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Abstract

Adolescence is dynamic and comprises physiological, psychological, and neurocognitive changes.
Notably, many developmentally associated neurobiological changes (e.g., synaptic pruning,
myelination) coincide with peak substances use prevalence rates, particularly for cannabis use.
Cannabis remains the most commonly used illicit drug among adolescents with 23.9% reporting
cannabis use in the last year (Johnston et al., 2019). Adolescents who engage in cannabis use often
show poorer neurocognitive performance and alterations in structural and functional brain
development as compared to their non-using peers (Jacobus & Tapert, 2014). Over the past several
decades, the cognitive domains most consistently associated with cannabis use among adolescents
are learning and memory and several facets of executive functioning (e.g., inhibitory control,
decision-making). Functional magnetic resonance imaging (fMRI) is a non-invasive method for
probing the neural substrates underlying possible cannabis-related changes in cognition. This brief
review aims to synthesize recent findings on the relationship between adolescent (<25 years old)
cannabis use and neural response during task-based functional magnetic resonance imaging
(FMRI). Findings thus far suggest aberrant, often hyperactive, response to task-based stimuli in
youth cannabis users. When considering the future directions of fMRI research with cannabis-
using youth, review of existing studies also highlights the need for more prospective research with
diverse samples.
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1. Introduction

Cannabis has been one of the most commonly used substances among adolescents in the
United States for decades (Johnston et al., 2019) and new evidence suggests cannabis is now
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more often the first drug used among adolescents, thereby displacing alcohol and tobacco as
common first substances in the early stages of use (Keyes, Rutherford, & Miech, 2019).
While past year prevalence rates have remained steady in recent years (35.9% of 12th
graders, 27.5% of 8t graders in 2018), vaping high potency cannabis products have
increased at an alarming rate (change of +2.6% from 2017-2018). Likewise, 2018 data
suggest that only 1 in 3 adolescents aged 12 to 17 perceive smoking cannabis on a weekly
basis of great risk. Decreased perception of risk coupled with changing cannabis trends and
product variations may enhance vulnerability for any deleterious impact on youth
neurodevelopment (McDonald, Roerecke, & Mann, 2019).

Cannabis elicits a central nervous system effect via activation of the endogenous
cannabinoid system. For example, A-9-tetrahydrocannabinol (THC) is the psychoactive
cannabis constituent that produces the desired effect in many youth users. THC binds to
cannabinoid-1 receptors (CBL1) in the brain which are found in high concentrations in
regions that are being refined for optimal cognitive performance during adolescence (e.g.,
prefrontal cortex, basal ganglia, hippocampus) (Meyer, Lee, & Gee, 2018). The cannabinoid
system is involved in many physiological processes and modulation of neurotransmitters
systems (Hillard, 2015) therefore regular interference with this endogenous system likely
has neurodevelopmental implications that impact behavioral outcomes (Sim-Selley, 2003;
Schneider, 2008; Miller et al., 2019).

Brain development is a protracted process that includes changes in gray and white matter
tissue compartments through adolescence and young adulthood. This includes increasing
myelination and decreases in synaptic density in the cerebral cortex which has an impact on
brain function through better neural integration (Luna & Sweeny, 2004) and more focal
activation patterns in frontal circuits as compared to diffuse widespread neural activity
(Uddin, Supekar, & Menon, 2010). Structural and functional neuroimaging modalities have
expanded our knowledge of the developing brain and the varying trajectories of white and
gray matter tissue change that underlie improving neural network integration and cognitive
performance in typically developing children and adolescents (Stiles & Jernigan, 2010). The
same imaging modalities can also elucidate the neural underpinnings of substance-related
behavioral changes. Task-based functional magnetic resonance imaging (fMRI) paradigms
have been increasingly utilized to identify patterns of brain activity that are associated with
cannabis use in adolescence. In fMRI, a stimulus-related neural response during a cognitive
task (e.g. stopping an already initiated motor action) is measured by a change in blood-
oxygen-level-dependent (BOLD) signal response across brain regions in relation to rest or
other stimulus conditions (i.e., control conditions) to remove non-task related activity.
Therefore, both greater and less neural response can provide meaningful information on
functional neural differences across cortical regions that underlie different cognitive
processes (Buchbinder, 2016; Herting, Gautam, Chen, Mezher, & Vetter, 2018).
Identification of brain regions and/or brain systems that are vulnerable to cannabis-related
problems can ultimately guide prevention and intervention strategies as well as public health
policy as cannabis products continue to proliferate and be more accessible (Wilson,
Freeman, & Mackie, 2019).
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Executive functioning (EF) has been theorized to contribute to substance use onset as it is
involved in the planning, initiation, and regulation of goal-directed behaviors (Giancola &
Moss, 1998; Kim-Spoon et al., 2017). EF is comprised of the ability to process, store and
update information (working memory), ability to stop automatic responses (inhibition), set
shifting, decision making, and verbal and design fluency (Robbins, 1998; Stuss &
Alexander, 2000). Prior research has found an association between poorer executive function
abilities and substance use problems (Brown, Tapert, Granholm, & Delis, 2000; Giancola &
Mezzich, 2003). According to Kim-Spoon and colleagues (2017), substance use can be
viewed as the inability to inhibit reward-seeking behaviors (approach) and punishment
(avoidance). Approach sensitivity comprises of subcortical and cortical regions including the
striatum and orbitofrontal cortex, while avoidance sensitivity comprises of the amygdala,
hippocampus, and insula. EF modulates the approach and avoidance systems and involves
the prefrontal cortex, basal ganglia, thalamus, and cerebellum (Rabinovici, Stephens, &
Possin, 2015). EF evolves throughout adolescence and serves a critical role during
development due to heightened reward sensitivity (Silverman, Jedd, & Luciana, 2015).
Existing research examining the effects of EF on adolescent substance use largely focuses on
working memory, inhibition, and decision making; thus for the purpose of this review, we
focused on these three domains.

This brief narrative overview describes research on cannabis use and neural response among
adolescents and young adults (defined as studies focused on individuals <25 years old) using
task-based fMRI. We are particularly interested in this age group as it has been defined as a
time of major physiological, psychological, and neurocognitive changes (Sussman & Arnett,
2014), consistent with the remarkable amount of neurodevelopment that occurs in this age
group (J. Giedd, 2015). We also highlight the unique demographic and drug use factors that
may contribute to group differences beyond cumulative cannabis use; namely, consideration
of sex, age range, length of abstinence, sample size, and clarifying when a study includes
individuals who are treatment seeking or meeting criteria for cannabis use disorder (CUD)
(Volkow et al., 2016). Domains reviewed include those most often implicated in cannabis
use (i.e., memory/working memory, inhibitory control, and decision making; see (Jacobus &
Tapert, 2014; Gonzalez, Pacheco-Col6n, Duperrouzel, & Hawes, 2017; Scott et al., 2018).
Finally, we conclude by discussing limitations and common themes from the presented
findings and future directions for the field.

2. Working Memory

Several of the first fMRI studies with adolescent cannabis users were conducted in our
laboratory. In 2005, a spatial working memory task was administered to adolescent males
and females with CUD + alcohol use disorder (AUD; n=15; 15-17 years-old). CUD+AUD
showed less task-related activation (spatial working memory condition to vigilance contrast)
in inferior frontal and temporal cortices and more activation in prefrontal regions as
compared to controls (n=19) and adolescents with AUD alone (n=15) after a minimum of
two days of abstinence from cannabis and alcohol (Schweinsburg et al., 2005). They further
found recency of cannabis use associated with reduced right middle temporal activation. A
follow-up study from Padula and colleagues (2007) using the same spatial working memory
task with a slightly older sample of adolescents found increased task-related activation in the
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basal ganglia, prefrontal, and parietal regions in 16-18 year-old cannabis users (n=17)
relative to controls (n=17). This study included 28 days of monitored abstinence from
cannabis and groups were matched for sex. Better performance on the spatial working
memory task was also associated with more neural response in temporal, cingulate,
thalamic, and hippocampal regions in cannabis users, with the opposite pattern in controls.
Similarly, Schweinsburg et al., (2008) used the same task and found greater activation in
dorsolateral prefrontal cortex (PFC), posterior parietal, and medial occipital regions in
cannabis users (n=15) relative to controls (n=17) after 28 days of monitored abstinence from
cannabis, with early age of onset and longer duration of use being associated with activation
patterns.

Others have found similar results. Jacobsen and colleagues (2004) studied 7 cannabis users,
7 tobacco users, and 7 control male and female adolescents (exact age or abstinence
requirements not reported). Cannabis users exhibited greater hippocampal activation during
an auditory non-word 1- and 2-back task relative to controls, with cannabis users
demonstrating worse behavioral performance than controls and no difference between
cannabis users and tobacco users. Jager and colleagues (2010) performed a two-site (Dutch
and US) cross-sectional study where they compared male adolescent cannabis users to male
adolescent non-using controls aged 13-19 years using a verbal working memory task with a
minimum of one week of abstinence (cannabis users n=21; controls n=24). There were three
conditions for the task: a practice condition, where the participants were trained and tested
on the same five letter memory set; a novel condition, where participants were presented
with new and changing five letter memory sets; and a control task, where motor response
time to a cue was assessed. During the novel-minus-control task, they found cannabis users
increased activity in the inferior frontal gyrus, dorsolateral PFC, and anterior cingulate
cortex (ACC), despite controls showing an overall deactivation. Further, in the cannabis
users, number of joints in the past year and lifetime joints positively predicted left inferior
frontal gyrus activation. Another study using a visuospatial N-back task with slightly older
adolescents revealed greater activation in right inferior frontal gyrus, left middle frontal
gyrus, and right superior temporal gyrus for cannabis users as compared to controls during
the 2-back-minus-control contrast (Smith et al., 2011). Participants were 19-21-year-old
males and females (10 cannabis users, 14 controls) who were asked not to use any
substances on the day of imaging.

The more recent literature in this area is deploying longitudinal approaches to investigate
how neural vulnerabilities (and thus neural activation differences) may predict changes in
cannabis use patterns over time in youth. Heavy cannabis (n=32) and non-cannabis using
(n=41) young adults (ages 18-25; males and females) completed an N-back task at an initial
visit (Cousijn et al., 2014). Cannabis users were non-treatment seekers and had not received
treatment for cannabis use in the past. With the exception of nicotine, all participants were
asked to refrain from alcohol and other substances 24 hours prior to imaging. Six months
after their initial visit, participants completed a follow-up phone interview on substance use.
Despite no significant between-group differences at baseline, the bilateral frontal pole,
ventrolateral PFC, dorsolateral PFC, premotor corteX, paracingulate cortex, and inferior
parietal cortex were highlighted as a working memory network during the N-back task using
independent component analysis. Working memory network connectivity response strength
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was positively predictive of increased cannabis use within the cannabis group only. The
authors suggest that increased neural effort during a working memaory task may be a risk
factor for increasing cannabis use.

In a second prospective task-based study, fMRI and cognitive performance were assessed
before and after adolescents’ first cannabis use (Tervo-Clemmens et al., 2018). Sixty-seven
participants completed a visuospatial working memory task during fMRI at baseline (age
12) and follow up (age 15), as well as substance use assessments during annual visits. At
baseline, no participant reported cannabis use; at three-year neuroimaging follow up, 21
participants were classified as cannabis users. Baseline results revealed increased activation
in the inferior parietal lobe, middle frontal gyrus, and presupplementary motor area, with
reduced precuneus and lateral occipital gyrus activation, in those who would later initiate
cannabis use. By follow-up, longitudinal models suggest cannabis users show increased
activation in the posterior parietal cortex as compared to controls. In addition, average
weekly amount of cannabis use related positively to cuneus activation. These findings
suggest while cannabis-related differences in neural response patterns can be observed, there
are likely pre-existing brain activation differences prior to the initiation of cannabis which
may be important biomarkers for identifying youth at risk of substance use onset.

Studies using working memory tasks have largely found greater activation across brain
regions in cannabis users, particularly in prefrontal and parietal regions, despite a lack of
difference in behavioral performance between groups. While these longitudinal studies
utilizing neuroimaging are a welcome addition to the literature, a significant limitation
remains that, other than Tervo-Clemmens and colleagues (2018), few studies to date have
functional neuroimaging data prior to the initiation of cannabis use. Future longitudinal
studies are needed with larger diverse samples and across more time points in order to
understand preexisting neurocognitive differences to understand how cannabis use impacts
working memory neural mechanisms.

2. Inhibition and Cognitive Control

Several studies to date have investigated functional activation during inhibitory or cognitive
control tasks. Inhibition is commonly measured through Go/No-Go or Stop Signal Task
(SST) behavioral paradigms (Aron, 2011). In a Go/No-Go Task, participants are taught to
respond quickly to any “Go” stimuli and to withhold a response following any “No-Go”
stimuli. During the more difficult SST, participants are instructed to respond quickly to each
“Go” stimulus presented unless it is proceeded by a “Stop” stimulus presented on only a
minority of trials. The delay between “Go” and “Stop” can be long or short, and longer
delays increase the likelihood the participant will fail to execute a correct “Stop”. Therefore,
SST paradigms can be more demanding by requiring inhibition of an already initiated
prepotent motor response. Using a Go/No-Go paradigm, Behan and colleagues (2014)
examined differences in inhibitory processing between a group of current cannabis treatment
seeking adolescents (n=17) and non-cannabis using controls (n=18). Groups were matched
for sex and included adolescents aged 14-19 with CUD (minimum one day of abstinence)
and healthy controls. Current cannabis using adolescents reported significantly higher stress
and anxiety levels, more nicotine use in the month prior to participation, and fewer
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successful inhibitions during the task. Groups did not differ in activation during inhibition
trials (No-Go) in regions associated with response inhibition (i.e., frontal, parietal, and
cerebral regions), but follow-up analyses revealed correlations, or connectivity, between
these regions. Cannabis users had stronger correlations between frontal, parietal, and
cerebellar regions during inhibition trials, and past week cannabis use correlated with
network connectivity. Another study (Tapert et al., 2007) of adolescent (16-18 years-old,
matched by sex) cannabis users (n=16) and non-users (n=17) used a Go/No-Go task after 28
days of monitored abstinence. Despite similar behavioral performance between groups,
cannabis users demonstrated greater activation in parietal and dorsolateral prefrontal (PFC)
cortices than healthy controls during the inhibition, or No-Go trials. Post-hoc analyses
revealed a number of dose-dependent relationships, including age of onset, duration of
cannabis use, cumulative lifetime use, and number of hits per month in relation to the
observed activation patterns.

Smith and colleagues also used the Go/No-Go Task to investigate the effect of cannabis use
on response inhibitions in young adults (2011). Participants included males and females ages
19-21 (n=10 current cannabis users, n=14 non-users). Abstinence varied within the
cannabis-using group from 1 week to 3 hours prior to the testing session. There were no
significant behavioral differences between groups, but the cannabis user group demonstrated
greater fronto-cortical activity during inhibition trials relative to controls and greater self-
reported cannabis use related to greater activation in the right thalamus, premotor cortex,
middle frontal gyrus, inferior parietal lobe, and precuneus.

Antisaccade tasks are a means of studying executive control and share common features
with inhibition tasks such as the Go/No-Go and Stop Signal tasks (Aron, 2011). Antisaccade
tasks require the participant to inhibit prepotent eye movements and generate a new saccade
in the opposite direction from a presented stimulus. Chung and colleagues (2015) studied
cognitive and oculomotor control using antisaccade tasks in male and female adolescents
(86% with CUD; n=14) scanned during or shortly after treatment and followed for 6-months
(Chung et al., 2015). On reward trials, participants were offered small monetary rewards for
quickly performing an antisaccade (i.e., look away from the target) following the
presentation of a “$” stimulus. During neutral trials, participants were again instructed to
perform an antisaccade when a “#” was presented, though no reward would be given.
Increased activation in the amygdala, nucleus accumbens, left ventrolateral PFC,
supplementary eye field, and putamen during the reward trials predicted decreased cannabis
problem severity symptoms at 6-month follow-up, with similar results during reward-minus-
neutral contrasts. In contrast, those who reported more symptoms at follow-up had lower
activation during the reward condition at baseline, suggesting the importance of reward
sensitivity as a means of facilitating cognitive control.

Taken together, studies on inhibitory and cognitive control in adolescent cannabis users
suggest that cannabis use in adolescence is associated with greater neural activation and
connectivity in frontal, parietal, and cerebellar regions (Tapert et al., 2007; Smith et al.,
2011; Behan et al., 2014), despite mostly equivalent behavioral performance. Cannabis users
may need to recruit greater cognitive resources to perform at comparable levels to non-users
on cognitive control tasks. This is true even after long periods of sustained abstinence
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(Tapert et al., 2007) and regardless of CUD status (Tapert et al., 2007; Behan et al., 2014). In
addition, longitudinal findings on cognitive control during an antissaccade task (Chung et
al., 2015) suggest a neural mechanism by which rewards may facilitate the use and
development of cognitive control in adolescents with CUD. For example, Chung and
colleagues propose either contingency management, which utilizes reward-based behavior
change through giving patients small rewards for treatment adherence (Stanger & Budney,
2010), or motivational interviewing, which enhances internal motivation (Barnett et al.,
2012), may tap into these neural systems underlying cognitive controls to aid in long-term
treatment outcomes for adolescent cannabis users.

4. Decision-Making

To date, research on the neural mechanisms of decision-making and reward response in
adolescent cannabis use remain understudied and research paradigms used to measure
decision-making performance vary across studies. De Bellis and colleagues (2013)
examined neural processing of decision-making and reward circuits using the Decision-
Reward Uncertainty task in three groups of adolescent males: 1) adolescents who recently
completed treatment for CUD (n=15); 2) adolescent controls with other psychopathology but
no history of substance use disorder (n=23); and 3) healthy controls (n=18). Participants
completed three decision conditions while undergoing fMRI: 1) Behavioral risk, where the
correct response was unknown and only one response would result in a reward; 2) Reward
risk, where correct button press would be rewarded with 50% probability; and 3) No risk,
where correct bottom press would be rewarded 100% of the time. Less neural activity in the
left superior parietal lobule, left lateral occipital cortex, and bilateral precuneus was
observed in the CUD group for the reward risk and behavioral risk conditions compared to
controls with psychopathology. However, in the reward condition, adolescents with CUD
demonstrated decreased activity in the orbitofrontal cortex (OFC) relative to either control
group. Finally, results suggested that less OFC neural response to reward was significantly
correlated with more drug experimentation in the CUD group.

The Balloon Analogue Risk Task (BART;(Lejuez et al., 2002) was developed to assess risk
taking in adolescents. In the BART, participants are instructed to pump air into a simulated
balloon to earn points. They have the choice to cash-out and collect points earned on the
balloon or continue to pump in order to receive a greater amount, while risking an explosion
and no reward. In a recent study, the neural mechanisms of risky decision-making were
examined using the BART among adolescent males reporting (1) frequent use cannabis, (2)
frequent use of alcohol, (3) frequent use of both substances, and (4) minimal or no use of
either substance (Claus et al., 2018). Participants were between the ages of 14 and 18 and
were recruited through an alternative to incarceration program. They were asked not to use
any substances within 24 hours of their appointment. Results indicated no behavioral
differences on the BART across the four groups. However, adolescents who used both
alcohol and cannabis demonstrated less insula, striatum, thalamus, supplementary motor
area, and putamen neural activity compared to non-using controls during risky versus neutral
conditions. Notably, when controlling for sex, activation differences during the risk taking
were limited primarily to the nucleus accumbens, putamen, and thalamus. Furthermore, the
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cannabis-only group demonstrated increased neural response in the superior parietal lobule
relative to the co-use group.

The lowa Gambling Task (IGT) has been used extensively in addictions research (Koffarnus
& Kaplan, 2018) and requires participants to draw cards from any of four decks. Each card
drawn indicates a gain or lose of some amount of pretend money. Participants select between
these nondescript decks, two of which are advantageous (more likely to gain small pretend
monetary amounts, with less money lost) and two of which are disadvantageous (more likely
to have larger losses, though greater possibility of occasional large gains). Disadvantageous-
minus-advantageous deck choices and total net money are commonly examined to capture
deficits in decision making performance. Cousijn and colleagues (2013) administered the
IGT in a prospective study of n=32 cannabis users and n=41 controls (males and females
aged 18-25 years with 24 hours of abstinence at minimum). Participants completed a 6-
month follow-up substance use interview after the initial study visit. Cannabis users at
baseline had relatively greater neural activity when receiving win-versus-loss feedback in the
right OFC, right insula, and left superior temporal gyrus than did controls. Greater weekly
cannabis use was related to more activity in the right insula, right caudate, and right
ventrolateral PFC for the win-versus-loss feedback contrasts. At 6-month follow-up, there
was a significant decline in cannabis problem severity for all users. However, cannabis users
who had greater activity in the lateral frontal pole and temporal gyrus during
disadvantageous-versus-advantageous trials had increased weekly cannabis use by follow-
up. Greater neural activity during win-versus-loss in the superior frontal gyrus was also
associated with increased weekly cannabis use at 6-month follow-up. Thus, neural activation
patterns were predictive of later cannabis use patterns.

In another reward-based study (Acheson et al., 2015) a block design win/loss task was used
to study neural activity in adolescent cannabis users (n=14) compared to adolescent non-
users (n=14). Participants included both males and females who were 15-19 years-old.
Participants were asked not to use cannabis the night before testing. During the task, they
were required to guess whether a simulated coin flip would be “heads” or “tails” and a
subsequent message provided feedback on whether they made the correct guess. Results
revealed enhanced neural response in frontal, subcortical, and cerebellar regions during both
reward and loss conditions in adolescent cannabis users compared to controls. An effective
connectivity analyses revealed minimal connectivity differences across groups.

Another common measurement of reward-based response is the monetary incentive delay
(MID) task (Balodis & Potenza, 2015). During the MID, participants are presented with a
chance to win a small amount of money, lose a small amount, or have no monetary change
based on their response to a visual target following each cue. Nestor and colleagues (2010)
examined BOLD responses to the MID in 14 adolescent cannabis users and 14 drug-naive
adolescent controls. Cannabis users had a minimum of 12 hours of abstinence. Cannabis
users demonstrated increased BOLD response in the right ventral striatum for reward
(“win™) cues compared to healthy controls. There were no significant correlations between
length of abstinence, neural activity, or behavioral performance in cannabis users. In a more
recent study, Aloi and colleagues (2019) examined the relationship between Cannabis Use
Disorder Test scores (CUDIT) in adolescents using a similar MID task. Participants included
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150 male and female adolescents aged 14-18 years, of which 109 were current treatment
seeking youth, 56 with responses suggestive of CUD, and 41 individuals without significant
substance abuse histories (as measured by self-report screener measures, such as the
CUDIT). Higher CUDIT scores were associated with decreased BOLD activation within the
putamen when participants received feedback that they had made an error (inaccurate trials),
as well as putamen, anterior cingulate, and dorsomedial PFC during feedback on trials where
they lost money (inaccurate punishment trials). In contrast with these findings, Nestor and
colleagues (2019) used the MID task with mostly male adolescents who were asked to not
use cannabis the night before study completion. Participants included both cannabis users
(n=18) and healthy controls (n=18). There were no group differences across trials. However,
in general, the cannabis-dependent adolescents did demonstrate increased connectivity in
regions associated with reward (OFC, medial PFC, lateral PFC, amygdala, hippocampus,
nucleus accumbens, and temporal regions) compared to non-using adolescents.

Overall, results suggest cannabis users demonstrate different patterns of neural response
based on the type of decision-making paradigm deployed and the extent to which reward
processing is involved in the task (Cousijn et al., 2013; Acheson et al., 2015; Aloi et al.,
2019). This is further complicated by patterns of substance co-use (De Bellis et al., 2013;
Aloi et al., 2019) and sex [e.g., fewer group differences when controlling for sex (Claus et
al., 2018); inclusion of male-only samples (De Bellis et al., 2013). Therefore, more
prospective research is needed with larger and more diverse samples that replicate findings
using similar decision-making tasks in order to delineate the neural substrates and of
cannabis-related neurocognitive vulnerabilities in this domain (Casey et al., 2018; Jernigan
& Brown, 2018).

5. Discussion

There is an emerging body of evidence to date that cannabis use and CUD are associated
with aberrant functional activation in the adolescent brain. Our goal in this brief overview
was to synthesize the literature while considering limitations and future directions for task-
based functional imaging and cannabis research. We focused on three primary areas of
cognitive functioning: working memory, inhibition, and decision-making. Results are largely
consistent with the hypothesis that cannabis users may require recruitment of more neural
resources to achieve the same performance on tasks across domains. While varying greatly
by study and task, the frontal and parietal lobes were often key regions implicated
(Schweinsburg et al., 2005; Padula et al., 2007; Tapert et al., 2007; Schweinsburg et al.,
2008; Jager et al., 2010; Smith et al., 2011; Cousijn et al., 2013; Claus et al., 2018). Brain
regions often found to be significantly different between groups are also fairly consistent
with the neurobiology of addiction and circuit-specific pathways implicated in craving,
impulsivity, executive dysfunction and substance misuse (e.g., frontal cortices, insula,
anterior cingulate cortex, basal ganglia) (Koob & Volkow, 2016). For example, activation
was revealed during reward (L. J. Nestor et al., 2019) and risky decision making tasks
(Lejuez et al., 2002) in prefrontal and reward (nucleus accumbens) regions. The few
preliminary longitudinal studies indicate that: (1) there may be pre-existing neural activation
differences in teens who will initiate cannabis use, and (2) task-based activation patterns
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may be useful biomarkers of later cannabis use, increases in cannabis use severity, and
behavioral outcomes.

The current review also highlights a number of significant limitations for research in
cannabis use and functional activation. First, we note that in many studies neural activation
patterns are often consistent across brain regions (e.g., prefrontal, parietal regions) showing
greater activation in youth who used cannabis or met criteria for a cannabis use disorder
(e.g., (Tapert et al., 2007; De Bellis et al., 2013; Behan et al., 2014; Acheson et al., 2015).
Given this, it will be important to determine whether this is due to pre-existing brain
differences (as may be suggested by the recent study by (Tervo-Clemmens et al., 2018) or if
there is a particular threshold of cannabis use that relates to such functional patterns. For
example, externalizing symptomatology has been shown to be a neural and behavioral risk
factor for atypical brain functioning and is frequently elevated in adolescent substance users
(Griffith-Lendering, Huijbregts, Mooijaart, \ollebergh, & Swaab, 2011; Natalie Castellanos-
Ryan et al., 2014; Scalco et al., 2014; Woltering, Lishak, Hodgson, Granic, & Zelazo, 2016;
Loeber et al., 2018) . It is likely that dysfunction in common brain pathways underlying
inhibitory control in particular (e.g., fronto-basal ganglia pathway) may contribute to the
shared traits of externalizing behaviors (e.g., attention deficit/hyperactivity disorder) and
probelmatic substance use patterns and thus vulnerability for poorer outcomes (Groman,
James, & Jentsch, 2009).

In addition, as revealed in some analyses (Schweinsburg et al., 2005; Claus et al., 2018), use
of multiple substances may uniquely impact neural outcomes and therefore, it is necessary to
address co-use (e.g., alcohol, nicotine and tobacco-related products) and dynamic
trajectories of drug use (vs. static group categorization, as done in the vast majority of
studies to date). Studies were also limited to self-report metrics and mostly included
assessment post-cannabis initiation. Additionally, control groups differed across studies,
with some using healthy non-substance using controls and others using alcohol only
controls. Finally, despite the advances made in fMRI studies, test-retest reliability remain a
concern in longitudinal studies (Herting et al., 2018). It is important to note that there are
numerous factors that can impact test-retest reliability of fMRI BOLD signal, including
scanner device type and acquisition, head motion, task paradigm variation, and data
processing. Choosing tasks with higher reliability estimates is encouraged in the fMRI field,
and, moving forward, researchers are being encouraged to contribute to reference libraries
for fMRI task reliabilities across different age groups (see Herting et al., 2018), however this
remains a limitation in fMRI research.

Differences in imaging and substance use assessment methods across the studies may also
contribute to some variability in the results. For example, some studies ran whole brain
analyses while others focused on region of interest based analyses (as noted in Table 1).
Studies also used a range of cannabis use definitions and measurement methods. Most also
included relatively small sample sizes. While adolescence and young adulthood marks
additional neurodevelopment and vulnerability to substance use and so is highlighted here,
different age groups falling within different levels of neural maturation and neural
integration. Finally, we note that aberrant patterns relate to cannabis misuse to some degree.
Together, consistent patterns in brain networks observed are likely task-related and
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reproducible, given the overlapping results in many findings, but differences in methods are
likely also contributing to some “noise” variability and modest effect sizes.

Notably, there is an under-representation of females in studies of adolescent cannabis users.
Two studies reviewed here included only males (Jager et al., 2010; De Bellis et al., 2013),
while the remaining included participants who were majority male (see Table 1). Moreover,
while there certainly is a gender disparity in this area of research, we also acknowledge that
a more fundamental issue is a general lack of diversity within the field of neuroimaging and
adolescent cannabis research (Falk et al., 2013; Bogdan et al., 2017). Along these same
lines, while all but one study (Chung et al., 2015) controlled for or excluded psychiatric
comorbidities, it is unclear how individuals with internalizing or externalizing
symptomatology may be impacted by ongoing cannabis use. Cannabis studies are known to
recruit non-representative samples of typical users (Rosen, Sodos, Hirst, Vaughn, &
Lorkiewicz, 2018) such as through excluding psychiatric comorbidities or requiring periods
of abstinence. In addition, all studies used in this review controlled for education level,
which does not negate the concern that participants in these studies likely are not wholly
representative of a typical random sample. Much greater effort needs to be made to include
larger and more diverse samples over multiple time points both pre- and post-cannabis
initiation, to aid in generalizability of findings and to better understand the full impact of
cannabis use in youth.

Rich characterization of cannabis products, dose, and consumption methods are also
essential for future study designs. A number of studies reviewed here found dose-dependent
relationships. Age of onset (Tapert et al., 2007; Schweinsburg et al., 2008) duration of
cannabis use (Tapert et al., 2007), recency of last use (Schweinsburg et al., 2005), weekly
(Behan et al., 2014), past month (Tapert et al., 2007), past year (Jager et al., 2010), past
several years (Tervo-Clemmens et al., 2018) and/or cumulative lifetime use (Tapert et al.,
2007; Jager et al., 2010) all have been found to significantly relate to activation patterns,
though not every metric is predictive in every case (e.g., Tapert et al. (2007). Furthermore, as
there are 100+ cannabinoids contained within the cannabis plant (EISohly, Radwan, Gul,
Chandra, & Galal, 2017; Kinghorn, Falk, Gibbons, & Kobayashi, 2017) future research
should aim to look at specific cannabinoid constituents. Therefore, greater understanding of
the relationship between specific patterns of use (e.qg., early substance debut, frequency and
dosing) or the exact products used (e.g., concentrates, oils, THC potency) and observed
neural patterns is needed. More preclinical studies and translational work would also assist
in assessing the role and impact of specific cannabinoid constituents.

The Adolescent Brain and Cognitive Development (ABCD) study has recruited 11,875 9-10-
year old’s nationwide and will follow them through adolescence (for 10 years) (Garavan et
al., 2018). The ABCD study protocol comprehensively assesses brain development,
substance use, and mental and physiological health. Imaging methods were selected,
optimized, and harmonized across all 21 sites to for repeated structural and functional MRI
scans (Hagler et al., 2019). Domains of function measured by ABCD overlap and expand on
those reviewed here, including: decision making and reward processing (monetary incentive
delay); impulsivity and cognitive control (stop signal task); and working memory
(Emotional N-back) (Casey et al., 2018). The ABCD study will be able to address many
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gaps in the current literature, particularly given that participants are almost exclusively
substance naive at baseline. Yet, despite their strengths, large longitudinal observational
studies will not be able to fully address all cannabis-related research questions. More
broadly, there is a continued need to include quasi-experimental study designs that are better
able to assess nuanced questions which cannot be answered through large, observational
designs.

Our review focused on studies of adolescents and young adults <25 years old. There are
other important and well-designed studies that cover additional points in the lifespan,
including some studies which have a mean age closer to 25 years-old (e.g., (L. Nestor,
Roberts, Garavan, & Hester, 2008; L. Nestor et al., 2010; Filbey & Yezhuvath, 2013)).
Understanding patterns of activation in cannabis users across the lifespan is a promising
avenue for diagnosis, prevention, and intervention efforts. While it is widely known that
adolescence is a critical period of brain development (J. N. Giedd et al., 1999; Stiles &
Jernigan, 2010; Jernigan & Brown, 2018) an influx of research in recent years underscores
the importance of better understanding specific developmental changes and patterns that
occur during this time, particularly amongst cannabis users. Research thus far suggests
overall aberrant, often hyperactive, response to task-based stimuli. However, limitations such
as homogeneity, cross-sectional studies, and small sample sizes preclude firm conclusions
from being drawn.

Acknowledgements:

This work was supported by National Institute on Alcohol Abuse and Alcoholism (T32 AA13525), National
Institute on Drug Abuse (U01 DA041089; R21 DA047953) and the California Tobacco-Related Disease Research
Grants Program Office of the University of California (Grant 580264).

References

Acheson A, Ray KL, Hines CS, Li K, Dawes MA, Mathias CW, ... Laird AR (2015). Functional
Activation and Effective Connectivity Differences in Adolescent Marijuana Users Performing a
Simulated Gambling Task. Journal of Addiction, 2015, 11. doi:10.1155/2015/783106

Aloi J, Meffert H, White SF, Blair KS, Hwang S, Tyler PM, ... Blair RJR (2019). Differential
dysfunctions related to alcohol and cannabis use disorder symptoms in reward and error-processing
neuro-circuitries in adolescents. Developmental cognitive neuroscience, 36, 100618—-100618.
doi:10.1016/j.dcn.2019.100618 [PubMed: 30710868]

Aron AR (2011). From reactive to proactive and selective control: developing a richer model for
stopping inappropriate responses. Biological psychiatry, 69(12), e55-e68. doi:10.1016/
j.biopsych.2010.07.024 [PubMed: 20932513]

Balodis IM, & Potenza MN (2015). Anticipatory reward processing in addicted populations: a focus on
the monetary incentive delay task. Biological psychiatry, 77(5), 434-444. doi:10.1016/
j.biopsych.2014.08.020 [PubMed: 25481621]

Barnett K, Mercer SW, Norbury M, Watt G, Wyke S, & Guthrie B (2012). Epidemiology of
multimorbidity and implications for health care, research, and medical education: a cross-sectional
study. The Lancet, 380(9836), 37—43. doi:10.1016/S0140-6736(12)60240-2

Behan B, Connolly CG, Datwani S, Doucet M, Ivanovic J, Morioka R, ... Garavan H (2014). Response
inhibition and elevated parietal-cerebellar correlations in chronic adolescent cannabis users.
Neuropharmacology, 84, 131-137. doi:10.1016/j.neuropharm.2013.05.027 [PubMed: 23791961]

Bogdan R, Salmeron BJ, Carey CE, Agrawal A, Calhoun VD, Garavan H, ... Goldman D (2017).
Imaging Genetics and Genomics in Psychiatry: A Critical Review of Progress and Potential.
Biological psychiatry, 82(3), 165-175. doi:10.1016/j.biopsych.2016.12.030 [PubMed: 28283186]

J Pedliatr Neuropsychol. Author manuscript; available in PMC 2021 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Coronado et al.

Page 13

Brown SA, Tapert SF, Granholm E, & Delis DC (2000). Neurocognitive Functioning of Adolescents:
Effects of Protracted Alcohol Use. Alcoholism: Clinical and Experimental Research, 24(2), 164—
171. doi:10.1111/j.1530-0277.2000.tb04586.x

Buchbinder BR (2016). Chapter 4 - Functional magnetic resonance imaging In Masdeu JC & Gonzélez
RG (Eds.), Handbook of Clinical Neurology (Vol. 135, pp. 61-92): Elsevier. [PubMed: 27432660]

Casey BJ, Cannonier T, Conley MI, Cohen AO, Barch DM, Heitzeg MM, ... Dale AM (2018). The
Adolescent Brain Cognitive Development (ABCD) study: Imaging acquisition across 21 sites.
Developmental cognitive neuroscience, 32, 43-54. doi:10.1016/j.dcn.2018.03.001 [PubMed:
29567376]

Chung T, Paulsen DJ, Geier CF, Luna B, & Clark DB (2015). Regional brain activation supporting
cognitive control in the context of reward is associated with treated adolescents' marijuana problem
severity at follow-up: A preliminary study. Developmental cognitive neuroscience, 16, 93-100.
doi:10.1016/j.dcn.2015.05.004 [PubMed: 26026506]

Claus ED, Feldstein Ewing SW, Magnan RE, Montanaro E, Hutchison KE, & Bryan AD (2018).
Neural mechanisms of risky decision making in adolescents reporting frequent alcohol and/or
marijuana use. Brain imaging and behavior, 12(2), 564-576. d0i:10.1007/s11682-017-9723-x
[PubMed: 28429160]

Cousijn J, Wiers RW, Ridderinkhof KR, van den Brink W, Veltman DJ, & Goudriaan AE (2014).
Effect of baseline cannabis use and working-memory network function on changes in cannabis use
in heavy cannabis users: A prospective fMRI study. Human Brain Mapping, 35(5), 2470-2482.
d0i:10.1002/hbm.22342 [PubMed: 24038570]

Cousijn J, Wiers RW, Ridderinkhof KR, van den Brink W, Veltman DJ, Porrino LJ, & Goudriaan AE
(2013). Individual differences in decision making and reward processing predict changes in
cannabis use: a prospective functional magnetic resonance imaging study. Addiction Biology,
18(6), 1013-1023. doi:10.1111/j.1369-1600.2012.00498.x [PubMed: 22994937]

De Bellis MD, Wang L, Bergman SR, Yaxley RH, Hooper SR, & Huettel SA (2013). Neural
mechanisms of risky decision-making and reward response in adolescent onset cannabis use
disorder. Drug and alcohol dependence, 133(1), 134-145. doi:10.1016/j.drugalcdep.2013.05.020
[PubMed: 23773952]

ElSohly MA, Radwan MM, Gul W, Chandra S, & Galal A (2017). Phytochemistry of Cannabis sativa
L In Kinghorn AD, Falk H, Gibbons S, & Kobayashi J. i. (Eds.), Phytocannabinoids: Unraveling
the Complex Chemistry and Pharmacology of Cannabis sativa (pp. 1-36). Cham: Springer
International Publishing.

Falk EB, Hyde LW, Mitchell C, Faul J, Gonzalez R, Heitzeg MM, ... Schulenberg J (2013). What is a
representative brain? Neuroscience meets population science. Proceedings of the National
Academy of Sciences of the United States of America, 110(44), 17615-17622. d0i:10.1073/
pnas.1310134110 [PubMed: 24151336]

Filbey F., & Yezhuvath (2013). Functional connectivity in inhibitory control networks and severity of
cannabis use disorder. The American journal of drug and alcohol abuse, 39(6), 382-391.
doi:10.3109/00952990.2013.841710 [PubMed: 24200208]

Garavan H, Bartsch H., Conway K, Decastro A, Goldstein RZ, Heeringa S, ... Zahs D (2018).
Recruiting the ABCD sample: Design considerations and procedures. Developmental cognitive
neuroscience, 32, 16-22. doi:10.1016/j.dcn.2018.04.004 [PubMed: 29703560]

Giancola PR, & Mezzich AC (2003). Executive functioning, temperament, and drug use involvement
in adolescent females with a substance use disorder. Journal of Child Psychology and Psychiatry,
44(6), 857-866. doi:10.1111/1469-7610.00170 [PubMed: 12959494]

Giancola PR, & Moss HB (1998). Executive Cognitive Functioning in Alcohol Use Disorders In
Recent Developments in Alcoholism: The Consequences of Alcoholism Medical Neuropsychiatric
Economic Cross-Cultural (pp. 227-251). Boston, MA: Springer US.

Giedd J (2015). The Amazing Teen Brain. Scientific American, 312, 32-37. doi:10.1038/
scientificamerican0615-32

Giedd JN, Blumenthal J, Jeffries NO, Castellanos FX, Liu H, Zijdenbos A, ... Rapoport JL (1999).
Brain development during childhood and adolescence: a longitudinal MRI study. Nature
Neuroscience, 2(10), 861-863. doi:10.1038/13158 [PubMed: 10491603]

J Pedliatr Neuropsychol. Author manuscript; available in PMC 2021 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Coronado et al.

Page 14

Gonzalez R, Pacheco-Col6n I, Duperrouzel JC, & Hawes SW (2017). Does Cannabis Use Cause
Declines in Neuropsychological Functioning? A Review of Longitudinal Studies. Journal of the
International Neuropsychological Society, 23(9-10), 893-902. d0i:10.1017/S1355617717000789
[PubMed: 29198276]

Griffith-Lendering MFH, Huijbregts SCJ, Mooijaart A, Vollebergh WAM, & Swaab H (2011).
Cannabis use and development of externalizing and internalizing behaviour problems in early
adolescence: A TRAILS study. Drug and alcohol dependence, 116(1), 11-17. doi:10.1016/
j.drugalcdep.2010.11.024 [PubMed: 21208753]

Groman SM, James AS, & Jentsch JD (2009). Poor response inhibition: At the nexus between
substance abuse and attention deficit/hyperactivity disorder. Neuroscience & Biobehavioral
Reviews, 33(5), 690-698. doi:10.1016/j.neubiorev.2008.08.008 [PubMed: 18789354]

Hagler DJ, Hatton S, Cornejo MD, Makowski C, Fair DA, Dick AS, ... Dale AM (2019). Image
processing and analysis methods for the Adolescent Brain Cognitive Development Study.
Neurolmage, 202, 116091. doi:10.1016/j.neuroimage.2019.116091 [PubMed: 31415884]

Herting MM, Gautam P, Chen Z, Mezher A, & Vetter NC (2018). Test-retest reliability of longitudinal
task-based fMRI: Implications for developmental studies. Developmental cognitive neuroscience,
33, 17-26. doi:10.1016/j.dcn.2017.07.001 [PubMed: 29158072]

Hillard CJ (2015). Chapter One - The Endocannabinoid Signaling System in the CNS: A Primer In
Parsons L & Hill M (Eds.), International Review of Neurobiology (Vol. 125, pp. 1-47): Academic
Press. [PubMed: 26638763]

Jacobsen LK, Mencl WE, Westerveld M, & Pugh KR (2004). Impact of Cannabis Use on Brain
Function in Adolescents. Annals of the New York Academy of Sciences, 1021(1), 384-390.
doi:10.1196/annals.1308.053 [PubMed: 15251914]

Jacobus J, & Tapert SF (2014). Effects of cannabis on the adolescent brain. Current pharmaceutical
design, 20(13), 2186-2193. d0i:10.2174/13816128113199990426 [PubMed: 23829363]

Jager G, Block RI, Luijten M., & Ramsey NF (2010). Cannabis use and memory brain function in
adolescent boys: a cross-sectional multicenter functional magnetic resonance imaging study.
Journal of the American Academy of Child and Adolescent Psychiatry, 49(6), 561-572.e5723.
doi:10.1016/j.jaac.2010.02.001 [PubMed: 20494266]

Jernigan TL, & Brown SA (2018). Introduction. Developmental cognitive neuroscience, 32, 1-3.
doi:10.1016/j.dcn.2018.02.002 [PubMed: 29496476]

Johnston LD, Miech RA, O'Malley PM, Bachman JG, Schulenberg JE, & Patrick JE (2019).
Monitoring the Future national survey results on drug use, 1975-2018: Overview, key findings on
adolescent drug use. Retrieved from Ann Arbor:

Keyes KM, Rutherford C, & Miech R (2019). Historical trends in the grade of onset and sequence of
cigarette, alcohol, and marijuana use among adolescents from 1976-2016: Implications for
“Gateway” patterns in adolescence. Drug and alcohol dependence, 194, 51-58. doi:10.1016/
j.drugalcdep.2018.09.015 [PubMed: 30399500]

Kim-Spoon J, Kahn RE, Lauharatanahirun N, Deater-Deckard K, Bickel WK, Chiu PH, & King-Casas
(2017). Executive functioning and substance use in adolescence: Neurobiological and behavioral
perspectives. Neuropsychologia, 100, 79-92. doi:10.1016/j.neuropsychologia.2017.04.020
[PubMed: 28416327]

Kinghorn A, Falk H, Gibbons S, & Kobayashi J. i. (2017). Phytocannabinoids: Unraveling the
Complex Chemistry and Pharmacology of Cannabis sativa (Vol. 103).

Koffarnus MN, & Kaplan BA (2018). Clinical models of decision making in addiction. Pharmacology,
biochemistry, and behavior, 164, 71-83. doi:10.1016/j.pbb.2017.08.010

Koob GF, & Volkow ND (2016). Neurobiology of addiction: a neurocircuitry analysis. The lancet.
Psychiatry, 3(8), 760-773. doi:10.1016/S2215-0366(16)00104-8 [PubMed: 27475769]

Lejuez CW, Read JP, Kahler CW, Richards JB, Ramsey SE, Stuart GL, ... Brown RA (2002).
Evaluation of a behavioral measure of risk taking: The Balloon Analogue Risk Task (BART).
Journal of Experimental Psychology: Applied, 8(2), 75-84. doi:10.1037/1076-898X.8.2.75
[PubMed: 12075692]

J Pedliatr Neuropsychol. Author manuscript; available in PMC 2021 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Coronado et al.

Page 15

Loeber R, Clark DB, Ahonen L, FitzGerald D, Trucco EM, & Zucker RA (2018). A brief validated
screen to identify boys and girls at risk for early marijuana use. Developmental cognitive
neuroscience, 32, 23-29. doi:10.1016/j.dcn.2018.03.011 [PubMed: 29655614]

Luna B., & Sweeny JA (2004). The Emergence of Collaborative Brain Function: fMRI Studies of the
Development of Response Inhibition. Annals of the New York Academy of Sciences, 1021(1),
296-309. doi:10.1196/annals.1308.035 [PubMed: 15251900]

McDonald AJ, Roerecke M., & Mann RE (2019). Adolescent cannabis use and risk of mental health
problems—the need for newer data. Addiction, 114(10), 1889-1890. doi:10.1111/add.14724
[PubMed: 31256420]

Meyer HC, Lee FS, & Gee DG (2018). The Role of the Endocannabinoid System and Genetic
Variation in Adolescent Brain Development. Neuropsychopharmacology : official publication of
the American College of Neuropsychopharmacology, 43(1), 21-33. doi:10.1038/npp.2017.143
[PubMed: 28685756]

Miller ML, Chadwick B, Dickstein DL, Purushothaman I, Egervari G, Rahman T, ... Hurd YL (2019).
Adolescent exposure to A9-tetrahydrocannabinol alters the transcriptional trajectory and dendritic
architecture of prefrontal pyramidal neurons. Molecular Psychiatry, 24(4), 588-600. doi:10.1038/
$41380-018-0243-x [PubMed: 30283037]

Castellanos-Ryan Natalie, Ph.D., Strove Maren, Ph.D., Whelan Robert, Ph.D., Banaschewski Tobias,
M.D., Ph.D., Barker Gareth J., Ph.D., Bokde Arun L.W., Ph.D., ... Conrad Patricia J., Ph.D.
(2014). Neural and Cognitive Correlates of the Common and Specific Variance Across
Externalizing Problems in Young Adolescence. American Journal of Psychiatry, 171(12), 1310—
1319. doi:10.1176/appi.ajp.2014.13111499

Nestor L, Hester R, & Garavan H (2010). Increased ventral striatal BOLD activity during non-drug
reward anticipation in cannabis users. Neurolmage, 49(1), 1133-1143. doi:10.1016/
j.neuroimage.2009.07.022 [PubMed: 19631753]

Nestor L, Roberts G, Garavan H, & Hester R (2008). Deficits in learning and memory:
Parahippocampal hyperactivity and frontocortical hypoactivity in cannabis users. Neurolmage,
40(3), 1328-1339. doi:10.1016/j.neuroimage.2007.12.059 [PubMed: 18296071]

Nestor LJ, Behan B., Suckling J, & Garavan H (2019). Cannabis-dependent adolescents show
differences in global reward-associated network topology: A functional connectomics approach.
Addiction Biology, 0(0), e 12752. doi:10.1111/adb.12752

Padula CB, Schweinsburg AD, & Tapert SF (2007). Spatial working memory performance and fMRI
activation interaction in abstinent adolescent marijuana users. Psychology of addictive behaviors :
journal of the Society of Psychologists in Addictive Behaviors, 21(4), 478-487.
d0i:10.1037/0893-164X.21.4.478 [PubMed: 18072830]

Rabinovici GD, Stephens ML, & Possin KL (2015). Executive dysfunction. Continuum (Minneapolis,
Minn.), 21(3 Behavioral Neurology and Neuropsychiatry), 646—659.
d0i:10.1212/01.CON.0000466658.05156.54

Robbins TW (1998). Dissociating executive functions of the prefrontal cortex In The prefrontal cortex:
Executive and cognitive functions, (pp. 117-130). New York, NY, US: Oxford University Press.

Rosen AS, Sodos LM, Hirst RB, Vaughn D, & Lorkiewicz SA (2018). Cream of the Crop: Clinical
Representativeness of Eligible and Ineligible Cannabis Users in Research. Substance Use &
Misuse, 53(12), 1937-1950. doi:10.1080/10826084.2018.1441312 [PubMed: 29509060]

Scalco MD, Colder CR, Hawk LW, Read JP, Wieczorek WF, & Lengua LJ (2014). Internalizing and
externalizing problem behavior and early adolescent substance use: a test of a latent variable
interaction and conditional indirect effects. Psychology of addictive behaviors : journal of the
Society of Psychologists in Addictive Behaviors, 28(3), 828-840. doi:10.1037/a0035805
[PubMed: 25134030]

Schneider M (2008). Puberty as a highly vulnerable developmental period for the consequences of
cannabis exposure. Addiction Biology, 13(2), 253-263. doi:10.1111/j.1369-1600.2008.00110.x
[PubMed: 18482434]

Schweinsburg AD, Nagel BJ, Schweinsburg BC, Park A, Theilmann RJ, & Tapert SF (2008).
Abstinent adolescent marijuana users show altered fMRI response during spatial working memory.
Psychiatry research, 163(1), 40-51. doi:10.1016/j.pscychresns.2007.04.018 [PubMed: 18356027]

J Pedliatr Neuropsychol. Author manuscript; available in PMC 2021 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Coronado et al.

Page 16

Schweinsburg AD, Schweinsburg BC, Cheung EH, Brown GG, Brown SA, & Tapert SF (2005). fMRI
response to spatial working memory in adolescents with comorbid marijuana and alcohol use
disorders. Drug and alcohol dependence, 79(2), 201-210. doi:10.1016/j.drugalcdep.2005.01.009
[PubMed: 16002029]

Scott JC, Slomiak ST, Jones JD, Rosen AFG, Moore TM, & Gur RC (2018). Association of Cannabis
With Cognitive Functioning in Adolescents and Young Adults: A Systematic Review and Meta-
analysis. JAMA Psychiatry, 75(6), 585-595. doi:10.1001/jamapsychiatry.2018.0335 [PubMed:
29710074]

Silverman MH, Jedd K, & Luciana M (2015). Neural networks involved in adolescent reward
processing: An activation likelihood estimation meta-analysis of functional neuroimaging studies.
Neurolmage, 122, 427-439. doi:10.1016/j.neuroimage.2015.07.083 [PubMed: 26254587]

Sim-Selley LJ (2003). Regulation of Cannabinoid CB1 Receptors in the Central Nervous System by
Chronic Cannabinoids. Critical Reviews in Neurobiology, 15(2), 91-119. doi:10.1615/
CritRevNeurobiol.v15.i2.10 [PubMed: 14977366]

Smith AM, Zunini RAL, Anderson CD, Longo CA, Cameron I, Hogan MJ, & Fried PA (2011). Impact
of marijuana on response inhibition: an fMRI study in young adults. Journal of Behavioral and
Brain Science, 1(03), 124.

Stanger C, & Budney AJ (2010). Contingency management approaches for adolescent substance use
disorders. Child and adolescent psychiatric clinics of North America, 19(3), 547-562. doi:10.1016/
j.chc.2010.03.007 [PubMed: 20682220]

Stiles J, & Jernigan TL (2010). The basics of brain development. Neuropsychology review, 20(4), 327—
348. doi:10.1007/s11065-010-9148-4 [PubMed: 21042938]

Stuss DT, & Alexander MP (2000). Executive functions and the frontal lobes: a conceptual view.
Psychological Research, 63(3), 289-298. doi:10.1007/s004269900007 [PubMed: 11004882]

Sussman S, & Arnett JJ (2014). Emerging Adulthood:Developmental Period Facilitative of the
Addictions. Evaluation & the Health Professions, 37(2), 147-155.
doi:10.1177/0163278714521812 [PubMed: 24492245]

Tapert SF, Schweinsburg AD, Drummond SPA, Paulus MP, Brown SA, Yang TT, & Frank LR (2007).
Functional MRI of inhibitory processing in abstinent adolescent marijuana users.
Psychopharmacology, 194(2), 173-183. doi:10.1007/s00213-007-0823-y [PubMed: 17558500]

Tervo-Clemmens B, Simmonds D, Calabro FJ, Montez DF, Lekht JA, Day NL, ... Luna B (2018).
Early Cannabis Use and Neurocognitive Risk: A Prospective Functional Neuroimaging Study.
Biological psychiatry. Cognitive neuroscience and neuroimaging, 3(8), 713-725. doi:10.1016/
j.bpsc.2018.05.004 [PubMed: 30033100]

Uddin LQ, Supekar K, & Menon V (2010). Typical and atypical development of functional human
brain networks: insights from resting-state FMRI. Frontiers in systems neuroscience, 4, 21-21.
doi:10.3389/fnsys.2010.00021 [PubMed: 20577585]

Volkow ND, Swanson JM, Evins AE, DeLisi LE, Meier MH, Gonzalez R, ... Baler R (2016). Effects
of Cannabis Use on Human Behavior, Including Cognition, Motivation, and Psychosis: A Review.
JAMA Psychiatry, 73(3), 292-297. doi:10.1001/jamapsychiatry.2015.3278 [PubMed: 26842658]

Wilson J, Freeman TP, & Mackie CJ (2019). Effects of increasing cannabis potency on adolescent
health. The Lancet Child & Adolescent Health, 3(2), 121-128. doi:10.1016/
S2352-4642(18)30342-0 [PubMed: 30573419]

Woltering S, Lishak V, Hodgson N, Granic |, & Zelazo PD (2016). Executive function in children with
externalizing and comorbid internalizing behavior problems. Journal of Child Psychology and
Psychiatry, 57(1), 30-38. d0i:10.1111/jcpp.12428 [PubMed: 25981677]

J Pedliatr Neuropsychol. Author manuscript; available in PMC 2021 March 01.



Page 17

Coronado et al.

suoIe[a110d (abesone) [[e7i %)
pasealaul suoifial Jej[agaisd sIno a1 09-0N/0 suof 4T ‘INLT :NOD ) anubo) (¥102)
pue jelaried ‘sjoiuod<nd HNoY ve< + 10UM 9-ON/0D swna| MWM_? AT 'IN9T :ND 8Tl pue ‘[e 18 Ueyag
:uonipuoy 09-0N o uoniqiyul
snJAB [ejuouy
a|ppiw ybry ‘sjonuod>nNd Msel Alowsi (abeiane) . . A .
: JoWwd e
a|nqo [exaLied sAep gz + 3J0YM Bunjiop saposida u_m_v_\,__\m,_ﬁﬁﬁzmw 8T-9T Buy o>_\v_, " m_snmwﬁ_u%%wu,_m

Jonadns by ‘sjonuod<nd lenreds awnayl| 08y : : : :

:90UB|1BIA-SNUIW-INMS
uoljeArIoeap aje|nbuld JoLsue
‘1IAB ejuouy Jorladns pue ajppiw
[es8le|lq ‘dNv< ANV+dN2
uoneAnaesp snIAB [ejodwsl
Jopsdns Ya| ‘anvy> ANv+AND
uolrennoe LIAB feuibreweldns
pue [eJodwsa) a|ppiw
1ybu1 pue ‘snaundaid Ya ensul
pue ‘wnsne|o ‘sniAb |eluoly
Jouggur wybu ‘anv> anv+ano . .
yse] Alows 48 'INTT :NOD .
uoneAnoeap ayenbuid _ saposida A . ) Kows (5002) ‘e
J0LI9)Ue pUe X300 [BIUOIY [RIPaW shep 2= + aloum mcw__ﬁms + awnayl| 00T o AT WO -any | 21051 Buspiopy | 19 Bungsutemyos
Jesare|1q ‘snIAB [ejuoly Jouajul [eneds 4T WOt :dnv+ana
Ya| 'sjoauod<anNy+dnd
uolreAnoe LIAB [ejuoly
a|ppIW pue [euoJy Jopsadns
W6 Isjonuod<anv+and
uolrennoe LIAB feuibreweidns
pue [ejodwsy Joladns
1611 ‘snIAB |eu0.y JoLIBUL
Wb 'sjonuod>any+and
1159Y-SnuIW- NS
$aqo|
. yse] Alows (ebeiane) . .

[eyeried 13y pue 1Bl ‘eljBueb skep gz + BUDIOM saposida 48 'WZTINOD | oror Kiowsy ~(2002)
[eseq bl 'sjopuod<nd [eneds awneyl| 221 4E 'APT :ND Buriiom |e 13 e|nped
:3ouelIBIA-SNUIW-INANS 3JouMm ’ o

0V '04d71Aa/00d Y3l .
» . : sel saposida Y2 :NOD Kiowan (0102)
94l ¥3| "0dS Y3l -s|0u0d<ND sinoy v + _ h . 6T-€T .
358 -|0U0D-SNUIW-YSE -JSAON og INM [eqIaA awn_yI| 002< {WEZ N2 Buniop [e 10 Jafep
N%0¥ ‘NOD
uoneAnoe jedwedoddiy syluow 3oeq ke . ; Aows (¥002)
: . N o R P 09¥T-2 -IN%G/ :00%eqoL | LT-9T .
NODJ<N :uonpuo) xeg-g v¢-ST 104 N Alonpny IN%SZ :ND Buriiom [e 18 ussqooer
S3IPNIS [BUOIID8S-SS01D
eLaID
poLiad sasAleuy S abuey urewoq (1eap)
sHnsey Arewid 20UBUNSAY Pej9a1100 ureig SeL | and m_nmmmmw o3 aby annubod Joyiny
S19SN Siqeuur) Uadsa|opY/ Ul SaIpms [HINJ paseg-Xsel
‘T 9lqeL

Author Manuscript

Author Manuscript

Author Manuscript Author Manuscript

J Pedliatr Neuropsychol. Author manuscript; available in PMC 2021 March 01.



Page 18

Coronado et al.

snIAB asuodsay
ledodwia} Joriadns 3] pue ‘ensul sjutof 46T ‘IN9Z :NOD ) plemay (z102)
WBL 240 U ‘S|oAU0D<ND sihoyve * SIoUM 191 awnayl| T19T 1wtz N0 | 8T | m bupen ‘[e30 ulisnod
1$S07T-SNUIW-UIAA uois198Qg
30eqpasy Burnp o4dwp
JOOV pue uaweind ul uoleAnoe
pasealdsr=a109s 11dND| y 260 asuodsay ﬁ v
‘S[elL Juswysiung pauodsy 4€T ‘6T :NOD ; piemay 6102
ayenageu| Uo oeqpas 10N + 30YM ain + mer%%._w_%xw :49€ ‘INEL :ND 8T-v1 7 Bunje|n ‘e 19 10
uswend ul UoIeAI}de uois1oeQg
pasesI281=2103s 11AND|
'S|eli] 8¥elnddeu| UO 3oegpas
3AI98p pue
‘wniisne|d ‘ejnsul ‘sniAB [ejuouy
a|ppiw ‘ayeinbuid Jouisisod
. asuodsaoy
pue JOLIBUE ‘S|0JU0D<ND ysel . .
5 Y9am 4€ 'NTT :NOD plemay (s102)
:|0AU0D-SNUIW-SSO sino ssoT/ul, e " - .
1O nsneps Hve 104 it 1o sad sasn 29 ewttnd | VST [ m buen [€ 18 U0SALIY
pue ‘ajepned ‘LA [ejuo.y JoLiaul uoIsiad
pue 3|ppIW ‘s|oU0D<ND
:]01U0D-SNUIW-Plemay
S321109 [e181ied pue ‘Jejnsul
‘leyuodgaad ybu ‘sjonuod<nd
”mﬁw___mmmm_%::_E-oo AR g _obmoo ( v
1end1220 1yb pue ‘sajnqo| Msel saposida 45 ‘INZT :NOD ) anubo) 1002
shep 82 * SA0UM 0B-0N/0D awnayl| 092 Sy ‘Wer:no | 8V pue ‘le 10 uadel
uoniqiyul
leJare|osiop ybu ‘sjosuoDd<ND
‘auljaseg-snuIW-09-0N
9q0] |e1elied JoLajul [eJale]Iq
‘snwrefey} E\mﬂ_wmano%: w_gﬂc%oe 01105
'snIAB JeuiBrewrldns pue [ o SAIIUGO ( )
snJAB [enBui| ‘LIAB [ejuoly JoLasul sinoy z-T + 3J0YM : ISEL swtol 45 N6 :NOD 12-6T Hubod . T10¢
DUE [€1GI0 ‘aIppILL ‘Io1iadns 09-0N/0D awnall £692 ‘47 ‘N9 :ND o _9% [e 18 ynws
‘snuAB [enuadaid ‘sjonuod<nd maru
:09-SNUIW-09-0N
Snwiefey) pue wnyeLls
B|NSul ‘S|0AU0D>I|V+ND .
;sesuo Bupfey uoisioag Axsiy puow ysed aup 4T .Eom 'NOD ¢>__:umow (8102)
snuiefeyy sinoy ¥¢ + 104 ldvd U1 asn Aep 12 . ..H_SH ._>_m 0V 8T-¥T - pue ‘e 13 sMe|D
|eJa¥e|1q pue WnJeLs [eJjusA Ul ATT 'N8Z:OTV+ND omaIyul
asuodsaur ‘asn Juanbaly 9|+ND) R
11Se1U0D XSIY Jeaul]
S3IPNIS [BUOIII8S-5504D
elIgID
poLiad sasAleuy s abuey urewoq (1ean)
synsay Alewiad 20UBUNSqY pa128440D urelg dsel | and m_nmmmmw X3S aby aAMUBOD Jouny

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

J Pedliatr Neuropsychol. Author manuscript; available in PMC 2021 March 01.



Page 19

Coronado et al.

uolreAnoe dn-mojjo4<auljaseg
Je1anred Joud1sod ‘s18SNUON<ND
:dn-mojjo4 1 INMS . 4
[endi sse] Alowaln 195U0 € ‘IN6Z .
) ) pauoday Aep . Kiows (8102) 'le 19
JeJare] ‘snaundald ‘siasnUON>ND + 104 Bunjion . -3s0d pue ‘NOD ST-21
‘eale Jojowl 10N [enedsonsiAn Jad syurol 820 -a1d ‘sieak € 40T Buntiom | suawiwa)d onsal
Areyuswsa|ddnsaid ‘[ejuouy ajppiw ‘INZT :ND
‘[ea1ied JOLIBJUI ‘SIBSNUON<ND
:auljaseqd 1e INMS
dn-mojjoy 1e sdnoub siqeuurd 45T 'NOzZ
3} UIUMM 3SN SIgeuued pasessou| s .
Jutof awnay| NOD Kiowsy (¥702)
| = Xa109 [e1aLied JoLajul sinoy y¢ + 3]0y Noeg-N . yuuow-9 GZ-8T .
pue ‘xa1109 ajejnbuioeled ‘xa1100 56191 . .n_: Bupyiom [e32 ulisnod
Jojowaud ‘Q4d ‘ajod [eiuoly | NTZ :ND
sa1pms [eutpnyibuoT]
elaID yibua
poLiad sasAeuy abuey urewoq (ae8A)
s nsay Alewiad 30UBUNSqY pa1daLI0) urelg sel | and w_nmmmmw .Eo_mm PEN aby aAmIUB0D 10Ny
(AI-sQ)
suoifal uo paseq . . wmcmm,wwm ( )
pJemal ssoloe AJIAID8UU0D sinoy yz> + yog ain + sisoufelp 4T WLT NOD 6T-9T m:_ © o 218 _wwwm
Jaealb ‘sjouod<ND aouspuadap AT WLT:ND ® DUDEN €15 JOISIN
sigeuue) uoIsiad
paxouws sjulol sigqeuued
awil-ejl] payodal Jo JequinN | =
Annnoe @109 usweind by |
oy end fenuan swiof 48 ‘NTT :NOD mmmﬂwm (0102)
pue usweind ybu mu_Mw%oh@o sinoy #0S-¢T + 3]0UM ain awinayl| 00S< Sz Wzt ino | veTe 79 Bunely e 19 J0159N
550}, Bunp uswend uoIsd
lenuaA ybu sjonuod<nd
:$an) 8507,
snaundaid
b1 pue Ya| ‘xa109 [endiodo
[esare] Ya| ‘a|nqoy |ereLed
Jouiadns yaj ‘ABojoyredoyoAsd
UM sjonuod<and . Msel : ® _>_wQH “zmw asuodsay A v
:UONIPUOD YSIY [eJolneyag _ JurensuN sjuiof asn ‘INEZ :ABojoyredoyohs ] premay €102
3|nqo| |eyarred SpEmy < + tod plemay + Aploam TS /M $]0JU0D LT-€T 7 BueiN NERENIIEElel
Jouadns Yaj ‘sjouod<AND -uois198q ‘INST :ND uois1oag
-:uonipuod sty [eloineysg
uoljeAr}oR
240 ¥9| ‘sjosuod<adnd
:UONIPUOD plemay ON
S3IPNIS [BUOIII8S-5504D
elIgID
poLiad sasAleuy s abuey urewoq (1ean)
synsay Alewiad 20UBUNSqY pa31984400 urelg sel | and m_gmmmmw x9S aby aAnIUB0D 0Ny

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

J Pedliatr Neuropsychol. Author manuscript; available in PMC 2021 March 01.



Page 20

Coronado et al.

S80UalayIp JUedIUBIS AJJeansieIs apnjoul AJuo synsai Alewild ;810N

Aowaw Buppiom eireds=AMS Xal0) [elalled Joiadns=2ds

‘15831U1 J0 UOIBaI=]OY ‘X3L0J [elu0iyald [laIe|0SIop pue [enua2a1d=04dT1A/0Dd X810 [eI01J0NqI0=D-0 ‘afew=|\ ‘SNIAB [eluol) JoLIajuI=0 ] ‘a[ewa-4=- ‘19pJosIp asn siqeuurd Jo souspuadap
siqeuued 1o} eLIaid 19aw syuedioned Buisn siqeuued = + @D ‘49sh siqeuurd=nD ‘suostiedwod ajdinjnw 1oy pa1oaLIod Buiag sasAjeue 0} SI8yal +=pajdaliod {[013U0d Ayieay=NOD ‘Uioq Jo ‘(J0d)
184311 J0 suoifial ‘urelg-aoym papnjoul SaIPNIS JaYIayM 0} S1ajal sasAjeuy urelg uapuadap-[ans|-uabAxo-poojg=a1049 ‘1aplosig asn [0YodY=aNV ‘48sh [0Yod[e=TV ‘X102 a1e|nfuid Jousiue=J0v

dn-moj|oy

yiuow-9 1e swoldwAs Alisnss
wajqo.d sigeuued 4 = uaweind
pue pjay aks Arejuswsa)ddns
‘D4d [eJale|0uUaA Y3|
‘susquindge snajonu ‘ejepbAwe|

synsay Alewid

sinoy g

poLiad
80UBUNSAY

P3139440D

Ylog

sasAleuy
urelg

apeoessnuY

ssel

and

wodwAs
Japlosip

asn siqeuued
AI-NSd
awnayl| 1<

eLIBIID
dnoio
sigeuue)

Jeak
-T Yuow
-9 auljeseg

4v ‘NOT

X85

8T-vT

abuey
by

]oJu0D
anubon

pue
uoniqiyul

(sT02)
‘e 18 Bunyd

S31PN1S |BUOIII8S-SS04D)

urewoq
annubon

(1eap)
Joyiny

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

J Pedliatr Neuropsychol. Author manuscript; available in PMC 2021 March 01.



	Abstract
	Introduction
	Working Memory
	Inhibition and Cognitive Control
	Decision-Making
	Discussion
	References
	Table 1.

