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Cannabis Use in Adolescence: A Review of Neuroimaging Findings

Yann Chye , Erynn Christensen, and Murat Y€ucel

Brain Mind and Society Research Hub, Turner Institute for Brain and Mental Health, School of Psychological Sciences, Monash
University, Melbourne, Australia

ABSTRACT
Objective: Shifting policies and widespread acceptance of cannabis for medical and/or rec-
reational purposes have fueled worries of increased cannabis initiation and use in adoles-
cents. In particular, the adolescent period is thought to be associated with an increased
susceptibility to the potential harms of repeated cannabis use, due to being a critical period
for neuromaturational events in the brain. This review investigates the neuroimaging evi-
dence of brain harms attributable to adolescent cannabis use. Methods: PubMed and
Scopus searches were conducted for empirical articles that examined neuroimaging effects
in both adolescent cannabis users and adult user studies that explored the effect of age at
cannabis use onset on the brain. Results: We found 43 studies that examined brain effect
(structural and functional magnetic resonance imaging) in adolescent cannabis users and 20
that examined the link between onset age of cannabis use and brain effects in adult users.
Studies on adolescent cannabis users relative to nonusers mainly implicate frontal and par-
ietal regions and associated brain activation in relation to inhibitory control, reward, and
memory. However, studies in adults are more mixed, many of which did not observe an
effect of onset age of cannabis use on brain imaging metrics. Conclusions: While there is
some evidence of compromised frontoparietal structure and function in adolescent cannabis
use, it remains unclear whether the observed effects are specifically attributable to adoles-
cent onset of use or general cannabis use–related factors such as depressive symptoms. The
relative contribution of adolescent onset of cannabis use and use chronicity will have to be
more comprehensively examined in prospective, longitudinal studies with more rigorous
measures of cannabis use (dosage, exposure, dependence, constituent compounds such as
the relative cannabinoid levels).
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Introduction

Cannabis is not only a widely used substance of abuse
worldwide, it remains the second most preferred sub-
stance of initiation in adolescents behind alcohol, with
over a third of final year high school students in
America having reported using cannabis (Johnston
et al., 2019). Past-year prevalence of cannabis use has
also been found to be significantly higher in 15- to
16-year-olds relative to the general population world-
wide (United Nations Office on Drugs and Crime,
2018). Further, recently shifting attitude toward can-
nabis alongside a global move toward legalization of
cannabis for medical and/or recreational purposes
prompts worries of increasing adolescent cannabis use
(Hopfer, 2014). Despite the increasingly recognized
therapeutic benefit of cannabinoid compounds for a
range of neurological conditions and mental health
needs (Chye, Christensen, Solowij, & Y€ucel, 2019;

Hurd, 2017; Lattanzi, Brigo, Trinka, Zaccara, &
Cagnetti, 2018), the potential psychosocial and brain
harms that accompany adolescent cannabis use remain
a public health concern.

The adolescent period is defined as the transitional
period from childhood to adulthood roughly associ-
ated with the age of 10 to 19 years, although the pre-
cise age range of adolescence is ill defined (Brenhouse
& Andersen, 2011). It is accompanied by a number of
behavioral and social changes, such as increased peer-
directed social interactions and greater risk taking,
that assist in adolescents attaining independence from
the family unit (Crews, He, & Hodge, 2007; Spear,
2000). Initiation of cannabis use during this period
may be symptomatic of such increased exploration
and novelty-seeking (Chen & Kandel, 1995; Crews
et al., 2007). Indeed, over half of cannabis use begins
in adolescence (Degenhardt et al., 2008). Worryingly,
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the adolescent period is also thought to be the period
of greatest vulnerability to substance use–related prob-
lems (Chambers, Taylor, & Potenza, 2003). Adolescent
cannabis users (i.e., those who begun before age 15)
are also more likely to persist use and experience
greater use-related problems later in life, compared to
late-onset users (Anthony & Petronis, 1995; DeWit,
Offord, & Wong, 1997). A majority of admissions to
treatment facilities for cannabis use–related problems
(almost 30%) also occur between the age of 12 to 17,
highlighting the potential danger of early cannabis use
(Substance Abuse and Mental Health Services
Administration, 2018).

The adolescent period is also accompanied by
important neurodevelopmental events that drive
behavioral changes and cognitive maturation
(Brenhouse & Andersen, 2011). Neuromaturational
changes during adolescence largely relate to increased
functional specialization, whereby synapses that are
overproduced in the brain during prenatal and early
postnatal periods are eliminated during the transition
to adulthood (Selemon, 2013). This massive synapse
loss (termed “synaptic pruning”) and reduction in
synaptic connectivity and density occur across wide-
spread cortical and subcortical regions that guide
complex brain function including goal planning, rea-
soning, and impulse control (Crews et al., 2007;
Gogtay et al., 2004; Luna, Garver, Urban, Lazar, &
Sweeney, 2004). It is proposed that the maturation
across corticolimbic networks, in particular an
increase in inhibitory connections across frontal and
limbic regions, drives a shift from more impulse-
driven behavior typified by the adolescence period to
more regulated behavior (Spear, 2000; Viveros, Marco,
& File, 2005). Worryingly, external insults such as
exposure to substances of abuse (e.g., cannabis) during
this critical neurodevelopmental period may interfere
with normal maturational events, presenting an ele-
vated risk of cognitive problems later in life (Jacobus
& Tapert, 2013, 2014; Lubman, Cheetham, & Y€ucel,
2014; Solowij, Lorenzetti, & Lubman, 2012).

The endocannabinoid system in adolescence

The particular vulnerability of the adolescent brain to
cannabis exposure may be partly related to the devel-
opmental trend of the endogenous cannabinoid sys-
tem (ECS) in the brain. The ECS consists of
cannabinoid receptors that not only direct the effect
of cannabis in the brain but are crucially involved in
neural development throughout postnatal and adoles-
cent periods (Dow-Edwards & Silva, 2017).

In particular, the cannabinoid 1 receptor (CB1R) is
widely distributed across the brain, but also heavily
concentrated in striatal, limbic, and cortical regions
that direct the cognitive and emotive function that
continue to develop into adulthood (Pertwee & Ross,
2002; Westlake, Hewlett, Bonner, Matsuda, &
Herkenham, 1994). Rodent studies have shown that
CB1R levels as well as endogenous cannabinoid levels
increase across development, peaking in early adoles-
cence before decreasing to adult levels, particularly
across corticolimbic regions involved in reward and
cognition (i.e., prefrontal cortex and nucleus accum-
bens; Belue, Howlett, Westlake, & Hutchings, 1995;
Ellgren et al., 2008). These dynamic changes in the
ECS during adolescence are understood to modulate
critical maturational processes involving synaptic
pruning and plasticity (Meyer, Lee, & Gee, 2018).
Perturbation of ECS signaling by cannabis administra-
tion during this period may be particularly deleteri-
ous, as it may impede the normal maturational
process of corticolimbic circuits and their ascribed
function (Meyer et al., 2018). Indeed, rat studies dem-
onstrate that the desensitization and downregulation
of cannabinoid receptors in response to chronic can-
nabinoid exposure differ in magnitude in adolescents
compared to adults (Burston, Wiley, Craig, Selley, &
Sim-Selley, 2010; Dalton & Zavitsanou, 2010). While
adolescent rats found cannabis to be less aversive than
adult rats, they exhibited greater alteration to protein
expression in the hippocampus and greater cognitive
impairment (learning and memory) in response to
chronic cannabis administration, as compared to adult
rats, reflecting increased susceptibility to the potential
harms of repeated cannabis use (Cha, White, Kuhn,
Wilson, & Swartzwelder, 2006; Quinn et al., 2008;
Schneider & Koch, 2003).

Cognitive function in adolescent cannabis use

A number of studies have reported deficits in cogni-
tive functioning related to adolescent cannabis use
that persist into adulthood. Deficits in working mem-
ory (Dougherty et al., 2013; Hanson et al., 2010;
Harvey, Sellman, Porter, & Frampton, 2007), learning
(Hanson et al., 2010; Harvey et al., 2007; Solowij
et al., 2011), and attention function (Huestegge,
Radach, Kunert, & Heller, 2002; Jacobsen, Mencl,
Westerveld, & Pugh, 2004; Medina, Nagel, Park,
McQueeny, & Tapert, 2007) are most frequently dis-
cussed, while decline in verbal IQ (VIQ; Jackson
et al., 2015; Pope et al., 2003) and increased impulsiv-
ity (Churchwell, Lopez-Larson, & Yurgelun-Todd,
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2010; Lopez-Larson, Rogowska, & Yurgelun-Todd,
2015) have also been implicated in adolescent canna-
bis users compared to nonusers. Most recently, a sys-
tematic review on cognitive function in adolescent
and young adult cannabis users suggests that while
cognitive impairment may exist across the mentioned
domains, the observed effect sizes were small and did
not vary systematically with age at onset of cannabis
use, raising the question as to whether adolescent rela-
tive to adult cannabis use poses a heightened risk for
poorer outcomes (Scott et al., 2018).

IQ (specifically VIQ) has been thought to decline
at a greater rate in adolescent-onset cannabis users
relative to late-onset users and nonusers (Meier et al.,
2012; Pope et al., 2003). Early-onset cannabis users
(i.e., those who began use before age 17) were found
to have poorer VIQ than those who commenced can-
nabis use during adulthood (Pope et al., 2003). This
same study also found that adult-onset users’ VIQ did
not differ from controls. However, it is difficult to
determine whether IQ decline is due to cannabis use
or a common predisposing factor (Meier et al., 2012,
2018). Longitudinal studies investigating cannabis use
in adolescent twin pairs found that while cannabis
users had lower IQ than nonusers, cannabis-using
twins did not show a significant decline in IQ when
compared to their nonusing twin (Jackson et al.,
2015). It is suggested that early-onset users may have
had a lower cognitive capacity before commencing
cannabis use, or perhaps a limited education in canna-
bis-using adolescents resulted in a failure to acquire
appropriate verbal skills as measured by VIQ (Pope
et al., 2003). Further, differences in IQ between canna-
bis users and nonusers may in fact be a result of other
confounding factors such as other substance (i.e., cig-
arette) use, mental health factors, and early-life behav-
ioral factors, rather than cannabis use itself (Mokrysz
et al., 2016).

Poorer cognitive function has also been associated
with adolescent onset of cannabis use (Becker et al.,
2018; Solowij et al., 2011). Adults who commence
cannabis use prior to 16 years of age show deficits in
visual scanning, sustained attention, and working
memory tasks compared to late-onset users and non-
users (Ehrenreich et al., 1999; Jacobsen et al., 2004).
In one study, early age at onset impaired reaction
times during a visual scanning task, even after
accounting for cumulative cannabis use (Ehrenreich
et al., 1999). However, the observed effect of adoles-
cent cannabis use may be small and not necessarily
dependent on onset age of use (Scott et al., 2018).
Cognitive deficits may not necessarily be apparent in

adolescent-onset cannabis users despite cannabis-
related effects on the brain. Some studies suggest that
altered recruitment strategy and neural responding
may compensate for cognitive function, raising the
question of whether there are brain structural or func-
tional differences attributable to adolescent onset of
cannabis use (Schweinsburg et al., 2008). Specifically,
it is vital to understand the relationship between can-
nabis onset age (i.e., adolescent vs. adult) and brain
outcomes in order to guide policies around the legal-
ity of recreational and medicinal cannabis use among
minors and adolescents.

While a number of reviews have demonstrated brain
structural or functional effects in cannabis use
(Bloomfield et al., 2019; Lorenzetti et al., 2016;
Lorenzetti, Chye, Silva, Solowij, & Roberts, 2019), they
have yet to examine the neuroimaging evidence (both
structural and functional) that is specifically attribut-
able to adolescent onset of cannabis use across adoles-
cents and adults. Furthermore, many systematic
reviews and meta-analyses to date have focused on spe-
cific modality (e.g., structural magnetic resonance
imaging [MRI; Lorenzetti et al., 2019] or task-based
functional MRI (fMRI) [Blest-Hopley, Giampietro, &
Bhattacharyya, 2018]), regions (e.g., cerebellum;
Blithikioti et al., 2019), or population (e.g., abstinent
adolescent cannabis users; Blest-Hopley, Giampietro, &
Bhattacharyya, 2019) when exploring cannabis-related
brain effects, which restricts broader inferences on the
more abstract question of whether adolescent onset of
cannabis use may be related to general brain imaging
outcomes, both in adolescents and later in life. This
narrative review investigates the neuroimaging (struc-
tural, functional, spectroscopy) evidence attributable to
adolescent cannabis use. This includes evidence in ado-
lescent cannabis users relative to nonusers, as well as
evidence of association with onset age of use in adult
cannabis users, with the intent to infer on brain effects
specifically attributable to onset age of use. While some
of the cited reviews (Bloomfield et al., 2019; Lorenzetti
et al., 2016) have touched on the association between
cannabis onset age and brain effects, this association is
not the focus of the aforementioned reviews. Such null
findings (i.e., a lack of association with onset age;
Arnone et al., 2008; Cousijn et al., 2012; Mata et al.,
2010) are not generally reported by these reviews, lim-
iting the inclusivity of inferences.

Methods

Literature search was conducted across PubMed and
Scopus on January 15, 2019, with the following search
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terms - ((adolescen�) AND (cannabis� OR marijuana)
AND (mri OR neuroimag�)). Further inclusion crite-
ria included (a) peer-reviewed; (b) human studies; and
(c) written in English. We also excluded nonempirical
works (e.g., review articles and case studies) or studies
that investigated samples with polysubstance use
(apart from alcohol and tobacco use given the preva-
lence of both substances in the general population) or
comorbid psychopathologies apart from cannabis
use disorder.

Results

The initial search yielded 297 results from PubMed
and 244 results from Scopus. After removal of dupli-
cates and title screening to remove reviews, case stud-
ies, non-human studies, and non-neuroimaging
studies, 115 articles remained. Of these, detailed
screening was conducted to only include studies
designed to interrogate (a) cannabis use-related neuro-
imaging effect in adolescent (i.e., average age < 20
years) users or (b) association of neuroimaging effect
with cannabis onset age in adult users and (c) those
that are not designed to examine polysubstance use.
One study (Subramaniam et al., 2018) was excluded
as it consists of the same sample with overlapping
findings as another study (Lopez-Larson et al., 2015),
while another was excluded due to high levels of psy-
chopathology in the sample (Bellis et al., 2013). This
resulted in 43 studies that examined brain effect in
adolescent cannabis users (Tables 1 and 2) and 20
that examined the link between onset age of cannabis
use and brain effects in adult users (Tables 3 and 4).

Brain structure in adolescent cannabis users

A number of cross-sectional structural imaging
(sMRI) studies have examined brain effects in adoles-
cent cannabis users relative to nonusers (Ashtari et al.,
2011; Churchwell et al., 2010; Jacobus, Squeglia, Sorg,
Nguyen-Louie, & Tapert, 2014; Kumra et al., 2012;
Lopez-Larson et al., 2011; McQueeny et al., 2011;
Medina, Nagel, & Tapert, 2010; Medina et al., 2009,
2007; Scott et al., 2019; Weiland et al., 2015). These
studies detailing cortical alterations in adolescent can-
nabis users when compared to their nonusing peers
include reduced volume and surface area across par-
ietal (i.e., superior parietal) and frontal (i.e., medial
and lateral orbitofrontal [OFC], rostral middle frontal)
brain regions (Churchwell et al., 2010; Kumra et al.,
2012) and reduced thickness across frontal (i.e., super-
ior frontal, right caudal middle frontal) regions and

bilateral insula (Lopez-Larson et al., 2011), but
increased volume and thickness of the cerebellum and
left entorhinal cortex, respectively (Jacobus et al.,
2014; Medina et al., 2010). Another study found that
adolescent cannabis users had smaller bilateral hippo-
campi relative to nonusers, even after 6 months of
abstinence (Ashtari et al., 2011). This study further
found hippocampal volume to be positively associated
with verbal learning performance in nonusers, but
not in cannabis users, suggesting altered structure–
function relationship in adolescent cannabis users
(Ashtari et al., 2011). Earlier onset age of cannabis use
was also found to be associated with smaller medial
OFC volume and thicker inferior temporal, lateral
OFC, anterior cingulate cortex (ACC), and superior
frontal regions (Churchwell et al., 2010; Jacobus et al.,
2014; Lopez-Larson et al., 2011). However, not all
studies have found similar effects. Two studies have
found no cortical or subcortical volume difference in
cannabis-using adolescents relative to nonusers
(Medina et al., 2009; Weiland et al., 2015), and one
study has even found an opposite pattern of thicker cor-
tex across widespread regions, including the frontal and
parietal cortices, in adolescent cannabis users relative to
nonusers (Jacobus et al., 2015). Indeed, out of the four
studies that examined hippocampus volume in adoles-
cent cannabis users relative to nonusers (Ashtari et al.,
2011; Kumra et al., 2012; Medina et al., 2007; Weiland
et al., 2015), only one found hippocampal volume to be
reduced in adolescent cannabis users relative to nonus-
ers (Ashtari et al., 2011). Similarly in the cortical
regions, of the two most studied regions—the anterior
cingulate and OFC (n studies ¼ 8 and 9, respectively)—
only one (Jacobus et al., 2014) and three (Cheetham
et al., 2012; Churchwell et al., 2010; Jacobus et al., 2014)
studies, respectively, found an effect of adolescent can-
nabis use in these regions.

A number of longitudinal structural imaging stud-
ies have either attempted to understand brain struc-
ture associated with later (follow up ¼ 4–5 years)
cannabis use in adolescents (Cheetham et al., 2012;
Jacobus et al., 2016) or alternately attempted to
uncover change in brain structure across time (dur-
ation ¼ 1.5 years; Epstein & Kumra, 2015a). These
studies separately implicate reduced rostral middle
frontal thickness and reduced medial and lateral OFC
volume at baseline to predict initiation of cannabis
use in adolescents (Cheetham et al., 2012; Jacobus
et al., 2016). One other study further suggests that
adolescent cannabis use is associated with attenuated
thickness loss in the inferior frontal (i.e., pars opercu-
laris) and parietal (i.e., supramarginal, inferior
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parietal) regions relative to nonuse (Epstein & Kumra,
2015a). One final longitudinal study in which adoles-
cent cannabis and alcohol users were followed over a
3-year period found consistently thicker frontal (i.e.,
precentral, paracentral, pars opercularis, frontal pole,
and superior frontal), parietal (i.e., superior parietal,
inferior parietal, supramarginal, postcentral, and per-
cuneus), temporal (i.e., transverse temporal), and
occipital (i.e., pericalcarine) regions in adolescent can-
nabis and alcohol users relative to nonusers (Jacobus
et al., 2015).

In relation to gender differences, two studies have
found female adolescent cannabis users to have a
larger right amygdala and larger prefrontal (i.e., mid-
dle, inferior, and superior frontal, OFC, anterior cin-
gulate) cortex relative to nonusing females, whereas
male cannabis users had smaller prefrontal cortex
relative to nonusing males and did not differ in amyg-
dala volume (McQueeny et al., 2011; Medina et al.,
2009). Yet another study suggests that predictive fac-
tor of cannabis initiation in adolescence is sex-specific.
They showed that in males, left inferior temporal
activity during stop signal task and larger right medial
prefrontal cortex volume at age 14 predicted cannabis
use by age 16; whereas in females, greater right pre-
supplementary motor area volume and activity and
lower right OFC volume predicted cannabis use
(Spechler et al., 2018). However, in this study, canna-
bis initiation was defined as having ever used cannabis
and did not necessarily reflect the use level of regular
cannabis users.

There is also evidence of deficits in white matter
integrity in adolescent cannabis users compared to their
nonusing counterparts. Studies have generally exam-
ined fractional anisotropy (FA) values from diffusion
tensor images (DTI) as a proxy for white matter integ-
rity, either across the whole brain (Ashtari, Cervellione,
Cottone, Ardekani, & Kumra, 2009; Bava, Jacobus,
Thayer, & Tapert, 2013; Becker, Collins, Lim, Muetzel,
& Luciana, 2015; Y€ucel et al., 2010) or in specific fiber
bundles (i.e., cingulum, superior and inferior longitu-
dinal fasciculus, inferior fronto-occipital fasciculus,
uncinate fasciculus, and the corticospinal tract; Epstein,
Cullen, Mueller, Lee, & Kumra, 2014; Epstein &
Kumra, 2015b). Poorer white matter integrity has been
observed in the inferior fronto-occipital fasciculus, thal-
amic radiations, corona radiata, corpus callosum,
superior longitudinal fasciculus, and bilateral hippo-
campus of adolescent cannabis users relative to their
nonusing peers (Epstein et al., 2014; Y€ucel et al., 2010).
A study on adolescent cannabis users who have been
abstinent for 6 months further suggests compromisedTa
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white matter integrity at the posterior internal capsule,
middle temporal gyrus, and superior temporal gyrus
(Ashtari et al., 2009). However, cannabis users in one
study that found poorer white matter integrity in the
superior and inferior longitudinal fasciculus, prefrontal
and posterior thalamic radiation, superior temporal
gyrus, and corona radiata were also heavy alcohol users,
which confounds findings (Bava et al., 2013). Of the
aforementioned tracts and white matter bundles, the
most consistently implicated are the superior longitu-
dinal fasciculus (3 out of 6 studies; Bava et al., 2013;
Y€ucel et al., 2010), the superior temporal gyrus (2 out of
4 studies; Ashtari et al., 2009; Bava et al., 2013), and the
corpus callosum (2 out of 4 studies; Bava et al., 2013;
Becker et al., 2015). In particular in longitudinal studies
that followed adolescent cannabis users over 1 to 2
years, decline in FA in the inferior longitudinal fascic-
ulus and reduced growth of FA in the superior longitu-
dinal fasciculus was observed (Becker et al., 2015;
Epstein & Kumra, 2015b).

Brain structure in adult cannabis users—
association with onset age

The potential effect of adolescent onset of cannabis
use has also been investigated in adult users by
attempting to dissociate neuroalterations by onset age.
An early structural imaging study suggests that canna-
bis users who began using cannabis before 17 years of
age, versus those who started at 17 or older, had
smaller brain and gray matter volume but larger white
matter volume and higher cerebral blood flow
(Wilson et al., 2000). Following that, another study on
occasional cannabis users found that those who began
use before age 18 had smaller left parahippocampal
gyrus and right temporal pole relative to occasional
late users (Battistella et al., 2014). However, this pat-
tern did not emerge in regular users, with smaller
gray matter volume in regular users occurring irre-
spective of onset age, suggesting that brain structural
differences may occur with either heavy cannabis use
irrespective of onset age or in early occasional use
(Battistella et al., 2014). This finding of brain struc-
tural difference by onset age is yet poorly substanti-
ated, as a number of other studies suggest cortical
morphology (thickness, surface area, gray/white matter
ratio, and gyrification) does not differ by cannabis
onset (Chye, Suo et al., 2019; Filbey, McQueeny,
DeWitt, & Mishra, 2015; Mata et al., 2010). One of
the studies did find a divergent correlation pattern in
the frontal (i.e., rostral middle frontal, medial OFC)
and parietal (i.e., inferior parietal) brain regions, with

increasing quantity and duration of cannabis use asso-
ciated with thicker cortex, increased gray/white matter
ratio and decreased gyrification in early-onset (before
age 16) users, but thinner cortex, reduced gray/white
matter ratio, and increased gyrification in late-onset
(age 16 and older) users (Filbey et al., 2015). One
study found a relationship of thicker left entorhinal
cortex with later onset age of cannabis use (Levar,
Francis, Smith, Ho, & Gilman, 2018), but a number of
others did not find any cortical (OFC, cingulate, cere-
bellum, medial temporal) or subcortical (striatum,
amygdala, hippocampus) volumes correlated with
onset age (Burggren et al., 2018; Cousijn et al., 2012;
Koenders et al., 2017). The effect of cannabis onset
age on brain structure may be subtler, as demon-
strated by one study that found subtle shape differen-
ces associated with onset age (greater outward
deflection in later onset) of the nucleus accumbens,
despite comparable volumes in recreational cannabis
users (Orr, Paschall, & Banich, 2016).

Examination of white matter integrity in relation to
cannabis onset age has also suggested that earlier
onset was correlated with poorer white matter integ-
rity in the left frontal region, the bilateral genu of the
corpus callosum, the superior and inferior longitu-
dinal fasciculus, the cingulate gyrus, the fimbria of the
hippocampus, and the forceps major and minor
(Gruber, Dahlgren, Sagar, G€onenç, & Lukas, 2014;
Gruber, Silveri, Dahlgren, & Yurgelun-Todd, 2011;
Jakabek, Y€ucel, Lorenzetti, & Solowij, 2016; Orr et al.,
2016; Zalesky et al., 2012). Lower white matter integ-
rity was further associated with higher impulsivity as
measured by the Barratt Impulsivity Scale (BIS-11;
Gruber et al., 2014). However, when splitting cannabis
user groups into those who started use before 16 years
and those who started at 16 or older, this study did
not find any significant group difference in the corpus
collosum, corona radiata, or internal and external cap-
sule. Yet other studies have found no diffusion abnor-
malities in the corpus callosum or uncinate fasciculus
associated with onset age (Arnone et al., 2008; Levar
et al., 2018).

In sum, when comparing adolescent cannabis users
to nonusers, many but not all studies have demon-
strated altered (either reduced or increased) volume,
surface area, or thickness across frontal or parietal
regions. Some studies have further implicated the
cerebellum, insula, and cingulate cortex. In contrast to
findings in adolescent users, studies in adult users
have not been able to consistently find an association
between age at onset of cannabis use and structural
alterations (Burggren et al., 2018; Cousijn et al., 2012;
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Mata et al., 2010; Orr et al., 2016). The regions impli-
cated in adult studies have also been different, with
findings confined to temporal regions including the
parahippocampal (Battistella et al., 2014) and entorhi-
nal cortex (Levar et al., 2018). White matter findings
in both adolescent and adult cannabis users are more
consistent, showing compromised white matter integ-
rity across major tracks, particularly the longitudinal
fasciculus (Bava et al., 2013; Becker et al., 2015;
Epstein & Kumra, 2015b; Orr et al., 2016; Y€ucel et al.,
2010) related to early onset of cannabis use.

Brain function in adolescent cannabis users

Resting state functional imaging studies mostly impli-
cate OFC connectivity alteration in adolescent canna-
bis use. One resting state fMRI study, seeded at the
right and left OFC, demonstrated greater functional
connectivity among bilateral OFC, anterior and mid-
dle cingulate, and medial frontal regions in adolescent
cannabis users relative to nonusers, but reduced con-
nectivity between the right OFC and right superior
parietal region (Lopez-Larson et al., 2015). A further
longitudinal study over an 18-month period further
demonstrated that nonusing adolescents show an
increased functional connectivity between caudal cin-
gulate and frontal regions at rest, while cannabis-using
adolescents do not, implicating cannabis use in the
maturation of cortical function during adolescence
(Camchong, Lim, & Kumra, 2017). This study also
found lower caudal cingulate–OFC connectivity at
baseline predictive of greater amount of cannabis use,
poorer IQ, and cognitive function (i.e., slower reaction
time during an attention task) at follow-up
(Camchong et al., 2017). However, analysis for this
study was seeded to the anterior cingulate and was
thus unable to infer on other regions not functionally
connected to the cingulate. Other implicated regions
also include the cerebellum and parietal region, with
one study showing greater functional connectivity
between parietal regions and cerebellum at rest to be
positively associated with recent cannabis use in ado-
lescent cannabis users (Behan et al., 2014).

A number of task-based functional imaging studies
have also attempted to glean differences in adolescent
cannabis use related to reward, memory, and execu-
tive functioning tasks. Reward processing has typically
been implicated in substance use (Volkow, Fowler, &
Wang, 2003), with developmental changes in reward
system—involving the striatum—during adolescence
thought to play a role in the development and main-
tenance of substance dependence (Galvan, 2010;

Volkow & Morales, 2015). One study that attempted
to delineate the reward neurocircuitry in adolescent
cannabis users relative to nonusers during anticipation
of a monetary reward found neither a performance
difference nor any activation difference in their prede-
termined region of interest (ROI) of the nucleus
accumbens (i.e., ventral striatum; Karoly et al., 2015).
However, hyperactivity in the caudate has been impli-
cated in frequent cannabis-using adolescent boys dur-
ing anticipation of monetary reward and even in an
unrewarded trial (Jager, Block, Luijten, & Ramsey,
2013). Caudate activation was associated with an ear-
lier onset age of cannabis use and thought to reflect a
hypersensitive motivational system that persists even
in the event of unrewarded trials. Other studies also
found greater neural response to gambling outcomes
(both wins and losses) in the middle frontal region,
anterior and posterior cingulate, caudate, and insula,
but attenuated connectivity between the anterior and
posterior cingulate and between the OFC and cingu-
late regions, in adolescent cannabis users compared to
nonusers (Acheson et al., 2015).

Another implicated cognitive domain in cannabis
use is memory function (Broyd, van Hell, Beale,
Y€ucel, & Solowij, 2016). However, studies on verbal,
pictorial, and spatial learning tasks have mostly distin-
guished no memory performance difference between
adolescent cannabis users and nonusers (Jager, Block,
Luijten, & Ramsey, 2010; Padula, Schweinsburg, &
Tapert, 2007; Schweinsburg, Schweinsburg, Nagel,
Eyler, & Tapert, 2011; Schweinsburg et al., 2008,
2010). While one study did not find any activation
difference associated with verbal encoding
(Schweinsburg et al., 2011), a number of others found
either reduced or increased frontal (i.e., inferior,
superior, and middle frontal, anterior cingulate) activ-
ity (Jager et al., 2010; Schweinsburg et al., 2008, 2010),
reduced occipital activity (Schweinsburg et al., 2008),
and increased basal ganglia (i.e., caudate, putamen,
globus pallidus), thalamus, precuneus, postcentral, and
superior parietal activity in adolescent cannabis users
relative to nonusers during working memory tasks
(Padula et al., 2007), suggesting some form of com-
pensatory activation. One pilot study of seven adoles-
cent cannabis users who had been abstinent for at
least 10 months did find impaired auditory working
memory performance (accuracy) and higher activation
at the hippocampus compared to nonusers, but the
small sample size limits generalization (Jacobsen et al.,
2004). Finally, a longitudinal study suggested
functional difference in adolescents to be predictive
of cannabis initiation, demonstrating increased
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frontoparietal (i.e., inferior parietal, middle frontal, pre-
supplementary motor) activation, decreased visual asso-
ciation region (i.e., precuneus, lateral occipital)
activation, and poorer performance during a visuo-
spatial working memory task at 13 years old to be
predictive of cannabis initiation by age 15 (Tervo-
Clemmens et al., 2019).

Attention, decision making, and inhibitory control
have all also been implicated in adolescent cannabis
use. Adolescent cannabis users have shown greater
right frontal, bilateral parietal, and supplementary
motor cortex activation during an attention network
task and poorer task performance (longer reaction
time and more errors; Abdullaev, Posner, Nunnally, &
Dishion, 2010). Inhibitory control, as assessed by a
Go/No-Go task, has been alternately demonstrated to
be comparable (Tapert et al., 2007) or poorer (i.e.,
lower number of successful inhibition; Behan et al.,
2014) in adolescent cannabis users relative to
nonusers. Yet both studies suggest heightened task-
associated activation patterns across frontal, parietal,
and cerebellar regions in adolescent cannabis users
relative to nonusers (Behan et al., 2014; Tapert et al.,
2007). Furthermore, earlier onset of use was associated
with less inhibitory response in the right anterior
superior frontal gyrus (Tapert et al., 2007). However,
Behan et al. (2014) caution that their imaging result
found was likely task-independent, as it persisted even
at rest. Adolescent cannabis users may also process
emotive stimuli differently than nonusers. One study
suggests hypersensitivity to threat signals in adolescent
cannabis users, as evidenced by greater amygdala
reactivity to angry faces during an affective face proc-
essing task (Spechler et al., 2015). Meanwhile, nonus-
ing adolescents show greater activation of the right
temporal-parietal junction and bilateral superior and
middle frontal regions when viewing neutral faces
relative to angry faces, but this was not apparent in
cannabis-using adolescents (Spechler et al., 2015).

More broadly, an arterial spin labeling technique
has been used to show that adolescent cannabis users
have reduced cerebral blood flow across all four cor-
tical regions (left superior and middle temporal, left
insula, left and right medial frontal, and left supra-
marginal) at baseline, but not after 4 weeks of abstin-
ence (Jacobus et al., 2012). Proton magnetic resonance
spectroscopy studies have also been carried out to
examine neurochemical differences in adolescent can-
nabis users relative to nonusers. These studies have
focused on either the anterior cingulate (Prescot,
Locatelli, Renshaw, & Yurgelun-Todd, 2011; Prescot,
Renshaw, & Yurgelun-Todd, 2013) or the inferior

frontal cortex (Bitter et al., 2014) as regions of inter-
est. Within the anterior cingulate, lower n-acetyl-
aspartate (a marker of neuronal integrity), gamma-
Aminobutyric acid (GABA), glutamate, creatine, and
myo-inositol (neurotransmitters and metabolites
involved in signal transduction and brain function)
levels were found in cannabis users relative to nonus-
ers (Prescot et al., 2011, 2013). Meanwhile, no spec-
troscopy difference was found in the inferior frontal
cortex (Bitter et al., 2014).

Importantly, structural and functional differences
may predate cannabis initiation, as demonstrated by
one study showing that smaller OFC volumes in ado-
lescents predicted initiation of cannabis use by age 16
(Cheetham et al., 2012).

Brain function in adult cannabis users—
association with onset age

Functional imaging studies that explored association
with onset age in adult cannabis users have been lim-
ited in numbers (n¼ 5 studies) in comparison to stud-
ies within adolescent cannabis user groups. These
studies have mostly examined activation in relation to
memory (Becker, Wagner, Gouzoulis-Mayfrank,
Spuentrup, & Daumann, 2010; Tervo-Clemmens et al.,
2018), attention (Chang, Yakupov, Cloak, & Ernst,
2006), and inhibitory control (Filbey & Yezhuvath,
2013; Sagar et al., 2015). One study on verbal working
memory showed increased left superior parietal activa-
tion in early-onset users (before age 16) relative to
late-onset users despite similar performance (Becker
et al., 2010). Regression analysis further illustrated
earlier onset age to be associated with greater superior
parietal and putamen activity during the working
memory task (Becker et al., 2010). The authors sug-
gest that suboptimal cortical efficiency in early-onset
users may be driving this observed difference.
Contradictorily, in another spatial working memory
study, earlier onset of cannabis use not only was asso-
ciated with slower reaction time but also reduced
encoding related activation at the posterior parietal
cortex instead. This effect was present for both cur-
rent cannabis users and “experimenters” (who have
used cannabis irregularly and not within the last
year), which the authors suggest to be a function of
cannabis onset and not of recent or regular cannabis
use (Tervo-Clemmens et al., 2018).

In relation to inhibitory control, when cannabis
users were divided into early-onset (before age 16)
and late-onset users, early-onset users exhibited
poorer performance relative to nonusers and late-
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onset users and showed greater activation around the
left anterior cingulate during a modified Stroop Color
Word Test (Sagar et al., 2015). However, this study
adopted separate single group comparisons in controls
and early and late cannabis users separately, instead of
comparing across groups, making inference less reli-
able. Another study found age at onset to be positively
correlated with frontal-precentral gyrus network and
negatively correlated with the frontal–substantia nigra
network (Filbey & Yezhuvath, 2013). Yet another
found no association between brain activity and onset
age (Hester, Nestor, & Garavan, 2009). The differing
findings make it difficult to infer on inhibitory control
function in early-onset cannabis use. Meanwhile, only
one study examined visual attention in relation to
onset age in adult cannabis users, and it found earlier
onset to be associated with reduced right prefrontal
activity involved in attentional function and increased
cerebellar activity (Chang et al., 2006). The authors
also observed an interaction effect between onset age
and cumulative cannabis exposure, detailing that while
decline in cerebellar activity was associated with
greater cannabis exposure, this decline was steeper in
early-onset users than late-onset users (Chang
et al., 2006).

Discussion

Overall, the reviewed neuroimaging studies have
largely pointed toward brain structural and functional
differences in adolescent cannabis use. Structural
imaging studies found widespread alteration (both
increase and decrease) in cortical thickness and vol-
ume, largely in frontal (i.e., OFC) and parietal regions
in adolescent cannabis users relative to nonusers
(Churchwell et al., 2010; Jacobus et al., 2014; Kumra
et al., 2012; Lopez-Larson et al., 2011), although not
all studies have found similar effects (Jacobus et al.,
2015; Medina et al., 2009; Weiland et al., 2015). These
implicated regions are mainly involved in higher-
order cognitive function, such as working memory
and cognitive control, that undergo significant neuro-
maturation across the adolescent period (Bunge &
Wright, 2007). Compromised white matter integrity
has also been implicated in adolescent cannabis use,
mostly in major tracts including the superior and
inferior longitudinal fasciculus that connects the main
lobes of the brain (Bava et al., 2013; Epstein et al.,
2014; Y€ucel et al., 2010).

Studies investigating effects in adolescent cannabis
users relative to nonusers are unable to inform on
whether the observed structural alterations may be

associated with cannabis use in general or specifically
adolescent cannabis use. As such, a number of studies
in adult cannabis users have segregated users by the
age of which they began regular use, to attempt to
understand the differences associated with early versus
late onset of use (Battistella et al., 2014; Chye, Suo
et al., 2019; Filbey et al., 2015; Gruber et al., 2014;
Wilson et al., 2000), finding some indication of
reduced parahippocampal and temporal pole volume
related to early onset of use (Battistella et al., 2014).
However, many studies point toward a lack of struc-
tural difference between early- and late-onset cannabis
users (Chye, Suo et al., 2019; Filbey et al., 2015).
While this lack of effect may be related to the arbi-
trary nature for specifying age cutoff (ranging from
ages 16 to 18) when segregating early- versus late-
onset users, it is relevant to note that most studies in
adult cannabis users that attempt to correlate brain
metrics with onset age of use have similarly failed to
find effects (Burggren et al., 2018; Cousijn et al., 2012;
Koenders et al., 2017; Mata et al., 2010). The effect of
adolescent onset of use may be subtle in comparison
to the effect of general cannabis use. This idea is sub-
stantiated by a study that found brain structural effect
(i.e., smaller gray matter volume) to emerge with both
heavy cannabis use irrespective of onset age or in
early-onset occasional use (Battistella et al., 2014).
There is likely an interactive effect of onset age
and chronicity of cannabis exposure (Chang et al.,
2006) that necessitates substantiation from larger,
well-controlled longitudinal studies.

Resting state functional imaging studies suggest
functional connectivity perturbation between OFC
and cingulate regions to frontal, parietal, and cerebel-
lar regions in adolescent cannabis users relative to
nonusers (Behan et al., 2014; Camchong et al., 2017;
Lopez-Larson et al., 2015). Despite this, two of these
studies were ROI-based, seeded to the OFC and anter-
ior cingulate, which prevents inference on connectivity
across other regions (Camchong et al., 2017; Lopez-
Larson et al., 2015). Meanwhile, there is a lack of
fMRI studies in adults comparing brain function at
rest and cannabis onset age. Task fMRI findings in
adolescent cannabis users have been comparatively
more consistent then structural MRI findings. Studies
consistently implicate increased activity in caudate
(Acheson et al., 2015; Jager et al., 2013; Padula et al.,
2007), frontal (Abdullaev et al., 2010; Acheson et al.,
2015; Jager et al., 2010; Padula et al., 2007;
Schweinsburg et al., 2011; Tervo-Clemmens et al.,
2019), insula (Acheson et al., 2015; Padula et al.,
2007), and parietal (Abdullaev et al., 2010; Behan
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et al., 2014; Schweinsburg et al., 2008; Tervo-
Clemmens et al., 2019) regions, common across
reward, memory, response inhibition, attention, and
decision-making tasks. This is in spite of task per-
formance being comparable across adolescent canna-
bis users versus nonusers (Jager et al., 2010; Karoly
et al., 2015; Padula et al., 2007; Schweinsburg et al.,
2008, 2010, 2011), with a heightened task-associated
activation pattern being attributed to compensatory
brain activation due to the increased demand in ado-
lescent cannabis users (Schweinsburg et al., 2010,
2011). Findings were also echoed in adult studies,
demonstrating brain activity associated with attention,
memory, and response inhibition to be greater in
early-onset users in frontal and parietal regions
(Becker et al., 2010; Chang et al., 2006; Sagar et al.,
2015). However, one study did find reduced parietal
effect related to early onset of cannabis use during a
memory task (Tervo-Clemmens et al., 2018). The
small number of studies examining brain function
related to early onset of cannabis use in adults limits
inference on whether the observed functional differ-
ence in adolescent users extends to later life and is
related to onset age rather than use.

The differing findings in adolescent studies may be
related to adolescence stages (i.e., early vs. late adoles-
cence period). The examined adolescent studies have
samples that range in average age from 13 to 19,
which may have confounded findings. For example,
one study found that adolescent cannabis users with
an average age of 16 years show thinner cortex in the
parietal regions, compared to their nonusing peers
(Kumra et al., 2012). Meanwhile, another two studies
on adolescent cannabis users with an average age of
18 years show thicker cortex in the parietal region
instead (Jacobus et al., 2015; Lopez-Larson et al.,
2011). This inference is supported by a longitudinal
study that found adolescent cannabis users to show an
attenuated loss of cortical thickness across the adoles-
cent period, including in the parietal regions, whereas
nonusing controls show cortical thinning from 13 to
19 years old (Epstein & Kumra, 2015a). As such, ado-
lescent cannabis users may exhibit thinner cortices
early in adolescence or preinitiation of cannabis use,
but thicker cortices later in adolescence, relative to
nonusers. However, this notion has yet to be verified
in a large, well-controlled, longitudinal study of ado-
lescent cannabis users. Other longitudinal studies that
implicate altered structure and function, mainly in the
frontoparietal network, and frontal and OFC volume
in preceding and predicting onset of cannabis use
(Cheetham et al., 2012; Spechler et al., 2018; Tervo-

Clemmens et al., 2019) further confound cause and
effect in determining the trajectory of brain changes
in cannabis use across the adolescent period.

Last, a range of confounding factors including gen-
der differences (McQueeny et al., 2011; Medina et al.,
2009), mental health (i.e., depressive and anxiety symp-
toms; McQueeny et al., 2011; Medina et al., 2007), and
other substance (i.e., alcohol) use (Bava et al., 2013),
that have all been found to have an influence on brain
effect in the reviewed studies, further complicates inter-
pretation of findings related to adolescent cannabis use.
It is relevant to note that in most of the reviewed stud-
ies (35 out of 63), alcohol and/or nicotine use have not
been matched (between groups) or controlled for in
statistical analyses. Given the effect that both alcohol
and nicotine use may have on the brain (Mackey et al.,
2019), it is vital for future studies to more thoroughly
account or control for other substance use in examining
cannabis-related effects.

In sum, while some evidence implicates frontoparie-
tal structure and function in adolescent cannabis use, it
remains unclear whether the observed effects are specif-
ically attributable to early onset of use or whether they
are related to preexisting differences, chronicity of use,
or other confounding factors. Studies that examine
brain effect in adult cannabis use suggest minimal
structural alteration attributable to adolescent onset of
use, whereas evidence on functional alteration is limited
in numbers. Further confounding factors including
other substance use (e.g., alcohol, nicotine) also pre-
vents an informed understanding on the harms associ-
ated with early onset of cannabis use. The relative
contribution of each factor, and the interaction between
cannabis onset age and chronicity of use, will have to be
more comprehensively examined in prospective, longi-
tudinal studies such as the Adolescent Brain Cognitive
Development (ABCD) study (https://abcdstudy.org)—a
large-scale, multisite initiative in tracking and under-
standing a range of biological and behavioral determi-
nants of neurodevelopmental trajectory from
adolescence into adulthood.
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