is taken into consideration. McKetin
conducted a follow-up study finding that CU performed the same irrespective of whether they had
continued to use or had ceased use [95]. This may indicate that cannabis use does not contribute to
memory decline in a linear fashion and continued use past a critical sensitive neurodevelopmental
period may no longer be associated with continuing decline in memory performance, especially as
participants in McKetin’s study were middle-aged individuals. Of course, one cannot completely rule
out the possibility that cannabis use does not have a direct causal effect on poor memory performance
or indeed of a bidirectional effect.

Although poorer premorbid memory performance may be partly attributed in some users to their
lower cognitive attainment in the domain of memory performance, improvement in performance
observed following the cessation of cannabis use suggests that cannabis use may in fact have a direct
deleterious effect. Further longitudinal studies are needed to tease apart the effects of cannabis use from
other genetic and environmental effects. Other studies have aimed to address the question of the causal
nature of the relationship between cannabis use and memory performance and have employed study
designs that allowed them to account for genetic and other environmental confounders. A monozygotic
twin study by Lyons et al. [138] investigated the effects of cannabis use on memory in 54 pairs of twins.
They reported only a trend level decrement in performance in the CU group compared to nonusers
during recall of a verbal learning task. During other memory tasks, no group differences were detected.
However, participants in this study had a wide range of exposure to cannabis, with 37% of the CU
using less than 52–300 times in total lifetime. Furthermore, CU participants included in the study
were only required to have used cannabis regularly for one year in total with no restriction as to how
long ago the period of use was. In many subjects, they had ceased to use regularly for an average of
27 years, with all subjects having at least a 1-month period of abstinence from cannabis when they
were tested [138]. Another twin study by Meier et al. found that greater cannabis use by one twin
was associated with poorer working memory performance compared to their nonusing twin, in the
absence of any difference in their IQ at baseline. However, such a difference was not observed for the
other memory (spatial memory) and executive (visual processing) tasks [139]. While cannabis use has
been found to be associated with lower intelligence scores, another study employing a discordant
twin design reported that family traits were more associated with intelligence performance [140].
Collectively, these studies provide some further evidence suggesting that cannabis use may have
a causal role in memory deficits observed in cannabis users, although whether the deficits persist
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following abstinence from use remains debatable, and genetics may play a larger role in determining
memory performance.

4.4. Review of Preclinical Studies Investigating Memory Task Performance

We found that animal studies have investigated the effect of not only extracts directly obtained
from dried cannabis plants with varying potency in earlier experiments [113,120], but also analytical
grade plant-derived cannabinoids such THC, or synthetic cannabinoids such as the CB1 receptor
agonists WIN and CP55940 [141]. The discrepancy in results between studies may reflect difference in
dose, duration of exposure, experimental conditions, animal species used, and the precise periods of
exposure during adolescence or adulthood. Both age of onset as well as the washout period following
exposure to cannabinoids appeared to influence whether deficits in memory performance were detected
following chronic exposure to cannabinoids. However, in two studies using cannabis extracts in adult
rats for a prolonged period of 90 and 180 days, deficits were still detectable even after a washout
period of 116 and 30 days respectively [113,120]. This may suggest that, although adolescence acts as
a critical period for exposure and abstinence periods may be associated with decrease in observed
deficits and a possible reversal of residual effect, duration of exposure is also a critical factor that may
influence the extent and persistence of deficits. Age of onset also appeared to be a critical factor as
exposure to cannabinoids during the early adolescent phase produced a significant impairment in
learning, compared to the late adolescent period, when no significant effect was seen [116,117,119,122].

The period of adolescence in rat models is short and so makes it difficult to administer drugs
for long enough periods of time when targeting them in the developmental period. However, many
studies did attempt to administer drugs for the majority of the adolescent period and saw significant
results. The lengthier period of adolescence in humans allows for much longer exposure during
neuronal maturation and possibly presents an extended period during which cannabis may have a
greater detrimental effect on cognition. Preclinical studies with shorter periods of administration of
drugs found fewer deficits in memory, but the period of washout from drug administration seemed to
have a major influence on the outcome of studies.

The hippocampus is a key region for memory performance [142], and animal studies have been
useful to investigate structural, functional, and histological effects of chronic cannabinoid exposure
here. In rats, following exposures to THC and WIN, even after a washout period, alteration in dendrites
of hippocampal pyramidal neurons has been found [143,144]. Interestingly after a washout period,
synaptic density was not different in drug-treated animals, even though hippocampal volume and
structure were found to be decreased in rats [143,145]. In monkeys administered cannabis and THC
chronically, both structure and function in the hippocampus were found to have changed, and there
were also synaptic changes [146], suggesting that alterations in hippocampal structure and function
may underlie functional and performance differences.

Behavioral tests in animals have not provided conclusive evidence of memory deficits following
cannabis use, although structural and histological investigations have shown robust evidence of
cannabinoid-induced changes. Collectively, the body of research completed in animals investigating
the effects of chronic cannabis use and its possible effects on memory function appears limited in
comparison to that investigating the acute effects of cannabinoids.

5. Conclusions

To summarize, cannabis use has been shown in some studies to negatively affect memory-related
brain functioning and task performance, particularly verbal memory and encoding in human studies,
with preclinical evidence generally consistent with human evidence. Effects have also been observed
in recall and working memory tasks, though these findings have been less robust. However, existing
evidence regarding the effect of cannabis use on memory function is far from unequivocal, as evident
from the heterogeneity in conclusions from the different studies.
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From the evidence reviewed above, three clear factors emerge that may underlie differences in
results seen in studies of memory function following cannabis use. Firstly is abstinence/washout
period from last use, which seems to vary a lot in all the animal and human studies reviewed. Longer
abstinence periods do appear to be associated with a less pronounced difference between CU and NU
participants and cannabis-exposed and -unexposed animals, although not in all cases, particularly
following a long exposure. Collectively, results from human studies reviewed here showing recent
cannabis use being associated with alteration in memory-related functional activation, which becomes
less prominent following periods of abstinence and longitudinal data [89], suggest that cannabis users
may compensate for neurophysiological deficits associated with drug use by recruiting a network of
additional brain regions.

Secondly, cannabis use parameters, such as use of higher quantities, longer periods of use, and more
regular use, appear to increase the chances of detecting differences in memory-related outcomes.
Some, but not all, studies do report linear relationships with time and quantity of cannabis used.
Future studies should therefore aim to systematically investigate associations with these parameters of
cannabis use and also incorporate other parameters, such as type of cannabis used, that have been
shown to be associated with other health outcomes [147]. Interestingly, some studies over extended
periods of cannabis use suggest a plateau in observed changes from cannabis use, where alteration
may only be linear in the initial period of use or only during developmental periods.

Finally, the age at which cannabis use starts seems to be another important determinant, with
animal literature in particular providing robust evidence for adolescence being a period of higher
risk of brain alterations from cannabinoid exposure. From a biological perspective, this is a period
of neuronal developmental processes, including brain development and altering binding affinity of
CB1 receptors [64–67]. From a more social perspective, cannabis use during this period may result in
poorer educational outcomes that may then in turn exacerbate memory performance impairments [148].
Cannabis use acutely impairs memory performance [149] and alters memory-related brain function [150]
and may therefore adversely affect educational attainment. This is consistent with evidence showing
that CU have an increased chance of leaving school earlier [151] and have poorer educational
achievements [152] compared to NU. Pope et al. [133] also showed in their study comparing early- and
late-onset users that there was a significant difference in the completion of a 4-year college course rates,
with only 32% of early-onset CU compared to 60% of late-onset CU and 82% NU completing.

The detrimental effects of cannabis may be due to CB1-receptor-mediated disruption of
hippocampal plasticity, a finding supported by animal histological investigations. Although there is
a lack of evidence of significant effects on hippocampal activation from human studies, changes in
hippocampal cerebral blood flow and ERPs [90,93] as well as structural differences [29] have been
observed in CU compared to NU. Functional activation in other brain regions that express a high
density of CB1 receptors were also found to be altered during memory processing tasks in cannabis
users, possibly due to disruption of the normal functioning of the endocannabinoid system as suggested
by overlap between brain regions with high CB1 receptor distribution [31] regions showing altered
functioning in cannabis users (regions highlighted in [35]).

One limitation inherent to studies investigating chronic cannabis users, as in any studies
investigating recreational drug users and that affects this systematic review as well, is the bias
associated with retrospective recall of usage pattern and type of cannabis consumed over time. This
is particularly important as the longer-term effects of cannabis use may depend on the specific
usage pattern as well as type of cannabis, particularly the ratio of different cannabinoids, which
may have often opposing effects on brain function and connectivity [153–155]. Future investigations
should therefore focus on employing prospective designs in conjunction with more accurate ways
of quantifying cannabis use, perhaps using a similar model to alcohol units, in order to improve the
quality of future studies [156].

To conclude, evidence summarized here suggests that memory performance deficits may be
related to cannabis use, with lower performance in memory tasks possibly underpinned by altered
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functioning of a wide network of brain substrates that may result from changes at the synaptic level.
This review did not summarise how functional connectivity may be altered in cannabis users, as was
discussed in a previous review [35], which reported altered connectivity in cannabis users during
cognitive task performance. However, further studies of functional connectivity, particularly during
memory processing tasks, are necessary in order to understand how the coordinated activity of brain
networks may be affected rather than just brain regions. Further research is also necessary, taking
into account baseline cognitive performance or ability prior to initiation of cannabis use in order to
conclusively establish whether these changes persist or are indeed reversible following cessation of
cannabis use and to fully understand the potential determinants of reversibility such as period of
use and the quantity or length of time of exposure to cannabinoids. Such granular understanding is
necessary to inform public health policy to help mitigate harm from cannabis use in those that are
most vulnerable.
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Abstract: An increasing body of experimental data have suggested that aberrant functional interactions
between large-scale networks may be the most plausible explanation of psychopathology across
multiple mental disorders, including substance-related and addictive disorders. In the current research,
we have investigated the association between problematic cannabis use (PCU) and triple-network
electroencephalographic (EEG) functional connectivity. Twelve participants with PCU and 24
non-PCU participants were included in the study. EEG recordings were performed during resting
state (RS). The exact Low-Resolution Electromagnetic Tomography software (eLORETA) was used for
all EEG analyses. Compared to non-PCU, PCU participants showed an increased delta connectivity
between the salience network (SN) and central executive network (CEN), specifically, between the
dorsal anterior cingulate cortex and right posterior parietal cortex. The strength of delta connectivity
between the SN and CEN was positively and significantly correlated with higher problematic patterns
of cannabis use after controlling for age, sex, educational level, tobacco use, problematic alcohol use,
and general psychopathology (rp = 0.40, p = 0.030). Taken together, our results show that individuals
with PCU could be characterized by a specific dysfunctional interaction between the SN and CEN
during RS, which might reflect the neurophysiological underpinnings of attentional and emotional
processes of cannabis-related thoughts, memories, and craving.

Keywords: problematic cannabis use; triple network; EEG functional connectivity; eLORETA;
resting state

1. Introduction

Cannabis is the most widely used illicit drug in Europe, with 18% and 9.3% of young people
(i.e., the 15–24 age group) reporting having used cannabis in the last year and in the last month,
respectively [1]. The lifetime prevalence of cannabis use disorder is about 6% [2], and the frequency of
patients being treated for the first time for cannabis problems has dramatically increased over the last
decade [1]. Therefore, cannabis use is considered a relevant topic that is gaining greater attention not
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only from a political point of view [1] but also from a scientific point of view, with a specific focus on
the cognitive, behavioral, and neurobiological consequences associated to its use and abuse [3].

For example, research on animal models documented that while high concentrations of
Δ9-tetrahydrocannabinol (THC), the main psychoactive constituent of cannabis [4], are necessary to
impair memory and cognition in old rats, even low concentrations are deleterious in young animals [5].
Animal studies also showed that chronic THC exposure is associated with widespread neurochemical
and neuroanatomical alterations in several brain areas, such as the limbic system and prefrontal
cortex [6].

Similarly, human neuroimaging studies have shown that problematic cannabis use is related to
different structural, functional, and neurophysiological brain alterations [7]. For instance, structural
neuroimaging studies showed abnormalities in hippocampus volume and gray matter density
associated with cannabis use [8]. Furthermore, Moreno-Alcázar et al. [9] recently reported that,
compared to healthy controls, long-term heavy cannabis users showed increased gray matter volume
in the basal ganglia and nucleus accumbens. A recent meta-analysis [3] on 35 task-related functional
imaging studies also showed that cannabis use is associated with a decreased activity in brain areas
involved in cognitive control process (e.g., the anterior cingulate cortex and dorsolateral prefrontal
cortex (dlPFC)) and increased activity in brain structures involved in reward processing (e.g., the
striatum). Lastly, electroencephalographic (EEG) studies showed that cannabis use is related to several
neurophysiological abnormalities, such as increased cortical activation and connectivity, not only
during drug cue exposure [10–12] but also during resting state (RS) condition [13–15].

Taken together, all these data are in line with the perspective that reward-related behaviors and
addictive disorders are associated with dysfunctional dynamic interactions between large neural
networks rather than alterations in single brain areas [16–19]. Within this modern view of the brain as
a highly integrated and dynamic system, in the last years, a theoretical model has gained particular
attention in the neuroscientific literature, the so-called triple network model [20]. This conceptualization
underlines the crucial role of the synergistic interaction between large-scale networks in regulating
the general access to cognitive functions [21] and conversely, it suggests that the dysfunctional
communication within these neural systems is the most plausible explanation of psychopathology
across multiple mental disorders [20,22].

In particular, the triple network model [20] focuses on the dynamic interaction among the default
mode network (DMN), salience network (SN), and central executive network (CEN). While the DMN,
centered on nodes in the medial prefrontal cortex (mPFC) and posterior cingulate cortex (PCC), is
typically active during RS and involved in several higher-order integrative mental functions such as
self-referential processing and mentalization [23,24], the CEN, anchored bilaterally in the dlPFC and
posterior parietal cortex (PPC), is typically active during a wide range of cognitive tasks and involved
in several mental functions such as working memory and problem solving [20,21]. The functional and
dynamic switch between the DMN and CEN (i.e., between task-based and task-free states) is assured
by the regular activity of the SN [25,26], which includes the dorsal anterior cingulate cortex (dACC)
and bilateral anterior insula [20]. Indeed, this network plays a crucial role in filtering, detecting, and
integrating relevant internal (e.g., autonomic input) and external (e.g., emotional information) salient
stimuli in order to guide behavior [27,28].

In the last decade, an increasing body of experimental data has suggested that different aberrant
functional interactions among the SN, CEN, and DMN may be considered potential neurophysiological
biomarkers of different psychopathological phenomena emerging across several neuropsychiatric
disorders, including substance-related and addictive disorders [20,22,29].

For example, it has been reported that, compared to the smoking state, nicotine abstinence is
associated with lower SN–DMN connectivity, suggesting that a weaker network interaction contributes
to smoke craving [30]. Decreased connectivity between the SN and DMN was also reported in
cocaine-dependent individuals [31,32]. Furthermore, Li et al. showed that greater connectivity between
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the SN and DMN, as well as lower connectivity between the CEN and DMN, is associated with relapse
behavior in heroin-dependent patients [33].

To the best of our knowledge, only one report has explored the association between cannabis
use and triple network connectivity. In a functional magnetic resonance imaging (fMRI) study,
Wall et al. [34] showed that in recreational cannabis users (i.e., not regular users) THC administration
disrupts the DMN, where the PCC was the key brain region involved in the subjective experience of THC
intoxication. Thus, the primary purpose of the current research was to extend these previous results
examining the association between problematic cannabis use (PCU) and triple network EEG functional
connectivity. Indeed, although fMRI is widely used to investigate brain functional connectivity, EEG
is considered a suitable tool to investigate network properties [35,36], providing relevant data on
functional interactions between dynamic neural systems in each frequency band [37,38].

2. Materials and Methods

2.1. Participants

Study participants were enrolled using advertising material posted around the university
campus (i.e., a brief explanation of the study procedure including EEG procedure and questionnaire
administration). The enrolment lasted from September to December 2019. Ninety-five undergraduate
students who agreed to participate were screened for eligibility. All the individuals provided informed
consent and contributed voluntarily to the study (i.e., they did not receive payment or academic
credits). This research was approved by the ethics committee of the European University of Rome
(Prot. N.008/19) in line with the Helsinki declaration standards.

Twelve participants (7 males and 5 females) with problematic cannabis use (PCU group) and
twenty-four (9 males and 15 females) non-cannabis-using participants (non-PCU group) were finally
enrolled. PCU individuals were enrolled if they met the following inclusion criteria: (i) Cannabis
Abuse Screening Test (CAST) [39] total score ≥7, as recommended by Bastiani et al. [40] (see “self-report
measures” section for details); (ii) frequency use of cannabis during the last 12 months≥20 times [40]; (iii)
age range 18–30 years old; (iv) negative past or current diagnosis of any psychiatric and/or neurological
diseases (including head trauma); (v) right-handedness; (vi) negative psychoactive medications use
and other illegal drugs consumption in the past two weeks prior to the EEG recordings.

Non-PCU group were included if they met the following inclusion criteria: (i) CAST total score = 0;
(ii) frequency use of cannabis during the last 12 months = 0 times; (iii) age range 18–30 years old; (iv)
negative past or current diagnosis of any psychiatric and/or neurological diseases (including head
trauma); (v) right-handedness; (vi) negative psychoactive medications use and other illegal drugs
consumption in the past two weeks prior to the EEG recordings.

2.2. Self-Report Measures

After the enrolment, all subjects were administered the CAST [39], a self-report measure of alcohol
use problems (CAGE) [41], and the Symptom-Checklist-K-9 (SCL–K–9) [42], and they were asked
screening questions according to a checklist developed for previous studies [43–46].

The CAST [39] is a 6-item self-report questionnaire widely used to assess problematic patterns
of cannabis use within the past 12 months [47]. Items are scored on a 5-point Likert scale (from
0 = “never” to 4 = “very often”). The CAST includes two scoring options [48,49]: a binary version (i.e.,
computing the positive response thresholds that vary across items) and a full version (i.e., calculating
the score using the full range of item responses). Good psychometric properties (e.g., high internal
consistency) of both versions have been reported [48,49]. Satisfactory cross-cultural adaptation has
been also documented [50,51]. In a sample of Italian young adults, using the Multiple Correspondence
Analysis (MCA), Bastiani et al. [40] maximized item homogeneity of the CAST and obtained the best
score in relation to the importance of the response categories for each item. Using this procedure, the
authors showed that, compared to both the binary and the full version, the CAST MCA form had
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better psychometric properties and that the optimal cut-off score was 7 [40]. Therefore, in the current
study, the CAST MCA version was used, and the Cronbach’s α in our sample was 0.91.

The CAGE [41] is a 4-item self-report widely used to assess problematic alcohol use [41,52]. The
acronym refers to the 4 dichotomous (yes = 1; no = 0) questions investigated by the questionnaire:
(i) Cut down, (ii) Annoyed, (iii) Guilty, and (iv) Eye. The total score ranges from 0 to 4, and the
recommended cut-off to screen problematic alcohol use is ≥2 [53]. Previous researches [53] reported
that the CAGE has satisfactory psychometric properties (e.g., suitable correlations with other screening
instruments). In the current research, we used the Italian adaptation of the CAGE [54], and the
Cronbach’s α in our sample was 0.68.

The Symptom-Checklist-K-9 (SCL–K–9) [42] is the short unidimensional version of the original
Symptom Checklist-90-Revised (SCL–90–R) [55]. It is composed of the nine items of the SCL-90-R
(rated on a 5-point Likert scale ranging from 0 = “not at all” to 4 = “extremely”), showing the highest
discriminant power with the general level of psychopathology (i.e., the global severity index). Good
psychometric properties (e.g., good reliability and good model fit), as well as significant correlations
with other questionnaires assessing psychological distress, have been reported [56]. In the present
study, we used the Italian adaptation of the SCL-K-9 [57], and the Cronbach’s α in our sample was 0.86.

2.3. EEG Data Acquisition and Functional Connectivity Analysis

All EEG recordings were performed in the Cognitive and Clinical Psychology Laboratory of
the European University of Rome. Eyes-closed RS EEG was recorded for at least 5 minutes. Study
participants were invited to sit comfortably with their eyes closed in a quiet, semidarkened silent
room; subjects were also instructed to avoid alcohol, caffeine, and cigarettes immediately before their
experimental session (i.e., at least 4 h).

EEG data acquisition was performed using Micromed System Plus digital EEGraph (Micromed©
S.p.A., Mogliano Veneto, TV, Italy) and 31 standard scalp leads, placed according to the 10-20
system. In this setting, Electro-oculogram and the Electrocardiogram were also acquired, and the
reference electrodes were placed on the linked mastoids. As regards the EEG signal, it has been
used a sampling frequency of 256 Hz and impedances were kept below 5KΩ before starting the
recording and further controlled at the end of each experimental session. Other details about EEG
recordings (e.g., A/D conversion and preamplifiers amplitude) can be found elsewhere [58,59]. Signal
processing (i.e., filtering and artifact rejection procedure) was performed using EEGlab toolbox for
MATLAB (The MathWorks, Inc). For filtering procedure, the “basic FIR filter” option was selected, and
0.2 Hz and 100 Hz were respectively the high-frequency filter and the low-frequency filter. Artifact
rejection (i.e., removal of eye movements, blinks, cardiac pulses, muscular or movement activities) was
performed visually on the raw EEG (for details, see [59–61]). At least 3 minutes of clean EEG data (not
necessarily consecutive) were selected and analyzed for each subject. According to previous exact
Low-Resolution Electromagnetic Tomography software (eLORETA) studies [43,45,62–66], artifact-free
data were fragmented into epochs of 2 seconds for the EEG coherence analysis.

The exact Low-Resolution Electromagnetic Tomography software (eLORETA), a well-corroborated
computer program able to detect electrocortical activity [67], was used for all EEG analyses. The
eLORETA provides a “discrete, three-dimensional (3D) distributed, linear, weighted minimum norm
inverse solution” [62]. Assuming that adjacent neuronal sources will be highly synchronized, the
exact weights used in this software “endow the tomography with the property of exact localization to
test point sources, yielding images of current density with exact localization albeit with low spatial
resolution” [62]. The head model for the inverse solution uses the electric potential lead field computed
with the boundary element method [68] averaged of a magnetic resonance image (MRI) data set.
This forward equation “corresponds to an instantaneous discrete sampling of the measurement
space (scalp electrodes) and the solution space (cortical voxels)” [67]. In other words, computations
were performed using a realistic head model [68] determined according to the digitized MNI152
template provided by the Brain Imaging Center of the Montreal Neurological Institute (MNI) [69].

42



Brain Sci. 2020, 10, 136

The standard electrode locations on the MNI152 scalp have been determined according to previous
studies [70,71]. The three-dimensional spatial solution is limited to cortical gray matter, as determined
by the probabilistic Talairach atlas [72], comprising 6239 voxels of 5 cubic mm spatial resolution (for
details, see [62–64,73,74]). Only voxels that were unambiguously identified as cortical grey matter and
those unequivocally felled within the brain compartment were considered by the software. Therefore,
eLORETA images reflect the exact electrocortical activity at each voxel in neuroanatomic MNI space
as the exact magnitude of the estimated current density [75]. Although the computations should
be ideally performed on the exact head model, determined from each individual subject’s MRI, the
boundary element method is considered a suitable technique and it is one of the often-used realistic
models in EEG source analysis [76]. Furthermore, compared to the previous version (e.g., sLORETA),
the eLORETA is characterized by a correct localization even in the presence of structured noise [67,74].
Previous reports showed that the eLORETA provides a suitable localization agreement (the average
depth localization error was 7 mm) with other neuroimaging methods [77–83], and also when a low
number of electrodes were used (i.e., <30). The eLORETA is also characterized by no localization bias
even in the presence of structured noise [62,67,84]. This software is also considered a suitable tool to
investigate large brain network dynamics [35,36,38] by evaluating the modifications in the neuronal
synchronization at varying time delays and frequencies [36]. As a matter of fact, compared to other
brain-imaging methods, EEG time-series data provide a direct measure of postsynaptic potentials with
millisecond temporal resolution [38,84], providing a relevant and precious complementary source of
data for scholars and practitioners in a relatively ecological and economical way [85,86].

In the present study, the lagged phase synchronization (LPS) method [67,87] was used in order to
investigate functional connectivity. The LPS evaluates “the similarity of two time series by means of the
phases of the analyzed signal” [88] based on normalized Fourier transforms [63] with values ranging
from 0 (i.e., no synchronization) to 1 (i.e., the maximum synchronization). Therefore, this approach is
related to nonlinear functional connectivity, and it is considered to be accurately corrected, representing
the synchrony of two signals after the removal of the instantaneous zero-lag component, which is
characterized by several artifacts, such as volume conduction [63]. Although removing zero-lag phase
synchronization could not completely remove volume conduction [89], the LPS is considered to include
only physiological connectivity information and, compared to other connectivity indexes, it is also
minimally affected by low spatial resolution [63,67]. For these reasons, the LPS is broadly used in
clinical neurophysiology studies [62–65,88,90–92].

According to Li and coworkers [33], the triple network functional connectivity was
investigated defining

9 Regions of Interest (ROIs; Table 1 and Figure 1). The LPS was calculated between all the ROIs (i.e.,
81 connections) by the eLORETA, which also performed the source reconstruction [93,94]. According to
previous reports [67,84], the “single nearest voxel” option (i.e., each ROI consisted of a single voxel, the
closest to each seed) was chosen. In the current research, the following frequency bands were analyzed:
delta (0.5–4 Hz); theta (4.5–7.5 Hz); alpha (8–13 Hz); beta (13.5–30 Hz); and gamma (30.5–60 Hz).
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Table 1. eLORETA coordinates of the triple network.

Brain Network
Anatomical

Structure
eLORETA MNI Coordinates 1

eLORETA Talairach Coordinates 1

x y z

DMN
mPFC

0 55 25
0 54 20

PCC
0 −55 20
0 −52 21

SN

dACC
0 20 35
0 21 31

Left AI
−45 15 −5
−45 14 −5

Right AI 50 15 −5
50 14 −5

CEN

Left dlPFC
−45 20 35
−45 21 31

Right dlPFC 40 25 50
40 27 45

Left PPC
−40 −70 45
−40 −66 45

Right PPC 50 −60 40
50 −56 40

Note: 1 coordinates referred to the ROI centroid; coordinates should be considered approximate due to the uncertain
boundaries of the anatomical structures and brain activation patterns.

2.4. Statistical Analysis

EEG connectivity analyses were compared between PCU group and non-PCU group, for each
frequency band, using the statistical nonparametric mapping (SnPM) methodology available in
the eLORETA package. This procedure is based on the Fisher’s permutation [95]. Correction of
significance for multiple comparisons (i.e., between all ROIs for each frequency band) was performed
using the nonparametric randomization procedure, included in the eLORETA software (for more
details, see [64,73]). Briefly, this procedure computes 5000 data randomizations to determine the
critical probability threshold of T-values [95,96] corresponding to a statistically corrected (i.e., after
the multiple ROIs comparisons in each frequency) p-values (p < 0.05 and p < 0.01). Furthermore, the
eLORETA software provides effect size thresholds for t-statistics corresponding to Cohen’s d values [97]:
small= 0.2, medium= 0.5, large= 0.8. Kolmogorov–Smirnov Z test and chi-squared test were performed
to analyze differences between groups for continuous and dichotomous variables, respectively. The
association between CAST total score and only statistically significant EEG connectivity data observed
in the between-group comparison was evaluated using partial correlation (rp) analyses, with age,
sex, educational level, tobacco use, problematic alcohol use (i.e., CAGE ≥ 2), and SCL-K-9 total score
as covariates. IBM SPSS Statistics for Windows, version 18.0 (Chicago, USA), has been used for the
statistical analyses.
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3. Results

For all participants, suitable EEG recordings have been gained. In these recordings, no relevant
modifications of the background rhythm frequency (e.g., focal abnormalities or evidence of drowsiness)
were detected through a visual assessment of the EEG recordings. The average time analyzed was 248.83
± 43.58 seconds (Min./Max.: 180/306) and 268.17 ± 38.72 seconds (Min./Max.: 180/318), respectively, for
PCU and non-PCU participants (Z-test = 1.02, p = 0.252).

Differences between groups are reported in Table 2. No significant differences were observed for
socio-demographic data or for general psychopathology, even though, compared to non-PCU, PCU
participants reported more frequent tobacco use in the last 6 months, as well as more problematic
alcohol use.

Table 2. Demographic and clinical data of participants (N = 36).

PCU
(N = 12)

Non-PCU
(N = 24)

test p

Variables

Age–M (SD) 23.33 ± 3.47 21.21 ± 2.70 Z-test = 1.06 0.211
Educational level (years)–M ± SD 16.42 ± 1.51 15.54 ± 1.50 Z-test = 0.83 0.504

Men–N (%) 7 (58.3%) 9 (37.5%) χ2
1 = 1.41 0.236

Tobacco use in the last 6 months–N (%) 8 (66.7%) 7 (29.2%) χ2
1 = 4.63 0.031

CAST–M (SD) 10.25 ± 4.31 0.00 ± 0.00 - -
CAGE–M (SD) 0.67 ± 1.07 0.04 ± 0.20 Z-test = 0.82 0.504

CAGE ≥ 2–N (%) 3 (25%) 0 (0%) χ2
1 = 6.55 0.011

SCL-K-9–M (SD) 1.22 ± 0.97 0.73 ± 0.44 Z-test = 0.94 0.336

Note: PCU = problematic cannabis users; CAST = Cannabis Abuse Screening Test; CAGE = self-report measure of
alcohol use problems; SCL-K-9 = Symptom-Checklist-K-9.

Functional Connectivity Results

In the comparison between PCU and non-PCU participants, the thresholds for significance,
corrected for multiple comparisons, were T = ± 3.72 corresponding to p < 0.05, and T = ± 4.41,
corresponding to p < 0.01. The effect sizes for T-threshold were 1.17, 2.92, and 4.67, corresponding,
respectively, to small, medium, and large effect sizes.

Significant differences between groups were observed in delta band. PCU participants showed an
increase of delta connectivity between the dACC and right PPC than non-PCU (T = 4.37, p = 0.010;
Figure 2A). The strength of delta connectivity between the dACC and right PPC was positively and
significantly correlated with the CAST total score after controlling for age, sex, educational level,
tobacco use, problematic alcohol use, and general psychopathology (rp = 0.40, p = 0.030; Figure 2B).
The correlation between EEG connectivity data and CAST total score remains significant also when the
seconds of analyzed EEG were added and considered (rp = 0.39, p = 0.038).
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No significant differences were detected in the other frequency bands. The most evident
modifications of EEG connectivity observed in the theta band was noticed between the left anterior
insula and the PCC (T = 2.45, p = 0.61). The most prominent modifications of EEG connectivity
observed in the alpha band were reported between the mPFC and the PCC (T = −1.70, p = 0.99). The
most relevant modifications of EEG connectivity observed in the beta band were detected between the
dACC and the right PPC (T = 3.04, p = 0.23). Lastly, the most evident modifications of EEG connectivity
observed in the gamma band were noticed between the left anterior insula and the PCC (T = 2.67,
p = 0.45).

4. Discussion

The main aim of the current study was to investigate the association between PCU and triple
network EEG functional connectivity. Compared to non-PCU, PCU participants showed an increase
of delta connectivity between the SN and CEN, specifically, between the dACC and right PPC.
Furthermore, SN–CN functional connectivity strength was positively correlated with CAST total score
(i.e., higher connectivity was associated with higher problematic patterns of cannabis use), even when
controlling for the presence of other variables (i.e., sex, age, educational level, general psychopathology,
tobacco use, and problematic alcohol use). No significant association was observed among DMN hubs,
suggesting that individuals with PCU could be characterized by a specific dysfunctional communication
between the SN and CEN during RS.

In order to support a wide range of cognitive functions, both SN and CEN are conceptualized as
task-positive networks interacting with each other [98,99]. Specifically, the SN detects and provides
a selective amplification of relevant stimuli generating a top-down control input that activates
the CEN in order to respond to salient information [28]. The dACC is considered a key region
involved in reward-based decision making, which integrates various task-relevant stimuli and
supports goal-directed behavior [100]. Furthermore, it is known that this brain area is crucial during
craving-related experiences, not only in response to drug-cues [101] but also during RS condition [78].
On the other hand, the involvement of PPC in a wide range of cognitive tasks, such as attention,
decision making, and episodic memory, is well documented [102].

Therefore, the increase of RS functional connectivity between the SN and CEN, detected in the
present study, might reflect the tendency of PCU individuals to focus on reward-based decision making,
triggered by attentional and emotional processes of cannabis-related thoughts, memories, and craving.
Accordingly, this study pointed out an increase in SN–CEN connectivity in the delta band. This
result is in accordance with previous neurophysiological studies reporting the involvement of delta
frequency band in the brain reward system [103,104] and consequently in substance-related disorders,
especially during withdrawal and craving states. For instance, the increase of frontal delta and theta
power has been reported in crack-cocaine-dependent subjects during guided cocaine imagery [105]
as well as in response to acute smoked cocaine self-administration [106]. Similarly, Li et al. [107]
reported that delta-increased coherence between frontal and posterior regions was associated with
cigarette cravings. Recently, Prashad et al. [13] also showed that cannabis users exhibited a greater
cortico-cortical connectivity in both frontal and central regions in delta and theta frequencies band
than noncannabis users.

Our results are not consistent with previous studies reporting functional connectivity alterations
between DMN hubs and both SN and CEN nodes [30–33]. These differences could be related to several
discrepancies in study designs (e.g., EEG vs. fMRI) and procedures (e.g., ROIs selection). However,
it is also possible that specific substances are characterized not only by atypical neurophysiological
signatures [13] but also by specific dysfunctional dynamic interactions between neural networks, which
might also change according to the different behavioral states (i.e., intoxication, craving, bingeing,
withdrawal, and relapse) associated with addiction [108]. This interpretation is purely hypothetical,
but it could be investigated in future studies.
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Although potentially interesting, the present findings should be evaluated taking into account
some limits. The first limitation is the small sample size that reduces the generalizability of our findings
and leads us to consider our study only as preliminary. Second, this is a cross-sectional report; thus,
causal relationships between investigated variables cannot be established and should be examined
through longitudinal and experimental studies. Third, our sample is composed of undergraduate
students with no formal diagnosis of cannabis use disorder, which may be characterized by different
EEG connectivity patterns within the triple network. Fourth, we did not assess triple network
connectivity during drug cues exposure, making our interpretation specific to the RS condition (i.e.,
eyes closed). Furthermore, although we have excluded participants reporting psychoactive medication
use and other illegal drug consumption, a formal urine toxicology screen was not performed. Lastly, it
should be noted that abnormalities in grey matter have been reported in PCU, especially in long-term
heavy cannabis users [9]. Therefore, although we have investigated young adults with PCU, it cannot
completely be excluded that structural alterations might affect the forward modeling by means of
different conduction delays and cortical thickness. Notwithstanding these limits, to the best of our
knowledge, this is the first study that has examined the association between triple network EEG
functional connectivity and PCU using a validated tool (i.e., eLORETA) to localize electrocortical
activity and controlling for potential confounding variables.

Based on the results of the current research, future studies should design experimental paradigms
using drug, compared to neutral, stimuli to broaden such findings concerning triple network
connectivity during direct exposure to drug cues. Moreover, due to the association between PCU and
other mental disorders [109], future research considering comorbidity with such disorders is needed
to understand relationships among these variables and the neurophysiological mechanisms pointed
out through this study. Lastly, future studies with larger samples, longitudinal, and/or experimental
designs, and combing multimodal neuroimaging techniques, should be implemented in order to clarify
long-term effects of PCU on both neurophysiological and neurocognitive point of view.

5. Conclusions

Taken together, our data would seem to suggest that individuals with PCU could be characterized
by a trait-specific dysfunctional interaction between the SN and CEN (specifically between the
dACC and right PPC) during RS. This result might reflect certain aspects of PCU such as attentional
and emotional processes of cannabis-related thoughts, memories, and craving. Therefore, future
investigations relating to the triple network model could provide novel insights into human behavior
associated with addiction and substance-related disorder.
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Abbreviations

eLORETA exact Low Resolution Electromagnetic Tomography software
MNI Montreal Neurological Institute
DMN default mode network
mPFC medial prefrontal cortex
PCC posterior cingulate cortex
SN salience network
dACC dorsal anterior cingulate cortex
AI anterior insula
CEN central executive network
dlPFC dorsolateral prefrontal cortex
PPC posterior parietal cortex
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Abstract: To better understand the biopsychosocial mechanisms associated with development
and maintenance of cannabis use disorder (CUD), we examined frontal alpha asymmetry (FAA)
as a measure of approach bias and inhibitory control in cannabis users versus healthy nonusers.
We investigated: (1) whether FAA could distinguish cannabis users from healthy controls; (2) whether
there are cue-specific FAA effects in cannabis users versus controls; and (3) the time course of
cue-specific approach motivation and inhibitory control processes. EEG data were analyzed
from forty participants (CUD (n = 20) and controls (n = 20)) who completed a modified visual
attention task. Results showed controls exhibited greater relative right hemisphere activation
(indicating avoidance/withdrawal motivation) when exposed to cannabis cues during the filtering
task. By contrast, cannabis users exhibited greater relative left activation (approach) to all cues
(cannabis, positive, negative, and neutral), reflecting a generalized approach motivational tendency,
particularly during later stages of inhibitory control processes. The difference between cannabis users
and controls in FAA was largest during mid- to late processing stages of all cues, indicating greater
approach motivation during later stages of information processing among cannabis users. Findings
suggest FAA may distinguish cannabis users from healthy controls and shows promise as a measure
of inhibitory control processes in cannabis users.

Keywords: cannabis use disorder; cue reactivity; craving; inhibitory control; frontal alpha asymmetry;
EEG; cannabinoids

1. Introduction

Among individuals age 12 and older, cannabis is the most widely used illicit drug, with an
estimated 24 million people reporting past month use in 2016 [1]. The largest increases from 2002 to
2016 were among adults age 26 and older [1]. Studies suggest an increase in permissive attitudes towards
cannabis use and reduced perceptions of cannabis-related harm may underlie increases in cannabis
use among adults [2,3]. However, studies also show that both short-term and long-term/chronic
cannabis use are associated with detrimental psychological and physical effects. For example, acute
negative effects may include impairments in attention, short-term memory, and motor coordination,
increasing risk for accidental injuries [4,5]. Long-term or heavy use of cannabis may increase the risk
for developing a cannabis use disorder (CUD) [6], which may contribute to lasting structural and
functional brain changes. The potency of cannabis has also been increasing significantly over the
past decade and serves as a significant risk factor for the onset of CUD symptoms [7,8]. Data from
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two waves of the National Epidemiological Survey on Alcohol and Related Conditions [9] revealed
that, among cannabis users, three out of 10 evidenced a Diagnostic and Statistical Manual of Mental
Disorders, 4th Edition (DSM-IV) past-year CUD, with rates of CUD doubling from 2001–2002 to
2012–2013. Given these increases and associated consequences, there is continued need to better
understand the underlying processes associated with the development and maintenance of CUD,
which is critical to the development of novel interventions [2].

Evidence suggests there are several key brain-based mechanisms involved in the maintenance of
CUD, including drug cue reactivity, attentional bias, craving, and inhibitory control deficits—all of
which underlie drug seeking, consumption, and relapse among those trying to abstain [10,11]. The dual
process theory of addictive behaviors integrates these mechanisms by arguing that the approach
(appetitive) system and self-regulatory (executive function/control) systems become imbalanced
throughout the addiction process [12–14]. The approach-oriented (appetitive) system underlies the
automatic behavioral tendency to approach one’s drug of choice (i.e., approach bias). This automatic
approach tendency is presumed to be a function of sensitization that occurs as a result of repeated and
persistent drug use contributing to a heightened response to drugs and conditioned drug cues [15,16].
In tandem, a deficit in the executive control system, and reduced inhibitory control in particular, makes
it difficult to resist or inhibit the impulse to approach and use drugs [13,14,17].

Over the last several decades, an emerging body of research has positioned frontal alpha asymmetry
(FAA), measured via electroencephalogram (EEG), as a promising neural index of the approach
motivational system [18–20]. FAA is the difference between left and right alpha activity/activation in
the frontal cortical areas of the brain. FAA has been widely studied as a psychophysiological index in
research on motivation, cognition, and psychopathology [21–24]. Alpha activity is cortical EEG activity
in the alpha frequency band (8–13 Hz) recorded over a period of time and is believed to reflect an
individual’s tendency or predisposition to engage in certain motivational or emotional responses [25].
Alpha activation, on the other hand, is a task-related change in alpha activity [25], which has been
investigated in relationship to current emotions and behaviors [26,27].

The approach/withdrawal motivation model of EEG asymmetry suggests that greater relative left
frontal activity is associated with approach-related tendencies, and greater relative right activity is associated
with withdrawal-related tendencies [28]. A majority of the studies to date have examined the link between
FAA and various psychopathological conditions, including depression [21,29–31] and ADHD [32,33].
Overall, these studies lend support to the motivational theory that both a behavioral inhibition system (BIS)
and a behavioral activation system (BAS) drive our emotions and behaviors. Evidence suggests that a
novel/aversive stimulus results in the organization of cognitive resources for removal or rejection of the
stimulus (i.e., behavioral inhibition), while an incentive/appetitive stimulus results in the organization of
cognitive resources to attain the desired stimulus (i.e., behavioral approach) [34].

Despite its relevance for understanding addictive behaviors, there has been a dearth of studies
examining FAA among those who use alcohol/drugs or have a substance use disorder. In one of the few
studies examining FAA among substance using individuals, Gable and colleagues [35], in a nonclinical
sample of 42 college students who reported alcohol use in the past month, found that, among those with
high impulsivity, there was relatively greater left frontal alpha asymmetry in response to alcohol cues.
The authors speculated that the inhibitory control system may serve a regulatory function in the neural
response to alcohol cues. Likewise, Bowley and colleagues [36] found a trend among college students
for left frontal activity enhancement after exposure to beer stimuli, suggesting enhanced approach
motivation [36]. Others have also investigated the role of FAA in areas such as attentional narrowing
and inhibitory control in alcohol-related cognitions [35], as well as craving and cue reactivity in nicotine
dependence [37]. A majority of these studies, however, were conducted with college students with
varying levels of alcohol use or with individuals with nicotine dependence. Thus, the findings may not
be generalizable to those with other substance use or use disorders such as CUD. To our knowledge,
there have been no studies to date that have examined FAA among those with CUD. Moreover, the
studies reviewed have all examined FAA averaged over time by stimulus; it thus remains unclear

58



Brain Sci. 2019, 9, 219

whether approach motivation and inhibitory control processes are static or shifting over time during
the course of information processing [32].

The aims of our study were thus threefold: (1) to examine whether FAA could distinguish
individuals with CUD from healthy controls; (2) to examine if there are cue-specific FAA effects in
cannabis users versus healthy controls; and (3) to determine the time course of approach motivation
and inhibitory control processes during processing of cannabis cues. Given the dearth of studies
examining the processes underlying CUD, this study represents a novel and important area of research,
with potential implications for our understanding of the neurobiological mechanisms of CUD with
implications for development of treatment interventions.

2. Materials and Methods

Data for this analysis came from a recently completed lab-based experimental study that utilized
EEG and ERP (event-related potential) to examine the time course of attentional bias and cue reactivity
among individuals with CUD compared to healthy controls. See Ruglass et al. [38] for details.
The parent study examined ERPs as indices of attentional bias to cannabis cues in cannabis users.
By contrast, the current study leveraged the EEG data collected to examine FAA as a measure of
approach motivation in cannabis users.

2.1. Participants

Forty participants were recruited from printed flyers, online advertisements, and word of mouth
(see Table 1 for demographic characteristics). For full details on inclusion and exclusion criteria, see
Ruglass et al. [38]. The current study included cannabis smokers (n = 20, Mage = 26.2, SD = 8.53)
who were physically healthy English-speaking adults and were diagnosed with current CUD (abuse
or dependence). Similarly, the study included healthy controls (n = 20, Mage = 28, SD = 10.87) who
were physically healthy English-speaking adults and did not meet criteria for any current or past
psychiatric or substance use disorders according to the DSM-IV [39]. Participants in the CUD group
were excluded if they had any other current or past psychiatric disorder, or a positive drug test for
any substance other than cannabis. Participants were excluded from the healthy control group if they
had a positive drug test for any drug. Participants were also excluded from the study if they reported
suicidality or homicidality, history of seizures, organic mental syndrome, or they refused to be audio
recorded. All participants self-reported normal or corrected normal visual acuity. Informed consent
was obtained from each participant. The Institutional Review Board of the City University of New
York reviewed and approved all materials and procedures. Participants were compensated $100 in
cash for their time, effort, and transportation for both sessions.

Table 1. Demographic characteristics.

Variable
CUD (n = 20)
M (SD) or %

Controls (n = 20)
M (SD) or %

t statistics/χ2

Baseline Session

Age 26.2 (8.53) 28 (10.87) t = 0.58, p = 0.56
Education1 13.85 (1.63) 14.85 (1.35) t = 2.11, p = 0.041

Sex (% males) 80% 75% χ2 = 0.143, p = 0.705
Marital Status (% Single) 100% (n = 20) 95% (n = 19) χ2 = 2.105, p = 0.35
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Table 1. Cont.

Variable
CUD (n = 20)
M (SD) or %

Controls (n = 20)
M (SD) or %

t statistics/χ2

Race/Ethnicity

Black/African American 50% (n = 10) 45% (n = 9)

χ2 = 1.26, p = 0.74
Hispanic/Latino 30% (n = 6) 25% (n = 5)

White 20% (n = 4) 25% (n = 5)
Other 0% (n = 0) 5% (n = 1)

Employment

Full-time 45% (n = 9) 25% (n = 5)

χ2 = 6.56, p = 0.161
Part-time 30% (n = 6) 50% (n = 10)
Student 15% (n = 3) 25% (n = 5)

Unemployed 10% (n = 2) 0%

Cannabis Use

Past week use of cannabis
(# of days) 6.4 (1.85) N/A N/A

Past 90 days use of cannabis
(# of joints) 246.1 (183.35) N/A N/A

1 p < 0.05.

2.2. Materials and Procedure

After completing a phone screen, participants completed a baseline interview and an experimental
session on two separate days. Participants first completed a urine toxicology screen and were
administered a series of diagnostic and clinical measures during both sessions (see Ruglass et al. [38]
for details). During the experimental session, while inside an electrically and acoustically shielded
Industrial Acoustics Company (New York, USA) chamber, each participant completed 24 blocks of
experimental trials (and one or more blocks of practice trials) in a modified version of the visual flanker
task [40] called the temporal flanker paradigm (see Figure 1) while their electroencephalographic (EEG)
responses were recorded. The visual flanker task is a traditional cognitive method for measuring
the extent to which distractor stimuli draw attention away from and affect the processing of target
stimuli [41]. The current study investigated whether there is a difference in attentional control to various
cues between cannabis users and nonusers as measured by FAA elicited in a version of the visual
flanker task called the temporal flanker paradigm. The experimental session lasted approximately
3 hours, including EEG preparation and short breaks.
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Figure 1. Modified flanker task, made up of a block of 80 trials, each consisting of a fixation square
followed by the first flanker, target, and second flanker (stimulus displays), presented sequentially for
150 ms separated by a random interstimulus interval (153–390 ms). The target was represented by a
vertical or horizontal line, or a cross superimposed on a cannabis-related picture or a neutral, positive,
or negative image from the International Affective Picture System (IAPS) [42].

Stimuli were created in Presentation®(Neurobehavioral Systems). Each task in the visual flanker
paradigm was made up of a block of 80 trials, each consisting of a fixation square (0.67º) followed by a
first flanker, target, and second flanker (stimulus displays), presented sequentially for 150 ms separated
by a random interstimulus interval (153–390 ms), see Figure 1. The target was represented by a vertical
or horizontal line, or a cross superimposed on one of the following images: a cannabis-related picture,
or a colored picture from the International Affective Picture System (IAPS) [42] that was pre-judged
to be neutral (e.g., door scene), positive (e.g., beach scene), or negative (e.g., natural disaster scene).
IAPS pictures’ valence and arousal ratings range from 1 (low pleasure or low arousal, respectively) to 9
(high pleasure or high arousal, respectively). Neutral images were considered those with a mean rating
of five. Average valence/arousal of IAPS stimuli included in this study were 5.20/3.07 for neutral cues,
7.23/5.24 for positive cues, and 2.81/5.60 for negative cues. Cannabis-related pictures were collected
from free online sources and included images of cannabis, joints, and cannabis paraphernalia (e.g.,
pipe, rolling paper). Cannabis pictures were matched with IAPS pictures in terms of size. Line stimuli,
subtending a visual angle of 0.57º, appeared in gray on a black background; cues subtended 10.85º (V)
× 9.74º (H) of the visual angle.

Overall, each participant completed 24 blocks of trials, consisting of 3 repeating sets of 8 blocks:
4 baseline and 4 filtering for each image type (neutral, positive, negative, and cannabis). The order of
blocks was balanced across participants. Each block consisted of 80 trials, in which participants were
asked to respond by clicking the mouse key as quickly and accurately as possible to the orientation
of the target line, while ignoring the flanker lines and the surrounding image. Assignment of line
orientation to response keys was counterbalanced across participants, and tasks were divided into
baseline and filtering [43].

In the baseline task, distractors were held constant across trials, such that two crosses always
flanking the target and a single image (cue), drawn from one of four cue sets (neutral, positive, negative,
and cannabis), appearing on each trial in a block. Distractors were held constant in order to create a
baseline measurement of attention with minimal distraction. Participants immediately repeated the
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task if they did not reach the required 80% level of accuracy for the baseline condition. For the filtering
task, distractors appeared randomly, such that target and flanker lines matched in terms of direction
(congruent trials) in 40% of trials (32 of 80) and did not match in terms of direction (incongruent trials)
in 40% of trials (32 of 80), while in 20% of trials (16 of 80), the flankers were crosses (neutral trials).
The use of congruent and incongruent distractors in the filtering task introduces stimulus conflict as
an attentional requirement of the task, thereby creating a measurement of inhibitory control when
compared to participants’ baseline performance. Participants immediately repeated the task if they
did not reach the required 60% level of accuracy in the filtering condition. All eight images from one of
the four cue sets (neutral, positive, negative, cannabis) appeared randomly an equal number of times
during each block of filtering trials, creating four distinct filtering tasks. See Ruglass et al. [38] for
further details.

2.3. Data Recording and Analysis

EEG recordings were collected, using an ANT neuro system (ANT, Philadelphia, PA, USA) in a
high-density (128 electrodes) montage arranged in a cap, continuously at a sampling rate of 512 Hz.
An electrooculogram (EOG) was used to monitor blinks and other eye movements from two electrode
montages, one electrode was placed on the infra- and supra-orbital ridges of the right eye (VEOG), and
the other was placed on the outer canthi of each eye (HEOG). Trials in which mastoid activity was
greater than 100 μV were excluded. Trials with excessive blinks, eye movements, or other movement
artifacts were defined as z-values on the VEOG, HEOG, and lowermost scalp channels exceeding 4.5 in
a frequency band between 1 and 140 Hz; a MATLAB routine [44] was used to remove artifact trials.

Stimulus-locked waveforms (sweep time = 2000 ms) were referenced to linked mastoids band-pass
filtered between 0.1 and 30 Hz. Induced alpha power (8–13 Hz) was extracted using a Morlet wavelet
transform (spectral bandwidth = 6–8 Hz; wavelet duration = 80–106 ms) individually on each trial
of each task (baseline, filtering) to each cue (neutral, cannabis, positive, negative) in each of three
time epochs (0–200, 201–400, and 401–800 ms), separately for each of three pairs of lateral electrode
locations: frontal (F7, F8), midfrontal (F3, F4), and midline frontocentral (FC3, FC4). Alpha power was
log transformed [45] to derive a composite measure of FAA [25,46,47], as follows:

FAA = (ln[αF8] + ln[αF4] + ln[αFC4])/3 − (ln[αF7] + ln[αF3] + ln[αFC3])/3 (1)

where α is induced alpha power at the corresponding frontal electrode locations. Higher FAA scores
indicate relatively higher left cortical activity [48].

We performed mixed model analyses of variance (ANOVAs) on FAA scores using
Statistica®software, with Group (2 levels: cannabis smokers, healthy controls) as the between-subjects
factor and Task (2 levels: baseline, filtering), Cue (4 levels: neutral, cannabis, positive, negative),
Frequency (6 levels: 8–13 Hz), and Epoch (3 levels: early, middle, and late) as within-subject factors.
To guard against violations of the sphericity assumption with repeated-measures data, all main effects
and interactions reported as significant were reliable after Greenhouse–Geisser correction [49].

3. Results

ANOVA of FAA uncovered a significant main effect of Task, F(1,38) = 19.00, p < 0.001, MSe =
0.07, η2 = 0.22. FAA was significantly more positive in the baseline task (0.06) than in the filtering
task (0.03). There was also a main effect of Frequency, F(5,190) = 9.07, p < 0.001, MSe = 0.01, η2 = 0.05.
Post-hoc analysis (Newman–Keuls, 0.05 criterion level) revealed less left-sided activation at 8 Hz (low
alpha) than at the other five alpha frequencies. Moreover, the difference in FAA between baseline and
filtering tasks was larger at lower alpha (8–9 Hz) than higher alpha (12–13 Hz), F(5,190) = 2.52, p = 0.03,
MSe = 0.001, η2 = 0.002, particularly at the later time epochs, F(10,380) = 7.75, p < 0.001, MSe = 0.0002,
η2 = 0.003. As shown in Figure 2, the larger task difference at low alpha was especially prominent
to cannabis cues relative to neutral, positive, and negative cues, leading to a significant Task x Cue x
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Frequency interaction F(15,570) = 2.63, p < 0.001, MSe = 0.001, η2 = 0.002. Furthermore, the effect of
cannabis cues on low alpha during the filtering task was evident only in nonusers, creating a Group ×
Task × Cue × Frequency interaction, F(15,570) = 1.92, p = 0.02, MSe = 0.001, η2 = 0.003.

 
Figure 2. A significant three-way interaction of task (baseline vs. filtering), cue (cannabis, neutral,
positive, and negative) and frequency (8–13 Hz) on frontal alpha asymmetry. Larger task difference at
low alpha was especially prominent to cannabis cues relative to neutral, positive, and negative cues.
Error bars represent the standard error of the mean.

Figure 3 depicts the four-way interaction in a pairing of the neutral and cannabis cue conditions only.
As one can see, only to cannabis cues in control participants during filtering does FAA show right-sided
hemisphere (avoidance) activation. Control participants show left-sided (approach) activation in the
neutral, positive, and negative conditions, while cannabis users show left-sided activation (approach)
in all conditions (neutral, positive, negative, and cannabis). As shown in Figure 4, the group difference
in FAA was largest during the middle (201–400 ms) and late time epochs (401–800 ms), F(2,76) = 3.23,
p < 0.05, MSe = 0.07, η2 = 0.07.
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Figure 3. A significant four-way interaction in group (cannabis users vs. controls), task (baseline vs.
filtering), cues (cannabis vs. neutral) and frequency (8–13 Hz) on frontal alpha asymmetry. Control
participants show right-sided hemisphere (avoidance) frontal alpha asymmetry (FAA) activation only
to cannabis cues during the filtering task, and they show left-sided (positive) activation in the other
conditions, while cannabis users show left-sided activation (approach) in all conditions. Error bars
represent the standard error of the mean.

Figure 4. Group difference (cannabis users vs. controls) in FAA. The largest group difference was
during the middle and late time epochs. Error bars represent the standard error of the mean. See the
online article for the color version of this figure.
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4. Discussion

The current study examined three related questions: (1) whether FAA could distinguish individuals
with cannabis use disorders from healthy controls; (2) whether there were cue-specific FAA effects; and
(3) when in the time course after cue presentation (early, middle, or late) the differences in FAA (an
index of approach motivation and inhibitory control processes) are greatest between individuals with
cannabis users and healthy controls.

Results revealed that the healthy controls/nonusers exhibited greater relative right hemisphere
activation (typically indicative of avoidance/withdrawal motivation; Davidson, 1993; Davidson et al.,
1990) when exposed to cannabis cues during the filtering task, especially during early frequencies.
By contrast, cannabis users showed greater relative left activation (indicative of approach motivation)
during all conditions (neutral, positive, negative, and cannabis). It is possible that healthy controls
withdraw their attention to potent (cannabis) distractors as a way to enhance inhibitory control
and improve performance. Healthy controls may also perceive cannabis cues as unpleasant or
aversive (particularly when there are multiple cannabis cues being presented randomly), triggering the
withdrawal/avoidance system. These findings are consistent with the theory of behavioral inhibition
system (BIS) [34] and may reflect participants’ organization of cognitive resources for avoidance of
aversive stimuli.

Counter to expectations, the cannabis cues did not elicit greater approach motivation among
cannabis users. Instead, cannabis users exhibited greater relative left hemisphere activation (approach)
across all conditions (neutral, positive, negative, and cannabis and neutral cues), suggesting positive
feelings and/or high engagement with all stimuli. Cannabis users also evidenced higher FAA (greater
relative left activation) compared to the healthy controls during the middle and late stages of processing
of all cues, reflecting a generalized approach motivational tendency, particularly during the later
stages of inhibitory control processes. It is possible that, due to an altered reward processing system
secondary to structural (particularly in the prefrontal cortex) and functional changes in the brain as
a result of long-standing and continual cannabis use [50], the cues elicited a generalized approach
tendency among cannabis users.

Conversely, it is possible that the cannabis cues were not salient enough for the cannabis
users—particularly during the latter phases of cue processing where more consciously controlled
inhibitory processes are at play—to activate greater approach-related tendencies above and beyond
those activated for the neutral, positive, or negative cues. It is also possible that the neutral cues were
not perceived as “neutral” by our CUD participants, contributing to similar levels of left activation.
Indeed, FAA may index both motivational (approach versus avoid) and affective processes (positive or
negative) [18]. Thus, cannabis users’ greater relative left activation to all cues suggests more positive
feelings and greater engagement with all stimuli. Studies also suggest that individual differences in
substance use duration and severity and trait impulsivity may play important roles in the degree to
which there is greater left activation to appetitive cues (e.g., substance use cues) compared to neutral
cues [51–53]. For example, Mechin and colleagues (2016) found a positive correlation between trait
impulsivity and left activation to alcohol cues, even after controlling for recent drinking behaviors,
highlighting the importance of examining individual difference variables. Future studies that examine
personality differences such as impulsivity, among cannabis users and level of severity of cannabis
use disorder and their influence on FAA are critical to further understand FAA processes among
this population.

Limitations

A few limitations should be mentioned. The generalizability of our findings is limited to
nontreatment-seeking individuals with CUD. Moreover, our small sample size may have limited our
ability to detect significant effects among cannabis users. Future research is needed with a larger
sample size and follow-up timepoints for replication of findings, examination of individual differences
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in the associations between cue exposure and FAA, as well as determination of whether greater relative
left FAA predicts increased craving and future cannabis use among those with cannabis use disorders.

5. Conclusions

Despite limitations, this study is one of the first to investigate FAA among those with cannabis use
disorder and contributes to the growing literature on the relationship between FAA and motivational
or inhibitory control processes, especially in substance users, by highlighting the usefulness of FAA as a
measure of motivational processes. Methodological strengths include the careful matching of controls
to cannabis users, the lack of psychiatric and other drug use comorbidities, biomedical verification of
cannabis and other substance use, as well as measurement of neural activity via EEG. Results suggest
that FAA holds significant promise as a measure of attentional and motivational processes in cannabis
users, with promising areas of future research, including utilizing FAA as a transdiagnostic marker that
distinguishes cannabis users from healthy controls; FAA as a measure or mechanism of cue reactivity
and specifically the impact of cues on attention; and the potential for attentional or approach-bias
modification training to influence motivation and inhibitory control processes in substance users.
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Abstract: Cannabis use in adolescents and young adults is linked with aberrant brain structure,
although findings to date are inconsistent. We examined whether aerobic fitness moderated the
effects of cannabis on cortical surface structure and whether gender may play a moderating role.
Seventy-four adolescents and young adults completed three-weeks of monitored abstinence, aerobic
fitness testing, and structural magnetic resonance imaging (sMRI). Whole-sample linear regressions
examined the effects of gender, VO2 max, cannabis use, and their interactions on the surface
area (SA) and local gyrification index (LGI). Cannabis use was associated with greater cuneus SA.
Gender-by-cannabis predicted precuneus and frontal SA, and precentral, supramarginal, and frontal
LGI; female cannabis users demonstrated greater LGI, whereas male cannabis users demonstrated
decreased LGI compared to non-users. Aerobic fitness was positively associated with various SA
and LGI regions. Cannabis-by-aerobic fitness predicted cuneus SA and occipital LGI. These findings
demonstrate that aerobic fitness moderates the impact of cannabis on cortical surface structure, and
gender differences are evident. These moderating factors may help explain inconsistencies in the
literature and warrant further investigation. Present findings and aerobic fitness literature jointly
suggest aerobic intervention may be a low-cost avenue for improving cortical surface structure,
although the impact may be gender-specific.

Keywords: cannabis; gyrification; surface area; cortical surface structure; aerobic fitness; gender

1. Introduction

Cannabis is the most used “illicit” substance worldwide with estimated lifetime prevalence rate of
16.9%, with the highest rates in the United States and New Zealand [1]. Specifically within the United
States, cannabis is the second most commonly used substance within adolescents and young adults [2].
Approximately 29.7% of adolescents (Grades 8, 10, and 12) [3] and 52% of young adults (aged 18–25) [4]
have used cannabis within their lifetime; and, these prevalence rates can vary by state policies [5].
Heavy and chronic cannabis use is associated with adverse psychopathological [6], neurocognitive,
and aberrant brain morphology outcomes [7]. Yet, distinct structural changes are less understood [8]
and results are not always consistent [7]. Therefore, further research is necessary to elucidate potential
moderators of cannabis effects that may explain individual differences.
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Cannabis contains cannabinoids, including delta-9-tetrahydrocannabinol (THC) and cannabidiol
(CBD). THC is the main psychoactive ingredient and interacts with the endocannabinoid system,
affecting the brain through binding to its cannabinoid receptor type 1 (CB1), which is widely distributed
throughout the cerebral cortex and principally involved in neuromodulation [9]. Repeated and regular
exogenous cannabis exposure can affect CB1 binding [10] and downregulation [11], as well as effects on
the brain structure and function (e.g., white matter integrity, functional connectivity, and cerebral blood
flow) [12]. Frequent cannabis use, especially high-potency THC products, is associated with structural
alterations in medial-temporal, frontal, limbic, and cerebellar regions [7,8,13], however, the extant
literature regarding definitive effects on brain structure have garnered mixed findings [14]. Specific
investigations into volumetric indices (i.e., cortical thickness and volume) has shown differences
between cannabis users and non-users in several areas, including, the hippocampus [15,16], prefrontal
cortex [17], right amygdala [18,19], right fusiform [20], orbitofrontal cortex [21,22], inferior parietal
cortex [21], anterior cingulate [23,24], precentral gyrus [23,25], superior frontal gyrus [23], right
thalamus [25], and cerebellum [26]; see review [27]. Lorenzetti, Chye, Silva, Solowij and Roberts [27]
noted further investigation is needed to elucidate potentially mitigating variables in this relationship.
Nonetheless, reviews largely center volumetric indices due to a large proportion of literature examining
these outcomes. However, less is known on the relationship between cortical surface structure
(i.e., cortical gyrification and surface area) and cannabis use and thus is the focus of the present study.

Cortical folding or local gyrification index (LGI) optimizes cortico-connectivity [28]. LGI has been
shown to continue development well into adulthood [29] and it is hypothesized to be more susceptible
to environmental factors, such as exogenous drug exposure [30–33]. Cortical surface area (SA) reaches
peak levels within adolescence [34] and decreases with age [29], with development largely attributable
to heritability [35]. As stated previously, repeated exogenous cannabis exposure can cause alterations
in the endocannabinoid system, which plays a role in neuromodulation, pruning, and white matter
development. Thus, it is postulated this exposure could disrupt developmental trajectories of LGI and
SA, however, this association may be more complex than previously conceptualized. Despite this, only
a few studies have examined LGI and SA in cannabis users. Mata, et al. [36] found decreased LGI (i.e.,
flattening) in the bilateral temporal lobes and left prefrontal cortex within cannabis users; however,
no global hemispheric differences in SA were observed. Previous ROI analyses from our lab found
decreased LGI in frontal, medial, and ventral medial poles in regular young adult cannabis users,
and marginal differences in SA—indicating that cannabis may impact LGI more diffusely compared
to SA [37]. Filbey, et al. [38] found no differences in LGI between early and late onset of cannabis
users (i.e., age of onset 16.5 and 19 years old, respectively); however, users with earlier onset showed a
significant relationship between heavier and longer duration of cannabis use and decreased LGI in
prefrontal regions. In a six-year prospective longitudinal study in younger adolescents (aged 12–14 at
baseline), decreases in bilateral medial orbitofrontal cortex and right insula SA were found after alcohol
and cannabis initiation, though the alcohol-only group demonstrated the most robust findings [39].
Lastly, a recent multi-site analysis in 261 cannabis users and controls found no differences within SA
and LGI in regard to cannabis use, cannabis dependence, and age of onset [40]; however, this sample
consisted of adult participants (rather than adolescents and young adults) and fine-tuned patterns of
use were not ascertained. Furthermore, a majority of these studies were methodologically observational
did not examine abstained users to elucidate chronic rather than acute effects. Consequently, the
relationship between cannabis and cortical morphometry remains unclear; one potential reason for
these inconsistent findings may be moderating factors that put some individuals at a higher risk for
negative structural consequences compared to others.

Aerobic exercise (AE) has been linked with positive impacts on the brain. Increasing overall AE
in animal models has been linked with increased c-Fos expression [41], brain-derived neurotrophic
factors (BDNF) [42], cell proliferation in the hippocampus [43], decreased inflammatory response [44]
and oxidative stress [45], and blocking deleterious alcohol-related effects on the hippocampus and
dentate gyrus [46,47]. In humans, the interplay between overall aerobic fitness and brain health has
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been well-established in older adults [48–50], but less is known in younger adults or adolescents.
Previous research has linked levels of aerobic fitness with better neuropsychological performance in
adolescents [51,52] and young adults [53,54], brain structure in children [55], and volumetric differences
in young adults [56,57]. Interestingly, depending on levels of aerobic fitness (i.e., high versus
low), adolescents display differing functional activation despite similar behavioral performance [58].
Therefore, AE can serve as a potential moderator for brain morphometry in youth. Further, acute
AE releases naturally-occurring endocannabinoids [59]; therefore, it is theorized that AE may boost
endocannabinoid signaling, potentially counteracting the downregulation effects of exogenous cannabis
use [60]. Supporting this hypothesis, our lab recently reported that highly aerobically-fit cannabis users
demonstrated better performance in neurocognitive measures compared to users with low aerobic
fitness [53]. Further, an AE intervention with sedentary cannabis users found a decrease in craving and
use at completion of the intervention [61]. Despite this, few studies explore the relationship between
AE and cannabis use on structural brain outcomes.

Another frequent moderating factor in cannabis use research more broadly is gender or sex
differences [62–66]. Neuroimaging evidence has pointed towards gender differences in the relationship
between chronic cannabis use and structural outcomes [15,17,19,26]; see review [13]. However, none of
the aforementioned studies examining LGI or SA outcomes considered gender as a moderator [36–40].
Gender differences are observed within typical assessments of cortical surface structure indices.
For example, females exhibit greater cortical complexities (i.e., LGI) overall and in more frontal
regions compared to males [67,68], whereas males generally have exhibited larger SA compared
to females [69–71]. Thus, an investigation into gender differences in cannabis effects is warranted.
Finally, gender differences are seen in the effects of AE on cognitive outcomes [72,73]. Consequently,
the possibility of gender differences in the impact of AE and cannabis on cortical surface structure
is plausible.

The aim of the present study is to look at both aerobic fitness and gender as potentially moderating
the relationship between regular cannabis use and cortical surface structure indices, LGI and SA,
in adolescents and young adults following three weeks of monitored cannabis abstinence. We expect to
see associations between greater aerobic fitness level and increased SA and LGI, and for cannabis users
who are aerobically fit to demonstrate fewer cortical abnormalities. We will also examine whether
gender moderates the relationship between cannabis and brain morphometry.

2. Materials and Methods

2.1. Participants

Participants were recruited for a larger parent study through advertisements and flyers in the
local community and college. Seventy-four participants in the present study (cannabis users = 36,
non-using controls = 38) were between the ages of 16 and 26 years (M = 21.1, SD = 2.6), were generally
split for gender (44.6% female), and racial identities consisted of predominantly: Caucasian (64.9%),
Asian (10.8%), Multi-racial (10.8%), and African-American (8.1%). (See Table 1).

Participants were included in the parent study if they were right-handed, spoke English, and were
willing to abstain from substance use over a three-week period. Exclusion criteria for the parent study
included having an independent DSM-IV Axis I (mood, anxiety, psychotic, or attention) disorder,
current use of psychoactive medications, major medical or neurological disorders (including metabolic
disorders), loss of consciousness >2 min, history of learning disability or intellectual disability,
prenatal medical issues or premature birth (gestation <35 weeks), MRI contraindications (pregnancy,
claustrophobia, metal in body), reported significant prenatal alcohol exposure (≥4 drinks in a day or
≥6 drinks in a week), prenatal illicit drug exposure, or prenatal nicotine exposure (average > 5 cigarettes
per day longer than 1 month), elevated Physical Activity Readiness Questionnaire (PARQ) [74] scores
indicating difficulty engaging in VO2 max testing, or excessive other illicit drug use (>20 times
of lifetime use for each drug category, including cannabis use for non-using control participants).
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Participants were also balanced at screening for active vs. sedentary physical activity, based on
International Physical Activity Questionnaire (IPAQ) [75] score.

The present sample consisted of cannabis users who are categorized as current users who used
cannabis at least 44 times in the last year (i.e., nearly weekly) and at least 100 lifetime uses (i.e., nearly
weekly for two years). Non-using controls used cannabis no more than 5 times in the past year and less
than 20 times in their lifetime [53,66,76,77]. If participants from the parent study (parent study total N
= 100) did not meet these defined group thresholds, or if participants did not complete VO2 max or
MRI protocol, they were excluded from the present study (excluded from present study N = 26).

Table 1. Demographics.

Cannabis Users Non-Using Controls

All Male Female All Male Female

N 36 23 13 38 18 20

M (SD) or %

Age (years) 21.4
(2.3)

21.4
(2.4)

21.4
(2.0)

20.8
(2.8)

20.5
(3.1)

21.0
(2.6)

Race (% Caucasian) 58.3% 65.2% 46.2% 71.1% 72.2% 70.0%

Ethnicity (% Non-Hisp) 77.8% 78.3% 76.9% 86.8% 94.4% 80.0%

Educational Attainment (years) 14.0
(1.6)

13.9
(1.8)

14.1
(1.3)

14.1
(2.4)

14.0
(2.9)

14.2
(1.9)

Past yr Alcohol Use a,* 338.7
(300.8)

376.6
(306.2)

271.6
(290.5)

100.6
(173.6)

141.8
(225.1)

63.5
(101.5)

Past yr Tobacco Use a,* 214.6
(483.7)

311.8
(585.1)

42.8
(68.1)

0.5
(1.97)

0.2
(0.43)

0.7
(2.7)

Cotinine Level b,*
2.0

(1.8)
2.3

(2.1)
1.5

(1.0)
1.1

(0.6)
1.1

(0.6)
1.1

(0.6)

Past yr Cannabis Use a,* 428.2
(440.4)

499.9
(510.7)

301.5
(245.4)

0.36
(1.2)

0.7
(1.6)

0.1
(0.22)

Lifetime Cannabis Use a,* 1189.6
(1372.3)

1419.7
(1621.6)

782.5
(625.0)

1.5
(2.9)

1.2
(2.3)

1.8
(3.5)

Age at Regular Cannabis Use
Onset (years)

17.5
(1.7)

17.4
(1.9)

17.8
(1.3) − c − c − c

Cannabis Abstinence Length
(days) d

31.1
(22.9)

34.3
(27.9)

25.5
(6.5) − c − c − c

VO2 maximum e,ˆ 43.7
(9.0)

47.9
(6.6)

36.1
(7.7)

41.4
(9.8)

47.9
(8.8)

35.5
(6.3)

VO2 maximum (%ile) f − c 69.4% 37.2% − c 68.9% 33.9%

Body Fat (%) g,ˆ 19.1%
(8.5)

15.6%
(6.9)

25.3%
(7.7)

21.6%
(10.0)

13.6%
(6.1)

28.7%
(7.0)

* p < 0.001 between cannabis users and non-using controls. ˆ p < 0.001 between males and females. a Measured in
standard uses on TLFB [78]. b Measured at VO2 maximum testing session. c Not applicable. d Calculated from
TLFB last cannabis use date and date of sMRI. e Raw values. f Gender-specific percentiles were calculated with
mean age, using ASCM norms [79,80]. g Body Fat was ascertained in the same session at which VO2 maximum
testing was conducted.

2.2. Procedures

Data was ascertained from a larger parent study examining the independent and interactive
effects of cannabis use and aerobic fitness on neurocognitive outcomes in adolescents and young
adults (R01 DA030354; PI: Lisdahl); all aspects of the protocol were approved by the University of
Wisconsin-Milwaukee IRB (Study #: PRO00016025). Potential participants who expressed interest in
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the parent study were asked, over the phone, for demographic information (including age, gender,
race/ethnicity, and educational attainment) and screened through an initial semi-structured interview
for independent lifetime and past-year Axis I Disorders other than substance use disorder. If determined
eligible, study staff obtained a written consent from participants who were aged 18 or older at the start
of participation or obtained written assent after parent consent was obtained for minors under 18 years
old. Additionally, parents of participants were consented for a parent-administered phone interview
that screened for medical, psychiatric and prenatal history before an in-person session was conducted.

Participants who were eligible for the study came in for five study sessions over the course of three
weeks. The first three sessions occurred one week apart and consisted of a brief neuropsychological
battery (explained in more detail in Wallace, et al. [81]) and urinary drug analysis. Sessions four and
five occurred at least one week after session three and consisted of ascertaining body composition,
aerobic fitness VO2 maximum (VO2 max) testing, and then a sMRI that occurred within 24 to 48 h of
each other. During the entire study period, participants were asked to abstain from cannabis, alcohol,
and other drug use (other than tobacco), which was confirmed through urine, breath, and sweat
toxicology screening, which was administered to all participants across all study sessions. If they
tested positive for illicit drug use, showed an increase in THCCOOH levels, or had a breath alcohol
concentration greater than 0.000 at the start of session two or three (i.e., before VO2 max and sMRI
procedures), participants were asked to conduct the session after a week of abstinence. Participants
were not allowed to complete session four (VO2 max) or session five (MRI scan) if they tested positive
for any illicit drug use, a rise in THCCOOH levels, or had a breath alcohol concentration greater
than 0.000, and instead were allowed to continue their involvement in the study from session one.
Participants who used tobacco were asked to abstain from use an hour before the MRI scan.

2.3. Measures

2.3.1. Detailed Phone Screen

Physical Activity—Extent of physical activity was assessed with the IPAQ [75] and physical ability
to engage in VO2 max testing was assessed with the PAR-Q [74].

Lifetime Substance Use Patterns—Overall patterns of drug and alcohol use were determined by
administering the Customary Drinking and Drug Use Record (CDDR) [82] at baseline to measure
frequency of cannabis, alcohol, nicotine, and other drug use, SUD symptoms, and the age of onset for
first time and regular (i.e., weekly) use.

Mini Psychiatric Interview—The Mini International Psychiatric Interview (MINI) [83] or
MINI-Kid [84] was administered to participants and parents of minors to screen out for
psychiatric comorbidities.

2.3.2. Session Measures

Past Year Substance Use—A modified version of the Timeline Follow-Back (TLFB) was conducted by
trained research assistants to assess substance use patterns on a week-by-week basis capturing use within
the past year, while providing memory cues such as personal events and holidays [66,78]. Substances
were measured by standard units [alcohol (standard drinks), nicotine (number of cigarettes and hits
of chew/snuff/pipe/cigar/hookah), cannabis (all methods converted to joints or mg in concentrates),
ecstasy (number of tablets), sedatives (number of pills or hits of GHB), stimulants (cocaine and
methamphetamine use converted to mg and number of amphetamine pills), hallucinogens (number
of hits or occasions of ketamine/salvia/shrooms/other hallucinogens), opioids (number of hits of
heroin/opium), and inhalants (number of hits)]. Days of cannabis abstinence at scan were calculated
from date of last cannabis use based on the TLFB and date of scan.

Verifying Drug Abstinence—Participants were expected to remain abstinent from alcohol and other
drugs (except tobacco) throughout the course of the study, thus abstinence was evaluated at each
session through urine toxicology. The ACCUTEST SplitCup 10 Panel drug test measures amphetamines,
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barbiturates, benzodiazepines, cocaine, ecstasy, methadone, methamphetamines, opiates, PCP, and THC.
Urine samples were also tested using NicAlert to test cotinine level, a metabolite of nicotine. Participants
also wore PharmChek Drugs of Abuse Patches, which continuously monitor sweat toxicology
for the presence of cocaine, benzoylecgonine, heroin, 6MAM, morphine, codeine, amphetamines,
methamphetamine, delta-9-tetrahydrocannabinol (THC), and phencyclidine. Participants additionally
underwent breathalyzer screens to test for alcohol use at the start of each session.

Anthropometric Measures—Height and weight were measured in light clothes and without shoes.
Body Mass Index was calculated as weight divided by height squared (kg/m2).

Body Fat Percentage—an electrical bioimpedance analysis system was utilized to measure body fat
percentage [The Tanita Body Composition Analyzer, TBF-300 (Tanita Corporation, Tokyo, Japan)].

VO2 Maximum—Participants were instructed to refrain from food and caffeine for 4 hours prior to
the exercise test. Prior to each exercise test, the metabolic measurement system, ParvoMedics TrueOne
2400 (ParvoMedics, Salt Lake City, UT, USA) was calibrated using a two-point calibration for the gas
analyzers (room air and certified gas: 4.008% CO2, 15.98% O2, balance N2) and a 3 Liter syringe for the
pneumotachometer. Participants were fitted with the rubber mouthpiece connected to a Hans Rudolf
2700 series two-way nonrebreathing valve (Kansas City, MO, USA), nose clip, and heart rate strap
(Polar Wearlink 31, Kempele, Finland) for the measurement of heart rate and collection of expired gases.
Participants completed a maximal incremental exercise test on a treadmill (Full Vision Inc., TMX425C
Trackmaster, Newton, KS, USA) following the Bruce Protocol until volitional fatigue. Expired gases
were measured continuously using a ParvoMedics TrueOne 2400 metabolic measurement system
(ParvoMedics, Salt Lake City, UT, USA). Criteria for determination of attainment of VO2 max were
based on those recommended [85]. Metabolic data were averaged over 1 min and exported for analysis.

MRI Acquisition—Structural MRI scans were acquired on a 3T Signa LX MRI scanner (GE Healthcare,
Waukesha, WI, USA) using a 32-channel quadrature transmit/receive head coil. High-resolution
anatomical images were acquired using a T1-weighted spoiled gradient-recalled at steady-state (SPGR)
pulse sequence (TR = 8.2 ms, TE = 3.4 s, TI = 450 and flip angle of 12◦). The in-plane resolution of the
anatomical images was 256 × 256 with a square field of view (FOV) of 240 mm. One hundred fifty
slices were acquired at 1 mm thickness.

Processing Pipeline—Participant structural scans were processed in a standard processing pipeline
within FreeSurfer version 5.3 (http://surfer.nmr.mgh.harvard.edu/fswiki/recon-all). T1-weighted
3D anatomical datasets underwent an automated pipeline for motion correction, nonparametric
non-uniform intensity normalization, Montreal Neurologic Institute transformation, removal of
non-brain materials, skull-stripping, and topology correction. Preprocessed scans were visually
examined, and manual edits were made when appropriate. Surface based data created from FreeSurfer’s
automated pipeline was utilized for both surface area and LGI analyses. LGI data were computed
from pial surface files in accordance with Schaer, et al. [86].

2.4. Statistical Analysis

Differences in demographic variables were examined using ANOVAs and Chi-square tests in
R [87]. A series of multivariate regressions were run with cannabis group, gender, VO2 max levels,
and their interactions (cannabis group*gender, cannabis group*VO2 max, and cannabis group*VO2

max*gender) as the independent variables of interest; covariates included past year alcohol use
(i.e., total standard drinks) and cotinine levels at the time of VO2 max testing. Separate regressions
were run measuring for SA [88] and LGI [89]. Analyses were done separately between each hemisphere
(right and left) and smoothed with a global Gaussian blur at FWHM of 10 for all analyses. Corrections
for multiple comparisons were made using Monte Carlo simulations at a cluster wise probability (cwp)
of p = 0.05, correcting across both hemispheric spaces, and smoothed at FWHM of 20 for SA and 25 for
LGI corrections. Decisions about statistical significance were made at p < 0.01 for all analyses. Regions
that meet statistical significance were annotated using the Desikan-Killiany Atlas [90].
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3. Results

3.1. Demographic Data

There were no significant differences between cannabis user and non-user groups in age
[F(1,72) = 1.22, p = 0.27], gender [χ2(1) = 1.43, p = 0.23], race [χ2(6) = 5.87, p = 0.44], ethnicity
[χ2(2) = 2.69, p = 0.26], educational attainment [F(1,72) = 0.08, p = 0.78], VO2 max [F(1,72) = 1.10,
p = 0.30], and body fat percentage [F(1,72) = 1.27, p = 0.27]. There was a significant difference in
amount of lifetime [F(1,72) = 28.5, p < 0.001] and past year [F(1,72) = 35.9, p < 0.001] cannabis use,
alcohol consumed within the past year [F(1,72) = 17.6, p < 0.001], past year tobacco use [F(1,72) = 7.46,
p = 0.008], and cotinine levels at VO2 max testing [F(1,72) = 9.24, p = 0.003]; past year alcohol use and
cotinine levels were included as covariates in all analyses.

There were no significant differences between males and females for age [F(1,72) = 0.05, p = 0.83],
race [χ2(6) = 8.23, p = 0.22], ethnicity [χ2(2) = 1.48, p = 0.48], educational attainment [F(1,72) = 0.18,
p = 0.67], past year tobacco use [F(1,72)= 3.82, p= 0.06], cotinine levels at VO2 max testing [F(1,72) = 2.54,
p = 0.12], or past year [F(1,72) = 3.56, p = 0.06] and lifetime [F(1,72) = 3.57, p = 0.06] cannabis use.
Significant differences between genders were observed for past year alcohol use [F(1,72)= 4.29, p = 0.04],
VO2 max [F(1,72) = 52.62, p < 0.001], and body fat percentage [F(1,72) = 60.9, p < 0.001].

Within cannabis users, there was no significant differences between genders in past year alcohol
use [F(1,34) = 1.01, p = 0.32], past year tobacco use [F(1,34) = 2.69, p = 0.11], cotinine levels at VO2 max
testing [F(1,34) = 1.59, p = 0.22], past year [F(1,34) = 1.72, p = 0.20] or lifetime [F(1,34) = 1.83, p = 0.19]
cannabis use, age of first regular cannabis use onset [F(1,34) = 0.37, p = 0.55], or days of cannabis
abstinence prior to sMRI [F(1,34) = 1.26, p = 0.27].

3.2. Primary Analyses

Whole-sample analyses were conducted examining the effects of cannabis, VO2 max, gender and
their interactions on SA and LGI, while covarying for past year alcohol use and cotinine level at time
of VO2 max testing. (See Tables 2 and 3).

Table 2. Surface Area findings.

t Size (mm2) x y z cwp

Cannabis

Left Cuneus 2.639 1706.64 −4.1 −78.6 19.1 0.006
Cannabis*Gender

Left Precuneus −3.306 1718.12 −10.3 −54.6 46.7 0.006
Left Rostral Middle Frontal −2.299 2348.85 −44.7 27 31.4 0.0006
Right Superior Frontal −3.491 1819.72 11.5 9 36.9 0.003
Right Superior Frontal −2.248 2007.88 23.1 0.4 61.6 0.002

VO2

Left Superior Parietal 4.654 1673.98 −28.4 −64.4 39.9 0.007
Left Inferior Parietal 4.236 2535.22 −45.1 −63.9 10 0.0001
Right Inferior Parietal 3.894 3235.39 47.3 −59.7 29.4 0.0001
Right Inferior Temporal 3.268 2877.28 51.4 −55.2 −15.1 0.0001

Cannabis*VO2

Left Cuneus −3.724 2736.75 −4.4 −77.1 21.6 0.0001
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Table 3. Gyrification findings.

t Size (mm2) x y z cwp

Cannabis*Gender

Left Precentral −2.894 4993.5 −37.6 −12.2 62.1 0.0001
Left Lateral Orbitofrontal −2.533 3240.22 −18.8 51.8 −13.8 0.0004
Right Supramarginal −3.784 4763.28 49.6 −41.1 40.9 0.0001

VO2

Left Superior Temporal 5.174 10682.85 −64.5 −25.2 4.2 0.0001
Right Lateral Orbitofrontal 3.272 13062.8 39 27.3 −9 0.0001
Right Inferior Parietal 2.78 2718.55 34.2 −73.4 37.6 0.0015

Cannabis*VO2

Left Lateral Occipital −3.712 3297.29 −28.2 −95.1 −12.7 0.0004
Cannabis*VO2*Gender

Right Supramarginal 2.572 2207.65 48.8 −40.5 40.3 0.009

3.2.1. Cannabis Results

Surface area. Cannabis users demonstrated significantly larger SA in the left cuneus compared to
controls [t(58) = 2.64, cwp = 0.006] (See Figure 1). Gyrification. There was no main effect of cannabis
group observed for LGI.

 

Figure 1. Cannabis Findings. Medial view of cannabis finding within left cuneus SA, with larger area
in cannabis users.

3.2.2. Cannabis*Gender

Surface area. There was a significant interaction between cannabis group and gender in the
left precuneus [t(58) = −3.31, cwp = 0.006], left rostral middle frontal [t(58) = −2.30, cwp = 0.0006],
and two right superior frontal [t(58) = −3.49, cwp = 0.003; t(58) = −2.25, cwp = 0.002] regions for SA.
Female cannabis users had increased SA in these regions compared to non-using females, whereas
male cannabis users demonstrated decreased SA compared to non-using males, except in the second
right rostral middle region, where cannabis using males and females exhibited less SA compared to
non-using males and females. Gyrification. There was a significant interaction between cannabis group
and gender in the left precentral [t(58) = −2.89, cwp = 0.0001], left lateral orbitofrontal [t(58) = −2.53,
cwp = 0.0004], and right supramarginal [t(58) = −3.78, cwp = 0.0001] regions for LGI. Female cannabis
users had increased LGI in these regions compared to non-using females and male cannabis users had
decreased LGI compared to non-using males; except in left lateral orbitofrontal region, where female
cannabis users displayed slightly less gyrification compared to non-using females and male cannabis
users had decreased LGI compared to non-using males. (See Figure 2).
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Figure 2. Cannabis*Gender Findings. (a) Medial view of significant interaction between cannabis
group and gender in left cuneus, left rostral middle frontal (not pictured), and right superior frontal SA.
(b) Generally, female cannabis users demonstrated more SA in these regions compared to non-using
females, whereas male cannabis users demonstrated less SA compared to non-using males (left rostral
middle frontal SA finding depicted). (c) Lateral view of significant interaction between cannabis group
and gender in right supramarginal, left precentral, and left lateral orbitofrontal LGI. (d) Generally,
female cannabis users had more LGI in this region compared to non-using females, whereas male
cannabis users had less LGI compared to non-using males (left precentral LGI finding depicted).

3.2.3. VO2 Results

Surface area. In both the cannabis users and non-users, significant relationships between greater VO2

max and larger SA were found in the left superior parietal [t(58) = 4.65, cwp = 0.007], left inferior parietal
[t(58) = 4.24, cwp = 0.0001], right inferior parietal [t(58) = 3.89, cwp = 0.0001], and right inferior temporal
[t(58) = 3.27, cwp = 0.0001] regions. Gyrification. Participants displayed a significant relationship
between greater VO2 max and greater LGI in the left superior temporal [t(58) = 5.17, cwp = 0.0001], right
lateral orbitofrontal [t(58) = 3.27, cwp = 0.0001], and right inferior parietal [t(58) = 2.78, cwp = 0.0015]
regions. (See Figure 3).
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Figure 3. VO2 Findings. (a) Lateral view of VO2 finding observed in right inferior parietal, right
inferior temporal, left superior parietal (not pictured), and left inferior parietal SA. Greater VO2 was
associated with more area in these regions. (b) Lateral view of VO2 finding observed in right lateral
orbitofrontal, right inferior parietal, and left superior temporal LGI. Greater VO2 was associated with
more gyrification in these regions.

3.2.4. Cannabis*VO2

Surface area. There was a significant interaction between VO2 max and cannabis group in the
left cuneus [t(58) = −3.72, cwp = 0.0001] region; non-using controls demonstrated a strong positive
relationship between VO2 max and increased SA, whereas cannabis users demonstrated a negative
relationship. Gyrification. There was a significant interaction between VO2 max and cannabis group in
the left lateral occipital region [t(58) = −3.71, cwp = 0.0004]; non-using controls demonstrated a positive
relationship between VO2 max and increased LGI, whereas no trend was observed for cannabis users.
(See Figure 4).

 

 
(a) (b) 

Figure 4. Cont.
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Figure 4. Cannabis*VO2 Findings. (a) Medial view of significant interaction between VO2 and cannabis
group in left cuneus SA; (b) non-using controls demonstrated a positive relationship between VO2

and increased area, whereas cannabis users demonstrated a negative relationship. (c) Lateral view
of significant interaction between VO2 and cannabis group in left lateral occipital LGI; (d) non-using
controls demonstrated a positive relationship between VO2 and increased LGI, whereas no trend was
observed for cannabis users.

3.2.5. Cannabis*VO2*Gender

In order to further characterize potential gender differences, exploratory three-way interaction
analyses were investigated. Results revealed an interaction between group, gender, and VO2 was
shown for LGI in the right supramarginal region [t(58) = 2.57, cwp = 0.009]. Representing a potential
area of further investigation with larger sample sizes.

4. Discussion

Worldwide, cannabis use rates are known to vary across countries [1] and age of onset is typically
between 18 to 19 years old [91]. Additionally, given the ongoing policy debate surrounding cannabis
in the United States, its long-term effects in youth are of increasing scientific and clinical interest.
To date, findings regarding the impact of regular use on brain morphometric outcomes have not
been entirely consistent [12]. Reasons underlying these differential findings include demographic
differences in samples, especially regarding gender, or other potential resilience or risk factors including
extent of aerobic fitness [53,60,92]. Here, we attempt to clarify the confusion regarding cannabis
effects by examining two potential moderators: aerobic fitness and gender. We found that after three
weeks of monitored drug abstinence, cannabis users demonstrated greater SA in the cuneus. Notably,
we also found significant interactions between gender, aerobic fitness, and cannabis use on SA and
LGI outcomes in prefrontal and parietal cortical regions. Generally speaking, males appeared more
sensitive to cannabis impacts following abstinence, and further, participants demonstrated a positive
relationship between aerobic fitness and cortical surface structure more broadly.

After accounting for gender, alcohol, cotinine, and aerobic fitness level, the whole-group findings
demonstrated increased SA in the cannabis users compared to controls in a region denoted as the cuneus
in the left hemisphere. The cuneus is functionally connected with parietal and other occipital regions
for the purposes of integrating visual information [93] and contains CB1 receptors [94]. This region
has a non-linear trajectory of neuronal maturation [95] and thus larger SA in cannabis users may be
evident of delayed development in this region compared to non-using counterparts. Further, cannabis
users have previously demonstrated abnormal dose–response blood-oxygenated-level-dependent
signaling in the cuneus [96] along with aberrant functional activation in the occipital region more
broadly [13,97]. The present analysis builds on this literature by demonstrating SA in this region is

79



Brain Sci. 2020, 10, 117

structurally different between adolescent and young adult cannabis users and non-users. Yet, this
is inconsistent with prior findings demonstrating either no differences between cannabis users and
controls in cuneus SA [36,38,40], or research reporting decreased LGI in prefrontal and temporal lobes
in cannabis users [36,37] and early onset cannabis use [38], and reduced SA in comorbid cannabis and
alcohol-using adolescents [39]. These inconsistencies may be due to differences in gender distribution
across the studies, all of which skewed male [55% (current study), 56% [39], 64% [37], 67% [40],
73% [38], and 77% [36] male], varying levels of aerobic fitness in the sample (current sample was
balanced for recent physical activity levels), or accounting for aerobic fitness levels within the statistical
design. In addition, these inconsistencies may be due to differing age of samples [36,38], with younger
samples undergoing greater neurodevelopment; or, due to analysis design—e.g., whole-brain analyses
compared to ROI analyses [37]. None of the prior studies examining these outcomes tested whether
gender or aerobic fitness moderated these effects or controlled for aerobic fitness level. Although we
found the relationship between cannabis use and cortical surface structure was moderated by two-way
interactions which were observed between gender, cannabis and aerobic fitness in frontal, cingulate,
and parietal regions; regions that have been found to be abnormal in previous studies [21,23,24,36,37,39].
Thus, we will focus on these novel interactions.

Male cannabis users had lower SA in left precuneus, rostral middle frontal, and right superior
frontal and lower LGI in left precentral, lateral orbitofrontal, and right supramarginal regions compared
to non-using males—after accounting for alcohol use, cotinine level, and aerobic fitness level. Of note,
our sample underwent three-weeks of monitored abstinence from cannabis and other drugs of abuse
before structural scans were conducted; thus, THC and other exogenous cannabinoids were metabolized
out of the system [98], representing chronic rather than residual associations. These fronto-parietal
cortical findings are consistent with several studies reporting abnormal brain morphometry in cannabis
users, including reduced volume [21,23,24,99] and lesser cortical gyrification [36,37] in samples that
were primarily male. These overall interactions did uncover SA abnormalities in the male cannabis
users, which is inconsistent with prior null or marginal SA findings [37,40,100], however, future
gender-stratified analyses are needed to ascertain gender-specific mechanisms in the relationship
between cortical surface structure and cannabis. In females, cannabis use was linked with greater SA
in left precuneus, rostral middle frontal, and right superior frontal and greater LGI in left precentral
and supramarginal regions compared to non-using females. Interestingly, female cannabis users
also exhibited slightly reduced SA in another right superior frontal region and within left lateral
orbitofrontal LGI. The increased SA and LGI findings could suggest that cannabis use in adolescent and
young adult females is either advantageous, or potentially represents delayed pruning, as the female
trajectory of pruning has an earlier rate compared to males [101]. Of note, our groups did not differ
in age and we are capturing a cross-sectional snapshot potentially depicting a delay due to cannabis
use specifically in females, whereas, smaller volumes in male cannabis users could be interpreted as
detrimental effects associated with use. Interpretation of the present female findings are consistent
with prior studies reporting greater brain volumes in female adolescent cannabis users [17,19]. More
pronounced differences in males is consistent with prior findings that male cannabis users were more
vulnerable to neurocognitive deficits in sequencing ability compared to females [66]. Interestingly,
across genders, LGI differences were equally apparent compared to SA differences; indicating that LGI,
an understudied structural index in addiction literature, is potentially susceptible to environmental
influences [30–33] and is a viable avenue for further investigation. It is notable that our prior work has
found cognitive deficits in psychomotor speed, working memory, sustained attention, and inhibitory
control in an overlapping sample of both male and female young adult cannabis users [53,66,76],
findings that are consistent with recent meta-analysis [102] and longitudinal [103] studies. Thus,
structural deviancies may represent a mechanism for downstream cognitive functioning, although
future studies are needed to assess whether structural changes directly impact function.

These differential gender patterns in cannabis findings may be due to multiple reasons.
One potential underlying cause is differential substance use patterns. While male or female

80



Brain Sci. 2020, 10, 117

cannabis-using groups did not statistically differ from one another in their use patterns, our male users
had more cannabis use on average compared to female users. This is consistent with previous literature
indicating males have more severe use patterns compared to females [63]. Moreover, male users may
also be more prone to using greater individual doses or more potent THC products [104], although the
current study cannot address that possibility. Male sensitivity may also be due to differences in CB1
receptor density, as greater density in males is observed in animal models [105,106]. These gender
differences may also be influenced in part by inherent sexual dimorphism in neurodevelopment [107,108]
and the introduction of cannabis into these staggered developmental trajectories. Another possibility
is that there was less power to detect differences in females, as their sample size was smaller overall
(female: n = 33 vs. male: n = 41) and within cannabis users (female: n = 13 vs. male: n = 23); thus,
additional research utilizing larger samples specifically examining the relationship between gender
and cannabis use on these morphometric outcomes is needed.

Regarding aerobic fitness, results demonstrated several main effects of VO2 max across both
cortical surface structure indices in both the cannabis users and non-users. Greater VO2 max was
associated with increased SA in left superior and inferior parietal, and right inferior parietal and
inferior temporal regions; and, increased LGI in left superior temporal, and right lateral orbitofrontal
and inferior parietal regions. These findings indicate that in both cannabis users and non-users, VO2

max has a strong positive relationship with cortical surface structural indices. This is consistent with
previous analyses in our lab showcasing a positive link between AE and neurocognitive outcomes [53],
and recent reviews of brain morphological outcomes in aerobic fitness literature [109]. Further, these
findings suggest that, similar to non-users, cannabis users appear to have a positive link between
aerobic fitness and brain structure in several regions of interest. When examining the interaction
between cannabis and aerobic fitness, an interaction was observed in left cuneus SA and left lateral
occipital LGI, with non-using controls exhibiting positive associations between increased indices with
greater VO2 max compared to cannabis users who demonstrated either a flat or negative relationship.
This finding suggests that the impact of aerobic fitness may be less pronounced in regular cannabis users
in these particular regions. Albeit, main effects of VO2 max suggest that both groups generally had a
positive relationship between aerobic fitness and brain morphometry; which is consistent with prior
studies in adolescents, young adults, and older adults [51,110,111]. On balance, we previously reported
that aerobic fitness was linked with superior visual memory, verbal fluency, and sequencing ability
and highly fit cannabis users performed better on psychomotor speed, visual memory and sequencing
ability compared to low-fit users [53]. It is important to note that our participants had no comorbid
metabolic conditions (e.g., hyperlipidemia, hypertension, diabetes) suggesting benefits of aerobic
fitness even in physically healthy youth. Possible mechanisms supporting positive effects of aerobic
fitness and brain structure are likely multi-factorial. As aforementioned, engaging in AE releases
BDNF [42], vascular growth factors [112], insulin-like growth factor-1 (IGF-1) [113], neurogenesis [114],
improved catecholaminergic signaling [115], increased c-FOS expression [41], is linked with increased
hippocampal volume [116], and reduces inflammation and oxidative stress [44,45]. Future studies are
needed to tease apart these potential underlying mechanisms.

As we have postulated previously [53,60], AE intervention may be a plausible avenue to explore
in further studies aiming to reduce or ameliorate neurocognitive deviances associated with repeated
and chronic cannabis use [92]. Indeed, other groups have reported that aerobically-fit cannabis
users reported reduced craving and fewer symptoms of cannabis use disorder compared to unfit
users [61,117]. One potential explanation of the interactive association between cannabis use and AE
could be more aerobically-fit users are metabolizing exogenous cannabinoids out of the body faster,
thus, mechanistically dampening the impact on cortical surface structure integrity and neurocognition
more broadly. Previous literature has shown mixed findings in acute AE increasing cannabinoid
metabolites (i.e., THCCOOH) [118,119]. Further, AE releases endocannabinoids [120–122], which may
help mitigate the negative impact of repeated exogenous cannabis exposure. Notable for future studies,
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it is hypothesized this relationship may be gender-specific; thus, research examining the potential use of
aerobic interventions in cannabis users should prioritize investigation of potential gender differences.

There are potential weaknesses to note. First, causality cannot be determined from the present
sample, sMRI scans were obtained after regular cannabis use was established. Second, the sample
size for female cannabis users was relatively small compared to male cannabis users; still, findings
support gender-specific cannabis and aerobic fitness associations through the interactions uncovered.
This lends additional evidence for the need to examine sex as a potential moderator of cannabis
effects, which has largely been understudied in cortical surface structure indices. Findings may not
generalize to other samples of cannabis users with substantially different use patterns, e.g., length
of abstinence, age of regular use onset, or other substance use. Third, concerns have been raised
within the literature regarding divergent findings based on different brain morphometry detection
algorithms and software [123]. While several validation studies of Freesurfer’s surface indices
have been published [89,124,125], future work should examine how differing surface-based analyses
may produce slightly different regions of interest from cannabis use in adolescents and young
adults. Fourth, the relationship between cannabis use and cortical surface structure has other
potential moderators of interest; two important ones are genetic factors [126–128] and psychiatric
comorbidities [129–131]. The ability to simultaneously examine several potential moderators of
cannabis effects on neurocognitive outcomes will soon be available with the large-scale, prospective,
longitudinal Adolescent Brain Cognitive Development (ABCD) Study [132] (www.abcdstudy.org/),
which has enrolled over 11,800 youth. Lastly, our average VO2 max was lower than age-based
norms [79], so assessing a more aerobically fit group may demonstrate even stronger associations with
cortical surface structure.

The current study found that cannabis users had larger cuneus SA and male cannabis users
exhibited smaller SA and less complex LGI in frontal, cingulate and parietal regions, even after three
weeks of monitored abstinence, compared to male non-users. In contrast, female cannabis users
generally demonstrated increased SA and LGI in the aforementioned regions. Prospective, longitudinal
studies, such as the ABCD Study, are needed to address whether abnormalities in LGI were caused by
cannabis or due to premorbid factors, and identifying the potentially gender-specific developmental
trajectories in the impact of cannabis use on the brain. We also found that both cannabis users and
non-using controls had a significant link between increased aerobic fitness and more complex LGI and
larger SA in frontal, parietal, and temporal regions. These findings, combined with our prior report
of superior cognitive functioning in aerobically-fit cannabis users [53], support the notion that it is
viable to investigate whether enhancing aerobic fitness, through AE, may be a feasible prevention or
ameliorative tool aimed at reducing the impact of chronic cannabis on neurocognitive outcomes in
adolescents and young adults.
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Abstract: Emerging research demonstrates that exercise, including both acute and chronic exercise,
may influence episodic memory function. To date, mechanistic explanations of this effect are
often attributed to alterations in long-term potentiation, neurotrophic production, angiogenesis,
and neurogenesis. Herein, we discuss a complementary mechanistic model, suggesting that the
endocannabinoid system may, in part, influence the effects of exercise on memory function. We discuss
the role of the endocannabinoid system on memory function as well as the effects of exercise on
endocannabinoid alterations. This is an exciting line of inquiry that should help delineate new
insights into the mechanistic role of exercise on memory function.
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1. Introduction

The purpose of the present review, written in a brief format, is to discuss a new potential
mechanistic paradigm (endocannabinoid system) to elucidate the effects of exercise on episodic
memory. This review is structured by first discussing the effects of exercise on memory; then briefly
discussing the endocannabinoid system; then indicating the role of the endocannabinoid system
on memory function; then how exercise may alter the function of the endocannabinoid system;
and then lastly, introducing a hypothetical model indicating the potential moderational role of the
endocannabinoid system on the exercise-memory interaction. This review is not meant to be an
exhaustive review of the literature. Rather, the goal is to discuss a new mechanistic model and then
succinctly provide support for the pathways within our model (Figure 1). Ultimately, the goal of this
paper is to discuss a new mechanistic insight to help spawn the development of additional work in
this important area of research.
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Figure 1. Schematic depicting the role of the endocannabinoid system on the exercise-memory
interaction. The dashed lines indicate a moderation effect.

2. Effects of Exercise on Memory

Emerging research from our laboratory demonstrates that exercise, including both acute and
chronic exercise, may be effective behaviors in enhancing memory function [1–9]. Various mediators of
this exercise-memory interaction have been proposed [10–12]. From a chronic exercise perspective,
potential mechanisms may occur at multiple levels, including molecular, cellular, and structural levels.
At the molecular level, and as we have thoroughly detailed elsewhere [13–16], chronic exercise may
increase levels of brain-derived neurotrophic factor (BDNF) [15,16], vascular endothelial growth factor
(VEGF), insulin-like growth factor-1 (IGF-1) [14], and astrocytes [13]. These molecular alterations
may induce cellular changes, including gliogenesis, neurogenesis, synaptogenesis, and angiogenesis.
These cellular changes, in turn, may alter structural and functional adaptations, including increased
white matter, gray matter, receptor activity, neural activity, and cerebral blood flow. Collectively,
these molecular, cellular and structural/functional adaptations may improve behavioral performance
in memory function.

From an acute exercise perspective, which we have discussed in detail elsewhere [10,11,15,17],
various exercise-induced alterations may help facilitate long-term potentiation, a cellular correlate
of episodic memory [18]. Acute exercise, via, for example, muscle spindle activation, may increase
neuronal excitability in key memory-related brain structures (e.g., hippocampus). This increased
neuronal excitability may increase central levels of BDNF, which may help upregulate the expression
and function of NMDA receptors. Downstream of this BDNF/TrkB signaling pathway, activation
of the PI3K/AKT pathway may contribute to the maintenance of long-term potentiation via NMDA
activity [19].

The present paper builds on our previous discussions of potential mechanisms through which
exercise influences memory. That is, here we discuss a unique role of the endocannabinoid system in
influencing the effects of exercise on memory function.

3. The Endocannabinoid System

Detailed information on the endocannabinoid system can be found elsewhere [20,21].
The cannabinoid system contains two notable subtypes of G protein-coupled receptors, namely
CB1 and CB2. The role of endocannabinoids on cognitive processes has mainly focused on CB1
receptors, which are widely distributed throughout the brain and body. CB1 receptors are distributed in
the CNS (brainstem, cortex, nucleus, accumbens, hypothalamus, cerebellum, hippocampus, amygdala,
spinal cord) and periphery (immune system, liver, bone marrow, pancreas, lungs, vascular system,
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muscles, GI tract, and reproductive organs) [22]. CB2 receptors are also distributed in the CNS
(brainstem, glial cells) and periphery (immune system, liver, bone marrow, pancreas, spleen, bones,
skin) [22].

4. The Endocannabinoid System and Memory Function

Previous reviews have detailed the role of the endocannabinoid system on memory function [22–24].
The influence of cannabinoids in memory function can be traced back to early work showing that
marijuana intoxication (delta-9-tetrahydrocannabinol, THC) disrupts short-term memory function [25].
Such effects of THC on memory impairment appear to occur in a dose-dependent manner [26,27],
with this disruption occurring primarily in the dentate gyrus, where high densities of cannabinoid
receptors exist [28], and exist mainly in GABA-ergic inhibitory neurons. Further, memory impairment
effects from marijuana may occur, in part, from its detrimental effects on information processing and
reduced blood flow to the temporal lobe [24].

Acute systemic administration of CB1 agonists has been shown to impair acquisition of memory
across multiple memory tasks, including the Morris water maze task [29]. Similar results have also
been observed with intra-cranial administration of CB1 agonists [30]. Conversely, administration of
antagonists of CB1 receptors has been shown to facilitate memory consolidation [31]. Blockage of CB1
receptors increases the release of acetylcholine (ACh) [32], a neurotransmitter essential for memory
and learning.

Cannabinoid receptor activation may impair memory through various pathways. For example,
activation of CB1 receptors is connected with inhibition of adenyl cyclase as well as calcium
channels and leads to the activation of potassium channels [22]. As a result, this leads to short-term
depression of neurotransmitter release. More specifically, CB1 receptor activation may inhibit
cAMP accumulation within neurons, inhibit glutamate release, and inhibit voltage-activated calcium
currents [33–35], of which may reduce the excitability of hippocampal neurons, and in turn, reduce
neural transmission [32]. Further, cannabinoid agonists may interfere with long-term potentiation [36].
Notably, however, previous work has shown that pre-incubation of adult rat hippocampal slices with
THC can either inhibit or potentiate long-term potentiation, depending on the concentration used [37].
Possible explanations for contrasting results for THC on memory is that cannabinoid receptors are
expressed at both glutamatergic and GABA-ergic synapses, which often exert opposite effects on
memory [38]. For example, CB1 activation from low doses impacts glutamatergic transmission, whereas
higher doses affect GABA-ergic transmission [39]. Relatedly, a chronic low dose of THC has been
shown to reverse age-related decline in cognitive performance, via enhanced expression of synaptic
markers and increased hippocampal spine density [40]. Further, cannabinoid-induced depression of
synaptic transmission is switched to stimulation when dopaminergic tone is increased [41]. Although
less investigated than CB1 receptors, recent work suggests an important role of CB2 receptors in
memory function [42]. Chronic activation of CB2 receptors in the hippocampus for 7–10 days has been
shown to increase excitatory synaptic transmission [43]. Similarly, other related work demonstrates
that CB2 receptors play an important role in the modulation of memory consolidation for aversive
experiences [44]. Further, CB2 receptor agonists reduce neurodegeneration, neuroinflammation,
and attenuates spatial memory impairment in an Alzheimer’s disease model [45]. Relatedly,
CB2 knockout has been shown to impair contextual long-term memory [46]. In addition to direct
activation of CB2 receptors, other work also demonstrates the important role of key enzymes (e.g., fatty
acid amide hydrolase, FAAH) that are responsible for the metabolism of key endocannabinoids (e.g.,
anandamide) [47]. For example, recent work has shown that FAAH inhibition modulates hippocampal
microglial recruitment and activation that is associated with improved hippocampal-dependent
memory [48]. Relatedly, FAAH inhibitor (URB597) infusion, which selectively increased anandamide
levels at active synapses, enhanced emotional memory via consolidation-based processes [49].
Treatment with URB597 has also been shown to restore age-related decreases in long-term potentiation
in the dentate gyrus [50].
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The conflicting findings of the endocannabinoid system on memory function may also be
context-dependent. As thoroughly detailed elsewhere [44], the endocannabinoid system may shape
how environmental stimuli influence emotional responses. In a low arousal state, endocannabinoid
activation was not associated with memory in rats, which was in contrast to their findings in a high
arousal state, showing that short-term memory was enhanced when endocannabinoid activation
occurred during the early memory consolidation stage [45]. Thus, environmental or behavioral events
that influence different levels of stress and arousal may shape the responses to the memory effects of the
cannabinoid system. As detailed elsewhere [44], emotionally arousing experiences, such as stress and
physical exercise, increase stress hormones (e.g., cortisol and epinephrine), which bind to metabotropic
receptors within the basolateral complex of the amygdala, activating the cAMP/PKA pathway to
induce endocannabinoid synthesis. Endocannabinoids are then released, bind to GABAergic terminals,
inhibits GABA release, and in turn, increase noradrenergic activation of postsynaptic β-adrenoceptors,
ultimately facilitating memory consolidation of emotional/arousing events. These effects may, in part,
help explain the potential beneficial effects of exercise on memory function. This may be particularly true
for studies evaluating the effects of exercise on emotional memory. As we demonstrated recently [51],
when exercise occurs during the memory consolidation stage, emotional memory is enhanced, whereas
when it occurs prior to memory encoding, it remains unaffected [52].

5. Exercise and the Endocannabinoid System

Several studies have demonstrated that endocannabinoid levels may be altered with exercise [53,54],
with their effects acting both centrally and peripherally [54]. Exercise has been shown to enhance
CB1 receptor sensitivity [55]. Sparling et al. [56] demonstrated that higher levels of physical activity
were associated with greater anandamide (an endogenous agonist of the cannabinoid CB1 and CB2
receptors) levels. Among rodents, Hill et al. [57] showed that 8 days of exercise increased anandamide
levels. Further, Raichlen et al. [58] showed an intensity-dependent effect of exercise on anandamide
levels, with moderate-intensity exercise enhancing anandamide levels. Fuss et al. [59] showed that
wheel running increases endocannabinoid levels and ablation of CB1 receptors on GABAergic neurons
inhibits running-induced anxiolysis. Notably, however, a bi-directional relationship may also exist,
as research demonstrates that stimulation of CB1 receptors is a prerequisite for voluntary running in
mice [60–62]. For example, CB1 activation on VTA (ventral tegmental area) GABAergic neurons may
trigger disinhibition of VTA dopamine [60], implicated in reward-directed processes.

6. Hypothetical Model

Emerging work has started to evaluate the potential role of the cannabinoid system on subserving
the exercise-memory relationship. Research demonstrates that exercise-induced hippocampal cell
proliferation and neurogenesis depends on CB1 receptor signaling [57,63,64]. Notably, CB1 receptors
have widespread expression over the entire dentate gyrus and voluntary wheel running has been
shown to increase CB1 receptor mRNA in the hippocampus [63]. CB1 receptors specifically affect the
stages of adult neurogenesis and the survival and maturation of new neurons [63].

Relatedly, research demonstrates that treadmill running improves spatial memory in mice, which is
prevented by simultaneous treatment of a CB1 receptor antagonist [65]. Such exercise-related effects
may be attributed to exercise-induced increases in CB1 receptor activation and BDNF expression
in the hippocampus [65]. Thus, exercise-induced enhancement of memory function may, in part,
be due to a number of endocannabinoid signaling mechanisms related to long-term potentiation,
production of neurotrophic factors, and cellular neurogenesis. This is schematically illustrated in
Figure 1. That is, there exists a bi-directional relationship between exercise and endocannabinoid
levels. The endocannabinoid system may play an important role in episodic memory function, and as
demonstrated previously, this may be moderated by arousal state. Further, key exercise-induced
mechanisms (e.g., neurogenesis) that influence episodic memory function may be moderated by the
endocannabinoid system. Key insight and support of this model have been demonstrated recently.
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Bosch et al. [66] evaluated the effects of acute exercise intensity on memory function, with considerations
of AEA (anandamide) and BDNF in mediating this relationship. Their results demonstrated consistent
evidence of moderate-intensity acute exercise enhancing associative memory. They also demonstrated
that increased AEA after moderate-intensity exercise correlated with neural activation of the right
hippocampus [66].

7. Model Evaluation

Future work is needed to evaluate this model and, when appropriate, make necessary revisions.
Such work should employ both acute and chronic exercise paradigms. From an acute exercise
perspective, future within-subject experimental designs should employ multiple exercise intensities (e.g.,
control, moderate, and vigorous), and when doing so, carefully consider the temporal effects of acute
exercise on memory function [4]. That is, consider integrating the acute bout of exercise prior to memory
encoding and across different phases of memory consolidation. In human models, blood samples to
assess endocannabinoid levels should be measured at multiple time points (e.g., before and after exercise;
prior to memory encoding and retrieval, and during memory consolidation). Similarly, key mediators
(e.g., BDNF, LTP) through which the endocannabinoid system may influence the effects of acute exercise
on memory will need to be assessed at these time points. In human work, novel methodologies to assess
LTP will need to be considered. For example, evaluating LTP-like responses, such as visually-evoked
event-related potentials, is worth considering [67]. Further, the memory assessments should be
carefully considered, and, for example, include hippocampal-dependent memory tasks and emotional
memory tasks (given the abundance of CB1 receptors in the limbic system).

Among human models, chronic exercise training studies should carefully design the study to
ensure that any potential effects are due to the chronic training stimulus, as opposed to a potential acute
exercise response. Rarely do chronic training studies indicate whether participants avoided exercise
shortly before the post-training memory assessment, and as such, it is challenging to determine whether
post-training outcomes are from chronic adaptations from exercise, or rather, are an artifact of an acute
exercise response. These chronic training studies should evaluate other potential mediators through
which the endocannabinoid system may influence, such as neurogenesis, which can be measured
from magnetic resonance imaging [68]. Lastly, animal studies should continue to design experimental
studies that evaluate whether exercise activates the endocannabinoid system, whether this activation
is associated with memory function, and whether blocking the endocannabinoid system prevents a
direct effect of exercise on memory function.

8. Summary

In conclusion, this brief narrative review highlights the potential role of the cannabinoid system on
the exercise-memory relationship. Future research is needed to fully test out this potential mechanistic
paradigm. Such work should also delineate whether the site of CB1 activation (e.g., GABA-ergic,
glutamatergic) moderates this relationship. This is an exciting line of inquiry that should help delineate
new insights into the mechanistic role of exercise on memory function.
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Abstract: Several studies have advanced the understanding of the effects of cannabis on cognitive
function. A comprehensive reappraisal of such literature may help in drawing conclusions about
the potential risks associated with cannabis use. In summary, the evidence suggests that earlier
age of use, high-frequency and high-potency cannabis use, as well as sustained use over time and
use of synthetic cannabinoids, are all correlated with a higher likelihood of developing potentially
severe and persistent executive function impairments. While the exact mechanisms underlying the
adverse effects of cannabis on cognition are not completely clear, Magnetic Resonance Imaging (MRI)
studies support the presence of both structural and functional alterations associated with cannabis
use. Cognitive dysfunction is also a core feature of many neuropsychiatric disorders and care must
be taken regarding the effects of cannabis use in these patient populations. Cognitive impairments
affect patients’ daily functions, sociability, and long-term outcome, posing elevated economic, social,
and clinical burdens. There is, thus, a compelling case for implementing behavioral and cognitive
rehabilitation therapies for these patients, as well as investigating the endocannabinoid system in the
development of new psychopharmacological treatments.

Keywords: delta-9-tetrahydrocannabinol; endocannabinoid system; executive functions

With around 200 million users worldwide, cannabis takes the lead when it comes to the number
of people using a drug for recreational purposes [1]. The growing popularity of cannabis has seen a
parallel increase of the public interest into its safety. Accumulating evidence associates cannabis use
with several adverse behavioral, physiological, and neural effects [2], with acute challenge studies
implying a causal relationship for such associations [3]. Indeed, studies of the long-term impact of
cannabis suggest the development of tolerance [2] and dependence [4] upon sustained use. However,
the harmful effects of cannabis are still debated, especially their severity and whether they are of a
long-lasting nature. Interestingly, in a nine-category matrix of physical and social harm of both illicit
and legal drugs, cannabis did not score in the top 10, while alcohol and tobacco did [5]. Cognitive
function is one of the domains mostly investigated with reference to cannabis use, but also one of those
generating the most conflicting results, with not all studies indicating poorer cognitive performance
in otherwise healthy individuals or patients with a severe mental disorder and even some evidence
of better performance in cannabis-using psychosis patients [6]. Studies of the effects of cannabis on
cognition conducted over the last five decades have progressively unfolded a relationship of a complex
nature, where several factors come into play. First, evidence indicates non-uniform disrupting effects of
cannabis across different cognitive domains [7]. Second, genetic background may determine different
individual susceptibility to cannabis-induced cognitive impairments [8,9]. Third, cognition seems to
be the domain most likely to demonstrate tolerance upon repeated exposure, with some evidence of
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full tolerance indicating a complete absence of acute effects [2,10,11]. Fourth, cannabis composition
and patterns of use play a relevant role, with both high-potency cannabis varieties, i.e., cannabis high
in concentration of the psychoactive component delta-9-tetrahydrocannabinol (Δ9-THC) [12], and
frequent cannabis use, e.g., daily [13], being associated with more pronounced cognitive impairments,
thus supporting a cumulative adverse effect of Δ9-THC. Fifth, synthetic cannabinoids, which act
as more potent full agonists at the cannabinoid receptor type 1 than Δ9-THC, thus exerting a more
severe disruption of the endocannabinoid system, have been shown to induce more evident cognitive
impairments in healthy subjects, which are undistinguishable from those observed in psychosis [14].
Finally, the use of cannabis in adolescence may lead to more serious cognitive impairments, due to the
drug interfering with brain maturation [15].

An interesting up-to-date review article, “The Effects of Cannabinoids on Executive Functions:
Evidence from Cannabis and Synthetic Cannabinoids—A Systematic Review”, published in Brain
Sciences, brings together different lines of research about the effects of cannabis on cognition, including
preclinical versus clinical evidence, acute versus long-term effects, occasional versus regular exposure
and organic versus synthetic cannabinoids [16]. Such strategy emphasizes the importance of interpreting
the available evidence altogether, to overcome the risks of interpreting the phenomenon based only
on partial data [17]. Other merits of the review are that it applies rigorous inclusion criteria in terms
of cognitive outcome measures, focusing only on objective measurements, as well as disentangles
the effects of cannabis on each executive function sub-domain. High-level cognitive functions call
on combinations of different component processes and there is evidence that changes in cognitive
functioning, for instance, because of aging, are more likely to be masked when using more general
cognitive measures compared to the use of more specific abilities [18]. It is, therefore, plausible that
the same would happen with reference to the effects of cannabis use. Focusing on the three core
executive functions, attention, working memory, and cognitive flexibility, separately [19], the authors
make a noble attempt to deal with this potential issue. Moreover, in excluding studies performed on
participants with psychiatric or substance use disorders, the review cut out two important arguments
that could have hampered its conclusions; that is, the alternative explanation that the association
between cannabis and cognitive impairments would be driven by use of other substances or coexisting
psychopathological features, making cannabis users less proficient cognitively [20].

In the review by Cohen and Weinstein, one by one, all the apparent inconsistencies of the available
literature find a possible explanation. Repeated exposure to cannabis is more clearly associated
with the manifestation of executive function impairments. The evidence indicates a dose–response
relationship for the effect of cannabis on executive functions, with frequent users and users of potent
forms of cannabis presenting with more pronounced cognitive impairments. Exposure to synthetic
cannabinoids is more clearly associated with long-lasting impairments. Exposure during adolescence
increases the likelihood of such impairments being more severe and persisting in adulthood.

The exact mechanisms underlying the adverse effects of cannabis on cognition are not completely
clear. However, implementing studies of the effect of cannabinoids on cognition in a Magnetic Resonance
Imaging (MRI) design may help understanding the underlying neurobiological mechanisms [6].
Consistently, the evidence from structural MRI studies reviewed here support an association between
chronic cannabis use and reduced gray matter volumes in brain regions relevant to cognitive processes,
including the hippocampus and amygdala, with the extent of such alterations correlating with age of
onset, frequency, and severity of cannabis use. Similarly, functional MRI studies indicate disputed
brain activity in regions involved in the processing of several cognitive tasks as a function of cannabis
use. Interestingly, some of this evidence suggests that, while performing a cognitive task, cannabis
users’ brain activity may be disrupted, even in the absence of a less proficient behavioral performance,
reflecting an attempt to sustain performance by recruiting additional or different neural resources [21].
This would provide another possible explanation for the absence of the cannabis effect in those studies
assessing exclusively the behavioral component of cognitive processing [22].
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By affecting patients’ daily function, sociability, and long-term outcome, cognitive impairments
place important socioeconomic burdens on society and patients themselves, also posing significant
challenges to healthcare practitioners [23]. As Cohen and Weinstein point out, understanding how
different cannabinoids may modulate cognitive processes can shed new light into the neurobiological
mechanisms that increase the risk of long-lasting cognitive impairments in regular cannabis users.
Moreover, cannabis use can increase the risk of developing disabling neuropsychiatric disorders,
such as psychosis [24], and cognitive dysfunction is a core feature of such disorders [23]. Interestingly,
endocannabinoid alterations have been implied in the pathophysiology of psychosis, independent
of cannabis use [25]. Based on this evidence, along with the implementation of behavioral and
cognitive rehabilitation therapies for these patients, there is also a compelling case for investigating the
endocannabinoid system in the development of new psychopharmacological treatments [26].
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Abstract: Background: Cannabis use can increase the risk of psychosis, and the acute administration
of its key psychoactive ingredient, delta-9-tetrahydrocannabinol (Δ9-THC), can induce transient
psychotomimetic symptoms. Methods: A double-blind, randomized, placebo-controlled crossover
design was used to investigate the symptomatic effects of acute intravenous administration of Δ9-THC
(1.19 mg/2 mL) in 16 healthy participants (seven males) with modest previous cannabis exposure.
Results: In the 20 min following acute Δ9-THC administration, symptomatic effects of at least mild
severity were present in 94% of the cohort, with moderate to severe symptoms having a much lower
prevalence (19%). Nearly one-third (31%) of the volunteers were still experiencing protracted mild
symptomatic effects 2.5 h after exposure to Δ9-THC. Compared to the Δ9-THC challenge, most of
the study participants did not experience any symptomatic effects following placebo administration
(62%). Acute physical reactions were 2.5 times more frequent after Δ9-THC (31%) than placebo
(12%). Male and female participants differed in terms of acute Δ9-THC effects, with some negative
symptoms occurring more frequently in female (56% to 89%) than male participants (0% to 29%), and
acute physical reactions occurring exclusively in the female gender (56%). Conclusions: These results
have implications for future research, also in light of cannabis being the most widely used illicit drug.

Keywords: delta-9-tetrahydrocannabinol; placebo; cannabis-associated psychosis; schizophrenia

1. Introduction

Psychosis is a severe mental disorder resulting from a complex interplay between genetic and
environmental determinants leading to a disruption of central nervous system function [1]. In order
to better understand its pathophysiological mechanisms, different models of psychosis have been
proposed [2]. Over the last two decades, there has been growing interest in the drug-induced model of
psychosis, due to the potential of several pharmacological agents to elicit psychotomimetic symptoms
that resemble those observed in psychosis patients [3]. In particular, in-human models of psychosis
have become available involving the acute administration of dopaminergic [4], serotoninergic [5],
glutamatergic [6], and cannabinoid compounds [7,8]. Compared to animal models, which have been
implicated as not adequately modeling the complexity of the disorder [9], the transient symptoms
induced by acute challenge with psychotomimetic drugs in healthy individuals are of interest, as they
may share pathophysiological mechanisms with the full-blown disorder.
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The administration of cannabis’ key psychoactive ingredient delta-9-tetrahydrocannabinol
(Δ9-THC) has been shown to induce transient psychosis-like symptoms in otherwise healthy
individuals [10–13]. The association between cannabinoids and psychosis is further supported
by several lines of research: (i) the evidence for a higher risk of psychosis in cannabis users [14–16],
especially against a specific genetic background [17,18]; (ii) the evidence that cannabis use can
exacerbate psychotic symptoms and cause relapse in patients with schizophrenia [19–23]; and (iii) the
evidence that the endocannabinoid system might be disrupted in patients with schizophrenia both
in the context of cannabis use and in its absence [24,25], as well as involved in modulating cognitive
function in healthy individuals [26–28].

Although clinical research is needed to further understand psychosis in cannabis users, limited
evidence from anecdotal studies has been published on the nature of the transient clinical manifestations
of acute cannabis intoxication in healthy individuals [29–31]. In many respects, experimental studies
examining the nature of the psychotomimetic effects of Δ9-THC may arguably be a priority because
they can inform further studies of cannabis-associated psychosis, including aetiology, course, prognosis,
and treatment. Previous studies that have assessed the acute psychotomimetic effects of Δ9-THC
have reported them as summary measure using the PANSS (Positive and Negative Syndrome
Scale) [11,12,32–36], BPRS (Brief Psychiatric Rating Scale) [37], SSPS (State Social Paranoia Scale) [35],
or self-report questionnaires [12,32,34]. A limited range of other effects has also been investigated
using self-report questionnaires and visual analogue measures, including dissociation [12], affect and
mood [11,12,32,34–37], sedation and intoxication [11,12,36,37], and anxiety and panic [11,12,36].

Also, evidence indicates that frequent cannabis users have a more blunted response to the
acute psychotomimetic effects of Δ9-THC compared to a group of healthy controls, suggesting the
potential development of tolerance [38,39]. Thus, studies conducted among frequent users may
have limited usefulness in informing on the nature of the symptoms acutely induced by cannabis in
healthy individuals.

Employing a placebo-controlled acute pharmacological challenge design, the aim of this study was
to investigate the symptomatic effects of acute Δ9-THC administration under controlled experimental
conditions in a group of healthy individuals with modest previous cannabis use.

2. Materials and Methods

This study employed a double-blind, randomized, placebo-controlled, repeated-measures,
within-subject design, with a counterbalanced order of drug administration, using an established
protocol [13,40]. Sixteen healthy participants (seven males) were assessed on two different occasions
separated by at least a two-week interval, with each session preceded by intravenous administration of
Δ9-THC (1.19 mg/ 2 mL) or placebo. All the subjects underwent structural Magnetic Resonance Imaging
(MRI), functional MRI (fMRI) and proton magnetic resonance spectroscopy (1H-MRS) scanning in
both sessions. The present report focuses on the psychopathological assessment.

2.1. Experimental Procedure

Prior to each study visit, participants were advised to get at least six to eight hours sleep overnight
and to refrain from smoking for four hours, taking caffeine for 12 h, and consuming alcohol for 24 h.
Also, subjects had been abstinent from cannabis for at least six months before the first study visit, and
were advised to abstain from using any substance throughout the duration of the study. On arrival at
the study center in the morning, participants had a light standardized breakfast after an overnight
fast. All the subjects had a negative urinary drug screen for amphetamines, benzodiazepines, cocaine,
opiates, and Δ9-THC, and were tested on each study day using immunometric assay kits. All the
female participants had a negative pregnancy test; also, all of them were consistently using a reliable
contraceptive method, apart from a single subject who underwent both study visits in the first week
of the menstrual cycle. After a physical examination performed by a medical doctor, an indwelling
intravenous line in the non-dominant arm was placed by a trained nurse. This cannula was used
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for the intravenous administration of Δ9-THC (1.19 mg/ 2 mL, ≥99% pure; THC-Pharm, Frankfurt,
Germany, http://biochem.thc-pharm.de; pharmaceutical formulation at the Barts Health NHS Trust
pharmacy according to previous work [41]) or placebo as well as blood collection a different time points
before and after drug challenge. A dose of 1.19 mg was used, as previous work has suggested that
an intravenous dose range between 0.015–0.03 mg/kg is consistently associated with an induction of
psychotomimetic symptoms [42]. Heart rate and blood pressure were monitored via a digital recorder
and an automated arm cuff for the entire duration of the study.

2.2. Subjects

Sixteen healthy, English-speaking, right-handed individuals participated in this study.
Demographic information such as age, ethnicity, and level of education was recorded. All the
subjects gave written, informed consent, and completed all of the components of the study. Personal or
family history of psychiatric illness in first-degree relatives represented an exclusion criterion. None of
the subjects included in the study had used more than 21 units/week of alcohol on a regular basis. Only
three subjects had a regular smoking habit (two of them smoking <10 cigarettes/day and one smoking
two cigarettes/week), six had smoked occasionally/experimentally, and seven had never smoked.
Apart from three subjects who had a single experimental use of 3,4-Methylenedioxymethamphetamine
(MDMA), all the remaining participants had never used any other substance. Regarding previous
lifetime cannabis exposure, nine subjects had used cannabis ≤5 times, three subjects ≤10 times, two
subjects ≤20 times, one subject 20 times, and one subject 60 times.

2.3. Psychopathological Assessment

All the participants were interviewed by a psychiatrist with a specific expertise in Diagnostic
and Statistical Manual of Mental Disorders, 5th edition (DSM-5) schizophrenia and other psychotic
disorders as well as substance use disorders [43], using the Structured Clinical Interview for DSM-5
(SCID-5) as a guide for the assessment of the psychotic spectrum [44]. Assessments were carried out
immediately before and at 20 min and 2.5 h after drug administration, and clinically discussed with a
senior psychiatrist at the end of each study visit. Psychopathological ratings were recorded using the
Positive and Negative Syndrome Scale [45] (PANSS), which is a well-established scale that is used for
measuring the symptom severity of individuals with psychosis. Verbatim quotations from participants
were also recorded, as research evidence indicates that the inclusion of excerpts from transcripts might
help clarify links between data, interpretation, and conclusion [46]. Participants were contacted the
day after each study visit for a health check as part of the study standard operating procedure (SOP).
Putative symptoms lasting longer than expected or occurring after the end of the study visit were
also recorded.

2.4. Ethics Approval

The study was approved by the Joint South London and Maudsley (SLaM) and Institute of
Psychiatry, Psychology & Neuroscience (IoPPN) National Health Service Research Ethics Committee
(PNM/13/14-38), and the investigators had a license to use Δ9-THC for research purposes.

3. Results

3.1. Demographic Information

Study participants had a mean age of 24.44 (standard deviation, SD: 4.29) years. All except three
(with self-described mixed ethnic origin) of the volunteers were white Europeans. They had 16.94 ±
2.84 years (mean, M ± SD) of education.

The effects of Δ9-THC administration on blood pressure and heart rate and related statistics as
well as Δ9-THC plasma levels have been previously reported [40].
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3.2. Prevalence and Severity of Symptoms: Results at a Glance

3.2.1. Following Acute Δ9-THC Administration

Apart from one participant with minimal and questionable symptoms, who did not score more
than two on any PANSS item, the entire study cohort reported at least mild and clearly detectable
symptomatic effects (94%; ≥3 on at least one PANSS item) within 20 min following acute challenge with
Δ9-THC. More severe symptomatic effects were experienced by a smaller proportion of participants,
with 10 volunteers reporting at least moderate symptoms (62%; ≥4 on at least one PANSS item) and
three of them reporting moderate to severe symptoms (19%; ≥5 on at least one PANSS item). Acute
physical reactions, including effects on movement, blood pressure, heart rate, skin vascularity, and
vagal response, occurred on five occasions (31%).

Two hours and 30 minutes after the intravenous administration of Δ9-THC, five (31%) and three
(19%) participants were still experiencing mild (= 3 on at least one PANSS item) and minimal (= 2
on at least one PANSS item) symptoms, respectively. In contrast, by this time, no physical reaction
was evident. Upon telephone follow-up, six participants (37%) reported long-lasting effects of the
drug, which faded away by the end of the study day or the subsequent morning. These symptoms
were mainly included fatigue and food craving. In one case, these effects included psychosis-related
symptoms such as suspiciousness, hostility, tension, and poor impulse control (6%).

3.2.2. Following Placebo Administration

Differently from the Δ9-THC condition, most of the study participants did not experience any
symptomatic effects following placebo administration (n = 10; 62%). Three volunteers (19%) reported
minimal and questionable symptoms (= 2 on at least one PANSS item) and, interestingly, only three
subjects (19%) had detectable symptoms of mild severity (= 3 on at least one PANSS item). Acute
physical reactions, including effects on heart rate and skin vascularity, were present in two occasions
(12%), occurring at a lower rate compared to the Δ9-THC condition.

Two hours and 30 minutes after the intravenous administration of placebo, only one participant
(6%) was experiencing minimal and questionable psychotomimetic symptoms (= 2 on at least one
PANSS item). Also, similarly to the Δ9-THC condition, no physical reaction was evident at that time
point. Finally, differently from the Δ9-THC condition, only one participant (6%) reported long-lasting
effects at the telephone follow-up after placebo administration, which faded away by the end of the
day. However, these effects included psychosis-related symptoms such as suspiciousness, which was
totally overlapping with the frequency of long-lasting psychosis-related symptoms following acute
challenge with Δ9-THC (6%).

3.3. Symptoms Description

3.3.1. Psychosis-Related Positive Symptoms and Disorganization

The effects of Δ9-THC administration on the PANSS positive symptom subscale and related
statistics have been previously reported [40].

Conceptual disorganization was the most frequently observed symptom in the ~20 min following
the acute administration of Δ9-THC, with all the participants reporting such symptoms in a minimal to
severe form (2 ≤ PANSS-related item ≤ 6). Further frequent symptoms (≥2 on PANSS-related item)
included hallucinatory behavior (62%), excitement (62%), and suspiciousness/persecution (56%). A
lower percentage of participants also reported symptoms of grandiosity (25%), hostility (19%), and
delusions (19%).

Some symptoms were still detectable 2.5 h after the injection (≥2 on PANSS-related item), even if
in a more attenuated form, with conceptual disorganization being the most frequent symptom (37%),
followed by hallucinatory behavior (6%) and excitement (6%). Volunteers showing a more severe
conceptual disorganization immediately after the intravenous administration of Δ9-THC were more
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likely to still experience such symptom 2.5 h after the injection, with five out of nine participants
experiencing moderate to severe conceptual disorganization (4 ≤ PANSS-related item ≤ 6) versus one
out of seven participants with minimal to mild conceptual disorganization (≤3 on PANSS-related item).

In the ~20 min following the acute administration of placebo, positive symptoms were reported by
four participants (≥2 on PANSS-related item) and only two of them had clearly detectable symptoms
(mild severity, ≥3 on PANSS-related item; 12%), which was a percentage that was 7.5 times smaller
than that observed in participants under the influence of Δ9-THC. In both cases, these symptoms were
within the conceptual disorganization domain. Also, only one participant was still experiencing a
disorganized process of thinking 2.5 h after the injection of placebo.

Overall, Δ9-THC-induced excitement and grandiosity were more frequent in male (86% and 43%
respectively) than female participants (44% and 11% respectively). Instead, hostility was observable
only in a percentage of female participants (33%) (Table 1).

3.3.2. Psychosis-Related Negative Symptoms

The effects of Δ9-THC administration on the PANSS negative symptom subscale and related
statistics have been previously reported [40].

A lack of spontaneity and reduced flow of conversation was the most frequently observed
symptom in the ~20 min following the acute administration of Δ9-THC, with 13 participants reporting
such symptoms in a minimal to moderately severe form (2 ≤ PANSS-related item ≤ 5; 81%). Further
frequent symptoms (≥2 on PANSS-related item) included stereotyped thinking (69%), blunted affect
(62%), poor rapport (62%), and difficulty in abstract thinking (50%). A lower percentage of participants
also reported emotional (44%) and social withdrawal (31%). In only three participants (19%), some
symptoms were still detectable 2.5 h after the injection, even if in a more attenuated form (lack of
spontaneity and reduced flow of conversation, 12%; blunted affect, 6%; difficulty in abstract thinking,
6%; stereotyped thinking, 6%).

In the ~20 min following the acute administration of placebo, negative symptoms were detectable
only in two participants (mild severity, = 3 on PANSS-related item, 12%), which was a percentage that
was 7.5 times smaller than that observed in participants under the influence of Δ9-THC. In these cases,
symptoms included the poor rapport (6%) and/or the lack of spontaneity (12%) domains. Also, only
one participant was still experiencing a lack of spontaneity and reduced flow of conversation 2.5 h
after the injection of placebo.

Overall, Δ9-THC-induced poor rapport, emotional withdrawal, and social withdrawal were more
frequent in female participants (56% to 89%) than male participants (0% to 29%) (Table 2).
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3.3.3. Psychosis-Related General Psychopathology

The effects of Δ9-THC administration on the PANSS general psychopathology subscale and related
statistics have been previously reported [40].

Poor attention was the most frequently observed symptom in the ~20 min following the acute
administration of Δ9-THC, with 14 participants reporting such symptoms in a mild to moderate form
(3 ≤ PANSS-related item ≤ 4; 87%). Most of the participants also experienced a disturbance of volition
(75%), disorientation (69%), and poor impulse control (62%). Further frequent symptoms (≥ 2 on
PANSS-related item) included somatic concern (50%), preoccupation (50%), motor retardation (50%),
mannerisms and posturing (50%), unusual thought content (50%), tension (44%), and active social
avoidance (44%). A lower percentage of participants also reported a lack of judgment and insight
(37%), symptoms of anxiety and depression (31%), uncooperativeness (31%), and feelings of guilt
(12%). One participant reported feeling less depressed after the acute challenge with Δ9-THC.

Some symptoms were still detectable 2.5 h after the injection (≥2 on PANSS-related item), even if
in a more attenuated form, with poor attention and disorientation being the most frequent symptom
(31%), followed by motor retardation (12%), somatic concern (6%), preoccupation (6%), anxiety (6%),
tension (6%), and uncooperativeness (6%).

In the ~20 min following the acute administration of placebo, general psychopathological
symptoms were observable in six participants (≥2 on PANSS-related item) and only three of them had
clearly detectable symptoms (mild severity, = 3 on PANSS-related item; 19%), which was a percentage
that was five times smaller than that observed in participants under the influence of Δ9-THC. In these
cases, symptoms included poor attention (12%), somatic concern and preoccupation (6%), tension
(6%), disorientation (6%), disturbance of volition (6%), and poor impulse control (6%). Also, only
one participant was still experiencing a disturbance of volition 2.5 h after the injection of placebo.
Male and female participants were similar in terms of the prevalence of Δ9-THC-induced general
psychopathology (Table 3).

3.4. Subjects’ Quotes

Table 4 reports the most relevant symptoms experienced by the participants from a narrative
perspective. The quality of symptoms showed similarity to the psychotic symptoms reported
by schizophrenia patients. When under the acute effect of Δ9-THC, individuals reported both
positive and negative symptoms. The most relevant positive symptoms induced by Δ9-THC
included suspiciousness, paranoid and grandiose ideas/delusions, conceptual disorganization, and
perceptual alterations. Negative symptoms included reduced rapport, a lack of spontaneity, emotional
withdrawal, and concrete thinking. The administration of Δ9-THC also induced altered body perception,
depersonalization/derealization, slowing of time, euphoria, and anxiety.

3.5. Additional Symptoms

Additional symptoms not necessarily related to psychosis also occurred during the trial.
In particular, five female participants (56%) had an acute physical reaction to the Δ9-THC administration,
including generalized tremors, vagal reaction, paleness, orthostatic hypotension, sick feeling, flushing,
and symptoms of fainting. In contrast, no male participant experienced any physical reaction after
the drug challenge. Less intense physical reactions also occurred during the placebo session in two
occasions (Table 5).

After the intravenous administration of Δ9-THC, eight volunteers (50%) showed difficulty in motor
coordination and indecisiveness with different levels of severity (Table 5; the most severe occurrence is
shown in Figure 1). A participant had a protracted posture alteration. Also, two participants showed
over-inclusive thinking and protracted internal absorption, respectively (Table 5).
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(a) (b) 

  
(c) (d) 

Figure 1. Difficulty in motor coordination and indecisiveness. (a) Before placebo administration;
(b) After placebo administration; (c) Before delta-9-tetrahydrocannabinol administration; (d) After
delta-9-tetrahydrocannabinol administration.

4. Discussion

The purpose of this clinical investigation was to systematically assess the transient psychotic
reaction to the intravenous administration of pure Δ9-THC in healthy subjects in a controlled setting,
which was in line with the evidence that this cannabinoid represents a valid pharmacologic model for
psychosis [10–12]. Results from this study indicate: (i) detectable acute Δ9-THC-induced symptomatic
effects in over 90% of the cohort, with moderate to severe symptoms having a lower prevalence (<20%);
(ii) protracted minimal to mild Δ9-THC-induced symptomatic effects in 50% of the cohort (~2.5 h after
the exposure); (iii) acute physical reactions to Δ9-THC in about 30% of the cohort and only in female
participants; (iv) long-lasting Δ9-THC-induced physical symptoms and psychosis-related symptomatic
effects in less than 40% and 6% of the cohort, respectively; (v) detectable and mild symptomatic effects
after placebo administration in less than 20% of the cohort; (vi) protracted minimal and questionable
symptomatic effects after placebo administration in 6% of the cohort (~2.5 h after the exposure); (vii)
acute physical reactions to placebo in about 12% of the cohort and only in female participants; and
(viii) long-lasting symptomatic effects of placebo in only 6% of the cohort.
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The constellation of symptomatic effects induced by Δ9-THC resembled several dimensions
of psychotic disorders and overlapped with evidence from previous acute challenge studies with
Δ9-THC [12]. However, in order to better understand the extent of its detrimental effects, this
investigation took into account the potential nonspecific effects of the drug administration, the
so-called placebo effects when they are beneficial, and nocebo effects when they are harmful [47]. Study
participants reported a number of symptoms and signs when administered placebo, indicating a nocebo
effect. Both psychological (conditioning, negative expectations) and neurobiological (cholecystokinin,
endogenous opioids, and dopamine) mechanisms might explain the nocebo effects observed in
this study [48]. When controlling for the prevalence, quality, and severity of the subjective and
objective changes occurring under placebo, the manifestation of symptomatic effects following Δ9-THC
administration remained significantly higher and of greater severity, with most of the transient
psychosis-like symptoms occurring only under Δ9-THC. Also, psychotomimetic symptoms lasted
significantly longer under Δ9-THC compared to the placebo condition. Similarly, some objective
protracted symptoms such as poor motor coordination, posture alteration, over-inclusive thinking,
and internal absorption occurred only under Δ9-THC.

Relatively longer-lasting (<24 h) self-reported effects such as tiredness, sleepiness, and increased
appetite occurred only under Δ9-THC. Acute physical reactions to the intravenous administration
of the drug were more prevalent and clinically more severe in participants under the influence of
Δ9-THC than under placebo. Also, they appeared to be gender-specific, with only female participants
showing such reactions. Physical and somatic effects were not unexpected, as Δ9-THC has been shown
to acutely induce sedation and intoxication [40].

Upon comparing results from this study with previous research, several factors need to be
considered, including, but not limited to, the degree of current cannabis use (tolerance effect) and
lifetime cannabis exposure (residual effect) of the study samples, and study design. Some research
evidence indicates less prominent acute behavioral effects of Δ9-THC in current cannabis users [49],
individuals with a past history of frequent cannabis use [38], and when administering Δ9-THC
orally [50], as also recently reviewed [39]. Further evidence suggests that the development of tolerance
may be explained by the less marked effects of acute Δ9-THC administration on brain function [51,52].
Participants taking part in our intravenous Δ9-THC challenge had been abstinent from cannabis for at
least six months. Apart from one subject, the study cohort had also modest previous cannabis exposure.
Altogether, previous evidence and our findings suggest that healthy subjects with modest previous
cannabis exposure and a proper abstinent period might be more reliable to study the psychotropic
effect of Δ9-THC and its underlying mechanisms.

Only individuals with negligible use of other substances (alcohol, tobacco, and other illicit drugs)
were invited to take part in the study. Therefore, we can reasonably rule out the possibility that some
of the results observed could be attributed to the effects of other substance use. Moreover, this study
observed an interval between the two study visits of at least 14 days. This allows us to exclude the
possibility of carryover effects from the first session, in light of evidence that Δ9-THC has an elimination
half-life of 18 h to 4.3 days [53]. Furthermore, all the participants’ urine samples collected at each study
visit baseline were negative for the presence of Δ9-THC.

For the purpose of the study and due to ethical reasons, individuals with cannabis dependence
or previous negative response to cannabis were excluded from the study. While this allowed us to
examine a more homogeneous sample, this might have limited the application of the present results
to the general population. Also, caution should be used when making inferences to the general
population, as this experiment was conducted in a relatively small sample. The intravenous route
of administration was used to allow much more consistent Δ9-THC blood levels across participants
and potentially reduce inter-individual variability in drug response [12]. For instance, absorption is
slower when cannabinoids are ingested, with Δ9-THC peak concentrations that are lower and more
delayed [54], and absorption may also considerably vary between subjects [55]. Similarly, another line
of research suggests that cannabinoid levels following cannabis smoking may vary depending on how
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intensively and efficiently people smoke [56]. However, the intravenous route of administration might
have affected the generalizability of the results to the effects of recreational cannabis use. Future studies
are needed to assess in the same individuals the effects of acute cannabis challenge using different
routes of administration.

5. Conclusions

In conclusion, these results provide further evidence of the psychoactive properties of Δ9-THC
and have implications for research in this area. Acute psychosis can be secondary to cannabis use,
with some patients relapsing with a similar presentation, and a proportion developing a long-lasting
psychotic disorder [57]. More research is needed into the chronology and components of the onset
of cannabis-associated psychosis. Acute Δ9-THC challenge studies may help elucidate the nature of
psychotic symptom development in cannabis users, ultimately enhancing our understanding of the
onset, course, and outcome of cannabis-associated psychosis.
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Abstract: Increasing evidence indicates a relationship between cannabis use and psychosis risk.
Specific factors, such as determinants of cannabis use or the genetic profile of cannabis users, appear
to moderate this association. The present systematic review presents a detailed and up-to-date
literature overview on factors that influence the relationship between cannabis use and psychosis
risk. A systematic search was performed according to the PRISMA guidelines in MEDLINE and
Embase, and 56 studies were included. The results show that, in particular, frequent cannabis use,
especially daily use, and the consumption of high-potency cannabis are associated with a higher
risk of developing psychosis. Moreover, several genotypes moderate the impact of cannabis use on
psychosis risk, particularly those involved in the dopamine function, such as AKT1. Finally, cannabis
use is associated with an earlier psychosis onset and increased risk of transition in individuals at a
clinical high risk of psychosis. These findings indicate that changing cannabis use behavior could be a
harm reduction strategy employed to lower the risk of developing psychosis. Future research should
aim to further develop specific biomarkers and genetic profiles for psychosis, thereby contributing to
the identification of individuals at the highest risk of developing a psychotic disorder.

Keywords: cannabis use; psychotic disorder; genetics; age of onset; clinical high risk

1. Introduction

Schizophrenia and other psychotic disorders are a burdensome group of disorders, with occurrence
of psychosis as an overlapping phenomenon and a lifetime morbid risk of about 7 per 1000 [1,2].
Characteristics of psychosis include positive symptoms, such as hallucinations and delusions; negative
and affective symptoms, such as a lack of motivation and depression; and neurocognitive alterations [2].
Although one of the most robust pathophysiological features of psychosis is an increase in the striatal
dopamine function, accumulating evidence indicates abnormalities in the endocannabinoid system of
patients with a psychotic disorder [3–5]. For example, patients exhibit enhanced levels of endogenous
cannabinoid ligands in cerebrospinal fluid [6,7], as well as increased post-mortem CB1 receptor
densities [8,9] and in vivo CB1 receptor availability in the brain [10,11].

A convincing amount of evidence indicates an association between cannabis use and the risk of
psychosis. First, the administration of Δ9-tetrahydrocannabinol (THC), which is the main psychoactive
component of cannabis, to healthy individuals can induce transient psychotic-like experiences [12–14]
(see for a review, [15]). In addition, early epidemiological studies showed a relationship between
cannabis use and the development of psychotic symptoms or a psychotic disorder later in life [16–22].
Systematic reviews and meta-analyses of these data have confirmed cannabis use as a risk factor in the
development of psychosis or schizophrenia [23–26]. In particular, Moore et al. concluded that the risk
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of any psychotic outcome in individuals who had ever used cannabis was increased by approximately
1.5 times [26].

Specific factors appear to moderate this association between cannabis use and the development
of psychosis, in particular, determinants of cannabis use. Several studies have shown that a higher
frequency of cannabis use is related to a higher risk of psychosis [18,19] (see for reviews and
meta-analysis, [26–28]). Similarly, a lower age of onset of cannabis use [17,19,21] and the use of more
potent types of cannabis, with higher THC and lower cannabidiol (CBD) concentrations [22,28], have
been shown to further increase the risk of psychosis. CBD is a non-intoxicating cannabinoid compound
that may attenuate some of the negative effects associated with cannabis use [29–31]. The genetic
profile of cannabis users has also been implicated as a moderator of the association between cannabis
use and the development of psychosis [32–34]. For example, the catechol-O-methyltransferase (COMT)
Val158Met genotype, involved in dopamine turnover in the prefrontal cortex, was shown to interact
with the impact of cannabis use on psychosis risk [35,36]. Initial studies also suggested that cannabis
use is associated with an earlier age of psychosis onset [37–40]. Finally, cannabis use by individuals
at a clinical high risk (CHR) for psychosis may exacerbate psychotic symptoms and drive an earlier
transition to psychosis [41], although contrasting results have also been reported [42].

The present systematic review aims to give an up-to-date, detailed overview of the most recent
literature (2009–2019) on factors that influence the relationship between recreational cannabis use and
the risk of psychosis. The reviewed articles investigated how this relationship was affected by (1)
patterns of cannabis use (e.g., dose and frequency); (2) age of initiation of cannabis use; (3) type of
cannabis used; and (4) the individual genetic profile. Studies on the age of onset of psychosis and the
influence of cannabis use on the transition to psychosis in people at CHR are also discussed.

2. Materials and Methods

2.1. Literature Search and Selection Procedures

A systematic search was performed in two databases—MEDLINE and Embase—to identify
relevant studies conforming to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines [43]. The final systematic search was performed on July 23rd, 2019. The search
was limited to human studies published between 2009 and 2019 and was run through titles and
abstracts. The exact search term used was as follows:

((((("Cannabis"[Mesh]) OR ((Cannabis[Title/Abstract] OR

Marihuana*[Title/Abstract] OR Marijuana*[Title/Abstract] OR

Hashish*[Title/Abstract] OR Hemp[Title/Abstract])))) AND

(("Psychotic Disorders"[Mesh]) OR ((psychotic

disorder*[Title/Abstract] OR psychosis[Title/Abstract] OR

psychoses[Title/Abstract] OR psychotic[Title/Abstract]))))) NOT

(animals[MeSH Terms] NOT humans[MeSH Terms]).

Further publications were found by screening reference lists from included articles and relevant
reviews. The PRISMA flowchart presented in Figure 1 shows the selection procedure employed to
identify relevant studies. A total of 3348 records were identified through the search. An additional
12 records were found through screening reference lists of relevant articles. After the removal of
duplicates, 2433 articles were screened and 2340 records were excluded. In total, 93 records were
assessed for eligibility, leaving 56 studies to be included. Please see Table S1 in the Supplementary
Materials for an overview of included studies.

2.2. Selection Criteria

Publications were screened by two researchers. Only published, peer-reviewed, and observational
studies investigating the relationship between cannabis use and psychosis were considered and were
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selected when they examined one of the following moderating factors: (1) patterns of cannabis use
(e.g., dose and frequency); (2) age of initiation of cannabis use; (3) type of cannabis used; (4) the
individual genetic profile; (5) cannabis use related to the age of onset of psychosis; and (6) the influence
of cannabis use on the transition to psychosis in individuals at CHR.

If cannabis was not the only substance being investigated, studies were included only if cannabis
was the most frequently used illicit substance, when each analysis was conducted separately for each
substance, or when other substance use was controlled for. Studies that exclusively reported measures
of lifetime cannabis use (ever vs. never), that only examined other potential risk factors for psychosis
(e.g., childhood trauma), or that reported data from overlapping cohorts were excluded.

Figure 1. Literature search and selection of studies adapted from the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) flowchart (http://www.prisma-statement.org/).
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2.3. Statistical Outcome Measures

Because the included papers analysed and reported their results in different ways, an explanation
of statistical outcome measures is provided in Table 1.

Table 1. Explanation of statistical outcome measures.

OR Odds ratio

An OR is a statistic that quantifies the strength of the
association between two events, for example, the use of
cannabis and the development of a psychotic disorder. An OR
greater than 1 indicates that the two events are associated.

HR Hazard ratio

HR is a measure of an effect of an intervention on an outcome
of interest over time, for example, daily cannabis use and the
onset of psychosis. An HR of 1 indicates that event rates (e.g.,
onset of psychosis) are the same in both groups (e.g., daily
cannabis use vs. no cannabis use).

Regression beta
coefficient

A regression assesses whether predictor variables (e.g., age of
onset of cannabis use) account for variability in a dependent
variable (onset of psychosis). The beta coefficient is the degree
of change in the outcome variable for every 1-unit of change in
the predictor variable. If the beta coefficient is positive and
significant, the interpretation is that for every 1-unit increase
in the predictor variable, the outcome variable will increase by
the beta coefficient value.

3. Results

3.1. Cannabis Use and the Development of Psychotic Disorders

3.1.1. Patterns of Cannabis Use

In the last decade, six studies have been published that have examined the role of patterns of
cannabis use in the incidence of psychosis. In their study issued in 2009, Di Forti and colleagues found
that first-episode psychosis (FEP) patients were more likely to be current cannabis users (odds ratio
(OR) = 6.4, 95% Confidence Interval (CI) 3.2–28.6, P < 0.05) and to have used cannabis for over 5 years
(OR = 2.1, 95% CI 0.9–8.4, P < 0.05) compared to a healthy control group [22]. In an international
follow-up study published in 2019, Di Forti et al. took six measures of cannabis use across eleven
European sites in more than 900 FEP patients and 1200 controls. Daily cannabis use increased the
odds of psychotic disorder to 3.2 (fully adjusted OR, 95% CI 2.2–4.1, P < 0.0001) compared with never
having used cannabis, irrespective of the type of cannabis that was used [44]. Compton et al. (2009)
found that past cannabis use had no significant effect on the risk of the onset of psychosis. However,
daily cannabis use did increase the risk of the onset of psychosis (hazard ratio (HR) = 1.997, P < 0.05)
compared to non-cannabis use [45]. According to a 2019 study by Karcher et al., individuals who
reported frequent lifetime cannabis use (defined as cannabis use >100 times lifetime) were diagnosed
with a cannabis use disorder (CUD) and those who reported current cannabis use had an increased risk
of 1.21 to 1.26 times of at least one psychotic-like experience. Moreover, psychotic-like experiences were
associated with frequent cannabis use (β = 0.11, 95% CI 0.08–0.14), cannabis use disorder (β = 0.13,
95% CI 0.09–0.16), and current cannabis use (β = 0.07, 95% CI 0.04–0.10), even after adjustment for
covariates (P < 0.05) [46]. Leadbeater and colleagues (2019) reported that more frequent cannabis use
(β = 0.13, 95% CI 0.002–0.25, P < 0.05), as well as CUD (β = 0.51, 95% CI 0.01–1.01, P < 0.05), during
adolescence were associated with psychotic symptoms at ages 22 and 23 [47]. Finally, Marconi and
colleagues (2016) performed a meta-analysis of 18 studies reporting on the level of cannabis use that
were published before 2014 and demonstrated that higher levels of cannabis use were associated with
an increased risk for psychosis in all the included studies. A logistic regression model gave an OR of
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3.90 (95% CI 2.84–5.34) for the risk of psychotic disorder among the heaviest cannabis users compared
to the non-users [27].

In summary, all studies published in the last decade that investigated patterns of cannabis use
indicate that frequent cannabis use, in particular daily use, is associated with an increased risk for both
psychotic-like experiences and psychotic disorders.

3.1.2. Age of Onset of Cannabis Use

In the past decade, six studies have been published that have investigated the influence of age of
initiation of cannabis use on the development of psychosis. Using an online version of the Community
Assessment of Psychic Experiences (CAPE) questionnaire in a group of more than 17,000 adolescents,
Schubart and colleagues (2011) showed that cannabis use at age 12 or younger was associated with an
OR of 3.1 (95% CI 2.1–4.3, P < 0.05) for a top 10% score on the subscale measuring psychotic experiences.
This significant association between cannabis use and the presence of psychotic experiences was absent
when cannabis use was initiated at 15 years or older [48]. Van Gastel and colleagues (2012) found
similar effects in a survey of secondary school children aged 12–16 (N = 4552), showing that an earlier
age of initiation of heavy cannabis use was significantly related to the onset of psychotic experiences
(β = 0.065, P < 0.001) [49]. In a cohort study of 1756 adolescents, Gage et al. (2014) investigated
cannabis use at age 16 in relation to the emergence of psychotic experiences at age 18 and found
that frequent cannabis use increased the odds of psychotic experiences (OR = 1.48, 95% CI 1.18–1.86,
P = 0.001). Nevertheless, controlling for tobacco or other drugs attenuated the odds to 1.2 (95% CI
0.91–1.76, P = 0.160) and 1.25 (95% CI 0.91–1.73, P = 0.165), respectively, indicating that the use of
other substances may be involved in the association [50]. In a cohort of 410 FEP patients, Di Forti et al.
(2014) demonstrated that those who had started cannabis at age 15 or younger had an earlier onset
of psychosis than those who had started after 15 years (27.0 ± 6.2 vs. 29.1 ± 8.5; HR = 1.40; 95% CI
1.06–1.84, P = 0.05) [51]. In the 2019 study by Di Forti and colleagues, they found that individuals
who had started using cannabis when 15 years old or younger presented increased odds of psychosis
(crude OR = 3.9, 95% CI 3.0–4.9, P < 0.0001) [44]. Finally, Setién-Suero and colleagues (2018) showed a
significant correlation between age of cannabis use onset and age of onset of psychosis in FEP patients
(rho = 0.441; P ≤ 0.001). However, there were no significant differences in the age of psychosis onset
between early and late cannabis users [52].

Overall, the above-mentioned studies indicate that the early initiation of cannabis use is related
to an increased risk of developing psychosis. However, because only a limited number of studies
have compared the odds of psychosis between early and late cannabis users, it is still unclear if young
cannabis users are at a higher risk than late cannabis users. Confounding factors, such as the use of
other substances or the cumulative amount of consumed cannabis, should be taken into account as
these may explain part of the risk.

3.1.3. Type of Cannabis Used

Four studies have reported on the type of cannabis used in relation to the risk of psychosis. First,
Di Forti and colleagues reported, in their study from 2009, that 78% of the cannabis-using FEP patients
consumed high-potency cannabis (containing 12–18% THC) compared with 37% of the control group
(OR = 6.8, 95% CI 2.6–25.4, P < 0.05) [22]. In a 2015 follow-up study by Di Forti et al., it was reported that
the use of high-potency cannabis (containing >10% THC) increased the odds of a psychotic disorder
to almost 3.0 compared to those who never used cannabis (OR = 2.92, 95% CI 1.52–3.45, P = 0.001).
Importantly, everyday use of high-potency cannabis further increased the risk of psychotic disorder
(OR = 5.4, 95% CI 2.81–11.31, P = 0.002) [53]. In their 2019 study, Di Forti and colleagues concluded that
the use of high-potency cannabis (containing >10% THC) modestly increased the odds of a psychotic
disorder (OR = 1.5, 95% CI 1.1–2.6), and correction for daily use did not change this. However, the
daily use of high-potency cannabis did substantially increase the odds of psychotic disorder (OR = 4.8,
95% CI 2.5–6.3). There was no evidence of an interaction between the frequency of use and type of
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cannabis used [44]. Finally, based on the results from their 2011 online survey, Schubart et al. reported
that the use of cannabis with a low THC:CBD ratio (<55) was related to fewer psychotic experiences
than cannabis with a high THC:CBD ratio (>55) (F(1,1877):14.577; P < 0.001) [54].

In summary, these results suggest that the use of high-potency cannabis (i.e., cannabis with a high
THC content or a high THC:CBD ratio) significantly increases the risk of a psychotic disorder.

3.1.4. Genetics

AKT1 Gene

Three studies have investigated the moderating effect of the AKT1 genotype (rs2494732 locus) on
the association between cannabis use and the risk of psychosis. AKT1 is a protein kinase involved
in the dopamine signaling cascade downstream of the D2 dopamine receptor [55]. Van Winkel et al.
(2011) investigated individuals affected by psychosis and their unaffected siblings, and showed that
carriers of the C/C genotype had an approximately two-fold increased odds of being diagnosed with a
psychotic disorder when using cannabis (OR = 2.08, 95% CI 0.92–4.67) [56]. Di Forti and colleagues
found, in a 2012 study, that daily cannabis use of C/C genotype carriers severely increased the odds
of a psychotic disorder (OR= 7.23, 95% CI 1.37–38.12) compared to T/T carriers [57]. Finally, Morgan
and colleagues (2016) also showed an association between the AKT1 genotype and cannabis use in the
emergence of positive psychotomimetic symptoms, which increased with the C/T or C/C genotype
(β = 0.119, P = 0.0015) [58].

COMT Gene

Nine studies have investigated the influence of the COMT Val158Met genotype (rs4680 locus)
on the relationship between cannabis use and the incidence of psychosis. Variation in the COMT
Val158Met polymorphism is associated with dopamine turnover in the prefrontal cortex, with Val/Val
carriers having higher COMT enzyme activity and thus reduced dopamine levels compared to Met/Met
carriers [59,60]. Henquet and colleagues found, in 2009, that individuals with the Val allele showed an
increase in hallucinations after cannabis exposure compared to Met allele carriers [61]. The interaction
between COMT and cannabis use (F = 3.556; P = 0.007; Eta Squared (η2)= 0.044) had a significant effect
on the age of psychosis onset in a 2010 study by Pelayo-Terán (F = 3.816; P = 0.024; η2 = 0.045) [62].
Costas and colleagues (2011) demonstrated a doubled probability of lifetime cannabis use in individuals
homozygous for the Met allele compared to the homozygous Val genotype (Mantel–Haenszel OR
= 2.07, 95% CI 1.27–3.26). There was no significant difference between the different genotypes [63].
Nieman and colleagues (2016) reported an interaction effect between the COMT Val158Met genotype
and cannabis use on subclinical psychotic symptoms in subjects at CHR for psychosis [64].

In contrast, cannabis consumption was not associated with the COMT Val158Met polymorphism
according to Gutiérrez and colleagues (2009). However, for female regular cannabis users, the psychosis
risk was highest when they were also homozygous carriers of the Val allele. Importantly, this seemingly
dose-dependent interaction between cannabis consumption, risk for psychosis, and carrying the Val
allele in females was not significant [65]. Similarly, Zammit et al. concluded from their 2011 study
that there was no evidence of an interaction between cannabis use and six COMT single nucleotide
polymorphisms (SNPs) in the risk of developing psychotic symptoms [66]. In accordance with these
findings, a 2015 study on the rs4680 SNP in a Pakistani population concluded that there was no
association between cannabis use and the polymorphism in schizophrenia [67]. Mané and colleagues
(2017) studied the interaction between COMT and cannabis use with respect to FEP. They reported that
early cannabis use and the presence of the COMT Val158Met polymorphism were not significantly
associated with an earlier onset of psychosis [68]. Another study published in 2017 by Lodhi and
colleagues failed to demonstrate a significant moderating effect of the COMT genotype on the age of
psychosis onset in cannabis users that initiated use before 20 years of age (P = 0.051) [69].

NOS1AP, DRD2, BNDF, and FAAH

In the last decade, four other genes related to cannabis use and psychosis have been examined,
namely, NOS1AP, DRD2, BDNF, and FAAH. First, Husted et al. (2012) demonstrated that the presence of
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the NOS1AP risk of the schizophrenia genotype did not influence schizophrenia expression associated
with cannabis use [70]. Colizzi and colleagues (2015) investigated the dopamine receptor D2 (DRD2)
genotype rs1076560 locus and found that cannabis-using carriers of the T-allele had a three-fold
increase in the odds of psychosis compared to GG carriers (OR = 3.07; 95% CI 1.22–7.63). Among
daily cannabis users, T carriers showed a five-fold increased odds of psychosis (OR = 4.82; 95% CI
1.39–16.71) [71]. The presence of the Met allele on the brain-derived neurotrophic factor (BDNF) gene
Val66Met polymorphism was not associated with early cannabis use according to a 2017 study by
Mané et al. [68]. Bioque et al. (2019) found that T/T carriers of the Fatty Acid Amide Hydrolase (FAAH)
rs2295633 SNP (encoding the FAAH enzyme which is involved in the reuptake and degradation
of endogenous cannabinoid ligands) had a ten-fold increased probability of presenting with FEP
(OR = 10.36, statistical power 0.78), if they used cannabis frequently [72].

Mendelian Randomization Studies

Mendelian randomization studies use genetic variants or polygenic scores as instrumental variables
to control for gene–environment correlation while estimating the association between an exposure
and outcome. In the last decade, three Mendelian randomization studies have been performed that
have focused on the potential causal relationship between cannabis use and psychosis. First, Gage
and colleagues (2017) found some evidence consistent with a causal effect of cannabis initiation on
the risk of psychosis (OR = 1.04, 95% CI 1.01–1.07). However, there was strong evidence consistent
with a causal effect of psychosis risk on the likelihood of cannabis initiation (OR = 1.10, 95% CI
1.05–1.14) [73]. A second study performed in 2018 by Vaucher et al. demonstrated that the use of
cannabis was associated with an increased risk of psychosis (OR for users vs. nonusers of cannabis =
1.37, 95% CI 1.09–1.67), thereby supporting epidemiological studies arguing that the use of cannabis is
causally related to psychosis risk [74]. Finally, Pasman and colleagues (2018) replicated the findings
of Gage et al. by showing some weak (non-significant) evidence for a causal influence of lifetime
cannabis use on psychosis risk (OR = 1.10, 95% CI 0.99–1.21, P = 0.074). They also found stronger
evidence for a causal positive influence of psychosis risk on lifetime cannabis use (OR = 1.16, 95%
CI 1.06–1.27, P = 0.001) [75]. Overall, Mendelian randomization studies suggest that the association
between cannabis and psychosis may be bidirectional.

In summary, evidence exists for a moderating effect of the AKT1 genotype (rs2494732 locus) on
the association between cannabis use and the risk of psychosis, with the highest risk for C/C carriers.
Several studies have shown the COMT Val158Met genotype to be a moderator of the relationship
between cannabis use and the later development of a psychotic disorder, with the highest risk for Val
carriers. However, a significant amount of studies have failed to show an impact on the association
between cannabis and psychosis. Interestingly, both dopamine receptor D2 and FAAH genotypes
appear to modulate the effect of cannabis use on the development of psychosis, but these initial findings
need to be replicated. Using genetic approaches, Mendelian randomization studies suggest that the
association between cannabis and psychosis may be bidirectional.

3.2. Cannabis Use and the Age of Onset of Psychosis

Twenty-two studies have reported on the association between cannabis use and the age of onset of
psychosis. In a 2009 study, lifetime cannabis abuse or dependence was associated with a significantly
earlier onset of psychosis (β = −3.11, t(198) = −3.54; P < 0.001) by 3.1 years (95% CI = 1.4–4.8 years
earlier). The age at onset was another 3 years earlier in individuals with lifetime cannabis abuse
or dependence [76]. Furthermore, progression to daily cannabis use over time predicted an earlier
onset of illness or prodromal symptoms (HR = 2.065, P < 0.05) [45]. In a 2010 study by Barrigón and
colleagues, the age of onset of psychosis treatment was significantly associated with cannabis use; the
earlier the age of onset of the heaviest use, the earlier the start of treatment, indicating a dose-response
relationship (sex-adjusted log-rank χ2(1) = 23.43, P < 0.001) [77]. First-episode schizophrenia patients
with CUD seemed to have an earlier onset of psychotic symptoms according to Sevy et al. (2010). This
result did not hold in a multivariate analysis when additional variables related to CUD were taken
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into account [78]. In contrast, Schimmelmann and colleagues showed, in 2011, that CUD subjects did
not have an earlier age of onset than non-CUD subjects (F(1) = 3.4; P = 0.067; ηp

2 = 0.01). However,
early CUD (starting at age 14 or younger) was associated with an earlier onset of psychosis (β = −0.49,
R2-change = 0.25, P < 0.001) [79]. A systematic meta-analysis by Large and colleagues published in
2011 reported that cannabis use was associated with an earlier onset of psychosis, with the onset for
cannabis users being 2.7 years earlier (32 months) (Standardized Mean Difference (SMD) = −0.414,
effect size −2.70 years) [80]. Accordingly, cannabis use predicted an earlier age at onset (1.5 years) in
schizophrenia patients [81], and cannabis users had a 1.5-year earlier onset of psychosis compared to
non-drug users, as reported in 2012 by Dekker and colleagues (difference = 1.7, B = −1.7, Standard
Error (SE) = 0.6, t = −2.6, P = 0.009) [82]. Furthermore, as reported by Estrada and colleagues (2011),
there was a significant positive relationship between the age at first use of cannabis and the age of
the onset of psychosis (β = 1.66, SE = 0.78, P = 0.04). They also investigated the role of the COMT
Val158Met genotype in this association and found an interaction with cannabis use, showing an
earlier psychosis onset for Val/Val carriers than for Val/Met and Met/Met carriers (β = −2.72, SE =
1.30, P = 0.04) [83]. Grech and colleagues (2012) found that the age at admission, as a proxy measure
for the age of onset of psychosis, was significantly different for individuals who tested positive for
cannabis in a urine test (age = 24.63) and negative testers (age = 44.63) (Mann–Whitney P = 0.001) [84].
Leeson et al. (2012) found that cannabis users had a significantly younger age at onset of psychosis
than non-users (F(1,98) = 9.43, P = 0.003) [85]. Furthermore, in a 2012 study by Galvez-Buccollini,
a significant interaction between age at the initiation of cannabis use and age of onset of psychosis
was found (β = 0.4, 95% CI 0.1–0.7, P = 0.008) [86]. Allegri and colleagues demonstrated, in 2013,
that users of only cannabis experienced psychotic symptoms 6.2 years earlier than individuals who
did not use any drugs (24.2 ± 5.0 vs. 32.9 ± 9.8 years; t(1) = 4.26; P < 0.001) [87]. In addition, in
subjects with schizophrenia spectrum disorder (SSD), age at the initiation of cannabis use and age at
the onset of psychosis were significantly linearly associated after adjusting for confounders (F(11,984)
= 13.77, P < 0.001) [88]. Similarly, after adjustment for diagnosis and gender, FEP patients who used
cannabis had an earlier onset of psychosis than abstinent patients (F(1,291) = 16.29, P< 0.001) [89].
Di Forti and team (2014) also showed that daily users of high-potency cannabis had an earlier onset
of psychosis compared to non-cannabis users of 6 years on average (HR = 1.99; 95% CI 1.50–2.65;
P < 0.0001) [51]. Additionally, in a 2014 study by Donoghue and colleagues, use of cannabis before the
onset of psychosis was associated with an earlier onset of symptoms. In the same study, it was shown
that cannabis use interacting with gender was the most parsimonious model influencing the age of
onset of symptoms [90]. Among 555 FEP patients, history of cannabis abuse was associated with a
nearly 6-year earlier onset of psychosis in 2015 (22.8 vs. 28.7 years, Z = −5.9 years, P < 0.001) [91].
Finally, cannabis use was significantly associated with a 3-year earlier onset of SSD in a large multi-site
sample (N = 1119) study published in 2016, while other factors did not influence the age of onset
(F(1,1003) = 31.66, P < 0.001) [92].

In contrast to the above-mentioned findings, one study reported, in 2009, that the use of cannabis
prior to the age of 18 was not associated with cannabis use in individuals with psychotic disorders [93].
DeRosse and colleagues (2010) also concluded that schizophrenia patients with CUD did not have an
earlier onset compared to patients without CUD [94]. Finally, in a sample of 633 schizophrenia patients
that was subdivided based on the presence of large, rare genetic deletions or large, rare duplications,
only those without large duplications had an earlier age of onset related to cannabis abuse [95].

In summary, the vast majority of studies published in the last decade investigating the age of
onset of psychosis in relation to cannabis use have found that cannabis use is related to an earlier onset
of psychotic symptoms, psychotic experiences, or a psychotic disorder. A few studies have shown an
association between an earlier onset of cannabis use and earlier onset of psychosis.
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3.3. Cannabis Use and the Transition to Psychosis in CHR Subjects

Five studies have examined cannabis use and the transition to psychosis in CHR individuals.
In a study published in 2012, lifetime cannabis abuse was not shown to be related to the transition to
psychosis in a small sample of people at CHR for psychosis (N = 15) [96]. In a much bigger sample of
182 CHR individuals, Valmaggia and colleagues (2014) investigated the influence of cannabis use on
the transition to psychosis and reported that transition was more prevalent in frequent compared to
non-frequent users (χ2(1) = 4.994, P = 0.025). Furthermore, the prevalence was higher in early-onset
users (i.e., <age 15) who continued to use frequently compared to late-users (χ2(1) = 7.093, P = 0.008).
However, in the overall sample, transition rates were not significantly increased in cannabis users
compared to non-users (χ2 (1) = 1.061, P = 0.303) [97]. A study by Auther et al. (2015) reported a more
prevalent and earlier transition in CHR individuals diagnosed with cannabis abuse or CUD compared
to non-users (log-rank test − χ2 = 4.67, P = 0.031) and cannabis users without impairment (log-rank test
− χ2 = 4.92, P = 0.027). However, adjusting for alcohol use weakened this relationship (HR = 1.875, CI
0.963–3.651, P = 0.064), which suggests that the association between cannabis misuse and the transition
to psychosis was confounded by alcohol use [98]. McHugh and colleagues demonstrated, in 2017, that
individuals with a history of cannabis-induced attenuated psychotic symptoms were 4.90 (95% CI
1.93–12.44) times more likely to develop a psychotic disorder. In these individuals, greater cannabis
abuse also indicated a greater risk of transition [99]. Finally, a meta-analysis of seven studies published
before 2016 by Kraan et al. (2017) concluded that current cannabis abuse or dependence in subjects at
CHR for psychosis increased the odds of transition to 1.75 (95% CI 1.135–2.710) [100].

Taken together, these studies indicate that frequent cannabis use, lifetime cannabis abuse, or
cannabis dependence increases the risk of the transition to psychosis in subjects at CHR. However, this
effect may be most pronounced in heavy cannabis users and may be confounded by the use of alcohol
or other drugs of abuse.

4. Discussion

The current systematic review presents a detailed and up-to-date literature overview on factors
that influence the relationship between cannabis use and psychosis risk. Overall, the results show
that, in particular, frequent cannabis use, especially daily use, and the consumption of high-potency
cannabis (i.e., cannabis with high THC and low CBD concentrations) are associated with a higher risk
of developing psychosis. Several genotypes have been shown to moderate the impact of cannabis use
on psychosis risk, particularly those involved in the dopamine function, such as AKT1. Finally, the
results indicate that cannabis use is associated with an earlier onset of psychosis and increased risk of
transition in individuals at CHR of psychosis.

High cannabis exposure (i.e., more than weekly, especially daily use) and the use of high-potency
cannabis are factors particularly associated with an increased risk of developing psychosis. Although
more research is needed to clarify the specific effect of cannabis use in subjects at CHR for psychosis,
most studies indicate that cannabis use increases the risk of the transition to psychosis. Since the
genetic profile seems to modulate the risk cannabis use poses for the development of psychosis,
genetic predisposition should be taken into account when exploring the risk of developing psychotic
symptoms of illness. A better integration and understanding of genetic and environmental factors is
needed in order to identify the individuals that are most sensitive or more resilient to the effects of
cannabis on the risk of psychosis. Future studies should focus on developing methods to identify those
individuals with either resilient or vulnerable genotypes, while considering cannabis use within the
whole exposome [101]. In addition, the biological mechanisms underlying the influence of cannabis
on psychosis risk remain largely unclear [3,30]. Study of the endocannabinoid system might help
to find new markers of illness and recovery, and identify new routes for the development of novel
treatments [30]. Importantly, CBD, a non-intoxicating compound of cannabis, has shown promising
effects in individuals with psychotic symptoms [29,102,103]. Future studies could assess the effect of
cannabis with a high CBD content on psychotic symptoms. In any case, there is enough evidence to set
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up educational programs to inform cannabis users about the risks for developing psychosis, especially
in those with a family history of psychosis or at CHR.

When studying single candidate genes, AKT1 and COMT have frequently been associated with
cannabis use and an increased risk of psychosis. All recent studies that have investigated the moderating
effect of the AKT1 genotype on the relationship between cannabis and psychosis have concluded that C
carriers of the rs2494732 SNP have an increased risk of developing psychosis after cannabis use [56–58].
Interestingly, AKT1 C/C carriers showed an increased sensitivity to the psychotic effects of THC and to
THC-induced memory-related activity in both the striatum and midbrain, which further suggests that
psychotic effects of cannabis might be mediated by dopamine [104]. Regarding the COMT gene, several
studies have shown the Val158Met genotype to be a moderator of the association between cannabis
use and the later development of a psychotic disorder, with the highest risk for Val carriers [61–64].
However, a significant number of studies have failed to show an impact on the relationship between
cannabis and psychosis [65–69]. As was also concluded by a recent meta-analysis [105], an association
between the COMT Val158Met genotype, cannabis use, and psychosis cannot be proven at the moment,
accounting for the dissimilarity in results. These controversial results probably reflect the limited value
of the study of single genes for predicting mental health outcomes [106,107], since complex phenotypes
like psychosis are associated with multiple genes [108]. Over the past decade, advanced genetic
analyses that allow complex phenotypes to be predicted have been developed, such as polygenic risk
scores [109]. Future studies should investigate the moderating effect of psychosis polygenic risk scores
on the association between cannabis use and the development of psychosis, rather than examining
single candidate genes. Mendelian randomization studies that use genetic variants or polygenic
scores could shed further light on causality and the direction of the relationship between cannabis
and psychosis.

A few factors should be taken into account when interpreting the results from the present systematic
review. First, the influence of childhood trauma, the use of substances other than cannabis, and exposure
to other environmental factors on the relationship between cannabis use and psychotic disorders was
beyond the scope of the current review. However, several studies have demonstrated an impact of
childhood trauma on the association between cannabis use and psychosis risk [110–112]. Additionally,
cannabis use is related to the use of other substances (e.g., tobacco) that have independently been
associated with psychosis [113], which may have an effect on the relationship between cannabis and
psychosis. Therefore, future longitudinal studies may attempt to integrate these potential moderators
when studying this relationship. Second, definitions of cannabis use parameters differed between
studies. For example, frequent cannabis use was defined as weekly use in some studies, but as daily
use in others. Likewise, the definition of high-potency cannabis varied between studies, and actual
THC/CBD concentrations of cannabis samples were not assessed. Standardized measures for assessing
cannabis use and determining THC/CBD concentrations in cannabis are highly needed for improving
the comparison and interpretation of results [114,115]. Third, although the present systematic review
provides an up-to-date and detailed overview of the most recent literature, possible differences in
the quality of the included studies were not assessed in a systematic way. Therefore, variation in,
for example, the study design and sample sizes, ranging from international multicenter studies with
standardized assessments of thousands of patients to retrospective measures in smaller patient groups,
may explain the differences in reported findings. Finally, the present review did not necessarily focus
on confounders of the relationship between cannabis use and psychosis. A few studies have shown
that confounding factors, such as age, gender, and the use of other substances, may attenuate the
effect of cannabis use on the risk of psychosis [50]. Future studies or literature reviews could clarify
which factors are important and could give more insight into the precise effect of cannabis use on the
incidence of psychosis.

In conclusion, literature from the last decade shows that, in particular, frequent cannabis
use and the consumption of high-potency cannabis increase the risk of psychosis. Furthermore,
cannabis use lowers the age of onset of psychosis by 3 years, and increases the risk of transition in
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subjects at CHR for psychosis. Cannabis use is a risk factor—not necessary or sufficient for causing
psychosis—that interplays with the genetic background, together with other environmental factors.
These gene–environmental interactions are complex and still unclear. Further research should aim
to clarify which genes are implicated in modulating the effect of modifiable environmental factors
like cannabis use within the whole exposome. This might help to predict how changes in these
environmental factors can positively impact the prognosis of patients with psychosis or at CHR by
counterbalancing a vulnerable genetic profile. In addition, new studies should focus on the biological
effect of cannabis on the endocannabinoid system and its relation with psychosis, as well as the
potential pharmaceutical properties of CBD.
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Abstract: Alcohol and cannabis use are highly prevalent among adolescents and associated with
negative consequences. Understanding motivations behind substance use in youth is important
for informing prevention and intervention efforts. The present study aims to examine negative
reinforcement principles of substance use among adolescent cannabis and alcohol users by pairing a
cue reactivity paradigm with an aversive interoceptive stimulus. Adolescents (ages 15–17), classified as
controls (CTL; n = 18), cannabis and/or alcohol experimenters (CAN+ALC-EXP; n = 16), or individuals
meeting clinical criteria for cannabis and/or alcohol use disorder (CAN+ALC-SUD; n = 13) underwent
functional magnetic resonance imaging during which they experienced an aversive interoceptive
probe delivered via breathing load while simultaneously performing a cue reactivity paradigm.
Participants also provided self-report ratings of how their substance use is positively or negatively
reinforced. While experiencing the breathing load, CAN+ALC-SUD exhibited greater (p < 0.05)
deactivation in the right amygdala, the left inferior frontal gyrus, and the left parahippocampal gyrus
than CAN+ALC-EXP and CTL, who did not differ. Across all substance users, activation during
the breathing load within the left parahippocampal gyrus negatively correlated with cannabis and
alcohol lifetime use episodes and the left inferior frontal gyrus activity negatively correlated with
lifetime alcohol use episodes. CAN+ALC-SUD reported experiencing more positive and negative
reinforcement of using their substance of choice than CAN+ALC-EXP; both user groups reported
higher levels of positive than negative reinforcement. Adolescents with a cannabis/alcohol use disorder
demonstrate an altered response to interoceptive perturbations. However, adolescent cannabis/alcohol
use does not appear to be driven by negative reinforcement, as viewing substance images did not
dampen this response. Based on self-report data, the experience of positive reinforcement may be
stronger for adolescents. Future studies should examine whether positive reinforcement contributes
to adolescent substance use.

Keywords: cannabis; alcohol; adolescents; fMRI; interoception; negative reinforcement; cue reactivity
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1. Introduction

Increased risk-taking behavior is characteristic of adolescence, a critical time period marked by
significant physical, cognitive, and behavioral development [1]. A common risky behavior initiated in
adolescence is the use of illicit substances. Among 12th graders, approximately 44% report having
used cannabis and approximately 59% report having used alcohol in their lifetime [2]. Adolescent
substance use can also evolve into a substance use disorder (SUD). For example, in 2018, 2.1% of
adolescents aged 12–17 met criteria for cannabis use disorder, while 1.6% met criteria for alcohol use
disorder [3]. Substance use during adolescence also increases future risk of experiencing adverse
consequences related to use; early adolescent cannabis use may contribute to low educational or
occupational attainment, as well as increased use and development of a use disorder in adulthood [4].
Similarly, youth who initiate drinking before age 15 are at increased risk of developing an alcohol use
disorder within their lifetime compared to youth who remain abstinent until age 21 [5,6]. Given the
increased risks associated with adolescent substance use, it is important to improve our understanding
of the motivations behind these behaviors in order to inform SUD prevention and intervention efforts.

Altered interoceptive-related neural processing has been implicated in SUD in combination with
emotion dysregulation and decision-making deficits, resulting in suboptimal behavioral adjustments
and the propensity to continue drug use despite negative consequences [7–12]. To date, examination of
the brain mechanisms involved in interoception and negative reinforcement has focused on adult SUD
and little research has examined these concepts among adolescent substance users [13–15].

Interoception is a biological and psychological process by which somatosensory information
from inside and outside of the body is filtered and integrated within the brain to produce an overall
representation of the bodily state [16]. Anterior cingulate cortex (ACC), thalamus, frontal regions,
and insular cortex (IC) are components of brain circuitry essential for processing and integrating bodily
afferents to generate an overall representation of the body [16–18]. Afferent signals pass through
thalamocortical pathways to IC to be integrated with sensorimotor activity and emotional information
delivered by ACC and frontal regions such as inferior frontal gyrus (IFG) [16]. This process results in
complex interoceptive feeling states or emotional awareness [18] and may lead to a bodily prediction
error if the experienced state differs from the expected state [19–22]. Body prediction errors motivate
individuals to engage in goal-directed behavior (e.g., substance use) and either approach or avoid
stimuli (e.g., substance-related stimuli) with the aim of reestablishing equilibrium [23].

Among non-substance-using individuals, frontocingulate regions, including IFG and ACC, are
thought to act as a regulatory system of behavioral reactions in response to aversive stimuli [24,25].
However, among individuals with SUD this regulatory system appears altered. For example, IFG and
ACC blood oxygen-level dependent (BOLD) signal reductions in response to negative interoceptive
stimuli have been found to characterize young adults transitioning to stimulant use disorders [8,26]
while adolescent substance users have also demonstrated an increased IFG BOLD signal in response to
a negative interoceptive stimuli [27]. In general, differing patterns of ACC, IFG, and IC activation have
distinguished substance users from healthy individuals [28]. These frontocingulate deficits may be
linked to reduced motivation to engage in behavioral changes to reestablish equilibrium despite feeling
or sensing consequences of aversive bodily stimulation [29]. In addition to interoceptive processing,
poor emotion regulation, an inability to effectively reduce arousal and cope with negative emotions
has been implicated in adolescent substance use and requires similar brain regions [30]. The IFG and
amygdala comprise a brain circuit involved in determining the emotional significance of an external
stimulus and signaling the physiological, behavioral, cognitive, and affective responses necessary to
minimize the impact of unpleasant stimuli [25,30–33].

One conceptualization of SUD, based on negative reinforcement principles, posits that individuals
use drugs in order to alleviate uncomfortable feelings in general (e.g., emotional dysregulation,
uncomfortable interoceptive states) [34,35]. For example, dysfunctional interoceptive processing
may result in substance users seeking out and consuming drugs in order to reduce uncomfortable
interoceptive states. Neuroimaging research suggests that drug cues activate brain regions similar to
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those activated by aversive interoceptive stimuli; cannabis cues elicit activation in parahippocampal gyri
and various frontal regions among non-treatment-seeking cannabis-using adolescents [36]. Adolescents
who primarily use alcohol also demonstrate an exaggerated neural response within frontal regions
including IFG, parahippocampus, amygdala, and posterior cingulate in response to cue images [37].
Accordingly, the present study pairs an aversive interoceptive stimulus with a cannabis and alcohol
cue reactivity task during functional magnetic resonance imaging. This pairing is viewed as a proxy
for negative reinforcement, allowing for the examination of whether the rewarding effects of substance
images dampen the negative experience of the breathing load. Specifically, we posit that viewing
rewarding drug-relevant cues will dampen the interoceptive BOLD response observed in adolescent
substance users while experiencing an aversive interoceptive stimulus.

An inspiratory breathing load can be used as an aversive stimulus to induce a negative interoceptive
state [38] and has previously been tested among young adult [8,39], adult [40], and adolescent substance
users [27] as well as matched controls. While experiencing the breathing load, young adults with
problem stimulant use show lower IFG, IC, and ACC activation compared to individuals who no
longer use stimulants as well as non-using controls [8,39]. Similarly, adults with a significant history of
methamphetamine use currently meeting criteria for a methamphetamine use disorder also show lower
IC and ACC during the breathing load [40]. Despite these differences in brain activation, groups did
not differ in their subjective ratings of the breathing load experience. Overall, the reduced activation
seen in regions implicated in interoceptive processing is conceptualized as an overall diminished ability
to regulate when one does not feel well, and that this inability contributes to continued substance use
despite negative consequences. To date, only one study has utilized an inspiratory breathing load with
adolescent substance users; these results revealed an overactivation in interoceptive regions. This
inconsistent finding suggests that alterations in interoceptive processing may differ as a function of
age, type of substance used, or amount of substance used.

The current study is the first to pair an aversive interoceptive stimulus with a cue reactivity
paradigm to examine the role of negative reinforcement in substance use. In addition, the sample of the
present study includes adolescents (ages 15–17) who report cannabis and alcohol use with and without
use disorders. This will allow for the examination of negative reinforcement and interoceptive-related
neural responses within diagnostically subthreshold adolescent substance users to investigate whether
altered processing is simply a consequence of use or unique to adolescents experiencing functional
impairments related to use (i.e., adolescents with use disorder diagnoses).

Participants included adolescents meeting criteria for either cannabis and/or alcohol use disorder,
adolescents who use cannabis and alcohol but do not meet diagnostic criteria (experimenters) and
healthy comparison participants. On the basis of prior work, it was hypothesized that substance
users meeting diagnostic criteria compared to controls would show: (1) increased neural activation
in response to the breathing load across all conditions of the cue task in brain regions involved in
interoceptive processing, such as IC, ACC, and IFG, as well as regions implicated in emotion regulation,
including amygdala and parahippocampal gyrus [27]; (2) increased striatal response while viewing
substance images across all breathing load conditions, reflecting heightened reward responsivity to
substance cues [41,42]; and (3) a blunted interoceptive neural response to the breathing load when
paired with substance images (cannabis and alcohol images) suggesting exposure to a conditioned drug
stimulus may help modulate reactions to internal and aversive states similar to negative reinforcement
principals of drug use behavior. Additionally, adolescent substance users who did not meet criteria for
SUD, referred to as “experimenters”, were included to explore whether neural differences are more
pronounced in adolescent substance users who endorse substance use-related functional impairment
(i.e., adolescents meeting criteria for SUD) than those who do not. Therefore, it was hypothesized
that experimenters would demonstrate a neural response more similar to controls than those meeting
substance use disorder criteria, suggesting that impaired brain responses are a consequence of more
severe use symptomatology.
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2. Materials and Methods

2.1. Participants

Adolescent participants (n = 47, ages 15–17) were recruited through local high schools by flyers
that advertised an adolescent neuroimaging research study consisting of a clinical interview and
neuroimaging session. The University of California San Diego Human Research Protections Program
approved the study protocol. Adolescent participants provided assent and informed consent was
obtained from one parent or legal guardian prior to study enrollment. Participants were excluded
if they endorsed any of the following: (1) lifetime Diagnostic and Statistical Manual (DSM-5) of
Mental Disorders psychiatric disorder (other than substance use disorder, SUD); (2) current use of
psychoactive medications; (3) history of major neurological or medical disorder; (4) head injuries or
loss of consciousness > 5 min; (5) irremovable metal in body; (6) pregnancy; (7) non-correctable vision
or hearing problems; (8) premature birth or prenatal alcohol/drug exposure; (9) left handedness; or (10)
claustrophobia. Eligible participants received financial compensation for their participation.

The final sample consisted of 18 controls with very minimal histories of substance use (CTL;
cannabis/alcohol maximum lifetime use episodes of 3 each, nicotine maximum lifetime use episodes
of 10; 13M, 5F), 16 cannabis and alcohol experimenters (CAN+ALC-EXP; 12M, 4F), and 13 who met
criteria for cannabis and/or alcohol use disorder (CAN+ALC-SUD; 9M, 4F). SUD group classification
required a report of cannabis or alcohol use within the past three months, current endorsement of 2
or more DSM-5 SUD criteria for either cannabis or alcohol, and fewer than 15 lifetime uses of other
drugs except for nicotine (see Table 1 for diagnostic details). On average, CAN+ALC-SUD participants
reported 467 lifetime cannabis uses and 131 lifetime alcohol uses. CAN+ALC-EXP group classification
required a report of no substance use history other than alcohol, cannabis, or nicotine, and no current
or lifetime endorsement of DSM-5 SUD criteria. CAN+ALC-EXP reported significantly less cannabis
(t(12.48) = −5.31, p < 0.001) and alcohol use (t(12.28) = −3.12, p < 0.009) than SUD but significantly
more use of these substances than CTL (cannabis: t(15) = −3.46, p = 0.003; alcohol: t(15.06) = −4.29,
p = 0.001) (see Table 1).

2.2. Clinical Interview

The clinical interview consisted of the Semi-Structured Assessment for Drug Dependence and
Alcoholism (SSADDA; [43]) to assess for the presence of SUD and the Customary Drinking and Drug
Use Record (CDDR) [44] to capture quantity of lifetime substance use, age of first use, and last substance
use. Participants provided demographic information and a battery of self-report measures to assess
characteristics related to SUD including the UPPS Impulsive Behavior Scale [45], the Multi-Dimensional
Assessment of Interoceptive Awareness (MAIA) [46], and the Michigan Nicotine Reinforcement
Questionnaire (MNRQ) [47]. The MNRQ was modified to assess negative reinforcement principles
related to users’ substance of choice rather than nicotine. Each participant was asked to indicate their
drug of choice (cannabis, alcohol) and answer the MNRQ questions regarding their experiences with
that drug rather than nicotine. The specific questions and scale were not altered.

2.3. Neuroimaging Procedures

Participants were asked to abstain from substance use for at least 72 h prior to their fMRI session
as confirmed by combination of self-report, breathalyzer, and urine toxicology screens. A positive
result for any substance other than cannabis excluded individuals from the study. Acute cannabis use
is difficult to determine by examination of urinary metabolites and therefore use within the past 72 h
is possible; however, all participants self-reported abstaining for the 72 h prior to the appointment
and only 5 (4 CAN+ALC-SUD, 1 CAN+ALC-EXP) participants were positive for THC on the day of
testing, which could reflect use from up to four weeks prior given the regularity of their use history.

The Cue Breathing fMRI paradigm paired a cue reactivity task with anticipation and experience of
an unpleasant interoceptive stimulus, an inspiratory breathing load. Each participant received either
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a cannabis or alcohol version of the task, depending on their reported primary substance of choice.
For the cue reactivity task, participants were presented with images of substances (cannabis or alcohol),
comparison images consisting of closely matched objects resembling the substance images (e.g.,
dried leaves resembling cannabis, non-alcoholic beverages), or scrambled versions of the substance
and comparison images where the object in the image was unidentifiable. CTL viewed the same
version of the task (cannabis or alcohol) as an age-matched substance-using participant. While viewing
each image, participants were asked to indicate whether they disliked, felt neutral, or liked the image.
Participants provided ratings using the first three buttons of a four-button box and saw a red box
appear on screen to confirm their selected answer.

Table 1. Characteristics of Substance Use.

CAN+ALC-SUDGroup
Description

% Meeting Diagnostic Criteria Diagnostic Criteria Endorsed

M(SD) Min Max

THC Use Disorder 92.31 3.42 (1.38) 2 6
Alcohol Use Disorder 61.54 2.63 (.74) 2 4

Substance Use

CAN+ALC-SUD
Cannabis/Alcohol

Substance Use
Disorder

CAN+ALC-EXP
Cannabis/Alcohol

Experimenter

CTL
Little to No

Substance Use
df t p

Lifetime Cannabis Use 467.85 (288.05) 39.38 (45.15) 0.17 (0.514) 12.48 −5.31 <0.001
Days Since Last THC Use 18.69 (33.34) 71.69 (82.25) 46.11 (160.19) 20.63 2.35 0.029

Lifetime Alcohol Use 131.92 (131.55) 17.44 (15.87) 0.22 (0.73) 12.28 −3.12 0.009
Days Since Last Alcohol 16.46 (11.67) 45.38 (98.99) 22.22 (66.12) 27 1.04 0.306

Lifetime Alcohol Binge Episode 92.83 (71.90) 7.87 (7.97) 0.11 (0.47) 11.22 −4.07 0.002
Days Since Last Binge 24.70 (24.83) 90.93 (135. 77) 240 (–) 15.38 1.84 0.085

Lifetime Hallucinogen Use 2.69 (3.88) 0.13 (0.50) – 12.32 −2.37 0.035
Days Since Last Hallucinogen 82.31 (93.58) 9.81 (39.25) – 15.42 −2.61 0.019

Lifetime Sedative Use 0.77 (1.36) – – 12.00 −2.03 0.065
Days Since Last Sedative Use 179.15 (330.97) – – 12.00 −1.95 0.075

Lifetime Amphetamine Use 0.31 (1.11) – – 12.00 −1.00 0.337
Days Since Last Amphetamine Use 14.46 (52.14) – – 12 −1.00 0.337

Lifetime Rx Stimulant Use 1.92 (5.48) 0.06 (0.25) – 12.04 −1.22 0.245
Days Since Last Rx Stimulant Use 148.23 (297.47) 17.94 (71.75) – 13.14 −1.54 0.147

Lifetime Cocaine Use 0.92 (1.50) – – 12.00 −2.22 0.046
Days Since Last Cocaine Use 55.00 (91.33) – – 12.00 −2.17 0.051

Lifetime Ecstasy Use 14.85 (27.65) – – 12.00 −1.94 0.077
Days Since Last Ecstasy Use 293.62 (333.72) – – 12.00 −3.17 0.008

Lifetime Opiate Use 0.92 (2.75) 1.94 (7.49) – 27 0.462 0.647
Days Since Last Opiate Use 139.31 (277.92) 26.56 (73.13) – 13.35 −1.42 0.178

Lifetime Inhalant Use 2.38 (8.30) – – 12.00 −1.04 0.321
Days Since Last Inhalant Use 106.00 (259.42) – – 12.00 −1.47 0.166

Lifetime Nicotine Use 232.00 (409.19) 4.19 (6.73) 0.56 (2.36) 12.00 −2.01 0.068
Days Since Last Nicotine Use 92.69 (108.66) 130.69 (157.63) 21.94 (93.10) 26.39 0.766 0.451

Participants wore a nose clip and respired through a mouthpiece with a non-rebreathing valve
(2600 series, Hans Rudolph). The breathing equipment was attached to the scanner head coil using
Velcro straps to help hold the mouthpiece in position and eliminate the need for participants to contract
their mouth muscles. The mouthpiece connected to a hose that allowed for an inspiratory resistance
load of 40 cmH2O/L/s to be attached. This breathing load consisted of a Plexiglas tube with a sintered
bronze disk inside that partially limited airflow thereby producing a resistance load. A breathing load
of 40 cm H2O/L/s was selected based on previous research which has demonstrated that this load alters
subjective symptoms without significantly affecting CO2 or O2 levels, and thereby does not impact
the BOLD signal [48,49]. Prior to the scan, participants completed a training session during which
they were introduced to the breathing equipment and practiced the task. Individuals experienced
increasing levels of restriction up to the target load of 40 cm H2O/L/s. The breathing load was described
as feeling like “you are breathing through a straw” and participants were instructed to continue to
breathe normally while experiencing the restriction. While in the scanner, participants experienced the
breathing load at various times throughout the task for approximately 40 s at a time. Each block of
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images began with one null trial that lasted for 6 s. During this time, participants saw either a yellow
or grey fixation screen. Yellow indicated there was a 1 in 4 (25%) chance of experiencing the breathing
load during the next block of images. Alternatively, a grey fixation screen indicated there would be no
chance of experiencing the breathing restriction during the upcoming block of images. Each null trial
was followed by 6 pictures of the same type (substance, neutral, or scrambled) presented one at a time
for 4 s each.

There was a total of 9 task conditions: anticipation neutral images, anticipation substance images,
anticipation scrambled images, breathing load neutral images, breathing load substance images,
breathing load scrambled images, neutral images only, substance images only, and scrambled images
only. Trials during which neutral or scrambled images were presented without the anticipation or
experience of the breathing load were combined into a baseline condition. This resulted in 5 conditions
of interest: (1) baseline: neutral and scrambled images with no anticipation or breathing restriction; (2)
anticipation neutral images: blocks of neutral images preceded by a yellow fixation screen during which
the participant did not actually experience the breathing load; (3) anticipation substance images: blocks
of substance images preceded by a yellow fixation screen during which the participant did not actually
experience the breathing load; (4) breathing load neutral images: blocks of neutral images preceded by a
yellow fixation screen during which the participant did experience the breathing load; (5) breathing load
substance images: blocks of substance images preceded by a yellow fixation screen during which the
participant did experience the breathing load (see Figure 1).

 

Figure 1. Depiction of the cue reactivity paradigm paired with interoceptive breathing load. (A) A
yellow fixation screen is presented to the participant, indicating that there is a 1 in 4 chance they will
experience the breathing load during the upcoming block of pictures. The fixation screen is immediately
followed by 6 images—in this case, alcohol-related cue images. (B) A grey fixation screen is presented
to the participant indicating that there is no chance they will experience the breathing load during
the upcoming block of pictures. The fixation screen is immediately followed by 6 images—in this
case, substance-matched comparison images. (C) Each participant wears the breathing apparatus
while in the fMRI machine. They wear a nose clip to ensure they breathe through the tube only and a
breathing manifold is attached at the end of the tube for periods of 40 s as indicated by the paired cue
reactivity task.

Prior to the scan, participants underwent a training session to learn the task and become familiar
with the breathing equipment. This ensured that participants would be able to complete the task within
the scanner. Immediately after the scan, participants provided ratings of their in-scanner experience
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with the breathing load using a Visual Analog Scale (VAS). Participants rated the breathing load for
pleasantness, unpleasantness, and intensity using a 10 cm scale ranging from ‘not at all’ to ‘extremely’.
After the scan, participants used the same VAS to rate their in-scanner experience of the breathing load.

2.4. Neuroimaging Data Acquisition

The cue reactivity paradigm was presented during one fMRI scan sensitive to blood oxygenation
level-dependent (BOLD) contrast using a Signa EXCITE (GE Healthcare, Chicago, IL, USA) 3.0 Tesla
scanner (T2*-weighted echo planar imaging (EPI) scans, TR = 2000 ms, TE = 30 ms, FOV = 24 cm
(squared), 64× 64× 40 matrix, forty 3.0 mm axial slices with an in-plane resolution of 3.75 × 3.75 × 3 mm,
flip angle = 90 degrees, 420 whole-brain acquisitions). For anatomical reference, a high-resolution
T1-weighted image (spoiled gradient recalled [SPGR], TR = 8 ms, TE = 3 ms, slices = 172, FOV = 25 cm
approximately 1 mm3 voxels) was obtained.

2.5. Neuroimaging Data Analysis

2.5.1. Individual-Level Processing

All neuroimaging data was processed using the Analysis of Functional NeuroImages (AFNI)
software package [50]. Following data acquisition, GE slices were reconstructed into AFNI BRIK format.
Baseline volume for 3D registration was constructed using the largest temporal region containing the
fewest voxel-wise outliers. Data was aligned to the baseline image using all other time points in dx,
dy, dz, and roll, pitch, and yaw directions. The functional EPI underwent automatic coregistration to
the high-resolution anatomical image and each alignment was manually inspected for each dataset.
New outliers were generated for the volume-registered dataset based on whether a given time point
greatly exceeded the mean number of voxel outliers for the time series. Six motion regressors (dx, dy, dz
and roll, pitch, and yaw), a baseline and linear drift regressor, and nine task-related regressors (trials for
anticipation neutral images, anticipation substance images, anticipation scrambled images, breathing
load neutral images, breathing load substance images, breathing load scrambled images, neutral
images only, substance images only, and scrambled images only) were convolved with a modified
hemodynamic response function. The baseline condition, during which there was no cue or experience
of the breathing load, served as the baseline for this analysis. A Gaussian Spatial Filter (6 mm full
width-half maximum) was used to spatially blur data to account for anatomical differences. Automated
transformations were applied to anatomical images and EPIs were subsequently transformed into
Montreal neurological institute (MNI) space. Percent signal change (PSC) was determined by dividing
each regressor of interest (anticipation neutral images, anticipation substance images, breathing load
neutral images, breathing load substance images) by the baseline regressor and multiplying by 100.

2.5.2. Group-Level Analysis

A linear mixed-effects (LME) analysis (r-project.org) was performed to examine group differences
in brain activation. Participants were treated as random effects, while group (CAN+ALC-SUD,
CAN+ALC-EXP, CTL), interoceptive condition (no breathing load [anticipation], breathing load),
and image type (neutral, substance) were treated as fixed effects. PSC from baseline (trials consisting of
neutral and scrambled images and no chance or experience of the breathing load) was the dependent
variable. The group main effect was examined to identify differences between CAN+ALC-SUD,
CAN+ALC-EXP, and CTL across breathing load and cue image type conditions. The group by
image type interaction was conducted to examine group differences while viewing substance images
across all interoceptive conditions. The group by interoceptive condition interaction was examined
to test hypotheses involving anticipation and receipt of the aversive interoceptive breathing load
in CAN+ALC-SUD and CTL. The group by interoception by image type interaction was of interest
because it allowed for examination of whether substance users show a blunted response to the aversive
interoceptive stimuli when paired with the rewarding substance images. To guard against identifying
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false-positive areas of activation, a threshold adjustment method was applied using AFNI programs
3dFWHMx and 3dClustSim with the auto-correlation function (acf). The 3dClustSim identified a
minimum cluster volume of 1280 μL (20 contiguous voxels) corresponding to a per-voxel p-value of
0.002 (bi-sided, NN = 3) to result in a voxel-wise probability of p < 0.05 (two-sided) corrected for
multiple comparisons.

3. Results

3.1. Subject Characteristics

Groups did not differ in terms of demographics, including age (F(2, 44) = 1.27, p = 0.290), education
(F(2,43) = 0.956, p = 0.392), racial (χ2(8) = 9.043, p = 0.339) and ethnic (χ2(2) = 0.10, p = 0.953) makeup,
and gender distribution (χ2(2) = 0.37, p = 0.830); each group had more males than females. Moreover,
there was no difference in subjective self-reported unpleasantness (F(2,44) = 0.432, p = 0.652) or
intensity (F(2,44) = 2.68, p = 0.08) of the breathing load and the groups did not differ on self-reported
interoceptive awareness and impulsivity. However, CAN+ALC-SUD compared to CAN+ALC-EXP
reported higher levels of positive and negative reinforcement on the MNRQ. Additionally, both user
groups reported higher levels of positive reinforcement than negative reinforcement on the MNRQ
(see Table 2).

Table 2. Sample Characteristics.

CAN+ALC-SUD
Cannabis/Alcohol

Substance Use Disorder

CAN+ALC-EXP
Cannabis/Alcohol

Experimenter

CTL
Little to No

Substance Use

Demographics M(SD) M(SD) M(SD) df F p
Age (in years) 16.62 (0.51) 16.69 (0.70) 16.33 (0.77) 2,44 1.27 0.290

Education (in years) 10.46 (0.78) 10.47 (0.83) 10.11 (0.90) 2,43 0.956 0.392
WRAT 4 Verbal IQ 107.31 (14.29) 106.75 (12.37) 112.00 (13.82) 2,44 0.770 0.469

VAS Ratings M(SD) M(SD) M(SD) df F p
Unpleasant 5.69 (3.29) 4.63 (2.64) 5.34 (3.49) 2,44 0.432 0.652

Intensity 4.08 (3.47) 2.13 (2.77) 4.41 (2.89) 2,44 2.68 0.08

Questionnaires M(SD) M(SD) M(SD) df F/t p
MAIA

Noticing 2.83 (1.52) 2.75 (1.03) 2.78 (1.19) 2,43 0.016 0.984
Not Distracting 2.14 (0.50) 2.37 (1.12) 2.52 (1.30) 2,43 0.443 0.645

Not Worrying 2.89 (1.43) 2.81 (1.42) 2.70 (1.05) 2,43 0.079 0.925
Attention Regulation 3.17 (.95) 3.45 (0.74) 3.14 (1.15) 2,43 0.494 0.613

Emotional Awareness 3.18 (1.43) 3.04 (1.31) 3.07 (.93) 2,43 0.054 0.948
Self-Regulation 3.10 (1.05) 3.23 (0.90) 3.01 (1.05) 2,43 0.207 0.814
Body Listening 1.36 (1.16) 1.96 (1.44) 1.79 (1.05) 2,43 0.844 0.437

Trusting 3.47 (1.40) 3.73 (1.08) 3.72 (0.92) 2,43 0.231 0.795
UPPS

Lack of Premeditation 2.08 (0.39) 2.18 (0.49) 1.89 (0.42) 2,44 1.92 0.159
Urgency 2.30 (0.66) 2.17 (0.59) 2.06 (0.51) 2,44 0.672 0.516

Sensation Seeking 3.18 (0.29) 3.09 (0.48) 3.03 (0.44) 2,44 0.528 0.594
Lack of Perseverance 2.03 (0.59) 2.13 (0.58) 1.83 (0.34) 2,44 1.53 0.229

MNRQ
Negative Reinforcement 2.85 (2.38) 0.875 (1.63) – 20.52 2.55 0.019

Positive Reinforcement 11.38 (2.53) 7.25 (3.45) – 27 3.59 0.001

3.2. Neuroimaging Results

No clusters met the thresholding requirement of 20 voxels for the main effect of group, the group by
image type interaction, or the three-way group by interoceptive condition by cue image type interaction.

3.2.1. The Group by interoception interaction

Four brain regions survived thresholding: the right amygdala, the left IFG, the right posterior
cingulate, and the left parahippocampal gyrus. (see Table 3). All interactions remained significant after
controlling for lifetime nicotine use.
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Table 3. fMRI results and between-group comparisons (SUD = CAN+ALC-SUD;
EXP = CAN+ALC-EXP).

GROUP BY INTEROCEPTIVE CONDITION INTERACTION

R/L Voxels Volume X Y Z BA Anticipation Load

Amygdala R 33 2112 28 −9 −30 28 SUD > EXP EXP > SUD
Inferior Frontal Gyrus L 28 1792 −13 24 −20 11 – EXP = CTL > SUD

Posterior Cingulate R 25 1600 13 −65 16 31 – EXP = SUD > CTL
Parahippocampal Gyrus L 21 1344 −24 −7 −19 35 CTL > EXP CTL = EXP > SUD

MAIN EFFECT OF INTEROCEPTIVE CONDITION

R/L Voxels Volume X Y Z BA Condition Effect

Cingulate Gyrus R 3141 201024 8 −6 23 24 Load > Anticipation
Fusiform Gyrus R 663 42432 40 −12 −24 20 Anticipation > Load

Superior Frontal Gyrus R 334 21376 1 4 57 6 Load > Anticipation
Cingulate Gyrus L 131 8384 −2 −25 37 31 Load > Anticipation

Cuneus R 112 7168 18 −85 28 18 Load > Anticipation
Thalamus R 64 4096 6 −18 4 Load > Anticipation

Declive L 61 3904 −15 −63 −20 Load > Anticipation
Middle Frontal Gyrus L 48 3072 −36 37 28 9 Anticipation > Load

Middle Occipital Gyrus R 43 2752 34 −83 9 19 Load > Anticipation
Anterior Cingulate L 39 2496 −6 31 15 24 Load > Anticipation

Precuneus R 36 2304 5 −43 43 7 Load > Anticipation
Precentral Gyrus R 29 1856 18 −26 64 4 Load > Anticipation
Precentral Gyrus L 24 1536 −18 −29 63 4 Anticipation > Load

MAIN EFFECT OF CUE STIMULUS TYPE

R/L Voxels Volume X Y Z BA Stimulus Effect

Medial Frontal Gyrus R 43 2752 1 44 30 9 Substance > Comparison
Anterior Cingulate L 23 1472 −1 46 8 32 Substance > Comparison

The right amygdala. A significant interaction within the right amygdala (F(2,44) = 7.58, p = 0.001,
partial η2 = 0.256) was examined. Here, groups significantly differed in activation for the anticipation
only condition (F(2, 44) = 4.28, p = 0.02, partial η2 = 0.16) with CAN+ALC-SUD showing significantly
greater activation than CAN+ALC-EXP (M= 0.16, SE= 0.06, p= 0.02). Groups also significantly differed
during the breathing load condition (F(2, 44) = 4.59, p = 0.02, partial η2 = 0.17) with CAN+ALC-SUD
showing lower activation than CAN+ALC-EXP (M = 0.54, SE = 0.18, p = 0.004). CTL did not
significantly differ from either user group during either condition (see Figure 2).

The left inferior frontal gyrus. Within the left IFG (F(2,44) = 5.66, p = 0.006, partial η2 = 0.21),
groups did not differ during anticipation (p = 0.28) but did during the breathing load (F(2,44) = 4.62, p
= 0.015, partial η2 = 0.17). CAN+ALC-SUD exhibited lower activation than both CAN+ALC-EXP (M =
0.27, SE = 0.11, p = 0.049) and CTL (M = 0.27, SE = 0.11, p = 0.049), who did not differ from one another
(see Figure 2).

The right posterior cingulate. An interaction within the right posterior cingulate (F(2,44) = 4.11,
p = 0.02, partial η2 = 0.16) was driven by a significant effect of condition for CTL only (F(1,17) = 11.22,
p = 0.004, partial η2 = 0.39) with greater deactivation while experiencing the breathing load; no simple
main effect for group was seen in this region.
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Figure 2. Neuroimaging results from the group by interoception condition interaction in (a) the
right amygdala; (b) the left inferior frontal gyrus; (c) the right posterior cingulate; and (d) the left
parahippocampal gyrus. * indicates significant differences.

The left parahippocampal gyrus. Within the left parahippocampal gyrus (F(2,44) = 6.14, p = 0.004,
partial η2 = 0.22), groups significantly differed during the anticipation condition (F(2,44) = 3.98, p = 0.02,
partial η2 = 0.15) and during the breathing load trials (F(2,44) = 4.23, p = 0.02, partial η2 = 0.16).
Specifically, during anticipation only trials, CTL exhibited significantly greater activation than
CAN+ALC-EXP (M = 0.12, SE = 0.05, p = 0.03), and CAN+ALC-SUD did not differ from either
group. For the breathing load, CAN+ALC-SUD showed significantly lower activation than both CTL
(M = 0.35, SE = 0.15, p = 0.05) and CAN+ALC-EXP (M = 0.40, SE = 0.15, p = 0.03; see Figure 2).

3.2.2. Follow-Up Correlations

Follow-up correlations were conducted within CAN+ALC-SUD and CAN+ALC-EXP between
activation in significant regions and lifetime episodes of cannabis and alcohol use. Within the left IFG,
activation during the breathing load condition negatively correlated with lifetime episodes of alcohol
use (r = −0.546, p = 0.002, R2 = 0.298). Within CAN+ALC-SUD and CAN+ALC-EXP, PHG activation
during the breathing load condition negatively correlated with lifetime episodes of cannabis (r = −0.570,
p = 0.001, R2 = 0.325) and alcohol use (r = −0.473, p = 0.009, R2 = 0.224; see Figure 3).
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Figure 3. Follow-up correlations between activation in significant regions of interest and reported
lifetime episodes of cannabis and alcohol use across all substance users.

4. Discussion

The present investigation aimed to examine the role of negative reinforcement in adolescent
substance use by pairing a cue reactivity paradigm with an aversive interoceptive probe. It was
hypothesized that viewing rewarding substance images would dampen the exaggerated interoceptive
response to an aversive probe that has previously been observed in adolescent substance users [27].
Specifically, CAN+ALC-SUD compared to CTL was hypothesized to show: (1) heightened neural
activation during the breathing load experience in brain regions involved in interoceptive processing
and emotion regulation; (2) heightened neural reward responsivity to substance images; and (3) a
decreased interoceptive neural response to the breathing load when paired with substance images.
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It was also hypothesized that, overall, CAN+ALC-EXP would demonstrate a neural response more
similar to CTL than CAN+ALC-SUD.

The hypotheses were partially supported. In relation to hypothesis one, a consistent pattern
was observed within the left IFG and the left parahippocampal gyrus, wherein CAN+ALC-SUD
exhibited a differential BOLD response to the breathing load compared to CAN+ALC-EXP and
CTL (Figure 3; Table 3). Based on previous work demonstrating that adolescent SUD showed an
increased response to the breathing load [27], it was hypothesized that CAN+ALC-SUD in the present
investigation would also exhibit an increased BOLD response. However, compared to CAN+ALC-EXP
and CTL, CAN+ALC-SUD showed greater deactivation during the breathing load. Although this
result is inconsistent with previous findings among adolescent substance users [27], it is consistent with
previous findings among young adults transitioning from recreational to problematic substance use [39].
A similar pattern was observed in the right amygdala, with CAN+ALC-SUD demonstrating greater
deactivation than CAN+ALC-EXP. However, CTL did not differ from either group. Hypothesis two
was not supported, as CAN+ALC-SUD did not show a differential reward response to substance images
compared to CTL. In line with the lack of an exaggerated reward response to the substance images
within CAN+ALC-SUD, viewing these cues did not attenuate the exaggerated interoceptive response
exhibited by CAN+ALC-SUD (hypothesis 3). Lastly, it was hypothesized that CAN+ALC-EXP would
demonstrate brain responses more similar to CTL than CAN+ALC-SUD; this was partially supported.
During the anticipation only condition, CAN+ALC-EXP showed an inconsistent pattern. However,
during the breathing load condition, CAN+ALC-EXP did not differ from CTL in the right amygdala,
the left IFG, or the left parahippocampal gyrus.

The overall findings suggest that CAN+ALC-SUD experience the aversive breathing load
differently than CTL and CAN+ALC-EXP in brain regions implicated in interoception and emotion
regulation. However, this observation is in the opposite direction of previous findings. Adolescent SUD
has previously shown exaggerated activation rather than deactivation in interoceptive regions when
experiencing an aversive breathing load [27]. Additionally, viewing images of alcohol and cannabis did
not appear to dampen the blunted interoceptive response seen among CAN+ALC-SUD. This finding
would suggest that substance use may not be negatively reinforced by dampening uncomfortable
sensations. The pattern of use demonstrated by adolescent substance users (non-treatment-seeking
users meeting diagnostic criteria) may not be substantial enough to invoke withdrawal-related
symptoms compared to adults who have used heavily for years and/or treatment seekers. Therefore,
using in order to relieve uncomfortable sensations may be less common among adolescent users or
individuals with less significant use patterns. Future studies should collect subjective ratings of how
‘unpleasant’ and ‘aversive’ participants found the breathing load to be while viewing substance and
neutral images separately, as this would provide a clearer understanding of whether or not viewing
substance images can contribute to an overall reduction in the aversiveness of the breathing load.
Lastly, adolescents with SUD showed amygdala deactivation while experiencing the breathing load
but increased activation when anticipating the upcoming load. Previous research has demonstrated
that cannabis users exhibit deactivation in the amygdala while viewing emotional images, indicative
of altered emotion regulation. This may suggest that the observed group differences in the present
study are due to differences in emotion regulation. Although, emotion regulation was not directly
assessed in this study, this is a potential avenue for future research.

Interestingly, there were also no significant findings within the insular cortex despite its central
role in interoception. This contradicts previous research demonstrating that adolescents meeting
criteria for SUD exhibit an increased insular response to the breathing load [27]. It is possible that this
lack of insular cortex findings is due to the more stringent thresholding methods employed in the
present investigation based on current methodological recommendations for the analysis of fMRI data,
as insular activation was present at lower thresholds [51]. Overall, this could suggest that experiencing
the breathing load within the context of an experimental manipulation may not be significant enough
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to elicit a strong insular response among adolescents. Future research should examine whether there is
an age-related difference in response to aversive interoceptive perturbations.

The lack of evidence demonstrating any negative reinforcement-related neural response may also
be because CAN+ALC-SUD did not find the images rewarding enough, given that an exaggerated
reward response was not observed. Altered reward responsivity to substance cues is an established
finding among adult substance users [52]. It is possible, given that adolescents with CAN+ALC-SUD
typically have significantly less use history than adults with CAN+ALC-SUD, that adolescent reward
networks have not yet been altered to show an exaggerated response to substance images. This would
suggest that altered reward responsivity is not a predisposition among CAN+ALC-SUD but rather
a consequence of use. However, an exaggerated neural response to alcohol and cannabis images
in limbic regions has been observed among alcohol-using adolescents and young adults [36,37,53].
A possible reason for our discrepant finding could be differences in characteristics defining each sample.
For example, participants in the present study used both alcohol and cannabis. Reward circuitry among
alcohol and cannabis users may differ from individuals who only consume alcohol and/or cannabis
like those in the previously mentioned investigation [36,37]. Future examination of reward circuitry in
single- and multi-substance users with a larger sample could help to elucidate this question.

Clinically, our findings suggest that interventions aiming to improve coping through emotion
regulation may not be the most effective for adolescent substance users given the lack of evidence that
substance use is driven by negative reinforcement. Alternatively, adolescent substance use may be
driven more by positive reinforcement; CAN+ALC-SUD self-reported significantly more motivations
for use related to positive, as opposed to negative, reinforcement than CAN+ALC-EXP (Table 1).
This aligns with the neurobiological imbalance model, which posits that the development of cognitive
control regions is more protracted from childhood to young adulthood, while reward regions follow
a curvilinear path of development, with a peak in reward responsivity during adolescence [1,54].
This heightened reward response during adolescence can be seen in reward-processing brain regions
(i.e., striatum, insula, anterior cingulate cortex) [55–58] when anticipating and receiving various types of
rewards [59,60]. Behaviorally, this imbalance may contribute to an increase in reward-seeking behaviors,
including drug and alcohol experimentation [59] and increased susceptibility to the motivational
properties of these substances. This may suggest that interventions aimed at helping adolescents
learn alternative ways of experiencing reward may be more effective than those aimed at reducing
uncomfortable sensations [61].

Although adolescent substance users report negative reinforcement of substance use, this was not
observed using a functional imaging paradigm. As reported above, groups also did not differ in their
neural responsivity to the substance images, but this finding may be due to a limitation of study design.
The substance images used in the cue reactivity paradigm may not be potent or personally relevant
enough to elicit a sufficient neural response to overcome the undesirable impact of the breathing load
trials [61–63]. In daily life, adolescents may experience uncomfortable interoceptive signals on par
with the breathing load experienced within the scanner while the rewarding effects of actual substance
use may not be comparable to viewing images. Experimentally administering alcohol and drugs in
conjunction with fMRI is an increasingly popular research method that may be more powerful for
detecting neural changes related to negative reinforcement [64,65]. Alternatively, creating personalized
cue reactivity paradigms using substance-related images from adolescents’ social media accounts
may be an alternative method of increasing the valence of the substance cues. Future researchers
investigating negative reinforcement principles within adolescent substance users should consider
these methods to determine whether a more robust substance cue can elicit neural differences.

An additional limitation of the present study may be the categorization of adolescents based on
meeting criteria for CAN+ALC-SUD. The observed correlations between substance use and neural
response suggest that future examinations of adolescent substance users may be improved using a
dimensional, rather than categorical, approach. Although significant differences in BOLD response
to interoceptive stimulation have been observed among adult substance users with and without
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CAN+ALC-SUD [14,66,67], amount of substance use may be a more differentiating factor than reported
CAN+ALC-SUD criteria in young users with comparatively little substance use experience. The small
sample size of 13 CAN+ALC-SUD, 16 CAN+ALC-EXP, and 18 CTL also limits the conclusions that can
be drawn from the current study and the ability to look at substance-use groups individually (e.g.,
cannabis vs. alcohol) although comorbid cannabis and alcohol use is common among adolescents [68].
Inclusion of more substance-using adolescents in future studies could help better differentiate between
youth who experiment with drugs and alcohol and those who experience more negative consequences
related to their use. Lastly, CAN+ALC-SUD and CAN+ALC-EXP significantly differed in the amount
of time reported since their last cannabis use. Given that cannabis metabolites can remain in the body
for up to three weeks after regular use, it is possible that the differences observed between groups
could be due to residual effects in the CAN+ALC-SUD group. Therefore, it is possible that the reported
findings are more reflective of the effects of current use and that these differences may resolve with
continued abstinence, highlighting another potential avenue for future research.

Despite these limitations, the present study contributes preliminary findings to our overall
understanding of substance use in adolescence. The findings further support the hypothesis that
interoceptive processing may be altered in substance users. Further, the results suggest that adolescents
may not seek substances to reduce negative or uncomfortable sensations, rather use may be driven
more by increased sensation-seeking and reward responsivity in adolescence. Examining positive
reinforcement in adolescent substance use is an important avenue for future research.
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Abstract: Purpose: This study explored demographic, social, behavioral, and health factors associated
with current marijuana use (MU) among African American older adults who were residing in
economically challenged areas of south Los Angeles. Methods: This community-based study
recruited a consecutive sample of African American older adults (n = 340), age ≥ 55 years, residing in
economically challenged areas of South Los Angeles. Interviews were conducted to collect data.
Demographics (age and gender), socioeconomic status (educational attainment, income, and financial
strain), marital status, living alone, health behaviors (alcohol drinking and cigarette smoking),
health status (number of chronic medical conditions, body mass index, depression, and chronic pain),
and current MU were collected. Logistic regression was used to analyze the data. Results: Thirty
(9.1%) participants reported current MU. Age, educational attainment, chronic medical conditions,
and obesity were negatively associated with current MU. Gender, income, financial strain, living
alone, marital status, smoking cigarettes, drinking alcohol, depression, and pain did not correlate
with MU. Conclusion: Current MU is more common in younger, healthier, less obese, less educated
African American older adults. It does not seem that African American older adults use marijuana
for the self-medication of chronic disease, pain, or depression. For African American older adults,
MU also does not co-occur with cigarette smoking and alcohol drinking. These results may help
clinicians who provide services for older African Americans in economically challenged urban areas.

Keywords: African American; black; older adult; marijuana use

1. Background

Very little epidemiological information exists on marijuana use (MU) among African American
older adults, specifically those who live in economically challenged urban settings [1]. This information
is essential for the design and implementation of cessation and treatment programs for African
American older adults in such settings [2]. The patterns and predictors of MU in the African American
community differ from those of other communities [3,4]. Economically challenged African American
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communities may have high availability of marijuana, marijuana initiation, and use, combined with
poor access to cessation programs. Low access to MU cessation programs may operate as a vulnerability
factor for this population, which increases the risk of substance use problems [5–10]. Telescoping effect
is a phenomenon that describes the more rapid transition of marginalized African Americans from
substance use to poor outcomes. Such a phenomenon explains why African American communities
are at an increased risk of risky trajectories of substance use [5–10]. As a result, although African
Americans show a lower prevalence of substance use, they are more likely to develop undesired
substance use outcomes [5–10].

Demographic factors [11] such as age, period, cohort effects, and gender all influence MU [12–18].
Among adults, age increases the risk of lifetime substance use; however, current use is more common at
younger ages and in more recent cohorts [12]. Gender is a main determinant of substance use—across
studies, males are more likely to use tobacco, alcohol, and marijuana [19].

Low socioeconomic status (SES) reduces population health [20] and increases the risk of use of
a wide range of substances such as tobacco [21,22], alcohol [23], and marijuana [24,25]. Low SES is
also a major driver of racial and ethnic health disparities that explain the worse behavioral and
health outcomes in the African American community, relative to Whites [26]. SES indicators, such as
educational attainment, financial strain, and income, impact health [20] and health behaviors such as
MU [24,25]. Some recent literature, however, suggests that the health effects of SES are smaller for
African Americans than Whites [20]. For example, as a result of practices and preferences of the labor
market which marginalizes highly educated African Americans, highly educated African Americans are
less likely to secure high paying jobs than Whites. This phenomenon reduces the central role of education
level on health and behaviors of African Americans [27]. As a result, education attainment may generate
less health for African Americans than Whites [21,27], also known as minorities diminished returns
(MDRs) [21,27,28]. As a result, education attainment may have smaller effects for African American
individuals [21,27] than for Whites. While education attainment, income [22], and financial strain [29]
shape health and health behaviors of populations, there is a need to test how these SES indicators impact
the MU of African American older adults.

Use of tobacco and alcohol may be associated with MU [30]. This is in part because the use of
various substances has shared risk factors [31]. One mechanism for the association between tobacco,
alcohol, and marijuana use is that some of these substances may operate as a gateway to the other
substances [3]. For example, individuals who currently use alcohol or tobacco are more likely to use
marijuana in the future [30].

Health problems may also covary with MU. First, there is large body of research suggesting
a negative association between obesity and MU [32]. This literature has proposed multiple mechanisms,
including that drugs and food may be two non-overlapping reward pathways [32]. Thus, people may
have great interest in either food or drugs, but not both, to cope with stress [33]. Second, people may
also turn to MU to cope with pain [13] or depression [14]. In this case, we expect higher risk of MU in
individuals who have high levels of depressive symptoms [14] or pain [13].

Most of the literature on MU among African Americans is on younger age groups [11,14].
As a result, we have limited knowledge about how demographics, socioeconomics, health behaviors,
and health correlate with MU among African American older adults [15]. There is also a need to
expand the existing literature on demographic, social, behavioral, and health determinants of MU in
African American older adults who reside in economically challenged urban areas. This is particularly
important given the transition in the patterns of MU following the legalization of marijuana. Similarly,
medical marijuana may be used by individuals, particularly older adults, and this effect may depend
on whether recreational or medical marijuana is legal or not [13].

Aims

The current study explored demographic, social, behavioral, and health determinants of current
MU in economically challenged African American older adults. We hypothesized that MU is more
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common in people who are younger, fit, healthy, male, have low educational attainment, have high
levels of financial strain, are those who smoke and drink, and have depression and pain.

2. Methods

2.1. Design and Setting

A survey was performed in economically challenged areas of south Los Angeles between 2015
and 2018 [16–18,34]. The survey included a structured face-to-face interview which collected data on
demographic factors, SES, health behaviors, health status, and MU. Participants were living in the
Service Planning Area 6 (SPA 6), Los Angeles County, California. SPA 6 is one of the most economically
challenged urban areas, with 58% of adults having income levels less than 200% of the federal poverty
line (FPL) and 36% of the population being uninsured [35,36]. 49% of older adults residing in SPA 6
are African Americans. Between 2013 and 2015, the percentage of homeless AA individuals in SPA 6
rose from 39% to 70%.

2.2. Participants and Sampling

A non-random sample of African American older adults was recruited for this study. Participants
were sampled from predominantly African American housing units and senior centers that were
located in south Los Angeles. Participants were 340 African Americans. Individuals were eligible if
they were (a) African American/Black, (b) non-institutionalized, (c) aged 55 years or older, and (d)
lived in south Los Angeles (LA). Exclusion criteria were (a) enrollment in skilled nursing facilities,
(b) current enrollment in a clinical trial (because the intervention can interfere with MU and other
health behaviors), and (c) severe cognitive deficit (not being able to consent and conduct the interview).

2.3. Institutional Review Board (IRB)

The Charles R. Drew University of Medicine and Science (CDU) IRB approved the study protocol.
All respondents signed a written informed consent.

2.4. Study Measures

2.4.1. Independent Variables

Socio-economic status (SES): Three SES indicators were included. Educational attainment, financial
strain, and income. Education attainment was conceptualized as years of schooling. This variable was
treated as an interval variable. Financial strain was measured using three items borrowed from the
Pearlin’s list of financial difficulties that are commonly experienced by low SES people [37]. These items
cover not having enough money for essential needs such as food, clothes, rent/mortgage, and utility
bills. Responses were on a Likert scale ranging from 1 ‘never’ to 5 ‘always’. We calculated a total score
a score that reflected overall financial difficulties. (Cronbach’s alpha = 0.923). Household monthly
income was a continuous measure (in USD $1000).

Demographic Characteristics: Age (years) and gender (male, female) were measured. Age was
a continuous variable. Gender was a dichotomous measure.

Living Arrangements: A dichotomous variable reflected participants’ living arrangement.
Participants’ living arrangement was measured using a single item. The variables were 1 (living alone)
and 0 (there are any other members accompanying them) [38].

Marital Status: Participants’ family type (marital status) was measured using a single item
self-report. This variable was treated as a dichotomous variable: married = 1, non-married = 0.

Obesity: Obesity was measured by measurement of weight and height. Height and weight were
measured in inches and pounds, respectively. Then, height and weight were converted to meters
and kilograms. Body mass index (BMI) was then defined as weight (kilograms) divided by height
(meters) squared.
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Number of Chronic Medical Conditions (CMC): Individuals were asked if they were ever told that
they had the following chronic medical conditions: hypertension (HTN), heart disease, stroke, cancer,
diabetes (MD), thyroid disease, chronic obstructive pulmonary disease (COPD), asthma, osteoarthritis,
gastrointestinal (GI) disease, rheumatoid arthritis (RA), and lipid disorder. Self-reported CMCs were
valid and reliable [39]. We calculated the total number of CMCs as reported by the individual.

Depression: This study measured depression using the 15-item Geriatric Depression Scale
(Short Form) (GDS-SF) [40]. Results range from 1 to 15, with a higher score indicative of severe
depressive symptoms. The GDS-SF has shown very good reliability and validity, and has been
commonly used in community and clinical settings [40].

Pain: Pain intensity was measured by the McGill Pain Questionnaire (Short Form 2) (MPQ-SF-2) [41].
This scale has 22 pain items asking about the experience of various types of pain in the past week.
Each item was on an 11-point rating scale ranging from 0 (none) to 10 (worst possible). A total pain
score was calculated. A higher score reflected more intense chronic pain [41].

Tobacco Use: Participants were asked whether they smoke cigarettes. The exact question was:
“How would you describe your cigarette smoking habits?” Response items included never smoked,
previously smoked, and current smoker. We defined a dichotomous variable as current smoker versus
other statuses.

Drinking Alcohol: Participants’ alcohol use was asked using this question: “Do you drink alcohol?”
The response items included yes and no. Drinking alcohol was a dichotomous variable.

2.4.2. Outcome Variables

Current Marijuana Use (MU): Two items were used to measure current use of marijuana: (1) “Are
you taking marijuana or any related products for pain?”, and (2) “In the past year have you been treated by
Compassion provider for marijuana related products?” [42].

2.5. Statistical Analysis

We used SPSS 23.0 (IBM, New York, NY, USA) for data analysis. To describe the sample,
we reported frequencies (n) and relative frequencies (%) of the categorical variables. We calculated the
average number of CMCs for the analysis. Means and standard deviations (SD) were reported for
continuous measures. We used the non-parametric Spearman correlation test (zero order correlation) to
estimate the bivariate correlations between the study variables. We applied logistic regression models
with MU as the outcome (the dependent variable) and demographics, SES, health behaviors, and health
as the predictors (independent variables). As almost all participants had some type of health care
coverage, we did not include health insurance to our logistic regression models. We reported the odds
ratio (OR), and their associated standard error (SE), 95% confidence intervals (95% CI), and p values
from our logistic regression models.

3. Results

3.1. Descriptive Statistics

Table 1 describes the study variables. All participants were at least 55 years old. Participants had
an average age of 69.6 (SD = 9.3) years old. From all our participants, 63.2% were female. From our
participants, 9.1% (n = 30) reported MU.
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Table 1. Descriptive statistics (n = 340).

Characteristics

Mean SD

Age (years) 69.60 9.33
Educational attainment (years) 12.73 2.13

Financial strain 12.10 6.15
Monthly household income (USD $1000) 2.69 1.10

Chronic medical conditions (CMC) 4.35 1.83
Depressive symptoms 3.36 3.04

Chronic pain 2.51 2.44

n %

Gender

Men 125 36.8
Women 215 63.2

Cigarette smoking (current)

No 107 31.7
Yes 231 68.3

Alcohol drinking

No 190 56.0
Yes 149 44.0

Obesity

No 188 55.3
Yes 151 44.4

Current marijuana use

No 309 90.9
Yes 31 9.1

3.2. Bivariate Analysis

Table 2 shows a summary of the bivariate correlations between the study variables, using
a non-parametric correlation Spearman test. Age, education attainment, obesity, and number of
CMCs were negatively correlated with current MU, however, other variables, such as financial strain,
depression, and pain, were not associated with MU. Smoking cigarettes and drinking alcohol also did
not correlate with current MU.
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3.3. Multivariable Analysis

Table 3 shows the results of a logistic regression model with current MU as the outcome. According
to this model, age, educational attainment, chronic medical conditions, and obesity were negatively
associated with current MU. Gender, monthly household income, financial strain, living alone,
marital status, smoking cigarettes, drinking alcohol, depression, and pain did not predict current MU
(Table 3).

Table 3. Summary of multivariable logistic regression models with marijuana use (MU) as the outcomes.
OR = odds ratio, CI = confidence intervals.

OR 95% CI p

Gender (female) 0.73 0.32–1.67 0.45
Age 0.94 0.89–1.00 0.04

Educational attainment (years) 0.81 0.68–0.96 0.02
Financial strain 1.01 0.94–1.08 0.78

Monthly household income (USD $1000) 1.10 0.77–1.58 0.60
Smoking 1.27 0.49–3.28 0.62
Drinking 1.22 0.51–2.90 0.65

Chronic medical conditions (CMC) 0.69 0.52–0.91 0.01
Obesity 0.42 0.17–1.04 0.05

Depression 0.92 0.77–1.09 0.32
Chronic pain 1.13 0.92–1.39 0.24

Constant 276.52 0.03

4. Discussion

Age, educational attainment, obesity, and CMCs were associated with current MU in our sample of
African American older adults in economically challenged areas of south Los Angeles. While lower age
was correlated with current MU, gender was not linked to the same behavior. Educational attainment,
but not income or financial strain, was associated with MU. Neither cigarette nor alcohol use was
associated with current MU in this population. However, current MU was associated with a lower risk
of obesity, and individuals who reported MU were less likely to have CMCs. Our findings were in line
with the research that shows a negative association between BMI and current MU [43], although not all
studies have shown such negative associations [44].

Prevalence of MU was very low in this study, which is slightly higher than the national prevalence
rate of 2.9% among older adults [15]. Currently, white women are identified as the most prevalent
users of marijuana among older adults [45]. However, the results should also be interpreted in the full
context of marijuana use in the whole age range of the African American population. MU use is higher
among African American young adults compared to age-matched Whites, as they are more likely to use
marijuana before tobacco [46]. However, this may not translate to older African Americans, who may
be less knowledgeable about MU-associated health risks. In addition, MU is heavily stigmatized,
and individuals may be reluctant to report usage, which may be a contributing factor to the reported
low rate of MU among this population [47]. MU has been heavily criminalized for decades within the
African American population, with high rates of marijuana-related arrests and negative interactions
with the criminal justice system for use and possession [48]. Even though there is a national wave
of legalizing medical and/or recreational marijuana in multiple states—including California—these
African American older adults may still not want to report MU because of fear and stigma. The results
should also be interpreted with the knowledge regarding the types of consumption methods of MU,
which may include marijuana in cigarillos wraps, commonly known as “blunts”, that are prevalent
in stores in economically challenged areas and physically more harmful. This presents a striking
difference, as Whites are more likely to use other methods of marijuana consumption, such as edibles,
which are more costly and harder to access for this sample population [49]. Finally, we cannot rule
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out the likelihood of measurement bias, and should use multiple items to measure MU. Thus, there is
a need for more research on this topic.

We did not find any linkage between MU and depression or pain, suggesting that African
American older adults in economically challenged areas of Los Angeles do not use marijuana to
self-medicate their depression and pain. Although this is a plausible explanation for our findings,
other explanations should also be considered. Among African Americans, early-starting MU is linked
to depressive symptoms and/or depressive disorders with underlying adverse child experiences [50,51].
Yet, this relationship has been primarily explored among adolescent and young African American
adults. As there was a low rate of depression and pain among African American older adults in
this sample, use of marijuana for depression and pain cannot be accurately assessed in this study.
More research is needed on the motivations behind MU in African American older adults.

The profile of the typical marijuana user is younger, less educated, healthier (less CMCs), and more
physically fit (less obese). MU among African American older adults does not co-occur with smoking
cigarettes and drinking alcohol, which differs from the typical pattern of an older adult marijuana
user [2]. Instead, MU may be a sporadic or inconsistent behavior, rather than consistent with other health
risk behaviors, particularly substance use. Still, understanding the profile of marijuana users in African
American older adults may help the delivery of health services and increase health education [52].

While educational attainment was associated with MU, we did not find protective effects of
income and low financial strain on MU. The lack of association between MU and other SES indicators
could be due to MDRs; hence, income may not be particularly protective against risk behaviors such as
substance use [21,27,28].

More efforts should be geared toward the health education of African American older adults,
who may not be aware of the health implications of marijuana. There is an increase in the number of
policies, both at the local and state levels, addressing medical and recreational MU. There is a need for
health systems, including providers and various community organizations, to provide knowledge
about marijuana to the African American community. Our findings showed that adults likely to use
marijuana are younger and have fewer CMCs. Yet, chronic MU may lead to future health issues as
individuals age. Further research should focus on the health profile of African American older adults
with MU.

Limitations

The study is not without methodological and conceptual limitations. First, its cross-sectional design
limits any causal inferences. Second, the non-random sample limits the generalizability of the results
to the broader African American community. Third, the study used a simplistic measure of current
MU. As a result, this study was unable to assess either past or lifetime use of marijuana. Frequency of
MU, types of MU consumption, and access and availability of MU were also not obtained. In addition,
we cannot rule out the possibility of measurement bias, as we relied on self-reported marijuana use.
Still, because of the stigma and sensitivity of marijuana, especially within this population, self-reported
MU may be the best method to obtain information. In addition, data collection occurred prior to
California legalizing recreational marijuana. Therefore, marijuana users within this sample may have
not reported use because it may have been potentially illegal. These are important factors to consider
when examining the relatively low prevalence of marijuana use in this population. Another limitation
of the study is the lack of epidemic data from younger African Americans for comparison. If such
data were available, the analysis and arguments could be significantly improved. Yet, there is a need
to consider generational patterns when examining the two groups, as attitudes toward MU have
become more positive among younger populations, which may be linked to higher prevalence among
younger groups. Fourth, the study only included older African Americans who were residing in
low income inner cities. Even though this decreased generalizability, few studies have focused on
substance use among African American older adults residing in underserved areas, especially with
MU. This is an important study to assess the prevalence and significant factors to start to understand
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the profile of African American older adults with MU. Fifth, our measure of CMCs was not exclusive.
Other conditions, such as respiratory diseases, neurological diseases, and other diseases impacted by
chronic MU could be included in future studies. The findings thus may differ for any other groups,
even African Americans who have higher SES or those who are biracial or multi-racial.

The results reported here should be regarded as preliminary. More research is needed with more
detailed information on MU. Despite these limitations, this study contributes to our knowledge of MU
use in a population (older African American adults) about which little is currently known.

5. Conclusions

Educational attainment seems to protect African American older adults against current MU. At the
same time, current MU is more common in younger, healthier, and more physically fit older African
American adults. For African American older adults in poor urban areas, current MU may not co-occur
with the use of tobacco and alcohol. Further studies should focus on assessing various aspects of
MU, such as lifetime use, accessibility, and consumption of marijuana-related products, such edibles,
among these adults. We did not find strong evidence suggesting that African American older adults
turn to MU for self-medication of pain and depression.
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Abstract: Background: Medical cannabis (MC) treatment for migraine is practically emerging,
although sufficient clinical data are not available for this indication. This cross-sectional
questionnaire-based study aimed to investigate the associations between phytocannabinoid treatment
and migraine frequency. Methods: Participants were migraine patients licensed for MC treatment.
Data included self-reported questionnaires and MC treatment features. Patients were retrospectively
classified as responders vs. non-responders (≥50% vs. <50% decrease in monthly migraine
attacks frequency following MC treatment initiation, respectively). Comparative statistics evaluated
differences between these two subgroups. Results: A total of 145 patients (97 females, 67%) with
a median MC treatment duration of three years were analyzed. Compared to non-responders,
responders (n = 89, 61%) reported lower current migraine disability and lower negative impact,
and lower rates of opioid and triptan consumption. Subgroup analysis demonstrated that responders
consumed higher doses of the phytocannabinoid ms_373_15c and lower doses of the phytocannabinoid
ms_331_18d (3.40 95% CI (1.10 to 12.00); p < 0.01 and 0.22 95% CI (0.05–0.72); p < 0.05, respectively).
Conclusions: These findings indicate that MC results in long-term reduction of migraine frequency in
>60% of treated patients and is associated with less disability and lower antimigraine medication intake.
They also point to the MC composition, which may be potentially efficacious in migraine patients.

Keywords: cannabinoids; migraine: chronic pain; opioids; triptans; disability

1. Background

Chronic migraine constitutes a disabling neurological disorder, affecting around one to two
percent of the global population worldwide [1]. Traditionally, abortive migraine treatments include
triptans [2], non-steroidal anti-inflammatory drugs (NSAIDs) [3], paracetamol [4], ergots [5], opioids [6],
and antiemetics [7]. Preventive treatments include antidepressants, anticonvulsants, beta-blockers,
and more recently, anti-calcitonin gene-related peptide (CGRP) agents [8]. In recent years, the use
of medical cannabis (MC) for the treatment of chronic pain in general has emerged, along with an
increase in demand and use by migraine patients. A recent cross-sectional study found that nearly
36% of MC users reported using it to treat headache and migraine [9]. An additional survey reported
about 50% reduction of migraine and headache severity following inhaled cannabis consumption [10].
Nevertheless, good clinical data supporting the beneficial effect of MC on migraine are scarce.

Brain Sci. 2020, 10, 360; doi:10.3390/brainsci10060360 www.mdpi.com/journal/brainsci171



Brain Sci. 2020, 10, 360

Both clinical and preclinical data suggest an abnormal endocannabinoid system function in
migraine. In patients with chronic migraine, the cerebral spinal fluid (CSF) concentrations of
anandamide (AEA) were significantly lower and the concentrations of palmitoylethanolamide (PEA)
were significantly higher compared to non-migraine headache patients and controls [11]. Furthermore,
reduced levels of AEA degrading enzymes were found in platelets of patients with chronic migraine [12].
In animal models of migraine, administration of AEA diminished hyperalgesic behavior [13], and the
plant-derived (-)-Δ9-trans-tetrahydrocannabinol (THC) showed anti-migraine effects in rats [14]. Whilst
the available evidence suggests involvement of the endocannabinoid system and a potential for
MC treatment to be therapeutic in migraine, more research is required to demonstrate the efficacy
parameters of MC treatment for migraine. The complexity of the MC plant and how to design
therapeutics from it must also be considered.

The single-compound, single-target approach in pharmaceutical science is a long-standing
tradition embedded in our approach to clinical problem-solving. This is wholly different to MC
treatment, which is often times multi-compound, whole-plant treatment. The cannabis plant contains
hundreds of different active components, including phytocannabinoids, terpenes, and flavonoids [15].
While THC and cannabidiol (CBD) are among the most well-known phytocannabinoids, others are
likely to have biological activity as well [16]. Hence, it is conceivable that various combinations of
phytocannabinoids differ in their anti-migraine activity. This multi-compound effect of cannabis has
been called the “entourage effect” [17], which suggests that studies examining the role of single-molecule
cannabinoids in disease may not necessarily capture the synergy at play in multi-compound MC
treatment. To add to the complexity of MC treatment with multiple compounds, there are hundreds of
different cannabis cultivars, each with its own unique chemical composition [18]. Recently, we have
developed an electrospray ionization mass spectrometry - liquid chromatography mass spectrometry
(ESI-LC/MS) approach for comprehensive identification and quantification of phytocannabinoids in
cannabis. We have identified over 90 phytocannabinoids, of which approximately 20 were previously
unknown [19]. Quantifying the multitude of phytocannabinoids is the first step to better understanding
the therapeutic potential of each cannabis cultivar, and therefore how to plan better clinical studies.

The regulations that govern cannabis use for medical purposes in Israel under the Israeli Ministry
of Health (IMOH) allow only specific indications for which a patient can be issued with a MC license by
their prescribing physician [20]. Whilst migraine is not an approved indication, it is sometimes comorbid
with approved indications, such as gastrointestinal disease and chronic neuropathic non-cancer pain.
In the case of chronic non-cancer pain, migraine is itself sometimes characterized as a chronic non-cancer
pain condition, depending on its frequency and duration. In order to receive a license, the Medical
Cannabis Unit (MCU) of the IMOH reviews MC license applications and provides the physician with
either an approval or refusal, along with the justification for all declined applications.

Applications to the MCU include recommendations on MC routes of administration (oil extracts
for sublingual use or inflorescence for inhalation and vaporization) and the starting monthly dose of
20 g (MCU approval is required for any increased dose). The physician will then recommend a specific
MC cultivar or combinations of cultivars to their patients; however, the patient ultimately makes the
final decision of which cultivar(s) to consume. In order for patients to determine which cultivar(s)
best meets their therapeutic needs, they conduct a personal trial-and-error process. In addition,
the guidelines for titration schedules, which are delivered as recommendations either by a nurse or by
instructors from the companies licensed to cultivate cannabis, are not enforced. Titration scheduling
covers doses per day, recommended starting dose, guidelines for increasing or decreasing the dose,
and the maximum allowable dose. This means that the doses of phytocannabinoids consumed by the
patient are not controlled.

The purpose of this cross-sectional study was to calculate the total dose of individual
phytocannabinoids consumed by migraine patients and explore differences in dosages between
subgroups of patients according to their changes in frequency of migraine attacks. Additionally,
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associations between changes in frequency of migraine attacks to migraine disability severity, sleep
quality and timing, and migraine analgesics consumption were explored.

2. Materials and Methods

2.1. Subject

Patients were eligible to participate in this study if they were Hebrew speaking, aged ≥18 years
with a standing MC license for the treatment of any approved condition, coupled with a diagnosis of
comorbid migraine by their physician.

2.2. Study Procedure

Data were collected after the study was approved by the Institutional Ethics Committee of the
Technion, Institute of Technology, Haifa, Israel (#011-2016). An existing database of Israeli patients
with a MC license (n = 3218) was used to contact those patients who fulfilled the eligibility criteria
for this cross-sectional study. Patients who had elected to disclose their email address for future
studies and who also reported a diagnosis of migraine (n = 423, 13%) were invited to complete an
online questionnaire after reading an explanation of the study. Prior to completing the questionnaire,
the patients became participants after confirming their migraine diagnosis was received by a physician
and after they signed an electronic consent form. Data were collected between August 2019 and
February 2020. Participants were not offered financial compensation. While questionnaire data
were being collected, the most prominent and most frequently administered cultivars from various
approved cultivators in Israel were analyzed for phytocannabinoid content by ESI-LC/MS. Importantly,
the chemical analyzes were performed on inflorescence cultivars, which were received from the
cultivators only and not directly from the patients. Due to normal variation in chemical constituents
of plant material and the expected variability between the cultivars analyzed in the lab compared to
those consumed by patients, only phytocannabinoids that were consumed with minimum average
concentrations of 0.1 g per month were analyzed. The individual phytocannabinoid monthly dose was
calculated for each patient.

2.3. Study Questionnaires

Online questionnaire data were collected by secure survey technology Qualtrics® (Provo, Utah,
version 12018) [21]. Questionnaires consisted of demographic information, including age, gender, MC
treatment duration (years), and BMI. Data on migraine characteristics included the number of migraine
days in the last month and the month prior to MC treatment initiation; age of migraine initiation;
average current duration of a migraine attack (hours); and the presence of aura, nausea or vomiting,
photo- or phonophobia, uni- or bilateral manifestation, and aggravation during physical activity of
the migraine attack. Information on the analgesics and the specific abortive or preventive migraine
medications was collected. Validated questionnaires included the migraine index disability scale
(MIDAS) [22], the headache impact test (HIT-6) [23], and the Pittsburgh sleep quality index (PSQI) [24].
Additionally, MC treatment characteristics included administration route, cultivar name, cultivator
brand, total monthly dose (grams), monthly dose of each specific cultivar (grams), and related adverse
effects (AEs).

2.4. Phytocannabinoid Profiling of Cannabis Cultivars

Air-dried medical cannabis cultivars were obtained from several Israeli medical cannabis
cultivators. Reagents, analytical standards, and general methodologies for phytocannabinoid extraction
and analysis from cannabis were conducted according to our previously published methods [18,19].

Briefly, for phytocannabinoid extraction, 100 mg of ground cannabis inflorescences were accurately
weighed and extracted with 1 mL ethanol. Samples were agitated in an orbital shaker at 25 ◦C for
15 min and then centrifuged at 4200 rpm. A fraction of the supernatant was collected and filtered
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through a 0.22 μm PTFE syringe filter and diluted at ratios of 1:9, 1:99, and 1:999 v/v cannabis extract to
ethanol. Phytocannabinoid analyses were performed using a Thermo Scientific ultra-high-performance
liquid chromatography (UHPLC) system coupled with a Q Exactive™ Focus Hybrid Quadrupole
Orbitrap mass spectrometer (MS, Thermo Scientific, Bremen, Germany). The chromatographic
conditions were as detailed in Baram et al. (2019) [18]. Identification and absolute quantification of
phytocannabinoids was performed by external calibrations [19]. Compounds for which there were no
analytical standards commercially available were semi-quantified [19]. For each phytocannabinoid, the
concentrations of the acid and its neutral counterpart were summed and reported as the total content.
For example, the concentration of total THC was calculated as Total THC = THCA × 0.877 + THC.
Here, 0.877 is the molar ratio between the two compounds, which corrects for a change in the mass of
(-)-Δ9-trans-tetrahydrocannabinolic acid (THCA) as a result of decarboxylation. For compounds with
no absolute identification, neutral or acid concentrations were utilized.

2.5. Statistical Analysis

R software (V.1.1.463) with tidyverse [25], pheatmap [26], and atable [27] packages were used
to analyze differences in outcome measures by Pearson’s chi-square test for categorical measures
and Kruskal–Wallis rank sum test for numeric measures. For the effect size (i.e., odds ratio, OR) and
confidence interval (CI), we utilized Cohen’s d test. As is customary in recent migraine clinical trials [28],
the primary outcome of this study was the clinically significant reduction in the monthly frequency
of migraine attacks following the initiation of MC treatment (i.e., ≥50%; responders) compared to
non-responders (i.e., <50%). Shapiro–Wilk test of normality demonstrated non-normal distribution
for all measures; thus, data are presented as the median and lower and upper quartiles (Q1–Q3).
Differences were considered significant at the p < 0.05 level. Incidences are presented as the number
and percentage of patients.

3. Results

3.1. Subjects

We established a patient-reported outcomes database of Israeli patients with a preexisting
MC license for various MCU-approved indications (n = 3218); the specific data in this database
were previously described [29]. A total of 423 (13%) patients reported receiving a diagnosis of
migraine in this database population. These patients’ reasons for MC license approval was chronic
neuropathic non-cancer pain (81%), cancer-related disorders (9%), post-traumatic stress disorders (7%),
gastrointestinal disorders (2%), and neurological disorders (1%). A total of 231 (54% response rate)
patients responded to participate in the current study.

A total of 145 patients reported on both the monthly frequency of migraine attacks before and
after MC treatment initiation; these patients represent the sample that is analyzed and reported in this
paper. The sample consisted of a majority of females (n = 97, 67%), with a median age of 45 (34–54).
These patients were treated with MC for over a year (3 (2.4–4.6) years), with a range of MC treatment
from one to 12 years (Table 1). Notably, no significant differences were found between responders and
non-responders in the demographic and MC treatment measures.

3.2. Migraine and Sleep Features

We divided our sample into non-responders (i.e., <50%; n = 56, 39%) and responders (i.e., ≥50%;
responders n = 89, 61%) based on their reduction of monthly frequency of migraine attacks from
pre-MC to the current post-MC period. No significant difference was found in monthly migraine
attack frequency prior to MC treatment initiation (15 (7.8–30) and 14 (8–27), respectively) (0.06 95% CI
(−0.27 to 0.41); p = 0.71), strengthening the division methodology, as both subgroups started from a
similar standpoint. Moreover, there were no significant differences between the subgroups in any of
the current migraine features, including the age of migraine diagnosis, average duration of migraine
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attacks, activity-induced aggravation of migraine, unilateral migraine, bilateral migraine, presence of
aura prior to migraine, nausea during migraine, or phono- or photophobia during migraine (Table 2).

We found that responders were more likely to report lower MIDAS (Figure 1A) and HIT-6
(Figure 1B) questionnaires scores (18 (5–40) and 64 (60–69), respectively) than non-responders (40 (26–80)
and 68 (66–70), respectively) (0.50 95% CI (0.11 to 0.90); p < 0.05 and 0.66 95% CI (0.26 to 1.00); p < 0.001,
respectively). Moreover, responders reported better sleep quality (9 (6–13)) than non-responders
(11 (9–14)) (0.46 95% CI (0.03 to 0.89); p < 0.05)) (Figure 1C). Nonetheless, the evaluated sleep timing
measures of sleep latency and sleep duration did not vary significantly between the migraine response
subgroups (Table 3).

Figure 1. (A–C) Clinical differences between responders and non-responders. Note: MIDAS, migraine
index disability scale; HIT-6, headache impact test; PSQI, Pittsburgh sleep quality index. Response
refers to reduction in the monthly frequency of migraine attacks following the initiation of MC treatment
(i.e., ≥50%) compared to non-responders (i.e., <50%).
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Table 1. Demographic and medical cannabis (MC) treatment characteristics.

Non-Responders
N = 56

Responders
N = 89

Total
N = 145

Statistic (p) Effect Size (CI)

Measure Number of patients (%)

Gender
Female 35 (62) 62 (70) 97 (67) 0.51 (0.48) 0.73 (0.34–1.6)
Male 21 (38) 27 (30) 48 (33)

Missing N 0 0 0

Median (IQR)

Age (years) 46 (35–54) 44 (34–54) 45 (34–54) 0.08 (0.96) −0.02 (−0.37–0.32)
Missing N 3 3 6

BMI 25 (22–27) 25 (22–28) 25 (22–27) 0.13 (0.64) 0.05 (−0.28–0.39)
Missing N 0 1 1

MC treatment duration (years) 3.5 (2.8–5.2) 3 (2–4) 3 (2.4–4.6) 0.22 (0.09) 0.46 (0.10–0.81)
Missing N 4 5 9

Measure Number of patients (%)

MC administration route

Inflorescence 40 (71) 72 (81) 112 (77) 2.4 (0.31) 0.13 (0–0.29)
Oil extract 7 (12) 5 (6) 12 (8)

Combination # 7 (12) 12 (13) 19 (13)
Missing N 2 0

Inflorescence administration
method *

Pure MC cigarettes 22 (39) 33 (37) 55 (38) 0.04 (0.84) 1.10 (0.54–2.40)
MC cigarettes mixed with tobacco 17 (30) 30 (34) 47 (32) 0.01 (0.89) 0.89 (0.40–1.90)

Bhang 3 (5) 11 (12) 14 (10) 1.1 (0.29) 0.41 (0.07–1.70)
Electronic vaporizer 14 (25) 15 (17) 29 (20) 1.1 (0.29) 0.59 (0.24–1.50)
Manual vaporizer 5 (9) 20 (22) 25 (17) 3.3 (0.06) 2.9 (0.96–10.00)

Missing N 2 1

Oil extract administration method *

Sublingual 13 (23) 13 (15) 26 (18) 1.4 (0.24) 0.55 (0.21–1.40)
Swallowing 2 (4) 1 (1) 3 (2) 0.19 (0.67) 0.30 (0.005–5.90)
Missing N 2 1

# Combination refers to patients consuming MC inflorescence concomitantly with MC oil extract; * administration
methods do not add up to 100% due to concomitant routes. Note: CI, confidence interval; IQR, interquartile range;
BMI, body mass index; MC, medical cannabis.

Table 2. Migraine features.

Non-Responders
N = 56

Responders
N = 89

Statistic (p) Effect Size (CI)

Measure Median (IQR)

Age of migraine diagnosis (years) 20 (14–36) 22 (14–32) 0.07 (0.98) 0.07 (−0.27–0.42)
Missing N 1 4

Average migraine duration (hours) 20 (5.8–35) 15 (5–48) 0.12 (0.72) 0.15 (−0.19–0.49)
Missing N 1 2

Number of patients (%)

Activity induced aggravation of migraine 32 (57) 61 (69) 1.20 (0.28) 1.60 (0.73–3.3)
Missing N 1 0

Unilateral migraine 40 (71) 59 (66) 0.39 (0.53) 0.74 (0.33–1.60)
Missing N 1 0

Aura+ 16 (29) 31 (35) 0.28 (0.60) 1.30 (0.60–2.9)
Missing N 1 0

Nausea+ 25 (45) 51 (57) 1.50 (0.23) 1.60 (0.78–3.40)
Missing N 1 0

Phono/photo phobia+ 38 (68) 60 (67) 0.00 (0.98) 0.93 (0.42–2.00)
Missing N 1 0

Note: CI, confidence interval; IQR, interquartile range; +, positive for this manifestation.
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Table 3. Sleep characteristics.

Non-Responders
N = 56

Responders
N = 89

Statistic (p) Effect Size (CI)

Measure Median (IQR)

Sleep quality global score (PSQI, 0–21) 11 (9–14) 9 (6–13) 0.30 (0.04) 0.46 (0.03–0.89)
Missing N 22 27

Sleep latency (minutes) 32 (20–60) 30 (15–60) 0.09 (0.97) −0.07 (−0.46–0.33)
Missing N 16 21

Sleep duration (hours) 6.2 (5–7) 6 (5–7) 0.11 (0.92) −0.09 (−0.49–0.30)
Missing N 16 20

Subjective sleep quality * 3 (2–3) 2.5 (1–3) 0.18 (0.39) 0.42 (0.02–0.81)
Missing N 15 19

Sleep latency * 2 (1.8–3) 2 (1–3) 0.15 (0.65) 0.2 (−0.20–0.59)
Missing N 16 21

Sleep duration * 1 (0–2) 1 (0–2) 0.1 (0.95) −0.02 (−0.41–0.37)
Missing N 16 20

Habitual sleep efficiency * 1 (0–2) 0 (0–2) 0.09 (0.99) 0.08 (−0.32–0.49)
Missing N 18 22

Sleep disturbances * 2 (2–2) 2 (1–2) 0.19 (0.33) 0.59 (0.19–0.98)
Missing N 15 19

Use of sleeping medication * 1 (0–3) 0 (0–1.2) 0.19 (0.34) 0.35 (−0.05–0.75)
Missing N 17 21

Daytime dysfunction * 2 (1–2) 1 (1–2) 0.18 (0.40) 0.34 (−0.06–0.74)
Missing N 17 23

* Components of the PSQI questionnaire global score. Note: CI, confidence interval; IQR, interquartile range; PSQI,
Pittsburgh sleep quality index.

3.3. MC Treatment Safety

MC-related adverse effects (AEs) were reported by 37% (n = 53) of the sample. Notably,
non-responders reported higher incidences of any AEs (n = 26, 46%) than responders (n = 27, 30%)
(0.46 95% CI (0.21 to 0.99), p < 0.05). Most of the specific AEs did not vary significantly between
responders and non-responders. However, itchy and red eyes (n = 8, 9%, for both) were reported
only in the responder subgroup (χ2

(1) = 6.9, p < 0.01 for both). Additionally, dry mouth was reported
at higher rates among the responders (n = 9, 10%) than by non-responders (n = 2, 4%) (χ2

(1) = 3.9,
p < 0.05).

In descending order of frequency, reported AEs included central nervous system AEs (n = 33,
23%), psychological AEs (n = 21, 14%), ophthalmic AEs (n = 16, 11%), gastrointestinal AEs (n = 15,
10%), musculoskeletal AEs (n = 11, 8%), cardiovascular AEs (n = 10, 7%), and auditory AEs (n = 9, 6%).

We further evaluated the associations between MC administration routes and AEs. There were
no significant differences between patients reporting MC-related AEs and MC administration routes
(i.e., inflorescence, oil extract, or a combination of these administration routes) (0.08 95% CI (0 to 0.25);
p = 0.59). Additionally, no differences were observed between the different consumption methods (e.g.,
smoking, vaping, sublingual etc., p > 0.05).

3.4. MC Treatment Complexity

The complexity of MC treatment in Israel is due to the variety of available cultivars in Israel
(about 100 different cultivars or “strains”) and the options for patients to consume more than one
cultivar in the same month, with varying doses of each cultivar. Consequently, the 68 patients in the
current study reported consumption of 50 different MC cultivars combinations were reported in the
current study by the 68 patients we had full cultivar lab information on. Notably, 46 (92%), 1 (2%) and
3 (6%) of the 50 possible combinations were compiled of cultivars that were THC-, CBD-dominant
or contained equally high contents of THC:CBD, respectively. These 50 combinations comprised 38
unique cultivars. Figure 2 shows a z-score clustered heatmap of the main phytocannabinoids (presented
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as total concentrations in % w/w) in the 38 cultivars consumed by the sample subgroup. Based on the
phytocannabinoid concentration variability, these cultivars were clustered to nine different groups.
Figure 2 also shows that in the combinations of cultivars consumed, ten cultivars were consumed only
by responders, eight cultivars were consumed only by non-responders, and the rest of the cultivars
(n = 20) were consumed by both groups.

Figure 2. Relative phytocannabinoid concentrations in the most frequently consumed cultivars.
Colors on the graph represent the scaled phytocannabinoid concentration variations between cultivars;
the numbers in each box represent the concentration (% w/w) of the specific phytocannabinoid
within each cultivar. Note: * for each phytocannabinoid, the concentrations of the acid
and its neutral counterpart were summed and reported as the total content; Method used:
package “pheatmap”, function pheatmap, with the “Euclidean” (default) distance measure used
in clustering rows, “complete” clustering method used on z-scored data scaled by row. Note: THC,
(-)-Δ9-trans-tetrahydrocannabinol; CBD, cannabidiol; CBC, cannabichromene; CBG, cannabigerol; CBN,
cannabinol; THC-C4, (-)-Δ9-trans-tetrahydrocannabinol-C4; THCV, (-)-Δ9-trans-tetrahydrocannabivarin.

3.5. MC Treatment Characteristics

In this subgroup analysis we included data only from patients who smoked or vaped MC
inflorescences and not those who consumed oil extracts sublingually, in order to avoid comparing
between different routes of administration (different pharmacokinetics). Since the inflorescences in this
study were analyzed in their natural form, monthly consumption of phytocannabinoid doses were
calculated according to total phytocannabinoid concentrations rather than analyzing separate acid
or neutral concentrations, in order to simulate the neutral maximum content of phytocannabinoids
consumed following smoking or vaporization. This calculation corrects for any differences that may
arise in phytocannabinoid profiles as a result of decarboxylation due to mishandling or storage of the
MC inflorescences. Thus, the minority of patients that reported sublingual consumption of oil extract
(n = 12) or combined these with inflorescences (n = 19) were not included in this subgroup analysis.
Consequently, 68 (47%) patients reported exclusive MC inflorescence consumption via inhalation.
Of these, 45 (66%) of them were responders and 23 (34%) were non-responders.
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For the abovementioned 68 patients, we first evaluated the differences in total MC monthly dose
between responders and non-responders. No significant differences were found (30 (20–40) g and
30 (20–45) g, respectively) (0.25 95% CI (−0.26 to 0.76); p = 0.97) (Figure 3A). Therefore, we evaluated
the impact of the monthly doses of specific phytocannabinoids. As the distribution of monthly doses
of specific phytocannabinoids were non-normal, we separated specific phytocannabinoids into low
and high monthly dose groups, based on the distribution of consumption in our patient sample.

Figure 3. (A–C) Phytocannabinoid dose differences between responders and non-responders. Note:
MC, medical cannabis. Response refers to reduction in the monthly migraine attacks frequency
following the initiation of MC treatment (i.e., ≥50%) compared to non-responders (i.e., <50%).

We found that responders were more likely to consume high doses (7.9–109.5 mg per month)
of the phytocannabinoid ms_373_15c (n = 27, 60%) and low doses (0–9.9 mg per month) of the
phytocannabinoid ms_331_18d (n = 28, 62%) compared to non-responders, who were more likely
to consume low doses (0–7.8 mg per month) of ms_373_15c (n = 16, 70%) and high doses (10.0–46.8
mg per month) of ms_331_18d (n = 17, 74%) (3.40 95% CI (1.10 to 12.00); p < 0.05 and 0.22 95%
CI (0.05 to 0.72); p < 0.01, respectively) (Figure 3B,C). The other phytocannabinoids monthly doses
did not vary significantly between the subgroups. Importantly, no differences were found between
responders and non-responders in the daily frequency of MC consumption (5 (2.5–7) times per day
and 4.5 (3–6) times per day, respectively) (0.18 95% CI (−0.34 to 0.71), p = 0.99). Additionally, no
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differences were found in the number of monthly cannabis cultivars combinations (2 (1–2) cultivars,
respectively) (0.04 95% CI (−0.47 to 0.56), p = 0.99). Interestingly, among the 38 unique cultivars that
patients consumed in their combinations, 12 contained considerable amounts of ms_373_15c and
none or very low amounts of ms_331_18d. These cultivars appeared more frequently among the
responders (42 appearances in cultivar combinations) than the non-responders (14 appearances in
cultivar combinations).

3.6. Migraine Treatment Characteristics

A total of 65 (45%) of the patients reported any current consumption of pharmaceutical
analgesic medications. Although not significant (0.51 95% CI (0.23 to 1.10), p = 0.09), more of
the non-responders (n = 30, 54%) reported consumption of analgesics compared to the responders
(n = 35, 39%). Nonetheless, there was a significant difference in the type of analgesic intake between
the two groups. Non-responders consumed significantly higher rates of weak opioids (n = 13, 23%;
e.g., tramadol hydrochloride, buprenorphine hydrochloride, etc.), strong opioids (n = 14, 25%; e.g.,
oxycodone hydrochloride, fentanyl, etc.), and triptans (n = 9, 16%; e.g., sumatriptan, rizatriptan, etc.)
compared to responders (n = 4, 5%; n = 7, 8% and n = 4, 5%, respectively) (0.15 95% CI (0.03 to 0.53);
p < 0.005, 0.25 95% CI (0.07 to 0.72); p < 0.005 and 0.24 95% CI (0.05 to 0.93), p < 0.05). No statistically
significant variations were found between responders and non-responders in the consumption rates of
over-the-counter analgesics, NSAIDs, anticonvulsants, antidepressants, and antiemetics.

4. Discussion

In this cross-sectional study, we evaluated patient reports on the frequency of their monthly
migraine attacks, both pre- and post-MC treatment. Patients were classified as responders if they
reported greater than 50% reduction in monthly migraine attacks post-MC treatment. As expected,
responders reported lower current migraine disability and lower negative impact compared
to non-responders.

A recent retrospective study conducted by Rhyne et al. (2016) showed that migraine patients who
inhaled MC had a significant reduction in migraine frequency [30], which is in line with the results
demonstrated here, and supports our finding of high rates of patient reporting of migraine frequency
reduction. Migraine is classified as a pain condition. Mechanistically, endocannabinoids have been
shown to have an inhibitory effect on serotonin receptors in vivo [31], which is shown to modulate pain
and emetic responses. Additional in vivo data showed that THC induced an antinociception effect on
the periaqueductal gray matter [32], which is believed to be involved in migraine pathophysiology [33].
Moreover, relatively low levels of the endocannabinoid anandamide (AEA) in the cerebral spinal fluid
(CSF) were found to be associated with the mechanism of migraine initiation [11]. A reduction in
pain in in vivo models following endocannabinoid [31] and cannabinoid [32] treatments supports
our finding regarding a reduction of migraine disability in the responders group. Nonetheless, these
studies still do not incorporate all the complexities of whole-plant cannabis treatment.

In this study, responders reported better migraine disability status, less negative headache impact,
and better sleep quality. Whilst this result is logical, conflicting results were reported in another
cross-sectional study, which demonstrated an association between improved headache disability and
migraine intensity, but found no such association with headache frequency [34]. Taken together, our
findings suggest that improved migraine disability status and negative impact among MC treatment
responders might be attributed directly to MC treatment effects, rather than being secondary to the
reduction of the frequency of migraine attacks. Here, we also reported an association between patients
with poor sleep quality and less responsiveness to MC treatment in reducing the frequency of migraine
attacks. A previous cross-sectional study demonstrated similar results, showing that even without
MC treatment, an association was found between poor sleep quality and higher migraine attack
frequency [35]. Thus, it might be suggested that migraineurs that responded to MC treatment and
demonstrated a decrease in their monthly migraine frequency also had a concurrent sleep quality
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improvement. However, due to the current study design, we are unable to conclude whether the
reported improved sleep quality can be attributed to the decrease in monthly migraine attack frequency
or directly due to MC treatment effects.

There is increasing evidence that MC treatment has opioid-sparing effects [36–40]. Here, we found
that responders to MC treatment also reported lower rates of consumption of opioids and triptans
compared to non-responders. Both opioids and triptans are usually prescribed for migraine pain relief
and not for prevention [6,41]. Thus, although we do not have information regarding the use of these
medications prior to MC treatment initiation, this might be an indication that patients that responded
clinically to MC treatment substituted this conventional treatment for MC.

In this study, we evaluated the differences in relative monthly dose of phytocannabinoids in each
cultivar consumed, in both the responders and non-responders groups. To the best of our knowledge,
this is the first study to assess the dose consumption of a wide variety of specific phytocannabinoids
administered in combinations of cultivars. By doing so, we were able to elucidate associations
between specific cannabinoids consumed over a monthly dose and the clinical response of migraine
frequency reduction following MC treatment initiation. The most novel finding of this study was
the identification that higher rates of patients that reported significant migraine frequency reduction
following MC treatment also consumed higher monthly doses of ms_373_15c and lower monthly
doses of ms_331_18d. Our group has previously identified these compounds in both THC- and
CBD-dominant chemovars according to LC/MS/MS [18,19], however their absolute structure still needs
to be elucidated. According to their MS/MS fragmentation spectra, ms_373_15c and ms_331_18d
are acidic and neutral phytocannabinoids, respectively. Additionally, we identified specific cultivars
that contain this favorable ratio between those compounds. However, it is important to note that we
cannot attribute the anti-migraine effect of MC specifically to these phytocannabinoids, as we are yet
to understand whether they are biological active. Nevertheless, we suggest using the presence of these
phytocannabinoids to help in choosing specific MC chemovars for further research. Unfortunately,
due to the relatively small sample size of patients in this study and a large number of cultivars with
variable chemical constituents, translating these findings to the clinical setting will require a larger
sample size and a more comprehensive approach. However, the work presented here could be the
foundation of such a study to include these “lesser known” phytocannabinoid compounds. Currently,
there are no clinical trials on migraine and MC [42]. Previous studies on migraine did not assess the
phytocannabinoids mentioned in our study [43], and usually regarded “cannabis” as a single adherent
medication [30], therefore disregarding the inherent complexity in MC treatment, with differences in
over 90 phytocannabinoids [18] between cannabis cultivars [44].

We also found that the incidence of MC-related AEs was higher among non-responders. This may
be explained by responders tolerating MC-related AEs better than non-responders. It could also
be explained by the responders’ success during trial-and-error to identify a specific MC chemovar
that provided them relief with lower rates of AEs. Nevertheless, due to our study design, we could
not corroborate these findings. Future studies should, therefore, investigate the association between
MC-related AEs and treatment response a priori. Importantly, none of the patients reported aggravation
of migraine AEs as a result of MC treatment.

Limitations

There are four limitations in the current study. Firstly, our results may have been biased by the
small sample size; non-parametric models were used to balance this limitation. Secondly, there may
be self-reporting bias. Participants were able to respond to the questionnaire under strict anonymity,
ensuring there were no risks that their current treatment plan may be altered by their physician.
The questionnaire has also been validated. Thirdly, since we cannot compare the initial indications
for which responders and non-responders obtained their MC license, it is possible that the presented
results have been biased. Nonetheless, since we identified that chronic neuropathic non-cancer pain
was the predominant indication for obtaining MC license, we assumed that it is unlikely that differences
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between the subgroups exist. Lastly, since the frequency of migraine attacks prior to MC treatment
was reported in retrospect, recall bias might have occurred.

5. Conclusions

Migraine is currently not indicated for a MC treatment license in Israel. Nevertheless, in some
cases it falls under the approved chronic neuropathic non-cancer pain indication, making it possible
to study migraine more extensively. In this study, we demonstrated that patients responding to
MC treatment also reported less disability and lower conventional anti-migraine medications intake.
Additionally, we highlighted the importance of recognizing and analyzing the doses of the pronounced
MC constituents consumed by patients, which in turn allowed us to better understand MC treatment
associations with reduction in migraine attacks frequency. We also identified specific cultivars that
contain the favorable ratio of compounds that were associated with migraine frequency reduction.
These results might shed light on the beneficial effects of MC on migraine and motivate future studies
to utilize a cannabis cultivar with the specific phytocannabinoids mentioned here. This additional
work could validate our results and possibly support making migraine an approved indication for MC
license in Israel.

Author Contributions: Conceptualization, J.A., G.M.L., E.E., and D.M.; data curation, J.A.; formal analysis,
Y.V.; funding acquisition, D.M.; investigation, J.A.; methodology, J.A., Y.V., P.B., G.M.L., E.E., and D.M.; project
administration, D.M.; resources, D.M.; supervision, G.M.L. and D.M.; writing—original draft, J.A.; writing—review
and editing, J.A., Y.V., P.B., G.M.L., E.E., and D.M. All authors have read and agreed to the published version of
the manuscript.

Funding: The study was funded by the Evelyn Gruss Lipper Charitable Foundation, Lauren Frank Rose Donation.
This sponsor had no role or influence on the study or on this submission.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Burch, R.C.; Buse, D.C.; Lipton, R.B. Migraine: Epidemiology, Burden, and Comorbidity. Neurol. Clin. 2019,
37, 631–649. [CrossRef] [PubMed]

2. Cameron, C.; Kelly, S.; Hsieh, S.C.; Murphy, M.; Chen, L.; Kotb, A.; Peterson, J.; Coyle, D.; Skidmore, B.;
Gomes, T.; et al. Triptans in the Acute Treatment of Migraine: A Systematic Review and Network
Meta-Analysis. Headache 2015, 55, 221–235. [CrossRef] [PubMed]

3. Pardutz, A.; Schoenen, J. NSAIDs in the acute treatment of migraine: A review of clinical and experimental
data. Pharmaceuticals 2010, 3, 1966–1987. [CrossRef] [PubMed]

4. Derry, S.; Moore, R.A. Paracetamol (acetaminophen) with or without an antiemetic for acute migraine
headaches in adults. Cochrane Database Syst. Rev. 2013, 2013. [CrossRef] [PubMed]

5. Tfelt-Hansen, P.; Saxena, P.R.; Dahlöf, C.; Pascual, J.; Láinez, M.; Henry, P.; Diener, H.-C.; Schoenen, J.;
Ferrari, M.D.; Goadsby, P.J. Ergotamine in the acute treatment of migraine: A review and European consensus.
Brain 2000, 123, 9–18. [CrossRef]

6. Kelley, N.E.; Tepper, D.E. Rescue Therapy for Acute Migraine, Part 3: Opioids, NSAIDs, Steroids, and
Post-Discharge Medications. Headache J. Head Face Pain 2012, 52, 467–482. [CrossRef]

7. Becker, W.J. Acute Migraine Treatment in Adults. Headache J. Head Face Pain 2015, 55, 778–793. [CrossRef]
8. Silberstein, S.D. Preventive migraine treatment. Contin. Lifelong Learn. Neurol. 2015, 21, 973–989. [CrossRef]
9. Sexton, M.; Cuttler, C.; Finnell, J.S.; Mischley, L.K. A Cross-Sectional Survey of Medical Cannabis Users:

Patterns of Use and Perceived Efficacy. Cannabis Cannabinoid Res. 2016, 1, 131–138. [CrossRef]
10. Cuttler, C.; Spradlin, A.; Cleveland, M.J.; Craft, R.M. Short- and Long-Term Effects of Cannabis on Headache

and Migraine. J. Pain 2019. [CrossRef]
11. Sarchielli, P.; Pini, L.A.; Coppola, F.; Rossi, C.; Baldi, A.; Mancini, M.L.; Calabresi, P. Endocannabinoids in

Chronic Migraine: CSF Findings Suggest a System Failure. Neuropsychopharmacology 2007, 32, 1384–1390.
[CrossRef] [PubMed]

182



Brain Sci. 2020, 10, 360

12. Cupini, L.M.; Costa, C.; Sarchielli, P.; Bari, M.; Battista, N.; Eusebi, P.; Calabresi, P.; Maccarrone, M.
Degradation of endocannabinoids in chronic migraine and medication overuse headache. Neurobiol. Dis.
2008, 30, 186–189. [CrossRef] [PubMed]

13. Greco, R.; Mangione, A.S.; Sandrini, G.; Maccarrone, M.; Nappi, G.; Tassorelli, C. Effects of anandamide in
migraine: Data from an animal model. J. Headache Pain 2011, 12, 177–183. [CrossRef] [PubMed]

14. Kandasamy, R.; Dawson, C.T.; Craft, R.M.; Morgan, M.M. Anti-migraine effect of Δ9-tetrahydrocannabinol
in the female rat. Eur. J. Pharmacol. 2018, 818, 271–277. [CrossRef]

15. ElSohly, M.A.; Slade, D. Chemical constituents of marijuana: The complex mixture of natural cannabinoids.
Life Sci. 2005, 78, 539–548. [CrossRef]

16. Russo, E.B. Taming THC: Potential cannabis synergy and phytocannabinoid-terpenoid entourage effects.
Br. J. Pharmacol. 2011, 163, 1344–1364. [CrossRef]

17. Ben-Shabat, S.; Fride, E.; Sheskin, T.; Tamiri, T.; Rhee, M.H.; Vogel, Z.; Bisogno, T.; De Petrocellis, L.;
Di Marzo, V.; Mechoulam, R. An entourage effect: Inactive endogenous fatty acid glycerol esters enhance
2-arachidonoyl-glycerol cannabinoid activity. Eur. J. Pharmacol. 1998, 353, 23–31. [CrossRef]

18. Baram, L.; Peled, E.; Berman, P.; Yellin, B.; Besser, E.; Benami, M.; Louria-Hayon, I.; Lewitus, G.M.; Meiri, D.
The heterogeneity and complexity of Cannabis extracts as antitumor agents. Oncotarget 2019, 10, 4091–4106.
[CrossRef]

19. Berman, P.; Futoran, K.; Lewitus, G.M.; Mukha, D.; Benami, M.; Shlomi, T.; Meiri, D. A new ESI-LC/MS
approach for comprehensive metabolic profiling of phytocannabinoids in Cannabis. Sci. Rep. 2018, 8, 1–15.
[CrossRef]

20. Landshaft, Y.; Albo, B.; Mechoulam, R.; Afek, A. The Updated Green Book (May 2019): The Official Guide to
Clinical Care in Medical Cannabis. Available online: https://www.health.gov.il/hozer/mmk154_2016.pdf
(accessed on 8 June 2020).

21. Qualtrics, L.L.C. Qualtrics (Version 12018); Qualtrics Labs Inc.: Provo, UT, USA, 2015. Available online:
http//www.qualtrics.com (accessed on 10 May 2020).

22. Stewart, W.F.; Lipton, R.B.; Dowson, A.J.; Sawyer, J. Development and testing of the Migraine Disability
Assessment (MIDAS) Questionnaire to assess headache-related disability. Neurology 2001, 56, S20–S28.
[CrossRef]

23. Yang, M.; Rendas-Baum, R.; Varon, S.F.; Kosinski, M. Validation of the Headache Impact Test (HIT-6TM)
across episodic and chronic migraine. Cephalalgia 2011, 31, 357–367. [CrossRef] [PubMed]

24. Shochat, T.; Tzischinsky, O.; Oksenberg, A.; Peled, R. Validation of the Pittsburgh Sleep Quality Index Hebrew
translation (PSQI-H) in a sleep clinic sample. Isr. Med. Assoc. J. 2007, 9, 853–856. [PubMed]

25. Wickham, H. Tidyverse: Easily Install and Load ’Tidyverse" Packages; Version 1.3.0; Comprehensive R Archive
Network (CRAN): Vienna, Austria, 2019.

26. Kolde, R. R Package pheatmap: Pretty Heatmaps; Version 1.0.8; Comprehensive R Archive Network (CRAN):
Vienna, Austria, 2015.

27. Ströbel, A.; Haynes, A. R Package a Table: Create Tables for Reporting Clinical Trials; Version 0.1.5; Comprehensive
R Archive Network (CRAN): Vienna, Austria, 2019.

28. Christensen, C.E.; Younis, S.; Deen, M.; Khan, S.; Ghanizada, H.; Ashina, M. Migraine induction with
calcitonin gene-related peptide in patients from erenumab trials. J. Headache Pain 2018, 19, 105. [CrossRef]
[PubMed]

29. Hergenrather, J.Y.; Aviram, J.; Vysotski, Y.; Campisi-pinto, S.; Lewitus, G.M.; Meiri, D. Cannabinoid and
Terpenoid Doses are Associated with Adult ADHD Status of Medical Cannabis Patients. Rambam Maimonides
Med. J. 2020, 11, 1–14. [CrossRef] [PubMed]

30. Rhyne, D.N.; Anderson, S.L.; Gedde, M.; Borgelt, L.M. Effects of Medical Marijuana on Migraine Headache
Frequency in an Adult Population. Pharmacother. J. Hum. Pharmacol. Drug Ther. 2016, 36, 505–510. [CrossRef]

31. Fan, P. Cannabinoid agonists inhibit the activation of 5-HT3receptors in rat nodose ganglion neurons.
J. Neurophysiol. 1995, 73, 907–910. [CrossRef]

32. Lichtman, A.H.; Cook, S.A.; Martin, B.R. Investigation of Brain Sites Mediating Cannabinoid-Induced
Antinociception in Rats: Evidence Supporting Periaqueductal Gray Involvement. J. Pharmacol. Exp. Ther.
1996, 276, 585–593.

33. Goadsby, P.J.; Gundlach, A.L. Localization of 3H-Dihydroergotamine-binding sites in the cat central nervous
system: Relevance to migraine. Ann. Neurol. 1991, 29, 91–94. [CrossRef]

183



Brain Sci. 2020, 10, 360

34. Magnusson, J.E.; Becker, W.J. Migraine Frequency and Intensity: Relationship with Disability and
Psychological Factors. Headache 2003, 43, 1049–1059. [CrossRef]

35. Lin, Y.K.; Lin, G.Y.; Lee, J.T.; Lee, M.S.; Tsai, C.K.; Hsu, Y.W.; Lin, Y.Z.; Tsai, Y.C.; Yang, F.C. Associations
between Sleep Quality and Migraine Frequency. Medicine USA 2016, 95, 1–7. [CrossRef]

36. Bradford, A.C.; Bradford, W.D.; Abraham, A.; Adams, G.B. Association between US state medical cannabis
laws and opioid prescribing in the Medicare Part D population. JAMA Intern. Med. 2018, 178, 667–672.
[CrossRef] [PubMed]

37. Haroutounian, S.; Meidan, R.; Davidson, E. The Effect of Medicinal Cannabis on Pain and Quality of Life
Outcomes in Chronic Pain: A Prospective Open-label Study. Clin. J. Pain 2016, 32, 1036–1043. [CrossRef]
[PubMed]

38. McCarty, D. Does Medical Cannabis Reduce Use of Prescription Opioids? Am. J. Psychiatry 2018, 1, 6–7.
[CrossRef] [PubMed]

39. Stith, S.S.; Vigil, J.M.; Adams, I.M.; Reeve, A.P. Effects of Legal Access to Cannabis on Scheduled II–V Drug
Prescriptions. J. Am. Med. Dir. Assoc. 2017, 19, 59–64. [CrossRef]

40. Yassin, M.; Garti, A.; Robinson, D. Effect of Medicinal Cannabis Therapy (MCT) on Severity of Chronic Low
Back Pain, Sciatica and Lumbar Range of Motion. Int. J. Anesthesiol. Pain Med. 2016, 2, 1–6. [CrossRef]

41. Loder, E. Triptan Therapy in Migraine. N. Engl. J. Med. 2010, 363, 63–70. [CrossRef]
42. Russo, E. Cannabis for migraine treatment: The once and future prescription? An historical and scientific

review. Pain 1998, 76, 3–8. [CrossRef]
43. Baron, E.P.; Lucas, P.; Eades, J.; Hogue, O. Patterns of medicinal cannabis use, strain analysis, and substitution

effect among patients with migraine, headache, arthritis, and chronic pain in a medicinal cannabis cohort.
J. Headache Pain 2018, 19, 37. [CrossRef]

44. Hazekamp, A.; Fischedick, J.T. Cannabis—From cultivar to chemovar. Drug Test. Anal. 2012, 4, 660–667.
[CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

184



brain
sciences

Article

Efficacy of Dronabinol for Acute Pain Management in
Adults with Traumatic Injury: Study Protocol of A
Randomized Controlled Trial

Claire Swartwood 1, Kristin Salottolo 2, Robert Madayag 2,3 and David Bar-Or 2,*

1 Pharmacy Department, St Anthony Hospital, Lakewood, CO 80228, USA; Claireswartwood@centura.org
2 Trauma Research Department, St Anthony Hospital, Lakewood, CO 80228, USA;

Kristin.salottolo@icloud.com (K.S.); robertmadayag@centura.org (R.M.)
3 Trauma Services Department, St Anthony Hospital, Lakewood, CO 80228, USA
* Correspondence: davidbme49@gmail.com; Tel.: +1-303-788-4089

Received: 3 February 2020; Accepted: 10 March 2020; Published: 12 March 2020
��������	
�������

Abstract: Delta-9-tetrahydrocannabinol (Δ9-THC) and other cannabinoids present in cannabis
(marijuana) have been shown to affect the normal inhibitory pathways that influence nociception in
humans. The potential benefits of cannabinoids as an analgesic are likely greatest in hyperalgesic and
inflammatory states, suggesting a role as a therapeutic agent for treating acute pain following injury.
Dronabinol is a licensed form of Δ9-THC. The primary objective of this single center randomized
controlled trial is to evaluate the efficacy of adjunctive dronabinol versus control (systemic analgesics
only, no dronabinol) for reducing opioid consumption in adults with traumatic injury. Study
inclusion is based on high baseline utilization of opioids ≥50 morphine equivalents (mg) within
24 h of admission for adults aged 18–65 years with traumatic injury. There is a 48-hour screening
period followed by a 48-hour treatment period after randomization. A total of 122 patients will be
randomized 1:1 across 2 study arms: adjunctive dronabinol versus control (standard of care using
systemic analgesics, no adjunctive dronabinol). Patients randomized to the dronabinol arm should
receive their first dose within 12 h of randomization, with a dose range of 5 mg up to 30 mg daily in
divided doses, in addition to systemic analgesics as needed for pain. The primary efficacy endpoint
is a change in opioid consumption (morphine equivalents), assessed post-randomization (48 h after
randomization) minus pre-randomization (24 h prior to randomization). This is the first randomized
trial to investigate whether adjunctive dronabinol is effective in reducing opioid consumption in acute
pain management of traumatic injury. Trial Registration: ClinicalTrials.gov Identifier: NCT03928015.

Keywords: Delta-9-tetrahydrocannabinol; dronabinol; marijuana; randomized controlled trial;
opioids; traumatic injury

1. Introduction

Delta-9-tetrahydrocannabinol (Δ9-THC) and other cannabinoids present in cannabis (marijuana)
have been shown to affect the normal inhibitory pathways that influence nociception in humans.
Cannabinoids act through the binding of two cannabinoid receptors coupled through G proteins; CB1
receptors are predominantly found at central and peripheral nerve terminals, where they mediate
transmitter release, while CB2 receptors are highly expressed throughout the immune system [1].

The evidence demonstrating a therapeutic effect of THC and cannabis-based medications is still
emerging but is well established for treating chronic pain based on three influential peer-reviewed
publications [2–4]. These publications also provide conclusive evidence for a therapeutic effect of
cannabis-based medications as anti-emetics and for multiple sclerosis symptoms. There is moderate
evidence for improving sleep outcomes associated with sleep apnea, fibromyalgia, multiple sclerosis,

Brain Sci. 2020, 10, 161; doi:10.3390/brainsci10030161 www.mdpi.com/journal/brainsci185



Brain Sci. 2020, 10, 161

and chronic pain. There is insufficient or low-quality evidence in all remaining conditions that have
been studied. For instance, there is a dearth of research on cannabinoid use for acute pain management.
A 2017 systematic review identified seven randomized controlled trials (RCT) assessing the analgesic
efficacy of cannabinoid medications for acute pain [5]. Of these studies, five RCTs demonstrated that
cannabinoids were equivalent to placebo, in one RCT cannabinoids were superior to placebo, and in
one RCT cannabinoids were inferior to placebo. These limited and inconsistent data justify the necessity
to perform additional studies on the analgesic effects of cannabinoids for acutely painful conditions.

Patients commonly experience severe, acute pain following traumatic injury that is treated with
analgesics, particularly opiates. The antinociceptive properties of cannabinoids may be greatest
in hyperalgesic and inflammatory states, suggesting a therapeutic role for treating pain following
injury [6]. Moreover, pre-clinical studies support a potential role of Δ9-THC and cannabinoids as
an adjunctive agent to opioids in painful conditions, via synergistic enhancement of mu opioid
antinociception as well as the prevention of tolerance to and withdrawal from opiates [7–9].

Recently published preliminary clinical research from our group examined the effect of adjunctive
dronabinol for acute pain management among 66 trauma patients [10]. Cases demonstrated a significant
reduction in opioid consumption (morphine equivalents) from baseline with adjunctive dronabinol
(−79 mg, p < 0.001), while the change in opioid consumption for matched controls was unchanged
from baseline (−9 mg, p = 0.63), resulting in a nine-fold greater reduction in opioid consumption for
cases versus controls that was significantly different between pairs (difference: −70 mg, p = 0.02). There
were no differences in secondary outcomes. These results suggest that adjunctive dronabinol used as
part of a multimodal analgesia regimen may result in a marked reduction in opioid consumption

Two subset analyses of this matched cohort study provide mixed evidence that the opioid sparing
effect of dronabinol may be greater in patients who are marijuana users. Among the subset of 19 cases
who were marijuana users, opioid consumption was significantly reduced with adjunctive dronabinol
(−97 mg, p < 0.001) versus no change in opioid consumption in 19 matched controls (1 mg, p = 0.70),
with a difference between pairs that was significant: −108 mg, p = 0.01) [10]. However, when examining
the subset of patients who received dronabinol, there were no differences in the change in opioid
consumption for patients who were marijuana users (n = 21, −97 mg reduction with dronabinol)
compared to non-marijuana users (n = 15, −64 mg reduction with dronabinol), p = 0.41 (unpublished).

We are recruiting patients in a RCT to evaluate the efficacy of adjunctive dronabinol on opioid
utilization for acute pain management. The primary trial objective is to evaluate the efficacy of
adjunctive dronabinol versus control (systemic analgesics only, no dronabinol) for reduction in opioid
consumption in adults with traumatic injury. Dronabinol is a licensed form of Δ9-THC. Dronabinol is
not FDA approved for acute pain management; however, it has been in use at our level I trauma center
system formulary without restriction since 2015.

2. Materials and Methods

2.1. Study Design and Setting

This is an open label RCT being performed at a single level I trauma center: St. Anthony Hospital in
Lakewood, CO. This RCT was designed primarily to determine whether adjunctive dronabinol reduces
opioid consumption compared to control. The study was designed with a stratified randomization by
baseline marijuana use, which is intended to determine whether the treatment effect of dronabinol is
greater in chronic marijuana users compared to recreational or non-marijuana users. This stratified
randomization design was incorporated based on the gestalt that cannabis-based medication has a
greater benefit for marijuana users.

There is a 48-hour screening/randomization window, a 48-hour treatment window, and a total
participation period extending through the acute hospitalization. A description of the clinical trial is
posted at ClinicalTrials.gov.
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2.2. Study Subjects

Patients are being recruited from the participating trauma center to which they are acutely
presenting. A total of 122 adult trauma patients will be randomized 1:1 across 2 study arms: adjunctive
dronabinol or control (systemic analgesics only), as shown in Figure 1.

Figure 1. Subject Disposition.

Patients should fulfill all of the following inclusion criteria:

• Male or female, 18 years to 65 years old (inclusive).
• Diagnosis of traumatic injury based on ICD10 diagnosis of S00-T14, which covers injuries to any

region of the body.
• Moderately high initial morphine equivalent use ≥50 mg within a 24-hour window during the

screening period. Opioids will be converted to morphine equivalents (mg) using an Equianalgesic
conversion chart, Table 1 [11].

• Willing to disclose current marijuana status (current user (habitual/chronic or recreational), former
user, never user).

Table 1. Oral morphine milligram equivalents (MME) conversion factors.

Opioid (mg, Except Where Noted) Oral MME Conversion Factor 1

Buprenorphine N/A
Codeine 0.15

Fentanyl, intravenous (mcg) 0.3
Hydrocodone 1

Hydromorphone 4
Meperidine 0.1
Methadone 3

Morphine, oral 1
Morphine, intravenous 3

Oxycodone 1.5
Tramadol 0.1

1 Formula: Strength per Unit X (Number of Units/Days Supply) X MME conversion factor =MME/Day.

Patients fulfilling one or more of the following criteria may not be enrolled in the study:
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• Patients on a pain management agreement
• Patients who are nil per os (NPO) at the time of randomization or are expected to be NPO within

the next 48 h, with the exception for a brief NPO period for surgical procedures
• Patients who have received or are expected to receive neuraxial/locoregional blocks for pain within

the next 48 hours
• Patients with a known allergy or previous hypersensitivity reaction to dronabinol or sesame oil
• Patients prescribed dronabinol between arrival and prior to randomization
• Pregnancy or breast feeding
• Incarceration (presumed; patients are not arraigned until after hospital discharge).

2.3. Study Visits

The following procedures will be performed at screening, within 48 h of hospital admission:
ensure patient meets inclusion and exclusion criteria; record 24-hour total morphine equivalents; record
habitual marijuana usage; obtain informed consent via patient or proxy.

Once patients are confirmed to meet all criteria and have signed an informed consent, they will be
randomized 1:1 across the two study arms (dronabinol or control, Figure 1). The following procedures
will be performed during randomization: randomize the patient using the Microsoft Excel blinded
randomization schema; record pain using the patient self-reported pain numeric rating scale (NRS,
0–10 scale).

The following procedures will be performed during the acute hospitalization, post-randomization:
if randomized to the dronabinol arm, administer the first dose within the first scheduled dose window
and within 12 h of randomization. Record all doses received, including date, time and dose; record
all opioid and non-opioid systemic analgesics received, including route/dose/frequency; record all
non-analgesic concomitant medications; record pain NRS scores at the following time points: once
admitted in hospital bed, preoperatively in the OR prior to anesthesia, one hour post operatively;
record all analgesic complications; record all documented drug use from patient self-report and urine
drug screening results. Detailed information on the regularity of marijuana use will also be recorded.

The following procedures will be performed at hospital discharge: record discharge pain NRS
score; record discharge location; re-consent, if necessary.

2.4. Randomization and Blinding

Patients will be assigned to treatment by a randomization schedule developed and maintained by
an independent statistician. The randomization allocation sequence was computer generated and is
blinded, with allocation hidden until a patient has met all inclusion and exclusion criteria and provided
informed consent. Randomization will occur in a 1:1 fashion in blocks of 2 and 4 and stratified by
habitual marijuana user (yes/no).

The assessor, participants, treatment team, and statisticians are unblinded. All assessments are
standard and routinely collected by the assessors (ICU and general ward nursing staff), including pain
NRS scores and analgesia administration.

2.5. Intervention

The study drug is dronabinol (Marinol®, AbbVie, Inc; Chicago, IL, USA). Eligible patients will
receive adjunctive dronabinol vs. control (no dronabinol, systemic analgesia only). Patients will
be allocated to a treatment in accordance with the randomization schedule following confirmation
of eligibility.

Patients who consent to participate in the study will have an order in the electronic medical record
that will be used to assist with treatment compliance and for dispensing dronabinol, when applicable.
Patients randomized to the dronabinol arm should receive their first dose within 12 h of randomization.
The initial dosing and any changes in dosing will be determined by the prescribing/treating clinician.
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The target dose is 5 mg twice daily; the dose may be adjusted to within 5 mg to 30 mg daily in divided
doses (e.g., 2.5 mg twice daily–10 mg three times daily). Patients who are randomized to the control
arm will have an order set that specifies no administration of dronabinol for 48 h.

Patients in both arms will receive as needed (pro re nata, PRN) non-opioid/opioid analgesia as
determined by the care team; patients who are not randomized to the dronabinol arm will receive
these analgesics only, while patients randomized to the dronabinol arm will receive dronabinol in
addition to PRN non-opioid/opioid analgesia. A target pain numeric rating score for trauma patients
is 4 or less on a 0–10 scale. Higher pain scores ≥5 typically warrant analgesia, as determined by the
attending physician and care team for the patient’s specific needs. These established guidelines will
ensure patients are receiving analgesia based on self-reported pain, independent of treatment arm.

After the 48-hour treatment window post-randomization, the use of adjunctive dronabinol for
the remaining acute hospitalization will be at the patient’s and physician’s discretion. Except for
the analgesia protocol, all other interventions will follow techniques used in the context of everyday
clinical practice, and thus will be identical for participants in both arms. The following medications are
discouraged: neuraxial and locoregional nerve blocks.

2.6. Outcome Measures

Patients will be followed to hospital discharge for outcomes of morphine equivalent use, length of
stay, pain NRS scores, hospital complications, and analgesic complications.

The primary outcome is morphine equivalents. All opioids consumed will be converted to
morphine equivalents, as shown in Figure 1 [11]. The clinical effects of treatment arm on morphine
equivalents will be evaluated at 48 h after randomization.

Secondary outcomes include the following:

• Morphine equivalents: overall (hospital admission through discharge or death)
• Non-opioid analgesics: overall doses received (admission through acute hospitalization discharge

or death), and examined by non-opioid drug
• Acute hospitalization length of stay
• Pain NRS scores: in ED prior to randomization, once admitted in hospital bed, preoperatively in

the OR prior to anesthesia, one-hour post operatively, at hospital discharge
• Time (hours) to transition to non-opioid analgesia
• Incidence of hospital complications
• Safety (Incidence of analgesic complications)

Analgesic complications will be recorded irrespective of the presence or absence of a causal
relationship, and include the including:

• Allergic reaction
• Nausea and vomiting
• Respiratory depression (hypoxia and hypopnea)
• Hypotension
• Urinary retention
• Constipation/ileus
• Abdominal pain
• Dizziness
• Euphoria
• Paranoid reaction
• Somnolence
• Delirium
• Over-sedation.
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2.7. Statistics

Significance is set at an alpha value of 0.05. SAS (Cary, NC) software will be used for statistical
analysis. All efficacy analyses will be performed in the intent-to-treat population, defined as all patients
who are randomized. Subset analyses will be performed by habitual marijuana use.

The primary endpoint is the change in morphine equivalents and will be assessed as:
post-randomization (48 h after randomization) minus pre-randomization (24 h prior to randomization).
No imputation will occur for the primary endpoint. The change in morphine equivalents (mg) will be
analyzed with an analysis of covariance (ANCOVA) model to examine the effect of treatment arm,
adjusted for age, gender, injury severity score, and clinical characteristics that differ between groups
with p < 0.15. Of note, our study inclusion criteria allow for patients to present with polytrauma. We
anticipate the majority of patients will have injuries to the thorax and extremities, with few patients
presenting with severe TBI because administration of opioids and other drugs that alter a neurological
assessment tend to be used sparingly. Should there be differences in injury patterns, despite the 1:1
randomization procedure, these differences will be adjusted for in the primary ANCOVA analysis.

Secondary efficacy analyses include the difference between treatment groups in: hospital
disposition, hospital complications, and analgesic complications, reported as proportion (%) and
analyzed with chi-square tests; morphine equivalents over the hospitalization, hospital length of stay
(days), time (h) to transition to non-opioid analgesia, pain NRS scores at all specified time points,
reported as median (IQR) and analyzed with a Wilcoxon rank-sum test. Analgesic complications will
be described by severity as mild, moderate and severe.

2.8. Sample Size

The planned enrollment is 122 patients total randomized 1:1 across two study arms: dronabinol
or no dronabinol (systemic analgesia only). The sample size is based on a 38% reduction in morphine
equivalents with adjunctive dronabinol vs. an 8% reduction in morphine equivalents for systemic
analgesics only, with a pooled standard deviation of 58. The analysis was performed using two
sample mean tests with normal approximation and equal weights. These estimates were derived via
bootstrapping of the final matched study sample of 66 patients. The power to demonstrate the main
effect of dronabinol over systemic analgesics is 80% using a 2-tailed alpha of 0.05.

2.9. Ethical Considerations

The study was approved from the Institutional Review Board for St. Anthony Hospital (Catholic
Health Initiatives). There may be patients incurring cognitive impairment (due to head injury or
acuity of illness). The study coordinator will discuss with the treating team and will directly assess the
consenting capacity of the patient. The study nurse follows the current hospital protocol regarding the
use of consent by a legally authorized representative. In these clinical situations where the patient’s
representative initially consents, the patient will be "re-consented" when able to assure that they want
to continue in the study.

Safety outcomes will be reported to the head of the medical executive committee at an ongoing
basis. If/when the rate and/or severity of the monitored safety events becomes unacceptable, the medical
executive committee has procedures in place to protect research subjects.

An interim analysis will be performed when >50% (n = 62) of patients have been enrolled and
discharged from the hospital to determine clinical equipoise. A stopping guideline of p < 0.001 will be
used for the primary end point.

3. Discussion

This is the first randomized trial to investigate whether the addition of dronabinol is effective at
reducing opioid consumption for acute pain management of traumatic injury. There are numerous
strengths of this study. This clinical trial improves upon our previously published matched cohort

190



Brain Sci. 2020, 10, 161

study and removes many of the limitations of that study: patients will now be matched by self-reported
marijuana use; the pre-treatment period for the controls will be identical to cases rather than being
estimated based on the median time from admission to first administration of dronabinol among cases;
we will know why controls were not prescribed dronabinol; there are complications and adverse
effects that are associated with both systemic analgesics and dronabinol, which will be recorded
and analyzed in this trial by treatment arm and by severity. Additional strengths of this study are
that it is investigator-initiated and independent from pharmaceutical or other industry interests, and
the findings (whether positive or negative) will be submitted to a peer reviewed scientific journal
for publication.

Another benefit of this study is the stratified randomization by chronic marijuana usage. Earlier
work by the study investigators suggests that pre-injury marijuana use results in increased consumption
of opioid analgesics and greater self-reported pain following traumatic injury compared to trauma
patients who are marijuana naïve [12]. If the randomized trial demonstrates a greater treatment effect
in the subset of chronic marijuana users, this will have wide-ranging clinical implications for acute pain
management, because trauma patients have a high prevalence of marijuana use and other substance
abuse issues, reported in 40–50% of patients [13,14] that appears to be increasing over time [15]. Thus,
if marijuana use significantly affects acute pain management then chronic marijuana users will merit
special consideration during acute pain management.

While there are now 11 states that have legalized recreational marijuana, we believe Colorado is
uniquely able to study this issue because of the high utilization in our state. Colorado was the first state
to legalize and commercialize recreational marijuana, with retail shops opening on January 1st, 2014. A
recent study identified that commercialization of recreational marijuana in Colorado was associated
with an increased use of marijuana or an increased risk of traumatic injury while using marijuana [15].

Opioids are established and effective analgesics for managing pain in the traumatic and critical
care setting due to their proven efficacy in treating moderate to severe acute pain [16]. The Center for
Disease Control and Prevention (CDC) estimates that approximately 130 Americans are dying each
day from opioid overdose, resulting in an opioid epidemic. We believe the use of dronabinol as a
tool in the clinician’s tool kit to decrease reliance on opioids is an appealing option. Some possible
benefits of this study include better pain control and a lower need for opiates for participants. Use
of dronabinol to reduce or maintain the opioid regimen, rather than increasing narcotic dosages to
detrimentally high levels, may also reduce the negative effects of opioids on vascular neurologic
response and respiratory depression.

One of the primary limitations of this trial is that the study is open label. Patients are still
prospectively randomized to active treatment vs. control and all assessments are standard and
routinely collected by the assessors (ICU and general ward nursing staff), including pain scores
and analgesia administration. However, we are unable to blind patients because there are no orally
administered placebo pills that are on hospital formulary to be used for this study (unavoidable
blinding). We did not blind clinicians because the dosing of dronabinol may need to be modified and
is allowed within the range of 5 mg to 30 mg daily in divided doses. Although a blinded study would
be preferred to reduce knowledge bias, the study design is compatible with real-world situations and
increases the external validity of the study.

Additional limitations are as follows. First, our preliminary study was conducted in 2017, around
the peak of the opioid epidemic [17,18]. Since that time, there have been enterprise-wide initiatives
to use alternatives to opioids [19,20], which could impact our enrollment criteria. However, our
study has potentially greater implications in the current setting where opioid alternatives are sought.
Second, and related, the data used to power the RCT were recorded in 2017, and it is possible that
opioid consumption will be less in both groups (dronabinol and control), but whether this translates
to a different treatment effect with dronabinol remains to be seen. Third, marijuana use is based on
self-reporting because admission urine toxicology testing is only utilized in about 50% of patients,
with a bias towards screening younger patients. Unlike blood alcohol tests, urine toxicology testing
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seldom results in a change in care and thus are not routinely ordered following traumatic injury. We
will not be requiring a change in practice for ordering urine toxicology testing as part of our study.
However, our unpublished research demonstrates the percent agreement between urine toxicology
findings and patient self-report is 81% for cannabis. The negative predictive value of 95% demonstrates
that a negative self-report correctly identifies 95% of patients who test negative for cannabis, while
the specificity provides an 85% chance that a patient will not test positive for cannabis if the patient
denies use. Fourth, the results of this study are only be applicable to dronabinol and not to other
cannabinoids, such as the recently trending cannabidiol (CBD). Finally, the study is currently approved
as a single-center RCT, which limits its generalizability. The authors are amenable to adding additional
sites which use dronabinol on formulary without restrictions.

There are two additional risks to the patient that need to be mentioned. First, this study involves
an experimental (investigational) drug that has not been approved by the U.S. Food and Drug
Administration (FDA) for the specific indication of acute pain management. Dronabinol is only FDA
approved for loss of appetite due to HIV and chemotherapy-induced nausea and vomiting. This study
is not intended to result in an FDA Investigational New Drug Application. Second, dronabinol is a
synthetic version of THC. There is a risk that the study medication will result in a positive urine drug
screen test for cannabis for two weeks or more in patients who are not a current user of marijuana
products. In most cases, if an employee has a recent prescription for dronabinol, that is sufficient to
report the result to the employer as a negative.

Trial Status

The trial has been recruiting patients since October 2019 and will continue until 122 patients have
been randomized. Protocol version 1.2. Two amendments have occurred since trial commencement.
First, the inclusion criteria of a minimum baseline pain score ≥5 was removed. The second amendment
modified the sample size calculation to incorporate the full preliminary study findings, rather than a
smaller pilot population.

Author Contributions: Conceptualization, C.S.; methodology, K.S. and C.S.; software, K.S.; formal analysis, K.S.;
investigation, C.S. and R.M.; resources, D.B.-O.; writing—original draft preparation, K.S.; writing—review and
editing, C.S., R.M., D.B.-O.; supervision, D.B.-O.; project administration, C.S. and D.B.-O. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Pertwee, R.G. Cannabinoid pharmacology: The first 66 years. Br. J. Pharmacol. 2006, 147 (Suppl. 1), S163–S171.
[CrossRef] [PubMed]

2. National Academies of Sciences Engineering, and Medicine. The Health Effects of Cannabis and Cannabinoids:
The Current State of Evidence and Recommendations for Research; The National Academies Press: Washington,
DC, USA, 2017.

3. Koppel, B.S.; Brust, J.C.; Fife, T.; Bronstein, J.; Youssof, S.; Gronseth, G.; Gloss, D. Systematic review: Efficacy
and safety of medical marijuana in selected neurologic disorders: Report of the Guideline Development
Subcommittee of the American Academy of Neurology. Neurology 2014, 82, 1556–1563. [CrossRef] [PubMed]

4. Whiting, P.F.; Wolff, R.F.; Deshpande, S.; Di Nisio, M.; Duffy, S.; Hernandez, A.V.; Keurentjes, J.C.; Lang, S.;
Misso, K.; Ryder, S.; et al. Cannabinoids for Medical Use: A Systematic Review and Meta-analysis. JAMA
2015, 313, 2456–2473. [CrossRef] [PubMed]

5. Stevens, A.J.; Higgins, M.D. A systematic review of the analgesic efficacy of cannabinoid medications in the
management of acute pain. Acta Anaesthesiol. Scand. 2017, 61, 268–280. [CrossRef] [PubMed]

6. Iversen, L.; Chapman, V. Cannabinoids: A real prospect for pain relief? Curr. Opin. Pharmacol. 2002, 2, 50–55.
[CrossRef]

192



Brain Sci. 2020, 10, 161

7. Cichewicz, D.L.; Martin, Z.L.; Smith, F.L.; Welch, S.P. Enhancement mu opioid antinociception by oral
delta9-tetrahydrocannabinol: Dose-response analysis and receptor identification. J. Pharmacol. Exp. Ther.
1999, 289, 859–867. [PubMed]

8. Cichewicz, D.L.; McCarthy, E.A. Antinociceptive synergy between delta(9)-tetrahydrocannabinol and opioids
after oral administration. J. Pharmacol. Exp. Ther. 2003, 304, 1010–1015. [CrossRef] [PubMed]

9. Cichewicz, D.L.; Welch, S.P. Modulation of oral morphine antinociceptive tolerance and naloxone-precipitated
withdrawal signs by oral Delta 9-tetrahydrocannabinol. J. Pharmacol. Exp. Ther. 2003, 305, 812–817. [CrossRef]
[PubMed]

10. Schneider-Smith, E.; Salottolo, K.; Swartwood, C.; Melvin, C.; Madayag, R.; Bar-Or, D. A Matched Pilot Study
Examining Cannabis-Based Dronabinol for Acute Pain Following Traumatic Injury. Trauma Surg. Acute Care
Open 2020, 0, e000391. [CrossRef] [PubMed]

11. National Center for Injury Prevention and Control. CDC Compilation of Benzodiazepines mr, Stimulants,
Zolpidem, and Opioid Analgesics with Oral Morphine Milligram Equivalent Conversion Factors; 2018 version;
Centers for Disease Control and Prevention: Atlanta, GA, USA, 2018. Available online: https://www.cdc.gov/
drugoverdose/resources/data.html (accessed on 18 December 2017).

12. Salottolo, K.; Peck, L.; Tanner, A.; Carrick, M.M.; Madayag, R.; McGuire, E.; Bar-Or, D. The grass is not
always greener: A multi-institutional pilot study of marijuana use and acute pain management following
traumatic injury. Patient Saf. Surg. 2018, in press. [CrossRef] [PubMed]

13. Cowperthwaite, M.C.; Burnett, M.G. Treatment course and outcomes following drug and alcohol-related
traumatic injuries. J. Trauma Manag. Outcomes 2011, 5, 3. [CrossRef] [PubMed]

14. Rivara, F.P.; Jurkovich, G.J.; Gurney, J.G.; Seguin, D.; Fligner, C.L.; Ries, R.; Raisys, V.A.; Copass, M. The
magnitude of acute and chronic alcohol abuse in trauma patients. Arch. Surg. 1993, 128, 907–912. [CrossRef]
[PubMed]

15. Chung, C.; Salottolo, K.; Tanner, A., 2nd; Carrick, M.M.; Madayag, R.; Berg, G.; Lieser, M.; Bar-Or, D. The
impact of recreational marijuana commercialization on traumatic injury. Inj. Epidemiol. 2019, 6, 3. [CrossRef]
[PubMed]

16. Minkowitz, H.S.; Rathmell, J.P.; Vallow, S.; Gargiulo, K.; Damaraju, C.V.; Hewitt, D.J. Efficacy and safety of
the fentanyl iontophoretic transdermal system (ITS) and intravenous patient-controlled analgesia (IV PCA)
with morphine for pain management following abdominal or pelvic surgery. Pain Med. 2007, 8, 657–668.
[CrossRef] [PubMed]

17. Ahmad, F.B.; Rossen, L.M.; Spencer, M.R.; Warner, M.; Sutton, P. Provisional Drug Overdose Death Counts;
National Center for Health Statistics: Hyattsville, MD, USA, 2018.

18. Tully, A.; Anderson, L.; Adams, W.; Mosier, M.J. Opioid creep in burn center discharge regimens: Doubled
amounts and complexity of narcotic prescriptions over seven years. Burns 2019, 45, 328–334. [CrossRef]
[PubMed]

19. Baird, J.; Faul, M.; Green, T.C.; Howland, J.; Adams, C.A., Jr.; Hodne, M.J.; Bohlen, N.; Mello, M.J. Evaluation
of a Safer Opioid Prescribing Protocol (SOPP) for Patients Being Discharged From a Trauma Service.
J. Trauma Nurs. 2019, 26, 113–120. [CrossRef] [PubMed]

20. Urman, R.D.; Boing, E.A.; Khangulov, V.; Fain, R.; Nathanson, B.H.; Wan, G.J.; Lovelace, B.; Pham, A.T.;
Cirillo, J. Analysis of predictors of opioid-free analgesia for management of acute post-surgical pain in the
United States. Curr. Med. Res. Opin. 2019, 35, 283–289. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

193





MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Brain Sciences Editorial Office
E-mail: brainsci @mdpi.com

www.mdpi.com/journal/brainsci





MDPI  
St. Alban-Anlage 66 
4052 Basel 
Switzerland

Tel: +41 61 683 77 34 
Fax: +41 61 302 89 18

www.mdpi.com ISBN 978-3-03943-996-6 


	Blank Page

