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abstract

aim  Resting state-functional magnetic resonance imaging (rs-fmri) 
is a neuroimaging technique that allows repeated assessments of func-
tional connectivity in resting state. While task-related fmri is limited 
to indirectly measured drug effects in areas affected by the task, resting 
state can show direct cns effects across all brain networks. Hence, rs-fm-
ri could be an objective measure for compounds affecting the cns. Sev-
eral studies on the effects of cannabinoid receptor type 1 (cb¡)-receptor 
agonist Δ9-tetrahydrocannabinol (thc) on task-dependent fmri have 
been performed. However, no studies on the effects of cannabinoids on 
resting state networks using rs-fmri have been published. Therefore, 
we investigated the effects of thc on functional brain connectivity using 
rs-fmri.

methods  Twelve healthy volunteers (9 male, 3 female) inhaled 2, 6 
and 6 mg thc or placebo with 90-minute intervals in a randomized, 
double blind, cross-over trial. Eight rs-fmri scans of 8 minutes were ob-
tained per occasion. Subjects rated subjective psychedelic effects on a vi-
sual analogue scale after each scan, as pharmacodynamic effect measures. 
Drug-induced effects on functional connectivity were examined using 
dual regression with fsl software (fmrib Analysis Group, Oxford). Eight 
maps of voxel-wise connectivity throughout the entire brain were pro-
vided per rs-fmri series with eight predefined resting-state networks of 
interest. These maps were used in a mixed effects model group analysis 
to determine brain regions with a statistically significant drug-by-time 
interaction. Statistical images were cluster-corrected, and results were 
Bonferroni-corrected across multiple contrasts.

results  thc administration increased functional connectivity in the 
sensorimotor network, and was associated with dissociable lateralised 

connectivity changes in the right and left dorsal visual stream networks. 
The brain regions showing connectivity changes included the cerebel-
lum and dorsal frontal cortical regions. Clear increases were found for 
feeling high, external perception, heart rate and cortisol, whereas prolac-
tin decreased.

conclusions  This study shows that thc induces both increases and 
(to a lesser extent) decreases in functional brain connectivity, mainly in 
brain regions with high densities of cb¡-receptors. Some of the involved 
regions could be functionally related to robust thc-induced cns-effects 
that have been found in previous studies (Zuurman et al, 2008), such as 
postural stability, feeling high and altered time perception.
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introduction

Ideally, early clinical phase drug development for neurological and psy-
chiatric indications should use tests that measure effects in an objective 
way and repeatedly over time across different species. These tests should 
also be able to distinguish unique effect profiles for different classes of 
drugs. Traditionally, measurements of drug effects on the central ner-
vous system (cns) in healthy volunteers include cognitive tasks, various 
questionnaires, neurophysiological measurements, and increasingly 
also neuroimaging. The wide diversity of these tests and their numerous 
variations limits their applicability for decision making in clinical prac-
tice or drug development. In addition, pharmacological studies can only 
include a limited number of pre-defined pharmacodynamic tests, which 
can easily miss drug effects in cns domains that are not tested. Moreover, 
most cns effects are influenced by various functions like attention and 
motor coordination, and therefore do not provide direct information on 
an exact site of drug action. 

Imaging techniques have the advantage of objectively assessing direct 
effects in the body. However, positron emission tomography (pet) stud-
ies have radiation dose restrictions that limit repeated measurements 
within subjects, and the targeted pharmacological or functional system 
is restricted by the availability of an appropriate imaging agent. Func-
tional magnetic resonance imaging (fmri) on the other hand is a non-
invasive imaging technique based on blood-oxygen-level-dependent 
(bold) measurements that represent brain activity. Until recently, fmri 
was applicable in task-related designs only, in which pharmacologically 
induced changes in bold signals were measured in response to a specific 
task. The application of fmri in drug development has several restric-
tions, imposed by the need for a pre-defined hypothesis about how the 
drug affects the task, and by limitations related to the scanning environ-
ment and to repetitive testing.

Resting state (rs) fmri is a recently developed imaging technique 
that measures spontaneous bold changes of subjects who are in a rest-
ing state, without the interference of any task or specific stimulus. This 
means that rs-fmri can be applied in studies without a priori hypotheses 
on action site. The fact that rs-fmri is non-invasive and not affected by 
variability or limitations of task performance and that it can be frequent-
ly and rapidly repeated, could make it a highly valuable technique in cns 
drug development. Although experience is still limited, rs-fmri could 
be applied in pre-clinical animal studies, healthy volunteers and pa-
tients, which could make it a suitable translational instrument in drug 
development.

Previous studies found that coherent resting state bold fluctuations 
form spatially correlated brain maps, or resting-state networks (rsns) 
(Beckmann et al., 2005; Biswal et al., 2010). rsns have shown to be consis-
tently present across human subjects, and could represent brain regions 
that are anatomically and functionally connected, and related to behav-
ioural outcomes and clinical conditions (De Luca et al., 2006; Greicius et 
al., 2004; Fox et al., 2007; Quigley et al., 2003; Smith et al., 2009; Damoi-
seaux et al., 2006). A previous study by Mennes et al. suggested that inter-
individual differences in rs-fmri could predict the response to task-in-
duced bold activity (Mennes et al., 2010). Only a few studies investigated 
the effects of pharmacologically active cns compounds on the functional 
topography of rsns. We recently conducted a study where rs-fmri was 
repeated while plasma levels of morphine and alcohol were kept stable 
(Khalili-Mahani et al., 2011). In order to develop a broad basis for this 
technique by investigating reliability and reproducibility, more studies 
using different drug classes should be performed. This would provide 
important methodological information and reference data for the use of 
rs-fmri as a biomarker for cns drug research (Wise and Preston, 2010).

In the current study we investigated the effects of Δ9-tetrahydroc
annabinol (thc) on the brain using rs-fmri. thc is a major pharmaco-
logically active constituent of the plant Cannabis sativa L. In the body, thc 
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binds to two cannabinoid receptors (cb¡ and cb™) of which cb¡ receptors 
are predominantly present in various brain areas (Herkenham, 1992). The 
action of thc on the cb¡ receptors is generally considered responsible for 
the commonly known pharmacodynamic effects, such as feeling high 
and postural instability (Zuurman et al., 2008). 

Previous pet and fmri studies with thc that investigated regional 
cerebral blood flow and bold signal fluctuation found thc-induced 
effects on the limbic system (thalamus, amygdala, hippocampus, 
parahippocampal gyrus, cingulate cortex) and connected areas (basal 
ganglia, frontal cortex), which are involved in reward, emotion, memory, 
awareness, pain, and executive functions (Bhattacharyya et al., 2009; 
Mathew et al., 1998; Mathew et al., 1999; Mathew et al., 2002; Stokes et 
al., 2010; van Hell et al., 2011). thc also affects areas of sensory (insula, 
postcentral gyrus, superior temporal gyrus), and motor coordination 
systems (cerebellum). The functions associated with these regions are 
related to the behavioural effects after thc or cannabis use (Zuurman et 
al., 2009). 

The primary aim of this study was to investigate the effects of thc on 
task-independent rs-fmri functional connectivity patterns using re-
petitive measures in healthy volunteers. Based on previous studies us-
ing other psychopharmacological manipulations (Khalili-Mahani et al., 
2011) we hypothesised that thc would induce changes in brain connec-
tivity compared to placebo. In addition, we measured the plasma concen-
trations of thc and its active metabolite 11-hydroxy-thc (11-oh-thc) 
as well as a number of well-known thc-related cns effects. Based on our 
previous studies, we expected to measure clear thc and metabolite plas-
ma concentration profiles, and prominent pharmacodynamic effects, 
other than rs-fmri (Strougo et al., 2008; Zuurman et al., 2008).

methods

Design

This was a double-blind, randomized, placebo-controlled, two-way 
cross-over study with a wash-out period of at least 2 weeks.

Subjects

Healthy, right-handed male and female volunteers aged 18 to 45 years 
with a body mass index of 18.0 to 28.5 kg/m2 were included in the study. 
Subjects with a history of psychiatric or neurological illness, or with a 
history of hereditary psychiatric illness in first degree relatives or neu-
rological illness in first- or second degree relatives were excluded from 
participation. Subjects had to be cannabis users for at least 1 year with 
use frequency of no more than once a week, and had to be able to refrain 
from using cannabinoids from at least 2 weeks prior to the first treatment 
period up to the end of the study. They had to refrain from nicotine and 
caffeinated products on study days. Subjects were excluded if they used 
medication other than contraceptives, and if they were pregnant (as as-
sessed by hcg urine test). They were not allowed to have a positive alco-
hol breath test or drug urine test at the screening visit or at the start of 
a study day, neither a history of alcohol or drug dependence. Subjects 
could not participate if they had metal body implants or claustrophobia.

As this was an explorative study, no sample size calculation could 
be performed. We planned a sample size of 12 volunteers (6 male and 6 
female) who completed two occasions, since in all drug studies that we 
have performed so far, numbers of 12 subjects were found to be sufficient 
(Strougo et al., 2008; Desmond and Glover, 2002), and a similar number 
was also mentioned in a study about the power of fmri and rs-fmri. 
Subjects who were not able to complete two occasions would be replaced.
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Procedure

Subjects gave written informed consent before any study-specific pro-
cedure was performed. Eligible subjects were enrolled in the study af-
ter a general health screen within three weeks before the first study day. 
Subjects were acquainted with the visual analogue scales questionnaire 
and the inhalation procedure using thc vehicle. At each study day, thc 
or placebo was administered at 0m, 1h30m and 3h00m. Pharmacody-
namic (pd) and pharmacokinetic (pk) measurements were frequently 
performed on all study days at fixed time points, as chronologically in-
dicated in Figure 1. At the beginning of each study day a venflon cannula 
was inserted intravenously for all blood samples that were drawn on both 
study days. Subjects were fasted for at least 4 hours at arrival, and stan-
dardized meals were provided pre-dose, and at 3h40m and after the last 
study day activity at 6h47m. The wash-out period between study days 
was at least two weeks. The study protocol was approved by the Medical 
Ethics Review Board of Leiden University Medical Center and complied 
with the principles of ich-gcp, the Helsinki declaration and Dutch laws 
and regulations.

Treatments

Each study day, subjects received three doses of thc (2-, 6-, and 6 mg) or pla-
cebo via inhalation with 1.5 h intervals. Two mg purified thc was dissolved 
in 200 µl 100% ethanol. The thc dosages were selected to reach and main-
tain clear central nervous system effects as predicted by pk-pd models that 
were based on a previous study (Strougo et al., 2008). Procedures for vapor-
izing the solution and inhalation of the vapour were done according to a 
method as previously described (Zuurman et al., 2008). In addition to this 
procedure, the current study used a nose clip during the thc or placebo ad-
ministrations to prevent nasal exhalation, in order to reduce pharmacoki-
netic variability by minimizing undetected loss of thc vapour.

Outcome measures

A schematic representation of the time points of the study day activities 
is given in Figure 1. The precision of all activities is imposed by the tight 
time schedule.

pharmacokinetic measurements and  
bio-analysis

To determine thc plasma concentration, venous blood samples were col-
lected in 4 ml edta tubes at 5, 20 and 88 min after each administration 
and at 178 min after the third administration only. After collection, the 
tubes were kept on ice water in aluminium foiled containers and centri-
fuged within one hour for 10 minutes at 2000G at 4 0C. thc samples were 
handled sheltered from light. Plasma samples were stored at –20 0C and 
sent to Analytisch Biochemisch Laboratorium (abl, Assen) for analysis. 
Plasma thc as well as metabolite concentrations (11-hydroxy-thc and 
11-nor-9 carboxy-thc) were determined using tandem mass spec-
trometry with a lower limit of quantification of 1.00 ng/ml. 

pharmacodynamic assessments

imaging – Resting state functional magnetic resonance imaging (rs-
fmri) scans were made pre-dose and at 10 and 70 min after the first 
and second thc administrations, and 10, 100 and 190 min after the 
third administration. The differences in time points of measurements 
performed after the first and second administration versus after the 
third thc administration were chosen to investigate a more extended 
time course of thc and metabolite plasma concentrations, and 
pharmacodynamics. As the interval of the thc dosing schedule was 90 
minutes, the time frame in which measurements could be performed 
that were related to the previous thc administration was limited 



chapter iii – thc in pharacological resting state fmri study

– 89 –

novel approaches in clinical development of cannabinoid drugs

– 88 –

to 90 minutes. Subjects were asked not to move or talk and to look at a 
fixation cross during scanning to improve the subject’s comfort in thc 
conditions, and to minimize the risk of falling asleep during scanning. 
Four chest electrodes and the scanner’s flexible pressure belt were used 
to record heart rate and respiration rate during scanning. A 3T Achieva 
scanner (Philips Medical System, Best) was used for image acquisition. 
rs-fmri scans were T2*-weighted and consisted of 220 gradient echo 
‘echo planar imaging’ (epi) volumes (repetition time interval = 2180 ms; 
echo time interval = 30 ms; flip angle = 800; 38 axial slices; 64x64x38 
isotropic resolution 3.44 mm; scan time = 8.1 min). For anatomical 
registration, a T1-weighted scan was obtained for each subject at the end 
of each study day.

visual analogue scales (vas) – vas by Bond and Lader is a 16-item 
subjective assessment of subjective effect on alertness (composition 
of items alert/drowsy, strong/feeble, muzzy/clear-handed, well 
coordinated/clumsy, lethargic/energetic, mentally slow/quick-
witted, attentive/dreamy, incompetent/proficient, and interested/
bored), on mood (composition of items contended/discontented, 
troubled/tranquil, happy/sad, antagonistic/amicable, and withdrawn/
gregarious), and calmness (composition of items calm/excited, and 
tense/relaxed) (Bond and Lader, 1974). The adapted version of vas by 
Bowdle et al. (1998) is a 13-item assessment of subjective effects on 
item ‘feeling high’ and on factors ‘internal perception’ and ‘external 
perception’, which are both compositions of items that are affected 
differently by thc as previously described (Zuurman et al., 2008). vas 
were included in this study to provide a positive control for thc-induced 
pharmacodynamic effects, as previous studies showed clear effects on the 
vas (Zuurman et al., 2008; Zuurman et al., 2008; Zuurman et al., 2009). 
The measurements were taken twice pre-dose, and at time points: 29 
and 59 min, 1h23min, 1h59min, 2h29min, 2h53min, 3h35min, 4h29min, 
4h57min, 5h59min, and 6h42min.

heart rate and blood pressure – Heart rate and blood pressure 
were taken as safety measurements using a Nihon-Koden (Lifescope ec, 
Tokyo, Japan) blood pressure apparatus. Heart rate measurements were 
used as an objective measure for treatment effects, as previous studies 
showed clear heart rate effects (Zuurman et al., 2008; Zuurman et al., 
2008; Zuurman et al., 2009). Heart rate measurements were taken 3 
minutes after each time point of vas measurements as mentioned in 
the previous paragraph. Blood pressure was measured pre-dose, and at 
6h45min.

hormones – Prolactin levels (µgr/l) were measured as a biomarker 
for dopaminergic activity (de Visser et al., 2001). Cortisol (µmol/ml), 
luteinizing hormone (lh, ng/ml) and follicle-stimulating hormone 
(fsh, U/l) were measured as exploratory biomarkers of hypothalamic-
pituitary activity (Chen et al., 2010). Due to the diurnal rhythm of 
cortisol, the two study days of each subject were consistently scheduled 
at the same time of the day. Blood samples for lh, fsh, prolactin and 
cortisol were collected twice pre-dose, at 20 and 1h28min after each 
thc administration and an additional sample was taken at 5h58min. 
Serum was separated by centrifugation (2000g at 40C for 10 min) within 
1 h of collection. The samples were analyzed by the Central Clinical 
Chemistry Laboratory (Leiden University Medical Center, Leiden) using 
an electrochemoluminiscence-immunoassay for prolactin and cortisol, 
and a fluoro-immunoassay for lh and fsh.

metabolic blood measures – The study was also used to perform 
an exploratory analysis of several metabolic effects of thc. Glucose 
(mmol/l), high-density lipoprotein (hdl) cholesterol (mmol/l), leptin 
(µg/l) and triglycerides (mmol/l) serum samples were analyzed by the 
Central Clinical Chemistry Laboratory (Leiden University Medical 
Center, Leiden). For description of serum collection and time points, see 
‘hormones’ section.
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Statistical analyses

clinical effects

For vital signs [heart rate (hr) in beats per minute (bpm) and blood pres-
sure (mmHg)], raw data and changes from baseline were analyzed by type 
of measurement and parameter and treatment using descriptive statis-
tics. hr and pr-, qrs-, and qt-intervals, corrected qt (qtc) (all in ms) from 
automatic reading were analyzed as raw parameter value and change from 
baseline (for hr and qtc only). Adverse events were coded according to the 
Medical Dictionary for Regulatory Activities (Meddra version 13.0).

pharmacokinetics 

All concentrations and maximal concentration (cmax), time of maxi-
mal concentration (tmax), area under the curve from zero to infinity 
(auc0-∞), and terminal half-life (t¡/™) of thc and its metabolites 11-oh-
thc, and thc-cooh were summarized by mean, standard deviation 
(sd), standard error of the mean (sem), coefficient of variation (cv%), and 
number of available observations. Also, a population pharmacokinetic 
analysis was performed based on a previously described two-compart-
mental model (Strougo et al., 2008), with the addition of the active me-
tabolite 11-oh-thc in a separate compartment. A post hoc analysis on 
gender differences was performed using a linear mixed effect model with 
treatment, period, time and treatment by time as fixed effects, subjects 
and subject by treatment as random effects and with baseline value as co-
variate (sas for windows V9.1.2 ; sas Institute, Inc., Cary, nc, usa).

pharmacodynamics

Resting State fmri data processing was carried out using the Functional 
Magnetic Resonance Imaging of the Brain (fmrib) Software Library (fsl 

4.1, Oxford, uk), using the same analysis techniques for pharmacological 
rs-fmri as reported previously (Khalili-Mahani et al., 2011).

For preprocessing the following standard procedure was performed: 
head motion correction, brain extraction, Gaussian smoothing with a 5 
mm fwhm kernel, grand-mean scaling of each bold fmri dataset by a 
single multiplicative factor; high-pass temporal filtering (fwhm = 100s). 
After preprocessing, the epi data were affine-registered to the anatomi-
cal T1-weighted scan, and the anatomical scan was subsequently affine-
registered to the mni 152 standard space (Montreal Neurological Insti-
tute, Montreal, Canada). fmri images in mni space were interpolated to 
2x2x2 mm voxels.

rsn functional connectivity was determined as similarity of the bold 
fluctuations in each brain voxel in relation to characteristic fluctuation 
in eight predefined networks of interest (nois). These networks were 
obtained from a published model-free analysis of the spatio-temporal 
structure of the resting-state bold fluctuations (Beckmann et al., 2005). 
The template nois include over 80% of the total brain volume and com-
prise the following networks: medial and lateral visual (nois 1 and 2, re-
spectively, including primary visual areas), auditory and somatosensory 
(noi 3, including areas involved with hearing), sensorimotor (noi 4), de-
fault mode [noi 5, of which is hypothesized that these regions are associ-
ated with the representation of the world around us and spatial attention 
(Miller and Cohen, 2001)], executive control (noi 6, these areas have been 
hypothesized to provide bias signals to other areas of the brain in order 
to implement cognitive control), and right and left-lateralized fronto-
parietal dorsal visual [nois 7 and 8, probably representing information 
relevant for (visual) attention, but related to visuospatial and verbal at-
tention respectively] (Beckmann et al., 2005; Laird et al., 2011). The pre-
defined networks, as determined by the weighted template nois, were 
calculated for the study sample.

Connectivity to each of the 8 nois, for each voxel, was measured using 
dual-regression (Filippini et al., 2009; Beckmann et al., 2005) followed by  
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a mixed effects model group analysis. Dual-regression analysis gene
rated whole-brain statistical maps of z-scores representing voxel-wise 
functional connectivity across all regions with the characteristic activity 
in each of the nois (12 subjects x 8 scans x 2 occasions x 8 nois). The 
higher the absolute value of the z-score, the stronger the connectivity to 
a given noi.

Variations in heart rate and respiratory rate could be induced phar-
macologically by thc administrations (Zuurman et al., 2008; Zuurman 
et al., 2008), and these fluctuations could induce variance in the resting-
state bold signal unrelated to functional cns-effects (Beckmann and 
Smith, 2005; Birn et al., 2008; Chang et al., 2009). It has been shown that 
bold signal fluctuations measured in the white matter (wm) and cere-
brospinal fluid (csf) are reliable representations of non-neuronal physi-
ological noise in rs-fmri data (Birn, 2012). Therefore, we included sepa-
rate wm and csf confounds, as well as six motion parameters, as nuisance 
variables in the second stage of the dual regression analysis for each scan. 
These separate wm and csf confounds were measured for each scan by 
calculating tissue-specific segmentations of each subject’s high-resolu-
tion T1 structural scan (segmented using fsl fast) (Zhang et al., 2001), 
transforming the resulting wm and csf maps to the corresponding sub-
ject’s epi space and subsequently extracting mean time series from that 
functional scan within the space of each of these tissue-specific maps.

For group analyses, treatment and time were used as fixed factors 
and subject was used as a random factor. Average respiration and heart 
rates per rs-fmri scan were also added as nuisance covariates (Khalili-
Mahani et al., 2011). Within-subject average z-maps were modelled with 
separate fixed factors, to allow the model to estimate the correlation be-
tween z-maps. Permutation-based statistical inference was used (5000 
repeated permutations) on the treatment by time interactions (Nichols 
and Holmes, 2002). Higher-level analyses were restricted to study pop-
ulation-specific grey matter regions by registration of the grey matter 
volumes resulting from fast segmentation to mni space and subsequent 

summing across subjects. Significant thc effects on functional connec-
tivity were defined using threshold-free cluster enhancement (p ‹ 0.05, 
family-wise error-corrected) (Smith and Nichols, 2009). Correction for 16 
multiple comparisons was done using Bonferroni correction. The multi-
ple comparisons consisted of 2 comparisons (either connectivity increase 
or decrease after thc administration) for 8 nois.

vas and heart rate were analyzed using a linear mixed effect model 
with treatment, period, time and treatment by time as fixed effects, sub-
jects and subject by treatment as random effects and with baseline value 
as covariate (sas for windows V9.1.2; sas Institute, Inc., Cary, nc, usa). 
From this model, pair wise differences and corresponding 95% confi-
dence intervals were estimated to verify the effects of thc. Measure-
ments from vas Bowdle (e.g. feeling high, external and internal percep-
tion) were log (vas score+2) transformed for statistical analysis and re-
ported in ‘units’ (U).
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results

Subject characteristics

Twenty-two healthy volunteers (eleven male, eleven female) were 
randomized and treated, twelve of whom completed two occasions and 
were included in the pharmacodynamic and pharmacokinetic analysis. 
One of these subjects missed the last two scans on the placebo occasion 
due to nausea and vomiting. For safety analysis, all treated subjects were 
included. Eight female subjects and one male subject dropped out from 
the study due to adverse events during thc occasions. Details on the 
nature of the adverse events can be found in section 0. One male subject 
discontinued the study after the first occasion with thc treatment, 
for personal reasons. Also, this subject had an incomplete first thc 
administration (2 mg) due to leakage of the vaporizer. Details on subject 
demographics can be found in Table 1.

Adverse effects

Nine subjects dropped out due to adverse effects during thc occasions 
only. Two subjects dropped out due to a vasovagal collapse, one female 
22 min after the first thc inhalation, and one male 27 min after the 
second thc inhalation. One female subject discontinued due to nausea 
that started 4 min after the second thc inhalation, and another female 
became nauseous after the third thc inhalation. One female dropped 
out because of nausea and anxiety that started 12 min after the second 
thc inhalation. Four other females discontinued due to anxiety: two at 
12 and 21 minutes after the first thc administration, and two at 10 and 12 
minutes after the second. Most adverse events that were observed in this 
study were typically related to thc use. The most occurring treatment 
related adverse effects were feeling high (7/22 subjects), nausea (7/22), 
and anxiety (6/22).

Pharmacokinetics

Five minutes after each thc administration, a peak plasma concentra-
tion was observed (Figure 2). Mean peak plasma concentrations were: 
29.5 ng/ml (sd 11.6) after the first administration (2 mg thc), 139.9 ng/
ml (sd 42.1) after the second administration (6 mg thc) and 109.1 ng/
ml (sd 55.3) after the third administration (6mg thc). After each peak, a 
rapid decline in plasma concentration was observed. An overview of the 
pharmacokinetic parameters of thc and 11-oh-thc is given in Table 2. 

gender

The unexpectedly large number of thc-related adverse events in females 
raised questions about potential sex-related pharmacokinetic differenc-
es. Therefore, a post hoc analysis of thc and metabolite plasma concen-
trations was performed in males and females. In Figure 3 the thc concen-
tration curves of males and females are given. When compared graphical-
ly, the average plasma concentration for females was higher compared to 
males. A reliable statistical analysis could not be performed for subjects 
who completed the entire study, since only three females received all 
treatments. However, thc concentrations were significantly higher in 
the eleven females who inhaled the first dose of thc 2 mg (42.3 ng/ml), 
than in the nine males (26.3 ng/ml; difference 61.0%, 95% ci 13.3-128.7,  
p = 0.0087).

Resting State Connectivity

Each of the 8 nois showed treatment effects on connections with several 
brain regions (Table 3). After Bonferroni correction, treatment-related 
connectivity differences were observed within the sensorimotor and 
right and left dorsal visual stream networks (noi 4, 7, 8), which are 
depicted in Figure 4. Most changes occurred in connectivity patterns of 
the right dorsal visual stream network (noi 7). After thc administration, 
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connectivity of this network increased with the left and bilateral frontal 
pole and dorsomedial prefrontal cortex, and with the left superior 
pre-frontal cortex (t = 5.69 with 149 voxels; t = 4.97 with 130 voxels 
respectively, Bonferroni corrected), with an extension into the left 
superior frontal gyrus. Also, a connectivity decrease (t = 5.44; 53 voxels) 
was found in the right and dorsal visual stream network (noi 7). This 
decrease was observed in the area covering the superior frontal pole, 
middle and inferior frontal gyrus, and dorsolateral prefrontal cortex, 
with all regions being lateralized to the right hemisphere. An increase 
of connectivity was found between the cerebellum and the sensorimotor 
network (noi 4) after thc administration (t = 6.36; 6101 voxels, 
Bonferroni corrected). The area including the occipital pole and lateral 
occipital cortex showed an increased connectivity (t = 5.01; 52 voxels) 
with the left dorsal visual stream network (noi 8). 

Other pharmacodynamic parameters

Graphs of feeling high and heart rate plotted against time are given 
in Figure 5. Treatment comparison of the pharmacodynamic effects 
other than fmri measurements demonstrated significant increases 
after thc administration on vas external perception (0.225 (U); 95%cv 
0.054 - 0.396; p = 0.0149), feeling high (0.768 (U); 95%cv 0.578 - 0.957; 
p = ‹.0001), and heart rate (10.3 bpm; 95%cv 4.4 - 16.2; p = 0.0026). 
The centrally mediated external perception and feeling high scores 
increased after the first and second thc administration, but not after 
the third thc inhalation. The decrease of these effects was relatively 
slow. Heart rate remained stable during placebo treatment; whereas 
thc induced acute heart rate elevations that declined relatively rapidly 
after each dose (Figure 5B). Stress-hormone cortisol showed a 32.2% 
increase (95%cv 11.9 - 56.3; p = 0.0051) after thc, whereas prolactin 
decreased with 21.0% (95%cv -33.0 -/-7.0; p = 0.0100). The thc effect on 
cortisol was maximal around the third thc administration. The first 

prolactin measurement after the first thc administration showed no 
significant differences between thc and placebo treatment, however, as 
time progressed, concentration differences increased by a continuously 
decreasing prolactin concentration after thc compared to placebo. 
The mean glucose concentration over time increased by 7.2% after thc 
treatment (95%cv 0.1 – 14.8; p = 0.0468). Visual inspection indicated that 
this difference was solely caused by a larger glucose increase in the thc 
arm after a standardized meal (at t = 4.28 h, 48 min after lunch and 1h28m 
after the third thc administration) (6.19 mmol/l in the placebo group 
and 8.34 mmol/l in the thc treated group). No significant changes were 
seen for hdl cholesterol, leptin and triglycerides. An overview of the 
pharmacodynamic parameters can be found in Table 4.
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discussion 

This study demonstrated that thc induced changes in rsn functional 
connectivity. As predicted by the pk-pd models that were based on a pre-
vious study (Strougo et al., 2008) the thc and 11-oh-thc concentrations 
were within the effective range, inducing significant effects on external 
perception and feeling high from vas Bowdle and on heart rate mea-
sures.

Connectivity and function

thc induced significant effects on functional connectivity between 
various brain areas and the sensorimotor and right and left dorsal visual 
stream networks. In general, an increase of network connectivity was 
found after Bonferroni-correction, with one area showing decreased 
connectivity in the left dorsal visual stream cortex. The areas that 
were found to be most affected by thc in this study were comparable 
to findings from previous thc studies using pet, in which changes 
in resting-state blood flow or [11C]-raclopride binding potential were 
found, including the cerebellum, frontal pole, left superior frontal gyrus, 
right middle frontal gyrus (Mathew et al., 1998; Stokes et al., 2010). 

noi 4

The areas displaying thc-induced connectivity changes in the 
sensorimotor network could be associated with the functional changes 
that are observed after thc administration, such as the increase of 
external perception as seen in this study. The cerebellum, which showed 
connectivity increase, is associated with motor coordination and time 
perception (which is one aspect of external perception) and has high cb¡ 
receptor density (Nyberg et al., 2010; Stoodley and Schmahmann, 2009; 

Romero et al., 2002). A previous study with thc reported a correlation 
between altered time perception and cerebellar blood flow (Mathew et 
al., 1998). Also, the cerebellum is likely to be involved in thc-induced 
postural stability changes as previously observed (Zuurman et al., 2008; 
Zuurman et al., 2008; Zuurman et al., 2009). A possible correlation 
between the increase of external perception (a composite scale including 
the item ‘altered time perception’) and cerebellar connectivity changes 
should be further explored in a future study using pk-pd modelling. 

noi 7

The bilateral and left dmpfc, and the left frontal pole and left superior 
frontal gyrus (sfg) had an increased connectivity to the right dorsal vi-
sual stream network, whereas the right superior frontal pole, right dor-
solateral pfc (dlpfc), and the right inferior and middle frontal gyri had 
a decreased connectivity. The dmpfc and frontal pole are functionally as-
sociated with decision making and cognitive control, such as subserving 
the monitoring of action outcomes and cognitive branching, the ability 
to put on hold an alternative course of action during the concurrent per-
formance of the ongoing one (Venkatraman et al., 2009; Daw et al., 2006; 
Koechlin et al., 1999). We have not studied these functions in our study, but 
the literature includes a few studies of the effects of thc/cannabis on com-
plex problem solving and planning tasks (Tinklenberg et al., 1972; Crock-
ett et al., 1976), which could be attributed to fronto-polar pfc changes. 

The sfg is involved in higher cognitive functions, such as the execu-
tive functions of working memory processing, and is suggested to be 
associated with the excitatory and inhibitory inf﻿luences on craving, as 
found in a lesion study and a study with tobacco cigarettes (du Boisgue-
heneuc et al., 2006; Rose et al., 2011). In human brain tissue, cb¡ receptors 
are present in the sfg (Eggan and Lewis, 2007), suggesting effects of can-
nabinoids on the higher cognitive functions. However, in healthy sub-
jects, thc demonstrated no effects on cognitive functions such as plan-



chapter iii – thc in pharacological resting state fmri study

– 101 –

novel approaches in clinical development of cannabinoid drugs

– 100 –

ning and reasoning in the very limited available literature (Ramaekers 
et al., 2009; Morrison et al., 2009). The right inferior and middle frontal 
gyri are involved in risk attitudes and contingency awareness (Carter et 
al., 2006). These behaviours are affected by thc (Foltin et al., 1990), but 
are much dependent on the exact type of behaviour that is tested (Mc-
Donald et al., 2003; Zuurman et al., 2009). One fmri-study, for example, 
showed that thc attenuated activity in the right inferior frontal and an-
terior cingulate gyri when performing the Go/No-Go task for response 
inhibition, but no difference was seen on the task performance itself 
(Borgwardt et al., 2008). The dlpfc is involved with organization of 
working memory (Jha et al., 2006), which can also be affected by thc use 
(Bocker et al., 2010).

noi 8

This study showed that the right posterior pole and lateral occipital 
cortex had an increased connectivity with the left visual dorsal stream 
network. The occipital regions are functional visual areas (Hine, 1918; 
Kolmel, 1988). Previous studies found that thc influences several aspects 
of vision that could be attributed to visual cortex changes (Koethe et al., 
2006; Emrich et al., 1991; Winton-Brown et al., 2011). In this study, thc 
had clear effects on vas external perception, which includes several scales 
of changes of colours and shapes. 

In summary, the different nois show significant connectivity effects 
on brain areas that are functionally related and that have been found 
to be significantly affected by thc administration in previous studies. 
This suggests that connectivity changes that are found with rs-fmri 
could be related to functional alterations. Since similar conclusions were 
previously reached with morphine and ethanol (Khalili-Mahani et al., 
2011), rs-fmri can possibly be a useful technique for prediction of drug 
effects, although more studies are needed to understand the potential 
role of this technique in drug development.

Other pharmacodynamic parameters and  
 gender effects

cortisol

The cortisol increase, or reduced decrease (which occurs during daytime 
due to the diurnal rhythm), is consistent with previous findings (Good-
win et al., 2011; Ranganathan et al., 2009). Pre-clinical studies found that 
the cannabinoid-induced hypothalamic-pituitary axis activity increase 
is caused by cannabinoid action in the paraventricular nuclei in the hypo-
thalamus and the pituitary gland, where cb¡ and corticotrophin releas-
ing hormone receptors are co-expressed (Corchero et al., 1999; Dewey et 
al., 1970; Wenger et al., 1999). No clear connectivity changes were found 
in hypothalamic regions. The question whether connectivity changes 
could be expected between, for example, the hypothalamus and limbic 
regions after a thc-induced cortisol increase remains unanswered, as the 
relationship between connectivity changes and functional changes is un-
known and should be further investigated. Possibly, the thc-induced en-
hancement of postprandial glucose elevations was due to a thc-induced 
cortisol increase, which may have induced gluconeogenesis. No compa-
rable studies to our study have been reported, but similar findings have 
been reported in pre-clinical studies and a clinical study in fasting condi-
tions (Kim et al., 2011; Benowitz et al., 1976). As the subjects were served a 
standardized meal, glucose elevation due to larger carbohydrate intake 
is unlikely. Future studies may reveal interesting information about the 
circuitry involved in adaptive regulation of the brain-body function.

feeling high

Most subjects experienced the familiar feelings of subjective ‘high’ 
after administration of thc. This raises the question of which networks 
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could be associated with these psychomimetic effects. The answer to this 
question cannot be given easily, since thc causes many different effects 
with very similar time profiles (Strougo et al., 2008). Consequently, it is 
difficult if not impossible to distinguish the network activities that are 
uniquely associated with feeling high, from those related to other thc-
effects like upright postural instability or sedation. As our database 
of similar pharmacological studies with other psychomimetic drugs 
expands, we may be able to address the question of neural correlates of 
‘feeling high’ by integration and, for example, factor analyses of data 
from different drugs in the future.

physiological variations

We have found a significant effect of thc on heart rate. Because 
physiological pulsations may cause movement of large vessels, various 
retrospective processing techniques are proposed to correct for 
correlated physiological noise. As recently recommended in (Birn, 2012) 
we have used the bold fluctuations within individual’s csf and wm 
masks as an indirect measure of physiological noise. Furthermore, we 
have used average physiological variables as covariates at the higher-
level group analysis. Previously, it has been shown that the functional 
connectivity of the default mode network (noi 5) in particular is 
susceptible to heart pulsations (Chang et al., 2009). However, the impact 
of such corrections is likely to vary depending on the method used for 
estimating functional connectivity (e.g. ica, dual-regression or seed-
based) without any significant impact at the group level analysis (Starck 
et al., 2010). Because the aim of our study is to localize drug effects in the 
brain, we have refrained from performing any physiological correction 
that assumes a hemodynamic response function for the respiration and 
heart rate variations. Therefore, our results should be interpreted with 
the caveat that some of the regional drug effects might be confounded 
with signal change due to vascular motion.

Gender

The post-hoc analysis on pharmacokinetic gender differences showed 
a higher thc plasma concentration in females compared to males 
after the 2 mg dose. This study did not anticipate gender differences, 
which have rarely been examined in the literature. We administered 
a fixed dose using a nose clip to prevent surreptitious exhalation, 
whereas during recreational use (as cannabis), individual titration 
to the subjective effect could easily obscure most gender differences. 
Possible explanations for the pharmacokinetic gender differences 
found in this study are differences in height, weight, body composition, 
metabolism, hormones, or frequency of habitual cannabis use. This 
could not be explored further in this study, which was not designed to 
examine pharmacokinetic or pharmacodynamic gender differences. 
This would require future studies with a larger sample size and adequate 
considerations of other sex-associated confounders.

Concluding remarks and future directions

In line with previous findings, this study confirms that rs-fmri seems 
a promising technique for clinical pharmacological studies and drug 
development (Khalili-Mahani et al., 2011; Cole et al., 2010). The possible 
thc concentration-effect relationship including the active metabolite 
11-oh-thc needs to be further studied using pk-pd modelling. This 
would allow the quantitative examination of thc-induced effects on 
connectivity, including changes at low concentrations that might be 
observed without pronounced behavioural effects. 
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table 1 	 Demographics of the subjects that were included for pharmacodynamic and pharmacokinetic analyses.  

sd = standard deviation

Gender Variable N Mean SD

All Age (year) 12 22.17 2.95

bmi (kg/m2) 12 22.36 2.55

Height (m) 12 1.82 0.09

Weight (kg) 12 74.33 13.17

Female Age (year) 3 23.33 2.52

bmi (kg/m2) 3 22.07 0.32

Height (m) 3 1.70 0.06

Weight (kg) 3 63.83 4.93

Male Age (year) 9 21.78 3.11

bmi (kg/m2) 9 22.46 2.97

Height (m) 9 1.86 0.05

Weight (kg) 9 77.82 13.32

table 2 	 Pharmacokinetic parameters of thc as assessed by non-compartmental pharmacokinetic analysis.  

cv = coefficient of variation, iiv = interindividual variability, Cl = clearance, F = bioavailability, V = distribution volume, 

Q = intercompartmental clearance, t¡/™ = initial half-life, NA = not applicable. 

Parameter Units Median Uncertainty (%cv) iiv (%cv)

CL/F (L/hr) 145 11.2 37.4

V/F (L) 20.1 12.5 37.4

V peripheral (L) 78.6 15.8 37.4

Q (L/hr) 95.6 15.1 37.4

t¡ /™ (hr) 0.986 4.91 NA

table 3 	 Overview of the significant decreases and increases of connectivity (p‹0.05, threshold-free cluster 

enhancement corrected). The areas in grey are significant regions after Bonferroni correction.

Networks  Region (Harvard-Oxford) t-valuea X Y Z Voxel 
number

thc 
effectb

no11: Medial visual L Superior and medial frontal 
gyrus (premotor cortex)

5.32 -24 -2 46 26 -

B Dorsal acc 5.02 2 12 34 20 -

L Temporal occipital fusiform 
cortex

4.9 -30 -48 -18 17 -

no12 : Lateral visual L Temporal occipital fusiform 
cortex (extending into para
hippocampal gyrus & hippo-
campus)

4.91 -30 -48 -12 163 +

L Ventromedial cerebellum 5.03 -22 -60 -44 36 +

R Temporal occipital fusiform 
cortex (extending into parahip-
pocampal gyrus)

4.16 26 -38 -18 22 +

R Middle frontal gyrus, dlpfc 5.34 28 20 44 14 +

B Posterior precuneous cortex 4.8 2 -74 42 203 -

R occipital pole, lateral occipital 
cortex

4.3 34 -92 -10 27 -

R Precentral gyrus 5.54 46 -10 58 12 -

no13: Auditory R Parahippocampal gyrus  
 (extending into hippocampus)

4.66 40 -34 -10 132 +

B pcc, retrosplenial cortex 5.04 0 -46 2 20 +

R Caudate 5.86 20 32 2 16 +

B Supramarginal gyrus, superior/
medial/inferior temporal gyri, 
temporal pole, parahippocampal 
gyrus, lateral ofc

6.07 62 -30 28 25075 -

B Superior frontal gyrus, dmpfc 4.83 0 50 28 262 -

R Frontal pole, dmpfc 4.13 10 60 22 104 -

L Precentral gyrus, superior  
parietal cortex

3.85 -10 -16 64 52 -

B Mid-cingulate cortex 4.26 -4 -8 34 38 -

L Precentral gyrus, superior  
mid-cingulate cortex

4.11 -4 -20 50 30 -

R vmpfc 4.12 16 54 6 28 -

R Middle frontal gyrus 3.36 46 10 40 19 -

R Precentral gyrus, superior mid-
cingulate

4.12 6 -26 54 17 -

(Table continues on next page)
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Networks  Region (Harvard-Oxford) t-valuea X Y Z Voxel 
number

thc 
effectb

no14:  
Sensorimotor

L Midbrain 3.92 -8 -28 -18 22 +

B Cerebellum (more extensive in 
right hemisphere)

6.36 14 -70 -50 6101 +

L Cerebellum (antero-ventral) 5.53 -20 -48 -54 47 +

L Cerebellum (ventromedial) 5.15 -10 -64 -50 5.15 +

R Postcentral gyrus 5.09 40 -32 62 184 -

R Precuneous cortex 4.28 14 -46 44 169 -

R Superior posterior parietal cortex 4.39 20 -56 62 142 -

L Superior posterior parietal cortex 3.73 -22 -54 50 99 -

L Postcentral gyrus, superior 
parietal cortex

4.39 -18 -40 64 71 -

R Superior posterior parietal cortex 
(mid-superior)

4.24 30 -42 64 57 -

no15: Default mode L Frontal pole, dorsal pfc 5.17 -28 46 16 35 +

L Intracalcarine (visual) cortex 5.63 -18 -80 10 17 +

no16: Executive/ 
salience

L Precuneous Cortex. 5.19 -8 -58 36 17 -

no17: Right dorsal 
visual stream

B Frontal pole, dmpfc 5.69 -12 66 10 149 +

L Frontal pole, dmpfc 4.97 -12 54 30 130 +

L dmpfc, frontal pole, superior 
frontal gyrus

4.53 -2 52 30 15 +

R Superior frontal pole, middle 
frontal gyrus, dlpfc, inferior 
frontal gyrus

5.44 38 38 24 53 -

R Superior frontal pole, inferior 
and medial frontal gyrus, dlpfc

5.44 38 38 24 324 -

R Superior frontal pole, inferior 
frontal gyrus (partial)

4.16 32 50 14 138 -

R Frontal pole (inferior),  
ventrolateral pfc

4.61 44 52 -6 109 -

no18: Left dorsal 
visual stream

R Occipital pole, lateral occipital 
cortex

5.01 42 -92 2 770 +

L Pre and post-central gyrus, 
central sulcus

4.74 -44 -16 40 29 +

R Occipital pole, lateral occipital 
cortex

5.01 42 -92 2 52 +

B pcc 4.7 -2 -38 24 105 -

a	 Uncorrected peak t-value
b	 The minus (-) indicates a connectivity decrease after thc, and the plus (+) an increase.
Abbreviations: L - left, R - right, B - bilateral, acc/pcc - anterior/posterior cingulated cortex, pfc - prefrontal cortex, 		
dlpfc - dorso-lateral pfc, dmpfc - dorso-medial PFC, vmpfc - ventro-medial pfc, ofc - orbito-frontal cortex

table 4 	 Overview of the non-fmri pharmacodynamic parameters

 lsm Treatment Contrasts lsm change from 
baseline

Parameter Placebo thc P-value thc vs Placebo Placebo thc

vas Alertness (mm) 52.5 45.9 0.0646 -6.6 (-13.7, 0.5) 1.3 -5.3

vas Calmness (mm) 53.9 55 0.2248 1.1 ( -0.8, 3.0) 0.3 1.4

vas Mood (mm) 55 55 0.9787 0.1 ( -4.6, 4.8) -0.6 -0.5

vas External log (mm) 0.32 0.545 0.0149* 0.225 (0.054, 0.396) 0.008 0.233

vas Internal log (mm) 0.308 0.346 0.0718 0.037 (-.004, 0.079) 0.004 0.041

vas feeling high log (mm) 0.285 1.053 ‹.0001* 0.768 (0.578, 0.957) -0.02 0.748

Heart rate (bpm) 66.7 77 0.0026* 10.3 (4.4, 16.2) -1.8 8.4

fsh (U/L) 2.327 2.291 0.5601 -1.56% (-7.11%, 4.33%) -3.87 -5.37

lh (ng/ml) 4.16 3.15 0.0935 -24.20% (-45.9%, 6.12%) 2.02 -22.71

Cortisol (µmol/ml) 0.36 0.47 0.0051* 32.21% (11.87%, 56.25%) -29.24 -6.45

Prolactin (µgr/l) 8.41 6.64 0.0100* -21.00% (-33.0%, -7.01%) -28.68 -43.69

Glucose (mmol/l) 4.7 5.1 0.0468* 7.2% (0.1%, 14.8%) -4.64 2.25

hdl cholesterol (mmol/l) 1.12 1.12 0.8933 0.63% (-9.21%, 11.53%) 0.93 1.57

Leptin (µg/l) 3.6 3.7 0.8328 1.95% (-16.6%, 24.62%) -2.94 -1.04

Triglycerides (mmol/l) 0.98 0.97 0.9086 -0.70% (-13.2%, 13.64%) 3.47 2.74

*	 Statistically significant values

figure 1 	 Visual representation of the chronological study day activities after each thc inhalation. The horizontal 

axis represents the time line and should be read from left to right. The vertical lines connected to the dots represent 

the relative time points for the activities indicated in the boxes. The grey lines represent measurements that were 

only performed after the third thc inhalation. The time points are given in hours and minutes relative to the thc 

administration, and refer to thc administration and rs-mri measurements. At the first blood sample (1) for each cycle, 

only a pk sample was taken.
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figure 2 	 Mean thc plasma concentration (+ standard deviation) graph. thc was administered at 0 min (2 mg), 90 

min (6 mg), and 180 min (6 mg).

figure 3 	 Mean thc plasma concentration (+ standard deviation) graph by gender. Dots = males; Circles = females.	

figure 4 	 Brain regions showing clusters of significant differences (Bonferroni corrected) in noi functional 

connectivity following thc relative to placebo. Spatial maps (right): Axial and coronal slices are displayed in 

radiological convention such that left=right. Green = noi, Red = Connectivity increase after thc relative to placebo, 

Blue = Connectivity decrease after thc relative to placebo; crosshairs indicate position of displayed slices. Connectivity 

changes across time (left): plots visualise z-scores resulting from each significant contrast (Bonferroni corrected) 

only, split by scan time point and averaged across clusters and subjects, separately for placebo (grey) and thc (black) 

conditions. Error bars represent the standard error of the mean. Vertical green dotted lines indicate the three points at 

which a dose was inhaled. Red and blue arrows link the associated spatial and temporal information.

 (see inside cover for this figure in colour)
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figure 5 	 Graphs of pharmacodynamic effects, with vas feeling high (figure A) average scores of log (mm) + standard 

deviations (sd), and mean heart rate + sd (figure B). Open circle: thc, closed circle: placebo. thc inhalations were given 

at time points 0, 90, and 180 min.
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