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A B S T R A C T   

Cannabis products are widely used for medical and non-medical reasons worldwide and vary in content of 
cannabinoids such as delta-9-tetrahydrocannabinol (THC) and cannabidiol (CBD). Resting state functional 
connectivity offers a powerful tool to investigate the effects of cannabinoids on the human brain. We system
atically reviewed functional neuroimaging evidence of connectivity during acute cannabinoid administration. A 
pre-registered (PROSPERO ID: CRD42020184264) systematic review of 13 studies comprising 318 participants 
(mean age of 25 years) was conducted and reported using the PRISMA checklist. During THC and THCv exposure 
vs placebo reduced connectivity with the NAcc was widely reported. Limited evidence shows that such effects are 
offset by co-administration of CBD. NAcc-frontal region connectivity was associated with intoxication levels. 
Cannabis intoxication vs placebo was associated with lower striatal-ACC connectivity. CBD and CBDv vs placebo 
were associated with both higher and lower connectivity between striatal-prefrontal/other regions. Overall, 
cannabis and cannabinoids change functional connectivity in the human brain during resting state as a function 
of the type of cannabinoid examined.   

1. Introduction 

Cannabinoid-based products are widely used globally and are 
becoming increasingly accessible, potent and diversified due to global 
trends towards the decriminalization of their use and sale (Scheim et al., 
2020). Over the past decade, the concentration of cannabis’ main psy
choactive compound Δ9-tetrahydrocannabinol (THC) in cannabis 
products has doubled (Chandra et al., 2019; Freeman et al., 2019b). 
Meanwhile, the concentration of cannabidiol (CBD), a non-intoxicating 
cannabinoid with putative therapeutic properties (Bergamaschi et al., 
2011) remain stable over time (Freeman et al., 2021). These trends are 
concerning: THC has addictive (Volkow et al., 2016), intoxicating 
(Curran et al., 2016), anxiogenic (Crippa et al., 2009) and psychotogenic 
properties (Hindley et al., 2020). In contrast, CBD putatively mitigates 
such adverse effects of THC (Englund et al., 2013; Freeman et al., 
2019a). Consequently, the burden of the adverse psychosocial outcomes 

associated with the recent increases of THC likely represent an 
increasing public health, social and economic problem in the forth
coming years (Hall et al., 2019). 

The effects of cannabinoid intoxication have been attributed to the 
influence of cannabinoids on the brain. Indeed, when cannabis is 
consumed, THC binds to brain cannabinoid receptors that are densely 
innervated in selected cortical regions (e.g., prefrontal cortex, hippo
campus, cerebellum; Glass et al., 1997; Hashimotodani et al., 2007; 
Mackie, 2008). These brain pathways are implicated in cognitive pro
cesses that are altered with cannabinoid intoxication (e.g., disinhibition, 
reward processing, motor coordination; Broyd et al., 2016; Dellazizzo 
et al., 2022; Kroon et al., 2021; Ramaekers et al., 2021); as well as 
mental health symptoms which transiently increase with cannabis 
intoxication (e.g., anxiety and psychotic symptoms; Barrett et al., 2018; 
Colizzi et al., 2016). From a neurobiological perspective, we are yet to 
uncover in detail the brain pathways underlying cannabinoid 
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intoxication. Notably, the development of functional Magnetic Reso
nance Imaging (MRI) tools that map brain function in-vivo has gener
ated increasingly sophisticated efforts to identify the neurobiology of 
cannabinoid intoxication. 

Several systematic reviews have integrated findings from experi
mental fMRI studies in humans during THC and/or CBD intoxication, 
showing changes in prefrontal, striatal and other regions (Bloomfield 
et al., 2019; Freeman et al., 2019a; Gunasekera et al., 2020). However, 
findings have varied significantly across studies, with inconsistent di
rection and location of the findings (Bloomfield et al., 2019; Freeman 
et al., 2019a; Gunasekera et al., 2020). The inconsistent results might be 
(partly) explained by methodological issues. Specifically, several re
views have summarised findings from task-based fMRI while partici
pants perform a variety of cognitive tasks, which may have introduced 
confounding due to the cognitive demands associated with the task (e.g. 
cognitive domain examined, task performance, strategy and effort) from 
that of cannabinoid intoxication (Fox and Greicius, 2010). 

Other reviews have synthesised evidence that used heterogeneous 
neuroimaging techniques (e.g. fMRI, positron emission tomography, 
single photon emission computed tomography, arterial spin labelling). 
Thus, they cannot readily disentangle the impact of cannabinoids from 
that of distinct measures of brain functional integrity (Bloomfield et al., 
2019; Freeman et al., 2019a; Gunasekera et al., 2020). In addition, the 
most up to date search in previous reviews include publications up to 
July 2019 (Gunasekera et al., 2020) and several new studies have been 
published since then (Mason et al., 2021; Pretzsch et al., 2019; Wall 
et al., 2022; Zaytseva et al., 2019). 

We conducted the first systematic review of studies that investigated 
the brain functional changes that occur during acute cannabinoid 
intoxication by using resting state functional connectivity fMRI – which 
measures how strongly the function of different brain areas regions is 
correlated over time without cognitive confounds (van de Ven et al., 
2004) - in contrast to task-based fMRI or other functional neuroimaging 
techniques. Indeed, resting-state fMRI measures spontaneous fluctua
tions of brain function while people do not overtly perform any cogni
tively demanding tasks, while they are at rest but awake in the scanner 
(van de Ven et al., 2004). This technique has been used to identify 
large-scale neural networks in normative samples and core alterations 
underlying disease (Fox and Greicius, 2010; Philippi et al., 2020). 
Resting state fMRI thus holds promise to unpack fundamental functional 
brain changes that occur with cannabinoid intoxication. 

We selected the studies which have been published thus far, that 
investigated subjects of any age who are psychiatrically, neurologically 
healthy, and free of regular substance use (other than alcohol and 
nicotine). We paid specific attention to the influence of cannabinoids 
and their administration (type, dosage, routes of administration) on the 
putative resting state functional connectivity phenotype of cannabinoid 
intoxication (Freeman et al., 2020). We also overviewed the associations 
between the level of functional connectivity alterations and 
self-reported intoxication or cognitive performance or both. Finally, we 
detailed the methodologies used to examine resting state functional 
connectivity during cannabinoid intoxication to evaluate the standards 
of research in this area and inform directions for future work. 

Fig. 1. PRISMA flowchart of the search strategy and number of studies eligible for review at each stage.  
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2. Method 

2.1. Pre-registration and protocol 

This systematic literature review was pre-registered on PROSPERO 
(CRD42020184264) and was reported according to the Preferred 
Reporting Items for Systematic Reviews and Meta-Analyses (Fig. 1, see 
checklist in Supplementary Table 1; Moher et al., 2009). 

2.2. Literature search 

On May 25, 2022, the APA PsycINFO, PubMed and Scopus databases 
were searched using the following terms: “(cannabi* OR marijuana OR 
hashish OR cbd OR *thc OR *tetrahydrocannabinol) AND (“resting 
state” OR “functional connectivity”)”. The reference lists of the included 
studies were cross referenced also. 

The searches retrieved 522 studies, 241 of which were duplicates 
that were removed. We screened studies against the following inclusion 
and exclusion criteria. Inclusion criteria were: (i) human sample; (ii) 
assessment during intoxication with cannabinoids, (iii) use of resting 
state fMRI, (iv) measurement of resting-state functional connectivity. 
Exclusion criteria were: (i) measure of brain integrity other than func
tion (e.g. volumes); (ii) measure of brain function using an imaging 
technique other than fMRI (e.g., PET, SPECT, EEG), (iii) measured brain 
function using fMRI task other than rest, (iv) confirmed lifetime history 
of serious mental health disorders at a group level (e.g. psychotic dis
orders, bipolar disorder), or neurological disorders (e.g. epilepsy), (v) 
non-experimental study (e.g., observational studies, case studies, re
views, meta-analyses, commentaries), (vi) animal sample, (vii) not 
published in a peer-reviewed journal (e.g., dissertation, conference 
presentation, book chapter). 

Using these criteria, we screened titles and abstracts, and selected 19 
studies for full-text screening, of which 13 were included (Bossong et al., 
2019; Crane and Phan, 2021; Grimm et al., 2018; Klumpers et al., 2012; 
Mason et al., 2021, 2019; Pretzsch et al., 2021, 2019; Ramaekers et al., 
2016; Rzepa et al., 2015; Wall et al., 2022, 2019; Zaytseva et al., 2019). 

2.3. Data extraction 

Results were summarised by counting the number of studies the data 

of which endorsed specific features. We extracted data about the char
acteristics of the publication (first author, year), sociodemographic data 
of the sample (size, sex composition, age), additional sample charac
teristics (location, recruitment, handedness) and inclusion/exclusion 
criteria (Table 1), experimental design (Table 2); and results on resting 
state functional connectivity in relation to acute cannabinoid intoxica
tion and their association with the level of self-reported intoxication and 
cognitive performance (Tables 3–5). Specifically, Table 3 includes re
sults from studies that assessed connectivity during intoxication with 
THC, THCv and cannabis plant matter with known and set quantities of 
THC (Wall et al., 2022, 2019). Table 4 overviews results from studies 
that assessed connectivity during intoxication with cannabis plant 
matter, including multiple cannabinoids known to affect the central 
nervous system (e.g., THC and CBD) (Wall et al., 2022, 2019). Table 5 
overviews results from studies that assessed connectivity during intox
ication with CBD, CBDv and cannabis plant matter with known and set 
quantities of CBD. 

2.4. Risk of bias assessment 

We evaluated studies’ risk of bias using the Centre for Evidence- 
Based Medicine (CEBM) critical appraisal tool shown in Supplemen
tary Table 5. The CEBM tool entails five criteria: (i) Participants are 
randomly assigned to treatment conditions, (ii) Groups are similar at the 
outset of the trial, (iii) Groups are treated equally, other than that 
required for the treatment allocation, (iv) Minimal attrition, (v) Partic
ipants and/or researchers were blinded to the treatment/s. 

3. Results 

The review included 13 studies, the key characteristics of which are 
outlined in Table 2 (Bossong et al., 2019; Crane and Phan, 2021; Grimm 
et al., 2018; Klumpers et al., 2012; Mason et al., 2021, 2019; Pretzsch 
et al., 2021, 2019; Ramaekers et al., 2016; Rzepa et al., 2015; Wall et al., 
2022, 2019; Zaytseva et al., 2019). All studies were published within ten 
years of the date of this review (i.e., 2022), with ten published between 
2018 and 2022. 

Table 1 
Overview of methodological characteristics of the studies.  

Author (Year) Location Recruitment Handedness Cannabis use level Required Abstinence Screen for abstinence from illicit 
drugs     

Duration, 
yrs 

Days used/ 
week 

Cannabis use 
days 

Illicit drugs, 
days 

Wall (2022a)* UK – L/R – 2 1 1 – 
Wall (2022b) UK General 

community 
R – – – – Urine, Breath 

Pretzsch (2021) UK – – – – 30 30 – 
Crane (2021) US General 

community 
R 0 1.5 lifetime 30 1 Urine, Breath     

0 1.7 lifetime    
Bossong (2019) NL General 

community 
R – 0.5 14 – – 

Mason (2021) NL University L/R 5.40 3.5 7 7 Urine 
Mason (2019) NL University L/R 4.9 1 7 7 Urine 
Pretzsch (2019) UK – L/R – – 30 30 Urine 
Wall (2019)* UK – L/R – 2 1 1 – 
Zaytseva (2019) CZ General 

community 
L/R – 44.8 lifetime 

uses 
7 – Blood 

Grimm (2018) DE General 
community 

L/R – – – – Urine 

Ramaekers 
(2016) 

NL General 
community 

L/R 7 4 – – Urine 

Rzepa (2015) UK University R – – – – Urine 
Klumpers (2012) NL – R ≥ 1 – 14 – Urine 

Abbreviations: CZ, Czech Republic; DE, Germany; L, left; NL, The Netherlands; R, right; UK, United Kingdom; yrs, years. * Participants were the same across studies 
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3.1. Sample characteristics 

The studies comprised a total of 318 participants. The size of the 
samples ranged from 10 to 39 participants; and ten studies included 
< 20 participants. The total sample contained 95 females and had a 
mean age of 25 years. 

3.1.1. Overview of levels of exposure and inclusion of cannabis use 
Cannabis exposure levels varied due to heterogeneous inclusion and 

exclusion criteria for participants’ substance use varied across studies 
(Table 1). Examples of inclusion criteria across the studies were (i) 
minimum thresholds for cannabis use (e.g., one study included partici
pants that used cannabis at least twice in the three months prior to the 
study) and (ii) duration of abstinence from substances (e.g., three studies 
included participants that abstained from cannabis for seven days prior 

to the study) (see also Table 1 for actual abstinence durations and 
methods of testing for abstinence). Examples of exclusion criteria across 
the studies were maximum thresholds for cannabis use (e.g., two studies 
excluded participants who had used cannabis more than four times in 
the year prior to the study). 

3.1.1.1. Cannabis exposure levels. Two out of the 12 studies set mini
mum thresholds for including cannabis use. One study sought partici
pants who used cannabis at least 16 times per month in the past year 
(Mason et al., 2021) and another sought regular users who had used 
cannabis at least twice in the past three months (Ramaekers et al., 2016). 
Abstinence from cannabis was required by six studies to be of varying 
durations: one day (n = 1), to seven days (n = 3), to 14 days (n = 1), to 
30 days (n = 2). Seven out of the 13 studies set maximum thresholds for 
cannabis use, excluding participants who had used cannabis more than 

Table 2 
Overview of double-blind fMRI studies’ designs, sample demographics, cannabinoid, and placebo.  

1st author (year) N total 
(female) 

Age, 
yrs 

Design Cannabinoids/ 
placebo  

Dosage Route Method 

Wall (2022a) 
* study 1 

17(9) 26 Cross-over Plant matter THC 1.6 standard THC units Inhalation Vaporizer      

THC+CBD 1.6 standard THC units        
Placebo    

Wall (2022b) 
study 2 

23(11) 24 Cross-over CBD  600 mg Oral Capsule     

Placebo     
Pretzsch (2021) 15 29 Cross-over CBDV  _ Oral Liquid     

Placebo  _   
Crane (2021) 24(14) 26 Between- 

subject 
THC (marinol)  1.5 standard THC units Oral Capsule 

(00)  
22(14) 24  Placebo (dextrose)     

Bossong (2019) 34(0) 23 Cross-over THC  1.2 standard THC units 
(+ 2-to-3 uploads of 0.2 standard THC units) 

Inhalation Vaporizer     

Placebo  _   
Mason (2021) 12(7) 

occasional 
users 

23 Cross-over THC 13.5% 
(bedrobinol)  

3.72 standard THC units for a 62kg person Inhalation Vaporizer     

Placebo  _    
12(3) 
chronic users 

23  THC 13.5% 
(bedrobinol)  

3.72 standard THC units for a 62kg person       

Placebo  _   
Mason (2019) 10(4) 23 Cross-over THC 13.5% 

(bedrobinol)  
3.72 standard THC units for a 62kg person, full 
dose 

Inhalation Vaporizer     

Placebo  one dose    
10(4) 21  THC 13.5% 

(bedrobinol)  
3 divided doses of 1.24 standard THC units, for 
a 62kg person       

Placebo  3 divided doses   
Pretzsch (2019) 17(0) 29 Cross-over CBD  600 mg Oral Liquid     

Placebo  –   
Wall (2019)* 17(9) 26 Cross-over Plant matter THC 1.6 standard THC units Inhalation Vaporizer      

THC+CBD 1.6 standard THC units       
– Placebo _   

Zaytseva (2019) 19(12) 26 Cross-over Plant matter  Self-dosed Inhalation Joint     
Passive control  _   

Grimm (2018) 16(0) – Cross-over THC  2 standard THC units Oral Capsule     
CBD  600 mg       
Placebo (Saline)  –   

Ramaekers 
(2016) 

39 * 23 Cross-over THC Plant matter  3.72 standard THC unit + upload of 1.86 
standard THC units, for a 62kg person 

Inhalation Vaporizer     

Placebo  –   
Rzepa (2015) 19(9) 25 Cross-over THCv  2 standard THC units Oral _     

Placebo  –   
Klumpers (2012) 12(3) 22 Cross-over THC  0.4 standard THC units +

2 uploads of 1.2 standard THC units 
Inhalation Vaporizer     

Placebo (ethanol)  200 μl   

Abbreviations: %, percent; CBD, cannabidiol; CBDV, cannabidivarin; THC, tetrahydrocannabinol; THCv, tetrahydrocannabivarin; yrs, years; μg/kg, microgram per 
kilogram; *Did not report the gender split of the final sample following dropouts. Initial sample(pre-dropouts) included 96 females and 26 males. One Standard THC 
unit = 5 mg of THC.; Standard THC units per kilograms were computed by measuring the ratio of standard THC unit per average per kilo for average for people of the 
relevant age and sex (i.e., 62 kilos; Walpole et al., 2012). Mason (2021, 2019) and Ramaekers (2016), administered 0.06 Standard THC Unit /kg, from 300 μg THC/kg ; 
additionally Ramaekers (2016) administered an upload of 0.03 Standard THC Units/kg, from 150 μg/kg; and Mason (2019) administered 3 successive doses of 0.02 
Standard THC Units/kg, from 100 μg/kg in a separate group. 
* Participants were the same across studies 
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Table 3 
Results on fMRI resting state functional connectivity changes occurring during THC intoxication compared to placebo.  

Author Subjective effects Analysis 
method 

Seed Direction Regions Correlations rsFC & intoxication, cognitive 
performance 

Crane (2021) ↑Euphoria (VAS) Seed-whole 
brain 

NAc ↑ dmPFC, medPFC Pos. Cor. NAc-dmPFC & euphoria (VAS) 
N.S. Cor. drug liking (DEQ) 

Putamen, Caudate = _ _ 
Bossong 

(2019) 
↑Dysphoria 
↓Perception, relaxation 

Seed-whole 
brain 

mOFC ↓ ACC (mid)/precuneus N.S. Cor. Perception, relaxation, dysphoria 
(VAS) 

Insula, IFG, Frontal cortex 
(med sup) 

= _ _ 

Klumpers 
(2012) 

_ Seed-whole 
brain 

Dorsal-visual (right) ↓ Frontal pole (inf, sup), IFG, MFG, dlPFC, vlPFC, MedFG _ 
↑ Frontal pole, SFG, dmPFC 

Dorsal-visual (left) ↓ PCC 
↑ Occipital (lat, pole), precentral, PCC, postcentral, 

Visual (medial) ↓ ACC (dorsal), occipital, temporal, SFG, fusiform 
Visual (lateral) ↓ Occipital (lat, pole), precuneus, precentral 

↑ Occipital, temporal, MFG, fusiform, cerebellum (ventro-med) 
Auditory ↓ ACC (mid, sup), frontal pole, parietal lobule (sup), precentral, temporal (mid, 

sup, inf), MFG, SFG, dmPFC, OFC (lat), parahippocampus, supramarginal, 
temporal pole, vmPFC 

↑ PCC, parahippocampus, retrosplenial, caudate 
Sensorimotor ↓ Precuneus, parietal (sup, post), postcentral 

↑ Cerebellum (antero-ventral, ventro-med), midbrain 
Executive ↓ Precuneus 
Default mode ↑ Frontal pole, calcarine (intra), dlPFC 

Mason (2021) ↑Feeling high (VAS), more in 
occ 
↑RT & N attentional lapses on 
psychomotor vigilance task^ 
in occ 

Seed-whole 
brain 

NAc ↓ ACC (mid), occipital (mid), precuneus, parietal lobule (inf), precentral, MFG, 
SFG, postcentral, SMA, rolandic operculum, supramarginal, calcarine 

Pos. cor. NAc-MFG & feeling high (VAS) & 
sustained attention (N attentional lapses on 
psychomotor vigilance task) 
Pos. cor. NAc-SFG/OFC & sustained 
attention (N attentional lapses on 
psychomotor vigilance task) 
N.S. cor. RT on psychomotor vigilance task 

Seed-to- 
seed 

NAc ↓ Thalamus (med dorsal), pallidum N.S. cor. Feeling high (VAS), sustained 
attention (N attentional lapses & RT on 
psychomotor vigilance task) 

Pallidum (ventral) ↓ Thalamus (med dorsal) 
ACC (mid) ↓ Thalamus (med dorsal), NAc 

Mason (2019) 
Full dose 

↑ Feeling high (VAS) 
↑N attentional lapses on 
psychomotor vigilance task^ 
=RT 

Seed-whole 
brain 

NAc ↓ ACC (mid), occipital (sup), precuneus, parietal lobule (inf), IFG (pars 
opercularis), precentral, temporal (mid, sup, transverse), postcentral, SMA, 
fusiform, insula, rolandic operculum, paracentral, angular, lingual 

Neg. Cor. NAc-cuneus & feeling high (VAS) 
Pos. Cor. NAc-SFG & attentional lapses 
Pos. Cor. NAc-SFG & glutamate changes in 
the striatum 

Mason (2019) 
Divided 
dose 

= Feeling high (VAS), 
sustained attention 
(RT, N attention lapses on 
psychomotor vigilance task) 

Seed-to- 
seed 

NAc = _ _ 

Seed-whole 
brain 

NAc = _ _ 

Ramaekers 
(2016) 

_ Seed-whole 
brain 

NAc ↓ ACC, occipital, temporal (mid), thalamus, insula, cerebellum, frontal lobe/ 
cortex, claustrum, limbic 

Neg. Cor. NAcc-striatum, NAcc-thalamus & 
Impulsivity (MFFT) 

Rzepa (2015) _ Seed-whole 
brain 

Amygdala ↓ Occipital (lat), precuneus, PCC _ 
↑ ACC (dorsal), SMA 

dmPFC ↑ IFG, MFG 
mOFC, Insula = _ 

Wall 
(2019)THC- 

CBD 

_ Seed- 
whole- 
brain 

PCC ↓ Precuneus, parietal lobule, PCC _ 
↓ Neg IFG, SFG _ 

Insula (anterior) ↓ Frontal pole, frontal lobe (inf) _ 
Wall 

(2022a)THC- 

CBD 

_ Seed- 
whole- 
brain 

Striatum (pre-comm. dorsal 
putamen, post-comm. 
caudate) 

↓ Frontal operculum, insula _ 

Striatum (ventral pallidum, 
substantia nigra) 

↓ Insula, frontal operculum  

Striatum (post-comm. 
putamen) 

↓ Parietal/central operculum, postcentral/supramarginal gyrus, planum 
temporale, Heschl’s gyrus, motor/somatosensory cortex  

Bold text indicates that the pair survived multiple corrections; ↑, higher; ↓, lower; ↓Neg, lower negative rsFC; ^Attentional lapses measures on a sustained attention task (Dinges & Powell, 1985). 
Abbreviations: ACC, anterior cingulate cortex; cor, correlation; DEQ, drug effects questionnaire; dlPFC, dorsolateral prefrontal cortex; dmPFC, dorsomedial prefrontal cortex; IFG, inferior frontal gyrus; inf, inferior; lat, 
lateral; med, medial; med dorsal, medial dorsal; medFG, medial frontal gyrus; medPFC, medial prefrontal cortex; MFFT, matching familiar figures test; mid, middle; MFG, middle frontal gyrus; mOFC, medial orbitofrontal 
cortex; N.S., non-significant; NAc, nucleus accumbens; occ, occasional; OFC, orbitofrontal cortex; PCC, posterior cingulate cortex; pos, positive; post, posterior; post-comm, post-commissural; pre-comm, pre-commissural; 
rsFC, resting state functional connectivity; RT, response time; SFG, superior frontal gyrus; SMA, supplementary motor area; sup, superior; VAS, visual analogue scale; ventro-med, ventro-medial; vlPFC, ventrolateral 
prefrontal cortex; vmPFC, ventromedial prefrontal cortex. 
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10 times in their lifetime (Crane and Phan, 2021), more than four times 
per month in the previous year (Bossong et al., 2019; Klumpers et al., 
2012), participants who had used cannabis more than 12 times per 
month in the previous year (Mason et al., 2021, 2019; Wall et al., 2019), 
and participants who used cannabis more than eight times per month 
(Zaytseva et al., 2019). 

Additional inclusion and exclusion criteria are outlined in Table 1 
and Supplementary Materials, about (i) presence of mental health dis
orders and/or neurological disorders, (ii) use of specified medications, 
and (iii) use of illicit substances other than cannabis. 

3.2. Overview of characteristics of the experiments 

As presented in Table 2, all studies used a double-blind placebo- 
controlled crossover design with randomised condition allocation, 
except for one study that was unblinded (Zaytseva et al., 2019) and one 
study that used a between-subjects design (Crane and Phan, 2021). The 
time interval between experimental sessions for studies with a crossover 
design ranged from one week in most studies, to two weeks (Bossong 
et al., 2019; Pretzsch et al., 2019) and four weeks (Zaytseva et al., 2019). 

Table 4 
Results on fMRI resting state functional connectivity changes occurring during acute intoxication with cannabis plant matter compared to placebo.  

Author rsFC 
analysis 
method 

Seed Direction Regions Correlations rsFC & level of intoxication, 
cognitive performance 

Wall 
(2022a) 
THC+CBD 

Seed-whole- 
brain 

Striatum (pre-comm. dorsal 
putamen, pre-comm. dorsal 
putamen, post-comm. caudate) 

↓ Dorsal anterior cingulate, frontal opercular 
cortex/sensorimotor region 

_ 

Striatum (ventral pallidum, 
substantia nigra) 

= _ _ 

Striatum (post-comm. putamen) ↓ Parietal/central operculum, postcentral/ 
supramarginal gyrus, planum temporale, 
Heschl’s gyrus, motor cortex 

_ 

Wall (2019) 
THC+CBD 

Seed-whole 
brain 

PCC ↓ Parietal, hippocampus Neg. Cor. PCC-PCC & feeling stoned, high, drug 
effects, dry mouth, enhanced colour/sound 
perception (VAS) 
N.S. Cor. alert, happy, anxious, mentally 
impaired, stoned, like drug effects, want to listen 
to music, food or more cannabis (VAS) 

↓ Neg IFG N.S. Cor. VAS 
Insula (anterior) ↓ Frontal pole, precentral Neg. Cor. Insula-dmPFC & Paranoia (VAS) 

N.S. Cor. Alert, happy, anxious, mentally 
impaired, stoned, like drug effects, want to listen 
to music, food or more cannabis 

Zaytseva 
(2019) 
Plant 
matter 

ICA Stationary rsFC ↑ Between the precuneus and sensory cortices 
(auditory, somatosensory, visual) 

N.S. Cor. Dread of ego dissolution & visionary re- 
structurization 

Dynamic rsFC, state 1 ↑ Sensory cortices 
State 1 ↑ Neg Sensory cortices - subcortex, insula, 

cerebellum 
State 6 ↑ Inhibitory control network - auditory/ 

somatomotor cortices and higher negative 
with the caudate). 

Pos. Cor. State 6 duration & oceanic 
boundlessness, THC plasma concentration 

State 6 ↑ Inhibitory control network - auditory/ 
somatomotor cortices and higher negative 
with the caudate).    

↓   

Bold text indicates that the pair survived multiple corrections; ↑, higher; ↓, lower; ↑ Neg, higher negative rsFC. 

Table 5 
Results on fMRI resting state functional connectivity changes occurring during acute intoxication with CBD or CBDv compared to placebo.  

Author rsFC analysis 
method 

Seed Direction Regions 

Wall (2022b) Seed-whole-brain Striatum (pre-comm. dorsal putamen, pre-comm. dorsal putamen, 
post-comm. caudate) 

↑ Posterior parietal lobe, parieto-occipital sulcus, 
posterior cingulate 

Striatum (ventral pallidum, substantia nigra) ↓ Insula, lateral frontal cortex 
Striatum (post-comm. putamen) ↓ Cerebellum 

Pretzsch 
(2021) 

Seed-whole brain Striatum ↓ Paracentral lobule 
Striatum (inferior ventral) ↓ ACC 
Putamen (ventral rostral) ↑ Temporal (sup) 
Caudate (dorsal) = _ 
Putamen (caudal) = _ 
Putamen (dorsal rostral) = _ 

Pretzsch 
(2019) 

Seed-whole brain Cerebellum (vermis), fusiform = _ 

Grimm 
(2018) 

Seed-to-whole 
brain 

Putamen ↑ MFG, SFG, frontal pole 
Caudate = _ 

↑, higher; ↓, lower. 
Abbreviations: ACC, anterior cingulate cortex; MFG, middle frontal gyrus; post-comm, post-commissural; pre-comm, pre-commissural; rsFC, resting state functional 
connectivity; SFG, superior frontal gyrus; sup, superior. 
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3.3. Cannabinoid administration 

3.3.1. Types of cannabinoids and placebo administered 
All studies had a condition where cannabinoids were administered 

and a control condition. Most studies (11 of 13 studies) administered 
pure cannabinoids, including THC (6 studies), CBD (3 studies; Grimm 
et al., 2018; Pretzsch et al., 2019; Wall et al., 2022), tetrahy
drocannabivarin (THCv; 1 study; Rzepa et al., 2015), cannabidivarin 
(CBDv; 1 study; Pretzsch et al., 2021). Four studies administered 
cannabis plant matter with set concentration of THC and/or CBD (3 
studies; Ramaekers et al., 2016; Wall et al., 2022, 2019) or was brought 
by participants (Zaytseva et al., 2019). 

All studies included a placebo condition, with one exception which 
did not (Zaytseva et al., 2019). The type of placebo administered was 
reported in only four studies: dextrose (Crane and Phan, 2021), ethanol 
(Klumpers et al., 2012), saline (Grimm et al., 2018) and placebo 
cannabis (Bossong et al., 2019; Mason et al., 2021, 2019; Pretzsch et al., 
2021, 2019; Ramaekers et al., 2016; Rzepa et al., 2015; Wall et al., 2022, 
2019). 

3.3.2. Dosage of the administered cannabinoids 
The dosage of cannabinoids given was fixed in all but 3 studies (THC, 

THCv, CBD, CBDv). The minimum dosage ranged from 1.2 Standard 
THC Unit (i.e., 6 mg) to 2.8 Standard THC Units (i.e., 14 mg) (Bossong 
et al., 2019; Crane and Phan, 2021; Grimm et al., 2018; Klumpers et al., 
2012), 10 mg for THCv (Rzepa et al., 2015) and 600 mg for CBD (Grimm 
et al., 2018; Pretzsch et al., 2019; Wall et al., 2022) and CBDv (Pretzsch 
et al., 2021). 

The dosage varied in studies that administered cannabis plant matter 
(4 studies). Participants were administered plant matter containing 
fixed levels of 10 mg of CBD and/or 8 mg of THC (Wall et al., 2022, 
2019), a total of 450 μg/kg of THC (Ramaekers et al., 2016) or were 
asked to bring and self-administer their own type and preferred quantity 
of cannabis based on their usual cannabis use (Zaytseva et al., 2019). 

THC was given as microgram (μg) per kg of body weight in 3 studies. 
Two studies administered 300-μg/kg of THC (Mason et al., 2021, 2019), 
and of these one study manipulated THC administration as a single dose 
(i.e., one administration of 300-μg/kg) and as a divided dose (i.e., three 
administrations of 100-μg/kg) (Mason et al., 2019). The third study 
administered 300-μg/kg of THC followed by a 150-μg/kg upload dose, 
totalling 450-μg/kg of THC (Ramaekers et al., 2016). 

3.3.3. Method of administration 
Cannabinoids and placebo were most consistently administered via 

vaporizers (7 studies; Bossong et al., 2019; Klumpers et al., 2012; Mason 
et al., 2021; Mason et al., 2019; Ramaekers et al., 2016; Wall et al., 2022, 
2019), capsules (3 studies; Crane and Phan, 2021; Grimm et al., 2018; 
Wall et al., 2022), liquid (2 studies; Pretzsch et al., 2021; Pretzsch et al., 
2019), a joint (1 study; Zaytseva et al., 2019), or by unspecified means (1 
study; Rzepa et al., 2015). 

3.4. Experimental contrasts 

All studies but one (Zaytseva et al., 2019) contrasted resting state 
functional connectivity between intoxication with cannabinoids (i.e., 
THC, THCv, CBD, CBDv, cannabis) versus placebo. 

The cannabinoids compared to placebo were THC in 6 studies 
(Bossong et al., 2019; Crane and Phan, 2021; Grimm et al., 2018; 
Klumpers et al., 2012; Mason et al., 2021, 2019), CBD in 3 studies 
(Grimm et al., 2018; Pretzsch et al., 2019; Wall et al., 2022), and THCv 
and CBDv in individual studies (Pretzsch et al., 2021; Rzepa et al., 
2015). Other comparisons included: cannabis plant matter versus pla
cebo, cannabis plant matter with CBD versus placebo, cannabis plant 
matter without CBD versus placebo; THC versus CBD; cannabis plant 
matter versus no cannabis (Grimm et al., 2018; Ramaekers et al., 2016; 
Wall et al., 2022, 2019; Zaytseva et al., 2019). 

We extracted additional data shown in Supplementary Materials. 
Supplementary Table 1 overviews the PRISMA checklist. Supplementary 
Table 2 overviews when MRI scanning, subjective and objective mea
sures of intoxication occurred in relation to cannabinoid intake and peak 
intoxication. Supplementary Table 3 summarises the MRI methodolo
gies used (i.e., MRI scanner brand/strength, number of head coil chan
nels, fMRI task duration, eyes open/closed). 

3.5. Overview of fMRI methods used 

Table 3 overviews the methods used to analyse the fMRI data and the 
results about the resting state functional connectivity changes noted in 
relation to cannabinoid exposure, and in association with the level of 
intoxication and of cognitive performance. 

Twelve of the 13 studies examined resting state functional connec
tivity using seed-based connectivity, with one exception (Zaytseva et al., 
2019). Seed-based connectivity measures the average time-course be
tween a priori selected brain regions (termed ROI or “seed”, which 
comprises a cluster of voxels) and yields a map from cross-correlations 
coefficients between each seed voxel and all other voxels (Goebel 
et al., 1998). Thirteen studies measured positive resting state functional 
connectivity (henceforth termed resting state functional connectivity), 
which measures positive correlations between the time-course of 
distinct brain regions. One study (Wall et al., 2019) measured also 
negative resting state functional connectivity, which indexes negative 
correlations between the time-course of different brain areas. 

Twelve of the 13 studies used a seed-to-whole brain approach, which 
measures the connectivity between a seed and the whole brain (Bossong 
et al., 2019; Crane and Phan, 2021; Grimm et al., 2018; Klumpers et al., 
2012; Mason et al., 2021, 2019; Pretzsch et al., 2021, 2019; Ramaekers 
et al., 2016; Rzepa et al., 2015; Wall et al., 2022, 2019). Two studies 
used a seed-to-seed approach (in addition to a seed-to-whole brain 
approach), to measure the connectivity between two or more seeds 
(Mason et al., 2021, 2019). One study measured stationary and dynamic 
resting state functional connectivity using independent component 
analysis (ICA) (Zaytseva et al., 2019). ICA is a black-box data driven 
method that groups all voxels into different resting-state brain network 
based on their temporal and special information (Bartels and Zeki, 
2004). 

3.6. Overview of examined ROIs 

Overall, twelve studies used a seed-based approach and selected a 
total of 34 distinct ROIs, comprising individual regions in eleven studies 
and networks in a single study (Klumpers et al., 2012). Across all can
nabinoids examined, the most consistently examined ROIs were the NAc 
(4 studies; Crane and Phan, 2021; Mason et al., 2021; Mason et al., 2019; 
Wall et al., 2022), the putamen (3 studies; Crane and Phan, 2021; Grimm 
et al., 2018; Pretzsch et al., 2021), and the insula (3 studies; Bossong 
et al., 2019; Rzepa et al., 2015; Wall et al., 2019). 

Studies that compared brain function during THC vs placebo used a 
seed-to-whole brain approach. Seeds included the following regions: 
NAcc (4 studies; Crane and Phan, 2021; Mason et al., 2021; Mason et al., 
2019; Ramaekers et al., 2016; Wall et al., 2022), insula (3 studies; 
Bossong et al., 2019; Rzepa et al., 2015; Wall et al., 2019), medial OFC (2 
studies; Bossong et al., 2019; Rzepa et al., 2015), other frontal regions (3 
studies; Bossong et al., 2019; Mason et al., 2021; Rzepa et al., 2015) and 
other regions (single studies; Mason et al., 2021; Rzepa et al., 2015; Wall 
et al., 2019). 

3.7. Results on resting state functional connectivity during acute 
intoxication with cannabinoids 

All but two of the 13 studies (Mason et al., 2019; Pretzsch et al., 
2019) reported altered connectivity following cannabinoid administra
tion. Of these, all studies reported altered connectivity, one study found 
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altered negative connectivity (Wall et al., 2019) and one study reported 
altered stationary and dynamic resting state functional connectivity 
(Zaytseva et al., 2019). 

Overall, 130 distinct region-pairs were reported to have altered 
functional connectivity during one of the following contrasts: THC vs 
placebo (103 region pairs), cannabis plant matter vs placebo (14 pairs), 
CBD vs placebo (11 pairs) and THC vs CBD (2 pairs). 

3.7.1. Resting state functional connectivity during intoxication with THC or 
THCv versus placebo 

Nine of the 12 studies that compared connectivity between THC and 
placebo found different connectivity in 103 region pairs (Bossong et al., 
2019; Crane and Phan, 2021; Klumpers et al., 2012; Mason et al., 2021, 
2019; Ramaekers et al., 2016; Rzepa et al., 2015; Wall et al., 2022, 
2019). The results are summarised in Fig. 2. 

The direction of the difference was most consistently lower func
tional connectivity in all studies (74 pairs), and three of these studies 
also noted higher functional connectivity in addition to lower functional 
connectivity (29 pairs; Crane and Phan, 2021; Klumpers et al., 2012; 
Rzepa et al., 2015). 

3.7.1.1. Results from seed based connectivity studies of THC versus 
placebo. Five studies used NAcc as a seed (Crane and Phan, 2021; Mason 
et al., 2021, 2019; Ramaekers et al., 2016; Wall et al., 2022). They most 
consistently reported lower connectivity between the NAcc and several 
regions: the postcentral gyrus (3 studies; Mason et al., 2021; Mason 
et al., 2019; Wall et al., 2022), the insula (3 studies; Mason et al., 2021; 
Ramaekers et al., 2016; Wall et al., 2022), the ACC and the occipital 
cortex (3 studies; Mason et al., 2021; Mason et al., 2019; Ramaekers 
et al., 2016). The second most consistently reported change was lower 
functional connectivity between the NAc and the supramarginal gyrus (2 
studies; Mason et al., 2021; Wall et al., 2022); and other regions: pre
cuneus; precentral gyrus; inferior parietal lobule; supplementary motor 
area; and rolandic operculum (2 studies; Mason et al., 2021; Mason 
et al., 2019). Single studies reported different connectivity between the 

NAcc and other regions, or between other seed regions and other parts of 
the brain (Bossong et al., 2019; Crane and Phan, 2021; Mason et al., 
2021, 2019; Ramaekers et al., 2016; Rzepa et al., 2015; Wall et al., 2022, 
2019). 

3.7.1.2. Network based differences during THC versus placebo. Only one 
study examined and found differences in functional connectivity be
tween 62 networks-pairs, of which 10 survived multiple corrections 
(Klumpers et al., 2012). Lower functional connectivity was most 
frequently found between the (i) dorsal visual/auditory network and 
frontal regions, (iii) auditory network and temporal regions, (iv) audi
tory network and fronto-parietal regions, and (v) sensorimotor network 
and parietal regions. Higher functional connectivity emerged between 
the dorsal visual network and occipito-frontal regions, and sensorimotor 
network and the cerebellum. 

3.7.1.3. Correlations between THC-related brain function and behavioral 
measures. Table 3 shows positive correlations between THC (versus 
placebo) brain function and behavioral measures. Greater self-reported 
intoxication was correlated with greater NAc-middle frontal resting 
state connectivity (Mason et al., 2021); and a greater number of atten
tional lapses was associated with higher connectivity between the NAc 
and the frontal cortex (Mason et al., 2021). Two studies explored and 
found significant correlations between cognitive performance during 
intoxication and the connectivity between the NAc and frontal regions 
(MFG, SFG/OFC, SFG) (Mason et al., 2021, 2019). One study found that 
higher impulsivity scores (on a matching familiar figures task) corre
lated with lower striatal-thalamus connectivity (Ramaekers et al., 
2016). 

3.7.1.4. Resting state functional connectivity during intoxication with THCv 
versus placebo. An individual study compared connectivity between 
THCv and placebo, and found different connectivity between the 
amygdala and other regions: occipital, precuneus, PCC, ACC and SMA; 
as well as between the dmPFC and the IFG/MFG. No correlations were 
reported in this study. 

3.7.2. Resting state functional connectivity during intoxication with 
cannabis plant matter versus placebo 

During acute intoxication with cannabis plant matter versus placebo, 
resting state connectivity was lower in 14 different region-pairs (Wall 
et al., 2022, 2019) - most consistently between cortico-striatal pairs, 
fronto-temporal to posterior cingulate pairs, and fronto-insular pairs. 

3.7.2.1. Correlations between cannabis plant matter-related brain function 
and behavioural measures. Single studies reported significant correla
tions between connectivity pairs altered with cannabis plant matter and 
behavioural measures (Table 4). A separate study reported that greater 
self-reported intoxication correlated with lower posterior cingulate-to- 
posterior cingulate connectivity; and that greater self-reported para
noia correlated with lower insula-dmPFC connectivity (Wall et al., 
2019). Further, greater self-reported cannabis intoxication (versus pla
cebo) (i.e., Oceanic Boundlessness – a loss of boundaries and altered 
sense of body; Dittrich, 1998) was associated with dynamic functional 
connectivity: longer durations of state 6 (i.e., higher functional con
nectivity between somatosensory, auditory and visual cortices) and 
shorter durations of state 2 (i.e., higher and lower rsFC between various 
regions across the whole brain; Zaytseva et al., 2019). 

Abbreviations: Cor, correlation; dmPFC, dorsomedial prefrontal 
cortex; ICA, independent component analysis; IFG, inferior frontal 
gyrus; N.S., non-significant; NAc, nucleus accumbens; neg, negative; 
PCC, posterior cingulate cortex; pos, positive; post, posterior; post- 
comm, post-commissural; pre-comm, pre-commissural; rsFC, resting 
state functional connectivity; VAS, visual analogue scale. 

Fig. 2. Overview of location of region-pairs with lower resting state functional 
connectivity during THC intoxication compared to placebo. The color gradient 
(red-to-yellow) represents the number of studies reporting different connec
tivity, the spheres represent the location of the region-pairs. Specifically, 3 
studies reported lower connectivity between the striatum and the postcentral 
gyrus (parietal cortex); 3 studies reported lower connectivity in the NAcc-insula 
(temporal cortex), NAcc-ACC (frontal cortex), and NAcc-Occipital; 2 studies 
reported lower connectivity in the NAcc-supramarginal gyrus, as well as be
tween the NAcc and other regions: precuneus; precentral gyrus; inferior parietal 
lobule; supplementary motor area; and rolandic operculum. 
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3.7.3. Resting state functional connectivity during Intoxication with CBD or 
CBDv versus placebo 

As shown in Table 5, four studies examined differences in functional 
connectivity during CBD or CBDv versus placebo conditions using a 
seed-to-whole-brain approach. Single studies reported higher and lower 
connectivity between distinct region pairs, most consistently striatal and 
frontal or other regions. One study found greater connectivity between 
the putamen and 3 frontal regions: (MFG, SFG, and frontal pole; Grimm 
et al., 2018). A separate study reported both greater and lower con
nectivity between the striatum (i.e., associative, limbic, and sensori
motor) and other regions (Wall et al., 2022). Lower connectivity 
emerged between the striatum and three regions: insula, lateral frontal 
cortex, and cerebellum (Wall et al., 2022). Greater connectivity emerged 
between the striatum and three parieto-cingulate regions (posterior 
parietal, parietal occipital and posterior cingulate cortices). A third 
study found lower connectivity in 3 region pairs, using seeds in the 
ventral striatum and putamen: lower ventral striatum-paracentral lobule 
connectivity; lower ventral striatum-ACC connectivity, and greater 
putamen-temporal gyrus connectivity (Pretzsch et al., 2021). A fourth 
study found no significant changes in connectivity between the cere
bellum or fusiform gyrus and other brain areas (i.e., cerebellum, fusi
form gyrus; Pretzsch et al., 2019). Correlations between CBD-related 
connectivity and behavioral measures were not reported. 

3.7.4. Connectivity during THC intoxication versus CBD, and during non- 
intoxication 

Single studies examined resting state functional connectivity during 
THC intoxication versus CBD, and during non-intoxication. THC versus 
CBD was associated with higher connectivity in two region pairs: 
putamen-frontal pole, and putamen-paracingulate cortex (frontal pole 
and paracingulate; Grimm et al., 2018). During placebo 
non-intoxication there were changes in dynamic connectivity (Zaytseva 
et al., 2019). Specifically, authors reported higher and lower connec
tivity during state 2 and state 3 across the brain, and within the soma
tomotor cortex. No correlations between brain function and behavioral 
measures were reportedly run. Different connectivity in overlapping 
pathways emerged in two studies examined resting state functional 
connectivity during two conditions: intoxication with THC and CBD, and 
THC without CBD (Wall et al., 2022, 2019). In one study both conditions 
were associated with lower connectivity between the paracingulate – 
parietal pairs and anterior insula – frontal pairs, and lower negative 
connectivity between the paracingulate cortex and the IFG (Wall et al., 
2019). In another study, both conditions were associated with lower 
connectivity observed in selected regions pairs: striatal – frontal oper
culum, striatal – parietal (parietal operculum, postcentral gyrus, 
supramarginal gyrus) and striatal – temporal (planum temporale, 
Heschl’s gyrus; Wall et al., 2022). 

4. Discussion 

The emerging evidence shows that acute cannabinoid administration 
causes changes in resting state functional connectivity in distinct brain 
pathways and as a function of the type of cannabinoid administered. The 
most consistent finding was lower connectivity during THC intoxication 
versus placebo, between the NAcc and various regions: the postcentral 
gyrus (3 studies; Mason et al., 2021; Mason et al., 2019; Wall et al., 
2022), insula, ACC and the occipital cortex (3 studies each); followed by 
the supramarginal gyrus and other cortical regions (2 studies). Lower 
connectivity between individual cortical regions emerged during 
intoxication with cannabis plant matter versus placebo(2 studies; 
Ramaekers et al., 2016; Wall et al., 2022). Instead, both greater and 
lower connectivity was reported during intoxication with CBD versus 
placebo, in single pairs involving mostly the NAcc and frontal regions. 
Early evidence from studies that administered THC or cannabis plant 
matter showed correlations between NAcc-frontal connectivity, and 
greater self-reported intoxication, but the direction and the location of 

the findings was inconsistent. 
The most consistent emerging finding is that compared to placebo, 

exposure to THC was associated with lower connectivity of the NAcc 
with parietal regions (i.e., postcentral gyrus, supramarginal gyrus), and 
the insula. This finding mirrors that from resting state functional con
nectivity following a single dose of cocaine and methylphenidate 
(Ramaekers et al., 2013, 2016). Notably, all regions are implicated in 
cognitive processes associated with cannabis intoxication. The NAcc is a 
key node for reward processing (Galtress and Kirkpatrick, 2010; Sesack 
and Grace, 2010) and addiction. The postcentral gyrus is implicated in 
somatosensory processing, where it receives most of the somatic sensory 
relay from sensory receptors via the spinal cord before projecting to the 
thalamus (DiGuiseppi and Tadi, 2021). Of relevance, cannabinoid 
intoxication can be associated with somatosensory alterations and 
perceptual distortion (e.g., sensation of floating, dry mouth; American 
Psychiatric Association, 2013; Ramaekers et al., 2021). Meanwhile, the 
supramarginal gyrus is ascribed to interpreting tactile sensory data, 
space perception and to empathy (Carlson, 2012; Hoffmann et al., 2016; 
Reed and Caselli, 1994) which are all cognitive processes reportedly 
altered during cannabis intoxication (e.g., psychomotor coordination; 
American Psychiatric Association, 2013; Broyd et al., 2016; Kroon et al., 
2021; Ramaekers et al., 2021). Third, the insula is implicated in inter
oception – the awareness of bodily sensations as well as the subjective 
experience of time (Vicario et al., 2020; Wang et al., 2019) – both of 
which are altered during cannabis intoxication (e.g., sensation of slowed 
time, increased feeling of hunger; American Psychiatric Association, 
2013; Ramaekers et al., 2021). THC may target NAcc-insular connec
tivity by altering neural transmission from insular neurons to the NAc 
shell (Berendse and Groenewegen, 1990; Brog et al., 1993; Reynolds and 
Zahm, 2005). 

Administration of THC versus placebo also caused reductions in 
striatal-ACC connectivity (Ramaekers et al., 2016; Wall et al., 2022). 
(Russo, 2011, 2018)Perhaps, route of administration (inhalation) and 
dose (ranging from 0.05 Standard THC Units [+ upload of 0.025 Stan
dard THC Units] to a 1.6 Standard THC Unit) may explain engagement 
of NAcc-frontal pathways. The ACC is implicated in conflict monitoring 
and decision-making (Kennerley et al., 2006), the impairment of which 
has been reported in people while intoxicated with cannabis. Therefore, 
altered connectivity in this region pair may partly contribute to 
impaired decision-making associated with cannabinoid intoxication 
(Ramaekers et al., 2021). Further, both the NAcc and the ACC are part of 
the salience network (Seeley, 2019). Thus, intoxication with THC may 
interfere with sustained vigilance, which the salience network is 
ascribed to (Seeley, 2019). 

Another emerging trend was that the connectivity between the NAcc 
and frontal regions correlated with self-reported intoxication with THC 
(e.g., euphoria, feeling high). These frontal regions (i.e., medial pre
frontal cortex, OFC and medial frontal gyrus) underlie disinhibition, 
which has been previously reported with cannabinoid intoxication 
(Ramaekers et al., 2009, 2021). Further, greater self-reported intoxica
tion was associated with connectivity alterations between the striatum 
and other regions, during intoxication with THC and cannabis plant 
matter (Mason et al., 2021, 2019; Wall et al., 2019; Zaytseva et al., 
2019). The direction of the correlations was inconsistent across studies, 
and the location of the region pairs was only partly consistent (i.e., for 
striatal and frontal regions). These early findings suggest that altered 
resting state functional connectivity in NAcc-frontal pathways are 
associated with increased intoxication levels. However, more evidence 
is required to confirm the findings and to understand the implications of 
connectivity alterations for behavior. 

Three studies examined brain function during CBD exposure and 
reported different connectivity between ventral/dorsal striatum regions 
and prefrontal areas (e.g., lateral, ACC, frontal pole, middle and superior 
frontal gyrus) (Grimm et al., 2018; Pretzsch et al., 2021; Wall et al., 
2022). The direction of the alteration was mixed, with both evidence of 
greater and lower connectivity. The location of CBD related alteration 
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partly overlaps with that reported in studies of cannabis plant matter (i. 
e., striatum-ACC). Potentially, CBD administered alone and when in 
cannabis plant matter, may target similar brain pathway also to those 
targeted from THC and therefore reportedly counteract the effects of 
THC on brain and related behaviors (Englund et al., 2017). 

Overall, the reviewed literature comprises a relatively small sized/ 
low powered studies, and report wide range of different cortical and sub- 
cortical brain areas. It is plausible that literature results, overall, reflect 
somewhat different aspects of the same global underlying disruptive 
effect of cannabinoid intoxication on multiple brain systems. Indeed, 
recent work on the acute effects of psychedelics, show that they produce 
large-scale and almost universal network dysfunctions (Luppi et al., 
2021). Future work is warranted to test this notion in resting state 
functional connectivity fMRI studies of cannabinoid intoxication via 
utilising global integration/modularity measures of functional connec
tivity (Petri et al., 2014). 

The reviewed findings must be interpreted in light of methodological 
limitations of the literature. First, most studies used a-priori seed-based 
connectivity to focus on hypothesis-driven, a priori regions of interest. 
The most consistently used seed was the NAcc, which was the most re
ported altered region in this review. Thus, the literature findings may be 
biased towards selected brain regions such as the NAcc. We recommend 
future studies to complement seed-based approaches with data-driven 
whole-brain approaches to confirm the same pathways are implicated 
(e.g., NAcc). Second, most studies relied on low sample sizes, as < 20 
participants in 10 of 13 reviewed studies. Thus, the literature may be 
underpowered to detect subtle cannabinoid-related changes in connec
tivity and the role of moderators including but not limited to: age, sex, 
personality (Ramaekers et al., 2021), history of early adverse experi
ences, family history of mental health disorders and regular cannabis 
exposure. Yet, most studies utilised robust designs with 
placebo-controlled condition, thereby enabling systematic assessment of 
brain functional changes. 

Third, only less than half of the studies (6 of 13) examined correla
tions between brain function and inconsistent and few measures of 
intoxication, mental health and cognition (Bossong et al., 2019; Crane 
and Phan, 2021; Mason et al., 2021, 2019; Ramaekers et al., 2016; Wall 
et al., 2019). Thus, the most consistently reported brain-behavior cor
relations pertained to intoxication with THC (n = 4) and cannabis plant 
matter (n = 2). Therefore, it is unclear how resting state connectivity 
alterations during cannabinoid intoxication relate to: (i) people’ re
ported level of intoxication, (ii) intoxication-related mental health 
symptoms (e.g., psychosis, anxiety, depression); and (iii) altered 
cognitive performance while people are intoxicated - disinhibition, 
cognitive disorganisation, attention, episodic and working memory, 
psychomotor function that could lead to impaired driving (Arkell et al., 
2020; Curran et al., 2016; Ramaekers et al., 2021). To elucidate this 
issue, we suggest that future studies should examine how mental health 
and cognitive measure relate to brain function during intoxication. 

Fourth, the concentration of THC, CBD, other cannabinoids and 
terpenoids contained in cannabis plant matter samples was not sys
tematically reported, therefore the neurobiological mechanisms of 
distinct cannabinoid and terpenoid are unclear. Future studies that have 
technical feasibility should examine and report samples of the canna
binoids contained in the administered plant matter. Fifth, participant’s 
history of cannabis exposure and of exposure to other substances may 
have affected the literature findings. Specifically, emerging evidence 
shows that participants’ level of cannabis exposure modulate the impact 
of cannabinoid on resting state functional connectivity (Mason et al., 
2021). Also, partially overlapping cortico-striatal brain pathways have 
been shown to be different in observational fMRI studies of cannabis 
users compared to controls (Thomson et al., 2021) and in users of other 
substances compared to controls (Wilcox et al., 2019). Thus, history of 
substance exposure might have caused tolerance and neuroadaptations 
in striatal-cortical pathways in selected samples and thus lowered neural 
responses to acute cannabinoid intoxication. As history of substance use 

was inconsistent in the examined samples, and given the low number of 
samples examined, future work is required to systematically disambig
uate the effect of cannabinoid exposure from the confounding influence 
of history of cannabis and substance use. 

Further, it remains unclear whether resting state functional con
nectivity changes reflect peak intoxication or other parts of the time- 
effect profile of intoxication. Indeed, studies conducted fMRI scans at 
different times post cannabinoid intake (e.g., 5–150 min, see Supple
mentary part 3 and Table 3). All but two studies implemented protocols 
to measure brain function during acute intoxication (scanning ~120-to- 
150 min post intake via capsules, ~15-to-30 min post intake via 
vaporisers or smoking joints, or top up cannabinoid administration to 
aid continued intoxication). A part of the studies used biological or 
subjective measures to validate intoxication during/right before fMRI 
scanning, and in particular one study reported low THC plasma levels (e. 
g., (Grimm et al., 2018). Future neuroimaging studies of cannabinoid 
intoxication are required to map with precision the functional correlates 
at different times of the intoxication timecourse, using robust method
ologies. They include: (i) the measurement of subjective rating of 
intoxication and objective measures of acute intoxication immediately 
before and after the MRI scan and at different stages of intoxication to 
map precisely the timecourse of intoxication during scanning; (ii) the 
use of pilot data to informs the specific time-course of intoxication 
specific to the study methodology and cannabinoid type/administration 
method. More evidence is required to build a sufficient body of work to 
enable systematic data analysis including meta-regressions to examine 
how the timing of intoxication map onto brain functional connectivity. 
Finally, females were underrepresented in the reviewed samples. All 
studies but one examined more males than females, and three studies 
specifically excluded females (Bossong et al., 2019; Grimm et al., 2018; 
Pretzsch et al., 2019). Future work is required to examine sex differences 
in the neurobiology of cannabis intoxication, particularly as females 
have been reported to be more sensitive to adverse effects of cannabi
noid exposure (Craft et al., 2013). As cannabis use is more prevalent in 
males than females, future studies should implement recruitment stra
tegies to include both sexes, and multi-site studies may allow for greater 
power to examine effects of interest. 

The main limitation of this systematic literature review is in the small 
number of reviewed studies (n = 13). Two studies have been authored 
by the same group of researchers who may be likely to have used the 
same (or similar) participant samples in multiple studies (Mason et al., 
2021, 2019). In addition, two studies report findings from the same 
study and participants (Wall et al., 2022, 2019). This may compromise 
the generalizability of the results. More work is required in other to 
confirm which region-pairs are robustly altered by cannabinoid intoxi
cation. However, the reviewed body of work is relatively recent: the 
earliest study was published in 2012 (Klumpers et al., 2012), six studies 
were published in 2019 (Bossong et al., 2019; Mason et al., 2021, 2019; 
Pretzsch et al., 2019; Wall et al., 2019; Zaytseva et al., 2019) and three 
studies in 2021 and 2022 (Crane and Phan, 2021; Pretzsch et al., 2021; 
Wall et al., 2022). Thus, our review provides preliminary insight on how 
cannabinoids affect brain functional connectivity at rest. 

5. Conclusion 

Emerging evidence shows that intoxication with THC and cannabis 
plant matter lowers resting-state functional connectivity between 
striatal and parieto-insular pathways implicated in cognitive processes 
altered during cannabinoid intoxication (e.g., reward processing, 
disinhibition and sensorimotor function). Such alterations may be 
associated with self-reported intoxication. CBD may have more complex 
effects (e.g., higher and lower connectivity) on partially overlapping 
striatal-prefrontal pathways. Interestingly, resting state fMRI evidence 
has shown that THC and CBD affect neurobiological pathways impli
cated in prominent neuroscientific theories of addiction. More robust 
and large-scale studies are required to further uncover how brain 
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functional changes relate to people’s own intoxication, mental health 
and cognition, in order to increase knowledge and raise awareness about 
the risks and benefits of cannabinoids. 
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