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Abstract

Rationale Regular cannabis use (i.e. > monthly) is highly prevalent, with past year use being reported by ~200 million people
globally.High reactivity to cannabis cues is a key feature of regular cannabis use and has been ascribed to greater cannabis
exposure and craving, but the underlying neurobiology is yet to be systematically integrated.

Objectives We aim to systematically summarise the findings from fMRI studies which examined brain function in cannabis
users while exposed to cannabis vs neutral stimuli during a cue-reactivity fMRI task.

Methods A systematic search of PsycINFO, PubMed and Scopus databases was pre-registered in PROSPERO
(CRD42020171750) and conducted following PRISMA guidelines. Eighteen studies met inclusion/exclusion criteria. Samples
comprised 918 participants (340 female) aged 16-38 years. Of these, 603 were regular cannabis users, and 315 were controls.
Results The literature consistently reported greater brain activity in cannabis users while exposed to cannabis vs neutral stimuli in
three key brain areas: the striatum, the prefrontal (anterior cingulate, middle frontal) and the parietal cortex (posterior cingulate/
precuneus) and additional brain regions (hippocampus, amygdala, thalamus, occipital cortex). Preliminary correlations emerged
between cannabis craving and the function of partially overlapping regions (amygdala, striatum, orbitofrontal cortex ).
Conclusions Exposure to cannabis-cues may elicit greater brain function and thus trigger cravings in regular cannabis users and
thus trigger cannabis craving. Standardised and longitudinal assessments of cannabis use and related problems are required to
profile with greater precision the neurobiology of cannabis cue-reactivity, and its role in predicting cravings and relapse.
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This article belongs to a Special Issue on Cannabis and
Cannabinoids

Introduction

Cannabis is the most widely used substance globally,
with ~ 192 million users in the past year (United Nations
Office on Drugs and Crime (UNODC, 2020). A significant
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and increasing minority of ~ 10% of users consume cannabis
on a regular basis (UNODC, 2020). This is concerning as
regular cannabis use (i.e. at least once a month; Sutherland
et al. 2021) is associated with a range of psychosocial out-
comes including severe cannabis use disorders (CUD) and
mental health disorders (American Psychological Associa-
tion (APA), 2013; Hasin et al. 2016) and lower IQ, educa-
tion and cognitive performance (e.g. working memory; Scott
et al. 2018). Cannabis use-related problems are reported to
incur a substantial financial burden globally from a range
of issues, e.g. traffic accidents, hospital/treatment services,
psychological disorders and work absenteeism (UNDOC,
2020). For these reasons, it is critical to understand the

@ Springer


http://orcid.org/0000-0002-5917-7068
http://crossmark.crossref.org/dialog/?doi=10.1007/s00213-021-05973-x&domain=pdf

2710

Psychopharmacology (2021) 238:2709-2728

pathophysiological mechanisms of regular cannabis use in
order to develop effective intervention strategies to prevent
these issues and/or mitigate their effects. From a neurobio-
logical perspective, we are yet to fully understand the key
processes and brain regions that are associated with regular
cannabis use. In spite of this, the implementation of mag-
netic resonance imaging (MRI) has caused increasingly
advanced efforts to identify the pathophysiology of regular
cannabis use.

A core feature of regular cannabis use is greater reac-
tivity to cannabis cues vs neutral cues (henceforth called
“cue-reactivity” (Jasinska et al. 2014). Greater cannabis
cue-reactivity has been robustly demonstrated using self-
report (e.g. higher valence, arousal and craving rating) and
various psychophysiological indices (e.g. higher heart rate,
blood pressure, skin temperature and P300 amplitude (Nor-
berg et al. 2016). Greater cannabis cue-reactivity in regular
cannabis users has been posited to develop as a result of
repeated cannabis consumption, whereby cannabis-related
cues (e.g. paraphernalia, smell, contexts) progressively
acquire a rewarding value in that they signal and predate/
anticipate the experience of the reward (i.e. pleasure, feel-
ing high) that will come from the consumption of cannabis
(Jasinska et al. 2014). Thus, reactivity to cannabis-related
cues has been posited to underlie symptoms consistent with
a CUD: increased motivation for using cannabis, habitual/
repeated cannabis use and in some also the experience of
cravings for cannabis (i.e. strong desires, urges and preoc-
cupation to use), loss of control of cannabis use and relapse
following attempts to reduce or quit (APA, 2013; Berridge
and Robinson 2016; Zilverstand et al. 2018). Notably, canna-
bis and related products have become increasingly available
and advertised (either in a licit or illicit fashion) in outlets
online and in communities globally due to trends towards
the decriminalisation of recreational and medical cannabis.
Therefore, investigating how exposure to cannabis-related
cues affect the brain, and how brain alterations in relation to
cannabis cue exposure relate to cannabis craving and chro-
nicity of use, is timely to inform users and their relatives
in the general community, clinical practitioners and policy-
makers (Wilkinson et al. 2014).

Animal studies and meta-analysis of drug cue-reac-
tivity studies (e.g. alcohol, nicotine, cocaine) show that
greater reactivity to substance-related cues in regular sub-
stance users is ascribed to sensitisation of brain pathways
implicated in reward processing with repeated exposure
to substances. These include striatal areas implicated in
reward processing, limbic regions mediating stress, and
prefrontal cortex (PFC) areas implicated in motivation
and disinhibition (Koob and Volkow 2016; Noori et al.
2016; Zehra et al. 2018). Specifically, such reward brain
pathways would be activated with cannabis consumption
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in occasional users; however, with repeated cannabis
use, the activation of these pathways would occur also in
response to exposure to cannabis-related cues that signal/
predate cannabis use, thereby triggering repeated/auto-
matic cannabis use behaviour, motivation for using, and
in some, also craving and relapse when attempting to cut
down or quit (Berridge and Robinson 2016; Zilverstand
et al. 2018).

However, the neurobiology of reactivity to cannabis
cues in regular cannabis users are yet to be fully mapped.
The evidence from functional magnetic resonance imag-
ing (fMRI) studies that have mapped brain function with
high-resolution, in-vivo, non-invasively during exposure to
cannabis cues in regular cannabis users has yet to be syn-
thetised (Blest-Hopley et al. 2018; Yanes et al. 2018). A
careful profiling of the neurobiological correlates of can-
nabis cue-reactivity is required to further neurobiological
theories of addiction (i.e. anticipation/motivation stage) as
these are largely based on evidence on substances other than
cannabis (Zehra et al. 2018) (Koob and Volkow 2016). A
synthesis of the evidence on the neurobiology of cannabis
cue-reactivity will also create a knowledge base that can be
used to inform the development of neurobiological targets
for treatment that aim to mitigate reactivity to cannabis cues,
consequent automated use, and in some, craving and relapse.

The first aim of this systematic review is to synthesise the
evidence to date on the brain functional correlates of canna-
bis cue-reactivity in regular cannabis users examined using
fMRI tasks which entail participants’ exposure to cannabis
vs neutral stimuli (henceforth CAN vs NEU). The second-
ary aim of this review is to summarise the evidence on the
associations between brain function in cannabis users (while
exposed to CAN vs NEU stimuli) and the level of various
variables including subjective cannabis craving, cannabis
exposure (e.g. duration, dosage, frequency), cannabis use-
related problems and exposure to substances other than can-
nabis. An additional aim is to overview the methodologies
used to measure cannabis cue-reactivity using fMRI in regu-
lar cannabis users in order to inform on the methodological
standards in this area of research.

Method
Search strategy

This review was pre-registered via PROSPERO (ID:
CRD42020171750). A systematic search of the literature
to date (5 November, 2020) was reported in-line with the
Preferred Reporting Items for Systematic Reviews and Meta-
Analysis (PRISMA) guidelines (Moher et al. 2009), full
checklist in Online Resource 1. Searches were completed
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using PsycINFO, PubMed and Scopus databases. Search
terms included (“cannabis use disorder” OR cannabis OR
marijuana) AND (fMRI OR “functional magnetic resonance
imaging” OR MRI OR “magnetic resonance imaging” OR
“brain activity” OR “brain function” OR connectivity OR
“neural activity””) AND (“cue-reactivity” OR “cue-salience”
OR craving OR reward OR sensitization). All terms were
searched within title, abstract and keywords. No time limits
were placed on the search.

Inclusion and exclusion criteria

Inclusion criteria were as follows: (i) the manuscript was
written in English; (ii) the sample included human partici-
pants; (iii) the mean age of the sample ranged between 14
and 65 years; (iv) the sample comprised people who regu-
larly use cannabis (i.e. at least once a month; Sutherland
et al. 2021) or meeting criteria for a cannabis use disorder/
dependence); (v) fMRI was used as a technique to measure
brain function; vi) a cue-reactivity fMRI task was used to
measure brain function; (vii) brain function was measured
via contrasting presentation of CAN vs NEU stimuli; and
(viii) the manuscript was published in peer-reviewed journal.

Exclusion criteria were as follows: (i) the sample was
defined as endorsing a diagnosis of any major mental health
disorder (e.g. depression, schizophrenia) or neurological dis-
orders (e.g. epilepsy); (ii) the sample had regular/disordered/
dependent use of substances other than cannabis, alcohol or
tobacco (as defined by each study); (iii) brain integrity was
measured using neuroimaging techniques other than fMRI
(e.g. structural MRI, diffusion-weighted imaging, electro-
encephalography, positron emission tomography); (iv) the
study was not an experiment (e.g. single case report, case
studies, review or meta-analysis); and (v) the manuscript
was not published in a peer-reviewed journal (e.g. confer-
ence abstract, book chapter, dissertation).

Figure 1 outlines the PRISMA flowchart which summa-
rises the systematic study selection process for inclusion in
this review. Screening of all records’ titles, abstracts and
full-texts (after duplicates were removed) against the inclu-
sion and exclusion criteria was done independently by two
student researchers (H.S., H.T.). The resulting article selec-
tion was then disclosed, and any discrepancies were resolved
via discussion with a senior researcher (V.L.). As a result of
this process, 18 manuscripts were identified as eligible for
this review.

Data extraction

The following data was extracted from all studies: (i) study
characteristics (e.g. first author, year of publication and
recruitment strategy); (ii) sample socio-demographic char-
acteristics (e.g. sample size, age, sex); (iii) level of cannabis

use and related problems in the cannabis group (e.g. dosage,
duration, age of onset, frequency/occasions, abstinence dura-
tion); (iv) method used to analyse fMRI data (e.g. whole
brain, ROI); (v) brain functional differences comparing
exposure to CAN vs NEU stimuli (a) within cannabis users
and (b) between cannabis users compared to controls (i.e.
additional brain functional differences between cannabis
subgroups were extracted); and (vi) correlations between
brain function (while exposed to CAN vs NEU stimuli) and
behavioural variables (e.g. subjective craving, level of can-
nabis use).

Supplementary materials (including Supplementary
Tables 1-4) available in Online Resource 1 overview data
that was additionally extracted: (i) inclusion/exclusion cri-
teria and assessment methods at study level (e.g. comorbid
psychopathology, concurrent substance use, medical condi-
tions); (ii) group inclusion/exclusion criteria and assessment
methods at study level (e.g. severity and/or diagnosis of can-
nabis use disorder/dependence, treatment status and absti-
nence duration in the cannabis group, level of alcohol and
tobacco use); (iii) biological measures of cannabinoids from
various specimens; (iv) details of the cannabis cue-reactivity
fMRI task (e.g. craving rating, stimuli type, presentation
protocol); and (v) technical characteristics of imaging data
acquisition (e.g. fMRI acquisition parameters, MRI scanner
strength and manufacturer, number of head coil’ channels).

Additional data handling

We extracted data from cross-sectional comparisons of
brain function within cannabis users (CAN vs NEU) and
between cannabis users and controls. The design of two
studies was prospective with assessment of cannabis users
and controls at baseline (Cousijn et al. 2013) and 3 years
later (Vingerhoets et al. 2016). From these datasets, results
on the primary outcome variable (i.e. brain function compar-
ing cannabis vs control groups) were extracted during base-
line administered of the cue-reactivity fMRI task (Cousijn
et al. 2013) and associations with cannabis use patterns and
related problems 3 years later (Vingerhoets et al. 2016).

Risk of bias

Results from the quality assessment showed consistency
in the quality of studies included in this review; see Sup-
plementary Table 5. All 18 studies stated the research
question/s clearly, with the study population/s specifically
defined and selected from similar populations and time
periods. Inclusion/exclusion criteria were applied uni-
formly to all participants across all included studies. The
independent and outcome variables were prespecified and
implemented consistently across all studies, with sufficient
time so that one could expect to see an association between
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sample size justification, power description or effect esti-
mates. Similarly, no study blinded the researchers to the
group status of the participants. Only eight of the 18 stud-
ies controlled for potential confounding variables in their
statistical analysis, which were also inconsistent. Only
four studies respectively controlled for cannabis problems/
dependence severity, cannabis use patterns and age. Five
studies controlled for alcohol, and three controlled for
cigarettes, two for IQ/education years and one for lifetime
use of other psychotropic substances.
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A total of 18 studies were included in this review (Bitter
et al. 2014; Charboneau et al. 2013; Cousijn et al. 2013; de
Sousa Fernandes Perna et al. 2017; Feldstein Ewing and
Chung 2013; Filbey and Dunlop 2014; Filbey et al. 2016;
Filbey et al. 2009; Goldman et al. 2013; Karoly et al. 2019;
Kleinhans et al. 2020; Kuhns et al. 2020; Vingerhoets et al.
2016; Wetherill et al. 2014; Wetherill et al. 2016; Wether-
ill et al. 2015; Yoo et al. 2020; Zhou et al. 2019).
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Overview of groups compared

We extracted brain function during exposure to CAN vs
NEU stimuli, in the following groups: (i) within canna-
bis users in 12 out of 18 studies (Charboneau et al. 2013;
Cousijn et al. 2013; de Sousa Fernandes Perna et al. 2017,
Feldstein Ewing et al. 2013; Filbey et al. 2009; Filbey and
Dunlop 2014; Filbey et al. 2016; Goldman et al. 2013;
Karoly et al. 2019; Kleinhans et al. 2020; Wetherill et al.
2014; Wetherill et al. 2015) and (ii) between cannabis users
and non-using controls in eight studies (Bitter et al. 2014;
Cousijn et al. 2013; de Sousa Fernandes Perna et al. 2017,
Filbey et al. 2016; Kleinhans et al. 2020; Kuhns et al. 2020;
Yoo et al. 2020; Zhou et al. 2019). We additionally extracted
brain function during exposure to CAN vs NEU stimuli
between distinct cannabis subgroups, which was reported
in 1-2 studies: dependent vs non-dependent users (2 stud-
ies) (Filbey and Dunlop 2014; Zhou et al. 2019); high vs
low problem cannabis use (2 studies) (Cousijn et al. 2013;
Vingerhoets et al. 2016); early vs late cannabis use onset (1
study) (Cousijn et al. 2013; Wetherill et al. 2016, frequent vs
sporadic (n=1); cannabis use only vs cannabis and tobacco
use (Kuhns et al. 2020); and male vs female cannabis users
(1 study) (Wetherill et al. 2015).

Overview of sample socio-demographic
and cannabis use characteristics

Table 1 overviews the socio-demographic characteristics of
the reviewed samples. The reviewed samples comprised a
total of 918 participants (340 female), of which 603 were
cannabis users and 315 were non-cannabis using controls
(i.e. henceforth controls). The sample size ranged from 12 to
144 participants aged between 16 and 38 years. Males were
slightly represented in ten studies, and the ratio of males
and females was even in the remainder eight studies. Par-
ticipants’ recruitment source was described in all studies
but one (de Sousa Fernandes Perna et al. 2017). Most sam-
ples were recruited from the general community (15 studies,
using flyers, newspapers, internet, media), and two samples
were recruited from other sources, e.g. juvenile justice pro-
grams (Feldstein Ewing et al. 2013) and drug counselling
services (Zhou et al. 2019).

Overview of cannabis use levels

Table 1 overviews the levels of cannabis use in the cannabis
groups. The age of onset of cannabis use ranged from 12 to
20 years, with a mean age of onset of 16 years across stud-
ies. The duration of cannabis use varied widely from 2 to
19 years, with a mean duration of cannabis use of 8 years
across studies. Most studies reported how often cannabis
was currently used in either weekly consumption days (11

studies) or occasions (3 studies). The level of cannabis use
was from 5 days to everyday of the week, and the number
of weekly cannabis use occasions ranged from 5 to 21. Can-
nabis dosage was measured in 13 of the 18 studies, using
heterogeneous metrics and over different period of times.
These ranged from 2 to 28 grams a week (11 studies) and
8-84 joints a week (2 studies). Only two studies quantified
THC metabolites in urine, which corroborated presence of
cannabis use. The duration of abstinence from cannabis
at the time of scan was reported only by four studies and
ranged widely from 14 hours to~4 days.

Overview of fMRI methods

Table 2 summarises the fMRI data analysis methods used.
The most consistently used fMRI data analysis method was
aregion of interest approach (ROI; 7 studies), followed by a
whole brain approach (5 studies) and by a seed-based con-
nectivity approach (seed/network to whole brain; 3 studies).
Some of these studies used multiple methods concurrently:
ROI and whole brain (5 studies;Cousijn et al. 2013; Gold-
man et al. 2013; Karoly et al. 2019; Kleinhans et al. 2020;
Kuhns et al. 2020; Zhou et al. 2019).

Summary of ROIs examined across the studies

A total of 347 ROIs were examined across the 18 studies.
The most examined ROI was the ventral striatum/nucleus
accumbens (NAcc; 13 studies) followed by the amygdala
(9 studies). These were followed by the orbitofrontal cortex
(OFC) and the dorsal striatum (7 studies, respectively; the
latter included the caudate, 2 studies; pallidum, 2 studies;
and the putamen, 1 study) and then by the anterior cingulate
cortex (ACC; 6 studies) and the insula and the hippocampus
(5 studies, respectively). Single studies examined the thala-
mus and a variety of other regions, as well as networks (i.e.
default mode, salience, central executive). Table 2 overviews
results on differences in brain function between exposure to
CAN vs NEU within cannabis users, between cannabis users
and controls and between various cannabis using subgroups.

Brain functional differences in cannabis users,
during exposure to CAN vs NEU stimuli

Greater brain activity was reported in 11 of 12 within
cannabis using samples while exposed to CAN vs NEU
stimuli. Single studies reported lower activity (i.e. in pari-
etal and occipital cortices) and non-significantly different
brain function, while cannabis users were exposed to CAN
vs NEU stimuli. Greater brain function in cannabis users
while exposed to CAN vs NEU stimuli was located most
consistently in the hippocampus/parahippocampus (8 stud-
ies) and the amygdala (6 studies), followed by the thalamus,

@ Springer



Psychopharmacology (2021) 238:2709-2728

2714

- - Jm/kep ¢ - - - - - 01881 - oov - 610¢ “Ajorey
SIM/3 87 0T (€corel (1) L'8C oz 1050 e
- SM/8 1T - S €l T osl - 0006C - @®¢st josu0 A[led  910T ‘TIHOYIRM
- Am/3 ¢ ym/Kep ¢ - - T (T Lol T oI -o®n dn-mofrog
- AM/3 ¢ jym/Kep ¢ - - T (Togel T woe60e T WU suraseq  9[(C ‘SI90YIASUIA
(1/ )
HOOD-DHL 91 L10T
(I/ ™) YO-DHL #'0 ‘BUIO] SOpUEU
- (y"W) DHLT'T Sm/00 ¢ - - - T (go¢ste (st Dot 9IT - -1 ESNOg 9p
(It
/3W) AD/DHL T
- SIM/3 11 - 4! T @891 (o) rer (Convie (SLLoc (5£)89 (00 €S - 910€ ‘AdqIrd
SIM/3 87 cnoel (T'8) £'6C LT SN
- SIM/3 1T Am/Aep 9 1 - T (@oocl - (89 00¢ - LT SEWRd  GTOT ‘[IHOYIOM
- SM/3 11 Sm/kep £ I - (X! T werer - @noe T PI0T THeUeM
Sm/kep 9 8 LT T rel (1'8) ST (6) e  uepuadop-uoN
- - Sm/kep 9 9 81 T (T gel T (69651 - (eLg uopuadog $10T ‘AoqIrd
Sn/siurol g
9T MM/B T - - - - - @81 ODO6I  (6)SI ©¢1 - ¥10T ‘Tong
€102
- - Jm/kep ¢ - e Cl - - T DIl - Wer T ‘Summy uispad
Smysiurol 8
- SM/3 1T Sm/kep £ 61 - ~(oocr TonvLe - @u T €10T ‘uewpon
Sm/siarol g
- AM/8 T Sym/Aep ¢ 4 - - - €or1I1e ) s1 wopqord mo]
Sm/suof 7
- M3 4 Sm/Kep ¢ ¢ - - - Dy Wwor wopqoxd ysry
- SJysiurol o1 - - - - - o1 W oz orperods
Smysiurol o7
- Am/8 ¢ Am/Aep g € - - T @or €oegic @1z aDig juonbaig €10 ‘ulisno)
4! - jM/900 91 - SI - - T oo Lee - apor ~ €10T ‘mesuoqIey)
M/990 [T
- - “m/Aep 9 L LT - - T o(gnLee T (©1¢ - 600¢ “Keqrig
(s1) yoom
uoneInp spu10l/sunid 42d sU01SDII0 sdnoi3
Qouounsqy  ‘o3esop Apjoopr  /App ‘Aouanboig suf ‘uonein su4 9esuo 93y [onuo)  SIqeuur)) [onuo)  siqeuue)) [0NUO) SIqeuur)) -qng siqeuue))
(gs) ueaw (gs) ueaw
[9AQ[ 9sn sIqeuur)) s1£ ‘uoneonpyg s1£ a3y (orewdy) N 18307, ek ‘T07INYy

S[OAQ] 9sn SIqeuuERd pue sonsLIoeIRyd sorydeidowap-oroos ojdwes | ajqer

pringer

Qs



2715

Psychopharmacology (2021) 238:2709-2728

SI9SN JO %08,

sarpn)s ssooe AJfiqeredwod pre 0) Syeam ojut awnJI[ Jo Aep 1od swers jo Joquinu pue syeom ojur papIAIp yjuow 1od Aep jo zoquinu jsed BIA paje[NO[Ed SaSeIoAe pajewnsy,

potrad 20udUNSqe JUSWSSISse-a1d SuLmp pamsesjy,

asn is1y Jo a3y,

Iop1osip AanderdAy 1oysp uonuae GHAV TOUIqeuuBd0IpAYEINR)- V-£X0qIed
-6-1ION-11 HOOD-DHIL h~o:5m::moo%%:§u8-m<.%xo%\nm-_~ YO-DH.L ‘0UIqeuuBd0IPAYRIR) D[ ‘UOTIBONPD NP5 ‘SUOISEID0 220 YoM ¥M ‘UONBIAID PIEPUBR)S (7S ‘TOQUINU A ‘SIBIA S4f :2JON

¥'86 Sm/3 ¢ pIm/Kep - 4 L1 B - (a9T9r (@weor (st (XD se ~ 0T0T ‘suBquIdy|
(Tw/3u)
sutuneaId/aHL T
6L SM/3 1 B 01 61 B ~ (onrer (6LVe6T (SH06 (€D ¥S - 0T0T ‘00X
AN/ € Am/Kep - N - T o9t (doLor DS (0D8I  Auo siqeuue)
0908q0], + S1q
- Jm/3 ¢ Jm/kep g - B B T oLor ogie @1 (OX -euuen) 020T ‘suyny
€8 AN/3 91 LD vl sosIT (0 0z 3uspuadop-uoN
0% SM/3 9 - S S1 (€961 (Cest (€nree Loete 0y (0) 81 uopuadoq 610C ‘noyz
(s1q) Yoam
uoneInp squ10l/sunid 42d sU01sDI20 sdnoi3
Qouounsqy  ‘o3esop Apjoopr  /App ‘Aouonboig suf ‘uonein su4 9esuo 93y [onuo)  SIqeuur) [onuo)  sIqeuue) [0NUO) SIqeUUR)) -qng siqeuue))
(@s) uesw (@s) uesw
[9A9] 9sn siqeuue)) s ‘uonyeonpyg 544 93y (srewoy) N 18107, Ieok ‘Ioyiny

(ponunuoo) | sjqey

pringer

a's



Psychopharmacology (2021) 238:2709-2728

2716

D40 DIV “(uow
-end ‘a1epned ‘00yN) WNerns
ud]qoad-mo) <y3iy
4099PqOI-UON
Juanba.i,] = 020vqoJ +juanba.,y
(s10d) Ter0dWIo) ‘(TRIPaUN) TRIUOI)
wa)qoad-mo) <ysiy

20y N/WNJeLns

‘OH<dD NAN=NVD

snduwreooddry ‘erep3Aury
(s1pprwr)
[231d1090 ‘(JISU0}) WN[[qa1d
‘ernsur ‘(rorxadns ‘IOLISJUT)
rexodway ‘(1o110dns ‘xorI9§UT)
[ereued OOV ‘enuasisodyard
‘(101107UT ‘9[ppIw ‘T0113dns) 1)
-uoiy ‘snoun ‘sndurecoddryered

‘(91epnEd) WnjeLns ‘Snuweey],

VIA
‘orod Terodwa) ‘(ferpowr) [eIuoIy

‘OH<dD

(Te1aye) IR]
-n3ue/eidooo OO ‘(1o11adns
‘Terpawr) Tejuody ‘snoundaxd ‘QDd
wWN[0qa19d ‘Ten3ury ‘(o[pprur
Jouayur) 1endrooo ‘wiojisny
‘(orppru ‘rorrojur) Terodwa)
‘snoun ‘sndwreooddry ‘erepSAwry
VLA ‘Wn[[ogaiao ‘(Joux
-oqur ‘orppru) [e31diodo ‘ernsut
‘waojIsny ‘(e[pprur ‘Iorradns)
[erodwa) ‘snounsaid ‘(1oLI9§UT)
ened ‘QOvp ‘Tenuadsod
/e1d DJOI “(eTpprus ‘ToLiogur)
[ejuOI} ‘e[ep3Awe ‘snurerey],

Dddwa “(99¥N)
wnjeLns ‘snweey) ‘efep3Awy

(JenuaA)
B[NSUI ‘(JRNUIA) WNIBLIS
‘9340 ‘sndureosoddry ‘erepSAwry

VLA
fumerns 9V ‘040 ‘erepsSAwy

104

104

ureiq ooy

104

ureiq 9[oy M

ureiq 9[oyA

ureiq 9[oy M

P10T ond

€107 ‘uewp[on

€10 ‘Surmy uraisprag

€107 ‘ufisno)

€10 ‘neauogIey)

600¢ ‘Keqrid

sdnoi3qns siqeuue))

S[OIIUO SA SIasn siqeuue) SIasn siqeuued UIIIA\

NAN < NVD 1se1uod 3uisn SooUIdJIp [euonouny urelg

1S919)UI JO SUOISY

yoeoidde
SISA[eue
B1ep YN

ek ‘T07INYy

s1osn siqeuued ur (NN < NVD) sl )1A1joea1-ono Surmp uonesa)[e ureiq pue poyjeu sisf[eue [YIAF jo Arewwing g ajqeL

pringer

Qs



2717

Psychopharmacology (2021) 238:2709-2728

(TenuaA) wnjerns
1asuo 210] > vy

([esIop) winjerns
Jasuo 210 < Ky

OH=4D

WIN[[9GaI0 ‘[eSO[[BIqNS
*2Dd ‘snaunodaxd ‘)Y ‘djepned

(erppru) [eirdroso ‘(rotrogur)
rexodwady ‘snoundaid ‘(JorIoyur)
esorred ‘snouno QD ‘wIojisny
‘(rerpaw ‘rorradns) [ejuoiy
‘snurerey) ‘sndwresoddiyereq

e[nsur
‘(Tenuaa) wmyeLns ‘QOyrad
‘OJow ‘sndwreooddry ‘efepSAwry

(wnpryred
wnprred ‘arepned ‘uoweind) wnyerng
snouno

-a1d ‘snounod ‘(Te1ojer) [e31drooo
NAN>NVD

(rexaye]) reydrooo
‘snaund ‘wn{[agaIad ‘snaundaid
DDV ‘(F0L195Ul ‘[RIpaW) [EIUOLY

ureIq AoyMm 610¢ “Ajorey

104 910T ‘TIHoYIM

109 LI10C rmﬁiom SopuelIaq esnog ap

DH<9D ‘snurerey) ‘sndureocoddryereq urelq o[OYA\ 9107 ‘AoqIrg
e[nsur
B[nSUL ‘WnjeLs ‘I ‘(Tenuea) wnjerns “QDvyad
apuaf=apW ~ ‘D401 ‘erep3Awe ‘sndweooddry ‘O yow ‘sndwesoddry ‘erepSAury 109 G107 ‘TIHYIaM
e[nsur
enSul ‘(renuaa) wmyerns ‘QHyad
- - ‘(renuoa) wnmerns ‘efep3iwy  QJow ‘sndwreooddry ‘erepSAwry 104 10T TIIRYIM
snounoaid — sndwreooddiy
{[fenuaoysod
so1d ‘(1o110dns) [RIUOI} — DJO
‘(JoLIyuI “JOLX
-adns) [eyerred ‘qenuasisod — 00y N
Juapuadap-uou > juapuadaq
snaunodaid ‘(1oLIojuI “I0LI
-adns) [ejorred ‘renuadysod — DOV
‘(zor10dns) Terodwe) ‘(I0LI e[nsur
-QJuI ‘Q[ppIu) [eJUOIj— B[epSAWe wN[[9qaIdd DDV ‘(rep (VLA “09eN) wnmerns ‘Q)v
Juapuadap-uou < juapuadaq T -ned) wnelns — (0OYN) wnelng ‘DO ‘sndweooddry ‘erepSAwy Ppaseq-pass +10¢ ‘“Aoqrn]
sdnoi3qns siqeuue)) S[OJJUOD SA SIASh SIqeUUR)) SIOSN SIqRUUERD UIYIIAN :omwi%
sIsATeue
NAN < NV 1senuod ursn SoouaIjjIp [euonouny urelg 1S9I9)UI JO SUOISIY erep TN I8k ‘IoyIny

(ponunuoo) zsjqey

pringer

a's



Psychopharmacology (2021) 238:2709-2728

2718

0200q0} 0U g = 029vqoL + gD

OH=84D

S0MIOU SATINOIXD [BIIUID — OYN

‘OH <D

DDV ‘elep3Awe ‘wnjerns

:000DqO1+ gD < 0200qQ0L +DH

e[ep3Awe

:000DqO1-D [ < 0290q0I-§))

[eyuoay JorIafur ‘ofod [ejuoy
:0000q0}

—¥® +dD <0200q01+DH

(VLA ‘wnpijfed “00yN) wnjeng
20yN ‘e[ep3Awe
‘NS ‘NAD ‘NIAQ :SU0I3al /¢

VLA
jumerns ‘3Jv D40 ‘eepsiwy

104

104

104

ureiq 9[oy M

0T0T ‘SueyuIa[y]

0T0T ‘00X

0T0T ‘suyny|

([esIop) wnjerns
Juapuadap-uou < juapuadaq

snounodaxd ‘)Dd
Juapuadap-uou < juapuadaq

erep3Awe ‘sndwreood
-dry — ([esiop/[enuaA) wnjerns
IDH > uapuadap g»)

DOvA ‘(tou
-9Jur) [eJUOIy — ([BSIOP) WNJRLNS
DH <iudpuadap g

[endrooo
‘wroyrsny ‘Terodwd) ‘snoundard
‘3Dd ‘(rorradns ‘rorropur)

evorred OOV ‘DJduw ‘(Jorradns

‘[eIpaul ‘IOLIQJUT) [BIUOL)
‘(oyepned [enusA ‘00yN) Wjerns
‘OH <40

(TesIop ‘TenudA) wnerns

(TesIop ‘TenuaA) wnernsg

Paseq-pads

10¥

ureiq 9[oy M

610C ‘noyz

sdnoi3qns siqeuue))

S[OIJUOD SA SIOSN SIqeuue)) SIOSN SIQRUURD UTYIIA

NAN <NV 1Senuod Sursn soduaIajjIp [euonouny urerg

JSQI9)UI JO SUOITOY

yoeoidde
SIsA[eue
eIep TN

Go:ﬁ&mww mmo%_mmm

pringer

Qs



2719

Psychopharmacology (2021) 238:2709-2728

pajiodar jou sorydergowap dnordqng,
(9107) 'Te 19 S190U193UIA JOJ BIED QUI[dseq,
JI0MIAU JUIITBS NS “FIOMISU JATINIIXD [RNUD N7 “YIOMISU dpoul J[NBJIP AW/ ‘SIqeuued g ‘suaq

-WNdYe SNA[ONU YN “X1109 [ejuoajaid D74 Xd1100 Ae[nsurd J01d)sod HHJ “X91100 2)e[n3UId JOLIJUE D)V “BaIe [RIUSWS) [BIUSA V[A ‘X9110D [BIU0IJ0IIGIO D ISQIAUI JO UOISAI JOY Q10N

(sn)
wN[2qa1dd ‘([exare]) reidrooo
‘(orerodwo) wnuerd ‘orpprur)
[erodwo) ‘(Jorredns ‘wnnoredo)
eyorred ‘reuonisodeixn( ‘(wny
-noxado ‘oyod) [ejuoig ‘reyn3ue
‘reurdrewrexdns Qv ‘(3sod
‘a1d) Tenuoo ‘(uaweind) wnjerns
:(4nopo) 1amoy < sigpuuny)
[en3urg
‘snio ‘wiroyrsny ‘(91od) 1eirdrooo
‘Terodwre) ‘aurredresenur ‘(3[p
-pru ‘Jorroyur) rerodwd) ‘rendury
‘040 ‘(wnpryred) wnerns
‘erep3Awre ‘sndurecoddryered
:(24myo1d) 4amoy < sigpuun))
rensuf ‘snio
‘(o10d) 1e31d1900 ‘re[n3ue ‘eound
‘ourreoresenur ‘ojod rerodwo)
‘wioyrsny ‘(1otradns ‘IorIayur
‘orppruwr) [erodwa) ‘renuosard
‘Teuonisodeixn( )y /[eso[[ed
-qnsyexed ‘)0 ‘(e1od ‘rOTIFUT
Ien3ue ‘(IoL ‘Terpaw ‘o[pprur ‘Iorradns) ey
-adns [e1918]) X01109 [E31d1o00  -uoi ‘(udwrelnd 0oy N) WnjeLns
‘(snounoaid ‘rorradns) [ejorred ‘erep3Awe ‘sndwreooddyered

:(4nopo :(4nopo
- pup 24n3o1d) 412MO}f < S1GPUUD)) pup 24n301d) 42MO}f < S1GDUUD)) T ureiq o[oym
sdnoi3qns siqeuue) S[ONUOD SA SIIST SIqeuuR)) SIOST SIqRUURD UTYITAN yoeoadde
SIsA[eue
NAN < NV 1senuod 3uisn SooUaIdIp [euonouny urelg 1S9191Ul JO SUOISOY eI1ep TYINJ IedA ‘JoyIny

pringer

a's



2720

Psychopharmacology (2021) 238:2709-2728

the PFC (middle frontal gyrus, ACC), parietal regions (pre-
cuneus, posterior cingulate cortex (PCC), inferior gyrus),
the occipital cortex (5 studies each respectively) and other
PFC regions (OFC, inferior/superior frontal gyrus), stria-
tum (ventral), insula, fusiform/inferior temporal gyri and
cerebellum (4 studies). The activity of additional regions
was reported to be greater in cannabis users while exposed to
CAN vs NEU by three studies (for each region): precentral/
postcentral gyrus; temporal gyrus (inferior, middle, supe-
rior) and inferior occipital gyrus. Greater function (CAN vs
NEU) in cannabis users was reported by <2 studies in other
striatal, parietal and occipital areas. A single study reported
higher functional connectivity during exposure to CAN vs
NEU stimuli between the NAcc and the caudate head, ACC
and cerebellum.

Brain functional differences between cannabis users
and controls, during exposure to CAN vs NEU stimuli

Greater brain activity was found in cannabis users compared
to controls while exposed to CAN vs NEU stimuli in most
studies that compared these groups (7 out of § studies). The
location of greater activity was most consistently in the stri-
atum (NAcc, caudate, 3 studies respectively) and parietal
cortex (precuneus). Additional regions with greater activ-
ity were reported by two studies, respectively, and included
the PFC (ACC, middle frontal gyrus) and parietal regions
(superior parietal cortex, PCC).

Non-significant differences in brain function between
cannabis users and controls emerged in two studies. Single
studies reported greater brain function in additional regions
and lower brain function in cannabis users compared to con-
trols while exposed to CAN vs NEU stimuli: lower activity
in the striatum, amygdala and other areas (e.g. inferior fron-
tal gyrus, ACC, amygdala) and lower functional connectivity
between the striatum and the hippocampus/amygdala.

Brain functional differences between cannabis user
subgroups

A range of findings emerged from three or less studies that
compared varying cannabis using subgroups. Greater func-
tion of striatal regions (caudate, putamen, pallidum, NAcc)
was reported in more severely using cannabis subgroups:
dependent vs non-dependent users, high vs low problem
users, frequent users vs sporadic users and early onset vs late
onset users, whereas greater function in the ventral striatum
was reported in non-dependent vs dependent and connectiv-
ity between NAcc—parietal/postcentral gyri in late vs early
onset cannabis users.

Greater and lower function of parietal regions was also
reported in dependent cannabis users by two studies. These
included (i) greater activity of the precuneus and the PCC in

@ Springer

dependent vs non-dependent cannabis users and (ii) within
dependent cannabis users, greater/lower functional connec-
tivity between parietal areas (postcentral gyrus, superior and
inferior gyri) and other regions (ACC, NAcc) and greater
functional connectivity between other parietal regions (pre-
cuneus) and the ACC. Greater function of PFC regions was
reported in two studies comparing high vs low problem users
(higher activity of the medial frontal gyrus, ACC, OFC) and
within non-dependent cannabis users (greater functional
connectivity between the OFC and the superior frontal,
precentral and postcentral gyri). In a single study, greater
amygdala connectivity with the PFC (middle, inferior) and
temporal gyrus (superior) was reported in dependent can-
nabis users, and greater hippocampus connectivity with
the precuneus was reported within non-dependent cannabis
users.

No difference in brain function was reported between
other cannabis user subsamples, such aswith vs without
tobacco use or male vs female.

Overview of associations between brain function
(CAN vs NEU stimuli) and other variables

Table 3 overviews results from studies (all but two) that
examined the association between the level of brain function
and that of various variables. The results are overviewed
below grouped by the type of variable that was correlated
with brain function in the following order: subjective crav-
ing, cannabis exposure, level of cannabis use-related prob-
lems and use of substances other than cannabis.

Brain function and subjective cannabis craving

Overall, 13 studies examined the association between sub-
jective cannabis craving and brain activity. Of these, correla-
tions were run with brain function measured (i) in specific
ROIs (9 studies) or across the whole brain (4 studies) (ii) as
either activity (11 studies) or connectivity (2 studies).

Correlations with ROI

The nine studies that focused on ROIs ran a total of 51 cor-
relations between brain function and subjective craving. The
results were non-significant in about two-third of these cor-
relations (7 =38) and significant in opposite directions in the
remainder correlations (positive in 8 studies and negative
in 3 studies).

Correlations with regions from whole-brain approach

Of the four studies that used a whole brain approach,
only two found significant correlations and reported 36
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consistently positive correlations between a range of brain
areas and subjective craving.

Direction and location of correlations with subjective
craving

The direction of the significant correlations between subjec-
tive craving and brain function was mixed for some of the
examined regions (i.e. both positive and negative correla-
tions were reported). The most consistently reported region
that was correlated with subjective craving was the dorsal
striatum (i.e. putamen, pallidum, caudate; 6 studies), fol-
lowed by the OFC (4 studies), the amygdala and the insula (3
studies, respectively). Other regions were reported to be sig-
nificantly correlated with subjective craving by two studies
(i.e. ventral striatum), the inferior frontal gyrus and pre/post
central gyri, or single studies (i.e. PFC, parietal, temporal,
limbic areas and cerebellum).

The direction of correlations between subjective crav-
ing and striatal (dorsal) activity was mixed, with a total of
four positive correlations across four subgroup:(i) within
cannabis users, (ii) in male cannabis users, (iii) early onset
users and (iv) dependent users, and two negative correla-
tions in two subgroups: (i) within cannabis users and (ii)
non-dependent users. In the OFC, three positive correlations
were within cannabis users, and one negative correlation was
reported in female users. In the ventral striatum, one posi-
tive correlation was within cannabis users, and one negative
correlation was reported in male users. Correlations reported
in single studies were all positive, with the exception of a
single negative correlation with the dIPFC in frequent can-
nabis users.

Correlations with functional connectivity

Two studies reported significant correlations between sub-
jective craving and functional connectivity between two key
regions (i.e. NAcc, amygdala) and the function/modularity
of other regions/networks.

Brain function and levels of cannabis exposure

Six studies examined the association between brain function
and the level of cannabis use (frequency/quantity) and found
non-significant results. There were two exceptions to this:
single studies found significant correlations between brain
function in distinct regions (VTA, lingual gyrus/cuneus) and
cannabis dosage, i.e. weekly cannabis gram consumption in
cannabis + tobacco users and greater urinary THC/creatinine
metabolites (THC-COOH ng/ml), respectively.

Brain function and level of cannabis use related
problems

Three studies examined the association between brain func-
tion and level of cannabis use-related problems. Two of
these reported positive correlations between the activity of
the PFC (mOFC, ACC) and the striatum/NAcc and greater
Marijuana Problem Scale scores and between the activity
of the dorsal striatum/putamen and Cannabis Use Disorders
Identification Test scores at baseline and 3 years later. There
was no association between brain function and the severity
of DSM-1IV cannabis dependence symptoms.

Brain function and level of use of substances other
than cannabis

Two studies examined associations between brain function
and level of cigarette use in cannabis users and reported
non-significant results (i.e. number of cigarettes/day, dura-
tion of use, Fagerstrom Test of Nicotine Dependence scores
and cannabis users with vs without concurrent tobacco use).
A single study found non-significant associations between
brain function and Alcohol Use Disorders Identification Test
scores.

Discussion

To our knowledge, this is the first systematic review of
the literature to date on the functional neural correlates of
cue-reactivity fMRI tasks, while regular cannabis users are
exposed to cannabis vs neutral stimuli (i.e. CAN vs NEU).
The literature consistently reported greater brain activity in
cannabis users in three key brain areas: the striatum, the PFC
(ACC, middle frontal) and the parietal cortex (PCC/precu-
neus; relative to controls) and additional brain regions (e.g.
hippocampus, amygdala, thalamus, occipital cortex) among
cannabis users in studies without controls. Early evidence
showed associations between greater brain function in similar
brain regions (e.g. dorsal striatum, OFC, amygdala, insula)
during cannabis cue-reactivity and higher subjective cannabis
craving. The methodologies used to assess cannabis users
and cue-reactivity using fMRI tasks varied widely between
studies. Overall, the evidence points to greater brain function
during cannabis cue-reactivity in regular cannabis users, and
such greater brain function may be associated with stronger
cannabis craving in response to exposure to cannabis-related
cues and to a need for improved standardised assessment of
the neurobiology of cue-reactivity in cannabis users.

The literature to date shows that reactivity to CAN vs
NEU cues is consistently associated with greater brain func-
tion in addiction relevant pathways encompassing the stria-
tum, the PFC and parietal regions implicated in cognitive

@ Springer
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processes reportedly different between cannabis users vs
controls (i.e. reward processing, motivation/disinhibition
and cognitive control; Blest-Hopley et al. 2018; Yanes et al.
2018). The results from the literature on cue-reactivity in
regular cannabis users are consistent with other existing
findings from samples of cannabis and other substance users.
First, the location of these functional differences is consist-
ent with that reported by meta-analyses of fMRI studies in
cannabis users while performing a variety of cognitive tasks
(e.g. attention, memory, inhibition, reward processing; Blest-
Hopley et al. 2018; Yanes et al. 2018). Thus, altered brain
function in cannabis users might occur across a variety of
cognitive tasks including but not limited to cannabis cue-
reactivity. Second, the location of greater activity in cue-
reactivity tasks (i.e. striatum, PFC, parietal regions) over-
lapped with that reported in cannabis users during reward
processing fMRI tasks other than cue-reactivity (e.g. gam-
bling; Yanes et al. 2018) but not distinct during cognitive
control and attention-related tasks (e.g. Go/No-Go, N-back;
Yanes et al. 2018). Therefore, alteration of specific path-
ways might be ascribed with altered reward processing in
regular cannabis users. Third, the location of the group dif-
ferences reported in this review (e.g. dorsal striatum, ACC,
middle frontal gyrus, PCC/precuneus and temporal regions)
was consistent with that reported in meta-analyses of brain
function measured with fMRI tasks of cue-reactivity pre-
dominantly to substances other than cannabis (Noori et al.
2018). Thus, reactivity to any substance-related cues might
recruit a common neurobiological correlate across regular
users of different substances (Noori et al. 2018). Interest-
ingly, additional brain regions were implicated in both can-
nabis users and controls, during the cannabis cue-reactivity
fMRI tasks (i.e. hippocampus, amygdala, thalamus, occipital
cortex) in studies that did not include a control group. Func-
tional activations of additional regions may be ascribed to
salience processing, as images of illicit substances vs neutral
stimuli, and may be more salient in both substance using and
normative samples. Future work on picture rating of illicit
substances vs neutral using controls is needed to confirm this
notion. In sum, the neurobiological correlates of reactivity to
cannabis-related cues in regular cannabis users may overlap
with those implicated in (i) reward processing in cannabis
users and (ii) reactivity to distinct substances in regular users
of substances other than cannabis, a notion that is consistent
with neuroscientific theories of addiction (Koob and Volkow
2016; Volkow and Morales 2015; Zehra et al. 2018).
Among correlations subjective craving was the most con-
sistently examined and reported to be significant. Notably,
the location of the region of which the activity correlated
with craving, (partially) overlapped with that of areas with
different activity between cannabis users and controls. Thus,
altered function during cue-reactivity in these regions may
drive higher self-reported subjective craving experienced as
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aresult of cannabis cue exposure. These regions included the
dorsal striatum, OFC and amygdala, and these regions are
implicated in key aspects of cue-reactivity: habitual/compul-
sive use (Everitt 2014; Koob and Volkow 2016; Zehra et al.
2018), reward evaluation/motivational drive (Bechara 2005;
Koob and Volkow 2016) and craving/stress levels, respec-
tively (Koob and Volkow 2016; Zehra et al. 2018).

Emerging evidence from correlational analyses suggest
that greater cannabis dependence and problems related with
use, earlier cannabis use onset and comorbid tobacco use
might be moderators of cue-reactivity-related functional
brain alterations in regular cannabis users (Wetherill et al.
2016; Zhou et al. 2019). In a prospective study, cue-reac-
tivity in the dorsal striatum was associated with cannabis
dependence severity at 3-year follow-up, and cannabis
dependence severity and subjective craving were also posi-
tively correlated (Vingerhoets et al. 2016). The findings from
this review provides preliminary evidence, which is in-line
with animal studies (Everitt 2014), and other substances of
abuse (Jasinska et al. 2014), that the dorsal striatum may be
a key brain region involved in cannabis dependence and cue-
reactivity. Taken together, there is suggestion that the results
may be driven by subgroups of cannabis users and explain
some of the variance in the literature, which may include
noise from inclusion of cannabis users with varying depend-
ence severity (e.g. on the mild end of dependence) and can-
nabis use history (e.g. later age of onset). Future studies
that include individuals with CUD on the more severe end
and detailed reporting of cannabis use history are needed to
examine this further.

Interestingly, the literature reported no association
between brain function during cue-reactivity and meas-
ures of cannabis exposure (e.g. dosage, frequency). This
is inconsistent with prominent neuroscientific theories of
addiction which posit that neurobiological alterations in
reward pathways occur with repeated substance exposure
and related psychological correlates (e.g. tolerance, craving,
withdrawal; Everitt 2014; Koob & Volkow 2016). This is
also inconsistent with meta-analyses showing that greater
cannabis dosage is associated with altered brain integrity
(i.e. function and structure; Blest-Hopley et al. 2018; Roc-
chetti et al. 2013). It could be that exposure to cannabis is
not consistently assessed across the reviewed studies and
was examined by few studies, so this evidence might not
be conclusive and needs to be corroborated by future work
with sound assessment of cannabis exposure (e.g. detailed
cannabis use history across the lifespan). Varying levels
of cannabis exposure across the included samples prevent
examination of this systematically as samples had canna-
bis users with different patterns of regular use (e.g. days/
week) and varying level of exposure (grams/week). There
may also be protective factors that preserve and/or moder-
ate reward processing despite repeated cannabis exposure,
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such as age of onset, duration of use, treatment exposure
and socio-economic status (Jasinska et al. 2014). Further,
assessing cannabis potency/cannabinoid content is needed
as different compounds (i.e. THC and CBD) have opposite
effects on brain function (the latter being neuroprotective
and former associated with psychotogenic effects), and these
may conflate the results (Bhattacharyya et al. 2010).

Importantly, the design of the reviewed evidence was
cross-sectional. Indeed, our review aimed to cross-section-
ally compare brain function between cannabis users and con-
trols, and the design of most studies to date was also cross-
sectional. Thus, future longitudinal neuroimaging studies are
warranted to investigate how the neurobiological correlates
of cannabis cue-reactivity change over time. Specifically, a
priority of future work is to determine if (i) functional altera-
tions represent a neurobiological vulnerability that predates
or predicts the onset of cannabis use and related problems, as
greater sensitivity to reward has been implicated in increased
risk of substance use and related problems (Everitt 2014);
(i1) change over time with variations in the level of canna-
bis exposure and related problems (e.g. exacerbate with the
progression to more chronic/severe CUD or mitigate with
the transition to lighter forms of use); and (iii) dissipate or
persist with abstinence from cannabis use.

The reviewed literature is limited by the use of incon-
sistent methodologies to measure cannabis use and cue-
reactivity, and this issue prevents the direct integration
of the study findings. First, the measurement of cannabis
use and cannabis use-related problems occurred in limited
studies and varied widely, and only a few studies ran cor-
relations between brain function and cannabis use levels
(e.g. distinct inclusion/exclusion criteria, use of different
indices of exposure and over different periods of time, only
two studies reported cannabinoids via toxicology analy-
ses of biological specimens, four studies assessed duration
of abstinence from cannabis and not in relation to brain
function). Thus, an important area for future work is to
use standardised measures of cannabis use. These include
detailed measurement of current and lifetime use via time-
line follow back methodologies (Sobell and Sobell 1992),
which may clarify if frequency of use plays a role in cue-
reactivity in cannabis users. Furthermore, detailed meas-
urement of cannabis dosage, type, strength and method of
uses via integrating to scale visual aids to the TLFB could
investigate if these parameters of use drive reactivity to
specific cannabis-related cues. For example, people who
use cannabis via joints may experience greater reactivity
when viewing images of joints, and this may direct cli-
nicians to implement interventions to target reactivity to
specific triggers of relapse. Additionally, a greater under-
standing of the role of craving and withdrawal on brain
function in cannabis users would be achieved with report-
ing of abstinence duration at the time of data collection

and with running correlations between abstinence duration
and brain functional indices during cue-reactivity. Finally,
to determine whether specific subgroups of cannabis users
show more marked neural alterations during cue-reactivity,
it would be useful to perform a clinical assessment of can-
nabis use-related problems that identifies the more vulner-
able of users (e.g. presence and/or severity of CUD and
of psychopathologies). Vulnerable cannabis users might
include those with a more severe CUD or those using more
potent and addictive cannabis varieties with high level of
THC and low level of CBD with known distinct properties
on brain function (Bhattacharyya et al. 2010) or people
who have been abstinent from cannabis for longer time
periods prior to scan. Such new knowledge is required to
understand how brain functional alterations relate to clini-
cal and public health issues.

Second, a comparison control group of non-cannabis
users was used in less than half of the studies, and more
evidence is required to confirm the location and direction
of the group differences. Third, a meta-analysis could not
be run as only one study (Zhou et al. 2019) met criteria for
inclusion in a meta-analysis (i.e. reported all coordinates
and utilised a whole brain approach; Miiller et al. 2018).
Future research is needed that employ methods and report
details that allow for inclusion in meta-analysis to provide a
systematic synthesis of findings to further our understand-
ing of the neurobiology of reactivity to cannabis cues in
regular cannabis users. Fourth, inconsistent methodologies
were used to examine cue-reactivity, such as which stimuli
were used as cues (e.g. modalities and matching of CAN and
NEU), the fMRI cue-reactivity task design (e.g. duration,
presentation order) and measurement of subjective craving
(e.g. at different time points in relation to the fMRI task).
Future research is required to use designs that allow for rep-
licability of findings and their direct integration and to use
and share via open access platforms, cannabis stimuli with
stronger ecological validity (e.g. favourite product, people’s
own cannabis and internal cues such as specific emotional
states) which could be subsequently used to target in cue
exposure therapy for the treatment of CUD.

Last, a major limitation of the literature is the lack of any
analyses that explored associations between brain function
during cue-reactivity and the severity of sub-clinical or diag-
nosed mental disorders that are commonly associated with
cannabis use, dependence and greater reactivity to cannabis
cues and cannabis craving (e.g. depression, anxiety, psy-
chotic symptoms) (Meier et al. 2016) or of well-being meas-
ures associated with cannabis use (e.g. increased contact
with peers, greater relaxation; Kilwein et al. 2020). Future
work is warranted to embrace the systematic assessment of
mental health and well-being in the cannabis using samples,
so that the clinical significance of the literature findings can
be appreciated.
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Clinical implications

In the context of CUDs, there is very limited neuroimaging
research investigating cue-reactivity-targeted interventions.
The findings from the literature can be used to inform the
development of interventions designed to mitigate aberrant
brain function associated with cue-reactivity in regular can-
nabis users. A reduction in brain cue-evoked activation in
the amygdala and medial PFC (which are both implicated
in cannabis cue-reactivity and subjective cannabis craving)
has been reported after cognitive bias modification (CBM)
relative to a sham-training control condition with alcohol-
dependent participants, with the reduction significantly cor-
related with reduced subjective craving scores (Wiers et al.
2015). While there has only been one small pilot randomised
controlled trial of cognitive bias modification (CBM) with
cannabis users to date, those receiving the active interven-
tion showed blunted cannabis cue-induced craving at the
end of training compared to those in the sham-training con-
trols, though greater reductions in cannabis use were only
observed among male participants in the active condition
(Sherman et al. 2018). Two pilot studies on mindfulness-
based interventions showed a reduction in subjective craving
and weekly cigarette dosage (mindfulness vs passive pla-
cebo) and in brain function during a cigarette cue-reactiv-
ity task pre-to-post intervention in cigarette smokers (i.e.
ventral striatum, ACC, ventral and medial PFC; Westbrook
et al. 2012). These regions are also associated with cannabis
cue-reactivity in cannabis users as per this review. In sum,
interventions such as CBM, ApBM and mindfulness-based
interventions may be effective in reducing cue-reactivity
and craving in users of substances other than cannabis, and
future work is required to test this notion in regular cannabis
users.

Conclusions

Overall, the evidence points to greater brain function during
cannabis cue-reactivity in regular cannabis users in specific
brain pathways (striatal, PFC and parietal regions, followed
by the hippocampus, amygdala and other regions), which
might reflect a common neurobiology of altered reward pro-
cessing across cannabis and other substances. Preliminary
findings also show that greater brain function within such
pathways (striatum, OFC and amygdala) may drive greater
cannabis subjective craving in response to cannabis-related
cue exposure and may not be relevant to cannabis use itself
(i.e. no correlation between dosage and brain function).
Our review also highlights the need for greater standardised
assessment of the neurobiology of cue-reactivity in canna-
bis users, cannabis use and cannabis-use related problems
and (sub-clinical and diagnosed) mental health problem:s.

@ Springer

Finally, longitudinal studies are required to profile how
brain function during cannabis cue-reactivity changes over
time and in people as they develop greater severity of CUD,
relapse or quit cannabis consumption. Overall, more robust
fMRI evidence is required in order to fully determine the
clinical relevance of altered brain function that cannabis
users have in response to cannabis-related cues.
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