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BACKGROUND: The pharmacokinetic–pharmacodynamic re-
lationship between whole blood �-9-tetrahydrocannabinol
(THC) and driving risk is poorly understood.

METHODS: Fifteen chronic cannabis consumers (1–2
joints/day; CC) and 15 occasional cannabis consumers
(1–2 joints/week; OC) of 18 to 34 years of age were
included. A pharmacokinetic study was conducted with
12 blood samplings over a 24-h period before and after
controlled random inhalation of placebo or 10 mg or 30
mg of THC. THC and metabolites were quantified using
LC-MS/MS. Effects on reaction time by psychomotor
vigilance tests and driving performance through a York
driving simulator were evaluated 7 times. A pharmacoki-
netic–pharmacodynamic analysis was performed using R
software.

RESULTS: Whole blood peak THC was 2 times higher in
CC than in OC for a same dose and occurred 5 min after
the end of consumption. THC remained detectable only
in CC after 24 h. Despite standardized consumption, CC
consumed more available THC from each cigarette re-
gardless of dose. Maximal effect for reaction time was
dose- and group-dependent and only group-dependent
for driving performance, both being decreased and more
marked in OC than in CC. These effects were maximal
around 5 h after administration, and the duration was
longer in OC than in CC. A significant pharmacokinetic–
pharmacodynamic relationship was observed only between
Tmax for blood THC and the duration effect on mean re-
ciprocal reaction time.

CONCLUSIONS: Inhalation from cannabis joints leads to a
rapid increase in blood THC with a delayed decrease in
vigilance and driving performance, more pronounced
and lasting longer in OC than in CC.
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Cannabis is present in 29.8% to 36.9% of drivers driving
under the influence of drugs (1, 2 ). Use has increased
over the past 10 years (1 ), particularly in the young (3 ),
and there is some evidence of increased exposure. A
Norwegian study showed an increase in the mean blood
�-9-tetrahydrocannabinol (THC)5 concentration from
4.0 � 0.3 ng/mL to 6.6 � 0.4 ng/mL (58%) between
2000 and 2010 in impaired drivers (4 ).

Cannabis is most often smoked, and studies have
shown that this leads to a rapid increase in whole blood
THC concentrations (5, 6 ) that peak after 10 min. Bio-
availability varies from 18% to 50%, and because of its
lipid solubility, THC is rapidly absorbed into adipose
and hepatic tissue (5 ). THC is metabolized into the
active 11-hydroxy-�9-tetrahydrocannabinol (11-OH-
THC) (7 ) and then to the inactive 11-nor-9-carboxy-
�9-tetrahydrocannnabinol (THC-COOH). THC
disappears from blood after 6 to 10 h, although it can
persist longer (8 ), up to 30 days (9 ), after consump-
tion, as can THC-COOH, as THC is slowly released
and metabolized from adipose stores (10 ). THC may
persist in the brain even when no longer detectable in
blood (11 ).
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Université Versailles-St. Quentin-en-Yvelines, INSERM U-1173, Hôpital Raymond Poin-
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Cannabis consumption has been shown to induce
acute changes in brain activity on functional MRI involv-
ing centers linked with saliency detection, self-oriented
mental activity, and task performance (12 ). Consump-
tion has negative effects on cognitive and psychomotor
function (13 ) with increases in reaction time (14, 15 ),
which is more marked in occasional consumers (15 ).
These cognitive and psychomotor changes affect both
performance on driving simulators and lead to increased
risk taking (16, 17 ). Lane weaving is increased, although
slower speed and increased headway have been suggested
to be compensatory mechanisms (18, 19 ) because drivers
are aware of impairment (20 ). Performance on driving
simulators correlates with highway driving, although
with an increase in the amplitude of effects because driv-
ers are more prepared to take risks on driving simulators
than on the highway (21 ). Weaving is significantly in-
creased on simulators compared with highway driving
after THC consumption (22 ).

Driving under the influence of cannabis has been
shown in numerous studies to be linked with an increase
in accidents. Meta-analyses have shown estimates of the
increased risk varying from an odds ratio (OR) of 1.36
(CI, 1.15–1.61) (23 ) to an OR of 1.92 (CI, 1.35–2.73)
(24 ). The risk is higher in fatal accidents (OR, 2.10; CI,
1.31–3.36) (24 ), and despite road safety campaigns, the
prevalence of driving under the influence of cannabis has
remained stable over the past 10 years (25 ). Cannabis-
attributable traffic accidents are costly: In Canada in
2012, more than $1 billion of damage to property was
caused by 7794 drivers driving under the influence of
cannabis (26 ).

The link between inhaled THC, blood concentra-
tions of THC, and its active metabolite 11-OH-THC in
occasional cannabis consumers and chronic cannabis
consumers and their relation to reaction time and driving
behavior is poorly understood, and no studies have
looked at the pharmacokinetics of cannabis and perfor-
mance over a 24-h period.

The primary objective of this study was to examine
the relationship between the dose and concentration of
inhaled THC, reaction time, and driving ability mea-
sured in healthy occasional and chronic consumers.

Materials and Methods

The study was approved by the local ethics committee
(13039, CPP Ile-de-France XI) and conducted in com-
pliance with good clinical practice guidelines and the
Declaration of Helsinki. All participants provided writ-
ten informed consent.

POPULATION

Thirty healthy male volunteers 20 to 34 years of age with
a valid driving license were recruited by advertisement

from the local university community. Participants were
prescreened depending on declared cannabis consump-
tion into 2 groups: chronic consumers (CC) smoking 1
or 2 joints/day and occasional consumers (OC) smoking
1 or 2 joints/week. All participants had consumed can-
nabis for at least 1 year. Exclusion criteria included symp-
toms suggesting medical, psychiatric, or sleep disorders,
excessive alcohol use [Alcohol Use Disorders Identifica-
tion Test (AUDIT) score, �13], usual daily intake �225
mg caffeine/day, consumption of drugs other than can-
nabis or psychoactive medication in the month before
inclusion, excessive daytime sleepiness measured by the
Epworth sleepiness scale, and extreme chronotypes mea-
sured by the Horne and Ostberg score (27 ).

STUDY DESIGN AND PROCEDURES

This was a randomized, double-blinded, crossover study
comprising 3 sessions in random order, with at least a
7-day wash-out period between each session. During the
selection visit, all participants were interviewed and ex-
amined by a sleep physician and a psychiatrist to check
inclusion and exclusion criteria, and an electrocardio-
gram was performed, followed by training on the psy-
chomotor vigilance test (PVT) measuring reaction time
to a visual stimulus, as well as on a driving simulator.
Urine drug screening was performed to confirm cannabis
use and exclude the use of other psychotropic drugs. Hair
sampling was performed to confirm declarative occa-
sional or chronic cannabis consumption.

Each session started at 8 AM and lasted 26 h. The
order of the sessions was randomized for each participant.
Participants were instructed to avoid cannabis consump-
tion from 12 PM the day before and were drug tested
using oral fluid on arrival to confirm absence of THC,
opiates, cocaine, and amphetamines. If negative, venous
access for repeated blood sampling was inserted, and a
urine sample for drug and pharmaceutical screening was
obtained for subsequent analysis. The absence of blood
alcohol was immediately controlled using gas chromatog-
raphy–flame ionization detection on the preadministra-
tion sample. Baseline driving simulator test and vigilance
tests were performed, followed by timed consumption of
a cannabis-containing cigarette. Vital signs (heart rate,
blood pressure, and respiratory rate) were monitored.
Blood samples were taken in heparinized tubes before
administration, then 5 min, 15 min, 30 min, 1 h, 2 h, 4 h,
6 h, 8 h, 10 h, 12 h, and 24 h after the end of the cigarette.
PVT and driving simulator tests were performed at 1 h,
2 h, 4 h, 6 h, 8 h, 12 h, and 24 h after consumption.

INTERVENTIONS AND CIGARETTE PREPARATION

Cannabis obtained from the regional police department
in the form of leaves was powdered, extracted by sonifi-
cation during 30 min in heptane/ethyl acetate, and ana-
lyzed by GC-MS. According to the dosage (THC, 9.8%;
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cannabinol and cannabidiol, not detected; limit of detec-
tion, 0.1%), the powder was mixed with 1 g of tobacco to
obtain 10 mg or 30 mg of THC in the total cigarette.
Placebo was made using a mixture of 1 g of tobacco and
textile-grade hemp. Heavily scented tobacco (Amster-
damer®) was used to conceal the characteristic smell of
cannabis. Cigarettes were prepared by a known user of
cannabis. Cigarettes were smoked following a controlled
protocol: inhalation for 2 s every 40 s over a 10-min
period (exactly 15 puffs). The cigarette end was recov-
ered, and the quantity of THC remaining was analyzed
by the same GC-MS method to determine the exact
quantity of THC consumed. Expired carbon monoxide
was measured 2 times, before and 30 min after cigarette
consumption, to determine the amount each participant
inhaled during each session (calculating the difference
between the value obtained after consumption and be-
fore). This measure was carried out using a CO analyzer
measuring the person’s expired carbon monoxide in parts
per million (28 ).

TESTING AND OUTCOME MEASURES

Driving simulation. Each testing session included seven
30-min periods of simulated driving on a York driving
simulator (York Computer Technologies). The scenario
used was a monotonous 4-lane highway, with occasional
passing vehicles, speed limit signs that the participants
were encouraged to observe, and gusts of wind pushing
the car and requiring corrective maneuvers (29 ). Driving
performance was measured by standard deviation of lat-
eral position on the road (SDLP or weaving).

Vigilance testing. Objective vigilance was assessed using
10-min PVT (30 ). Mean reciprocal reaction time (1/
mean reaction time in seconds; mRRT) was measured
and analyzed.

BLOOD, HAIR, URINARY, AND ORAL FLUID TESTING

Blood and urine cannabinoids were tested by LC-
MS/MS for THC (limit of quantification and limit of
detection, 0.1 ng/mL and 0.05 ng/mL, respectively), 11-
OH-THC (0.2 ng/mL and 0.1 ng/mL), and blood and
urine THC-COOH (1 ng/mL and 0.5 ng/mL). Canna-
binoids were extracted from whole blood or hydrolyzed
urine by heptane/ethyl acetate, derivatized with dabsyl
chloride at 70 °C for 5 min, and injected into the LC-
MS/MS system after cooling (31 ).

Hair testing was performed by LC-MS/MS for
THC, cannabidiol (both 2 pg/mg and 1 pg/mg), and
cannabinol (1 pg/mg and 0.5 pg/mg). After decontami-
nation and then hydrolyzed in 1 mol/L NaOH for 10
min, cannabinoids were extracted from 20 mg of hair
with heptane/ethyl acetate and injected into the LC-
MS/MS system.

Urinary psychotropic drug screening was carried out
by LC-MS/MS. After hydrolysis, supernatant was trans-
ferred onto a Turboflow® device (online extraction) cou-
pled to the LC-MS/MS system. This targeted screening
method allowed the detection (limit of detection, 1–10
ng/mL depending on the compound) and quantification
of all benzodiazepines, neuroleptics, hypnotics, and anti-
depressant drugs marketed in France and classical drugs
of abuse (opiates, cocaine, amphetamines and deriva-
tives, and ketamine).

Oral fluid testing was carried out using Drugwipe
5S® tests (Securetec). The cutoffs for the Drugwipe 5S
tests are 10 ng/mL for THC, 10 ng/mL for opiates, 25
ng/mL for cocaine, 25 ng/mL for methamphetamines,
and 50 ng/mL for amphetamines.

STATISTICAL ANALYSIS

Pharmacokinetic analysis of cannabis. The concentration
vs time data of THC, 11-OH-THC, and THC-COOH
were described by a noncompartment analysis with the
following parameters: maximum concentration observed
(Cmax; �g/L), time to reach Cmax (Tmax; h), and the area
under the curve by trapezoidal rule (AUC; h � �g/L).

Pharmacodynamic analysis of SDLP and mRRT. The re-
peated measures of the SDLP and the mRRT were de-
scribed with the following parameters: maximum effect
(Emax; % from baseline value), time to reach Emax (h),
duration of the effect (from time to Emax to a decrease by
50% of the maximum value), and a measure of the overall
effect by computation of the area over the curve (variable
unit � time).

Statistical methods: The effect of inhaled cannabis
on pharmacodynamic parameters of the SDLP and the
mRRT were analyzed using the lme4 package (32 ) with
the R program (33 ) with statistical analysis for repeated
measures. Linear regression analyses were performed us-
ing the lmer function with the patient as a grouping
factor to estimate the random-effects term to evaluate the
association between SDLP or mRRT dynamic parame-
ters, dose (mg), group (OC vs CC), and THC pharma-
cokinetic parameters (Cmax, Tmax, and AUC). Signifi-
cance threshold was set at P � 0.05.

Results

PARTICIPANTS

Thirty-seven healthy male cannabis smokers were pre-
screened: 15 OC users who all completed the study and
22 CC consumers of whom 15 completed the study.
Of the 22 CC participants, 5 were lost before random-
ization and 2 were wrongly included: 1 without health
insurance and the other with undeclared excessive can-
nabis consumption.
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No significant difference was found between the
groups for age, body mass index, educational level, day-
time sleepiness, chronotype, cigarette and coffee con-
sumption, or alcohol use (as measured by the AUDIT
score) (34 ). All participants consumed alcohol socially
(AUDIT score, 1–7) but not all smoked tobacco (except
in cannabis-containing cigarettes). Of the OC group, 13
of 15 consumed 2 cannabis-containing cigarettes per
week; in the CC group, 8 of 15 consumed 2 cannabis-
containing cigarettes a day. The others consumed 1
cannabis-containing cigarettes per week or per day, re-
spectively. Quantities of THC and cannabinol in hair

analysis were significantly higher in the CC group than in
the OC group (Table 1).

THC CONCENTRATIONS IN WHOLE BLOOD

Peak THC concentrations in whole blood were found at
the first sampling (5 min or 15 min when sampling at 5
min was not available) and were significantly higher (P �
0.031) in CC than in OC with a peak at 5 min of 15.1
ng/mL (SD � 9.8 ng/mL) in CC vs 8.0 ng/mL (SD �
7.5 ng/mL) in OC (Fig. 1, A and B) after the consump-
tion of a 10-mg dose. This effect was also seen after con-
sumption of a 30-mg dose with 37.5 ng/mL (SD � 27.2

Table 1. Participant information.

Total
(n = 30)

Occasional
(n = 15)

Chronic
(n = 15) P

Demographic

Mean age, years (SD) 21.50 (3.26) 21.93 (3.26) 21.07 (3.31) 0.5

Education, n (%)

University/further education 23 (76.7) 10 (66.7) 13 (86.7) 0.3

High school graduate 4 (13.3) 2 (13.3) 2 (13.3)

Vocational qualification 3 (10) 3 (20) 0 (0)

Clinical parameters

Mean body mass index (SD) 21.54 (2.04) 21.82 (2.22) 21.26 (1.86) 0.46

Mean Horne and Osberg score (SD) 8.34 (2.29) 8.13 (2.67) 8.57 (1.87) 0.6

Epworth score, n (%)

0–10 26 (86.7) 11 (73.3) 15 (100)

11–14 3 (10) 3 (20) 0 (0) 0.1

≥15 1 (3.3) 1 (6.7) 0 (0)

Alcohol, tobacco, and caffeine consumption

Alcohol use, n (%) 30 (100) 15 (100) 15 (100)

Mean AUDIT score (SD) 3.97 (1.5) 4.13 (1.55) 3.8 (1.47) 0.6

Tobacco use, n (%) 17 (56.7) 7 (46.7) 10 (66.7) 0.5

Mean cigarette consumption/day (SD) 7.35 5.29 8.8 0.1

Mean Fagerstôm score (SD) 1.94 (1.39) 1.17 (0.75) 2.40 (1.51) 0.09

Coffee consumption, n (%) 27 (90) 13 (86.7) 14 (93.3) 1

Cannabis use

Years of cannabis consumption, mean (SD) 4.96 (2.00) 4.62 (1.88) 5.30 (2.12) 0.36

Frequency of cannabis use (%)

1/day 7 (23.3) 7 (46.7)

2/day 8 (26.7) 8 (53.3)

1/week 2 (6.7) 2 (13.3)

2/week 13 (43.3) 13 (86.7)

Presence of cannabinoids in hair analysis

THC, pg/mg, median [IQRa] 33.9 [22.3–108.2] 23.7 [6.8–36.7] 42.1 [30.2–258.6] 0.02

Cannabinol, pg/mg, median [IQR] 10.4 [3–27.6] 3 [2.5–11.1] 15.8 [8.7–47.5] 0.01

Cannabidiol, pg/mg, median [IQR] 53.4 [11.3–198.3] 24.5 [6.3–86.7] 82.2 [37–212.8] 0.14

a IQR, interquartile range.
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ng/mL) vs 17.6 ng/mL (SD � 14.2 ng/mL), respectively
(Fig. 1, A and B). The concentrations decreased rapidly
over the first 4 h and then remained low. However, anal-
ysis of low concentrations showed that detectable THC
(approximately 1 ng/mL; Fig. 1C) remained in CC even
after 24 h. This was not seen in OC, whose concentra-
tions returned to zero after 24 h (Fig. 1C). A small in-
crease in THC was seen after the consumption of placebo
in both CC and OC. Noncompartmental pharmacoki-
netic parameters of THC, 11-OH-THC, and THC-
COOH in OC and CC are shown in Table 2. Despite
controlled consumption, CC consumed more of the
available THC in each cigarette regardless of dose: At a
10-mg dose, CC consumed 9.0 mg vs 8.0 mg in OC; at a
30-mg dose, CC consumed 26.4 mg vs 22.6 mg in OC.

Inhalation technique also differed between the groups as
measured by the increase in exhaled carbon monoxide:
An increase of 11.5 ppm in CC vs 7.1 ppm in OC was
seen at a 10-mg dose and 13.2 ppm in CC vs 7.5 ppm in
OC at a 30-mg dose.

REACTION TIME MEASURED BY PVT, mRRT

Overall effect, Emax, time to reach Emax, and duration of
effect on mRRT according to the dose and the group are
shown in Fig. 2. Linear regression showed no significant
relationship between the overall effect or the time to the
maximum effect and the factors evaluated. For Emax, the
linear regression showed a significant relationship with
group (P � 0.009) and dose (P � 0.003) with a more
marked effect in OC vs CC, but not with the pharmaco-

Fig. 1. Blood concentration of THC vs time.
(A), Full concentrations obtained on 24 h. (B), Zoom on the first hour. (C), Zoom on low concentrations (≤4 ng/mL). CO, occasional consumers.
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Table 2. Noncompartmental analysis of whole blood THC, 11-OH-THC, and THC-COOH.

Compound

Dose

10 mg 30 mg

CC OC CC OC P

THC

Cmax, μg/L 11.6 (8.5); 10.1 7.55 (7.55); 3.83 28.9 (16.0); 26.0 15.4 (13.8); 12.2 0.031

Tmax, h 0.27 (0.23–1.42) 0.25 (0.23–0.62) 0.43 (0.25–0.45) 0.26 (0.10–4.15) 0.758

AUC, h × μg/L 31.1 (22.6) 9.1 (9.4) 58.8 (27.4) 18.9 (17.9) 0.00017

11-OH-THC

Cmax, μg/L 1.65 (0.99); 1.43 1.32 (0.99); 0.97 3.30 (1.98); 2.73 1.98 (0.99); 2.04 0.045

Tmax, h 0.44 (0.25–1.42) 0.44 (0.23–0.70) 0.45 (0.28–0.68) 0.27 (0.25–0.65)0.65) 0.128

AUC, h × μg/L 7.30 (6.6) 30.30 (4.0) 14.2 (9.6) 4.3 (4.6) 0.0058

THC-COOH

Cmax, μg/L 20.0 (16.2); 15.4 7.2 (6.2); 3.44 33.8 (15.5); 35.7 11.7 (11.0); 6.3 0.0004

Tmax, h 0.45 (0.23–2.03) 0.42 (0.23–0.70) 0.45 (0.28–0.70) 0.43 (0.25–2.13) 0.355

AUC, h × μg/L 241.5 (185.3) 58.5 (66.1) 323.4 (180.8) 103.7 (114.3) 0.00067

P, �2 of the likelihood ratio test after adding the use variable (chronic or occasional) in the model (df = 1).
Mean (SD); median for Cmax; median (min-max) for Tmax; mean (SD) for AUC.

Fig. 2. Effects of dose and group (GP) on vigilance (mRRT).
(A), Overall effect on mRRT by AUC. (B), Maximal effect Emax. (C), Time to Emax. (D), Duration of effect. Chr, chronic consumers; occ, occasional
consumers.
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kinetic parameters. Time to reach Emax was not signifi-
cantly related to group and dose, being at 5 h. For dura-
tion of effect after Tmax, the linear regression showed a
significant relationship between group (P � 0.031) with
longer lasting effects in OC and the time to reach the
maximum blood THC concentration (Tmax, P � 0.028),
but no relationship with the other pharmacokinetic
parameters. Estimates of final models are presented in
Table 3.

PERFORMANCE ON THE DRIVING SIMULATOR, SDLP

Overall effect, Emax, time to reach Emax, and duration of
effect on SDLP according to the dose and the group are
shown in Fig. 3. Linear regression showed no significant
relationship between the overall effect and the factors
evaluated. For Emax and duration of effect, the linear
regression showed a significant relationship with group
(P � 0.048 and P � 0.020, respectively) with a more
marked and a longer effect in OC vs CC. There was no

Table 3. Estimates of final models (SD) for driving simulation and reaction times.

Reaction time (PVT) Driving simulator

Overall effect 97.135 (1.753) 135.008 (6.388)

Emax (% from baseline) 7.384 (2.459) + 8.284 (2.763) ×
OCa + 0.388 (0.133) × doseb

25.063 (3.260) + 9.411 (4.563) × OC

Time to Emax, h 5.024 (0.600) 6.579 (1.248) + 2.891 (1.465) × OC −
0.121 (0.057) × dose

Duration, h 1.983 (0.697) + 2.678 (1.041) ×
OC + 1.499 (0.667) × Tmax

c
3.028 (0.618) + 2.178 (0.893) × OC

a OC = 1 if occasional user, 0 if CC.
b Dose in milligrams.
c Tmax is the time to Cmax (h).

Fig. 3. Effects of dose and group (GP) on performance on driving simulator (sdlp).
(A), Overall effect on SDLP by AUC. (B), Maximal effect Emax. (C), Time to Emax. (D), Duration of effect; chr, chronic consumers; occ, occasional
consumers.
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difference with dose or the pharmacokinetic parameters.
The linear regression showed a significant relationship
between the time to maximum effect, the group (P �
0.037), and the dose (P � 0.043), but none of the phar-
macokinetic parameters. Estimates of final models are
presented in Table 3.

Discussion

Wide interindividual variation was seen in reaction time
and performance on the driving simulator, although all
participants were trained in the use of the equipment
before testing. This interindividual variation has been
noted in previous studies (18, 19 ). To reduce interindi-
vidual variation, we recruited only young men because
large differences in performance linked to age and sex
have been reported (35 ). Moreover, we included only
volunteers who usually consumed exactly 1 or 2 cannabis
cigarettes per day (CC) or 1 or 2 cannabis cigarettes per
week (OC). Their different habitual exposure to cannabis
was confirmed by the different concentrations of THC
and cannabinol measured in hair. We did not measure
THC-COOH in hair, the only compound that would
strictly exclude external contamination, but cannabi-
noids were not found in the washing baths, showing that
external THC contamination was not present. At each
session, we excluded consumption of all drugs other than
cannabis (alcohol in blood and other psychoactive sub-
stances in urine) to ensure that we were measuring only
the effects of cannabis. All participants had a negative oral
fluid THC at the beginning of each session, and all the
blood collected before administration of the cigarette
(T0) showed the absence of 11-OH-THC, confirming
the absence of consumption of cannabis at least in the 6
to 8 h preceding each session.

A clear difference was noted between CC and OC in
techniques of cannabis consumption, THC blood con-
centrations, and effects on vigilance and driving perfor-
mance. First, higher concentrations of THC were noted
in the blood of CC (Fig. 1). This difference cannot be
explained by baseline characteristics: CC and OC were
well matched for age, sex, body mass index, and educa-
tional level, and testing was performed in a closed unit
with no possibility for additional consumption (con-
firmed by the pharmacokinetic curves). This difference
in blood cannabis concentrations in OC and CC has
been already reported, and the differences may be owing
to users autotitrating the amount of THC ingested (36 ).
The increase was probably because of different inhalation
techniques in CC and OC, confirmed by an increased
rise in carbon monoxide values in CC, implying in-
creased inhalation. This difference in inhalation tech-
niques led to clear differences in the consumption of
THC within the cigarette, with CC consuming 12% to
13% more of the available THC within the cigarette,

and also to blood THC concentrations: After 5 min,
the concentrations were 1.9 times higher in CC at a
10-mg dose compared with OC and 2.1 times higher
in CC at a 30-mg dose.

Twenty-four hours after cannabis consumption,
THC concentrations returned to zero in OC. However,
in CC participants, THC was still detectable, and this
persistent low concentration of THC has been shown to
be because of stockage and slow liberation of THC from
adipose tissue (9 ). A small increase in THC was noted
after the consumption of the placebo, which consisted of
hemp mixed with a small amount of old cannabis leaf to
give a characteristic odor. Reanalysis of the placebo
showed the presence of trace (0.2 mg) THC.

Ingestion of THC was clearly linked to reductions in
vigilance (measured by the mRRT). The lengthening of
the reaction time was more marked in OC than in CC,
and was dose-dependent. Moreover, the effect was longer
in OC than in CC, showing a partial tolerance to these
effects with more frequent exposure, as previously shown
for THC psychomotor and neurocognitive effects (15 ).
The duration of this vigilance effect was found to be
related to the time to reach the maximum blood THC
concentration. It was the unique pharmacokinetic/phar-
macodynamic relationship found in this study.

Simulated driving is known to reflect real-life driv-
ing experience (21, 22, 37 ); therefore, the deterioration
in performance detected on the simulator is likely to have
consequences on driving ability. Driving performance
measured by the SDLP was affected with a clear deterio-
ration in both groups, although this was more marked in
the OC compared with the CC group. Similar effects on
SDLP have already been shown using 2.9% and 6.7%
vaporized THC (18 ), 10 or 20 mg of dronabinol (38 ), or
7, 14, or 21 mg of smoked THC with or without associ-
ation with alcohol (39 ). After 10 mg, effects were maxi-
mal after around 5 h in CC and around 8 h in OC with
a dose effect. Duration was about 3 h in CC and 5 h in
OC, leading to a total effect of 8 h in CC and 13 h in OC.
These delayed effects probably imply that effects of THC
on driving performance are not simply because of the
direct effect on vigilance but also owing to an impact on
executive functions (40 ). The existence of tolerance to
the deleterious effects on neurocognitive performance
cannabis is debated (15, 40, 41 ), but changes in func-
tional connectivity between brain regions responsible for
coordinating behavioral control have been found, which
may mitigate cannabis-related impairments in chronic
users (42 ).

We found a slow effect on driving performance in
OC even after the consumption of placebo, probably
explained by the small amount of THC present in the
placebo. We conclude that absence of habitation to the
effects of THC leads to measurable effects even after min-
imal consumption in OC.
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Concerning the pharmacokinetic/pharmacodynamic
relationship, the effect on vigilance and driving performance
was more marked and lasted for longer in OC than in CC,
whereas the opposite occurred in the pharmacokinetic pa-
rameters, with THC being present in blood at higher con-
centration and for a longer period in CC than in OC, in
accordance with a nonrelationship between whole blood
concentration of THC and psychoactive effect of this
substance.

In conclusion, smoked cannabis leads to delayed ef-
fects on vigilance and delayed and long-lasting effects on
executive function. No significant pharmacokinetic/
pharmacodynamic relationship was observed except for
Tmax and duration of effect on mRRT. The effects were
more marked and lasted longer in OC vs CC.
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