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Abstract
Regular cannabis use is associated with adverse cognitive and mental health outcomes that have been ascribed to aberrant 
neuroanatomy in brain regions densely innervated with cannabinoid receptors. Neuroanatomical differences between can-
nabis users and controls have been assessed in multiple structural magnetic resonance imaging (sMRI) studies. However, 
there is heterogeneity in the results leading to cautious interpretation of the data so far. We examined the sMRI evidence to 
date in human cannabis users, to establish more definitely whether neuroanatomical alterations are associated with regular 
cannabis use. The regional specificity and association with cannabis use indices (i.e. cumulative dosage, duration) were 
also explored. We systematically reviewed and meta-analysed published sMRI studies investigating regional brain volumes 
(cortical, subcortical and global) in cannabis users and non-user controls. Three electronic databases were searched (PubMed, 
Scopus, and PsycINFO). A total of 17 meta-analyses were conducted (one for each cortical, subcortical and global volume) 
using the generic inverse variance method, whereby standardised mean difference in volume was calculated between users 
and non-users. Exploratory meta-regressions were conducted to investigate the association between cannabis use indices 
and regional brain volumes. A total of 30 articles were eligible for inclusion, contributing 106 effect sizes across 17 meta-
analyses. Regular cannabis users had significantly smaller volumes of the hippocampus (SMD = 0.14, 95% CIs [0.02, 0.27]; 
Z = 2.29, p = 0.02, I2 = 74%) and orbitofrontal cortex {medial (SMD = 0.30, 95% CIs [0.15, 0.45]; Z = 3.89, p = 0.0001, 
I2 = 51%), lateral (SMD = 0.19, 95% CIs [0.07, 0.32]; Z = 3.10, p = 0.002, I2 = 26%)} relative to controls. The volumes of the 
hippocampus and orbitofrontal cortex were not significantly associated with cannabis duration and dosage. Our findings are 
consistent with evidence of aberrance in brain regions involved in reward, learning and memory, and motivation circuits in 
the regular use of substances other than cannabis, pointing to commonality in neurobiological abnormalities between regular 
users of cannabis and of other substances.

Introduction

Cannabis is the most widely used illicit substance globally, 
with upwards of ~ 180 million users [11]. Regular cannabis 
use has been perceived as relatively harmless by the general 
and scientific community [15, 11]. Yet, regular cannabis 
use has been associated with comorbid psychopathologies 
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or elevated symptoms of depression, anxiety and psychosis 
[1, 15, 11, 1, 15] and deficits in performance in selected 
areas of cognition, including reward processing, learning 
and memory [1, 1, 15]. Adverse mental health outcomes 
and cognitive deficits in cannabis users have been ascribed 
to alteration in the neuroanatomy of pathways that under-
lie emotion, stress, cognitive control and addiction [15]. As 
such, attempts have been made to assess the neuroanatomical 
integrity of regular cannabis users with structural magnetic 
resonance imaging (sMRI) techniques that allow imaging 
the brain in vivo at a high resolution (i.e. mm), with some-
what heterogeneous findings.

The most consistent findings suggest neuroanatomical 
differences between regular cannabis users and non-can-
nabis using controls, in the hippocampus, amygdala, pre-
frontal cortex (PFC) and cerebellum [37]. Notably, these 
brain regions are high in cannabinoid receptors type 1 (CB1) 
[11], to which delta-9-tetrahydrocannabinol (THC), the psy-
choactive compound of cannabis, binds [43]. Recent sMRI 
evidence indicates that these alterations are correlated with 
heavier cannabis use or are observed more consistently in 
samples of heavier cannabis users (e.g. longer duration, 
higher dosage, more severe problem use) [17–11, 15]. On 
the other hand, several sMRI studies report a lack of neuro-
anatomical differences between cannabis users and controls, 
and no associations between level of cannabis use and neu-
roanatomical measures [43, 37, 37]. The heterogeneity of 
reported findings across studies can, to some extent, be over-
come by a meta-analysis, allowing for greater confidence 
in interpreting the evidence on neuroanatomical changes in 
cannabis users. This evidence is required to inform debates 
on the extent of the potential neurobiological harms associ-
ated with regular cannabis exposure.

To our knowledge, only one previous meta-analysis 
and meta-regression of sMRI studies in cannabis users 
versus controls exists [11]. This work focused on whole 
brain, intracerebroventricular, hippocampal, and amygdala 
volumes as regions of interest (ROIs), finding significant 
reduction in hippocampal and amygdala volumes in cannabis 
users. However, they did not examine other cortical and sub-
cortical regions, many of which are densely innervated with 
CB1 receptors that may mediate the effect of cannabis on the 
brain. Moreover, since 2013, > 10 additional studies have 
been published which examined additional brain regions. 
As such, an updated meta-analysis on the data published to 
date is warranted.

In this study, we aimed to quantitatively examine the 
extent of neuroanatomical differences between regular can-
nabis users and controls, by synthesising the sMRI findings 
to date in a meta-analysis. To this end, we meta-analysed 
volumetric data available for cortical (i.e. anterior cingu-
late  (ACC), orbitofrontal (OFC), prefrontal (PFC)  and 
parietal cortices), subcortical (i.e. hippocampus, amygdala, 

striatum, nucleus accumbens (NAc), caudate, putamen), 
cerebellum, and global brain areas (i.e. total brain, intra-
cranium, total white matter and total grey matter). Secondly, 
we explored the association between patterns of cannabis 
use and the volumetry of regions that differed between can-
nabis users and controls, informed by our first analysis. This 
included a series of eight exploratory meta-regressions using 
either duration or cumulative dosage as predictors, and the 
volume of select brain regions that differed between groups 
as dependent variables if > 2 studies assessed either duration 
or dosage (i.e. the hippocampus and the total, medial and 
lateral portions of the OFC, but not the nucleus accumbens).

Methods

Eligibility criteria

We selected studies based on the following inclusion crite-
ria: (1) peer-reviewed; (2) human samples; (3) published in 
English; (4) neuroanatomical assessment via T1-weighted 
MRI scans; (5) compared regular cannabis users (as defined 
by each study protocol) and non-users; (6) regular exposure 
to cannabis in the cannabis-using sample, which included 
ongoing use and up to 28-day abstinence [64–37] as the 
main focus was to examine effects of prolonged exposure. 
In the cannabis using samples, cannabis was defined as the 
current primary substance of regular use. Exclusion crite-
ria were: (1) regular use of substances other than cannabis, 
nicotine, or alcohol; (2) a diagnosis of a mental health dis-
order including substance (but not cannabis and nicotine) 
use disorders and alcohol dependence; and (3) cannabis-user 
group abstinent for > 28 days.

Information sources and study selection

As shown in Fig. 1, electronic database searches of Pub-
Med, Scopus, and PsycINFO were performed in line with 
PRISMA guidelines on the 28 February 2018 (Y.C.) using 
the search terms “Marijuana OR Cannabis” and “MRI OR 
Neuroimaging”. Eligibility screening was performed after 
removal of duplicates, supplementary cross-referencing and 
manual searches (Y.C. and V.L.).

Data extraction

Outcome measures were MRI volumetric outputs. These 
included global brain measures (i.e. total brain, intra-cra-
nium, total white matter, total grey matter), subcortical 
regions (i.e. hippocampus, NAc, amygdala, striatum, puta-
men, caudate), the cerebellum and cortical regions (total, 
medial and lateral portions of the OFC, parietal lobe, PFC, 
ACC). Where the same brain measures from overlapping 
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Fig. 1  Flow diagram of search 
strategy and inclusion. N num-
ber of studies, MRI magnetic 
resonance imaging, ICV intrac-
ranial volume, TBV total brain 
volume, GM grey matter, WM 
white matter, OFC orbitofrontal 
cortex, PFC prefrontal cortex, 
ACC  anterior cingulate cortex, 
NAc nucleus accumbens
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study samples were reported by multiple studies, we 
removed duplicates and only analysed the most recently-
reported values. Duplicates included: total brain volume [15, 
43, 1, 15, 37]; intra-cranial volume [1, 1, 1, 11, 15, 11, 15, 
1, 37, 43, 1, 15, 37]; hippocampal volume [1, 1, 1, 15, 11, 
15, 43, 15, 37]; amygdala volume [15, 37] and OFC volume 
[11, 11].

We also extracted data on sample size, sex, and mean 
age; cannabis use levels including age of onset of cannabis 
use, duration of use, estimated lifetime and monthly dosage, 
and lifetime episodes. All data were extracted by Y.C. and 
P.D.S. and data extraction was cross-checked by V.L. Where 
studies met inclusion criteria, but did not report sufficient 
information to compute the required effect size(s) for the 
meta-analysis, data were requested from the correspond-
ing author of the paper. Data requests were not met for one 
study, which was excluded from the meta-analysis.

Additional handling of data

As different studies utilise a variety of measures for can-
nabis use, we homogenised these measures into a standard 
cannabis unit to enable inter-study comparison (cones; 
one joint = 3 cones, 1 g = 12 cones; for other conversions 
see guidelines from the National Cannabis Prevention and 
Information Centre at https ://canna bissu pport .com.au/media 
/1593/timel ine-follo wback .pdf). This conversion could not 
be applied to studies that only reported episodes of cannabis 
use.

In studies where cannabis users or controls were divided 
into subgroups specific to the focus of each study’s inves-
tigation [e.g. cannabis users exposed to THC but not can-
nabidiol (CBD), cannabis users exposed to both THC and 
CBD, and cannabis users whose exposure status cannot be 
ascertained [15]], weighted mean and SD were calculated 
with the available information. Regional brain volumes were 
also collapsed across left and right hemispheres for the main 
analysis.

Filbey et al. [11] report on a cannabis + tobacco user 
group, and a cannabis only user group; in this instance we 
included the cannabis + tobacco user group in our analysis, 
as this is more in line with other studies included in the 
analysis. Yip et al. [43] report on current cannabis users and 
abstinent cannabis users; only current users were included 
in our analysis, as per our inclusion criteria.

Meta‑analyses of regional brain volume

We completed a series of 17 separate meta-analyses for dis-
tinct brain regions that were examined by at least two stud-
ies (i.e. total intracranial, total brain, total grey matter, total 
white matter, ACC, parietal cortex, PFC, total OFC, medial 
OFC, lateral OFC, hippocampus, amygdala, caudate, NAc, 

putamen, striatum, and cerebellum volumes). Two areas 
were examined by two studies (i.e. whole striatum and pari-
etal cortex) and these were meta-analysed to explore the 
strength of the emerging effects. For each region, we cal-
culated the standardised mean difference (SMD) and the 
standard error (SE) of the SMD between cannabis users and 
controls.

Individual SMDs were synthesised using meta-analysis 
and the method of generic inverse variance (random effects 
assumed) in Review Manager 5.3 (the Nordice Cochrane 
Centre, Copenhagen). The SMD effect size was computed 
to allow for variation in outcome measures, by estimating 
differences between cannabis users and controls on the 
volume of each selected brain region (i.e., SMD = (mean-
control − meancannabis)/pooled SD). SMD magnitude can be 
interpreted as: 0.2 = small effect, 0.5 = medium effect, and 
0.8 = large effect. We entered the control group means and 
SDs first in our calculations of SMDs, thus (1) a positive 
SMD reflects a larger brain volume in controls relative to 
cannabis users, (2) a negative SMD reflects a larger brain 
volume in cannabis users versus controls. Random-effects 
models were used to account for high heterogeneity across 
studies. Study bias was explored using funnel plots and 
Egger’s test of publication bias [1].

Exploratory meta‑regressions with cannabis use 
indices

We conducted eight method of moments (random-effect 
model) exploratory meta-regressions. These measured the 
impact of lifetime dose (cones) of cannabis and duration 
of use, on the volumes of select brain regions that differed 
between cannabis users and controls in the meta-analysis, 
i.e. the hippocampus, total, lateral, and medial OFC.

All human and animal studies have been approved by the 
appropriate ethics committee and have, therefore, been per-
formed in accordance with the ethical standards laid down in 
the 1964 Declaration of Helsinki and its later amendments.

Results

Study selection

Electronic database searches of PubMed, Scopus, and Psy-
cINFO identified 1550 papers (Fig. 1). Removal of dupli-
cates across databases resulted in 1046 papers. Of these, 
screening of title and abstracts resulted in 977 papers 
being discarded for not meeting the main eligibility crite-
ria. The full text of the remaining 69 papers was further 
assessed, resulting in the identification of 26 empirical 
studies. Further cross-referencing identified an additional 
5 studies [15, 11, 43, 15, 37]. For one study, data request 

https://ncpic.org.au/media/1593/timeline-followback.pdf
https://ncpic.org.au/media/1593/timeline-followback.pdf
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did not yield information necessary to run the meta-anal-
ysis; it was therefore excluded.

Overall, the studies’ selection led to the identification 
of 30 studies that were used in the meta-analysis [1, 1, 1, 
11, 1, 11, 11, 1, 11, 11, 1, 15, 1, 37, 15, 1, 11, 64–43, 43, 
1, 1, 37, 37, 43, 15, 37].

Of these, 18 study samples were selected for meta-
regressions using either duration of use and dosage as 
predictors of brain volumes that differed between can-
nabis users and controls. These included the lateral and 
medial portions of the OFC (3 studies/6 samples [11, 11, 
43], where [11] consisted of samples from four sites—
Amsterdam, Barcelona, Wollongong, and Melbourne); the 
total OFC (4 studies/7 samples [11, 11, 11, 43]) and the 
hippocampus (12 studies/15 samples [1, 1, 1, 15, 15, 1, 
15, 11, 43, 1, 37, 37] where [1] consisted of samples from 
four sites).

Study characteristics

The included studies along with participant characteristics 
are presented in Table 1. Most samples comprised adult 
participants, and after exclusion of overlapping samples, 
this meta-analysis included 717 cannabis users (aged 
17–40 years, 30.13% female) and 778 non-cannabis using 
controls (aged 16–36 years, 38.43% female). All canna-
bis using samples consumed cannabis on a regular basis. 
Cumulative cannabis exposure was highly variable, can-
nabis use onset commenced at an age range between 15 
and 20 years and duration of cannabis use varied between 
2 and 21 years.

Meta‑analyses of regional brain volume

Table 2 overviews the meta-analysis results for the 17 exam-
ined regions. For regional brain measures, cannabis users 
relative to controls had a significantly smaller volume of 
the hippocampus and OFC (i.e. overall, medial and lateral 
portions) (see forest plots in Fig. 2, and funnel plots in Sup-
plementary Fig. 1).

There were no group differences in the volumes of other 
subcortical regions (i.e. amygdala, NAc, striatum, caudate, 
putamen), the cerebellum (see forest plots in Supplementary 
Fig. 2, and funnel plots in Supplementary Fig. 3), and corti-
cal areas (i.e. PFC, ACC, parietal, with forest plots and fun-
nel plots shown in Supplementary Figs. 4, 5, respectively).

Global brain measures encompassed intracranial volume, 
total brain volume, total grey matter and total white matter, 
none of which differed between cannabis users and controls 
(see forest plots and funnel plots in Supplementary Figs. 6, 
7, respectively).

Exploratory meta‑regression with cannabis use 
indices

The hippocampus meta-regression was non-significant 
for lifetime cones (regression coefficient 0.0000, 95% CI 
0.0000–0.0000, Z = 0.2736, p > 0.05) and duration of use 
(regression coefficient 0.0028, 95% CI − 0.0688 to 0.0745, 
Z = 0.774, p > 0.05), indicating that lifetime dose/duration 
did not predict hippocampal volumes. Further meta-regres-
sions on lateral, medial, and total OFC were run, all which 
were non-significant, probably due to a lack of power.

Publication bias

Examination of publication bias was conducted on the meta-
analyses that showed significant between-group differences. 
Hippocampus, NAc, total OFC, lateral OFC and medial OFC 
funnel plots all suggest reasonable symmetry (Supplemen-
tary Fig. 1). Moreover, Egger’s test of publication bias [1] 
was conducted on the data from these five brain regions. 
We based evidence of asymmetry on p < 0.1 and present 
intercepts with 90% confidence intervals. This is the same 
significance level used in previous analyses of heterogene-
ity in meta-analysis. Egger’s test was not significant in any 
case (p > 0.1), suggesting little evidence of publication bias 
in our sample.

Discussion

We conducted a series of meta-analyses and meta-regres-
sions of up-to-date findings on the neuroanatomical cor-
relates of regular cannabis use. Our findings corroborate 
those from a previous meta-analysis and suggest that can-
nabis users have reduced hippocampal volumes relative to 
controls. Additionally, we identified smaller orbitofrontal 
cortex in cannabis users relative to controls. These results 
are in line with the notion that regular cannabis use is asso-
ciated with neuroanatomical alterations in selected brain 
regions—hippocampus, orbitofrontal cortex—which under-
score memory and reward processes thought to be relevant 
in the aetiology of substance dependence [11]. Exploratory 
meta-regressions revealed that cannabis dosage and dura-
tion of use were not associated with hippocampal and OFC 
volumes, suggesting that these cannabis use parameters did 
not drive their volumetric reduction in cannabis users versus 
controls.

The OFC and hippocampus have putative roles in direct-
ing motivation, memory, and reward function, which are 
crucial in the aetiology and development of substance 
dependence. Significantly, our findings corroborate reports 
from individual studies that posit regular cannabis use is 
associated with alteration of a cluster of brain regions, which 
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are key components of reward neurocircuitry. Specifically, 
alteration in the neuroanatomy, activity and connectivity 
between the hippocampus and OFC has been consistently 
demonstrated in the regular use of substances other than can-
nabis [15, 15, 15] and future studies should examine whether 
connectivity between these brain regions is aberrant in regu-
lar cannabis users, particularly in those cannabis users with 
higher dependence levels. The observed alterations in these 
regions across cannabis and other substance use disorders 
suggest that they share a common neurobiological signa-
ture [11, 11, 1]. This notion is in line with neuroscientific 
theories of addiction [15, 11], whereby repeated exposure 
to/dependence on substances is characterised by neuroadap-
tations across the brain’s reward, learning, and motivation 
circuits.

In contrast, we did not find any alterations in other key 
regions of the reward circuit such as the NAc and dorsal stri-
atum, which purportedly relates to ‘habitual’ and ‘compul-
sive’ substance use; and the amygdala, which is ascribed to 
the experience of stress, craving and withdrawal experienced 
at the severe stages of addiction [15]. The negative findings 
may be due to the lower number of studies available for such 
regions (i.e. n = 3 for NAc, n = 6 for caudate, n = 3 putamen 
and n = 2 for total striatum) , which may have undermined 
the power to detect these effects. Alternatively,  cannabis 
dependence severity across the samples was not consist-
ently high enough to lead to observable robust alteration 

of neural pathways involved in habitual use, craving and 
withdrawal. Also, regular cannabis use may involve distinct 
neural pathways from those engaged in the regular use of 
other substances, and the dorsal striatum and amygdala may 
be engaged to a lesser extent.

Several putative mechanisms may drive the observed neu-
ral alterations in cannabis users. The hippocampus and OFC 
may direct the reinforcing effect of cannabis, with dopa-
minergic inputs along striato-orbitofrontal circuits heavily 
mediating the motivational salience of drug reward [37, 1], 
supported by the hippocampus’ contextual and relational 
input [37, 11]. Reductions of the hippocampus and OFC 
volume may reflect neuroadaptations that occur with learn-
ing [1, 15] and anticipating/maintaining [1]—respectively—
the association between cannabis and its rewarding value 
that emerges with regular long-term cannabis consumption. 
Alterations of the OFC and the hippocampus volumes may 
also result from the potential neurotoxic effects of chronic 
exposure to high level of cannabinoid compounds such as 
THC [43], particularly in regular long term users [1, 1].

In contrast with the notion that indices of cannabis use 
levels—such as duration and dosage—drive neuroanatomi-
cal alterations found in cannabis users relative to controls 
(i.e. hippocampus and OFC), meta-regressions failed to find 
any such associations. This negative finding may have been 
due to the lack of power to detect such associations, because 
a low number of studies was available for the OFC (i.e. n = 

Table 2  Overview of brain 
areas examined across studies 
and meta-analytic results

*p < .05, **p < .01, ***p < .001
ICV intracranial volume, TBV total brain volume, TGM total grey matter, TWM total white matter, NAC 
nucleus accumbens, OFC orbitofrontal cortex, PFC prefrontal cortex, ACC  anterior cingulate cortex, B 
regression coefficient, unstandardized beta

Brain area N studies Sample size Meta-analytic results

CAN HC SMD 95% CI Z p I2 (%)

ICV 13 523 469 − 0.02 − 0.15, 0.12 0.25 0.80 76
TBV 8 276 218 − 0.05 − 0.26, 0.17 0.42 0.68 82
TGM 6 179 179 0.02 − 0.09, 0.13 0.36 0.72 11
TWM 6 184 182 0.02 − 0.08, 0.12 0.41 0.68 0
Hippocampus* 12 514 514 0.14 0.02, 0.27 2.29 0.02 74
Amygdala 8 304 355 0.02 − 0.14, 0.17 0.21 0.84 75
Striatum 2 62 70 − 0.79 − 1.71, 0.14 1.66 0.10 97
NAc 3 113 199 − 0.15 − 0.45, 0.15 1.00 0.32 85
Caudate 3 174 241 0.09 − 0.16, 0.35 0.71 0.48 85
Putamen 3 41 140 − 0.08 − 0.72, 0.56 0.24 0.81 94
Cerebellum 5 161 166 0.67 − 0.52, 1.87 1.10 0.27 99
Total OFC*** 4 233 233 0.27 0.27, 0.37 5.20 0.00001 17
Lateral OFC*** 3 185 171 0.19 0.07, 0.32 3.10 0.002 26
Medial OFC*** 3 185 171 0.30 0.15, 0.45 3.89 0.0001 51
PFC 3 72 76 0.05 − 0.11, 0.21 0.60 0.55 0
ACC 3 77 86 − 0.03 − 0.32, 0.27 0.18 0.85 71
Parietal 2 45 45 0.03 − 0.33, 0.39 0.14 0.89 64
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Fig. 2  Overview of forest plots showing significant meta-analytic differences between cannabis users and non-using controls in the total volumes 
of the hippocampus, nucleus accumbens and total, medial and lateral orbitofrontal cortex (OFC)
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7), but may reflect a lack of association for the hippocam-
pal meta-regression that was well powered (i.e. 15 studies). 
Other cannabis-related measures may drive neuroanatomi-
cal alterations in cannabis users, such as cannabis depend-
ence (e.g. Severity of Dependence Scale [1, 11]), severity 
of problem cannabis use disorder (e.g. DSM-V criteria [1], 
Cannabis Use Disorder Identification Test [1]) and canna-
bis potency (e.g. THC and THC/CBD ratio from toxicol-
ogy analyses [11]). These variables could be not included 
in the meta-regression as they were assessed by a minority 
of studies. Future studies should perform careful assessment 
of the level of cannabis use (e.g. dosage, duration, age of use 
onset, average smoking days/month, accounting for absti-
nence periods), cannabis potency and the severity of canna-
bis dependence/problem use, and where possible determine 
proportional exposure to THC and CBD [1, 11, 1, 37, 11, 
11] to systematically measure which variables drive neuro-
anatomical differences between cannabis users and controls.

Variables unrelated to the direct effects of cannabinoids 
may also drive neuroanatomical alterations in cannabis 
users. For example, regular cannabis use and cannabis 
dependence (e.g. craving, withdrawal) have been associated 
with high stress levels [1, 1], and psychopathologies char-
acterised by  elevated stress (e.g. depression, anxiety, psy-
chotic disorders [1, 15, 11, 1, 15]). Chronic circulating high 
amounts of stress hormones have also been shown to affect 
the neuronal ultrastructure within the OFC [1] and hip-
pocampus [11]. However, stress levels and psychopathology 
symptoms have been inconsistently assessed in the literature, 
which precludes assessment of whether this variable played 
a role in our findings. Other factors that may contribute to 
neural alterations in cannabis users or mediate cannabis-
related effect include comorbid alcohol or tobacco use [1, 
11, 15], genetic polymorphism [37, 1], socioeconomic status 
and childhood maltreatment [15]. The relative contribution 
of these variables to the neuroanatomical correlates of can-
nabis use has been poorly examined and is unclear.

The results from this meta-analysis must be considered 
with caution. First, although significant, the volumetric 
group differences were small statistically, suggesting that 
there was a considerable overlap between regular cannabis 
users and controls. This is plausible as regular cannabis 
users comprise a wide variety of participants, with het-
erogeneous levels of dependence, entrenched sub-clinical 
comorbidities (i.e. participants were screened for psycho-
pathologies) and other psychosocial variables that also 
affect neuroanatomy. Second, our ability to detect group 
differences in some of the examined brain regions (i.e. the 
whole striatum, caudate, putamen) may have been affected 
by the small number of studies that examined these areas 
(i.e. two-to-three studies). Future meta-analyses compris-
ing additional studies are required to confirm the results in 
these under-investigated regions. Third, the cross-sectional 

study designs prevents drawing any conclusions on the 
causal nature of group differences between cannabis users 
and controls. These alterations may either follow or pre-
date cannabis use onset, as preliminarily shown for the 
OFC [1, 15], which are ascribed to personality traits such 
as impulsivity and sensitivity to reward that predate sub-
stance use onset [43]. Neural differences between canna-
bis users and controls also may normalise with prolonged 
abstinence [15]. Fourth, multiple cannabinoid compounds 
encapsulated in commonly smoked cannabis may exert 
independent and interactive effects on the central nervous 
system (e.g. THC and CBD [15]), a notion to be eluci-
dated in future studies. Finally, the lack of a standard-
ised diagnostic assessment for problematic (rather than 
recreational) cannabis use in the meta-analysed samples 
precludes the understanding of whether group differences 
between cannabis users and controls were driven by a sub-
group of more severe cannabis users, as shown in prelimi-
nary work on cannabis use neurobiology [15] and postu-
lated by neuroscientific theories of addiction whereby the 
transition from recreational use to dependence is charac-
terised by neuroadaptations in reward pathways [17–1].

In summary, this meta-analysis provides evidence that 
regular cannabis use is associated with neuroanatomical 
alterations in multiple brain regions, namely smaller OFC 
and hippocampal volumes, all of which are key components 
of the reward, learning, and motivation circuits underpinning 
and altered in other substance use disorders. While these 
findings suggest common neural alterations between those 
who use cannabis and other substances on a regular basis, 
the lack of dosage- and duration-dependent associations 
highlights the need to elucidate whether such alterations are 
driven by cannabis-related measures (e.g. dosage, depend-
ence, potency), confounders entrenched with regular canna-
bis use (e.g. stress and symptoms of anxiety, depression and 
psychosis; impulsivity, comorbid tobacco and alcohol use, 
and illicit substance use) or distinct motivational factors that 
drive one to smoke cannabis regularly (e.g. to experience 
pleasure, for habit [37], to cope with/avoid difficult emotions 
[43], to regulate one own’s homeostasis [37], among others). 
We warrant the conduct of detailed assessment of cannabis-
related measures and confounders to enable the elucidation 
of mechanisms driving neuroanatomical differences between 
cannabis users and controls and identify subgroup of users 
who may be particularly vulnerable to the adverse neurobe-
havioural effects of cannabis. Progress in this direction will 
in turn be able to inform public policy and clinical treatment 
strategies that target and protect the most vulnerable users.
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