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Abstract: Rationale: Animal and humans studies suggest that the two main constituents of cannabis sativa, delta-9-tetrahydrocannabinol 
(THC) and cannabidiol (CBD) have quite different acute effects. However, to date the two compounds have largely been studied sepa-

rately. 

Objective: To evaluate and compare the acute pharmacological effects of both THC and CBD in the same human volunteers. 

Methods: A randomised, double-blind, cross-over, placebo controlled trial was conducted in 16 healthy male subjects. Oral THC 10 mg 
or CBD 600 mg or placebo was administered in three consecutive sessions, at one-month interval. Physiological measures and symptom 

ratings were assessed before, and at 1, 2 and 3 hours post drug administration. The area under the curve (AUC) between baseline and 3 
hours, and the maximum absolute change from baseline at 2 hours were analysed by one-way repeated measures analysis of variance, 

with drug condition (THC or CBD or placebo) as the factor.  

Results: Relative to both placebo and CBD, administration of THC was associated with anxiety, dysphoria, positive psychotic symptoms, 

physical and mental sedation, subjective intoxication (AUC and effect at 2 hours: p<0.01), an increase in heart rate (p<0.05). There were 
no differences between CBD and placebo on any symptomatic, physiological variable.  

Conclusions: In healthy volunteers, THC has marked acute behavioural and physiological effects, whereas CBD has proven to be safe 
and well tolerated. 

Keywords: Cannabis, -9-THC-tetrahydrocannabinol, cannabidiol, unique dose, pharmacological acute effects, humans, induced anxiety, 
induced psychosis, review. 

INTRODUCTION  

 Cannabis sativa preparations (marijuana, hashish, and others) 
are the illicit drugs most widely used in young people [1]. The plant 
has around 400 different chemical constituents, but two of its major 
psychoactive compounds are delta-9-tetrahydrocannabinol (THC) 
[2] and cannabidiol (CBD) [3,4].  

 THC acts as a partial agonist at specific endogenous cannabi-
noid receptors, termed CB1 and CB2, both members of the G-
protein coupled receptor class [5]. The CB1 receptors are mainly 
expressed in the central nervous system, with a high density in the 
anterior cingulate, prefrontal cortex, medial temporal lobe and other 
areas [6] and are thought to mediate the majority of the effects of 
THC in the central nervous system. However, depending on the 
brain region, and whether the local CB1 receptors are expressed on 
neurons that release GABA or glutamate, THC can have either 
inhibitory or excitatory effects [7].  

 The acute administration of THC is associated with relaxation 
and enjoyment, but can also lead to unpleasant effects such as anxi-
ety, psychotic symptoms, depression, apathy, and impairment of 
memory [8]. It has also been associated with impairments in  
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learning, motor coordination, slowed reaction time, impaired con-
centration during complex tasks, deficits in some executive func-
tions, and impairments in some aspects of verbal processing, such 
as verbal fluency [9,10]. THC administration can also produce an 
increase in heart rate and orthostatic hypotension. However, the 
acute effects of THC and their time of onset are subject to wide 
inter-individual variation and due to differences in route of admini-
stration, rate of absorption, metabolism and the subject’s expecta-
tion of its effects [11].  

 In contrast, CBD has a low affinity for CB1 receptors [12] and 
its molecular mechanism of action remains poorly understood. It 
may facilitate endocannabinoid signaling by inhibiting the cellular 
uptake and enzymatic hydrolysis of endocannabinoids [12]. It can 
also bind to CB1 and to serotonergic (5HT1A) receptors, inhibit 
adenosine uptake, and can activate vanilloid (TRPV1) receptors at 
micromolar concentrations [12-16]. CBD is pharmacologically 
active and can have anticonvulsant, sedative, anxiolytic [3,4,17,18] 
and antipsychotic effects [4, 19-25]. Unlike THC, CBD does not 
have acute effects on motor or cognitive performance [26, 27], nor 
does it have significant effects on pulse rate or blood pressure [28, 
29]. Functional neuroimaging studies have confirmed the neuro-
physiological effects of THC and CBD are distinct and opposite 
[30-34]. Moreover, co-administration of CBD and THC may alter 
the pharmacological effect of the THC, in that CBD potentiates 
some of THC’s desirable effects but attenuates some of its negative 
effects [29, 34-36]. However, it is difficult to establish which 
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CBD/THC ratios cause antagonism or potentiation, since other 
factors could interfere in the effects of these cannabinoids, such as 
the time between administrations of the two cannabinoids [37, 38]. 
Recent data showed the absence of significant differences between 
similar dose of oral THC and Sativex

TM
, a plant extract with a 1: 1 

proportion of both compound, on respect to subjective and physio-
logical effects or pharmacokinetic [39, 40].  

 A better knowledge of the acute pharmacology effects of the 
two main compounds of the cannabis sativa may have implications 
for future research and therapeutics. We conducted a systematic 
review to assess the evidence for symptomatic and physiological 
effects of a single oral dose of THC and CBD in healthy volunteers. 
We reviewed literature in MEDLINE-PubMed database reporting 
studies with a cross-over, double-blind, placebo-controlled and 
randomised design in the last decade (2000-2011) (Table 1). We 
found nine studies which met our inclusion criteria in which seven 
studies compared THC to placebo [41-47], one with Modafinil [46], 
another with an active placebo (Diazepam) [48], and one in front 
morphine using an active placebo (Diazepam) [48]. Three of the 
studies had used cannabis extracts (with small proportion of CBD) 
[41, 44, 48] and one had compared CBD with placebo [49]. None of 
the studies had compared both compounds within the same sample.  

 Therefore we aimed to carry out a study with the objective of 
evaluating the acute effects of THC and CBD in the same group of 
healthy volunteers. Subjects were studied after a single dose of 
THC, CBD or placebo in three consecutive sessions separated by an 
interval of one month. Given the findings from previous studies 
[29, 50], our main hypothesis was that THC and CBD would have 
distinct effects on symptoms and physiological measures.  

MATERIAL AND METHODS  

Subjects 

 The study was conducted in accordance with the Declaration of 
Helsinki, approved by the local research committee (The Joint 
South London and Maudsley Trust and Institute of Psychiatry NHS 
Research Ethics Committee). All participants signed an informed 
consent form after full explanation of the study was given and were 
paid for their participation. Thirty right-handed, English-speaking 
healthy male volunteers, aged 18 to 42 years, were recruited 
through advertisement in local newspapers, posters and word-of-
mouth referrals. Alcohol and illicit drug use was assessed in detail 
using a semi-structured questionnaire [51], and used to screen po-
tential participants. Only individuals who had used cannabis less 
than 15 times in their lifetime and had not experienced any undesir-
able effects after use, such as anxiety and/or psychotic symptoms 
were included. They were also required not to have used cannabis 
in the previous month and abstain from using cannabis over the 
study duration. Exclusion criteria included those who had used any 
other psychotropic drug on a regular basis or drank more than 21 
units of alcohol per week or had any psychiatric, neurological or 
severe medical illness history. Those with a family history of a 
psychotic illness were also excluded. 

 Sixteen right-handed male volunteers, with a mean (SD) age of 
26.4 (5.3) years (range 20-42) were selected for the study. They had 
completed a mean (SD) of 16.46 (3.9) years of education. Nine 
subjects (56.3%) reported having used cannabis less than 5 times in 
their lifetime, while 7 (43.8%) reported having used cannabis on 
between 5-14 occasions. None had a history of substance abuse or 
dependence defined according to DSM-IV criteria, except for nico-
tine dependence. Seven subjects were current smokers, but only two 
subjects smoked more than 10 cigarettes/day. All subjects had 
Reading scores on the WRAT-R test [52] within the normal range 
(mean (SD) = 98.67 (7.078); range 79-108).  

 Participants remained under close clinical observation in the 
research centre for at least 3 hours after each administration, with 
this period extended if they had not yet completely recovered. All 

participants agreed not to drive or use any machinery until the fol-
lowing day. A taxi was provided to take them home after each ses-
sion. 

Drugs 

 THC and CBD (approximately 99.6% and 99.9% pure, respec-
tively) were supplied by THC-Pharm (Frankfurt, Germany) and STI 
Pharmaceuticals Ltd, (Brentwood, UK), and prepared by the Phar-
macy Department of the Maudsley Hospital as identically appearing 
opaque capsules. The three drug conditions in the study were as 
follows: 10 mg THC, 600 mg CBD and placebo (flour). The doses 
of THC and CBD were selected on the basis of previous research 
[37,54-56] to produce a neurocognitive effect without provoking 
severe toxic, psychiatric or physical symptoms, which might con-
found interpretation of physiological and neuro-psychological data, 
or lead to the subject being unable to co-operate with the assess-
ment. 

Study Design 

 A crossover, double-blind, repeated measures design was used 
to compare the effects of THC, CBD and placebo. Participants were 
tested on three occasions at one-month intervals. The order of drug 
administration was pseudo-randomised to control for order effects. 
During the initial screening process, potential participants were 
familiarized with the testing procedures and questionnaires. 

 On each study day, subjects arrived at the research centre 1 
hour before starting, having slept at least 6 hours and having had a 
standardised light breakfast. At each session, and before starting 
each assessment, urine samples were collected for screening for 
opiates, cocaine, amphetamines, benzodiazepines and THC using 
immunometric assay kits. None of the participants tested positive 
on any of the sessions. An indwelling intravenous catheter was then 
inserted into a subcutaneous vein in the forearm of the non-
dominant arm. Thereafter, subjects remained seated in a quiet room 
throughout the session. Each drug was administered approximately 
after one hour of basal assessment. 

Symptomatic Effects 

 Symptoms were evaluated at baseline and at 1, 2 and 3 hours 
after drug administration, using the Positive and Negative Psychotic 
Syndrome Scale (PANSS) [57], assessed by an experienced psy-
chiatrist, and using a set of self-administered scales (below). The 
PANNS [57] a 30-item rating instrument was used to assess psy-
chotic symptoms, with ratings based on a semi-structured clinical 
interview. Scores for each item range from 0 (absent) to 7 (ex-
treme), and yield sub-scores for positive, negative, and general 
psychopathology domains. The self-administered scales comprised 
a 16-item version of the Visual Analogue Mood Scale (VAMS) 
[58], with four subscales: mental sedation or intellectual impair-
ment, physical sedation or bodily impairments, anxiety effects and 
other types of feelings or attitudes. We also used the Addiction 
Research Centre Inventory (ARCI 49 item short form), a standard-
ised measure of drug effects developed by Martin et al (1971) [59], 
comprising 49 true/false statements describing the subjective effects 
of various classes of substances. It has five empirically derived 
scales, measuring drug-induced euphoria (morphine-benzedrine 
group: MBG), stimulant-like effects (amphetamine group: A), intel-
lectual efficiency and energy (benzedrine group: BG) and sedation 
(phenobarbital-chlorpromazine, alcohol group: PCAG), and 
dysphoria and somatic effects (lysergic acid: LSD). The Spielberger 
State Anxiety Inventory (STAI-T/S) [60] was used to assess state 
anxiety at hourly intervals, with subjects completing 20 items on 
current feelings and 20 on feelings in general.  

Physiological Measures 

 Non-invasive systolic blood pressure (SBP), diastolic blood 
pressure (DBP), and heart rate were recorded at 1 hour before ad-
ministration, immediately before drug administration (time 0, base-
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Table 1. Systematic review (MEDLINE-PubMED, 2000-2011) of cross-over, double-blind, placebo-controlled, randomized studies of 

subjective and physiological effects of a single oral dose, THC, CBD, administration in healthy volunteers*. 

Symptomatic effects Author 

(year) 

Inclusion (In) 

/Exclusion 

(Ex)** criteria 

M/F M 

(SD) 

range 

Drugs adminis-

tered 

Dose mg Meas-

ures 

hours  

Clinical 

tools 
Increased Decreased 

  Physiological  

effects 

Plasma 

concentrations 

ng/mL (Mean 

(SD) 

Sugarman 

et al. 

(2011)  

[46] 

In: Healthy 

occasional 

volunteers 

THC+urine 

 

Ex: Any 

abuse/depend. 

Current psychi-

atric  

disorder 

Physical illness 

11/1 33.7 

(7.7) 

THC (dronabinol) 

+Placebo 

Modafinil 

+Placebo 

 

THC+Modafinil  

 

Placebo 

15 +400  

 

 

 

 

15+400 

Basal, , 

1, 1 , 

2 , 3, 

3 , 4, 4  

& 5h 

ARCI 

DEQ 

POMS 

 

 

 

BP 

HR 

THC 

ARCI (sedation, 

dysphoria)  

DEQ (“feel high”, 

“feel sedated”, & 

“feel the drug 

strength”)  

THC 

POMS  

(vigor, 

depression) 

 

THC 

+Modafinil 

ARCI 

(euphoria) 

THC 

HR increase  

Systolic BP  

low 

 

THC 

+Modafinil  

HR>increase  

NA 

Roser et 

al.  

(2008, 

2009; 

Nadulski 

et al., 

2005 a,b) 

[41, 67-

69] 

In: Healthy 

occasional 

volunteers  

Ex: Any 

abuse/depend. 

Current/past 

psychiatric  

disorder 

Positive urine 

analysis  

Pregnancy 

12/12 27.9 

(2.9) 

18-45 

THC  

 

Cannabis extract 

 

 

Placebo 

10 

  

THC:10 

CBD:5.4 

Basal, , 

1, 1 ,  2,  

4,  7, 9 & 

24h 

AIR 

FTA 

 

 

NA 

THC 

AIR (subjective 

level of intoxica-

tion) 

 

Cannabis ext  

AIR  

Both similar 

- - THC peak at 2h 

slightly > in F 

 

Similarly results 

with Cannabis 

ext.  

(THC and 

CBD). 

Menetrey 

et al.  

(2005)  

Favrat et 

al. (2005) 

[42,70] 

In: Healthy 

occasional 

volunteers  

 

Ex: Any 

abuse/depend. 

Current/past 

psychiatric 

disorder 

Physical illness 

8/0 22-30 THC (dronabinol) 

 

Milk decoction  

 

 

Placebo 

20 

 

THC:16.5  

THC:45.7 

 

THC:1%  

CBD:0.4% 

Basal, 1, 

1 , 4, 

5 , 7, 10 

& 24h 

VAS  

 

 

 

BP 

HR 

Conjun-

tival 

redden-

ing 

THC & decoction 

VAS (strong feeling 

of high intoxication)  

> after the highest 

dose 

 

Decoction of 45.7 

mg 

 > Nausea and 

vomiting 

Two subjects 

excluded for anxiety 

(decoction 16.5 mg) 

and psychotic 

symptoms (dronabi-

nol) 

- THC & decoc-

tion 

HR slight/ 

moderate 

increased  & 

conjunctival 

reddening  

The highest 

mean THC was 

after ingestion 

the highest milk 

decoction. 

Crippa et 

al. (2004) 

[49] 

In: Healthy 

occasional 

volunteers  

 

Ex: Any 

abuse/depend. 

Personal/family 

current/past 

psychiatric 

disorder 

Physical illness 

Positive urine 

analysis 

10/0 29.8 

(5.1) 

25-42 

CBD 

 

Placebo 

400  -  

(basal), 0, 

1, & 1  

h  

VAMS 

 

 

 

NA 

CBD 

VAMS (mental 

sedation) 

CBD 

VAMS 

(subjective  

anxiety) 

- NA 
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(Table 1) Contd.... 

 

Symptomatic effects Author 

(year) 

Inclusion (In) 

/Exclusion 

(Ex)** criteria 

M/F M 

(SD) 

range 

Drugs adminis-

tered 

Dose mg Meas-

ures 

hours  

Clinical 

tools 
Increased Decreased 

  Physiologi-

cal  effects 

Plasma concentra-

tions ng/mL 

(Mean (SD) 

McDon-

ald et al. 

(2003)  

[43] 

In: Healthy 

occasional 

volunteers  

 

Ex: Any 

abuse/depend. 

Current/past 

psychiatric 

disorder  

Physical illness 

Low level 

education 

BMI: out of 19–

26 kg/m2 

Positive urine 

analysis 

Pregnancy 

18/19 23 

(4.5) 

18-45 

THC (dronabinol) 

 

Placebo 

7 

15  

 

Basal, 

1/3, 

11/3 & 

21/3h 

DEQ 

ARCI 

POMS 

 

 

 

BP 

HR 

THC 

ARCI (stimulant-

effects, marijuana-

like effects, 

dysphoria, euphoria, 

somatic effects & 

sedation)  

DEG dose-

dependently (“feel 

drug,” “feel high”, 

& “want more”)  

POMS dose-

dependently (anxi-

ety, fatigue, anger, 

& confusion)  

THC 

ARCI 

(intellectual 

efficiency  

and energy) 

THC 

HR increase 

dose depen-

dently  

 

BP was not 

affected 

NA 

Wachtel 

et al. 

(2002) 

[44] 

In: Healthy  

occasional 

volunteers  

 

 

Ex: Any 

abuse/depend. 

Current/past 

psychiatric 

disorder  

Physical illness 

Low level 

education 

BMI: out of 19–

26 kg/m2 

Pregnancy 

7/5 23 (4) 

18-31 

THC 

 

 

Whole-plant 

marijuana,  

 

 

Placebo 

8.4 

16.9 

 

8.4 

16.9 

Basal, , 

1, 1 , 2, 

2 , 3, 4 

& 5h 

VAS  

DEQ 

POMS 

 

 

 

BP 

HR 

RR 

BT 

THC dose-

dependent  

DEQ, ARCI (mari-

juana subscale & 

sedation) > mari-

juana group 

 

THC-High condi-

tion   

ARCI (stimulant 

effect, dysphoria & 

euphoria) > mari-

juana group  

 

Marijuana  

DEQ & ARCI 

(marijuana scores 

and sedation) dose-

dependently 

 

Marijuana-High 

condition 

VAS (sedated, 

drowsy and tired) 

- Any relevant 

physiological 

effect 

THC increases 

dose dependent 1h 

after  

11-OH-THC after 

1.5h 

 

THC-High condi-

tion 

> levels than 

marijuana-High 

condition 

Curran  et 

al. (2002) 

[45] 

In: Healthy 

occasional 

volunteers  

 

Ex: Any 

abuse/depend 

Current psychi-

atric disorder 

Physical illness 

Any drug use 

Positive urine 

analysis 

15/0 24.2 

(2.1) 

18-30 

THC (dronabinol)  

 

 

Placebo 

7.5 

15  

Basal, 1, 

2, 4, 6, 8, 

24 & 48h 

VAMS 

VAS  

 

 

 

NA 

THC 

VAMS (drowsiness, 

anxiety) 

VAS (dizziness, dry 

mouth, palpitation 

and stoned feeling) 

 

No residual effects 

were found at 24h 

and 48h 

THC 

VAMS 

(memory, 

concentra-

tion) 

THC 

HR increase  

on the high 

dose  

THC peak at 2h 

after both high and 

low dose.  

11-OH-THC levels 

same pattern.  

 

Levels at 24 & 

48h were below 

limit detection 
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(Table 1) Contd.... 

 

Symptomatic effects Author 

(year) 

Inclusion (In) 

/Exclusion 

(Ex)** criteria 

M/F M 

(SD) 

range 

Drugs adminis-

tered 

Dose mg Meas-

ures 

hours  

Clinical 

tools 
Increased Decreased 

  Physiological  

effects 

Plasma concen-

trations ng/mL 

(Mean (SD) 

Kauf-

mann et 

al. *** 

(2010; 

Kraft et 

al. 2008) 

[48, 66] 

In: Healthy 

cannabis and 

BDZ naïve 

volunteers  

 

 

Ex: Any 

abuse/depend. 

Current or past 

psychiatric 

disorder 

Physical/pain 

illness 

Any drug use  

Positive urine 

analysis 

Pregnancy 

0/16 23.6 

(2.7) 

19-29 

Cannabis extract  

 

 

 

 

 

 

Active placebo 

(diazepam) 

THC:20 

THC:CBD: 

2:1  

Other 

can.<5% 

  

 

 

5 

Basal, 

every 

hour up 

to 8h  

VAS 

BPRS 

 

BP 

HR 

BT 

PO 

THC 

VAS (tiredness, 

dizziness drowsi-

ness, feeling high) 

max. after 2h 

 

One subject ex-

cluded for severe 

acute psychotic 

symptoms 

THC 

BPRS 

(emotional 

withdrawal, 

motor  

retardation, 

poor affec-

tive re-

sponse and 

disturbance 

of orienta-

tion) after 

3h 

THC 

HR increase 

from baseline & 

placebo 

THC & CBD 

peak were found 

between 2h and 

4h  

 

Low levels of 

THC and high 

levels of me-

tabolites. 

 

Intersubject 

variability for 

both cannabi-

noids 

Naef et 

al. *** 

(2003) 

[48] 

In: Healthy 

naïve volunteers  

 

 

Ex: Any 

abuse/depend. 

Current/past 

psychiatric 

disorder  

Physical illness 

Positive urine 

analysis 

Pregnancy  

Hypersensitivity 

to cannabinoids/ 

opioids, 

6/6 M:27 

(11) 

F: 25 

(7) 

THC (dronabinol),  

 

Morphine 

 

THC + morphine,  

 

 

20  

 

30  

 

20+30  

 

 

Basal, 

every 

hour up 

to 8h 

VAS for 

pain  

 

 

 

 

BP 

HR 

PO 

THC 

VAS (transient 

sleepiness, 

confusion, alt. 

perception, anxiety 

& aggression) 

VAS  (pain) 

 

THC + morphine 

VAS (hyperalgesia 

effect was reversed) 

compared to mor-

phine session 

 

 

 

 

 

 

THC+morp

hine 

(euphori-

genic &   

hallucino-

genic 

effects) 

compared to 

THC session  

 

Nausea and 

vomiting >  

morphine 

session 

THC 

HR increase 

 

 

 

 

THC+morph 

BP (systolic & 

diastolic)  

PO decrease 

THC peak at 1-

2h 

11-OH-THC 

peak at 2h and 

THC-COOH at 

2-4h 

 

Low levels of 

THC and high 

levels of me-

tabolites 

  

THC+ morphine  

Levels of THC 

were > than 

THC alone. 

 

THC plasma 

levels correlated 

with side effects 

* The MEDLINE-PubMed database (2000-2011) was searched to locate articles using the keywords cross-over, placebo-controlled, randomized studies, single oral dose, healthy, 

physiological effects, subjective effects, delta-9-tetrahydroccaninol, THC, cannabidiol, CBD, and Boolean operators. Initially we found 20 studies. We excluded five studies for 
methodological aspects: Not cross-over design (Bergamaschi et al., 2011), open design (Ploner et al., 2002), no randomized design (Leweke et al., 2000), healthy volunteers with 

cannabis use more than 15-20 times (Stokes et al., 2010, 2009). When the data from a single subject sample were reported in separate publications, these were treated as a single study 
with multiple independent variables (Kraft et al., 2008, Roser et al., 2009, Nadulski et al., 2005a,b).  

** Smoking tobacco was allowed in almost all studies.    
*** These studies included cannabis naïve subjects because the objective was to evaluate analgesic properties in experimental pain models.  

M/F= Male /Female. Symptomatology rating scales: AIR = Analogue Intoxication Rating Scale; ARCI = Addiction Research Centre Inventory; DEQ = Drug Effects Questionnaire; 
POMS = Profile of Mood States; VAMS = Visual Analogue Mood Scale; VAS = Visual Analogue Scale; STAI = State-Trait Anxiety Inventory; ASI = Addiction Severity Index; 

BPRS = Brief Psychiatric Rating Scale. Physiological measures: BP = blood pressure; BT = body temperature; HR = heart rate; min. = minute; PO = pulse oxymetry; RR = respiration 
rate. 

 

line) and at 1, 2 and 3 hours after administration of drug. Blood 
pressure was measured when the subject had been sitting for at least 
15 minutes. Heart rate and blood preassure were monitorised 
through a digital recorder and an automated arm cuff.  

THC Concentrations 

 Blood samples for determination of THC, 11-hydroxy-delta 9-
THC (11-OH-THC), and 11-nor-delta-9-tetrahydrocannabinol 
(THC-COOH) whole blood concentration were collected during 

each experimental session at baseline, and at 1, 2 and 3 hours after 
drug administration. THC is converted by microsomal hydroxyla-
tion to 11-OH-THC, which is both a key intermediate for further 
metabolism to THC-COOH by liver alcohol-dehydrogenase en-
zymes and a potent psychoactive metabolite [61,62]. Whole blood 
THC, 11-OH-THC, and THC-COOH concentrations (ng/mL) were 
measured by immunoassay. Positives were confirmed by gas chro-
matography-mass spectrometry (GC/MS) or GC/MS/MS. 
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Data Analysis 

 Statistical analyses of these measures were carried out using 
SPPS (v.15) by two of the researchers (RMS and KL) blind to the 
drug conditions. The various measures obtained from the experi-
mental sessions (symptomatic, physiological, and drug level data) 
were transformed to permit analysis of the differences in each vari-
able relative to baseline. For each variable, the area under the curve 
(AUC) between baseline and 3 hours was calculated using the 
trapezoidal rule. The maximum absolute change from baseline at 2 
hours was also determined. The AUC and the effect at 2 hours were 
analysed using a one-way repeated measures analysis of variance 
with drug condition (THC or CBD or placebo) as factor. When 
ANOVA showed significant effects for drug condition, post-hoc 
multiple comparisons were performed, using the Tukey’s test for 
repeated measures. Correlations between whole blood levels of the 
drugs and its metabolites and statistical significant symptomatic 
effects, and physiological measures were analysed using Spear-
man’s correlation coefficient. Differences associated with P-values 
lower than 0.05 were considered to be statistically significant. 
When necessary, Bonferroni multiple testing correction test was 
used. 

RESULTS  

Symptomatic Effects 

 Table 2 shows that there were highly significant differences 
between the effects of the THC in comparison to CBD and placebo. 
THC produced changes on positive and negative psychotic symp-
toms, and general psychopathology (PANSS), anxiety (STAI-S), 
dysphoria (ARCI), sedation (VAMS, ARCI), and the level of sub-
jective intoxication (ASI, ARCI), as indexed by both the AUC and 
by the effect at 2 hours (p<0.001). There was also difference on the 
VAMS anxiety ratings, which was significant at 2 hours (p<0.03) 
between THC and CBD, but not in the AUC analysis. Some volun-
teers, 5 (33%) showed severe effects and became markedly para-
noid and anxious, but there was a wide inter-subject variability, 
with a wide range of scores on the PANSS positive scale. Pair-wise 
comparisons revealed significant differences between the effects of 
THC relative to both placebo, and to CBD (Table 2). In contrast, 
there were no significant differences between the effects of CBD 
and placebo on any variable. The transient psychotic symptoms 
observed had resolved spontaneously within two hours. No psycho-
pathological symptoms were reported on follow-up at next day, 1 
and 3 weeks later. 
 (Figs. 1, 2, 3 and 4) show the effects of the drugs on each 
measure (ASI, STAI-S, VAMS, ARCI, and PANNS) at 1, 2, and 3 
hours post administration.  

PHYSIOLOGICAL EFFECTS AND PLASMATIC CONCEN-

TRATIONS OF THC AND CBD 

Physiological Parameters 

 There were significant differences between drug effects on 
heart rate (Table 3; Fig. 5). Pair-wise comparisons showed that this 
reflected an increase in heart rate with THC relative to both pla-
cebo, and to CBD (placebo vs. THC: p=0.0491; THC vs. CBD: 
p=0.0133; placebo vs. CBD: p=0.8596). There was also a trend 
(p<0.07) towards difference in the drug effects on diastolic blood 
pressure at 2 hours (Table 3).  

Blood Levels 

 Mean (SD) whole blood levels of THC at 1, 2 and 3 hours after 
administration were 0.5 (0.8) ng/mL and 0.67 (0.66) ng/mL, and 0.44 
(0.40) ng/mL, respectively. Mean (SD) whole blood levels of CBD at 
the same time points were 0.36 (0.64) ng/mL, 1.62 (2.98) ng/mL and 
3.4 (6.42) ng/mL, respectively. Levels of 11-OH-THC and THC-
COOH were elevated after administration of THC (but not CBD or 
placebo) and followed a similar time course (Fig. 6).  

Relationship between Blood Levels and Acute Symptomatic 

Effects 

 Both the level of subjective intoxication (ASI) and the PANSS 
total score (PANSS-TS) were directly correlated with THC-COOH 
levels at 1 hour post drug administration (rho=0.665; p=0.009; 
rho=0.687; p=0.007), and with THC levels at 3 hours post drug 
administration (rho=0.760; p=0.002; rho=0.731; p=0.003). Nega-
tive symptom levels (PANSS-N) also showed a positive correlation 
with both THC and 11-OH-THC levels at 3 hours post drug admini-
stration (rho=0.813; p<0.001; rho=0.727; p=0.003). We did not find 
significant correlation between heart rate and neither THC, 11-OH-
THC nor THC-COOH whole blood levels.  

DISCUSSION  

Acute Symptomatic Effects 

 The administration of a single oral dose of THC produced the 
typical transient effects previously described for this substance in 
an experimental laboratory setting: feelings of anxiety, euphoria, 
dysphoria and subjective intoxication. Positive and negative psy-
chotic symptoms were also evident in some, but not all subjects, 
again consistent with previous studies [63-65]. In the review done, 
seven of nine studies described “feel high”, dysphoria, and subjec-
tive intoxication [41,42-44,46,48,66-69] (Table 1). The intensity of 
symptomatology appeared to be dose-dependent [42, 44]. Moreo-
ver, from the 146 subjects involved in the review, 3 (2.1%) were 
excluded because they presented severe acute psychotic symptoma-
tology during the study [42, 58, 70]. In our study, 5 (33%) subjects 
presented transient psychotic symptomatology in the THC session, 
which resolved spontaneously in two hours. This variabilility 
probably reflects differences in individual, or genetic susceptibility 
to THC proness to psychosis [71, 72].  
 Although studies in both experimental animals [73-77] and 
healthy volunteers [18, 29, 34, 49,78,79] have shown that CBD has 
anxiolytic properties, there were remarkably few differences be-
tween the effects of CBD and placebo on anxiety [17], save for a 
reduction in the VAMS anxiety scale at 2 hours post administration. 
However, in such previous human studies, the anxiolytic effect of 
CBD has only been evident in subjects in whom anxiety had al-
ready been induced experimentally, in contrast to the subjects in the 
present study. In addition, in animal models, the effect of CBD on 
anxiety appears to follow an inverted U-shaped dose-response 
curve [4, 75]. The dose of CBD used in the present study was 
higher than in previous human anxiety experimental studies (60-
300 mg/day), [18, 29, 34, 49,78] and so may have exceeded the 
dose associated with a clear anxiolytic effect. Unlike THC, CBD 
had no effects on sedation, intoxication, mood or psychotic symp-
toms. These data suggest that CBD alone has remarkably few 
symptomatic effects in non-anxious healthy subjects, which is im-
portant in relation to the potential therapeutic utility of CBD in 
neurology, psychiatry and other fields of medicine [4, 24]. Re-
cently, a double-blind, randomised study showed that CBD reduces 
anxiety induced by a simulation public speaking test in a group of 
patients with generalized social anxiety disorder to a similar re-
sponse as healthy controls [79]. 

Physiological Measures  

 THC increased the heart rate as observed in other studies [42, 
43, 45-48], but did not produce an increased systolic and diastolic 
blood pressure or an orthostatic hypotension, although there was a 
tendency for an effect on diastolic blood pressure [11]. This may 
reflect an effect of the THC mediated by sympathetic activation and 
cholinergic inhibition [80]. As expected from previous investiga-
tions [28, 29], CBD did not have any significant physiological ef-
fects.  
 
 



4972    Current Pharmaceutical Design, 2012, Vol. 18, No. 32 Martín-Santos et al. 

Table 2. Results of Symptomatic Effects Comparisons after a Single Oral dose of Placebo, THC, CBD and Placebo Administration 

with Respect to the Area Under the Curve (AUC) and Effect at 2 Hours 

 AUC Effect at 2 hours 

 F p  p* F p  p* 

Symptomatic effects         

 ASI 7.81 0.002 1 

2 

3 

<0.001 

0.929 

0.003 

14.33 <0.001 1 

2 

3 

<0.001 

 0.778 

<0.001 

 STAI-S 6.20 0.006 1 

2 

3 

0.002 

0.455 

0.055 

10.50 0.001 1 

2 

3 

<0.001 

0.354 

0.005 

 VAMS         

 Anxiety 2.46 0.105   3.97 0.03 1 

2 

3 

0.179 

0.634 

0.020 

 Mental sedation 4.67 0.018 1 

2 

3 

0.010 

0.517 

0.166 

6.89 0.004 1 

2 

3 

0.001 

0.739 

0.015 

 Physical sedation 3.67 0.039 1 

2 

3 

0.019 

0.374 

0.358 

6.18 0.006 1 

2 

3 

0.002 

0.417 

0.084 

 Other feelings 0.45 0.64   0.20 0.816   

 ARCI          

 Stimulant-like effects-A 2.42 0.111   2.86 0.076   

 Euphoria-MBG 2.22 0.314   2.73 0.084   

 Dysphoria-LSD 9.16 0.001 1 

2 

3 

0.001 

0.963 

<0.001 

15.03 0.001 1 

2 

3 

<0.001 

0.535 

 <0.001 

 Intellectual efficiency-BG 4.76 0.019 1 

2 

3 

0.024 

0.996 

0.023 

2.85 0.077   

 Sedation-PCAG 8.33 0.002 1 

2 

3 

<0.001 

0.928 

0.003 

11.32 <0.001 1 

2 

3 

<0.001 

0.845 

 <0.001 

 PANNS         

 General psychopathology  9.10 <0.001 1 

2 

3 

<0.001 

0.668 

0.003 

10.71 <0.001 1 

2 

3 

<0.001 

 0.91 

<0.001 

 Positive symptoms 9.14 0.001 1 

2 

3 

<0.001 

0.966 

<0.001 

5.37 0.010 1 

2 

3 

0.010 

0.975 

0.019 

 Negative symptoms 5.65 0.008 1 

2 

3 

0.002 

0.359 

0.109 

5.73 <0.001 1 

2 

3 

0.002 

0.317 

0.131 

ASI= Subjective level of intoxication; STAI-S=Spielberger State Anxiety Inventory; VAMS= Visual Analogue Mood Scale; ARCI= Addiction Research Center Inventory; PANNS= 
Positive and Negative Psychotic Symptomatology Scale 

*Pair wise comparisons: 1) placebo vs. THC, 2) placebo vs. CBD, and 3) THC vs. CBD 
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Fig. (1). Changes from baseline over time in the level of subjective intoxication (ASI) score and the level of anxiety (STAI-S) after oral administration of 10 

mg THC, 600 mg CBD, and placebo. The figure shows mean (+SEM) values. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). Changes from baseline over time in anxiety level, mental and physical sedation and other feelings (VAMS) after administration of 10 mg THC,  600 

mg CBD, and placebo. The figure shows mean (+SEM) values. 
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Fig. (3). Changes in subjective symptomatology related to drug intoxication: stimulant effects, induced euphoria, dysphoria, intellectual efficiency and sedation 

(ARCI) scores after administration of 10 mg THC, 600 mg CBD, and placebo. The figure shows mean (+SEM) values 
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Fig. (4). Changes from baseline over time in positive and negative psychotic symtomatology and total score of general psychopatology of PANNS after ad-

ministration of THC, CBD, and placebo. The figure shows mean (+SEM) values. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (5). Changes from baseline over time in heart rate after oral administration of 10 mg of THC, 600 mg of CBD, and placebo. Figure shows mean (+SEM) 

values.  
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Fig. (6). Time course of THC, 11-OH-THC and THC-COOH whole blood levels after oral administration of 10 mg of THC, 600 mg of CBD, and placebo. 

Figure shows mean (+SEM) values. 

 

Table 3. Results of Physiological Effects Comparisons after a Single Oral dose of Placebo, THC, CBD and Placebo Administration 

with Respect to the Area Under the Curve (AUC) and Effect at 2 Hours 

 AUC Effect at 2 hours 

Physiological parameters F p  p* F p  p* 

 Systolic blood pressure 0.96 0.397   1.17 0.327   

 Diastolic blood pressure 0.27 0.769   2.44 0.07   

 Heart rate 4.72 0.019 1 

2 

3 

0.010 

0.924 

0.037 

4.83 0.016 1 

2 

3 

0.049 

0.859 

0.013 

*Pair wise comparisons: 1) placebo vs. THC, 2) placebo vs. CBD, and 3) THC vs. CBD 

 

Whole Blood Drug Concentration Levels 

 Although some previous studies have reported that THC plasma 
concentrations were out of phase with its behavioural, cognitive or 
endocrine effects [61,62, 81, 82], we found that the level of subjec-
tive intoxication (ASI) and the severity of positive and negative 
total score (PANSS-TS) correlated with whole blood levels of 11-
OH-THC at 1 hour post drug administration, and with the levels of 
THC at 3 hours post drug administration.  

Limitations  

 Some methodological limitations of this study need to be noted. 
First, we used a within-subject cross-over design, which minimised 
the confounding of effects of inter-subject differences, but was 
logistically demanding, limited the total number of participants that 
could be studied. In an effort to minimise the potentially confound-
ing effects of previous substance use, we restricted inclusion to 
volunteers who has taken cannabis less than 15 times in their life-
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time, with none in the last month. However, for ethical reasons, it 
was not possible to study participants who were completely canna-
bis naïve. The subjective effects of cannabis may be greater at the 
first time of use [11, 17], so we might have observed different re-
sults in a sample with more experience with cannabis. In the sys-
tematic review we observed that one of the three subjects, a women, 
who presented acute psychotic symptoms was from a study in naïve 
subjects [48] (Table 1). The dose of THC chosen for this study 
(10mg) was designed to be comparable to that delivered from a 
typical cannabis cigarette, and it is possible that had we used a 
higher dose, effects on cognitive performance may have been more 
evident. 

 In summary, the data from the present study suggest that a sin-
gle dose of THC, comparable to that delivered form a cannabis 
cigarette, had significant acute symptomatic and physiological ef-
fects in healthy volunteers. Moreover, CBD has confirmed to be 
safe and well-tolerated in humans as previously observed [25].  
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Abstract

Background: The growing concern about cannabis use, the most commonly used illicit drug worldwide, has led to a
significant increase in the number of human studies using neuroimaging techniques to determine the effect of cannabis on
brain structure and function. We conducted a systematic review to assess the evidence of the impact of chronic cannabis
use on brain structure and function in adults and adolescents.

Methods: Papers published until August 2012 were included from EMBASE, Medline, PubMed and LILACS databases
following a comprehensive search strategy and pre-determined set of criteria for article selection. Only neuroimaging
studies involving chronic cannabis users with a matched control group were considered.

Results: One hundred and forty-two studies were identified, of which 43 met the established criteria. Eight studies were in
adolescent population. Neuroimaging studies provide evidence of morphological brain alterations in both population
groups, particularly in the medial temporal and frontal cortices, as well as the cerebellum. These effects may be related to
the amount of cannabis exposure. Functional neuroimaging studies suggest different patterns of resting global and brain
activity during the performance of several cognitive tasks both in adolescents and adults, which may indicate compensatory
effects in response to chronic cannabis exposure.

Limitations: However, the results pointed out methodological limitations of the work conducted to date and considerable
heterogeneity in the findings.

Conclusion: Chronic cannabis use may alter brain structure and function in adult and adolescent population. Further
studies should consider the use of convergent methodology, prospective large samples involving adolescent to adulthood
subjects, and data-sharing initiatives.
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Bhattacharyya is supported by a Clinician Scientist award from the National Institute of Health Research, UK; and J.A. Crippa receives a CNPq (Brazil) productivity
award (IC). The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: rmsantos@clinic.ub.es

Introduction

Cannabis is the illicit drug most widely available and used

worldwide [1,2], consumed by between 125 and 203 million

people, largely younger age group (15–34 years), which corre-

sponds to an annual prevalence rate of 2.8%–4.5% [1,2]. Despite

the fact that many individuals tend to discontinue cannabis use

after their initial experimentation with the drug [1] and the

percentage of individuals who develop dependence is lower than

that associated with alcohol (15%) or tobacco (32%) use, around

9% of cannabis users develop dependence in the long term [3,4].

Cannabis use has been associated with a range of acute and

chronic mental health problems, such as anxiety, depression,

neurocognitive alterations and deficits as well as increased risk of

psychotic symptoms and disorders, the severity of these effects
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being dependent on frequency of use, age of onset and genetic

vulnerability [5–15]. These effects are probably related to effects

on the endocannabinoid system, which can modulate the neuronal

activity of other neurotransmitter systems, such as dopamine,

through its action on the most abundant cannabinoid receptor in

brain, the cannabinoid receptor 1 (CB1) [16,17]. CB1 receptors

mature slowly, reaching maximal levels during adolescence [18],

and are particularly concentrated in brain regions that are critical

for executive functioning, reward processing and memory, such as

the prefrontal cortex, anterior cingulate cortex, basal ganglia,

medial temporal areas (e.g., hippocampus and amygdala) and

cerebellum [19].

Animal studies have consistently demonstrated that delta-9-

tetrahydrocannabinol (THC), the main psychoactive component

of cannabis [20], is able to disrupt the regulatory role of the

endogenous cannabinoid system [21], inducing neurotoxic

changes in brain regions rich with cannabinoid receptors that

might dramatically affect the process of maturational refinement of

cortical neuronal networks [22–24] and lastly promote changes in

brain structure and alter emotional and cognitive performance

[25], particularly if the exposure has been during the adolescent

period [26,27]. In contrast to animal literature, results from

human studies investigating chronic cannabis users are often

inconsistent. These discrepancies may be due to heterogeneity in

socio-demographic characteristics of the population studied,

imaging techniques employed, as well as differences in drug usage

patterns and psychiatric comorbidities that may not always be

apparent or result in contact with mental health services and hence

may not be appropriately controlled for in studies where

participants are screened for presence of co-morbid psychiatric

disorder merely by enquiring about previous contact with mental

health services [28–30]. However, overall the results suggest that

long-term cannabis use may result in persistent alterations in brain

function and morphology that would extend beyond the period of

intoxication [28,31], and that earlier onset of use may be

associated with greater detrimental effects [32,33].

It is remarkable to note that although the onset of cannabis use

is typically during adolescence, a few imaging studies have been

conducted with adolescent users [28,34]. Since brain development

continues up to young adulthood [35], adolescence may be a

critical period during which chronic cannabis exposure may have

far-reaching consequences [36]. Although brain size is thought to

stabilize around the age of five years [37], important neurodevel-

opmental processes continue throughout adolescence, including

myelinization [38], synaptic refinement [39] and gray matter

volume reduction [40]. While the long-term effects of cannabis use

may potentially have major implications for social and family life,

education and occupational functioning, its effects on brain

structure and function have not been well determined.

The growing concern about cannabis use has led to a significant

increase in the number of human studies using neuroimaging

techniques to determine the effect of the substance on brain

structure and function, as well as to several recent reviews

examining this topic [28,29,34,41–46]. However, some authors

have only reviewed studies investigating the acute effects of

cannabis [45,46] or those published over the last decade [41,44],

while others did not adequately specify criteria for selecting studies

[41,43] or included those studies that investigated only adult

population [29,42]. In the present review, we have conducted a

systematic literature search to assess and integrate the evidence of

the impact of chronic cannabis use on brain structure and

function, focusing on studies in the adolescent and adult

population. Papers published until August 2012 have been

included following a comprehensive search strategy and pre-

determined set of criteria for article selection [29].

Methods

Data for this systematic review was collected with an advanced

document protocol in accordance with the PRISMA guidelines

[47]. This protocol provided a checklist for reporting systematic

reviews (see Table S1).

Search strategy
Electronic searches were performed using EMBASE (1980-

August 2012), Medline (1966-August 2012), PubMed (1966-

August 2012) and LILACS (1982-August 2012) databases. The

following key words were used: cannabis; marijuana; marihuana;

delta-9-tetrahydrocannabinol; THC; cannabidiol, CBD; neuroim-

aging; brain imaging; computerized tomography, CT; magnetic

resonance, MRI; single photon emission tomography, SPECT;

functional magnetic resonance, fMRI; positron emission tomog-

raphy, PET; diffusion tensor MRI, DTI-MRI; spectroscopy,

MRS. All the studies published up to August 2012 were included

without language restriction.

Selection criteria
A general review of all neuroimaging studies investigating brain

structure or function was initially performed. We obtained a total

of 142 published papers (Figure 1). Studies were included or

excluded if they expressly stated the following criteria. Inclusion

criteria were: (i) use of structural or functional neuroimaging

techniques involving chronic cannabis users; (ii) inclusion of a

control group of healthy volunteers matched by age, gender and

handedness; and (iii) users had to be abstinent for at least 12 hours

before brain scanning. Exclusion criteria were: (i) non-neuroim-

aging studies of cannabis use; (ii) neuroimaging studies that

involved participants who had other neurological or psychiatric

disorders, or individuals who met criteria for alcohol dependence

or other substance use disorders (abuse or dependence) different

from cannabis and nicotine, or participants who were not

abstinent or who tested positive for drugs other than cannabis

on urine screening test; and (iii) neuroimaging studies with

recreational or naı̈ve cannabis users.

We defined chronic cannabis users as persons who used

cannabis several times a week and who had done so for at least

two years. Recreational (or occasional) cannabis users were

defined as persons who had used cannabis sporadically (less than

four times a month), and naı̈ve users or healthy controls were

persons who had used cannabis less than 15 times in their lifetime,

according to standardized strict criteria [29,48].

Any publication that reported data using two different

neuroimaging techniques from the same subjects (e.g., structural

MRI and functional MRI) or a study examining the same subjects

with two different cognitive tasks (e.g., verbal working memory

and visual attention task) was considered as two studies in this

review.

Data extraction
Data was independently extracted by two reviewers. In case of

disagreement, opinion from a third senior researcher was sought to

assess whether study criteria were fulfilled. From the articles

included we recorded names of authors, year of publication, socio-

demographic (e.g., sample size, gender, age, handedness) and

cannabis use characteristics (e.g., duration, age of onset, frequency

of cannabis use), imaging type and design, exclusion criteria (for

neurological, psychiatric or drug history), confirmation of absti-

Neuroimaging Studies in Chronic Cannabis Users
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nence from other drugs (whether checked by urine test), rest/

active condition (for functional imaging studies), type of cognitive

task performed during functional imaging and psychopathological

variables assessed (e.g., psychotic or depressive symptoms). With

regard to alcohol use, we assessed if subjects met criteria for

alcohol abuse or for excessive alcohol consumption (more than 21

or 14 standard alcohol units per week for males or females,

respectively) based on the reported data. For structural and

functional imaging data, the primary measures of interest were

global and regional volume, and global and regional activity

[cerebral blood flow (CBF), regional CBF (rCBF) or blood oxygen

level dependent signal BOLD)]. The secondary outcome was its

correlation with clinical variables. We collected the statistically

significant results of each outcome variable, and recorded whether

a multiple comparison correction was done to prevent bias

towards false positives.

Figure 1. Flow diagram of included neuroimaging studies in chronic cannabis users.
doi:10.1371/journal.pone.0055821.g001
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Results

Of the 142 studies identified, thirty-six did not meet the a priori

selection criteria [33,49–84] and sixty-two met the exclusion

criteria [6,12,30,48,85–141] or were case/series reports [142] (for

more detailed information, see Figure 1). The remaining 43 studies

were classified according to the neuroimaging technique used

(structural/functional), age of the participants [adolescents (# 18

years) and adults (. 18 years] and testing conditions (resting state/

cognitive task) (Figure 1). The studies included comprised: 14

structural neuroimaging studies [11 in adult users and 3 in

adolescent users; 10 volumetric studies and 4 diffusion tensor

imaging studies (DTI)] and 29 functional neuroimaging studies on

the chronic effects of cannabis (24 in adult users and 5 in

adolescent users; 8 in the resting state and 21 during a cognitive

task).

1. Structural neuroimaging studies in adult chronic
cannabis users

We identified 11 structural MRI studies that examined adult

chronic cannabis users and met our selection criteria (Table 1).

Structural differences were obtained in seven of them in terms of

global brain measures [143] or gray/white matter changes [144–

149]. Four studies did not find any significant structural alterations

when comparing chronic cannabis users with healthy controls

[150–153]. The abstinence period for all participants before they

underwent the structural MRI was between 12 and 24 hours,

apart from two studies [145,152] (for details see Table 1).

1.1. Volumetric studies. Of the seven studies comparing

global brain volume measures between chronic cannabis users and

healthy controls, there was only one study reporting significant

differences [143], namely reduced ventricular cerebral spinal fluid

(CSF) in cannabis users. Another study [145] reported total brain

volume difference between groups which was no longer significant

when the authors covaried for confounding factors such as

premorbid intelligence.

Among the six studies employing a whole-brain analysis

approach [143,146,148,150–152], two further studies described

differences between chronic cannabis users and controls

[146,148]. Matochik et al. (2005) [148] found lower grey matter

density in the right parahippocampus and greater grey matter

density in the precentral gyrus and right thalamus in cannabis

users, while Cousjin et al. (2011) [146] found a larger anterior

cerebellum in cannabis users. Matochik et al. (2005) [148] also

reported differences in white matter density, such as lower density

in the left parietal lobe and higher in parahippocampus, fusiform

gyrus, lentiform nucleus and pons.

With regard to the three studies that focused on specific regions

of interest, all studies reported bilateral volumetric reductions in

the hippocampus [145,148,149] and one reported volume

reductions in the right amygdala [149]. Some studies have also

reported correlations between regional brain volume measures

and cannabis use parameters, clinical and neuropsychological

measures. For instance, a smaller hippocampal volume has been

related to a greater exposure to cannabis [145,146,149], severity of

cannabis dependence [146] and more severe positive psychotic

symptoms [149]. Ashtari et al. (2011) [145] described a positive

association between larger hippocampus volumes and higher

verbal learning and memory scores in healthy controls but not in

cannabis users [145]. It is remarkable to note that these findings

were in patients with an average of 6.7 months of abstinence,

which appears to support of the idea that cannabis use may cause

long-term brain alterations.

With respect to other brain regions, Cousijn et al. (2011) [146]

reported a negative correlation between amygdala volume and the

amount of cannabis use or dependence, while Matochik et al.

(2005) [148] found an association between increased white matter

density in left precentral gyrus and longer duration of cannabis

use.

1.2. Diffusion tensor imaging (DTI) studies. Four studies

have used DTI to examine the integrity of white matter tracts in

chronic cannabis users [144,147,150,151], of which half have

reported positive results [144,147]. Arnone et al. (2008) [144]

found increased mean diffusivity (MD) in the corpus callosum

while Gruber et al. (2011) [147] found increased MD in the right

genu as well as reductions in left frontal fractional anisotropy (FA).

Gruber et al. (2011) [147] also reported a positive association

between left frontal FA and impulsivity scores, and higher FA and

lower MD in the frontal lobes being associated with a later age of

initiation of cannabis use.

2. Structural neuroimaging studies in adolescent chronic
cannabis users

Three volumetric studies in adolescent chronic cannabis users

were included, two of which consist of the same sample [154,155].

As an exception, these two studies [154,155] were included despite

involving participants with symptoms of alcohol dependence given

the modest number of studies included in this population (for

details see Table 1). The MRI scans, focused on specific regions of

interest and were obtained following 28 days of abstinence from

cannabis use. Medina et al. (2009, 2010) [154,155] reported

significantly larger volumes of the inferior posterior vermis, as well

as a marginal group-by-gender interaction in the prefrontal cortex,

in which female and male cannabis users demonstrated, respec-

tively, larger and smaller prefrontal cortex volumes compared to

the same-gender controls. McQueeny et al. (2011) [156] also

described an effect of gender in which female cannabis users but

not males, exhibited a larger right amygdala volume.

In terms of correlations, Medina et al. (2010) [155] found that

larger volumes of the vermis were associated with poorer executive

functioning while McQueeny et al. (2011) [156] found that larger

right amygdala volume was associated with more internalizing

symptoms (e.g., anxiety/depression). Lastly, Medina et al. (2009)

[154] also found that increased volume in the prefrontal cortex

was associated with poorer executive functioning among cannabis

users while the opposite pattern was observed in controls,

suggesting that female users may be at increased risk for

cannabis-induced prefrontal abnormalities.

3. Functional neuroimaging studies in adult chronic
cannabis users

3.1. Resting state. We included eight case-control studies

comparing resting rCBF in adult chronic cannabis users and non

cannabis using healthy controls (Table 2). The imaging methods

used were as follows: H215O-PET [157], 133Xe-SPECT [158],
18F-FDG-PET [159], [11C]- raclopride-PET [159–162] and

[18F]FMPEP-d2 [163]. Functional differences between groups

were found in all studies, except for the four [11C]-raclopride-PET

studies [159–162]. Abstinence periods ranged from 12 hours to

542 days (for details see Table 2). Block et al. (2000) [157]

described reduced bilateral rCBF in the posterior cerebellum and

ventral prefrontal cortex but also increased rCBF in the anterior

cingulate cortex in cannabis users. Lundqvist et al. (2001) [158]

found a trend of lower global CBF in cannabis users, as well as

reduced rCBF in the right prefrontal and superior frontal cortex.

Sevy et al. (2008) [159] reported lower glucose metabolism in the

Neuroimaging Studies in Chronic Cannabis Users
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ü

ce
l

et
a

l.
(2

0
0

8
)

[1
4

9
]

M
R

I
3

T
1

5
/0

1
6

/0
3

8
.8

(8
.9

)/
3

6
.4

(9
.8

)
R

O
I

#
1

#
#

#
N

H
ip

p
o

ca
m

p
u

s:
Q

L/
R

A
m

yg
d

al
a:

Q
L/

R

Q
L

h
ip

p
o

ca
m

p
u

s
w

it
h

cu
m

u
la

ti
ve

e
xp

o
su

re
(y

r.
)

an
d

h
ig

h
e

r
p

o
si

ti
ve

p
sy

ch
o

ti
c

sy
m

p
to

m
s

A
rn

o
n

e
et

a
l.

(2
0

0
8

)
[1

4
4

]
D

T
I

1
.5

T
1

1
/0

1
1

/0
2

5
.0

(2
.9

)/
2

3
.3

(2
.9

)
R

O
I

#
1

N
C

o
rp

u
s

ca
llo

su
m

:
q

M
D

A
sh

ta
ri

et
a

l.
(2

0
1

1
)**

*
[1

4
5

]
M

R
I

1
.5

T
1

4
/0

1
4

/0
1

9
.3

(0
.8

)/
1

8
.5

(1
.4

)
R

O
I

2
0

1
#

#
#

#
N

H
ip

p
o

ca
m

p
u

s:
Q

L/
R

q
h

ip
p

o
ca

m
p

u
s

w
it

h
ve

rb
al

le
ar

n
in

g
an

d
m

e
m

o
ry

sc
o

re
s

in
H

C
;

Q
h

ip
p

o
ca

m
p

u
s

w
it

h
am

o
u

n
t

o
f

ca
n

n
ab

is
u

se

G
ru

b
e

r
et

a
l.

(2
0

1
1

)
[1

4
7

]
D

T
I

3
T

1
4

/1
1

4
/1

2
5

.0
(8

.7
)/

2
5

.2
(8

.4
)

R
O

I
#

1
N

R
G

e
n

u
:

q
M

D
L

FL
:

Q
FA

q
FA

L
fr

o
n

ta
l

w
it

h
h

ig
h

e
r

B
IS

to
ta

l
an

d
m

o
to

r
su

b
sc

al
e

sc
o

re
;

q
FA

an
d

Q
M

D
in

FL
w

it
h

la
te

r
ag

e
o

f
o

n
se

t

Neuroimaging Studies in Chronic Cannabis Users

PLOS ONE | www.plosone.org 5 February 2013 | Volume 8 | Issue 2 | e55821



T
a

b
le

1
.

C
o

n
t.

A
u

th
o

r
(y

r.
)

M
e

th
o

d
C

U
M

/F
H

C
M

/F

M
e

a
n

(S
D

)
a

g
e

C
U

/H
C

Im
a

g
e

a
n

a
ly

si
s

A
b

st
in

e
n

ce
(M

e
a

n
d

a
y

s)
R

e
su

lt
s*

C
o

u
si

jn
et

a
l.

(2
0

1
1

)
[1

4
6

]
M

R
I

3
T

2
1

/1
2

2
6

/1
6

2
1

.3
(2

.4
)/

2
1

.9
(2

.4
)

W
h

o
le

b
ra

in
R

O
I{

#
1

#
#

#
#

#
#
N#

#
N

#
G

M
:

q
an

te
ri

o
r

ce
re

b
e

llu
m

Q
R

am
yg

d
al

a
an

d
Q

L/
R

h
ip

p
o

ca
m

p
u

s
w

it
h

am
o

u
n

t
o

f
ca

n
n

ab
is

u
se

(w
e

e
kl

y)
o

r
se

ve
ri

ty
o

f
ca

n
n

ab
is

d
e

p
e

n
d

e
n

ce

A
D

O
L

E
S

C
E

N
T

S

M
e

d
in

a
et

a
l.

(2
0

0
9

){
[1

5
4

]
M

R
I

1
.5

T
1

2
/4

1
0

/6
1

8
.1

/
1

7
.9

(1
6

–
1

8
.9

)
R

O
I

2
8

#
N

#
P

FC
:

q
in

F
C

U
P

FC
:

Q
in

M
C

U
Q

P
FC

in
C

U
an

d
q

P
FC

in
H

C
w

it
h

b
e

tt
e

r
e

xe
cu

ti
ve

fu
n

ct
io

n
in

g

M
e

d
in

a
et

a
l.

(2
0

1
0

){
[1

5
5

]
M

R
I

1
.5

T
1

2
/4

1
0

/6
1

8
(0

.7
)/

1
8

(0
.9

)
R

O
I

2
8

#
N

C
e

re
b

e
llu

m
:

q
in

fe
ri

o
r

p
o

st
e

ri
o

r
(l

o
b

u
le

s
V

III
–

X
)

ve
rm

is

q
V

e
rm

is
w

it
h

p
o

o
re

r
e

xe
cu

ti
ve

fu
n

ct
io

n
in

g

M
cQ

u
e

e
n

y
et

a
l.

(2
0

1
1

)
[1

5
6

]
M

R
I

3
T

2
7

/8
3

6
/1

1
1

8
.0

/
1

7
.7

R
O

I
2

8
#

N
R

am
yg

d
al

a:
q

in
F

C
U

q
R

am
yg

d
al

a
w

it
h

in
te

rn
al

iz
in

g
sy

m
p

to
m

s
in

F
C

U

N
o

te
:

Y
r.

=
Y

e
ar

s;
C

U
=

C
an

n
ab

is
u

se
rs

;
H

C
=

H
e

al
th

y
co

n
tr

o
ls

;
M

=
M

al
e

;
F

=
Fe

m
al

e
;

SD
=

St
an

d
ar

d
d

e
vi

at
io

n
;

G
M

=
G

re
y

m
at

te
r;

G
M

d
=

G
re

y
m

at
te

r
d

e
n

si
ty

;
W

M
=

W
h

it
e

m
at

te
r;

W
M

d
=

W
h

it
e

m
at

te
r

d
e

n
si

ty
;

C
SF

=
C

e
re

b
ra

ls
p

in
al

fl
u

id
;T

IV
=

T
o

ta
li

n
tr

ac
ra

n
ia

lv
o

lu
m

e
;F

L
=

Fr
o

n
ta

ll
o

b
e

;P
L

=
P

ar
ie

ta
ll

o
b

e
;T

L
=

T
e

m
p

o
ra

ll
o

b
e

;O
L

=
O

cc
ip

it
al

lo
b

e
;B

G
=

B
as

al
g

an
g

lia
;C

b
=

C
e

re
b

e
llu

m
;L

=
Le

ft
h

e
m

is
p

h
e

re
;R

=
R

ig
h

t
h

e
m

is
p

h
e

re
;T

=
T

e
sl

a;
M

R
I

=
M

ag
n

e
ti

c
re

so
n

an
ce

im
ag

in
g

;
D

T
I

=
D

if
fu

si
o

n
te

n
so

r
im

ag
in

g
;

R
O

I
=

R
e

g
io

n
o

f
in

te
re

st
;

N
E

=
N

o
t

sp
e

ci
fi

e
d

;
M

D
=

M
e

an
d

if
fu

si
vi

ty
;

FA
=

Fr
ac

ti
o

n
al

an
is

o
tr

o
p

y;
P

FC
=

P
re

fr
o

n
ta

l
co

rt
e

x;
B

IS
=

B
ar

ra
t

Im
p

u
ls

iv
it

y
sc

al
e

.
*I

f
n

o
t

o
th

e
rw

is
e

sp
e

ci
fi

e
d

,
re

su
lt

s
ar

e
p

re
se

n
te

d
in

te
rm

s
o

f
ch

ro
n

ic
ca

n
n

ab
is

u
se

rs
.

�
=

Si
g

n
if

ic
an

t
d

if
fe

re
n

ce
s;
#

=
N

o
n

-s
ig

n
if

ic
a

n
t

d
if

fe
re

n
ce

s;
=

N
o

t
e

xa
m

in
e

d
.

**
T

w
o

su
b

je
ct

s
in

th
e

m
ar

iju
an

a
g

ro
u

p
m

e
t

cr
it

e
ri

a
fo

r
e

xc
e

ss
iv

e
al

co
h

o
l

co
n

su
m

p
ti

o
n

.
**

*F
iv

e
su

b
je

ct
s

in
th

e
m

ar
iju

an
a

g
ro

u
p

m
e

t
cr

it
e

ri
a

fo
r

al
co

h
o

l
ab

u
se

.
{ Su

b
je

ct
s

w
it

h
sy

m
p

to
m

s
o

f
al

co
h

o
l

ab
u

se
o

r
d

e
p

e
n

d
e

n
ce

w
e

re
in

cl
u

d
e

d
.

{ M
u

lt
ip

le
co

m
p

ar
is

o
n

co
rr

e
ct

io
n

.
d

o
i:1

0
.1

3
7

1
/j

o
u

rn
al

.p
o

n
e

.0
0

5
5

8
2

1
.t

0
0

1

Neuroimaging Studies in Chronic Cannabis Users

PLOS ONE | www.plosone.org 6 February 2013 | Volume 8 | Issue 2 | e55821



T
ab

le
2

.
Fu

n
ct

io
n

al
n

e
u

ro
im

ag
in

g
st

u
d

ie
s

in
ch

ro
n

ic
ca

n
n

ab
is

u
se

rs
.

A
u

th
o

r
(y

r.
)

M
e

th
o

d
C

U
M

/F
H

C
M

/F
M

e
a

n
(S

D
)

a
g

e
C

U
/H

C
Im

a
g

e
a

n
a

ly
si

s
C

o
n

d
it

io
n

A
b

st
in

e
n

ce
(M

e
a

n
d

a
y

s)
R

e
su

lt
s*

A
D

U
L

T
S

B
ra

in
ar

e
a

D
e

ta
ile

d
re

su
lt

s
C

o
rr

e
la

ti
o

n
s

w
it

h
cl

in
ic

al
va

ri
ab

le
s

F
u

n
ct

io
n

a
l

(r
e

st
in

g
st

a
te

)
FL

-P
L-

T
L-

O
L

I-
B

G
-C

b

B
lo

ck
et

a
l.

(2
0

0
0

)
[1

5
7

]
H

2
1

5
O

-P
ET

8
/9

6
/6

2
2

.4
(0

.5
)/

2
2

.6
(0

.5
)

W
h

o
le

b
ra

in
R

e
st

in
g

st
at

e
#

1
N#

#
#

#
#
N

Q
rC

B
F

L/
R

ce
re

b
e

llu
m

an
d

V
M

P
FC

q
rC

B
F

R
A

C
C

Lu
n

d
q

vi
st

et
a

l.
(2

0
0

1
)

[1
5

8
]

1
3

3
X

e
-S

P
EC

T
1

2
/0

1
4

/0
2

9
.8

(5
)/

2
7

.8
(5

.2
)

W
h

o
le

b
ra

in
R

e
st

in
g

st
at

e
1

.6
N#

#
#

#
#

#
Q

g
lo

b
al

C
B

F
(t

re
n

d
)

Q
rC

B
F

R
su

p
e

ri
o

r
P

FC
,

su
p

e
ri

o
r

fr
o

n
ta

l

Se
vy

et
a

l.
(2

0
0

8
)

[1
5

9
]

1
8
F-

FD
G

-P
ET

6
/0

6
/0

2
0

.0
(1

.0
)/

2
0

.0
(1

.0
)

W
h

o
le

b
ra

in
R

e
st

in
g

st
at

e
1

0
5

NN
#

#
#
N#

Q
rC

B
F

R
O

FC
an

d
R

p
o

st
e

ri
o

r
p

ar
ie

ta
l

co
rt

e
x

an
d

L/
R

p
u

ta
m

e
n

Se
vy

et
a

l.
(2

0
0

8
)

[1
5

9
]

[1
1
C

]-
ra

cl
o

p
ri

d
e

-P
ET

6
/0

6
/0

2
0

.0
(1

.0
)/

2
0

.0
(1

.0
)

R
O

I
R

e
st

in
g

st
at

e
1

0
5

#

H
ir

vo
n

e
n

et
a

l.
(2

0
1

1
)

[1
6

3
]

[1
8
F]

FM
P

EP
-d

2
3

0
/0

2
8

/0
2

8
(8

)/
3

2
(1

0
)

W
h

o
le

b
ra

in
R

O
I

R
e

st
in

g
st

at
e

1
an

d
2

6
NN

NN
#

#
#

1
d

ay
:

Q
V

T
n

e
o

co
rt

e
x

an
d

lim
b

ic
co

rt
e

x
2

6
d

ay
s:

q
V

T
n

e
o

co
rt

e
x

an
d

lim
b

ic
co

rt
e

x
e

xc
e

p
t

fo
r

h
ip

p
o

ca
m

p
u

s

Q
V

T
w

it
h

lo
n

g
e

r
ca

n
n

ab
is

e
xp

o
su

re
(y

r.
)

St
o

ke
s

et
a

l.
(2

0
1

1
)

[1
6

0
]

[1
1
C

]-
ra

cl
o

p
ri

d
e

-P
ET

6
/4

9
/1

3
2

.6
(7

.7
)/

3
6

.5
(4

.5
)

R
O

I
R

e
st

in
g

st
at

e
5

4
2

#

U
rb

an
et

a
l.

(2
0

1
2

)
[1

6
2

]
[1

1
C

]-
ra

cl
o

p
ri

d
e

-P
ET

1
5

/1
1

4
/2

2
7

.3
(6

.1
)/

2
8

.1
(6

.9
)

R
O

I
R

e
st

in
g

st
at

e
3

0
#

A
lb

re
ch

t
et

a
l.

(2
0

1
2

)
[1

6
1

]
[1

1
C

]-
ra

cl
o

p
ri

d
e

-P
ET

1
0

/0
8

/0
2

5
.1

(4
.6

)/
2

6
.4

(5
.6

)
R

O
I

R
e

st
in

g
st

at
e

#
1

#
Q

B
P

N
D

w
it

h
in

cr
e

as
e

in
u

ri
n

e
le

ve
ls

o
f

T
H

C
-

C
O

O
H

an
d

se
lf

-
re

p
o

rt
e

d
re

ce
n

t
in

ta
ke

p
e

r
d

ay

F
u

n
ct

io
n

a
l

(c
o

g
n

it
iv

e
ta

sk
)

B
lo

ck
e

t
al

.
(2

0
0

2
)

[1
6

4
]

H
2

1
5
O

-P
ET

1
8

/0
1

3
/0

2
2

.3
(0

.5
)/

2
2

.6
(0

.5
)

W
h

o
le

b
ra

in
R

O
I

V
e

rb
al

m
e

m
o

ry
#

1
N#

N#
#

#
N

Q
rC

B
F

L/
R

P
FC

q
rC

B
F

L
.

R
h

ip
p

o
ca

m
p

u
s

in
H

C
q

rC
B

F
p

o
st

e
ri

o
r

ce
re

b
e

llu
m

El
d

re
th

e
t

al
.

(2
0

0
4

)
[1

6
6

]
H

2
1

5
O

-P
ET

1
1

/0
1

1
/0

2
5

/2
9

W
h

o
le

b
ra

in
R

O
I{

St
ro

o
p

2
5

N#
NN

#
#

#
q

C
B

F
R

p
ar

ac
e

n
tr

al
lo

b
u

le
an

d
L

o
cc

ip
it

al
lo

b
e

Q
C

B
F

R
V

M
P

FC
an

d
R

D
LP

FC
H

ip
p

o
ca

m
p

u
s:

q
rC

B
F

L/
R

A
C

C
:Q

rC
B

F
L

D
LP

F:
q

rC
B

F
L/

R

Neuroimaging Studies in Chronic Cannabis Users

PLOS ONE | www.plosone.org 7 February 2013 | Volume 8 | Issue 2 | e55821



T
a

b
le

2
.

C
o

n
t.

A
u

th
o

r
(y

r.
)

M
e

th
o

d
C

U
M

/F
H

C
M

/F
M

e
a

n
(S

D
)

a
g

e
C

U
/H

C
Im

a
g

e
a

n
a

ly
si

s
C

o
n

d
it

io
n

A
b

st
in

e
n

ce
(M

e
a

n
d

a
y

s)
R

e
su

lt
s*

B
o

lla
e

t
al

.
(2

0
0

5
)

[1
6

5
]

H
2

1
5
O

-P
ET

1
1

/0
1

1
/0

2
6

(2
1

–
3

5
)/

3
1

W
h

o
le

b
ra

in
R

O
I{

Io
w

a
G

am
b

lin
g

2
5

N#
NN

#
#
N

Q
C

B
F

O
FC

an
d

R
m

id
d

le
fr

o
n

ta
l

g
yr

u
s

q
C

B
F

L
ce

re
b

e
llu

m
,

R
in

fe
ri

o
r

fr
o

n
ta

l
g

yr
u

s
an

d
R

o
cc

ip
it

al
lo

b
e

in
m

o
d

e
ra

te
C

U
q

C
B

F
L

ce
re

b
e

llu
m

in
h

e
av

y
C

U
C

e
re

b
e

llu
m

:
q

rC
B

F
L

O
FC

:
Q

rC
B

F
R

D
LP

FC
:

Q
rC

B
F

R

Q
rC

B
F

R
ce

re
b

e
llu

m
,

R
o

rb
it

al
g

yr
u

s
an

d
q

rC
B

F
R

p
ar

ah
ip

p
o

ca
m

p
u

s
w

it
h

ca
n

n
ab

is
e

xp
o

su
re

G
ru

b
e

r
e

t
al

.
(2

0
0

5
)

[1
5

1
]

fM
R

I
3

T
8

/1
8

/1
2

6
(3

.6
)/

2
6

.2
(3

.1
)

R
O

I{
St

ro
o

p
N

E
N

A
C

C
:

Q
B

O
LD

L/
R

D
LP

FC
:

q
B

O
LD

R

C
h

an
g

e
t

al
.

(2
0

0
6

)
[1

6
9

]
fM

R
I

4
T

1
5

/9
1

1
/8

2
7

.9
(1

0
.8

)/
3

0
.6

(8
.0

)
W

h
o

le
b

ra
in

R
O

I{

V
is

u
al

at
te

n
ti

o
n

ta
sk

#
1

an
d

1
1

5
7

NN
#
N#

#
N

Q
B

O
LD

L/
R

P
FC

,
R

m
e

d
ia

l
an

d
d

o
rs

al
p

ar
ie

ta
l

co
rt

e
x

an
d

ce
re

b
e

llu
m

q
B

O
LD

fr
o

n
ta

l,
p

ar
ie

ta
l

an
d

o
cc

ip
it

al
lo

b
u

le
s

q
B

O
LD

ce
re

b
e

llu
m

in
cu

rr
e

n
t

C
U

q
B

O
LD

R
P

FC
an

d
d

o
rs

al
p

ar
ie

ta
l

co
rt

e
x

an
d

Q
B

O
LD

ce
re

b
e

llu
m

w
it

h
ag

e
o

f
ca

n
n

ab
is

o
n

se
t;

Q
B

O
LD

ce
re

b
e

llu
m

w
it

h
ca

n
n

ab
is

e
xp

o
su

re
;

q
B

O
LD

R
P

FC
an

d
ce

re
b

e
llu

m
(n

o
rm

al
iz

at
io

n
)

w
it

h
d

u
ra

ti
o

n
o

f
ca

n
n

ab
is

ab
st

in
e

n
ce

Ja
g

e
r

e
t

al
.

(2
0

0
6

)
[1

7
3

]
fM

R
I

1
.5

T
7

/3
7

/3
2

2
.7

(4
.2

)/
2

2
.8

(2
.9

)
W

h
o

le
b

ra
in

R
O

I{

W
o

rk
in

g
m

e
m

o
ry

7
#
N#

#
#

#
#

q
B

O
LD

L
su

p
e

ri
o

r
p

ar
ie

ta
l

co
rt

e
x

Ja
g

e
r

e
t

al
.

(2
0

0
7

)
[1

5
2

]
fM

R
I

1
.5

T
1

3
/7

1
3

/7
2

4
.5

(5
.2

)/
2

3
.6

(3
.9

)
W

h
o

le
b

ra
in

R
O

I{

A
ss

o
ci

at
iv

e
m

e
m

o
ry

7
N#

N#
#

#
#

Q
B

O
LD

R
D

LP
FC

an
d

L/
R

p
ar

ah
ip

p
o

ca
m

p
u

s
P

ar
ah

ip
p

o
ca

m
p

u
s:

Q
B

O
LD

L/
R

H
e

st
e

r
el

a
l.

(2
0

0
9

)
[1

7
2

]
fM

R
I

3
T

1
5

/1
1

5
/1

2
4

.6
(1

.5
)/

2
5

.2
(1

.3
)

W
h

o
le

b
ra

in
R

O
I{

Er
ro

r
A

w
ar

e
n

e
ss

T
as

k

#
1

NN
#

#
N#

#
Q

B
O

LD
A

C
C

,
R

in
su

la
,

L/
R

in
fe

ri
o

r
p

ar
ie

ta
l

an
d

m
id

d
le

fr
o

n
ta

l
re

g
io

n
s

G
ru

b
e

r
et

a
l.

(2
0

0
9

)
[1

7
0

]
fM

R
I

3
T

1
4

/1
1

4
/1

2
5

(8
.8

)/
2

6
(9

.0
)

R
O

I
M

as
ke

d
af

fe
ct

iv
e

st
im

u
li

#
1

N
N

A
C

C
:

q
B

O
LD

(m
as

ke
d

h
ap

p
y

fa
ce

s)
an

d
Q

B
O

LD
(m

as
ke

d
an

g
ry

st
im

u
li)

A
m

yg
d

al
a:

Q
B

O
LD

(m
as

ke
d

an
g

ry
st

im
u

li)

q
B

O
LD

A
C

C
w

it
h

ca
n

n
ab

is
e

xp
o

su
re

(p
e

r
w

e
e

k)
in

m
as

ke
d

an
g

ry
fa

ce
s

an
d

w
it

h
ca

n
n

ab
in

o
id

le
ve

l
in

m
as

ke
d

h
ap

p
y

fa
ce

s;
q

B
O

LD
am

yg
d

al
a

w
it

h
ca

n
n

ab
is

e
xp

o
su

re
(p

e
r

w
e

e
k)

in
m

as
ke

d
h

ap
p

y
fa

ce
s

Neuroimaging Studies in Chronic Cannabis Users

PLOS ONE | www.plosone.org 8 February 2013 | Volume 8 | Issue 2 | e55821



T
a

b
le

2
.

C
o

n
t.

A
u

th
o

r
(y

r.
)

M
e

th
o

d
C

U
M

/F
H

C
M

/F
M

e
a

n
(S

D
)

a
g

e
C

U
/H

C
Im

a
g

e
a

n
a

ly
si

s
C

o
n

d
it

io
n

A
b

st
in

e
n

ce
(M

e
a

n
d

a
y

s)
R

e
su

lt
s*

va
n

H
e

ll
et

a
l.

(2
0

1
0

)
[1

7
6

]
fM

R
I

1
.5

T
1

4
/1

1
1

/2
2

4
(4

.4
)/

2
4

(2
.7

)
W

h
o

le
b

ra
in

R
O

I{

M
o

n
e

ta
ry

in
ce

n
ti

ve
d

e
la

y
ta

sk

7
N#

NN
#
N#

C
o

m
p

ar
e

d
to

n
o

n
-s

m
o

ki
n

g
H

C
:

Q
B

O
LD

N
A

cc
,

ca
u

d
at

e
n

u
cl

e
u

s,
L

p
u

ta
m

e
n

,
R

in
fe

ri
o

r
an

d
m

e
d

ia
l

fr
o

n
ta

l
g

yr
u

s,
L/

R
su

p
e

ri
o

r
fr

o
n

ta
l

g
yr

u
s,

L
ci

n
g

u
la

te
g

yr
u

s;
q

B
O

LD
L/

R
te

m
p

o
ra

l
g

yr
u

s,
R

cu
n

e
u

s
an

d
R

p
ar

ah
ip

p
o

ca
m

p
u

s
g

yr
u

s
C

o
m

p
ar

e
d

to
sm

o
ki

n
g

H
C

:
Q

B
O

LD
ca

u
d

at
e

n
u

cl
e

u
s,

L/
R

su
p

e
ri

o
r

fr
o

n
ta

l;
q

B
O

LD
L

m
id

d
le

te
m

p
o

ra
l

g
yr

u
s

N
e

st
o

r
et

a
l.

(2
0

1
0

)
[1

7
5

]
fM

R
I

3
T

1
1

/3
1

2
/2

2
2

.1
(1

.2
)/

2
3

.1
(1

.2
)

W
h

o
le

b
ra

in
M

o
n

e
ta

ry
in

ce
n

ti
ve

d
e

la
y

ta
sk

4
.5

#
#

#
#
NN

#
q

B
O

LD
R

V
S

(w
in

cu
e

p
e

ri
o

d
s)

Q
B

O
LD

L
in

su
la

(a
ft

e
r

lo
ss

an
d

lo
ss

av
o

id
an

ce
)

q
B

O
LD

R
V

S
(w

in
cu

e
p

e
ri

o
d

s)
w

it
h

ca
n

n
ab

is
e

xp
o

su
re

(y
r.

)

A
b

d
u

lla
e

v
et

a
l.

(2
0

1
0

)
[1

6
8

]
fM

R
I

3
T

1
0

/4
1

0
/4

1
9

.5
(0

.8
)/

1
9

.7
(1

.4
)

W
h

o
le

b
ra

in
{

A
tt

e
n

ti
o

n
ta

sk
2

NN
#

#
#

#
#

q
B

O
LD

R
P

FC
an

d
L/

R
p

ar
ie

ta
l

co
rt

e
x

W
e

sl
e

y
et

a
l.

(2
0

1
1

)
[1

7
7

]
fM

R
I

1
.5

T
9

/7
6

/1
0

2
6

.4
(3

.6
)/

2
6

.6
(6

.1
)

W
h

o
le

b
ra

in
Io

w
a

G
am

b
lin

g
#

1
NN

#
N#

#
N

Q
B

O
LD

A
C

C
,

V
M

P
FC

an
d

m
e

d
ia

l
fr

o
n

ta
l

co
rt

e
x,

p
re

cu
n

e
u

s,
su

p
e

ri
o

r
p

ar
ie

ta
l,

o
cc

ip
it

al
an

d
ce

re
b

e
llu

m

B
O

LD
ac

ti
vi

ty
in

A
C

C
,

V
M

P
FC

an
d

ro
st

ra
lP

FC
p

re
d

ic
te

d
im

p
ro

ve
m

e
n

t
o

ve
r

th
e

ta
sk

co
u

rs
e

o
n

ly
in

H
C

K
in

g
et

a
l.

(2
0

1
1

)
[1

7
4

]
fM

R
I

3
T

1
6

/1
4

1
6

/1
4

2
3

.7
/2

1
.7

R
O

I
Fi

n
g

e
r

se
q

u
e

n
ci

n
g

#
1

N
N

Li
n

g
u

al
g

yr
u

s:
Q

B
O

LD
Su

p
e

ri
o

r
fr

o
n

ta
l

g
yr

u
s:

q
B

O
LD

q
B

O
LD

su
p

e
ri

o
r

fr
o

n
ta

l
g

yr
u

s
w

it
h

co
rt

is
o

l
le

ve
ls

in
F

C
U

V
ai

d
ya

et
a

l.
(2

0
1

2
)

[1
6

7
]

H
2

1
5
O

-P
ET

2
8

/1
8

1
8

/1
6

2
4

.3
(3

.9
)/

2
4

.7
(5

.3
)

W
h

o
le

b
ra

in
Io

w
a

G
am

b
lin

g
#

1
N#

#
#
N#

N
q

rC
B

F
V

M
P

FC
an

d
ce

re
b

e
llu

m
V

ar
ia

n
t

IG
T

:
q

rC
B

F
V

M
P

FC
,

ce
re

b
e

llu
m

an
d

an
te

ri
o

r
in

su
la

q
rC

B
F

V
M

P
FC

w
it

h
d

u
ra

ti
o

n
o

f
ca

n
n

ab
is

u
se

H
ar

d
in

g
et

a
l.

(2
0

1
2

)
[1

7
1

]
fM

R
I

3
T

1
1

/1
0

1
0

/1
1

3
6

.5
(8

.8
)/

3
1

(1
1

.7
)

R
O

I
M

SI
T

#
1

N#
NN

N#
#

q
co

n
n

e
ct

iv
it

y
b

e
tw

e
e

n
A

C
C

,
L

P
FC

,
L/

R
an

te
ri

o
r

in
su

la
an

d
th

e
L

o
cc

ip
it

o
p

ar
ie

ta
l

co
rt

e
x

q
co

n
n

e
ct

iv
it

y
w

it
h

ag
e

o
f

o
n

se
t

an
d

lif
e

ti
m

e
e

xp
o

su
re

to
ca

n
n

ab
is

A
D

O
L

E
S

C
E

N
T

S

F
u

n
ct

io
n

a
l

(c
o

g
n

it
iv

e
ta

sk
)

T
ap

e
rt

et
a

l.
(2

0
0

7
)

[1
8

3
]

fM
R

I
1

.5
T

1
2

/4
1

2
/5

1
8

.1
(0

.7
)/

1
7

.9
(1

.0
)

W
h

o
le

b
ra

in
R

e
sp

o
n

se
in

h
ib

it
io

n
ta

sk
2

8
NN

#
NN

#
#

q
B

O
LD

R
D

LP
FC

,
L/

R
m

e
d

ia
l

fr
o

n
ta

l
an

d
in

fe
ri

o
r

an
d

su
p

e
ri

o
r

p
ar

ie
ta

l
an

d
R

o
cc

ip
it

al
g

yr
u

s
q

B
O

LD
R

P
FC

,
in

su
la

r
an

d
p

ar
ie

ta
l

co
rt

e
x

d
u

ri
n

g
g

o
tr

ia
ls

Neuroimaging Studies in Chronic Cannabis Users

PLOS ONE | www.plosone.org 9 February 2013 | Volume 8 | Issue 2 | e55821



T
a

b
le

2
.

C
o

n
t.

A
u

th
o

r
(y

r.
)

M
e

th
o

d
C

U
M

/F
H

C
M

/F
M

e
a

n
(S

D
)

a
g

e
C

U
/H

C
Im

a
g

e
a

n
a

ly
si

s
C

o
n

d
it

io
n

A
b

st
in

e
n

ce
(M

e
a

n
d

a
y

s)
R

e
su

lt
s*

P
ad

u
la

et
a

l.
(2

0
0

7
)**

[1
7

9
]

fM
R

I
1

.5
T

1
4

/3
1

2
/5

1
8

.1
(0

.8
)/

1
7

.9
(1

.1
)

W
h

o
le

b
ra

in
Sp

at
ia

l
w

o
rk

in
g

m
e

m
o

ry
2

8
NN

N#
#
N#

q
B

O
LD

R
b

as
al

g
an

g
lia

,
R

p
re

cu
n

e
u

s,
p

o
st

ce
n

tr
al

g
yr

u
s

an
d

L/
R

su
p

e
ri

o
r

p
ar

ie
ta

l
co

rt
e

x

q
B

O
LD

L
te

m
p

o
ra

l
g

yr
u

s
an

d
L

A
C

C
(Q

in
H

C
)

an
d

Q
B

O
LD

R
te

m
p

o
ra

l
g

yr
u

s,
R

th
al

am
u

s
an

d
p

u
lv

in
ar

,
L

p
ar

ah
ip

p
o

ca
m

p
u

s
(q

in
H

C
)

w
it

h
h

ig
h

e
r

sc
o

re
o

n
SW

M
ta

sk

Sc
h

w
e

in
sb

u
rg

et
a

l.
(2

0
0

8
)**

*
[1

8
0

]
fM

R
I

1
.5

T
1

1
/4

1
2

/5
1

8
.1

(0
.7

)/
1

7
.9

(1
.0

)
W

h
o

le
b

ra
in

Sp
at

ia
l

w
o

rk
in

g
m

e
m

o
ry

2
8

NN
#
N#

#
#

Q
B

O
LD

R
D

LP
FC

an
d

o
cc

ip
it

al
co

rt
e

x
q

B
O

LD
R

p
o

st
e

ri
o

r
p

ar
ie

ta
l

co
rt

e
x

Sc
h

w
e

in
sb

u
rg

et
a

l.
(2

0
1

0
){

[1
8

1
]

fM
R

I
1

.5
T

9
/4

–
9

/4
1

1
/7

1
7

.1
(0

.5
)-

1
7

.6
(0

.9
)/

1
7

.3
(0

.8
)

W
h

o
le

b
ra

in
{

Sp
at

ia
l

w
o

rk
in

g
m

e
m

o
ry

3
an

d
3

8
N#

#
#
N#

#
q

B
O

LD
L

su
p

e
ri

o
r

P
FC

an
d

L/
R

an
te

ri
o

r
in

su
la

in
re

ce
n

t
C

U
q

B
O

LD
R

p
re

ce
n

tr
al

g
yr

u
s

in
ab

st
in

e
n

t
C

U

Sc
h

w
e

in
sb

u
rg

et
a

l.
(2

0
1

1
)

[1
8

2
]

fM
R

I
3

T
4

/4
1

6
/6

1
8

.1
(0

.9
)/

1
7

.6
(0

.8
)

W
h

o
le

b
ra

in
R

O
I

V
e

rb
al

p
ai

re
d

as
so

ci
at

e
s

ta
sk

2
5

#
#

#
#

#
#

#

N
o

te
:Y

r.
=

ye
ar

s;
C

U
=

C
an

n
ab

is
u

se
rs

;H
C

=
H

e
al

th
y

co
n

tr
o

ls
;M

=
M

al
e

;F
=

Fe
m

al
e

;S
D

=
St

an
d

ar
d

d
e

vi
at

io
n

;F
L

=
Fr

o
n

ta
ll

o
b

e
;P

L
=

P
ar

ie
ta

ll
o

b
e

;T
L

=
T

e
m

p
o

ra
ll

o
b

e
;O

L
=

O
cc

ip
it

al
lo

b
e

;I
=

In
su

la
;B

G
=

B
as

al
g

an
g

lia
;C

b
=

C
e

re
b

e
llu

m
;

fM
R

I
=

Fu
n

ct
io

n
al

m
ag

n
e

ti
c

re
so

n
an

ce
im

ag
in

g
;

SP
EC

T
=

Si
n

g
le

p
h

o
to

n
e

m
is

si
o

n
to

m
o

g
ra

p
h

y;
P

ET
=

P
o

si
tr

o
n

e
m

is
si

o
n

to
m

o
p

g
ra

p
h

y;
D

SC
=

D
yn

am
ic

su
sc

e
p

ti
b

ili
ty

co
n

tr
as

t;
V

T
=

D
is

tr
ib

u
ti

o
n

vo
lu

m
e

;
B

P
N

D
=

N
o

n
-d

is
p

la
ce

ab
le

b
in

d
in

g
p

o
te

n
ti

al
;

FD
G

=
Fl

u
d

e
o

xy
g

lu
co

se
;

L
=

Le
ft

h
e

m
is

p
h

e
re

;
R

=
R

ig
h

t
h

e
m

is
p

h
e

re
;

R
O

I
=

R
e

g
io

n
o

f
in

te
re

st
;

M
SI

T
=

M
u

lt
i-

So
u

rc
e

In
te

rf
e

re
n

ce
T

as
k;

C
B

F
=

G
lo

b
al

ce
re

b
ra

l
b

lo
o

d
fl

o
w

;
rC

B
F

=
R

e
g

io
n

al
ce

re
b

ra
lb

lo
o

d
fl

o
w

;B
O

LD
=

b
lo

o
d

o
xy

g
e

n
at

io
n

-l
e

ve
ld

e
p

e
n

d
e

n
t;

N
E

=
N

o
t

sp
e

ci
fi

e
d

;P
FC

=
P

re
fr

o
n

ta
l

co
rt

e
x;

D
LP

FC
=

D
o

rs
o

la
te

ra
lp

re
fr

o
n

ta
l

co
rt

e
x;

V
M

P
FC

=
V

e
n

tr
o

m
e

d
ia

lp
re

fr
o

n
ta

lc
o

rt
e

x;
O

FC
=

O
rb

it
o

fr
o

n
ta

l
co

rt
e

x;
A

C
C

=
A

n
te

ri
o

r
ci

n
g

u
la

te
d

co
rt

e
x;

N
A

cc
=

N
u

cl
e

u
s

ac
cu

m
b

e
n

s;
V

S
=

V
e

n
tr

al
st

ri
at

u
m

;
ST

G
=

Su
p

e
ri

o
r

te
m

p
o

ra
l

g
yr

u
s;

SW
M

=
Sp

at
ia

l
w

o
rk

in
g

ta
sk

;
IG

T
=

Io
w

a
G

am
b

lin
g

T
as

k.
*I

f
n

o
t

o
th

e
rw

is
e

sp
e

ci
fi

e
d

,
re

su
lt

s
ar

e
p

re
se

n
te

d
in

te
rm

s
o

f
ch

ro
n

ic
ca

n
n

ab
is

u
se

rs
.

�
=

Si
g

n
if

ic
an

t
d

if
fe

re
n

ce
s;
#

=
N

o
n

-s
ig

n
if

ic
an

t
d

if
fe

re
n

ce
s;

=
N

o
t

e
xa

m
in

e
d

.
**

T
w

o
su

b
je

ct
s

in
th

e
m

ar
iju

an
a

g
ro

u
p

m
e

t
cr

it
e

ri
a

fo
r

al
co

h
o

l
ab

u
se

.
**

*F
o

u
r

te
e

n
s

in
th

e
ch

ro
n

ic
ca

n
n

ab
is

g
ro

u
p

m
e

t
cr

it
e

ri
a

fo
r

al
co

h
o

l
u

se
d

is
o

rd
e

r,
tw

o
ca

se
s

o
f

ab
u

se
an

d
tw

o
ca

se
s

o
f

d
e

p
e

n
d

e
n

ce
.

{ O
n

e
co

n
tr

o
l,

th
re

e
re

ce
n

t
u

se
rs

an
d

tw
o

ab
st

in
e

n
t

u
se

rs
m

e
t

cr
it

e
ri

a
fo

r
al

co
h

o
l

u
se

d
is

o
rd

e
rs

.
{ M

u
lt

ip
le

co
m

p
ar

is
o

n
co

rr
e

ct
io

n
.

d
o

i:1
0

.1
3

7
1

/j
o

u
rn

al
.p

o
n

e
.0

0
5

5
8

2
1

.t
0

0
2

Neuroimaging Studies in Chronic Cannabis Users

PLOS ONE | www.plosone.org 10 February 2013 | Volume 8 | Issue 2 | e55821



right orbitofrontal cortex, putamen bilaterally and precuneus in

chronic cannabis users. However, there were no significant

differences between the groups in striatal D2/D3 receptor

availability and no correlation between striatal [11C]-raclopride-

PET binding potential and glucose metabolism [159]. Consistent

with these results, three other [11C]- raclopride-PET studies [160–

162] failed to find any differences between groups in dopamine

D2/D3 receptor availability in the striatum as a whole or it

functional subdivisions. However, while Stokes et al. (2012) [160]

also failed to find any association between lifetime frequency of

cannabis use and binding potential values, Albrecht et al. (2012)

[161] described a negative correlation with both urine levels of

cannabis metabolites and self-report of recent cannabis consump-

tion. Finally, Hirvonen et al. (2011) [163] demonstrated a

reversible and regionally selective downregulation of CB1

receptors. At baseline, current users had approximately 20% less

CB1 receptor density in the neocortex and limbic regions, which

was negatively correlated with years of cannabis exposure. After

four weeks of abstinence from cannabis use, CB1 receptor density

returned to normal levels in all brain regions, except for the

hippocampus [163].

3.2. Cognitive paradigms. We identified 16 studies in adult

chronic cannabis users that compared regional activation during

the performance of a cognitive task with healthy controls (Table 2),

four with PET [164–167] and twelve with fMRI [151,152,168–

177].

Attention
Chang et al. (2006) [169] used fMRI to compare a visual-

attention task in current and abstinent cannabis users with healthy

controls. Despite all groups showing normal task performance,

both active and abstinent chronic cannabis users demonstrated

decreased activation in the right prefrontal, medial and dorsal

parietal cortices and medial cerebellar regions but greater

activation in several smaller regions throughout the frontal,

posterior parietal, occipital and cerebellum. An apparent normal-

ization of BOLD signal was described in the right prefrontal and

medial cerebellar regions in those with a longer duration of

abstinence. In addition, early age of onset and estimated

cumulative cannabis lifetime exposure were both associated with

reduced activation in the right prefrontal cortex and medial

cerebellum. More recently, Abdullaev et al. (2010) [168] used two

attention tasks [the use generation task and the attention network

task (ANT)] to contrast differences between cannabis users and

healthy controls. Chronic cannabis users showed poorer perfor-

mance in the ANT (more errors and longer reaction time), as well

as stronger activation within the right prefrontal cortex in both

tasks and within the parietal cortices in the ANT, which may

indicate a less efficient system for the executive control of attention

during conflict resolution tasks. Finally, Harding et al. (2012) [171]

demonstrated for the first time that long-term heavy cannabis use

is associated with increased functional connectivity between

several frontal cortex regions and the occipitoparietal cortex using

the Multi-Source Interference Task (MSIT). No differences in

behavioural performance were evident between groups. The

authors suggest that their findings may suggest a compensatory

role for these regions in mitigating the effects of abnormal

attentional and visual processing following chronic cannabis

exposure [171].

Memory
In a H215O-PET study, Block et al. (2002) [164] found that

cannabis users performed verbal memory tasks more poorly than

controls. This was associated with reduced activation in the

prefrontal cortex and greater activation in the posterior cerebel-

lum, as well as with an absence of lateralization of hippocampal

activity. Consistent with this, Jager et al. (2007) [152] described

attenuated activity in the right dorsolateral prefrontal cortex and

bilateral (para) hippocampal gyri in cannabis users despite normal

performance in an associative memory task. Finally, in a verbal

working memory task, Jager et al. (2006) [173] found significantly

greater activity in the left superior parietal cortex in the cannabis

using group despite there being no differences in task performance,

which may be consistent with the idea of a compensatory

recruitment effect.

Inhibition and impulsivity
Eldreth et al. (2004) [166] and Gruber et al. (2005) [151] studied

the degree of inhibitory control during a Stroop task in current

(positive THC urine analysis) and abstinent chronic cannabis

users, respectively. Gruber et al. (2005) [151] found lower anterior

cingulate activity and higher mid-cingulate and bilateral dorsolat-

eral prefrontal cortex activity in current cannabis users relative to

healthy controls, who demonstrated focal increased activity within

the right dorsolateral prefrontal cortex. Consistently, Eldreth et al.

(2004) [166] found in abstinent cannabis users a reduced anterior

cingulate activation using H215O-PET during the performance of

a modified Stroop test. However, they also reported a reduced

dorsolateral prefrontal cortex activation and a greater activation in

the hippocampus bilaterally [166]. Lastly, Hester et al. (2009) [172]

administered a go/no-go response inhibition task to active

cannabis users to determine inhibitory control and error awareness

compared with healthy controls. Although control performance

was equivalent between the two groups, cannabis users displayed a

significant deficit in awareness of commission errors, which was

associated with decreased a activity in the anterior cingulate cortex

and right insula, as well as in the bilateral inferior parietal and

middle frontal regions [172].

Decision-making
Bolla et al. (2005) [165] and Vaidya et al. (2011) [167] using

H215O-PET, and Wesley et al. (2011) [177] using fMRI, studied

the brain activation pattern in chronic cannabis users compared to

healthy controls during the Iowa Gambling Task (IGT). Bolla et al.

(2005) [165] reported dysfunction during the performance of the

task in abstinent cannabis users, demonstrating a lower activation

in the right orbitofrontal cortex and dorsolateral prefrontal cortex

and greater activation in the left parietal and cerebellar cortices.

The number of joints used per week was positively correlated with

activation in the right parahippocampal gyrus but inversely

correlated with activation in the right cerebellum and orbital

gyrus. Wesley et al. (2011) [177] also reported a poorer

performance on the IGT in active cannabis users. However, there

were no differences during the initial strategy development phase,

in which cannabis users showed reduced activity in response to

losses in anterior cingulate cortex, ventromedial prefrontal cortex,

precuneus, superior parietal lobe, occipital lobe and cerebellum

compared to controls [177]. Additionally, the functional response

to losses in anterior cingulate, ventromedial and rostral prefrontal

cortices was positively correlated with improvement over the task

course only in the control group, indicating that cannabis users

may be less sensitive to negative feedback during the strategy

development phase [177]. In contrast, Vaidya et al. (2011) [167]

did not find differences on the standard IGT performance between

active cannabis users and healthy controls. Nevertheless, cannabis

users performed significantly worse than controls on a variant

version of the same task [178]. Both groups showed increased

activity in ventromedial prefrontal cortex on both versions of the
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IGT compared to the control task but in contrast to Wesley et al.

(2011) [177], cannabis users demonstrated greater activity than

controls in the ventromedial prefrontal cortex on the standard

IGT, as well as in the cerebellum and the anterior insula on both

versions of the IGT [167]. Furthermore, duration of cannabis use

was associated with greater activity in ventromedial prefrontal

cortex [167]. Nestor et al. (2010) [175] and van Hell et al. (2010)

[176] used fMRI to measure brain activity during reward and

anticipation of loss with different versions of a monetary reward

task. There were no significant behavioural differences between

the groups in both studies. Nestor et al. (2010) [175] reported a

greater right ventral striatum activity in cannabis users during

reward anticipation, which was significantly correlated with years

of lifetime cannabis use. In addition, response to loss and loss

avoidance outcome notification was related with hypoactivity in

left insula, and in the post hoc analysis comparing loss and win

cues with no-outcome cues, right ventral putamen showed greater

BOLD response [175]. Conversely, comparing cannabis users to

non tobacco-smoking controls, van Hell et al. (2010) [176]

demonstrated attenuated activity in the nucleus accumbens and

caudate nucleus bilaterally during reward anticipation, as well as

left putamen and right inferior and medial frontal gyrus, superior

frontal gyrus bilaterally and left cingulate gyrus. Cannabis users

showed enhanced reward anticipation activity in the middle

temporal gyrus bilaterally, right cuneus and right parahippocam-

pal gyrus. When compared to tobacco-smoking controls, cannabis

users also showed reduced anticipation activity in the same areas,

with the exception of the nucleus accumbens bilaterally, the right

medial frontal gyrus and the left cingulated gyrus, indicating that

anticipation activity in these regions may be attenuated by both

cannabis and nicotine [176]. In accordance with Nestor et al.

(2010) [175], response to contrasted outcome notification was

associated with greater activity in the putamen bilaterally and the

right caudate nucleus compared with non-smoking controls [176].

The putamen was more activated in cannabis users than in non-

smokers and tobacco-smoking controls, indicating that changes in

this area were mainly due to cannabis use [176].

Motor performance
King et al. (2011) [174] reported that chronic cannabis use was

associated with slower and less efficient psychomotor function,

especially in male users. Cannabis users showed lesser activation in

the lingual gyrus and greater activation of the superior frontal

gyrus compared to controls while performing a visually paced

finger sequencing task, suggesting that the former group shifted

from more automated visually-guided responses to more executive

or attention control regions of the brain [174].

Affective processing
Gruber et al. (2009) [170] examined the BOLD signal changes

for two target affective conditions (happy and anger). Region of

interest analyses revealed that cannabis users demonstrated

relatively lower anterior cingulate and amygdalar activity during

the presentation of masked angry stimuli sets relative to the control

group, who showed relatively higher activation within these

regions. In contrast, cannabis users demonstrated a larger pattern

of activation during the presentation of masked happy faces within

the cingulate as compared to controls, with no increase in

amygdalar activation [170]. Furthermore, the total number of

smoking episodes per week was positively associated with cingulate

activity during the viewing of masked angry faces and positively

associated with amygdalar activity during the viewing of masked

happy faces [170]. Finally, overall cannabinoid level was positively

related to cingulate activity during the viewing of masked happy

faces [170]. The disparate activation patterns showed between

groups suggest a different way of processing emotional information

between groups [170].

4. Functional neuroimaging studies in adolescent chronic
cannabis

We included five case-control fMRI studies in adolescent

cannabis users comparing brain activity with healthy controls

during a cognitive task performance. As an exception, two of them

[180,181] were included despite involving a minor proportion of

participants with a co-morbid alcohol dependence given the

relatively modest number of studies in this population (for details

see Table 2). No resting state studies were identified in the

adolescent population.

Memory
Padula et al. (2007) [179] and Schweinsburg et al. (2008, 2010)

[180,181] examined fMRI response during a spatial working

memory (SWM) task. In a group of abstinent adolescent cannabis

users, Padula et al. (2007) [179] described increased activity in the

left temporal gyrus and anterior cingulate cortex but lower activity

in right temporal gyrus, thalamus, pulvinar and left parahippo-

campal gyrus related to higher scores on the task, while the reverse

pattern was found in the controls. This may suggest that cannabis

users employed more of a verbal strategy to achieve the same level

of task performance as the controls [179]. Additionally, cannabis

users demonstrated greater performance-related activation in the

right basal ganglia, precuneus, postcentral gyrus and bilateral

superior parietal lobe [179], again suggesting a compensatory

neural effort. Consistent with this, Schweinsburg et al. (2008) [180]

also found a different pattern of activation in abstinent adolescent

cannabis users who performed the SWM task similarly to the

control group. Thus, cannabis users demonstrated higher activa-

tion in the right parietal cortex but also lower activity in the right

dorsolateral prefrontal and occipital cortices [180]. Finally, in a

cross-sectional study, Schweinsburg et al. (2010) [181] compared

fMRI responses using the same task among adolescent cannabis

users with brief and sustained cannabis abstinence and healthy

controls. Although both groups performed at a similar level on the

task, recent users showed greater activity in the medial and left

superior prefrontal cortices and bilateral insula while abstinent

users demonstrated an increased response in the right precentral

gyrus [181]. More recently, Schweinsburg et al. (2011) [182]

compared fMRI response during a verbal paired associates

encoding task in 3 groups of participants that included an

abstinent cannabis user group, a binge drinker group and a

cannabis user group with co-morbid binge-drinking to healthy

controls with very limited alcohol or cannabis experience. In

general, each group displayed deviations in BOLD response

relative to non-using controls, and binge drinking and cannabis

use demonstrated independent as well as interactive effects on

brain functioning [182].

Inhibition and impulsivity
In a group of abstinent cannabis users, Tapert et al. (2007) [183]

compared the activation pattern on a go/no-go task during fMRI

with seventeen healthy subjects. Despite similar level of task

performance, cannabis users showed greater activation during

inhibitory trials in the right dorsolateral prefrontal, bilateral

medial frontal, bilateral inferior and superior parietal lobules and

right occipital gyrus compared to the healthy subjects. During the

non-inhibitory trials, differences were located in right prefrontal,

insular and parietal cortices, with cannabis users showing greater
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activation in these areas compared to the controls. As observed in

adults, these results suggest a greater neurocognitive effort during

the task in cannabis users, even after the abstinence period.

Discussion

In this systematic review, we identified 43 studies suitable for

inclusion regarding the impact of chronic cannabis use on brain

structure and functioning, of which eight (19%) were in the

adolescent population. Despite the high degree of heterogeneity

among the studies reviewed herein, several relatively consistent

findings emerged from this review. These findings, discussed in

detail below, include: (1) Structural brain abnormalities, mainly in

CB1-rich areas implicated in several cognitive functions, which

may be related to the amount of cannabis use; (2) Altered neural

activity during resting state and under several different types of

cognitive paradigms, that may reflect a different recruitment of

brain areas during the tasks, particularly within the prefrontal

cortex; and (3) The few studies conducted in adolescents suggest

that both structural and functional alterations may appear soon

after starting the drug use and may be related to gender.

In terms of structural findings, specific regional brain analyses

demonstrated evidence of structural abnormalities when adult

chronic cannabis users were compared with healthy controls. The

most consistently reported brain alteration was reduced hippo-

campal volume [145,146,148,149], which was shown to persist

even after several months of abstinence in one study [145] and also

to be related to the amount of cannabis use [145,146,149]. Other

frequently reported morphological brain alterations related to

chronic cannabis use were reported in the amygdala

[146,149,156], the cerebellum [146,155] and the frontal cortex

[148,154]. Lastly, two DTI studies found differences in the mean

diffusivity or fractional anisotropy in the corpus callosum and the

frontal white matter fibre tract [144,147], suggesting that chronic

cannabis exposure may also alter white matter structural integrity,

by either affecting demyelination or causing axonal damage or

indirectly through delaying normal brain development. With

regard to the few structural MRI studies focusing on the effects of

cannabis use on brain morphology in adolescents, some discrep-

ancies were reported related to adult population. These inconsis-

tencies may be explained in terms of the disruption of normal

pruning during developmental maturation due to early chronic

cannabis use, ultimately resulting in larger regional volumes [156].

Notwithstanding, structural results from adolescent population

suggest that the effects of chronic cannabis use may appear soon

after starting the drug use, persist after a month of abstinence or

even be moderated by gender [145,154–156]. In this context, it

has been reported that adolescent female cannabis users may be at

increased risk for cannabis-induced morphological effects

[154,156].

Functional neuroimaging studies that have evaluated the resting

state in active and abstinent adult chronic cannabis users suggest

that resting global [158], prefrontal cortical [157–159], cerebellar

[157] and striatal [159] blood flow may be lower compared with

controls. These brain regions correspond to areas with relatively

high concentration of CB1 receptors [19]. Hence, it has been

hypothesised that the decreased resting state function may

represent a down-regulation of CB1 receptors as a result of

regular exposure to cannabis [41]. However, it is important to

note that not all studies have consistently demonstrated effects in

these regions. Furthermore, it has been recently found that, similar

to animal studies, down-regulation of CB1 receptors in humans is

region-specific and reversible, occurring in the neocortex and

limbic cortex but neither in subcortical brain regions nor in the

cerebellum [163]. It is also noteworthy that these brain regions

correspond to areas that are engaged in the processing of reward

[184]. This is also consistent with the evidence of neuropsycho-

logical impairments in chronic cannabis users, such as in attention

and working memory [185], decision making [186], and

psychomotor speed [187]. Also, consistent with experimental

animal studies, no differences in striatal D2/D3 receptor

availability were found in four studies of chronic cannabis users

compared with healthy controls [159–162]. However, in the only

study where the chronic cannabis users were not abstinent [161],

an inverse correlation between recent cannabis consumption and

D2/D3 receptor availability was found, leading the authors to

suggest that this effect could be related to a direct effect of

cannabis smoking on the expression of striatal DA receptors in

heavy cannabis users [161]. Additional studies are needed to better

understand the neurochemical basis of this finding.

Functional imaging studies comparing activation in both adult

and adolescent chronic cannabis users with healthy controls

during the performance of different cognitive tasks indicated that

chronic cannabis users would use similar brain areas that engage

these cognitive processes but often demonstrating an altered

pattern of brain activity [151,152,157,165–177,179,181–183].

However, the level of performance of the cannabis users on the

cognitive tasks employed was generally similar to that of controls

[164,165,168,171,174,177], or at least within what may be

considered a normal range of test performance. Therefore, these

findings may be interpreted as reflecting neuroadaptation, perhaps

indicating the recruitment of additional regions as a compensatory

mechanism to maintain normal cognitive performance in response

to chronic cannabis exposure [151,152,164,166,171,172,175,179–

181,183], particularly within the prefrontal cortex area

[151,166,168,169,171,181,183]. In this regard, the brain seems

able to achieve some degree of reorganization, activating brain

regions not usually needed to perform the cognitive task in

response to an impaired ability of the normally engaged task

network. Thus, it is feasible that drug-related compensatory

mechanism may work for a period of time until it turns out to be

insufficient and differences between groups become apparent.

However, the impact of these subtle brain alterations on social,

familiar and occupational life as well as its potential relationship

with psychiatric disorders remains speculative.

A further important issue emerging out of this review is that few

studies have investigated the effects of chronic cannabis use on the

brain in adolescence subjects. In light of the popularity of cannabis

among teenagers [1,2] and recent data showing the potential

neurotoxic effects of chronic cannabis use on the maturational

brain [188], investigation of the possible long-term effects on brain

structure and function in the adolescent population should be a

priority both from the scientific and population health perspective

[34,188]. Future studies should consider the need for convergent

methodology, replication of known facts with greater methodo-

logical rigor, and prospective large samples involving subjects of

both genders across the life-span from adolescence to adulthood to

delineate the evolution and reversibility of previously reported

alterations.

Limitations of the review
Results presented here have pointed out some important

methodological differences that limit the generalisation of results

and comparison between studies and have doubtless contributed to

the slightly disparate array of findings. Despite the use of a strict

definition of chronic cannabis user and robust application of

inclusion and exclusion criteria in an attempt to avoid excessive

heterogeneity between samples, studies often diverged on certain
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socio-demographic characteristics and cannabis use parameters,

such as gender-bias, age of onset, lifetime use and abstinence period

before the acquisition of imaging data. Moreover, it is well known

that the THC content of smoked cannabis varies markedly between

sources and preparations, with potency reported to have increased

substantially over the past ten years [2]. Thus, comparability of

earlier to later studies may not always be appropriate [44].

Furthermore, the exclusion of studies involving recreational and

naı̈ve cannabis users implies that the question of whether the brains

of these subjects are adversely affected by cannabis is not addressed

within the framework of the present review. Another important

confounding factor is the inclusion of subjects with concurrent use of

tobacco, which may affect neural activity as well as potentially

interact with the effects of cannabis use [176]. In addition, it is

known that co-morbid misuse of alcohol and other illicit drugs, such

as cocaine and methamphetamine, may also be associated with

significant neurobiological, neurocognitive and psychiatric abnor-

malities [189]. In the present review, although we excluded studies

involving subjects with alcohol dependence, some included subjects

with alcohol misuse (abuse [145,179] or excessive consumption

[150]), or reported differences in alcohol intake parameters

to]despite alcohol consumption was within safe limits

[143,144,147,156,157,163,164,169,170]. Moreover, given the rel-

atively modest number of studies in the adolescent population, we

included four studies which may involve some participants with co-

morbid alcohol dependence [154,155,180,181]. In all these studies,

the interaction of alcohol with cannabis use, as well as its

contribution to the brain effects cannot be ruled out. On the other

hand, the exclusion of those with alcohol dependence, often highly

co-morbid with cannabis use, may restrict the generalization of the

results to the majority of chronic cannabis users [190].

With regard to other methodological limitations, some studies

have reported modest sample sizes, sometimes below the threshold

that would be currently regarded as acceptable (for instance, for

PET or SPECT studies 10 subjects and for fMRI studies 15

subjects) [29]. In this regard, strategies for expanding data-sharing

would be a welcome development in future research (i.e. The

Function Biomedical Informatics Research Network [191] or the

1000 Functional Connectomes project [192,193]). However,

further obstacles must be addressed to make collaborative analysis

efficient, such as between-site differences in scanners and data

acquisition parameters, as well as pre- and post-processing

schemes. The cross-sectional designs of most of the studies

reviewed here complicated the interpretation of results as pre-

existing morphological or functional alterations cannot be ruled

out. Furthermore, studies that merely compare those subjects

exposed to an environmental factor from those that are not, are

likely to promote interpretation biases whereby study findings,

irrespective of their direction, tend to be interpreted as detrimen-

tal. Longitudinal evaluations in larger samples may thus prove

particularly useful. With regard to technical limitations, it is

remarkable to note that the resting state studies did not control for

spontaneous neutral activity and modulation of the BOLD signal,

and the functional studies often reported different imaging

methods and explored different brain functions using diverse

cognitive paradigms, hampering the comparison between the

studies. Hence, replication of previous results is critically

important. Convergent methodology to sort out the current

inconsistencies and controversies among studies would be impor-

tant for future research in the field.
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Introduction: Screening of substance use may prove useful to prevent readmission after the first episode of
psychosis. The aim of the present study was to evaluate the influence of drug use on readmission risk in a
first-episode psychosis sample, and to determine whether the cannabis/cocaine subscale of the Dartmouth
Assessment of Lifestyle Inventory (DALI) is a better predictive instrument than urinary analysis.
Methods: After admission, first-episode psychotic patients were interviewed for substance use and assessed
with the DALI scale. They also underwent blood and urine sampling. Time to readmission was studied as a
dependent outcome. The Kaplan–Meier estimator was applied to estimate the survival curves for bivariate
analysis. The Cox proportional hazards model for multivariate analysis was assessed in order to control for
potential confounders. ROC curve and validity parameters were used to assess validity to detect readmission.
Results: Fifty-eight patients were included. The DALI cannabis/cocaine subscale and urinalysis were associated
with increased readmission risk in survival curves, mainly the first five years of follow-up. After controlling for
potential confounding variables for readmission, only the DALI cannabis/cocaine subscale remained as a signifi-
cant risk factor. In terms of validity, the DALI cannabis/cocaine subscale wasmore sensitive than urinalysis. Alco-
hol assessments were not related to readmission.
Conclusions: The findings demonstrated that a quick screening self-report scale for cannabis/cocaine use disor-
ders is superior to urinary analysis for predicting readmission. Future research should consider longitudinal as-
sessments of brief validated screening tests in order to evaluate their benefits in preventing early readmission in
first-episode psychosis.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Identifying modifiable prognostic factors for preventing recurrent
psychotic episodes is an extremely important issue (Lambert et al.,

2005). Misuse of tobacco, alcohol, cannabis and other illicit substances
is common among people with psychotic illnesses (Regier et al., 1990;
Kavanagh et al., 2002;Margolese et al., 2004). A high prevalence of sub-
stance misuse is also characteristic of patients with first-episode psy-
chosis, with rates varying from 22% to over 50% (Cantwell et al., 1999;
Van Mastrigt et al., 2004; Lambert et al., 2005; Larsen et al., 2006;
Addington and Addington, 2007; Wade et al., 2007; Baeza et al., 2009;
Kamali et al., 2009). Drugmisuse, especially cannabis in the early stages
of psychosis, has been associatedwith younger age of onset (Cantwell et
al., 1999; Van Mastrigt et al., 2004; Addington and Addington, 2007;
Sugranyes et al., 2009), increased symptoms (Lambert et al., 2005;
Addington and Addington, 2007; Baeza et al., 2009), poorer treatment
compliance (Buhler et al., 2002; Green et al., 2004; Zammit et al.,
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2008), higher rates of relapses andmore hospitalizations (Linszen et al.,
1994; Cantor-Graae et al., 2001; Salyers and Mueser, 2001; Sorbara et
al., 2003; Zammit et al., 2008). Therefore, good screening for substance
use during this phase of the illness may prove useful as a predictor of
relapse. In spite of this, few longitudinal studies have investigated the
impact of substance use on readmission to hospital. Detection and
screening of substance use are typically undertaken through clinical
interviews, patients' self-reports or toxicological tests. Urinalysis,
though reliable and valid, has a narrow window of detection; for their
part, structured diagnostic procedures are able to identify a high preva-
lence of drug use disorders but they are not practical on a day-to-day
basis (Bennett, 2009). Research on screeners suggests that brevity is es-
sential for an instrument to be adopted for regular use (Tiet et al., 2008).
Although several screening scales are available (Tiet et al., 2008), they
are not routinely studied in longitudinal cohorts involving psychotic pa-
tients, since these cohorts usually use self-reportmeasures (Grech et al.,
2005; Stirling et al., 2005; Hides et al., 2006; Degenhardt et al., 2007),
structured interviews (Coldham et al., 2002; Green et al., 2004; Pencer
et al., 2005; Wade et al., 2006) or urine drug screening (Grace et al.,
2000; Hides et al., 2006). Therefore, their potential influence on out-
come measures such as readmission is not frequently considered. Fur-
thermore, screening measures may miss many diagnoses due to their
having been developed in the general population or in primary sub-
stance abusing samples, with the result that their relevance to people
with severemental illness is doubtful (Bennett, 2009). One potential so-
lution may be the use of screening measures specifically developed for
people with psychiatric disorder (Bennett, 2009), such as the Dart-
mouth Assessment of Lifestyle Inventory (DALI), an 18-item screening
questionnaire designed to identify substance use and abuse in people
with severe mental illness. The scale contains two subscales: one for
assessing the risk of alcohol use disorders and the second for assessing
the risk of cannabis and/or cocaine use disorders. The main strengths
of the scale are its brevity, as themean timeof administration is approx-
imately 6 min, and its high classificatory accuracy for alcohol, cannabis
and cocaine use disorders (Rosenberg et al., 1998; Ford, 2003). However,
it has not yet been used to evaluate outcome measures in first-episode
psychosis cohorts such as risk for readmission, and its predictive validity
has not been explored.

The aim of the present study was to evaluate the influence of drug
use on readmission risk in a first-episode psychosis sample, and to es-
tablish whether the DALI cannabis/cocaine subscale is a better predic-
tive instrument than a positive urine sample.

2. Methods

2.1. Subjects

Non-affective first-episode psychotic patients were consecutively
recruited at the time of their first clinical contact for psychotic symp-
toms at a general academic hospital (Hospital Clinic, Barcelona). As
part of the Spanish National Health System, the hospital offers inpa-
tient and outpatient services to the 560,000 inhabitants who live in
the surrounding catchment area. The area is a relatively homoge-
neous middle/upper-middle class neighborhood in the center of the
city, in which Hospital Clinic is the regional referral center for psycho-
sis. The patients met criteria for schizophrenia, schizophreniform dis-
order, brief psychotic disorder, delusional disorder or psychosis not
otherwise specified and had a maximum cumulative (lifetime) anti-
psychotic exposure of one week and no antipsychotic use in the
30 days prior to the study (although in this particular study, all sub-
jects were drug naïve). Subjects were allowed to receive antianxiety
medication (lorazepam) the night before blood was drawn, up to a
maximum of 3 mg, but not on the day of the assessment. Additional
inclusion and exclusion criteria for all subjects were: 1) age from 18
to 64 years, 2) no history of diabetes or other serious medical or neu-
rological condition associated with glucose intolerance or insulin

resistance (e.g. Cushing's disease), and 3) not taking medication as-
sociated with insulin resistance (hydrochlorothiazide, furosemide,
ethacrynic acid, metolazone, chlorthalidone, beta blockers, gluco-
corticoids, phenytoin, nicotinic acid, cyclosporine, pentamidine, or
narcotics).

One hundred and seven eligible patients were admitted during
the study period. After excluding patients who did not have an ad-
dress in the hospital catchment area (n = 39; 36.4%), patients not
discharged during the recruitment period (n = 3; 2.8%) and patients
whose blood/urine sample was not collected within 48 h (n = 7;
6.5%), the final sample consisted of 58 patients. There were no differ-
ences in baseline socio-demographic or clinical data between the
excluded group and the study group: the variables assessed were
age, gender, race, marital status, level of education and psychiatric
history in first-degree relatives, scores on the Spanish version of
the Positive and Negative Syndrome Scale for Schizophrenia
(PANSS) (Peralta and Cuesta, 1994) and duration of untreated psy-
chosis (DUP). DSM-IV diagnoses for the subjects included were
schizophrenia (n = 40; 69.0%), brief psychotic disorder (n = 5;
8.6%), schizophreniform disorder (n = 4; 6.9%), and psychosis not
otherwise specified (n = 9; 15.5%).

2.2. Procedures

Patients experiencing non-affective psychotic symptoms were
consecutively admitted to the inpatient unit after their first contact
with one of the hospital's psychiatric services. The recruitment period
was from 1st January 2004 to 31st October 2010. All patients and
their close relatives were carefully interviewed to ensure that inclu-
sion and exclusion criteria were met. After discharge, the patients
were followed up by outpatient services. All the interviews, assess-
ments and follow-ups were performed by two fully trained psychia-
trists in adult psychiatry (CGR and EFE). The main outcome was
the time until first readmission to the hospital's inpatient unit. The
follow-up time period was defined as days since discharge from
the index admission until readmission or censoring from the study.
The end of the study was set at 30th April 2011.

All subjects were interviewed using the Spanish version of the
Structured Clinical Interview for DSM-IV Axis I Disorders, clinician
version (SCID-I) (First and Spitzer, 1999). They were also adminis-
tered the Spanish version of the PANSS (Peralta and Cuesta, 1994)
and the DALI (Rosenberg et al., 1998). The DALI, which is based on
18 items—three non-scored used to establish the frame for the inter-
view, and 15 scored—focuses on detecting substance use disorders in
people with severe mental illness, and includes alcohol and drug
screen subscales. The items of the scale were selected from ten instru-
ments, and the scale was validated against the Structured Clinical In-
terview for DSM-III-R (SCID) (Spitzer et al., 1988) and the Clinician
Rating Scale (Drake et al., 1990). The DALI drug screen had a sensitiv-
ity = 1.0, specificity = 0.80, positive predictive value (PPV) = 0.56
and negative predictive value (NPV) = 1.0, accuracy rate = 88%,
kappa = 0.98, and area under the receiver operating characteristic
(ROC) curve (AUC) = 0.93 for cannabis and cocaine disorders
(Rosenberg et al., 1998). Among the nine questions related to alcohol,
item 7, for example, assesses whether close friends or relatives have
shown concern about the subject's alcohol use; and item 9 whether
the subject sometimes drinks alcohol soon after getting up. Among
the eight questions in the drug scale, item 13 assesses whether
marijuana has caused the subject to lose a job; and item 16 whether
cocaine use has caused the subject problems with close relatives.
The socio-demographic variables recorded included: age, gender,
race, marital status, level of education and psychiatric history in
first-degree relatives. Self-reported drug use was recorded with a sys-
tematic ad hoc protocol which assessed whether tobacco, alcohol,
cannabis, cocaine, amphetamines, LSD or ecstasy had been taken in
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the last three months. DUP was defined as the interval from first
psychotic symptom to first psychiatric hospitalization.

All subjects underwent blood and urine sampling as soon as possi-
ble after admission. Admissions during which at least one sample was
obtained within 48 h were included in this study. All urine samples
were screened for the following substances: benzodiazepines, cannabis,
cocaine, amphetamines (amphetamines, methamphetamines and ec-
stasy), opiates, methadone and lysergic acid diethylamide (LSD), using
an enzyme immunoassay method on the Siemens ADVIA automated
chemistry analyzer. Broadly, urine samples show evidence of drug use
between one and four days, although this timeframe may vary
according to the chronicity of use and type of drug: for instance, chronic
cannabis use may be detected up to three weeks after the last use
(Verstraete, 2004). Blood samples were screened for alcohol using an
enzymatic assay of alcohol dehydrogenase. Positive screening results
were confirmed by gas chromatography (GC-FID). All subjects gave in-
formed consent prior to participating. The study was conducted under
the supervision of the ethics committee, and is part of a larger study
ofmetabolic abnormalities and glucose dysregulation in neuropsychiat-
ric disorders (Fernandez-Egea et al., 2009; Garcia-Rizo et al., 2012) and
a gene–environment study in first-episode psychosis (Bernardo et al.,
2012).

2.3. Statistical analysis

Time to readmission was studied as a dependent outcome. The
Kaplan–Meier estimator (using log-rank test) was applied to estimate
the survival curves for bivariate analysis. Patients were censored if
they moved out of the hospital's recruitment area, died, were lost to
follow-up or had not been readmitted by the end of the study. The
Cox proportional hazards model for multivariate analysis was
assessed to control for potential confounders.

Sensitivity, specificity, positive and negative predictive values of
the DALI cannabis/cocaine subscale and urine test were calculated
and related to future readmissions. ROC curves were also constructed
between the DALI cannabis/cocaine subscale score and future
readmission. The area under the curve (AUC) was calculated by
means of the trapezoidal rule with 95% CI to find the best cutoff.
ROC curves allow the examination of the entire range of sensitivities
and specificities at each possible cutoff score. Statistical significance
was set at p = 0.05. All analyses were performed using SPSS version
19.0 (SPSS version 19.0, for Windows, SPSS, Inc., Chicago, Ill).

3. Results

3.1. Descriptive analysis

Socio-demographic and clinical descriptive data are summarized in
Table 1. Of the 58 admissions, psychoactive substances (excluding ben-
zodiazepines) were detected in 25 patients (43.1%; 95% CI = 31.2% to
55.9%) on urine/blood tests. Cannabis was found in 22 patients
(37.9%) and alcohol in four (6.9%). No other psychoactive substances
were detected in urine/blood samples, although 65.5% (n = 38) of the
patients reported having taken at least one substance of abuse (exclud-
ing tobacco) in the last three months: 32.8% (n = 19) alcohol, 50%
(n = 29) cannabis, 24.1% (n = 14) cocaine, 5.2% (n = 3) amphet-
amines and 10.3% (n = 6) other substances (LSD or ecstasy). 53.4%
(n = 31) reported having taken cannabis and/or cocaine. TheDALI can-
nabis/cocaine subscale classified 29 patients (50%) as being at high risk
of cannabis and/or cocaine use disorders and 11 (19.0%) as at high risk
of alcohol use disorders. Eight of the eleven patients classified as being
at high risk for alcohol use disorder were also classified as at high risk
for cannabis/cocaine disorder.

The median (P25–P75) length of follow-up was 888 (348–1556)
days in the total sample, 409 (105–861) days in patients readmitted
and 1180 (508–1753) days in patients not readmitted. Reasons for

censoring from the study were moving/lost to follow-up (n = 7;
12.1%) and end of the study period (n = 35; 60.3%). No patients
died. Sixteen patients (27.6%) were readmitted during the whole
follow-up period.

3.2. Bivariate analysis

Regarding drug use, bivariate survival analysis of time to first
readmission following the first psychotic episode was significant both
for urine analyses for cannabis and for the DALI cannabis/cocaine
subscale (Table 1, Fig. 1). Younger age, male gender and high scores in
the PANSS positive subscale were also significantly associated with
readmission during the follow-up period (Table 1). In terms of alcohol
use, neither positivity for alcohol urine/blood analysis nor DALI alcohol
subscale was associated with readmission (p = 0.773 and p = 0.330,
respectively).

3.3. Multivariate analysis

In the multivariate analysis (using Cox regression), the DALI
cannabis/cocaine subscale at baseline was a significant predictor of
readmission over the total study period, after controlling for gender,
age, DUP and PANSS positive subscale (Hazard Ratio; HR = 4.5; 95%
CI = 1.1 to 18.7; p = 0.036) while urine analysis for cannabis was
not (HR = 2.0; 95% CI = 0.7 to 5.7; p = 0.20) (Table 2).

3.4. Validity of screening tests

Regarding the 58 initial admissions, only three (18.8%) readmissions
were not recognized by the algorithm-based DALI cannabis/cocaine
subscale (false negatives). ROC curve showed a greater AUC for the
DALI cannabis/cocaine subscale (0.716; 95% CI = 0.572 to 0.860) than
the positive urine analysis for cannabis (0.626; 95% CI = 0.462 to
0.791) (Fig. 1). The optimum cutoff point for DALI cannabis/cocaine
subscale to predict readmission was above minus one. Using this cutoff
in our sample, sensitivity and specificity for the DALI cannabis/cocaine
subscale [0.81 (CI = 0.57–0.93) and 0.62 (0.47–0.75), respectively]
showed better validity than those for the urine test [0.56 (CI = 0.33–
0.77) and 0.69 (CI = 0.54–0.81), respectively], suggesting that this
subscale is appropriate to predict readmission in this population
(Table 3). Other measures to describe the validity of both screening
tests are presented in Table 3.

4. Discussion

This study compared the efficacy of the DALI cannabis/cocaine
subscale and urinalysis as predictors of readmission among adults
with first-episode psychosis. Overall, both assessments were associ-
ated with increased risk of readmission, especially during the first
five years of follow-up. However, after controlling for potential
confounding variables for readmission, only the DALI cannabis/cocaine
subscale remained a significant predictor. In terms of validity, the
DALI cannabis/cocaine subscale was more sensitive than urinalysis. Al-
cohol assessments (DALI subscale and blood samples) were not related
to readmission.

We found that nearly two thirds of our sample reported having
taken at least one substance of abuse (apart from tobacco) in the
last three months, while just under half recorded a positive result in
the urine/blood analysis (excluding benzodiazepines). In agreement
with other recent European studies in first-episode psychosis samples
(Cantwell et al., 1999; Barnes et al., 2006; Larsen et al., 2006; Kamali
et al., 2009; Van Dorn et al., 2012), cannabis was the most frequently
reported substance of abuse, followed by alcohol and cocaine. The
DALI cannabis/cocaine subscale showed that 50% of individuals with
first-episode psychosis were at risk of a cannabis and/or cocaine use
disorder and 19.0% at risk of alcohol use disorders, a rate that is in the
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upper range for these studies (Cantwell et al., 1999; Barnes et al., 2006;
Larsen et al., 2006; Kamali et al., 2009; Van Dorn et al., 2012). This may
be explained by local and national differences in the pattern of sub-
stance misuse, as Spain is among the countries with the highest
prevalence of alcohol, cannabis and cocaine use (European
Monitoring Centre for Drugs and Drug Addiction, 2011). The finding
that urinary analysis and blood samples under-detected cannabis,
cocaine and alcohol use compared with the self-report supports
the validity of self-report data among first-episode psychosis pa-
tients (Van Dorn et al., 2012). On the other hand, the self-report
over-detected the risk of substance use compared with the DALI
subscales, although it was only slightly higher for cannabis/cocaine
use. In fact, most patients who reported recent cannabis and/or co-
caine use obtained a positive result on the DALI subscale (80%). Tak-
ing this into consideration, these findings indicate that the presence
of alcohol use in first-episode psychosis may be a poor proxy for the
risk of alcohol use disorder, and that the use of other illicit drugs
may represent a better approach in this population. However, an-
other study concluded that self-reported illicit drug use was a
poor proxy for disordered drug use in a sample of adults with
schizophrenia from the Clinical Antipsychotic Trials of Intervention
Effectiveness (CATIE) trial (Van Dorn et al., 2012). These discrepan-
cies may in fact reflect contextual and sample differences, as Van
Dorn et al.'s sample was recruited from over fifty sites across the
United States and was much older on average (~15 years) than
our sample.

In agreement with other literature reports (Addington et al.,
2010), we found that younger age, male gender and higher scores
on the PANSS positive subscale were associated with readmission

throughout the study period. We did not find associations between
other socio-demographic or clinical variables and readmission.
Nevertheless, considering the significant heterogeneity across studies
regarding the influence of DUP on relapses and readmission
(Cougnard et al., 2006; Alvarez-Jimenez et al., 2011; Alvarez-Jimenez
et al., 2012), we included DUP as a potential confounding factor in our
multivariate analysis. Significantly, both positive urine analyses for
cannabis and the DALI cannabis/cocaine subscale were associated
with readmission, highlighting the importance of drug use in relapses
and readmissions (Alvarez-Jimenez et al., 2012). However, after con-
trolling for potential confounding variables, such as gender, age,
PANSS positive subscale and DUP, only the DALI cannabis/cocaine
subscale remained as a predictor of readmission, a finding that supports
the utility of this screening test over laboratory parameters. Our results
suggest an overall 4.5-fold increase in risk of readmission for patients at
a high risk for cannabis/cocaine disorders, in agreement with other
studieswhich have reported three tofive-fold increases in the risk of re-
lapse also when controlling for potential confounders (Wade et al.,
2006; Malla et al., 2008; Turkington et al., 2009).

It is interesting that survival plots (Fig. 1) showed the greatest dif-
ference in readmission rates during the first five years of the
follow-up. Considering that relapse prevention during the first years
of illness has a critical impact on life-long outcomes in schizophrenia,
avoidance of this modifiable risk factor should be a priority for clini-
cians and intervention programs. Several studies have reported that
comorbid diagnosis of a drug use disorder may enhance the risk of re-
lapse, particularly during the early stages of the illness (Hides et al.,
2006; Wade et al., 2006; Malla et al., 2008), and that abstaining
from use after the first psychotic episode may contribute to a clear

Table 1
Sample characteristics and bivariate survival analysis (Kaplan–Meier).

Variable Descriptive Probability to be readmitted 95% CI p

Age: Mean (SD; range) 27.6 (6.6; 18–45) 0.03
18–23 years old: N (%) 19 (32.8) 0.54 0.48 to 0.60
24–29 years old: N (%) 20 (34.5) 0.32 0.25 to 0.39
>29 years old: N (%) 19 (32.8) 0.13 0.09 to 0.16

Gender 0.04
Male: N (%) 39 (67.2) 0.60 0.55 to 0.65
Female: N (%) 19 (32.8) 0.19 0.13 to 0.25

Caucasian: N (%) 51 (87.9) 0.51 0.47 to 0.55 0.97
Single: N (%) 46 (79.3) 0.53 0.49 to 0.57 0.48
Level of education: N (%) 0.83

Primary education 13 (23.2) 0.67 0.54 to 0.80
High school certificate 21 (37.5) 0.29 0.24 to 0.34
Vocational training 9 (16.1) 0.33 0.19 to 0.47
University graduate 13 (23.2) 0.35 0.25 to 0.45

First-degree relatives with psychiatric
history: N (%)

7 (12.1) 0.33 0.30 to 0.36 0.93

DUP: Mean (SD; range) 14.7 (19.8; 01–83) 0.77
≤12 months: N (%) 36 (62.1) 0.43 0.38 to 0.48
>12 months: N (%) 22 (37.9) 0.53 0.45 to 0.61

PANSS Positive subscale: Mean (SD) 26.0 (5.7) b0.001
≤25 11 (19.0) 0.39 0.30 to 0.48

Percentile N (%): 25–75 38 (65.5) 0.47 0.40 to 0.54
≥75 9 (15.5) 0.80 0.69 to 0.91

Cannabis urine analysis 0.021
Positive: N (%) 22 (37.9) 0.55 0.49 to 0.61
Negative: N (%) 38 (62.1) 0.49 0.42 to 0.56

Alcohol blood/urine analysis 0.773
Positive: N (%) 4 (6.9%) 0.46 0.41 to 0.51
Negative: N (%) 54 (93.1) 0.51 0.44 to 0.58

DALI cannabis/cocaine subscale 0.002
Positive: N (%) 29 (50.0) 0.60 0.55 to 0.65
Negative: N (%) 29 (50.0) 0.55 0.42 to 0.68

DALI alcohol subscale 0.330
Positive: N (%) 11 (19.0) 0.41 0.32 to 0.50
Negative: N (%) 47 (81.0) 0.49 0.44 to 0.54

CI: confidence interval; DUP: duration of untreated psychosis.
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improvement in outcome (Sorbara et al., 2003; Grech et al., 2005;
Baeza et al., 2009; Turkington et al., 2009; Gonzalez-Pinto et al.,
2011). In fact, cohort studies involving subjects with first-episode

psychosis reported that approximately half the subjects become ab-
stinent or significantly reduce their alcohol and drug use, in most
cases in a stable manner (Wisdom et al., 2011). Furthermore, while
those who become abstinent reduce their rates of relapse and hospi-
talization, those with persistent substance use disorders present in-
creased rates (Wisdom et al., 2011).

Cannabis use is frequently associated with alcohol consumption
(Cantwell et al., 1999), which itself has been associated with deleteri-
ous effect and worse outcome in first-episode psychosis and schizo-
phrenia (Wade et al., 2007; Turkington et al., 2009). However,
alcohol assessments (DALI subscale and blood samples) were not re-
lated to readmission when studied separately. One explanation may
be the differences in the severity of substance use, since it has been
reported that heavy, but not mild, substance use disorders may be as-
sociated with poorer functional outcome (Wade et al., 2007). As the
DALI scale does not assess the severity of substance use, such differ-
ences cannot be excluded. In any case, the contribution of alcohol to
the overall findings cannot be ruled out as most of the patients who
were at risk for alcohol use disorder were also at risk for cannabis/
cocaine use disorder. However, despite the mentioned overlap, the
limited number of positive results obtained in both the alcohol
subscale and the blood tests does not allow us to reach any firm
conclusion.

As the predictive validity of the DALI scale for readmission risk was
not assessed in the original validation (Rosenberg et al., 1998), we
deemed it essential to establish the optimum cutoff point in our sample
since the use of an incorrect cutoff would lead to misclassification and
an inaccurate prediction of the readmission risk. Our results showed
that DALI has good psychometric properties for predicting readmission.
Compared to urinalysis, the DALI cannabis/cocaine subscale showed a
greater AUCdue to its higher sensitivity. Sensitivity assesses the propor-
tion of readmitted subjects who are correctly identified as having a con-
dition. False negatives assess the proportion of readmitted subjects
whom the subscale is not able to identify. Therefore, the scale's higher
predictive validity may indicate that it is a better detector of patients
at risk of readmission than urine samples. In addition to its significant
reduction in costs and its efficiency of administration, a positive result
on this screening scale may be more reliable for detecting current use
and misuse, and even for predicting readmission, than a urine sample.
The availability of a brief and practical screening test means that more
patients with drug-related problems can be identified and

Table 2
Multivariate analysis (Cox regression).

Adjusted readmission
model

Crude
HR

95% CI Adjusted
HR

95% CI p

Cannabis urine analysis 3.08 1.13 to
8.39

1.99 0.69 to
5.72

0.20

Male gender 4.16 0.94 to
18.39

2.90 0.61 to
13.84

0.18

Age 0.90 0.81 to
1.00

0.95 0.85 to
1.06

0.35

DUP 0.84 0.61 to
1.17

0.90 0.62 to
1.30

0.55

PANSS positive subscale 1.03 0.93 to
1.14

1.02 0.93 to
1.11

0.74

DALI cannabis/cocaine
subscale

6.09 1.72 to
21.54

4.55 1.11 to
18.72

0.036

Male gender 4.16 0.94 to
18.39

2.63 0.55 to
12.47

0.22

Age 0.90 0.81 to
1.00

0.99 0.88 to
1.11

0.89

DUP 0.84 0.61 to
1.17

0.82 0.58 to
1.17

0.27

PANSS positive subscale 1.03 0.93 to
1.14

1.02 0.93 to
1.12

0.67

CI: confidence interval.

A

B

C

Fig. 1. (A) & (B) Survival plot of cannabis urine analysis and DALI cannabis/cocaine
subscale, respectively. (C) ROC curves of DALI cannabis/cocaine subscale compared
with positive urine analysis for cannabis for readmission during the whole study
period.
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appropriately managed and treated, either within the psychiatric care
system, in dual diagnosis programs, or in substance use disorder spe-
cialty care (Tiet et al., 2008).

Our study has several limitations, including a relatively small sam-
ple size, limited generalizability to non-affective psychosis, and the
inability to quantify drug use precisely as we had only self-reported
information on drug use in the last three months. With regard to
the perceived problems related to non-disclosure, especially among
patients with severe mental illness, it is interesting that studies rely,
in the main, on self-reports (Van Dorn et al., 2012). In this regard,
our results favor the use of self-reports of drug use over laboratory
tests. However, given the implications for research and clinical prac-
tice, further work is needed to evaluate the accuracy of reported sub-
stance use in subjects with severe mental illness, and to assess
whether biological measures provide more accurate data. Another
limitation is the fact that drug assessment was only conducted at
baseline; as a result, we were unable to obtain a clear picture of the
temporal relationship between substance misuse and readmission
during the follow-up. Longitudinal studies with periodical drug as-
sessments may prove useful in the search for a convergent and stan-
dardized methodology for recruitment, assessment and treatment
strategies (Wisdom et al., 2011). Another limitation is that the DALI
scales have been validated for the most prevalent drugs only (alcohol,
cannabis and cocaine), and their performance in patients with other
drug disorders is unknown at present. In addition, we compared a
subscale that measures cannabis and cocaine consumption with pos-
itive urinary analysis for cannabis alone, as no positive results were
detected for cocaine. In this regard, it might have been more illumi-
nating to assess each drug separately in order to establish its individ-
ual effect. Finally, other well known factors related to relapse, such as
medication adherence (Alvarez-Jimenez et al., 2012; Caseiro et al.,
2012), were not assessed in the current study. As such, the influence
of these variables on the current results cannot be ruled out.

The findings of this study demonstrate that a quick screening
self-report scale for cannabis and cocaine use disorders is more useful
than urinary analysis for predicting readmission. Indeed, scoring in
the “at risk” range for these drug disorders at admission was found to
increase the readmission risk in first-episode psychosis by 4.5 times.
This finding has direct clinical implications for preventing readmission
during the early course of psychosis, when intervention may have the
greatest impact on long-term outcomes. After patients are screened,
they can be referred to specialty substance use disorder or dual diagno-
sis integrative care, which may decrease readmission and improve out-
come. Future research should consider longitudinal assessment of brief
validated screening tests in order to evaluate their benefits in preven-
tion of early readmission in first-episode psychosis.
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a b s t r a c t

Background: Recreational drugs are generally used to intentionally alter conscious experience. Long-
lasting cannabis users frequently seek this effect as a means to relieve negative affect states. As with
conventional anxiolytic drugs, however, changes in subjective feelings may be associated with memory
impairment. We have tested whether the use of cannabis, as a psychoactive compound, is associated
with alterations in spontaneous activity in brain networks relevant to self-awareness, and whether such
potential changes are related to perceived anxiety and memory performance.
Methods: Functional connectivity was assessed in the Default and Insula networks during resting state
using fMRI in 28 heavy cannabis users and 29 control subjects. Imaging assessments were conducted
during cannabis use in the unintoxicated state and repeated after one month of controlled abstinence.
Results: Cannabis users showed increased functional connectivity in the core of the Default and Insula
networks and selective enhancement of functional anticorrelation between both. Reduced functional
connectivity was observed in areas overlapping with other brain networks. Observed alterations were
associated with behavioral measurements in a direction suggesting anxiety score reduction and inter-
ference with memory performance. Alterations were also related to the amount of cannabis used and
partially persisted after one month of abstinence.
Conclusions: Chronic cannabis use was associated with significant effects on the tuning and coupling of
brain networks relevant to self-awareness, which in turn are integrated into brain systems supporting
the storage of personal experience and motivated behavior. The results suggest potential mechanisms for
recreational drugs to interfere with higher-order network interactions generating conscious experience.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Individuals may use recreational drugs altering conscious expe-
rience because of a variety of reasons including being adventurous
and curious, and peer pressure. Nevertheless, the most common
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reason given for long-lasting cannabis use is relief from tension or to
attenuate negative affect states such as anxiety (Buckner et al., 2007;
Crippa et al., 2009; Ogborne et al., 2000; Reilly et al., 1998). Like
other psychoactive drugs, however, cannabis has potential side ef-
fects. Apart from the possibility of generating drug dependence and
the potentially deleterious effect in subjects at risk of developing
psychosis (Large et al., 2011), continued cannabis use may impair
cognition. Memory is the cognitive domain that has been most
consistently reported as impaired in cannabis users (Solowij and
Battisti, 2008), although such impairment tends to be mild when
no other substances of abuse are implicated (Hall and Solowij, 1998;
Solowij and Battisti, 2008).

Neuroimaging research is contributing uniquely to understand
the biological bases of mental states. Functional magnetic reso-
nance imaging (fMRI) of spontaneous brain activity permits the
identification of a range of functional networks on the basis of re-
gion synchrony, defined as functional connectivity. Of relevance are
recent studies suggesting the contribution of particular networks to
conscious awareness of self. The “Default” network is perhaps the
network most extensively investigated. Its main elements are the
posterior cingulate cortex (PCC) and adjacent precuneus, angular
gyri and medial frontal cortex (Buckner et al., 2008; Harrison et al.,
2008). Default network contribution to self-referential mental
processes is thought to be related to awareness of the (somatic)
body and its relationship to the external environment (Buckner and
Carroll, 2007; Buckner et al., 2008; Shulman et al., 1997; Small et al.,
2003). In the temporal dimension, the Default network may assist
autobiographical memory retrieval, but may also modulate work-
ing memory processes (Bluhm et al., 2011; Buckner et al., 2008;
Leech et al., 2011). On the other hand, the insula cortex and func-
tionally connected regions are known to be relevant for intero-
ceptive awareness (Caseras et al., 2011; Craig, 2009; Critchley et al.,
2004). Activity in the Insula network is associated with conscious
perception of the physiological conditions of the (visceral) body
(e.g., cardiovascular, airway, gut and sexual sensations) that jointly
give rise to an internal representation of oneself, and provide a
foundation for subjective feeling states that color emotional expe-
rience (Craig, 2002, 2009; Critchley et al., 2004).

Although the Default and Insula networks underlie distinct as-
pects of self-awareness, there is relevant function overlap, which
concerns the contribution of Default network anterior areas to the
cognitive control of interoception (Bishop et al., 2004; Ochsner and
Gross, 2005; Sylvester et al., 2012), and Insula network posterior
areas to the somatic representation of the body (Augustine, 1996;
Eickhoff et al., 2006; Ruben et al., 2001). Moreover, activity in
these networks seems to be closely coordinated, as their fMRI
signal fluctuations show a strong negative correlation during
resting state, with periods of high activity in one network often
corresponding to low activity in the other network (Fox et al., 2005;
Harrison et al., 2011). These functionally “anticorrelated” networks,
however, may synchronically deactivate during highly-demanding
goal-directed behavior suggesting the attenuation of both somatic
and visceral awareness when attention is focused on external tar-
gets (Harrison et al., 2011).

In the current study, we have assessed spontaneous activity in
the Default and Insula networks in chronic cannabis users. Our
hypothesis was that cannabis, as a psychoactive compound, would
modulate activity in networks relevant to self-awareness and that
this effect would be related to both anxiety levels and cognitive
performance. Specifically, we have investigated whether resting-
state functional connectivity alterations exist in early onset and
heavy cannabis users without comorbid psychiatric disorders
compared with control subjects, and whether such potential al-
terations are associated with variations in anxiety and memory
measurements. Resting-state fMRI was initially acquired during

cannabis chronic use in the unintoxicated state. The assessment
was repeated after one month of abstinence with the prediction
that functional alterations may show long-lasting effects, as sug-
gested in a recent review by our group (Batalla et al., 2013).

2. Methods

2.1. Participants

A total of 28 chronic cannabis user men (mean � SD age, 21 � 2
years) were assessed and compared with a reference control group
of 29 men (age, 22 � 3 years, ns). One cannabis user was excluded
from an original sample of 29 subjects due to non-optimal data
acquisition. All participants were followed-up during one month of
controlled abstinence, and 27 cannabis users and 28 control sub-
jects were available to repeat fMRI with identical procedures.
Written informed consent was obtained from all participants. The
study was approved by the local ethics committee (CEIC-IMAS,
Barcelona) and was in compliance with the Declaration of Helsinki.

Participants were recruited via a web page and distribution of
flyers and ads. To evaluate study eligibility, a comprehensive tele-
phone screening was carried out. When eligible, participants were
assessed using a detailed medical history, physical examination, a
structured psychiatric interview (PRISM; Torrens et al., 2004),
blood biochemical analyses and urine toxicology analyses. To
facilitate open disclosure, confidentiality was guaranteed within
ethical and legal limits.

Inclusion to the cannabis group required participants to bemale,
aged between 18 and 30 years, with at least 10 years of education
(mean � SD, 14 � 2 years), cannabis use onset before age 16,
cannabis consumption (smoking) more than 14 times a week at the
time of selection and during at least 2 years prior to the study,
positive urine test for cannabinoids and negative for opiates,
cocaine, amphetamines and benzodiazepines (immunometric
assay kits, Instant-View, ASD Inc, Poway, California). Exclusion
criteria were: Diagnostic and Statistical Manual for Mental
Disorders-Fourth Edition (DSM-IV; American Psychiatric
Association, 2000) Axis I disorder, relevant medical or neurolog-
ical disorders, learning disabilities, use of psychoactive medica-
tions, previous use of any other recreational drug for more than 5
occasions lifetime except alcohol and nicotine, lifetime criteria for
alcohol abuse or dependence and relevant current alcohol con-
sumption. Current alcohol intake was very low in both study
groups, showing a mean � SD of 5.3 � 4 units a week in users and
3.1 � 2.6 units a week in control subjects. On average, cannabis
users smoked a mean � SD of 5.9 � 5.2 cigarettes a day and control
subjects, 2.4 � 5.9 cigarettes a day. Only three participants (two
users and one control subject) smoked more than 10 cigarettes per
day. All subjects were right-handed.

Control subjects were required to be male, aged between 18 and
30 years, with at least 10 years of education (15 � 1 years), showing
less than 15 lifetime experiences with cannabis (none in the past
month) and negative urine drug screen. Exclusion criteria were
identical to the cannabis group. Cannabis users and control subjects
showedameandifferenceofoneyear ineducation (t¼2.2,P¼0.032).

Participants were required to refrain from smoking and caffeine
6 h, and alcohol and cannabis 12 h before fMRI. The study consisted
of two fMRI assessments. The second fMRI session was carried out
in all available participants after a period of 28 days of controlled
cannabis abstinence.

2.2. Behavioral assessment

Primary assessments were the StateeTrait Anxiety Inventory
(STAI; Spielberger et al., 1983) and Rey Auditory-Verbal Learning
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Test (RAVLT; Geffen et al., 1990). During the administration of
RAVLT, participants were read a list of 15 unrelated words and were
asked to recall as many words as they could remember. The same
list was repeated over five trials, followed by an interference trial
with a new 15-word list, a short-delay free recall trial, and a long-
delay free recall trial 20 min later. In this study, the following
measurements were considered: “verbal span” (number of words
recollected on the first trial), “verbal learning” (over trials; sum of
words on trials 1 to 5 minus 5 times the words on trial 1), “recall”
(number of recalled words after 20 min) and “forgetting rate”
(words on trial 5 minus recalled words after 20 min).

2.3. Image acquisition and preprocessing

A 1.5 Tesla Signa Excite system (General Electric, Milwaukee, WI,
USA) equipped with an eight-channel phased-array head coil and
single-shot echoplanar imaging (EPI) software was used. The
functional sequence consisted of gradient recalled acquisition in
the steady state (time of repetition [TR], 2000 m; time of echo [TE],
50 ms; pulse angle, 90�) within a field of view of 24 cm, with a
64� 64-pixel matrix, and with a slice thickness of 4mm (inter-slice
gap, 1.5 mm). Twenty-two interleaved slices were prescribed par-
allel to the anterioreposterior commissure line covering thewhole-
brain. A 6-min continuous resting-state scan was acquired for each
participant. Participants were instructed to relax, stay awake and lie
still without moving, while keeping their eyes closed throughout.
This scan generated 180 whole-brain EPI volumes. The first four
(additional) images in each run were discarded to allow magneti-
zation to reach equilibrium.

fMRI data were preprocessed and analyzed using the Statistical
Parametric Mapping 8 (SPM8) package, Wellcome Department of
Imaging Neuroscience (http://www.fil.ion.ucl.ac.uk/spm/), running
on Matlab 7.1 (The Mathworksinc. Natick, Mass). Functional images
were realigned (motion corrected), resliced into 2 mm isotropic
voxels and spatially warped into the standardized (Montreal
Neurological Institute, MNI) SPM template space. A Full Width at
Half Maximum (FWHM) 8-mm Gaussian kernel was used to
smooth the functional images. All image sequences were inspected
for potential acquisition and normalization artifacts. No subjects
were excluded because of poor quality images. In addition, we
compared both study groups as for potential differences in trans-
lational motion, rotational motion, mean interscan displacement
and total displacement and found no significant differences in any
parameter.

2.4. Functional connectivity analysis

Resting-state functional connectivity was assessed using a seed-
based approach as detailed in previous studies (Harrison et al.,
2009; Pujol et al., 2012). Functional connectivity maps of Default
and Insula networks were generated using regions of interest
(“seeds”) located in the PCC and anterior insula, respectively. The
PCC seed was placed at MNI coordinates x ¼ 6, y ¼ �44, z ¼ 37,
which corresponds to the limit between dorsal (anterior) and
ventral (posterior) subdivisions of PCC (Leech et al., 2011, 2012;
Vogt et al., 2006). The insula seed was placed at x ¼ 36, y ¼ 16,
z ¼ 2, which corresponds to the anatomical center (orthocenter) of
the anterior insula (Naidich et al., 2004). Although functional
connectivity mapping was also carried out using left hemisphere
seeds, only data obtained using the right hemisphere seeds are
reported for the sake of brevity, as the analysis using left hemi-
sphere seeds gave comparable results.

To generate the maps, the signal time course of a selected seed
regionwas used as a regressor to be correlated with the signal time
course of every voxel in the brain, and the obtained voxel-wise

regression coefficients served to build first-level output (.con) im-
ages. For both locations, seeds were defined as 3.5-mm radial
spheres (sampling approximately 25 voxels) usingMarsBaR region-
of-interest toolbox in MNI stereotaxic space (Brett et al., 2002).
Signal values for the seeds were calculated as the average signal of
the voxels included in the seed at each time point. In addition, we
derived estimates of white matter, CSF, and global brain signal
fluctuations to be included as confounding (“nuisance”) variables in
the analyses.

First-level images generated for each participant were then
included in second-level (group) random-effects analyses. One-
sample t-statistic maps were calculated to obtain Default and
Insula network functional connectivity maps for each group, and
two-sample t-tests were performed to map between-group dif-
ferences. Voxel-wise analyses in SPM were also performed to map
the correlation between resting-state functional connectivity and
behavior ratings (anxiety and memory) and cannabis consumption
(average joints per year).

2.4.1. Thresholding criteria
Spatial extent thresholds were determined by 1000 Monte Carlo

simulations using AlphaSim (Ward, 2000) as implemented in the
SPM REST toolbox (Song et al., 2011). For within-group effects, the
input parameters to AlphaSim included an individual voxel
threshold probability of 0.005, cluster connection radius of 5 mm,
8 mm FWHM smoothness, incorporating a whole-brain mask vol-
ume (256,299 voxels). The estimated minimum cluster size extent
was 176 voxels in order to satisfy a family-wise error rate correction
of PFWE < 0.05. For between-group effects and correlation maps, the
incorporated mask instead corresponded to the network maps
identified inwithin-group effects (adding voxels from both cannabis
user and control maps), corresponding to 50,427 voxels for the
Default network and 64,017 voxels for the Insula network. The
respective cluster sizes to satisfy an FWE rate correction of P < 0.05
were 102 and 106 voxels. Based on these estimates, clusters greater
than 176 voxels with P < 0.005 were considered significant (cor-
rected P< 0.05) to identify functional connectivity networks in one-
sample analyses and clusters greater than 106 voxels with P< 0.005
to identify between-group differences and correlation findings.

2.4.2. Hippocampus functional connectivity map
Owing to the relevance of the hippocampus in memory, an

additional functional connectivity map was generated for this
structure to further characterize the relationship between memory
and brain spontaneous activity. The seed region of interest was
placed at the midpoint of the hippocampus long axis, corre-
sponding to MNI coordinates x ¼ 26, y ¼ �25, z ¼ �14 (Kahn et al.,
2008). The data were analyzed similarly to the main networks of
interest as described above.

2.4.3. Statistical analysis of behavioral data
Student-t test was used to compare demographic and behavioral

variables between groups, and ANCOVA was used instead when
covariates were included in the comparison.

3. Results

3.1. Behavioral assessment

Anxiety and memory ratings were within normative values in
both study groups (Table 1). Nevertheless, group comparison
showed subtle differences that were significant for specific mea-
surements. Cannabis users showed higher anxiety scores, reduced
verbal memory span and delayed recall, and increased forgetting
rate. After controlling for the effect of education, group differences
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in memory ratings remained significant for verbal memory span
and delayed recall.

3.2. Functional connectivity maps

The PCC seed consistently identified the elements of the Default
network in both groups. Functional connectivity maps included the
PCC/precuneus, angular gyri, medial (and lateral) frontal cortex,
anterior cingulate cortex and lateral temporal cortex. Compared
with control subjects, however, cannabis users showed increased
functional connectivity in the ventral part of the PCC and decreased
functional connectivity in the dorsal PCC/precuneus junction (Fig. 1
and Table S1).

The insula seed identified a network that included bilateral
insula and opercula (extending to the lateral prefrontal cortex and
supramarginal gyri), basal ganglia, anterior cingulate cortex and
ventral brain structures involving the brainstem and right amyg-
dala in both groups. Cannabis users showed increased functional
connectivity relative to controls in the anterior portion of the left
insula and supramarginal gyri bilaterally, and reduced functional

connectivity in the anterior cingulate cortex and superior brain-
stem (Fig. 1, Table S1).

Results from mapping the regions showing negative correla-
tions with the seeds were also of interest. The PCC “anticorrelation”
map included the Insula network, dorsal sensorimotor cortex, vi-
sual areas and cerebellum in both groups. This map additionally
included the amygdalae in cannabis users. Compared with control
subjects, cannabis users showed stronger anticorrelation specif-
ically with areas of the Insula network (Fig. 2, Table S2). Recipro-
cally, the insula anticorrelation map included the Default network
and part of neighboring networks. In cannabis users, the insula
seed showed a stronger anticorrelation specifically with primary
Default network areas (ventral PCC, frontal medial cortex and right
angular gyrus).

Cannabis users, therefore, showed a pattern of increases and
decreases in functional connectivity within the Default and Insula
networks and enhanced anticorrelation between both. In a further
analysis, we investigated to which extent the observed functional
connectivity alterations (extracted at peak group differences) were
able to account for group mean differences in behavioral ratings

Table 1
Cannabis use and behavioral tests.

Cannabis
Mean (SD)

Age of use onset 14.9 (1.0)
Duration of use (years) 6.0 (2.5)
Total lifetime use (joints) 5268 (4265)
Average joints per year 899 (560)

Anxiety and memory ratings Cannabis
Mean (SD)

Controls
Mean (SD)

T P F* P*

Trait anxiety (STAI total score) 12.6 � 4.3 9.0 � 5.6 2.7 0.009
State anxiety (STAI total score) 12.3 � 3.9 9.2 � 4.4 2.8 0.008
Verbal memory span (1st trial) 6.1 � 1.6 7.5 � 1.9 �2.9 0.006 5.4 0.023
Verbal learning (over 5 trials) 20.6 � 6.7 20.9 � 6.0 �0.2 0.848 0.0 0.984
Recall (20-min delayed) 11.2 � 2.7 13.1 � 1.8 �3.2 0.002 7.4 0.009
Forgetting rate (5th trial e recall) 1.9 � 1.5 1.1 � 1.5 2.1 0.042 3.5 0.069

STAI, StateeTrait Anxiety Inventory. Memory assessed with Rey Auditory-Verbal Learning Test (number of words). F* and P*, after controlling for years of
education.

Fig. 1. Default network and Insula network functional connectivity maps, and significant group differences. CU, cannabis users; C, control subjects. The right hemisphere corre-
sponds to the right side of axial views. Bottom right CU > Cview corresponds to MNI x ¼ �36.
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(i.e., comparing means using ANCOVA with functional connectivity
measurements as covariates). Group differences in state anxiety
showed a tendency to increase after controlling for ventral PCC
functional connectivity (F ¼ 7.6 and P ¼ 0.008 before and F ¼ 11.6
and P ¼ 0.001 after removing the effect). This effect was more
obvious when controlling for PCC-amygdala anticorrelation (state
anxiety group differences; F¼ 7.6 and P¼ 0.008 before and F¼ 14.6
and P ¼ 0.0003 after removing the effect). Conversely, we observed
that group differences in verbal recall (F ¼ 7.4 and P ¼ 0.009) were
no longer significant when the analysis was controlled for ventral
PCC functional connectivity (F ¼ 3.5 and P ¼ 0.066) and PCC-insula
anticorrelation (F ¼ 2.3 and P ¼ 0.133). Overall, this analysis in-
dicates that the effect of functional connectivity changes was in the
direction of reducing anxiety scores and interfering with memory.

3.3. Correlation of functional connectivity with anxiety ratings

A relationship between anxiety ratings and functional connec-
tivity in SPM maps was found involving the right insula (Fig. 3,
Table S3, and Supplementary Fig. 1). Specifically, cannabis users

showed stronger (than controls) negative correlation between
insula functional connectivity and state anxiety (i.e., greater con-
nectivity, less anxiety).

3.4. Correlation of functional connectivity with memory ratings

Memory ratings correlated with functional connectivity mea-
surements in the Default network overlapping with areas showing
group differences (i.e., in ventral PCC as a subthreshold but highly
specific finding, and dorsal PCC/precuneus junction) (Fig. 3,
Table S3, and Supplementary Fig. 1). Specifically, cannabis users
showed stronger (than controls) negative correlation between
ventral PCC functional connectivity and verbal recall (i.e., greater
connectivity, worse recall), and stronger (than controls) positive
correlation between dorsal PCC/precuneus functional connectivity
and verbal recall (i.e., less connectivity, worse recall). The correla-
tion pattern was marginally affected by controlling for years of
education (e.g., dorsal PCC/precuneus showed F ¼ 13.5 and
P ¼ 0.0003 before and F ¼ 12.9 and P ¼ 0.0004 after controlling for
years of education).

Fig. 2. Functional connectivity maps (negative correlations). PCC, posterior cingulate cortex, and significant group differences. CU, cannabis users; C, control subjects. The right
hemisphere corresponds to the right side of axial views.
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3.5. Correlation with the amount of cannabis used

Average joints per year in cannabis users showed a positive
correlation with the strength of functional connectivity in the PCC
(subthreshold) and insula (Fig. 4, Table S4).

3.6. Hippocampus seed analysis

The hippocampus seed identified a typical hippocampal con-
nectivity map including medial temporal lobe structures extending
to the retrosplenial region and upper brainstem (Fig. 5, Table S5).

Compared with control subjects, cannabis users showed an area of
reduced functional connectivity in the right hippocampus, and
stronger positive correlation between left parahippocampus func-
tional connectivity and verbal recall (i.e., less connectivity, worse
recall).

We investigated the extent to which hippocampus alterations
were able to account formemory impairment in cannabis users.We
observed no reduction in group differences for verbal recall before
(F ¼ 7.4 and P¼ 0.009) and after (F ¼ 8.4 and P ¼ 0.006) controlling
for hippocampal functional connectivity (at peak group
differences).

Fig. 3. Correlation between functional connectivity and behavior ratings in the Insula (top) and Default network maps (bottom). Significant interactions between group and
correlation pattern are reported. Cannabis users showed a stronger (than controls) negative association between insula functional connectivity and state anxiety, and stronger
negative (ventral PCC) and positive (dorsal PCC/precuneus) associations between functional connectivity and verbal recall. Top view corresponds to MNI x ¼ 38.

Fig. 4. Correlations between functional connectivity measurements and amount of cannabis used. In cannabis users, strength of functional connectivity correlated positively with
average joints per year in primary regions of the Default and Insula networks (subthreshold cluster extent in the case of PCC). The right hemisphere corresponds to the right side of
the axial view.
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3.7. Long-term cannabis use effect on functional connectivity

After one month of abstinence, there was a general tendency for
the magnitude of observed functional alterations to be reduced.
Nevertheless, between-group differences persisted for connectivity
increases and decreases in the Default network and connectivity
increases in the Insula network (Fig. 6).

4. Discussion

Chronic cannabis use was associated with functional connectiv-
ity alterations in brain networks relevant to self-awareness.
Compared with control subjects, cannabis users showed a specific
combination of increases and decreases in functional connectivity
within the Default and Insula networks and selective enhancement
of fMRI signal anticorrelation between both. These alterations were
associated with behavioral measurements in a direction suggesting
both anxiety score reduction and interference with memory

performance. The functional changes were related to the amount of
cannabis used and partially persisted after onemonth of abstinence.

Increased functional connectivity within the Default network
involved the ventral (posterior) portion of the PCC. This region has a
key role in the context of Default network function as its connec-
tivity pattern (Leech et al., 2012) and prominent participation in
different testing conditions suggest. In an early study, we found
activation in this PCC area when normally developing adolescents
responded tomoral dilemmas and passively viewed their outcomes
(Pujol et al., 2008). In a subsequent adult study, the ventral/pos-
terior region was again the PCC portion more strongly connected
during spontaneous rest, more activated during moral dilemma
and more deactivated during a Stroop task (Harrison et al., 2008).
Cannabis use, therefore, appears to be associated with increased
connectivity in an area highly representative of the PCC (and
Default network) function. By contrast, functional connectivity
reduction was identified in an area that overlaps with a cognitive
control network (see below).

Fig. 5. Hippocampus functional connectivity maps, significant group differences (bottom left) and correlation between functional connectivity and the memory performance
(bottom right). Significant interaction between group and correlation pattern is reported for verbal recall. CU, cannabis users; C, control subjects. The right hemisphere corresponds
to the right side of the axial and coronal views.
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The Default network, as a functional unit, is active in situations
involving self-referential mental activity, as in moral dilemma
solving, self-judgments, conceiving the viewpoint of others, auto-
biographical memory recall and prospective thinking (Buckner and
Carrol, 2007; Greicius et al., 2003; Gusnard et al., 2001; Northoff
et al., 2006). In these situations indeed, it is supposed that a rep-
resentation of oneself is projected into active mental processes to
generate the subjective perspective (see full argumentation in
Buckner and Carroll, 2007). To converge with traditional concep-
tions of Default network function (Buckner et al., 2008; Mesulam,
1990; Small et al., 2003), it was argued that a representation of
self can be generated upon awareness of the body in space
(Shulman et al., 1997). Brain lesions involving the PCC and right
angular gyrus typically interfere with awareness of both the body
(somatoagnosia) and the extrapersonal space (neglect) (Mesulam,
1981, 1990).

Increased functional connectivity within the Insula network
involved the anterior insula cortex. This brain area is a highly
convergent node participating in a variety of functions covering a
full range from emotion to cognition (Caseras et al., 2010, 2011;
Cauda et al., 2012; Craig, 2009; Singer et al., 2009). At the level of
basic brain operations, however, it is proposed that the anterior
insula primarily underlies interoceptive or visceral awareness
(Caseras et al., 2011; Critchley et al., 2004). This paralimbic cortex is
highly coupled with the anterior cingulate cortex and amygdala,
which together are likely critical for integrating interoceptive in-
formation into emotion (Craig, 2002; Critchley et al., 2004; Naqvi
and Bechara, 2009). In a previous study, for example, we found

that anxiety provocation and interoceptive (heartbeat) awareness
activated similar portions of the anterior insula and anterior
cingulate cortices (Caseras et al., 2011). In cannabis users, we have
found increased functional connectivity within the anterior insula,
but decreased connectivity to the anterior cingulate cortex (and the
thalamus/midbrain junction). Interestingly, both anterior cingulate
cortex and thalamus/midbrain are areas of the Insula network
overlapping with the Default network (Fig. 1). The anatomy of the
findings therefore suggests a markedly specific effect of chronic
cannabis use on network tuning (and coupling) involving increased
functional connectivity in core areas and reduced connectivity in
areas bordering with other networks.

The increase in connectivity within the anterior insula seems to
be associated with anxiety score reduction. This finding may give
further support to a model of addiction which proposes that the
ability of addictive drugs to enhance visceral sensations via insula
activation is likely to modify an individual’s affect state (and
contribute to promote addiction), as these sensations themselves
may be pleasurable and rewarding (Naqvi and Bechara, 2009). It is
also important, however, that a relevant part of the Insula network
overlaps with the classical dopamine rewarding system at the level
of the medial frontal cortex, hippocampus and amygdale (Morales
and Pickel, 2012; Swanson, 1982), and that cannabis-related alter-
ations within the dopamine system have also been described
(Iversen, 2003; Nestor et al., 2010; van Hell et al., 2010). Therefore,
it appears that cannabis use could influence motivated behavior by
a direct action on the classical rewarding system and indirectly via
insula modulation.

Fig. 6. Persistent effects on functional connectivity after one month of cannabis abstinence. Group differences in the Default (top) and Insula (bottom) networks are reported. CU,
cannabis users; C, control subjects. Bottom right view corresponds to MNI x ¼ �36.
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The effect of psychoactive drugs on the sense of well-being is
frequently associated with memory disturbances (Robbins et al.,
2008; Solowij and Battisti, 2008). In our study, increased func-
tional connectivity in the ventral PCC and reduced functional
connectivity in the dorsal PCC/precuneus junction were both
associated with impaired verbal recall. The dorsal and ventral parts
of the PCC are histologically and functionally distinct (Leech et al.,
2011; Vogt et al., 2006). The dorsal PCC is a Default network area,
but is also highly connected to a dorsal cognitive control network
relevant to working memory (Leech et al., 2011, 2012). In the
memory task used in our study, verbal recall scores notably depend
on verbal span, which is a typical form of working memory (65% of
verbal recall variance was explained by the combination of verbal
span and forgetting rate in our data). Dorsal PCC alterations could
indeed affect verbal recall by interfering with working memory
processes. It has previously been observed that reduced PCC con-
nectivity with the other Default network areas at rest predicts
poorer performance during working memory tasks (Hampson
et al., 2006).

The ventral PCCmay fulfill a functional rolemore conventionally
associated with the Default network. This PCC area is activated
during memory operations requiring an internal focus of attention,
such as autobiographical memory retrieval (Svoboda et al., 2006).
In our study, increased ventral PCC functional connectivity at rest
was associated with impaired verbal recall. This is a paradoxical
finding, as lower (as opposed to higher) ventral PCC connectivity
has been reported to predict poorer memory performance in older
individuals (Wang et al., 2010). Studies using nicotine may shed
light on how increased PCC connectivity could also interfere with
verbal recall. In contrast with the effects of cannabis on memory,
nicotine may improve accuracy for word recall (Heishman et al.,
2010). When tested using fMRI, nicotine was associated with
reduced PCC activity during rest (Newhouse et al., 2011; Tanabe
et al., 2011). One hypothesis is that nicotine may enhance cogni-
tive performance by suppressing Default network activity (Tanabe
et al., 2011). By analogy, cannabis use could impair verbal mem-
ory due to defective suppression of Default network activity.
Relevantly, memory success is critically related to the ability to
switch from PCC deactivation during encoding to PCC activation
during retrieval (Daselaar et al., 2009; Kim et al., 2010). Moreover,
the retrosplenial PCC is thought to be responsible for the ability to
switch from first-person to observer perspectives during recall
(Vann et al., 2009). Therefore, one hypothesis to be further tested is
whether cannabis use interferes with memory performance by
reducing PCC flexibility.

Memory impairment as a collateral effect of sedative drugs may
result from direct action on the hippocampal system (Robbins et al.,
2008). Cannabis receptors are notably present in the hippocampus
and hippocampus alterations have been proposed to account for
memory impairment in cannabis users (Iversen, 2003; Yücel et al.,
2008). We found a reduction in functional connectivity within the
hippocampus. In our analysis, however, group memory differences
were better explained by changes in Default network connectivity
than by hippocampal alterations. Nevertheless, the Default
network and the hippocampus systems are closely related (Vann
et al., 2009). The ventral PCC, for example, is reciprocally con-
nected with the hippocampus and parahippocampal region and
with the anterior thalamus, closing the classical Papez circuit
relevant to episodic memory (Vann et al., 2009). Overall, the sce-
nario suggests that cannabis abuse has potential to critically
interfere with the integration of self-referential processes into the
storage of personal experiences.

This study was limited in that cannabis users and control sub-
jects had a mean education level difference of one year. Although
participants in both groups were selected to have a minimum of 10

years education, the difference could potentially affect memory
performance. To partially circumvent this limitation, we specifically
covaried for years of education in our analyses. Secondly, while the
study design has allowed us to establish significant associations
between chronic cannabis use and brain functional changes, is not
appropriate for making direct statements regarding the causal role
of cannabis. Nonetheless, the observed correlations between
amount of cannabis use and functional connectivity suggest such
relationships may exist. The current findings may also express a
relatively long-lasting effect on brain functional connectivity, as the
pattern of alterations persisted after one month of abstinence. On
the other hand, these alterations had a tendency to be less pro-
nounced in the follow-up assessment, which begs the question of
their potential reversibility.

In conclusion, we have identified specific patterns of altered
functional connectivity associated with chronic cannabis use that
appear to involve the tuning and coupling of brain networks rele-
vant to self-awareness. The Default and Insula networks, in turn,
show anatomical overlap and strong functional connection with
brain networks devoted to cognitive control, storage of personal
experiences and motivated behavior. The results suggest potential
mechanisms for recreational drugs to interfere with higher-order
network interactions generating conscious experience.
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ABSTRACT

Neuroimaging studies have shown that chronic consumption of cannabis may result in alterations in brain morphol-
ogy. Recent work focusing on the relationship between brain structure and the catechol-O-methyltransferase (COMT)
gene polymorphism suggests that functional COMT variants may affect brain volume in healthy individuals and in
schizophrenia patients. We measured the influence of COMT genotype on the volume of four key regions: the prefrontal
cortex, neostriatum (caudate-putamen), anterior cingulate cortex and hippocampus-amygdala complex, in chronic
early-onset cannabis users and healthy control subjects. We selected 29 chronic cannabis users who began using
cannabis before 16 years of age and matched them to 28 healthy volunteers in terms of age, educational level and IQ.
Participants were male, Caucasians aged between 18 and 30 years. All were assessed by a structured psychiatric
interview (PRISM) to exclude any lifetime Axis-I disorder according to Diagnostic and Statistical Manual for Mental
Disorders-Fourth Edition. COMT genotyping was performed and structural magnetic resonance imaging data was
analyzed by voxel-based morphometry. The results showed that the COMT polymorphism influenced the volume of the
bilateral ventral caudate nucleus in both groups, but in an opposite direction: more copies of val allele led to lesser
volume in chronic cannabis users and more volume in controls. The opposite pattern was found in left amygdala. There
were no effects of COMT genotype on volumes of the whole brain or the other selected regions. Our findings support
recent reports of neuroanatomical changes associated with cannabis use and, for the first time, reveal that these
changes may be influenced by the COMT genotype.

Keywords chronic cannabis users, COMT, structural MRI, Val158Met, VBM.
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INTRODUCTION

Cannabis is currently the most consumed illicit drug
worldwide (Watson, Benson & Joy 2000). Previous struc-
tural neuroimaging studies have not reported differences
between cannabis users compared with control groups as
to global brain measures, and studies based on specific
region of interest have reported inconsistent results
(Lorenzetti et al. 2010; Martin-Santos et al. 2010). One
explanation for the discrepancies observed in human

volumetric studies may be the heterogeneity across study
samples in terms of duration and frequency of use, as
well as quantity and type of cannabis smoked and demo-
graphic characteristics (Lorenzetti et al. 2010). Despite
these conflicting results, there is evidence that earlier
(before the age of 17) onset of cannabis use may be
associated with greater detrimental effects on brain
morphology compared with onset later on in life (Wilson
et al. 2000). Additionally, long-term cannabis use may
result in persistent alterations in brain function and
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morphology, particularly in those areas related with
executive functioning, reward circuitry and memory,
such as the prefrontal cortex, anterior cingulate cortex
(ACC), basal ganglia (e.g. neostriatum) and medial tem-
poral areas (e.g. hippocampus and amygdala) (Lorenzetti
et al. 2010; Martin-Santos et al. 2010), where CB1 recep-
tors are more concentrated (Burns et al. 2007). Severity
of cannabis use has also been found to be associated with
gray matter volume in the prefrontal cortex in a group of
subjects at clinical risk for psychosis and healthy controls
(Stone et al. 2012).

Genetic variation may also play an important role
in determining brain morphology. Recent studies focused
on the relationship between brain structure and the
catechol-O-methyltransferase (COMT) polymorphism
suggest that functional COMT variants could affect brain
volume in schizophrenia patients (Ohnishi et al. 2006),
subjects at risk for psychosis (McIntosh et al. 2007) and
even in healthy individuals (Honea et al. 2009), although
negative results have also been reported (Barnes et al.
2012). In addition, preliminary data of several genes
modulating the adverse effects of cannabis on the brain,
including COMT polymorphism, have also been reported
in long-term chronic cannabis users (Solowij et al. 2012).
The COMT gene displays a functional polymorphism at
codon 158 causing a valine (val) to methionine (met)
substitution (Val158Met, rs4680) resulting in three geno-
types (val/val, val/met and met/met). Whereas the met/
met variant shows a 40% lower enzymatic activity, which
is associated with high levels of extrasynaptic dopamine,
the val/val variant implies higher enzymatic activity,
which results in low levels of extrasynaptic dopamine
(Chen et al. 2004). COMT has an important role in
clearing dopamine in the prefrontal cortex (Tunbridge,
Harrison & Weinberger 2006), in subcortical regions
such as basal ganglia and medial temporal lobe, as well as
in the cerebellum and the spinal cord (Hong et al. 1998;
Honea et al. 2009). Furthermore, epidemiological as well
as experimental studies have shown that val-allele carri-
ers may be more sensitive to the longer term effects
of cannabis as well as the acute effects of delta-9-
tetrahydrocannabinol (THC), the main psychoactive
ingredient in cannabis, particularly if there is prior evi-
dence of psychosis liability (Henquet et al. 2006; Estrada
et al. 2011). Nevertheless, to our knowledge, there are no
previous studies published that have examined the influ-
ence of COMT polymorphism on brain morphology in
subjects chronically exposed to cannabis.

The aim of the present study was therefore to
explore the influence of COMT Val158Met functional
polymorphism on four key regions: the prefrontal
cortex, neostriatum (caudate-putamen), ACC and the
hippocampus-amygdala complex, in a group of early-
onset chronic cannabis users compared with non-using

control subjects using voxel-based morphometry (VBM).
VBM has been used successfully in prior research to iden-
tify changes in brain morphology related to common
genetic polymorphisms, such as COMT (Honea et al.
2009) and brain-derived neurotrophic factor (BDNF)
(Pezawas et al. 2004). We hypothesized that COMT
Val158Met functional polymorphism would be associated
with brain morphological deficits in early-onset chronic
cannabis users relative to healthy controls, with dose-
dependent associations between volume brain variations
and val-allele dosage.

METHODS

Subjects

Participants were primarily recruited via a web page and
distribution of flyers and ads. To assess for study eligibil-
ity, a comprehensive telephone screening measures was
performed (contact and sociodemographic data and a
standardized drug use questionnaire). If considered eligi-
ble, subjects were required to undergo a detailed medical
history check, routine laboratory tests, physical examina-
tion, urine and hair toxicology screens and a brief neu-
rological examination. Drug use characteristic were
systematically assessed using ad hoc questionnaire. The
units used were as follows: number of cigarettes for
tobacco use per day; standard units of alcohol per week
and number of ‘joints’ for cannabis consumption per day
and week.

Inclusion criteria required that participants were
male, between 18 and 30 years of age, Caucasian, with
IQ > 90 and fluent in Spanish. To be included in the
cannabis-user group, the subject had to fulfill the follow-
ing criteria: onset of cannabis use before the age of 16
years; cannabis use between 14 and 28 ‘joints’/week
during at least the last 2 years and continued until entry
into the study; no previous use of any other drug of abuse
more than five lifetime except nicotine or alcohol; positive
urine drug screen for cannabinoids but negative for
opiates, cocaine, amphetamines and benzodiazepines on
the day of the assessment, tested using immunometric
assay kits. Control subjects had to fulfill the following
criteria: no more than 15 lifetime experiences with can-
nabis (with none in the past month), no previous use of
any other drug of abuse more than five lifetime except
nicotine or alcohol. All controls had a negative urine drug
screen for opiates, cocaine, amphetamines, benzodi-
azepines and cannabinoids, tested using immunometric
assay kits (Instant-View; ASD Inc, Poway, CA, USA). Hair
testing was performed in all subjects to verify either
repeated cannabis consumption (chronic cannabis users
group) or non-consumption (control group).

Exclusion criteria included any lifetime Axis I dis-
order (substance use disorders and non-substance use
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disorders) according to Diagnostic and Statistical Manual
for Mental Disorders-Fourth Edition (American Psychiat-
ric Association 2000) except for nicotine use disorder
assessed by a structured psychiatric interview (PRISM)
(Torrens et al. 2004); use of psychoactive medications;
history of chronic medical illness or neurological
conditions that might affect cognitive function; head
trauma with loss of consciousness > 2 minutes; learning
disability or mental retardation; left-handedness and
non-correctable vision, color blindness or hearing
impairments. Subjects also received the vocabulary sub-
scale of WAIS-III, to provide an estimate of verbal intelli-
gence (Wechsler 1997).

Written informed consent was obtained from each
subject after they had received a complete description of
the study and been given the chance to discuss any ques-
tions or issues. Upon completion of the study, all subjects
received financial compensation for participation. The
study was approved by the Ethical and Clinical Research
Committee of our institution (CEIC-Parc de Salut Mar).

Genotyping methods

Genomic DNA was extracted from the peripheral blood
leukocytes of all the participants using Flexi Gene DNA
kit (Qiagen Iberia, S.L., Spain) according to the manu-
facturer’s instructions. The COMT Val158Met single
nucleotide polymorphism (SNP) allelic variants were
determined using the 5′ exonuclease TaqMan assay with
ABI 7900HT Sequence Detection System (Real-Time
PCR) supplied by Applied Biosystems, Foster City, CA,
USA. Primers and fluorescent probes were obtained from
Applied Biosystems with TaqMan SNP Genotyping assays
(assay ID C_2255335_10). Reaction conditions were
those described in the ABI PRISM 7900HT user’s guide.
Endpoint fluorescent signals were detected on the ABI
7900, and the data were analyzed using Sequence Detec-
tor System software, version 2.3 (Applied Biosystems).

Structural image processing and analyses

Images were acquired with a 1.5-T Signa Excite system
(General Electric, Milwaukee, WI, USA) equipped with an
eight-channel phased-array head coil. A high-resolution
T1-weighted anatomical image was obtained for each
subject using a three-dimensional fast spoiled gradient
inversion-recovery prepared sequence with 130 contigu-
ous slices (TR, 11.8 milliseconds; TE, 4.2 milliseconds; flip
angle, 15°; field of view, 30 cm; 256 ¥ 256 pixel matrix;
slice thickness, 1.2 mm).

Imaging data were transferred and processed on a
Microsoft Windows platform using a technical comput-
ing software program (MATLAB 7.8; The MathWorks Inc,
Natick, MA, USA) and Statistical Parametric Mapping
software (SPM8; The Wellcome Department of Imaging

Neuroscience, London, UK). Following inspection for
image artifacts, image preprocessing was performed with
the VBM toolbox (http://dbm.neuro.uni-jena.de/vbm/).
Briefly, native-space magnetic resonance imaging were
segmented and normalized to the SPM-T1 template using
a high-dimensional DARTEL transformation. In addition,
the Jacobian determinants derived from the spatial nor-
malization were used to modulate image voxel values to
restore volumetric information (affine and non-linear)
(Good et al. 2001). Finally, images were smoothed with
an 8 mm full width at half maximum isotropic Gaussian
kernel.

Statistical analyses

Descriptive results are presented as mean (standard
deviation) for continuous variables and frequencies
(absolute, relative) for categorical variables.

Global gray matter, white matter and cerebrospinal
fluid volumes, as well as total intracranial volume (TIV),
were obtained after data pre-processing and compared
between groups with independent samples t-tests in Sta-
tistical Package for the Social Sciences (SPSS, v.18; SPSS
Inc., Chicago, IL, USA). Voxel-wise regional volume differ-
ences were studied with SPM tools. To study the effects on
brain morphology of the interaction of COMT genotype
and chronic cannabis use, we used a two-sample t-test
design (chronic cannabis users versus controls) with age
and global gray matter volume as nuisance covariates,
and modeling the COMT genotype as a quantitative
variable (number of met alleles: 0, 1, 2) in interaction
with group. This approach allowed the assessment of
between-group differences in the correlations of the
number of met alleles with voxel-wise gray matter
values, and we reported results from regions where such
between-group differences were statistically significant
(i.e. interactions). This analysis was initially restricted
to four key regions: the prefrontal cortex, neostriatum
(caudate and putamen), ACC and the hippocampus-
amygdala complex) using an anatomical mask created
with the Wake Forest University pickAtlas (Maldjian et al.
2003). Importantly, these masks were used to perform
voxel-wise analyses within such regions, allowing a more
precise anatomical localization of our findings. However,
average volumes were also calculated for each region by
adding up modulated voxel values included in the masks
(i.e. adding up voxel values previously multiplied by the
Jacobian determinants derived from the normalization
step). The resulting values were transformed to millili-
ters and are presented in Table 3 in relation to TIV. In
addition, a whole-brain analysis was also performed
(see below).

To complement the above analyses, we also assessed
for between-group differences (irrespective of genotype)
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in regional gray matter volumes using a two-sample t-test
design with age and TIV as nuisance covariates. Finally,
exploratory voxel-wise correlation analyses were also
performed to test, within the cannabis user group, for
significant associations between regional volumes and
lifetime cannabis consumption (number of ‘joints’) by
introducing this variable as a regressor of interest, as well
as age and TIV as nuisance covariates.

Significance thresholds for global brain SPM analyses
were set at P < 0.05, family-wise error corrected for mul-
tiple comparisons across the brain. When the analyses
were restricted to a regional anatomical mask (i.e. to
study the effects of COMT genotype/cannabis use inter-
action), the correction for multiple comparison was
adjusted to the number of voxels within the mask (i.e.
small volume correction). To account for the different
number of voxels within each mask, and thus for the
different significance threshold set for each region, these
analyses were also performed at more lenient significance
threshold of P < 0.001 uncorrected for multiple compari-
sons. In addition, to get a better notion of the anatomical
extension of the findings, results were always displayed
(i.e. in figures) at P < 0.001 (uncorrected). For SPSS
analyses, the statistical threshold was set at P < 0.05.

RESULTS

Sample characteristics

A final sample of 57 subjects was included: 29 early-
onset cannabis users and 28 drug-free control subjects.
Main demographic and drug use characteristics are

described in Table 1. No differences were found in demo-
graphic and drug use variables between both groups
except for alcohol and tobacco use. None of them met
lifetime criteria for abuse or dependence of alcohol. All
participants were under the risk dose of 28 unit of
alcohol per week. On average, cannabis users smoked no
more than seven cigarettes per day (range = 0–20). Only
three participants smoked more than 10 cigarettes per
day (two cases and one control subject).

Genotype frequencies of the COMT gene are presented
in Table 2. Genotype frequencies of the COMT gene
were as follows: 11 subjects were homozygous for the
met allele, 13 were val/val and 33 were val/met carriers.
There was no evidence that these data were not in Hardy-
Weinberg Equilibrium.

Global volume measurements and whole-brain between
group differences

Global gray matter, white matter and cerebrospinal fluid
volumes were related to TIV. Between-group comparisons

Table 1 Sociodemographic and drug use characteristics.

Cannabis users Control
td.f.=57/c2 PMean/n (SD/%) Mean/n (SD/%)

Age 20.8 (2.1) 22.1 (3.0) 1.87 0.065
Males 29 (100) 28 (100) — —
Cannabis use

Onset of use (age, years) 14.9 (1.1) 16.8 (2.0) 2.96 0.001
Total lifetime cannabis use (number of joints) 5203 (4192) 4.9 (6.1) 6.68 < 0.001
Onset regular use (age, years) 18.1 (2.1) — — —
Duration of use (years) 5.9 (2.4) — — —
Current cannabis use (joints/day) 2.5 (1.5) — — —

Alcohol use
Age of onset of use 15.0 (1.1) 15.8 (1.5) 2.35 0.023
Duration of use 5.7 (2.3) 6.3 (3.1) 0.87 0.389
Alcohol units per week 5.3 (3.8) 3.1 (3.1) 2.49 0.020

Tobacco use
Current smokers 27 (93.1) 9 (32.1) 21.8 < 0.001
Age of onset of use 16.3 (1.5) 16.3 (2.2) 0.57 0.955
Duration of use (years) 4.5 (2.7) 4.9 (3.3) 0.34 0.737
Cigarettes per day 6.0 (5.0) 2.4 (5.9) 1.79 0.082

d.f. = degrees of freedom; SD = standard deviation.

Table 2 COMT genotype distribution.

Cannabis
(n = 29)

Control
(n = 28) P

COMT Val108/158 Met 0.563
Met/Met 4 7
Val/Met 18 15
Val/Val 7 6

COMT = catechol-O-methyltransferase; met = methionine; val = valine.
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detected no significant differences for any of these vari-
ables. Table 3 presents global tissue volumes normalized
to TIV.

Irrespective of genotype, chronic cannabis users
showed a gray matter volume increase in the postcentral
gyrus of the left hemisphere at a significance threshold of
P < 0.001 uncorrected (Supporting Information Fig. S1).
In a post hoc assessment, we observed that the volume of
this region was not affected by the genotype or the inter-
action between group and genotype. Likewise, we did not
observe any significant gray matter volume reductions in
chronic cannabis users. Finally, we did not observe any
significant between-group difference when this analysis
was restricted to our four selected regions.

COMT genotype and chronic cannabis use
between-group interactions

We found significant between-group differences in the
genotype-gray matter volume correlations in two out of
our four regions. Specifically, in chronic cannabis users,
we found a negative correlation between bilateral ventral
caudate nucleus volume and the number of val alleles,
while the reverse association was observed in healthy
controls: the more val alleles, the more ventral caudate
gray matter volume (Fig. 1). In contrast, we observed that
in chronic cannabis users a greater number of val alleles
were associated with significant increase in left amygdala
volume. The opposite was true for controls: the more
val alleles, the smaller the gray matter volume in left
amygdala (Fig. 2).

Importantly, to account for the different number of
voxels within each masked region, and thus for the

different corrected significance thresholds set for each
region, we repeated the interaction analyses at the whole-
brain level. While the above findings were also observed at
significance level of P < 0.001 (uncorrected), no signifi-
cant findings were observed within the other selected
regions (prefrontal cortex and ACC) at this significance
threshold.

Lifetime cannabis use

We observed a positive correlation between brain
morphology and lifetime cannabis use (‘joints’) only at
a significance threshold of P < 0.001 uncorrected.
Specifically, this correlation was observed between the
volume of the most caudal portion of the rectal gyrus-
subgenual cingulate cortex and the accumulated number
of joints consumed (Supporting Information Fig. S2).
Correlations between regional brain volumes and life-
time cannabis use (‘joints’) were not affected by COMT
genotype.

DISCUSSION

This study provides evidence of the impact of COMT
Val158Met genetic variation on brain structure in a group
of early-onset chronic cannabis users compared with
healthy controls using VBM. Our results show a signifi-
cantly influence of the COMT polymorphism in bilateral
ventral caudate nucleus volume in both groups but in an
opposite direction: more copies of val allele was associated
with lesser volume in chronic cannabis users and more
volume in controls. An opposite pattern was observed for
the left amygdala; the greater number of copies of val

Table 3 Global tissues volumes in canna-
bis users and healthy controls. Mean (SD) td.f.=55 P

Gray mattera Cannabis 49.29 (2.07) 0.77 0.447
Controls 48.90 (1.84)

White matter Cannabis 35.32 (1.61) -0.54 0.589
Controls 35.54 (1.49)

Cerebrospinal fluid Cannabis 15.39 (1.29) -0.55 0.586
Controls 15.56 (1.11)

Intracranial volume Cannabis 1488 (137) ml 1.06 0.296
Controls 1522 (112) ml

Prefrontal cortexb Cannabis 8.91 (0.57) 0.32 0.747
Controls 8.86 (0.50)

Anterior cingulate cortex Cannabis 0.69 (0.06) -1.22 0.229
Controls 0.71 (0.05)

Neostriatum Cannabis 0.73 (0.09) 6.46 < 0.001
Controls 0.60 (0.05)

Hippocampus-amygdala Cannabis 0.70 (0.04) -0.36 0.717
Controls 0.71 (0.03)

aGlobal tissue volumes are presented normalized to TIV. bVolumes of the four regions of interest are
presented normalized to TIV and collapsed across hemispheres. d.f. = degrees of freedom;
ml = milliliters; SD = standard deviation.
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allele was associated with increased volume in chronic
cannabis users and decreased volume in controls. We
also identified a significant positive correlation between
caudal rectal gyrus-subgenual cingulate cortex volume

and the number of joints consumed. Finally, we reported
an almost significant gray matter volume increase in
the postcentral gyrus of the left hemisphere in chronic
cannabis users.

Figure 1 Regions of interaction between catechol-O-methyltransferase (COMT) genotype and brain morphology superimposed on
selected slices of a normalized brain (ROI analysis). (a) In the right and left ventral caudate nucleus, while gray matter volume was negatively
correlated with the number of Val alleles in chronic cannabis users, the opposite pattern of correlation was observed in control subjects (right:
peak at x, y, z = 12, 20, -2; t = 4.07; P(SVC-FWE corrected) = 0.034; left: peak at x, y, z = -11, 15, -0; t = 4.20; P(SVC-FWE corrected) = 0.023). (b) Relationship
between gray matter volume in right ventral caudate and COMT genotype. Figure shows a reverse relationship between groups.Voxels with
P < 0.001 (uncorrected) are displayed. Regional volumes were adjusted to age and total intracranial volume. Color bar represents t value.
L indicates left hemisphere

Figure 2 Regions of interaction between catechol-O-methyltransferase (COMT) genotype and brain morphology superimposed on
selected slices of a normalized brain (ROI analyses). (a) In the amygdala of the left hemisphere, gray matter volumes were correlated with the
number of Val alleles in chronic cannabis users, while the opposite pattern of correlation was observed in control subjects (peak at x, y, z = -30,
-1, -18; t = 3.82; P(SVC-FWE corrected) = 0.046). (b) Differences in gray matter volume in left amygdala between Val and Met alleles. Figure shows
a reverse relation between groups. Voxels with P < 0.001 (uncorrected) are displayed. Regional volumes were adjusted to age and total
intracranial volume. Color bar represents t value. L indicates left hemisphere
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The observed interaction between COMT genotype
and chronic cannabis use on brain morphology is a novel
and interesting finding, particularly given current models
of substance use disorders. For instance, it has been pro-
posed that the transition to addiction may begin with an
increased excitability of the mesolimbic dopamine system
followed by a cascade of neuroadaptations in areas
related to addiction circuitry, such as the ventral stria-
tum, which has a major role in the acute reinforcing
effects of drugs of abuse (Koob & Volkow 2010). In this
sense, the activation of dopamine, which may be influ-
enced by COMT genotype, contributes to increased
excitability of the ventral striatum with decreased gluta-
matergic activity during withdrawal and increased gluta-
matergic activity during drug-primed and cue-induced
drug seeking (Koob & Volkow 2010). Similar to other
drugs of abuse, cannabinoids facilitate the release of
dopamine in the nucleus accumbens (Tanda, Pontieri &
Di 1997), despite the mechanism by which this occur
remaining unknown. On the other hand, several preclini-
cal studies have reported the impact of variation in
dopamine neurotransmission, especially extracellular
dopamine concentration, on neuronal growth and sur-
vival, particularly in striatum (Santiago et al. 2000).
Animal knockout models with reduction in dopamine
signaling show important impairments in neuronal
differentiation (Zhou & Palmiter 1995). Chronically
elevated extracellular dopamine concentration is neuro-
toxic (Santiago et al. 2000) and alters the expression of
the BDNF (Fumagalli et al. 2003). Research in animal
models suggests that exogenous cannabinoids, like THC,
facilitate dopaminergic neurotransmission in several
regions of the brain, including the striatum and prefron-
tal cortex (Maldonado et al. 2011). Human neurochemi-
cal imaging studies have reported inconsistent results,
with only one study reporting a modest increase in
dopamine striatal concentrations (Bossong et al. 2009).
However, there is evidence that cannabis may play a
role in modulating striatal function (Bhattacharyya
et al. 2009b, 2012). Over- and under-stimulation may
potentially result in impaired neuronal growth and
survival, indicating that an optimum range for extra-
cellular dopamine may exist (Honea et al. 2009), which
may be region specific and influenced by genetics and
environment.

Few studies have described the influence of Val158Met
polymorphism on brain structure in healthy subjects
(Ohnishi et al. 2006; Zinkstok et al. 2006; Honea et al.
2009; Ehrlich et al. 2010; Barnes et al. 2012). In 151
healthy volunteers, subjects carrying the val allele had a
significantly smaller volume of the hippocampus and
parahippocampus gyrus (Honea et al. 2009) relative to
met homozygotes. Conversely, val-alleles carriers were
also shown to have a non-significant trend-level effect of

increased volume in the prefrontal cortex (Honea et al.
2009). Consistently, another study also described a linear
effect of COMT genotype on medial temporal lobe
volumes in 114 healthy individuals (Ehrlich et al. 2010).
In this study, val-allele carriers had decreased volumes in
the amygdala bilaterally and in the right hippocampus,
with slightly greater effect in the left amygdala (Ehrlich
et al. 2010). In line with the evidence mentioned above,
we also found a decreased volume in the temporal lobe of
val-allele carrying subjects in the control group, although
it was restricted to the left amygdala. The modest size of
our sample may have contributed to the relative localized
effect of genotype that we have observed. In contrast, one
study did not detect a main effect of genotype in the
medial temporal lobe in 76 controls (Ohnishi et al. 2006),
and two other studies found no group differences in
regional gray matter density (Zinkstok et al. 2006) and
volume (Barnes et al. 2012) as a function of genotype in
154 and 82 young healthy adults, respectively. It has
been suggested that volume measures, as opposed to
density measures, may be more sensitive indicators of
genotype-related alterations (Zinkstok et al. 2006; Honea
et al. 2009).

To the best of our knowledge, no previous structural
or functional imaging study has focused on the influence
of COMT genotype in cannabis users. However, it is
remarkable to note that the effects of chronic cannabis
use on brain structure and integrity are consistent with
studies showing similar alterations in patients with
schizophrenia (Bhattacharyya et al. 2009a). Morpho-
metric studies have consistently reported up to 6%
volume reductions in the hippocampus and the amygdala
in schizophrenic patients (Honea et al. 2005), suggesting
that these structural changes could reflect a central
pathophysiological process associated with the illness.
Furthermore, cannabis use or dependence in schizo-
phrenic patients has been associated with smaller ante-
rior (Szeszko et al. 2007) and posterior cingulate cortex
(Bangalore et al. 2008), and cerebellar white-matter
volume reduction (Solowij et al. 2011), and those who
continue to use cannabis show greater loss of gray matter
volume than those who do not (Rais et al. 2008). On the
other hand, the COMT polymorphism has shown to influ-
ence brain structure and function in people at high risk of
psychosis and schizophrenia in cingulate, lateral prefron-
tal cortex and temporal regions (Ohnishi et al. 2006;
McIntosh et al. 2007; Ehrlich et al. 2010; Raznahan et al.
2011). In particular, the COMT Met allele has been asso-
ciated with larger, and the val allele with smaller, medial
temporal lobe volumes in schizophrenic patients, sug-
gesting that the val allele may contribute, at least in part,
to lower medial temporal volumes in these patients
(Ehrlich et al. 2010). Interestingly, in our chronic canna-
bis users for whom other schizophrenia risk factors were
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exhaustively excluded, we found that the met allele was
associated with lower, and the val allele with higher, left
amygdala volume, providing further evidence of how the
environment and genetics may interact to influence the
brain structure.

We also observed a positive correlation between
caudal rectal gyrus-subgenual cingulate cortex volume
and the number of ‘joints’ used (both lifetime and the
year before the study), which has not been previously
reported (Lorenzetti et al. 2010; Cousijn et al. 2012). We
have found no other correlations, despite an apparent
inverse relationship existing between the amounts of
cannabis used and (para-) hippocampal and amygdala
volumes (Lorenzetti et al. 2010). These volumetric dis-
crepancies reported across human studies may be due to
differences in imaging methods (e.g. image resolution,
used of automated volumetric versus manual methods),
cannabis use pattern (age of onset, length of use, fre-
quency, quantity of use, concentration of THC of ‘joint’),
and demographic characteristics, which easily could lead
to non-comparable samples that difficult the interpreta-
tion of results (Lorenzetti et al. 2010). For instance,
samples with greater cannabis exposure (Matochik et al.
2005; Yücel et al. 2008) have demonstrated reductions
in medial temporal brain regions, while samples with a
relatively lower quantity of smoked cannabis, more
similar to our sample, have exhibited no morphological
changes (Wilson et al. 2000; Lorenzetti et al. 2010;
Cousijn et al. 2012). Furthermore, our results support
that additional factor, such as the genetic influence may
also be determinant on brain morphology.

Animal studies have consistently demonstrated that
THC induces dose-dependent neurotoxic changes in
brain regions that are rich with cannabinoid receptors
(Landfield, Cadwallader & Vinsant 1988), such as hip-
pocampus, septum, amygdala and cerebral cortex (Heath
et al. 1980; Lawston et al. 2000; Downer et al. 2001). In
contrast, human imaging studies that have examined
regular cannabis users present contradictory findings
(Lorenzetti et al. 2010), insomuch as both positive (Yücel
et al. 2008) and negative (Jager et al. 2007) influences on
brain structure have been noted. In line with other pub-
lished studies and recent reviews (Lorenzetti et al. 2010;
Martin-Santos et al. 2010), we found no differences
between groups in terms of global measures, but we
reported a trend-level increase in gray matter volume of
the left postcentral gyrus in chronic cannabis users. The
only other VBM study in chronic cannabis users also
showed cannabis users to have greater gray matter tissue
density in the left pre and postcentral gyrus (Matochik
et al. 2005). Interestingly, recent data from animal
studies suggest that sensorimotor cortex may be espe-
cially vulnerable to cannabis abuse during adolescence
due to the different developmental trajectories of CB1

expression (Heng et al. 2011). Thus, while in medial pre-
frontal and in limbic/associative regions seems to be a
pronounced and progressive decrease in CB1 expression,
major changes in sensorimotor cortices occurred only
after the adolescence period, suggesting that cannabis
abuse during adolescence may have a relatively more
impact on sensorimotor functions (Heng et al. 2011).
Exogenous cannabinoid administration may alter astro-
cyte functioning, which play a critical role in eliminating
weaker connections (Bindukumar et al. 2008). By inter-
fering with these processes, cannabis exposure during
adolescence may impair typical pruning and ultimately
result in larger regional volumes in specific brain areas.
The mentioned VBM study also reported other structural
differences that we have not observed despite having a
greater sample size, such as a greater gray matter tissue
density in right sensorimotor area, right thalamus and
white-matter tissue density differences in parietal lobule,
fusiform gyrus, lentiform nucleus and pons (Matochik
et al. 2005). Discrepancies could be explained by differ-
ences in cannabis use parameters (such as pattern of
cannabis use, early onset), sociodemographic features
(we included only Caucasian subjects that were on
average 5 years younger) and sample characteristics
(i.e. sample size).

No other structural differences between the chronic
cannabis users and healthy controls were found using
our VBM approach, but it has been described both posi-
tive and negative results when studies investigated spe-
cific regions, such as hippocampus, parahippocampus,
amygdala and cerebellum [for review see (Lorenzetti et al.
2010; Martin-Santos et al. 2010)].

Our study has some limitations. Firstly, we use a rela-
tively small sample size for a structural neuroimaging
study; however, the strength of our observed findings
instills confidence in their validity. The results cannot be
generalized to all chronic cannabis users as our sample
was comprised of a group of male early-onset regular
cannabis users without the confounding effect of other
drug use and neurological or other psychiatric illnesses.
The cross-sectional design does not allow us to address
the question whether cannabis abuse alters brain
morphology although its impact on normal neurodevel-
opment or if the observed structural differences are pre-
existent, causing individuals to be more prone to develop
cannabis dependence (Cheetham et al. 2012). Overall,
despite methodological differences across previous struc-
tural studies, findings appears to support of the idea that
regular cannabis use may have a modulatory structural
effect on specific brain regions, and that the Val158Met
polymorphism may play a particular role in the sensitiv-
ity of these effects of cannabis on brain morphology.

In summary, our findings support recent reports of
neuroanatomical changes associated with cannabis use
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and, for the first time, reveal that these changes may be
influenced by the COMT genotype. Further prospective,
longitudinal research is needed to examine the gene-
environment influence and the mechanisms of long-term
cannabis related brain impairment.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the
online version of this article:

Figure S1 Regions of gray matter volume change in can-
nabis users superimposed on selected slices of a normal-
ized brain. Cannabis users showed a gray matter volume

increase in the postcentral gyrus (peak at x, y, z = -48,
-36, 54; t = 4.60; P(uncorrected) < 0.001). Voxels with P <
0.001(uncorrected) are displayed. Regional volumes
were adjusted to age and total intracranial volume. Color
bar represents t value. L indicates left hemisphere
Figure S2 Correlation in chronic cannabis users of gray
matter volume with lifetime cannabis use (log trans-
formed) superimposed on selected slices of a normalized
brain. (a) The figure shows the cluster of correlation
between regional gray matter volume and log [lifetime
cannabis use (joints)] located in the most caudal portion
of the rectal gyrus (peak at x, y, z = 11, 11, -23;
t = 3.94; r = 0.502). (b) Plot depicting the correlation
between gray matter volume in the subgenual cingulate
cortex and log [lifetime cannabis use (‘joints’)]. Voxels
with P < 0.001 (uncorrected) are displayed. Regional
volumes were adjusted to age and total intracranial
volume. Color bar represents t value. L indicates left
hemisphere
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