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Introduction
Cannabis and one of its active compounds, delta-9-tetrahydrocan-
nabinol (Δ-9-THC), are known for a variety of general and specific 
effects on brain activity (Ashton, 2001). Cannabis intoxication 
induces experiences such as euphoria, relaxation, enhanced sensa-
tions, time perception changes, disruption in short-term memory 
and flow of thinking (for a review see Iversen, 2003). However, the 
usual and most noticeable effect is characterized by the intensifica-
tion of ordinary sensory experiences and increased lucidity of per-
ception (Tart, 1990). Such states are often referred to as altered 
states of consciousness, which are defined as a deviation from the 
normal and regular state of mind into hyper- and/or hypo- 
excitation states (Sayin, 2012). The psychotropic effects may vary 
both across and within individuals: even the same person, at the 
same doses, may develop several distinct experiences (Atakan 
et al., 2013; Musty et al., 1995).

Despite extensive neuroimaging research, it is still unclear 
how cannabis affects the healthy brain. The majority of studies 
deal with cognitive processes focusing on task-related activities 
in cannabis-intoxicated conditions (Bhattacharyya et al., 2012a; 

Crean et al., 2011). In a series of studies with recreational users, 
various brain structures responded differently to cognitive tasks 
in intoxicated as opposed to non-intoxicated condition. 
Specifically, it was demonstrated that cannabis use is associated 
with altered attentional salience attribution (Bhattacharyya et al., 
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2015) and brain reward circuitry (Fisher et al., 2014), and also 
with increased connectivity in the sensorimotor networks 
(Klumpers et al., 2012).

The effects of cannabis on the implicit (e.g. not task-related) 
processes of the brain can be studied by the exploration of resting 
state functional connectivity (FC). The technique assesses func-
tionally-related patterns of neural activity by delineating the 
architecture of functional brain networks (Calhoun et al., 2002; 
Damoiseaux et al., 2006, Smith et al., 2009). Some studies 
assessed resting state FC in samples of adults and adolescents, 
usually measuring stationary functional connectivity in cannabis 
smokers versus controls, finding the activation mostly in the 
frontal and parietal cortices, cingulate gyrus, precentral gyrus, 
and reduced functional network connectivity in temporal regions 
(Cheng et al., 2014; Filbey et al., 2018a; Houck et al., 2013; Orr 
et al., 2013; Thijssen et al., 2017). However, the results were not 
consistent due to the different methodologies employed.

Univariate and multivariate approaches applied to the resting 
state data typically generate a static picture of the brain connec-
tivity; however, it is reasonable to expect that the FC will exhibit 
variations over time. Indeed, it is well established that the indi-
viduals per se are freely engaged in several types of resting activ-
ity, such as imagery or inner language etc. It can be hypothesized 
that in the intoxicated condition these experiences are consider-
ably enhanced by the above-mentioned effects of cannabis, 
which may increase the variability of the FC states. Only one 
study examined the dynamic functional connectivity in cannabis 
users: Vergara et al., assessing the effect on resting state FC of 
several substances in a large sample, showed that marijuana 
smokers more frequently displayed a specific connectivity state 
characterized by high correlation within somato-motor and visual 
networks, and precuneus (Vergara et al., 2018).

Although these studies assessed resting state FC in cannabis 
users, their design does not help us to understand to what extent 
resting state FC is modified during cannabis intoxication, which 
can only be addressed through a within-subjects design.

In the present study, we aimed at investigating whole-brain 
resting state FC during cannabis intoxication by utilizing both 
stationary and dynamic connectivity approaches in a within-sub-
jects design, in order to detect the effects on FC states of cannabis 
intoxication. We also expected that subjective experiences of the 
intoxication would correspond to specific FC states after smok-
ing cannabis.

Methods

Design of the study

A repeated-measures, within-subjects design was applied in two 
randomized sessions. Each of the participants underwent two 
resting state functional magnetic resonance imaging (rsfMRI) 
scans, in the cannabis intoxicated and in the non-intoxicated con-
dition. The two scanning sessions were randomized and per-
formed with a four-week interval. The study protocol was in 
compliance with the Declaration of Helsinki and was approved 
by the Ethic Committee of the Prague Psychiatric Centre, Prague/
National Institute of Mental Health, Czech Republic and the 
Ministries of Internal Affairs, and Health, Czech Republic. All of 
the participants were provided with oral and written information 
about the study and signed an informed consent form.

Participants

Twenty-four subjects were recruited via a public advertisement 
and consented to participate in the study. The inclusion criteria for 
recreational cannabis users were: cannabis use at least once a 
month but twice a week maximum, right-handedness confirmed by 
the Edinburgh Handedness Inventory. Exclusion criteria were a 
history of psychiatric disease and use of psychotropic medications, 
current drug/alcohol abuse/dependence, a severe health condition 
and contraindications for functional magnetic resonance imaging 
(fMRI) assessment. The subjects were not allowed to use cannabis 
products one week before the scanning, and asked not to use alco-
hol, nicotine or caffeine products just before the scanning. Absence 
of cannabis metabolites was confirmed by blood tests immediately 
before both scanning sessions. Specifically, we determined the pri-
mary active cannabinoid Δ-9-THC and its active metabolite 
11-hydroxy-THC (11-OH-THC), inactive metabolite THC carbox-
ylic acid (THC-COOH) and cannabidiol (CBD) (the method is 
referenced below). The subjects were also instructed to get a suf-
ficient amount of sleep before the experiment. Five cannabis rec-
reational users were excluded due to either non-optimal fMRI data 
acquisition due to movement artefacts, or positive blood tests for 
cannabis/alcohol in the baseline blood draw. Therefore, the final 
sample included 19 healthy right-handed individuals, native Czech 
speakers (7 males/12 females; age 26.4±4.8 years).

Procedure

The subjects were randomized to the two rsfMRI scanning ses-
sions in the intoxicated and non-intoxicated conditions. The sec-
ond session took place after a four-week interval. In the 
intoxication session, 30 min prior to the rsfMRI scanning the 
subjects smoked a cannabis cigarette. Each subject smoked their 
‘usual joint’: a dose of his/her own preference of his/her own 
cannabis sample; thus, a variety of species, strains and growing 
methods was employed. This technique was used to improve the 
ecological validity of the study and prevent an either too weak or 
too strong effect.

Biochemical and behavioural measurements

In order to obtain psychoactive phytocannabinoids plasma levels 
in the intoxicated condition, a blood sample was taken prior to 
smoking in order to check for positive cannabis metabolite val-
ues, which were an exclusion criterion, and after the rsfMRI ses-
sion. The employed phytocannabinoid values were calculated by 
subtracting the baseline values from those obtained after intoxi-
cation. Primary active cannabinoid Δ-9-THC, its active metabo-
lite 11-OH-THC, inactive metabolite THC-COOH and CBD 
concentrations were obtained from 1 mL of blood serum by an 
in-house developed and subsequently certified gas chromatogra-
phy-mass spectrometry (GC-MS) method (certified by the Police 
Presidium of the Czech Republic, ref. no.: PPR-31123-7/
CJ-2015-990530/record no.: 16/2015). The lower limit of quanti-
fication and limit of detection (LOD) were 1 ng/mL. For the pur-
pose of this study, we only employed Δ-9-THC blood levels (for 
details see the Supplementary Material).

The revised version self-report Standardized Psychometric 
Assessment of Altered States of Consciousness in Humans 
(Dittrich) questionnaire (Bravermanova et al., 2018; Dittrich, 
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1998), a rating scale measuring altered states of consciousness 
(ASC), was administered after the scanning in the intoxicated 
and non-intoxicated conditions in order to evaluate the subjective 
experiences. The questionnaire included three primary dimen-
sions such as ‘Dread of ego dissolution’ (AIA), which refers to 
experiences of derealization, fearful sensations of ego-distortions 
and loss of control; ‘Oceanic boundlessness’ (OSE), which can 
be experienced as a loss of boundaries, altered sense of the body 
and time; ‘Visionary restructuralization’ (VUS), which accounts 
for sensory illusions, synaesthesia, ideas of reference, etc. The 
questionnaire also included a subscale summarizing all other 
experiences not included in the other scales (VWB) such as spir-
itual experiences, fluctuations of emotions, etc. This question-
naire has been proved to have desirable psychometric properties 
with discriminant and convergent validities in assessing drug 
induced ASCs (Studerus et al., 2010).

The biochemical and behavioural measurements in the intoxi-
cated and non-intoxicated conditions are shown in Table 1.

Data acquisition

Imaging was performed on a 3T Siemens Tim Trio scanner 
equipped with a standard 12-channel head coil. For the localiza-
tion of the activated voxels and fMRI data preprocessing the sub-
jects were scanned using a structural T1-weighted (T1W) 
3D-MP-RAGE sequence with repetition time (TR) of 2300 ms, 
echo time (TE) 4.6 ms, bandwidth 130 Hz/pixel and with iso-
tropic spatial resolution of 1×1×1 mm3.

Functional images were measured during nine minutes in the 
eyes-closed mode with a gradient echo echo-planar sequence 
(GRE-EPI, TR=2000 ms, TE=30 ms, flip angle 70°, voxel size of 
3×3×3 mm, field of view (FOV)=168 mm×192 mm, an acqui-
sition matrix size 64×64, bandwidth (BW)=2232 Hz/pixel, each 
volume with 38 axial slices without an inter-slice gap, a total of 
270 volumes).

Data pre-processing

Functional images were pre-processed using an automated pipe-
line in SPM 8 (Statistical Parametric Mapping; http://www.fil.

ion.ucl.ac.uk/spm). The first four image volumes were removed 
to avoid T1 equilibration effects. Pre-processing included rea-
lignment, slice-timing correction using the middle slice as a ref-
erence frame. Subsequently, the data were warped to a Montreal 
Neurological Institute (MNI) template, resliced to 3 mm3 iso-
tropic voxels and smoothed with a Gaussian kernel (full width at 
half maximum (FWHM)=5 mm). Voxel time courses were vari-
ance normalized (at each voxel, the time series were linearly 
detrended and converted to z-scores) prior to the group analysis 
in order to improve the decomposition of the subcortical sources. 
The conditions were also tested for head motion by application of 
the mean frame-wise displacement method, showing no differ-
ences between the groups (t=−1.2467, p=0.229).

Group independent component analysis 
(ICA) and post-processing

Data were decomposed into functional networks using a group-
level spatial ICA as implemented in the GIFT toolbox. Using a 
standard principal component analysis (PCA), a subject-specific 
data reduction step was applied to reduce the number of compo-
nents from 100 components (Kiviniemi et al, 2009). The Infomax 
ICA algorithm (Langlois et al., 2010) was repeated 20 times in 
ICASSO (Himberg et al., 2003) in order to aggregate spatial 
maps as the models of the component clusters. Subject-specific 
spatial maps and time courses were acquired using back recon-
struction (Calhoun et al., 2001) based on PCA compression and 
projection, implemented in GIFT software.

We obtained one sample t-test for each spatial map across all 
subjects and thresholded these maps to obtain the regions of peak 
activation clusters for the component, together with the mean 
power spectra of the corresponding time series. We characterized 
a subset of 100 independent component networks (ICNs) corre-
sponding to known anatomical localization. Finally, 49 ICNs out 
of the 100 components free of artefacts were thus labelled as 
components of interest. These components had an activation 
peak in grey matter and minimal or no overlap with the vascular, 
ventricular or edge regions that correspond to head motion. We 
also ensured that the mean power spectra of the selected ICN 
time courses predominantly showed low frequency spectral 
power. The component time series underwent additional post-
processing to remove the remaining noise sources. The post-pro-
cessing steps included: detrending, regression of six motion 
parameters, despiking, and band pass filtering (0.01–0.15 Hz). 
The cluster stability quality (Iq) index of these ICNs over 20 
ICASSO runs was very high (Iq⩾0.9) for all of the components.

FC analysis

The FC analysis pipeline was adopted from Allen et al. (2014). 
The components of interest were partitioned into sub-cortical, 
auditory, visual, sensorimotor, cognitive control, default-mode 
and cerebellar components and reordered so that the mean FC 
matrix was organized in a modular way. See the Supplementary 
Material Figures 1–6 for spatial maps and coordinates (Table 2) 
for more detailed information on each component.

Multivariate analysis of covariance (MANCOVA) was 
applied to assess the effects of the condition in the 49 preselected 
components of interest. We used Δ-9-THC plasma level as a 
covariate. Subsequent univariate tests (t-tests) were performed 

Table 1. Biochemical and behavioural measurements in intoxicated 
(Intox) and non-intoxicated (Non-intox) conditions.

Intox Non-intox t/χ2 df p

Cannabinoid serum content
THC (ng/mL) 1.91 (1.47) 0 (0) 5.669 18 <0.001
CBD (ng/mL) 0.03 (0.09) 0 (0) 1.230 18 0.236
OH-THC (ng/mL) 0.39 (0.46) 0 (0) 3.496 18 0.003
THC-COOH (ng/mL) 5.21 (3.49) 0 (0) 6.161 18 <0.001
ASC scores
AIA 3.6 (2.4) 1.7 (1.2) 3.071 18 0.007
OSE 2.5 (1.8) 1.3 (1.2) 2.522 18 0.021
VUS 2.3 (2.5) 0.7 (1.0) 2.378 18 0.029
VWB 2.8 (2.1) 1.1 (0.8) 3.373 18 0.003

AIA: ‘Dread of ego dissolution’; ASC: altered states of consciousness; CBD: canna-
bidiol; OH-THC: 11-hydroxy-THC; OSE: ‘Oceanic boundlessness’; THC: tetrahydro-
cannabinol; THC-COOH: THC carboxylic acid; VUS: ‘Visionary restructuralization’, 
VWB: Scale summarizing other experiences.

http://www.fil.ion.ucl.ac.uk/spm
http://www.fil.ion.ucl.ac.uk/spm
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using a reduced model and the results were obtained along with 
the false discovery rate (FDR) with a multiple correction thresh-
old of 0.05.

To study the FC dynamics, we applied a dynamic connectivity 
approach by computing windowed correlation matrices from com-
ponent time courses. To this end, we used the k-means clustering 
algorithm (Loyd, 1982) as implemented in the Group ICA of fMRI 
Toolbox (GIFTv3.0b). This method consists of clustering the func-
tional connectivity matrices from all consecutive segments of the 
data (using a sliding window) based on similarity among the matri-
ces (quantified by the L1-distance function also known as the 
Manhattan distance) and applied it to all of the data (all subjects, 
both in the intoxicated and non-intoxicated condition). For more 
information on the method and its validation see the documentation 
available at http://mialab.mrn.org/software/gift/documentation.
html and the method introduction in Allen et al. (2012). This method 
provides a finite (small) set of connectivity states/clusters and a 
label for each of the temporal windows corresponding to the esti-
mated state/cluster this segment belongs to. The time series of these 
state assignments, available for each subject both in the intoxicated 
and non-intoxicated state, were the subject of further analysis. The 
dwell time (total duration) in each state was then quantified in the 
intoxicated and non-intoxicated condition for each subject, and 
averaged across the subjects within a given condition.

To assess the significance of difference in the mean state dura-
tion in the two conditions, the observed differences were compared 
with a null distribution generated by a permutation procedure 
(switching the assignment of two conditions in subjects randomly 
selected with a probability of 50%). A total of 10,000 random per-
mutations were generated for the empirical null distribution.

The association between individual state duration and Δ-9-
THC levels or items of the ASC questionnaire was quantified using 
Spearman’s correlation coefficient. Its significance was tested with 
a permutation test with 10,000 random permutations of the original 
data (random permutation of the behavioural variable).

Results

Stationary connectivity

MANCOVA on the spatial maps and time-courses of the ICNs 
representing sub-cortical, auditory, visual, somatomotor, cogni-
tive control, default-mode and cerebellar components in the 
intoxicated and non-intoxicated conditions showed no effect of 
condition. Univariate analysis revealed the differences in the 
connectivity of the precuneus, being increased between multiple 
ICNs in sensory cortices (auditory, somatomotor and visual) in 
intoxicated condition. FC in intoxication and non-intoxication 
and the differences between conditions are depicted (Figure 1). 
The FDR-corrected threshold (0.05) on the colour bar is repre-
sented by the effect size in the range from −0.52 to 0.6.

Dynamic connectivity

To explore the possibility that certain connectivity patterns may 
be quasi-stable, that they reoccur over time and are represented in 
several subjects, we applied k-means clustering to the windowed 
FC matrices and identified six different clusters, representing the 
states that emerge during measured rsfMRI (Figure 2). Figure 2 

shows the connectivity matrices of clustered ICNs, defined as 
‘states’, identified with group ICA over all subjects and all condi-
tions. The FC states are numbered from 1–6 in the order of emer-
gence averaged among patients during the scans.

States 1 and 4 showed commonly strong positive correlations 
(correlation coefficient above 0.5) among auditory, visual and 
somatomotor cortices together with anticorrelations (negative cor-
relations) with subcortical structures. In state 1, additional anticor-
relations were found between the above-mentioned sensory cortices 
and the insula cortex and cerebellum, whereas state 4 included 
strong correlations between sensory cortices and part of the default 
mode nodes, specifically in the posterior cingulate cortex. State 6 
distinguished itself from states 1 and 4 with respect to strong con-
nections between ICNs within auditory and somatomotor cortices 
and anticorrelation with subcortical structures, specifically with the 
caudate nucleus. State 2 occurred in 40% of the total duration of the 
scans and is characterized by weak correlations (correlation coeffi-
cient in the rage from −0.2 to +0.2) between and within each ICN 
subcategory. State 5 is similar to state 2 except for connectivity 
within auditory and visual cortices and anticorrelations with sub-
cortical structures, not reaching the significant threshold. State 3 
showed random correlations across the brain, as well as the formed 
chunk within the somatomotor cortex.

Notable negative correlations were detected in the activity of 
the fusiform gyrus and sensory cortices in states 1, 3, 4 and 6.

As a further step, in order to evaluate the differences in transi-
tions of the connectivity states over time in the intoxicated and 
non-intoxicated conditions, we plotted the six clustered states for 
each subject for the total duration of the magnetic resonance 
imaging (MRI) scans (Figure 3). Figure 3 shows the unique pat-
tern of the interchanging states in each of the participants by 
means of cluster variability.

Applying the Bonferroni correction for multiple comparison 
among the tests yielded significant (corrected) differences in 
states 1, 2, 3 and 6. The corresponding t-statistics (note that we 
actually used non-parametric, permutation-based inferences) 
were 3.84 for state 6, 2.51 for state 1, −2.95 for state 2, −2.72 for 
state 3; with df=18 corresponding to results significant at p<0.05 
also for the parametric test. Taken together, on a group level, state 
6 only occurred during the intoxicated condition. State 1 was 
more common in the intoxicated condition (p=0.008), whereas 
state 2 and 3 were more common in the non-intoxicated condition 
(p=0.042; p=0.006) (Figure 4).

Biochemical and behavioural correlations

Δ-9-THC plasma levels and all ASC item scores were higher in 
the intoxicated vs non-intoxicated condition (Table 1). Δ-9-THC 
plasma levels correlated with the duration of state 6 (r=0.45, 
p=0.025) and inversely correlated with the duration of state 2 
(r=−0.42, p=0.037). Similarly to Δ-9-THC plasma levels, the 
ASC item ‘Oceanic Boundlessness’ score positively correlated 
with the duration of state 6 (r=0.46, p=0.022) and inversely cor-
related with the duration of state 2 (r=−0.40, p=0.0441).

Discussion
In the present study, we found an association between the use of 
cannabis, its effects on states of consciousness and whole-brain 

http://mialab.mrn.org/software/gift/documentation.html
http://mialab.mrn.org/software/gift/documentation.html
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Figure 1. Stationary functional connectivity (FC) in intoxicated 
and non-intoxicated conditions. Independent component networks 
(ICNs) labels denote the brain region with peak amplitude and 
refer to bilateral activations unless specified as left (L) or right 
(R). The colour scale indicates positive (red) and negative (blue) 
correlations across components.
ACC: anterior cingulate cortex; AG: angular gyrus; aInsula: anterior insula; CB: 
cerebellum; DNM: Default Mode Network; FCN: functional connectivity networks; 
FFG: fusiform gyrus; IFG: inferior frontal gyrus; IPL: inferior parietal lobule; ITG: 
inferior temporal gyrus; MCC: middle cingulate cortex; MiFG: middle frontal gyrus; 
MOG: middle occipital gyrus; MTG: middle temporal gyrus; ParaCL: paracentral 
lobule; PCC: posterior cingulate cortex; PHG: parahippocampal gyrus; pInsula: 
posterior insula; PoCG: postcentral gyrus; PreCG: precentral gyrus; SFG: superior 
frontal gyrus; SMA: supplementary motor area; SOG: superior occipital gyrus; SPL: 
superior parietal lobule; STG: superior temporal gyrus.

resting state connectivity changes. Most resting state fMRI stud-
ies on the effects of cannabinoids evaluated the extent to which 
cannabis modifies brain perfusion (van Hell et al., 2011) or its 
effects on specific brain circuits such as reward (Androvicova 
et al., 2017; Fischer et al., 2014), default mode network (Wetherill 
et al., 2015) or fronto-striatal circuit (Grimm et al., 2018; 
Ramaekers et al., 2016). Other studies have strived to map the 
connectivity changes in the entire brain, finding either reduced 
connectivity between networks (Thijssen et al., 2017) or reduced 
intra-hemispheric connectivity (Orr et al., 2013), while at the 
same time reporting increased functional connectivity in specific 
networks such as the default mode network (DMN) (Cheng et al., 
2014; Thijssen et al., 2017).  As Cheng et al. noted, the observed 
differences suggest that in cannabis the transfer of information 
across different brain areas may lack efficiency.

In our study, the within-subjects design allowed changes to be 
identified that happen right after the intoxication, not occurring as 
a result of chronic exposure, which may provide different results.

Through the stationary connectivity analysis, we identified 
increased connectivity between the precuneus and sensory cortices 
during intoxication. Studies on brain connectivity changes in chronic 
cannabis users (Pujol et al., 2014) or in healthy individuals exposed to 
THC and performing cognitive tasks (Bossong et al., 2013), often-
times report a reduced deactivation of the default mode network, a 
circuitry that contributes to intrinsic self-focused mental activity, pro-
spective thinking and autobiographical memory recall (Greicius 
et al., 2003; Northoff et al., 2006). Our study pinpoints the enhancing 
effect of THC on the connectivity of posterior default mode network 
in the absence of any instructed task. Therefore, when cannabis 
smokers are not focused on the external environment, they rather 
maximize the utility of self-generated moments. However, we could 
not confirm the activation of other brain areas that were observed in 
cannabis intoxication (Bhattacharyya et al., 2012b; Martin-Santos 
et al., 2010). The majority of cannabis studies are focused on the 
activity of predefined seeds or clusters. By utilizing this approach, 
decreased cerebellum and increased supramarginal gyrus connectiv-
ity were identified in adolescent cannabis users (Orr et al., 2013). 
Local changes in the connectivity in the cerebellum and the prefrontal 
cortex were also found in heavy cannabis users (Cheng et al., 2014).

Where in past studies, FC was assumed to be stable during the 
entire time acquisition (Meszlényi et al., 2017), recent reports 
showed that connectivity dynamically changes within seconds to 
minutes (Allen et al., 2014; Chang and Glover, 2010; Handwerker 
et al., 2012; Jones et al., 2012; Kiviniemi et al., 2011; Sakoğlu 
et al., 2010; Smith, 2012). In a recent study performed on a large 
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Figure 2.  (Continued)
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sample of healthy subjects, the authors showed eight temporal 
sequences of propagated activity during a resting state, which 
were named ‘lag threads’ (Mitra et al., 2015). As further confir-
mation, when we employed dynamic analysis by applying sliding 
windowed correlation matrices from component time courses, 
we identified six variably occurring connectivity states. 
Furthermore, we demonstrated the extreme variability of states 
intra-individually, each of which displaying a unique pattern of 
resting state FC over time.

On the qualitative level, the brain connectivity patterns were 
not chaotic and implied a strong connectivity within sensory cor-
tices. Specifically, our data showed high correlations between 
nodes in somatosensory, auditory and visual cortices that were 
present in state 6, which we considered as a marker of intoxica-
tion, though they were present even in higher values in other 
states. Our results correspond to the findings of Klumpers et al. 
(2012) who reported increased connectivity of somatosensory, as 
well as left and right visual stream networks. Presumably, the 

intensity of the functional coupling of sensory cortices in the 
intoxicated condition may have a transitory effect, becoming 
more or less pronounced with dynamic changes of the brain 
states, which may still be difficult to track in real time. In can-
nabis intoxication, one can experience the intensification of sen-
sations and increased clarity of perception (Iversen, 2003). 
Perceived colours are brighter, senses have more depth, patterns 
are more evident and figure-ground relations are more distinct 
and more easily reversible. Another interesting finding was a 
decreased connectivity of the fusiform gyrus identified in the 
majority of the states. Indeed, a negative BOLD signal in the left 
fusiform gyrus was also reported by O’Hanlon et al. (2013) as a 
marker of the internally generated synaesthesia percepts.

Along with the increased connectivity in sensory cortices, 
another finding associated with cannabis intoxication was its sig-
nificant effect on the connectivity in subcortical structures, nota-
bly decreased connectivity in the thalamus, putamen and caudate 
nucleus. The thalamus is assigned the role of a relay centre for 

Figure 2. Dynamic functional connectivity (FC) states. The colour of the squares within the matrices indicates the correlation coefficient strength 
(red: positive correlation; blue: negative correlation). Each square represents one independent component that includes (from left to right): 
subcortical structures (amygdala, putamen, caudate, thalamus), auditory cortex, somatosensory cortex, visual cortex, cognitive control areas (middle 
frontal gyrus etc.), default mode network (precuneus etc.), cerebellum.
ACC: anterior cingulate cortex; AG: angular gyrus; aInsula: anterior insula; CB: cerebellum; DMN: Default Mode Network; FFG: fusiform gyrus; IFG: inferior frontal 
gyrus; IPL: inferior parietal lobule; ITG: inferior temporal gyrus; MCC: middle cingulate cortex; MiFG: middle frontal gyrus; MOG: middle occipital gyrus; MTG: 
middle temporal gyrus; ParaCL: paracentral lobule; PCC: posterior cingulate cortex; PHG: parahippocampal gyrus; pInsula: posterior insula; PoCG: postcentral 
gyrus; PreCG: precentral gyrus; SFG: superior frontal gyrus; SMA: supplementary motor area; SOG: superior occipital gyrus; SPL: superior parietal lobule; STG: 
superior temporal gyrus.

Figure 3. Transitions of dynamic functional connectivity (FC) states in the intoxicated and non-intoxicated condition. Frequency of the appointed 
states in the non-intoxicated (left) and tetrahydrocannabinol (THC) intoxicated condition (right) in the individual subjects. Volume numbers 
represent the time scale of the resting state magnetic resonance imaging (rsMRI) session.
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both sensory and motor mechanisms in the brain, providing the 
positive feedback to the ‘correct’’ input, while at the same time 
suppressing irrelevant information (for a review see Herrero et al., 
2002). Disruption of the thalamo-cortical connections was also 
reported in a number of other states and disorders, for example in 
sleep deprivation (Shao et al., 2013) and chronic tinnitus (Zhang 
et al., 2015); recent findings also underline thalamic decoupling in 
schizophrenia and bipolar disorder (Anticevic et al., 2014; 
Damaraju et al., 2014; Wang et al., 2015). Besides abnormal sen-
sory filtering, another possible explanation for thalamic deactiva-
tion is the decline of the arousal level and integration of the 
information that presumably may influence cognitive processing.

The role of other subcortical structures has also been studied. 
The caudate was found to play a role in chronic cannabis users 
who showed a decrease in reward anticipation activity 
(Androvicova et al., 2017; van Hell et al., 2010). A decrease in 
the activity of the putamen in frequent cannabis users was dem-
onstrated in cue-induced reactivity tasks, which also predicted 
the problem severity in a three-year follow up (Vingerhoets et al., 
2016). Both of the above-mentioned studies propose the 
decreased striatal activity to be an independent predictor of the 
cannabis use-related problem.

When we performed the analyses at a group level, we found 
that states 2 and 3 were more common in the non-intoxicated con-
dition, while states 1 and 6 were more common during cannabis 
intoxication. Notably, state 6 was only expressed during cannabis 
intoxication. Moreover, the duration of state 6 directly correlated 
with Δ-9-THC plasma levels and with the subjective experiences 
of the intensity of the psychotropic effect of cannabis. Furthermore, 
the duration of state 6 directly correlated with the ‘Oceanic 
Boundlessness’ item score of the ASC questionnaire. This item is 
characterized by derealization and depersonalization associated 
with a positive basic mood ranging from heightened mood to sub-
lime happiness and serenity or grandiosity, and alterations in the 
sense of time (Vollenweider, 2001). The fact that state 6 was expe-
rienced by 10 out of 19 subjects (53%) during intoxication, while 
it never showed up in the non-intoxicated condition, suggests that 

this specific FC state may stand out as a neurobiological marker of 
cannabis intoxication. Clearly, the validity of this novel finding 
should be replicated on larger samples of cannabis users.

Several strengths and weaknesses of the study have to be 
mentioned. The way of experimental cannabis intoxication cho-
sen for this study was driven by the fact that the response to the 
drug in the person who is unfamiliar with its effects can be 
unpredictable, since the subjects obviously have to learn to per-
ceive experience in a certain, different way, becoming aware of 
the changes in perception (Tart, 1990). In order to remediate 
both the factor of experience and the methodological inconsist-
encies of previous studies (for example, intravenous (i.v.) THC 
application, differences in THC dosing, etc.), we chose to 
expose the subjects to their ‘usual joint’, e.g. the marijuana dos-
age adjusted to individual habits, where participants intoxicated 
themselves by their own marijuana cigarette of familiar content 
and convenient intoxicating effect. This approach is character-
ized by a high ecological validity. On the other hand, the 
absence of accurate information about the type of cannabis and 
the dose of THC makes it difficult to replicate the study, and 
this looks the most relevant drawback with this ecological 
approach. In order to replicate our study, researchers may refer 
to the methodology employed by de Bruijn and colleagues: in 
their study healthy occasional smokers were randomized to 
inhaled 4 mg of THC or placebo, and THC serum levels assessed 
after 30 min. Subjects administered THC showed a mean 1.6 
ng/ml THC levels versus 0.22 in those receiving placebo (de 
Bruijn et al., 2017). Being those THC levels very similar to 
ours, we might possibly assume that 4 mg of THC intranasal 
administration might equal the condition of our experiment. 
However, it should be noted that because of the lack of a fixed 
experimental dose, the standard deviation in our study is con-
siderably higher (1.5 vs 0.5).

Also because of our study design a placebo arm could not be 
included. However, the experienced participants would probably 
render this type of control ineffective. One way of tackling this 
issue could be to apply a low dosage of active cannabis or a can-

Figure 4. Dwell time of dynamic functional connectivity (FC) states in the intoxicated and non-intoxicated condition. Mean frequency of the appointed states in the 
non-intoxicated and intoxicated condition in the subjects. *p-level threshold at 0.05.
*p < 0.05; **p < 0.01, ***p < 0.001.
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nabis sample with a low concentration of psychoactive ingredi-
ents, less discernible from an inactive cigarette.

Other factors should be taken into consideration. The canna-
bis withdrawal in frequent cannabis smokers might introduce 
additional bias to the results due to the adaptive changes that 
occur after a short period of abstinence (Filbey et al, 2018a; Lee 
et al, 2014). Since in both experimental sessions, the subjects had 
to stop consuming cannabis 1 week prior the assessment, the 
obtained differences between conditions cannot be explained by 
withdrawal effects.

One cannot also exclude the general effects of other substances 
such as alcohol and tobacco on the brain since the simultaneous use 
of alcohol and cannabis is very likely in recreant users (Schlienz and 
Lee, 2018). Indeed, Vergara et al. (2018) in between-subject design 
using dynamic FC connectivity approach, allocated various profiles 
of brain dynamic changes in different categories of alcohol, nicotine 
and marijuana users as well as in the subjects with co-usage of these 
substances. The authors described a state that was more common in 
marijuana users and was characterized by the higher connectivity 
strength in somatosensory cortex that corresponded to the dynamic 
state associated with THC intoxication in our study. Filbey et al. also 
identified the differences in the connectivity of posterior DMN, 
bilateral fronto-parietal network, dorsal attentional network and vis-
ual networks in a group of participants with concomitant cannabis 
and nicotine use as compared to only cannabis and only nicotine 
users (Filbey et al., 2018b). However, Wetherill et al. (2015) by 
examining the resting state functional connectivity in the individuals 
with cannabis dependence who smoked and who did not smoke 
tobacco, concluded no difference in the connectivity detected in the 
core nodes of the default mode network. The heterogeneity of the 
results might be due to the differences in the sample characteristics 
(recreational or chronic users), various connectivity approaches 
applied (whole-brain connectivity vs ROI analysis).

On the other hand, cannabis is oftentimes consumed together 
with tobacco, and one should not exclude a combined acute effect 
on the brain connectivity. Indeed, as suggested mostly by animal 
studies, due to the increase of nicotine acetylcholine receptor 
(nAchR) availability in the prefrontal cortex and thalamus (for 
review see Viveros et al., 2006) potentiates the acute pharmacologi-
cal effect of THC. However, there are no studies that would employ 
such experimental design that allows disentangling the acute effects 
of cannabis and those of tobacco on cognitive processing.

All subjects in our study prepared their cigarette by mixing 
cannabis with tobacco. Although this is common practice in most 
countries and is therefore a further confirmation of the adherence 
of our study design to the real world, it has to be acknowledged 
that the combination of cannabis and nicotine might influence 
resting state FC. In our study the within-subject design and lim-
ited sample size prevented us to add confounders such as alcohol 
and nicotine use to the analyses.

As for the limitations in data analysis, within the dynamic 
functional connectivity approach, linear correlation was used to 
assess the functional connectivity between the extracted compo-
nent time series for each temporal window. As an extension, 
more sophisticated nonlinear measures such as mutual informa-
tion could be used to quantify FC, potentially providing a more 
accurate picture of the connectivity structure. On the other hand, 
it has been previously shown that at the level of average regional 
signals, the deviation of BOLD signals from Gaussianity is rela-
tively minor, and the linear correlation is a sufficient measure of 

dependence for standard analysis (Hlinka et al., 2011) as well as 
advanced graph-theoretical characterization (Hartman et al., 
2011). Concerning the group comparison, it has been previously 
reported that drug-induced alterations in behavioural or physio-
logical states (such as the amount of head motion) could lead to 
state-related changes in signal artefacts, and therefore also fMRI-
BOLD derived indices such as measures of the amplitude of the 
low-frequency signal fluctuations or even functional connectiv-
ity (Hlinka et al., 2010; see Power et al., 2015 for a recent review 
of the methodological issue). To minimize such effects, we care-
fully reviewed the acquired data and removed subjects with 
motion artefacts from the sample by means of mean frame-wise 
displacement that showed no differences between the groups. 
Moreover, apart from the standard motion correction and regress-
ing motion parameters in the pre-processing step, extra robust-
ness was achieved implicitly by extracting the time series by 
ICA, where only components without substantial artefactual con-
tributions were used and others were removed from the data.

To define the transient brain states and assign them to seg-
ments of the data, we used one of the most prominent and recently 
developed methods, based on temporal clustering of signal seg-
ments based on the extracted functional connectivity matrices. To 
this end, a standard k-means clustering algorithm was used. 
There is an increasingly acknowledged danger in such heuristic 
approaches, in that clustering methods may lead to the discovery 
of distinct states even if the data were perfectly stationary, and 
the functional connectivity variations were solely due to noise 
(Hlinka and Hadrava, 2015). In milder cases, the particular data 
pre-processing and algorithm may bias the results towards spe-
cific patterns or temporal scales. However, extraction of fMRI 
states with the current methods has been relatively established by 
previous studies, and in our specific case the main result does not 
concern the detection of these particular states, but rather a clear 
statistical difference in their prevalence in the two conditions 
(intoxicated vs. non-intoxicated).

In conclusion, the study shows that THC intoxication in rec-
reational users results in heterogeneous individually-driven 
dynamic changes in resting state brain connectivity. The patterns 
of the dynamic FC with the increased sensory cortical connec-
tions decoupled from subcortical structures correspond to the 
subjective experiences of cannabis users (Isbell, 1967) and the 
occurrence of sensations, possibly being synesthetic in nature 
(Dovern et al., 2012). Finally, with the use of a dynamic connec-
tivity approach we found a transient connectivity state that spe-
cifically occurred during intoxication and was the only state to 
correlate with THC plasma levels and with the altered states of 
consciousness described by the subjects after smoking. To our 
knowledge, this state stands out as the first imaging biomarker of 
cannabis effect on the brain, and clearly needs confirmation 
through further research.
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