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Aims: To study the e�ect of inhaled cannabis on self-assessed predicted driving

ability and its relation to reaction times and driving ability on a driving simulator.

Participants and methods: 30 healthy male volunteers aged 18–34: 15 chronic

(1–2 joints /day) and 15 occasional (1–2 joints/week) consumers. Self-assessed

driving confidence (visual analog scale), vigilance (Karolinska), reaction time

(mean reciprocal reaction time mRRT, psychomotor vigilance test), driving ability

(standard deviation of lane position SDLP on a York driving simulator) and blood

concentrations of delta-9-tétrahydrocannabinol (THC)weremeasured before and

repeatedly after controlled inhalation of placebo, 10mg or 30mg of THC mixed

with tobacco in a cigarette.

Results: Cannabis consumption (at 10 and 30mg) led to a marked decrease in

driving confidence over the first 2 h which remained below baseline at 8 h. Driving

confidence was related to THC dose and to THC concentrations in the e�ective

compartment with a low concentration of 0.11 ng/ml for the EC50 and a rapid

onset of action (T1/2 37min). Driving ability and reaction times were reduced by

cannabis consumption. Driving confidence was shown to be related to driving

ability and reaction times in both chronic and occasional consumers.

Conclusions: Cannabis consumption leads to a rapid reduction in driving

confidence which is related to reduced ability on a driving simulator.

Clinical trial registration: ClinicalTrials.gov, identifier: NCT02061020.
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1 Introduction

Cannabis is the most widely used illicit drug in the world, and is also the most common

illicit drug found in roadside testing: 29.8–36.9% of drivers driving under the influence

of drugs (DUID) are found to have used cannabis (1, 2). The prevalence of DIUD seems

to be increasing over time possibly linked to the progressive legalization of medical and
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recreational cannabis (3). Cannabis affects psychomotor and

cognitive function (4), leading to increased reaction times (5).

Driving is a complex task so the finding that driving under the

influence of cannabis (DUIC) is linked with increased accidents (6)

is not surprising. The increased risk has been estimated as an OR

of 1.32 (95% CI = 1.09–1.59) (7), although as many studies rely

on self-report this may underestimate the real prevalence. There is

concern that the increase in the potency of recreationally consumed

cannabis is increasing: a Norwegian study showed that the amount

of THC had increased by 58% potentially increasing the impact on

driving (8).

We have shown that inhaled cannabis has complex

pharmacokinetics (9). The amount of THC ingested is dependent

on inhalation techniques and as THC is lipophilic it can persist

in fatty tissue, including the brain. Blood THC and oral fluid

levels may thus not be directly proportional to impairment. In

contrast, ethanol is highly water soluble and thus rapidly diffuses

after consumption although this may be complicated by gastric

emptying. Metabolism is rapid and breath alcohol concentrations

(BAC) can be easily measured and are proportional to the ingested

dose. Comparing the accident risk of alcohol and cannabis is thus

complicated by issues of measurement (10).

Alcohol remains a major risk factor for accidents, but the

percentage of drivers involved in fatal accidents who have used

alcohol has remained stable over time (11). The risk of accident

associated with the use of alcohol is high: a threefold increase in

accident risk is seen with a blood alcohol concentration (BAC)

of 0.01 – 0.05 and a thirtyfold increase with a BAC of 0.08–0.12

(12). A study of fatal accidents using drivers testing negative for

both alcohol and cannabis as the reference found an adjusted OR

of 16.33 [95% CI: 14.23, 18.75] for alcohol alone, 1.54 (95% CI:

1.16, 2.03) for cannabis alone and 25.09 (95% CI: 17.97, 35.03)

alcohol and cannabis (13). In simulator studies, both alcohol

and cannabis affect driving ability (14–17) but their effects, while

dose dependant, are similar: Hartman found a 16% increase in

the standard deviation of lateral position (SDLP) with 20 µg/L

of THC vs. a 13% increase with 0.1 g/210 L breath alcohol

concentration (18).

It has been suggested that the effects on driving ability in

cannabis consumers may be limited to a degree by reduced speed

and increased headway (17, 18). This may partially compensate

for reduced ability (19). However, the adoption of compensatory

measures requires the perception that ability is reduced. A recent

study performed without blood THC levels found that 50%

of young occasional cannabis users thought their driving was

unaffected after the inhalation of 13mg of THC, although they

thought they were less safe to drive than if they had not smoked

cannabis (20). Arkell showed that both driving confidence and

driving ability measured by driving simulator are reduced by

THC with a persistent effect at 240min, after the resolution

of objectified cognitive impairment and psychological symptoms

(15). The precise relationship between driving confidence, driving

ability, and pharmacokinetically modeled THC levels has not

been studied.

The primary objective of the present study was to examine

the relationship between self-evaluated driving confidence, driving

ability measured on a driving simulator, reaction time, and the dose

and concentration of THC.

2 Methods

The study was approved by the local ethics committee and

conducted in compliance with good clinical practice guidelines

and the Declaration of Helsinki. All participants provided written

informed consent.

2.1 Population

Thirty healthy male volunteers aged 20–34 who had consumed

cannabis for at least 1 year and held a valid driving license

were recruited. The participants were divided into two groups:

occasional consumers (OC) consuming 1–2 joints per week

and chronic consumers (CC) consuming 1–2 joints per day.

Exclusion criteria included excessive alcohol use (AUDIT score

>13), usual daily intake exceeding 225mg caffeine per day,

symptoms compatible with medical, psychiatric, or sleep disorders,

and consumption of drugs other than cannabis or psychoactive

medication in the month prior to inclusion. Initial exclusion

of consumption of other drugs relied on self-report, but this

was confirmed by urine analysis using liquid chromatography

coupled to mass spectrometry (psychotropic medications such

as antidepressants, anxiolytics, hypnotics, and narcotic use other

than cannabis i.e., opiates, cocaine, and amphetamines). Cannabis

use was confirmed by urinary drug screening (using liquid

chromatography and mass spectrometry) and chronic use was

confirmed by capillary analysis.

2.2 Study design and procedures

This was a pilot, randomized, blinded, cross-over study. Each

participant underwent three 24-h sessions in random order, with

a 7-day wash-out between each session. At the inclusion visit a

sleep physician and a psychiatrist saw all participants to check

the inclusion and exclusion criteria. The sleep physician interview

aimed to exclude sleep pathology (e.g., sleep apnea) associated

with reduced vigilance and examined sleep behaviors in order to

exclude circadian rhythm disorders, in particular delayed sleep

phase disorder, which affects diurnal vigilance. The psychiatrist

interview excluded psychiatric disorders complicating cannabis

use and administered the AUDIT questionnaire to screen for

excessive alcohol use. Participants were encouraged to consider

withdrawal from cannabis use at the end of the study and

referred to appropriate services. All participants underwent an ECG

and were trained on the psychomotor vigilance test (PVT) and

driving simulator.

Each of the three sessions started at 08:00 and lasted 24 h.

No cannabis use was allowed from 12:00 the day before and all

participants underwent an oral fluid drug test on arrival to confirm

abstention. A venous line for plasma THC sampling was inserted.

Baseline questionnaires, 30-min simulated driving, and PVT were

performed. This was followed by a 10-min protocolized cannabis

inhalation using a cannabis-containing cigarette with monitoring

of heart rate, blood pressure, and respiratory rate. Expired carbon

monoxide levels were monitored before and after consumption.
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Blood samples were taken before consumption (for baseline THC

concentration andmeasurement of alcohol), 5min, 15min, 30min,

1 h, 2 h, 4 h, 6 h, 8 h, 10 h, 12 h, and 24 h after the end of the cigarette.

Questionnaires, PVT, and driving simulator in randomized order

for each participant were performed at 1 h, 2 h, 4 h, 6 h, 8 h, 12 h,

and 24 h.

2.3 Interventions

Cannabis in leaf form from the regional police department

was powdered and THC concentration was measured by liquid

chromatography and mass spectrometry. Textile-grade hemp was

used as a placebo. Cannabis-containing cigarettes were prepared

using strongly perfumed tobacco (Amsterdamer
R©
) to hide the

characteristic aroma of cannabis. Over the three sessions, each

participant received cigarettes containing 1 g tobacco and either

placebo, 10mg, or 30mg of THC. The order of cigarettes

was randomized using a computer-generated algorithm by the

Clinical Research Unit of the Hospital for each participant and

cigarettes were then prepared by a non-participant member of

the laboratory staff. Both participants and investigators were

blinded to the content of cigarettes. The inhalation protocol was

as follows: inhalation for 2 s every 20 s over a period of 10min.

Residual material from the cigarette was recovered and analyzed

to determine the total amount of THC consumed. The amount of

inhalation was determined by analysis of exhaled carbonmonoxide.

2.4 Testing and outcome measures

2.4.1 Questionnaires
Participants were asked to rate their confidence in their ability

to drive safely on a 100-mm visual analog scale: from not at all

confident (0) to very confident (100), before each series of tests.

Results of driving confidence were expressed as %. Subjective

vigilance was evaluated using the Karolinska Sleepiness scale which

measures vigilance on a 9-point scale (1 = extremely alert, to 9 =

extremely sleepy, can’t keep awake) (21).

2.4.2 Driving simulation
Each 30-min period of driving simulation was performed using

a York driving simulator (York Computer Technologies, Ontario,

Canada). The task was monotonous with a simulated four-lane

road, speed limits in km/hour which the drivers had to follow,

simulated gusts of wind causing deviation of the trajectory needing

lane position correction, and occasional passing cars (22). The

outcome measure was driving ability expressed as the standard

deviation from the central road position (SDLP in percentile).

2.4.3 Vigilance testing
Objective vigilance was assessed using 10-min PVT (23).

The outcome measure was reaction time expressed as the

mean reciprocal reaction time (mRRT or 1/mean reaction time

in seconds).

2.4.4 Blood testing
THC, 11-OH-THC, and THC-COOH were measured by liquid

chromatography and mass spectrometry allowing the detection of

THC and 11-OH-THC down to 0, 2 ng/mL and THC-COOH to

1 ng/mL. All tests were performed in our nationally accredited

toxicology laboratory.

2.5 Statistical analysis

The relationship between driving confidence (CDA) and

driving ability (SDLP), reaction time (mRRT), and sleepiness

(Karolinska sleepiness scale) were analyzed using the lme4 package

(24) with the R program (25) which enables to perform statistical

analyses for repeated measures. The association between CDA and

SDLP, mRRT, sleepiness, THC dose (mg), group (occasional vs.

chronic user), and time (h) was evaluated by linear regression

analyses using the lmer function with the patient as a grouping

factor to estimate the random-effects term.

2.5.1 Population PK/PD analysis
Population pharmacokinetic/pharmacodynamic (PK/PD)

analysis using a non-linear mixed effect modeling in NONMEM

version 7.4.1 (26) with the gfortran 4.6.0 compiler was performed.

Wings for NONMEM version 743 was used as a “front end” for

the NONMEM program [Holford]. Graphical analysis used the

R software version 3.4.2 [R] and the ggplot2 package. The first-

order conditional estimate (FOCE) method with the interaction

option was used. This pharmacokinetic approach has already

been published and was used to identify the PK/PD model (9). A

sequential approach, as defined by Zhang et al. (27), was applied

to identify the best model and to estimate the PD parameters. The

outcome was the confidence in driving ability (CDA) based on a

100-mm visual analog scale. Several PK/PD models such as linear,

log-linear, simple Emax, and sigmoid were tested using a direct

model or an effect compartment implemented with ADVAN6

and differential equations. The following pharmacodynamic

parameters were used to parameterize the models: KE0 (effect-site

equilibration rate constant for CDA), EC50 (concentration leading

to 50% of the maximum CDA effect), E0 (effect at time 0 for

CDA), and Emax (maximum effect for CDA). An exponential

error model was used to estimate the between-subject variability

(BSV) of the pharmacodynamic parameters. Residual unexplained

variability (additive, proportional, and mixed) was assessed by

several error models. An effect of the group (chronic vs. occasional)

was evaluated on each parameter. Model performance was judged

by both graphic and statistical methods (28). Goodness-of-fit

was assessed by the minimal value of the objective function: we

note that increased goodness-of-fit is accompanied by decreased

objective function value, which is asymptotically distributed as a

chi-square distribution. The COVARIANCE option in NONMEM

was used to calculate standard errors. The following diagnostic

plots were evaluated: observed concentrations [dependent

variable (DV)] vs. PRED, individual predictions (IPRED) vs. DV,

conditional weighted residuals (cWRES) vs. time and cWRES vs.

PRED. parameter estimate precision was expressed as Relative
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Standard Error (RSE, %) and confidence intervals (CI). NONMEM

was used to directly calculate the RSE with an acceptable value

<30% for fixed effects and <50% for random effects. The

robustness of standard approximations for parameter uncertainty

were verified by a bootstrap method using the lower 2.5% and the

upper 97.5% value of each parameter percentile as the bootstrap

confidence intervals.

3 Results

3.1 Participants

A total of 37 healthy male cannabis smokers were pre-screened

(see Figure 1: flowchart of inclusions) of whom 30 completed the

study. Fifteen participants completed the study in each of the two

groups [occasional cannabis consumers (OC) and chronic cannabis

consumers (CC)] in the CC group 22 were included: 4 were lost to

follow-up, one did not have health insurance and one had excessive

THC use (>2 cigarette/day).

There was no significant difference between the groups for age,

BMI, daytime sleepiness, chronotype asmeasured by theHorne and

Ostberg score or educational level. All drank alcohol but tobacco

(except in cannabis-containing cigarettes) was not found in all

participants. Cigarette and alcohol consumption (Audit score), and

coffee consumption (cups per day) were not significantly different

between the two groups.

3.2 Driving confidence

The evolution over time in driving confidence is shown in

Figure 2. Data is reported over 8 h, the period during which

impairment was detected in driving ability. Driving confidence

decreases markedly after the consumption of cannabis, reaching

a nadir at 1 hour after the consumption of 30mg, followed by

a progressive increase. No difference was found between groups.

We fitted a linear mixed model (estimated using REML and

nloptwrap optimizer) to predict RESS with GRP [formula: RESS

∼ GRP + DOSE + factor (ttime)]. The model included ID

as a random effect (formula: ∼1 | ID). The model was fitted

on a standardized version of the dataset to obtain standardized

parameters. A total of 95% A Wald t-distribution approximation

was used to calculate confidence Intervals (CIs) and p-values. The

model’s total explanatory power is substantial (conditional R2 =

0.46) and the part related to the fixed effects alone (marginal

R2) is of 0.12. The model’s intercept, corresponding to GRP =

chro, is at 98.11 (95% CI [90.65, 105.56], t(503) = 25.86, p <

0.001), see Figure 3. In this model dose and time significantly

and negatively affect confidence in driving but the group is not

statistically significant (Table 1).

At the end of the 8-h period, driving confidence remained

below baseline. We studied the number of participants according

to the group who at 8 h had returned to at least 80% of their initial

driving confidence (see Figure 4). No significant difference was

found for either dose or group in the return of driving confidence.

3.3 Relation between driving confidence
and driving ability (SDLP)

The evolution of SDLP over time in the function of group and

dose is shown in Figure 2. A linear mixed model (estimated using

REML and nloptwrap optimizer) was fitted to predict confidence

in driving ability from SDLP (Figure 5). The model was fitted

on a standardized version of the dataset to obtain standardized

parameters. A total of 95% A Wald t-distribution approximation

was used to calculate confidence Intervals (CIs) and p-values. The

model’s total explanatory power is substantial (conditional R2 =

0.47) and the part related to the fixed effects alone (marginal R2) is

0.17. The model’s intercept, corresponding to sdlp = 0, is at 108.80

(95% CI [100.75, 116.86], t(491) = 26.53, p < 0.001), see Table 2.

Within this model the effect of the SDLP is statistically significant

and negative, the effect of the dose of THC is statistically significant

and negative but the effect of the group (occasional vs. regular

consumers) is not significant.

Overall driving confidence reflects actual driving ability

measured by the SDLP (see Figure 5), and is affected by the dose of

THC: at a dose of 30mg markedly reduced confidence reflects the

reduction in driving ability. The relationship between confidence

and ability seems less marked for occasional users at placebo or

10mg levels but there is a large variation. In chronic users, there is a

closer relationship between driving confidence and driving ability.

3.4 Relation between driving confidence
and reaction times (mRRT)

The evolution of mRRT over time in function of the group and

dose is shown in Figure 2. A linear mixed model (estimated using

REML and nloptwrap optimizer) was fitted to predict confidence

in driving ability from mRRT (see Figure 6). The model included

ID as a random effect (formula: ∼1 | ID). The model was fitted

on a standardized version of the dataset to obtain standardized

parameters. A total of 95% A Wald t-distribution approximation

was used to calculate confidence Intervals (CIs) and p-values. The

model’s total explanatory power is substantial (conditional R2 =

0.50) and the part related to the fixed effects alone (marginal R2) is

0.17. The model’s intercept, corresponding to mRRT= 0, is at 58.66

(95% CI [40.78, 76.54], t(502)= 6.45, p < 0.001) (see Table 2).

Overall confidence in driving is associated with reaction time

(see Figure 6): increased driving confidence is associated with

an increase in mRRT and thus a reduction in reaction time.

This is not affected by group but is affected by dose: increasing

dose leads to a reduction in mRRT (and thus an increase in

reaction time).

3.5 Population PK/PD analysis of driving
confidence

The relationship between THC and driving

confidence (DC) was best described by an

indirect (delayed) effect compartment model and a
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FIGURE 1

Flow chart.

FIGURE 2

Evolution in confidence in driving, driving ability (SDLP), reaction time (mRRT) and sleepiness (Karolinska sleepiness scale): e�ect of time and dose of

THC (mean +/–SEM). (A) Driving confidence (EVA) over time, (B) Driving ability (SDLP) over time), (C) reaction time (mRRT) over time, (D) Sleepiness

(Karolinska) over time.

Frontiers in PublicHealth 05 frontiersin.org

https://doi.org/10.3389/fpubh.2023.1234765
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Hartley et al. 10.3389/fpubh.2023.1234765

FIGURE 3

Performance of models in predicting driving confidence. (A) Performance of the model in predicting driving confidence using actual population

parameters. (B) Performance of the model in predicting driving confidence based on optimized Bayesian parameters. (C) Performance of the model

in predicting normalized predictive distribution error (NPDE) over time points. (D) Performance of the model in predicting normalized predictive

distribution error (NPDE) vs. driving confidence.

TABLE 1 Model of confidence in driving.

Confidence in driving ability

Beta 95% CI t (503) p Std beta 95% CI

Dose −0.35 [−0.46,−0.24] −6.19 <0.001 −0.20 −0.27,−0.14

Group −4.92 [−14.49, 4.66] −1.01 0.314 −0.23 −0.68, 0.22

Time 1 −13.87 [−18.54,−9.19] −5.83 <0.001 −0.86 −1.09,−0.64

2 −9.96 [−14.73,−5.19] −4.10 <0.001 −0.65 −0.88,−0.43

4 −12.32 [−17.04,−7.61] −5.13 <0.001 −0.47 −0.69,−0.24

6 −18.29 [−23.08,−13.50] −7.50 <0.001 −0.58 −0.80,−0.36

8 −7.18 [−11.92,−2.44] −2.98 0.003 −0.34 −0.56,−0.12
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FIGURE 4

Driving confidence initially and according to THC concentration by group. (A) Initial driving confidence E0 by group. (B) Mean THC concentration to

reach half e�ect EC50. (C) Percentage of participants who returned to at least 80% of their original confidence in driving ability at 8 h.

FIGURE 5

Driving confidence and driving ability (SDLP): e�ect of dose in chronic and occasional consumers. Relation between driving confidence and driving

ability (SDLP) in occasional and chronic cannabis consumers according to dose. formula: EVA ∼ sdlp + DOSE + GRP + factor (time).

sigmoid equation (Eq. 1) with a maximum effect

set to 1.

DC = E0 ∗ (1− Ce/(EC50+ Ce)) (1)

In Eq. 1, EC50 represents the concentration leading to 50 % of

the maximum effect of DC, E0 the value of DC at time 0, and Ce the

concentration in the biophase. The pharmacodynamic parameters,

the residual standard error, and the bootstrap are presented in

Table 3. Inter-individual variability was evaluated for E0 and EC50

and residual variability wasmodeled as proportional. A group effect

was assessed on the PD parameters but was not significant and

did not improve the fit. The diagnostic plots did not depict any

bias and the bootstrap confirmed the robustness of the parameters’

estimation. As can be seen, on average an extremely small amount
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TABLE 2 Model of confidence in driving and driving ability (SDLP), reaction time (mRRT) and daytime sleepinesss (Karolinska sleepiness scale).

Confidence in driving and driving ability (SDLP)

Beta 95% CI t (491) p Std beta 95% CI

SDLP −2.66 −3.58,−1.74 −5.67 <0.001 −0.26 −0.35,−0.17

Dose −0.24 −0.36,−0.13 −4.34 <0.001 −0.15 −0.21,−0.08

Group −3.10 −11.95, 5.75 −0.69 0.667 −0.15 −0.58, 0.28

Time (hours) 1 −15.50 −20.23,−10.77 −6.44 <0.001 −0.75 −0.98,−0.52

2 −11.42 −16.13,−6.71 −4.76 <0.001 −0.55 −0.78,−0.33

4 −6.25 −11.03,−1.47 −2.57 0.011 −0.30 −0.54,−0.07

6 −9.89 −14.57,−5.20 −4.15 <0.001 −0.48 −0.71,−0.25

8 −5.33 −10.01,−0.64 −2.23 0.026 −0.26 −0.49,−0.03

Confidence in driving and reaction time (mRRT)

Beta 95% CI t (502) p Std beta 95% CI

mRRT 9.33 5.48, 13.18 4.76 <0 0.001 0.23 0.13, 0.32

Dose −0.30 [−0.41,−0.19] −5.34 < 0.001 −0.18 −0.24,−0.11

Group −3.87 −13.39, 5.65 −0.69 0.425 −0.18 −0.63, 0.27

Time (hours) 1 −16.53 −21.28,−11.79 −6.85 <0 0.001 −0.78 −1.00,−0.56

2 −11.33 [−16.02,−6.64] −4.74 <0 0.001 −0.53 −0.76,−0.31

4 −7.99 −12.73,−3.25 −3.31 <0 0.001 −0.38 −0.60,−0.15

6 −10.46 −15.14,−5.78 −4.39 < 0.001 −0.49 −0.71,−0.27

8 −6.29 −10.94,−1.64 2.66 0.008 −0.30 −0.52,−0.08

Confidence in driving and daytime sleepinesss (Karolinska sleepiness scale)

Beta 95% CI t (517) p Std beta 95% CI

KSS −6.35 −7.38,−5.32 −12.11 < 0.001 −0.46 −0.53,−0.39

Dose −0.26 −0.36,−0.16 −5.18 <0 0.001 −0.15 −0.21, 0.10

Group −4.46 −11.48, 2.21 −1.33 0.184 −0.22 −0.54, 0.10

Time 1 −14.22 −18.56,−9.88 −6.43 <0 0.001 −0.67 −0.88,−0.47

2 −12.64 −16.87,−8.40 −5.86 <0.001 −0.60 −0.80,−0.40

4 −8.74 −13.02,−4.45 −4.01 < 0.001 −0.41 −0.61,−0.21

6 −9.41 −13.64,−5.18 −4.37 < 0.001 −0.44 −0.64,−0.24

8 −6.63 −10.88,−2.37 −3.06 0.002 −0.31 −0.51,−0.11

of THC in the biophase compartment (EC50 = 0.11 ng/ml) is

sufficient to affect driving confidence. The concentration of THC

in the effective compartment required to reach EC50 seems lower

for occasional consumers (Figure 6), but this is not significant

due to relatively high interindividual variation, and we note

that the concentration of THC in the effective compartment in

this group is below the limit of quantification. Onset is rapid

and expressed by the relationship T1/2 log (2)/1.13 = 0.61h

(37 min).

3.6 Driving confidence and sleepiness
(Karolinska sleepiness scale)

The evolution of the Karolinska sleepiness score over time

in function of the group and dose is shown in Figure 2. At

a dose of 30mg, sleepiness rises steeply in both groups to a

maximum of 90min before slowly falling back. There is a close

relationship between sleepiness and driv ing confidence. We fitted

a linear mixed model (estimated using REML and nloptwrap

optimizer) to predict RESS with karolinska [formula: EVA ∼

karolinska + GRP + DOSE + factor (time)]. The model included

ID as a random effect (formula: ∼1 | ID). The model was fitted

on a standardized version of the dataset to obtain standardized

parameters. A total of 95% A Wald t-distribution approximation

was used to calculate confidence Intervals (CIs) and p-values. The

model’s total explanatory power is substantial (conditional R2 =

0.52) and the part related to the fixed effects alone (marginal R2)

is 0.34. The model’s intercept, corresponding to Karolinska = 0, is

at 122.13 (95% CI [115.30, 128.96], t(517) = 35.14, p < 0.001), see

Table 2. The model shows a strong relationship between sleepiness

and driving confidence which is related to dose but not to group and

strongly related to time with a persistent effect at 8 h (Figure 7).
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FIGURE 6

Driving confidence and reaction time (mRRT): e�ect of dose in chronic and occasional consumers. Relation between driving confidence and

reaction time (mRRT) in occasional and chronic cannabis. consumers according to dose. Formula: EVA ∼ mRRT + GRP + DOSE + factor (time).

TABLE 3 Pharmacodynamic parameters and driving confidence.

Parameters Unit Value RSE (%) Bootstrap CI90

0.025 0.500 0.975

Ke0 1.13 35.4 0.35 1.25 4.1

E0 83.4 3.3 76.8 83.8 88.6

EC50 (ng/mL) 0.11 39.6 0.04 0.11 0.91

Inter individual variability (ω)

EC50 1.58 17.1 0.001 1.500 2.920

E0 0.09 23.1 0.003 0.087 0.132

Residual unexplained variability (σ)

Proportional 0.24 14.3 0.169 0.237 0.315

Ke0, constant transfer to the effect compartment; E0, initial EVA; EC50, THC concentration in the effect compartment with half maximal effect; RSE, residual standard error.

4 Discussion

Our results show that driving confidence rapidly reduces

following the consumption of cannabis, and this is related

to cannabis dose and THC concentration in the effective

compartment. Driving confidence is related both to driving ability

(SDLP) and reaction time (mRRT) and is strongly linked to

subjective sleepiness.

We have shown in previous studies that reaction timemeasured

by the mRRT and driving ability measured by the SDLP is clearly

reduced in a dose-dependent relationship with THC concentration

in the effective compartment. Cannabis directly affects brain

function via its actions on endocannabinoid receptors: fMRI

shows acute changes in brain activity in areas related to the

performance of tasks, saliency detection, and self-oriented mental

activity (29). Cannabis leads to sedation, altered perception, and

euphoria (30) and decreases cognitive and psychomotor function

(4). It thus affects several functions necessary for driving: increased

reaction time affects speed adjustments, braking, and adaptions to

lane position, reduced sustained and divided attention may lead
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FIGURE 7

Driving confidence and sleepiness (Karolinska scale): e�ect of dose in chronic and occasional consumers.

to difficulties adapting to changing road conditions and finally

distortion of time perception may lead to underestimating the time

required for adaptive maneuvers (4, 10, 31). The effects of THC on

performance are known to increase as tasks become more complex

(14) and studies show that simple driving-related tasks are less

affected than complex tasks (20).

The impact on driving ability has been shown experimentally

using driving simulators which have been shown to correlate with

highway driving (32). Cannabis leads to increased reaction time (5,

33) increased lane weaving (14–16), and increased risk-taking (34)

partially compensated by an increase in caution (35). Hartman’s

study showed similar effects on SDLP at the highest doses of THC

and alcohol (18) but noted that alcohol had additional effects on

lateral acceleration and lane departures. In a systematic review

and metanalysis of the effects of cannabis and alcohol, while most

studies looked at the cumulative effects of cannabis and alcohol,

Simmons et al. noted that on driving simulator studies comparing

cannabis to alcohol at BAC >0.04%, alcohol has greater adverse

effects on lane position, lane excursions and is associated with

increased speed, while cannabis is associated with increased caution

and decreased speed (36). These finding imply that cannabis

consumers are aware to some degree of their reduced capacity: they

have a reduction in driving confidence.

The preferred mode of cannabis consumption is via smoking,

and reflecting the real-life effects of cannabis on driving requires

a meticulously controlled protocol with timed consumption of

smoked cannabis, and regular performance testing to evaluate

driving ability. Several studies have shown that cannabis smokers

are able to self-titrate the amount of THC inhaled (16, 18, 37). The

resulting variability in blood THC means that THC concentration

is a more accurate parameter than the dose of THC. THC then has

to penetrate the brain to affect cognitive performance.

We have shown that driving confidence precipitously declines

in the 2 h after consumption reflecting the rapid absorption of

cannabis when inhaled. Our results confirm those of Marcotte

who shows a similar sharp decline up to 90min post consumption

(38). Our pharmacodynamic modeling shows that only low

concentrations of THC are necessary in the effective compartment

to negatively affect driving confidence and that the onset is

relatively rapid: the equilibration half-life, which describes the

time course of equilibration between the plasma and the effective

compartment, is on average 37min. Users of cannabis thus have

a relatively rapid onset of action after smoking as the drug

rapidly penetrates the brain leading to both a reduction in

driving ability mirrored by a reduction in driving confidence.

This rapid reduction in driving confidence may not only influence

the decision to drive, but also allow the driver to put in place

countermeasures. Alcohol absorption depends on the type of

alcohol consumed and the presence of food in the stomach,

potentially prolonging the time to Cmax (39) meaning that a driver

may have already taken the wheel before the effects of alcohol

become apparent. A well-controlled study by Garrisson (40) shows

a sharp dissociation between self-evaluation of driving ability and

actual performance in conditions of both low and high levels

Frontiers in PublicHealth 10 frontiersin.org

https://doi.org/10.3389/fpubh.2023.1234765
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Hartley et al. 10.3389/fpubh.2023.1234765

of alcohol consumption (BAC of 0.07% and 0.04%) confirming

the findings of Tiplady that alcohol leads to overestimation of

performance (41). Drivers who have consumed alcohol are thus

falsely confident about their driving ability, whereas drivers who

have consumed cannabis have some insight into their impairment

and can take countermeasures, for example deciding not to

drive. This difference in driving confidence between alcohol

and cannabis may explain the differences in accident rates

despite the fact that both alcohol and cannabis negatively affect

driving ability.

We show that after the initial sharp reduction in driving

confidence, confidence gradually increased. However, we found

that driving confidence remained affected even after 8 h; the last

period in which we could demonstrate an effect of cannabis

consumption on driving ability. This may be due to the

close relationship between driving confidence and sleepiness

(measured by the Karolinska scale). The initial period of cannabis

consumption was at 9 am, a period where the circadian clock

favors wakefulness in people with a normal sleep cycle. Circadian

effects lead to increasing sleepiness over time (42) and sleepiness

is known to negatively affect driving ability (43). We showed a

close relationship between estimated driving ability and sleepiness

in both occasional and chronic consumers. As sleepiness increases

over the day, even though cannabis consumption no longer affects

driving ability the expected normalization in driving confidence

does not occur.

We note that our participants consumed cannabis at 9 am, and

our participants were thus less sleepy than a cannabis consumer

who typically consumes cannabis in the evening. We hypothesize

that the effect of the circadian clock leading to sleepiness in the

evening could increase the known effects of cannabis consumption

on driving ability. However, it has been shown that in conditions of

sleep deprivation insight into reduced performance is retained (44)

and as driving confidence is linked to sleepiness it may be that this

will further reduce driving confidence and encourage the adoption

of appropriate countermeasures.

Several studies demonstrate that the effects on driving ability

observed in occasional cannabis smokers are more marked than

those observed in chronic smokers (16, 45–47). In our previous

study, we showed that occasional consumers showed an equivalent

reduction in driving ability measured by the SDLP at a lower

estimated EC50 in the brain compartment, implying habituation to

the effects of cannabis in chronic consumers.While both occasional

and chronic cannabis consumers retain some insight into the

effects of cannabis on their driving (with a reduction in both

driving confidence and driving ability measured by the SDLP)

chronic consumers seem to have a better estimation of potential

impairment compared to occasional consumers under placebo and

low dose (10mg) cannabis. It is possible that this is due to the fact

that our chronic consumers, who use cannabis daily, have direct

experience of driving while under the influence of cannabis and

thus are more able to evaluate their driving ability.

Even if cannabis users retain some insight into their impaired

driving ability it is clear that their accident risk is increased. As

a result, public health measures to reduce cannabis use are of

interest. Sobriety checkpoint programs have been shown to be

effective in limiting driving under the influence of alcohol (48)

and there is evidence that this may be effective for cannabis (49).

The method best adapted to roadside testing is still under debate

and the sensitivity and specificity of different oral fluid assays and

their relation to blood THC levels has been recently reviewed by

Wennberg (50).

Our study has clear limitations. We studied the effects of

different doses of cannabis but did not include alcohol. We

asked drivers how confident they were in their ability to drive

well before their performance and asked them to rate this on

a scale of 1–100 (100 being best performance). Considerable

interindividual variation was observed in evaluations of driving

confidence, in reaction times, and in driving ability, which is a

known problem in simulator studies. In an attempt to reduce

interindividual variability, we did not include women as their

simulator performance is known to differ from that of men and

their higher body fat could affect the pharmacokinetics of cannabis.

Our results thus only apply to men who nonetheless represent the

majority of people found to be driving under the influence of drugs.

The effects of interindividual variation were addressed by our

statistical analysis which compared each individual performance

across the three conditions. We excluded participants who were

known to use multiple drugs and confirmed this at the start of each

testing session using urine screening. We note that multiple drug

use is frequent in the population and we cannot assess the effects of

cannabis use in these cases. While we divided cannabis consumers

into chronic and occasional consumers, we have no information

on the strength of cannabis products they habitually which may

influence the effects. However, the ability of cannabis consumers

to self-titrate the amount of THC consumed may mitigate this

effect. Finally, while all our occasional consumers completed the

study, we had to overrecruit the chronic consumer group as

four participants dropped out despite telephone reminders by the

study team. Participants cited being unable to adhere to the study

protocol, lack of motivation, or lack of organization as causes. It

is unclear how this increased dropout of chronic consumers could

affect our findings.

5 Conclusions

Cannabis consumption rapidly affects driving confidence

and this normalizes slowly. Driving confidence is related to

both THC concentrations and driving ability measured by

the SDLP: unlike alcohol consumers, cannabis consumers

have some insight into their impairment meaning they can

potentially adopt countermeasures (e.g., lower speeds) to

reduce accidents.

Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by Ethics

Committee of Saint Germain en Laye. The studies were

Frontiers in PublicHealth 11 frontiersin.org

https://doi.org/10.3389/fpubh.2023.1234765
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Hartley et al. 10.3389/fpubh.2023.1234765

conducted in accordance with the local legislation and institutional

requirements. The participants provided their written informed

consent to participate in this study.

Author contributions

JA was the scientific director and main designer of the study. IL

and SH contributed to conception and design of the study. SH was

the clinical investigator of the study, managed the recruitment, the

inclusion of participants, andwrote the first draft of themanuscript.

IL organized and controlled the study and was responsible for

realization and data monitoring. NS and BC performed the

statistical analysis. All authors contributed to manuscript revision,

read, and approved the submitted version.

Funding

The Assistance Publique - Hôpitaux de Paris and a grant from

the French Ministry of Health (PHRC Programme Hospitalier de

Recherche Clinique grant number AOR12144).

Acknowledgments

MsDaoud and the staff of the Raymond Poincaré hospital Sleep

Unit for their support during the study.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

References

1. Wilson FA, Stimpson JP, Pagán JA. Fatal crashes from drivers testing
positive for drugs in the U.S., 1993-2010. Pub Health Rep. (2014) 129:342–
50. doi: 10.1177/003335491412900409

2. Davey J, Armstrong K, Martin P. Results of the Queensland 2007–2012 roadside
drug testing program: the prevalence of three illicit drugs. Accident Anal Prev. (2014)
65:11–7. doi: 10.1016/j.aap.2013.12.007

3. Urfer S, Morton J, Beall V, Feldmann J, Gunesch J. Analysis of
19-tetrahydrocannabinol driving under the influence of drugs cases in
Colorado from January 2011 to February 2014. J Anal Toxicol. (2014)
38:575–81. doi: 10.1093/jat/bku089

4. Ramaekers JG, Moeller MR, van Ruitenbeek P, Theunissen EL, Schneider E,
Kauert G. Cognition and motor control as a function of 19-THC concentration in
serum and oral fluid: limits of impairment. Drug Alcohol Depend. (2006) 85:114–
22. doi: 10.1016/j.drugalcdep.2006.03.015

5. Ramaekers J, Kauert G, Theunissen E, Toennes S, Moeller M. Neurocognitive
performance during acute THC intoxication in heavy and occasional cannabis
users. J Psychopharmacol. (2009) 23:266–77. doi: 10.1177/02698811080
92393

6. Asbridge M, Mann R, Cusimano MD, Trayling C, Roerecke M, Tallon JM, et al.
Cannabis and traffic collision risk: findings from a case-crossover study of injured
drivers presenting to emergency departments. Int J Public Health. (2014) 59:395–
404. doi: 10.1007/s00038-013-0512-z

7. Rogeberg O, Elvik R. The effects of cannabis intoxication on motor vehicle
collision revisited and revised. Addiction. (2016) 111:1348–59. doi: 10.1111/ad
d.13347

8. Vindenes V, Strand DH, Kristoffersen L, Boix F. Has the intake of THC by
cannabis users changed over the last decade? Evidence of increased exposure by
analysis of blood THC concentrations in impaired drivers. Forensic Sci Int. (2013)
226:197–201. doi: 10.1016/j.forsciint.2013.01.017

9. Alvarez JC, Hartley S, Etting I, Ribot M, Derridj-Ait-Younes N, Verstuyft C, et al.
Population pharmacokinetic model of blood THC and its metabolites in chronic and
occasional cannabis users and relationship with on-site oral fluid testing. Br J Clin
Pharmacol. (2021) 87:3139–49. doi: 10.1111/bcp.14724

10. Pearlson GD, Stevens MC, D’Souza DC. Cannabis and driving. Front Psychiatry.
(2021) 12:689444. doi: 10.3389/fpsyt.2021.689444

11. Brady JE, Li G. Trends in alcohol and other drugs detected in fatally
injured drivers in the United States, 1999-2010. Am J Epidemiol. (2014) 179:692–
9. doi: 10.1093/aje/kwt327

12. Hels T, Bernhoft IM, Lyckegaard A, Houwing S, Hagenzieker M, Legrand S-A.
Risk of Injury by Driving With Alcohol and Other Drugs. (2011) Available online at:
http://hdl.handle.net/1854/LU-1988746 (accessed February 6, 2023).

13. Chihuri S, Li G, Chen Q. Interaction of marijuana and alcohol on
fatal motor vehicle crash risk: a case-control study. Inj Epidemiol. (2017)
4:8. doi: 10.1186/s40621-017-0105-z

14. Hartman RL, Huestis MA. Cannabis effects on driving skills. Clin Chem. (2013)
59:478–92. doi: 10.1373/clinchem.2012.194381

15. Arkell TR, Vinckenbosch F, Kevin RC, Theunissen EL, McGregor IS, Ramaekers
JG. Effect of cannabidiol and △9-Tetrahydrocannabinol on driving performance: a
randomized clinical trial. JAMA. (2020) 324:2177–86. doi: 10.1001/jama.2020.21218

16. Hartley S, Simon N, Larabi A, Vaugier I, Barbot F, Quera-Salva M-A, et al.
Effect of smoked cannabis on vigilance and accident risk using simulated driving in
occasional and chronic users and the pharmacokinetic-pharmacodynamic relationship.
Clin Chem. (2019) 65:684–93. doi: 10.1373/clinchem.2018.299727

17. Hartman RL, Brown TL, Milavetz G, Spurgin A, Pierce RS, Gorelick DA, et al.
Cannabis effects on driving longitudinal control with and without alcohol. J Appl
Toxicol. (2016) 36:1418–29. doi: 10.1002/jat.3295

18. Hartman RL, Brown TL, Milavetz G, Spurgin A, Pierce RS, Gorelick DA, et al.
Cannabis effects on driving lateral control with and without alcohol. Drug Alcohol
Depend. (2015) 154:25–37. doi: 10.1016/j.drugalcdep.2015.06.015

19. Giroud C, Augsburger M, Favrat B, Menetrey A, Pin M-A, Rothuizen L-E, et al.
Effects of oral cannabis and dronabinol on driving capacity. Ann Pharm Fr. (2006)
64:161–72. doi: 10.1016/S0003-4509(06)75309-3

20. Ogourtsova T, Kalaba M, Gelinas I, Korner-Bitensky N, Ware MA. Cannabis
use and driving-related performance in young recreational users: a within-subject
randomized clinical trial. CMAJ Open. (2018) 6:E453–62. doi: 10.9778/cmajo.20180164

21. Akerstedt T, Gillberg M. Subjective and objective sleepiness in the
active individual. Int J Neurosci. (1990) 52:29–37. doi: 10.3109/002074590089
94241

22. Moller HJ, Kayumov L, Bulmash EL, Nhan J, Shapiro CM. Simulator
performance, microsleep episodes, and subjective sleepiness: normative data using
convergent methodologies to assess driver drowsiness. J Psychosom Res. (2006) 61:335–
42. doi: 10.1016/j.jpsychores.2006.04.007

23. Dinges DF, Powell JW. Microcomputer analysis of performance on a portable,
simple visual RT task during sustained operations. Behav Res Methods Instr Comput.
(1985) 7:652–5. doi: 10.3758/BF03200977

Frontiers in PublicHealth 12 frontiersin.org

https://doi.org/10.3389/fpubh.2023.1234765
https://doi.org/10.1177/003335491412900409
https://doi.org/10.1016/j.aap.2013.12.007
https://doi.org/10.1093/jat/bku089
https://doi.org/10.1016/j.drugalcdep.2006.03.015
https://doi.org/10.1177/0269881108092393
https://doi.org/10.1007/s00038-013-0512-z
https://doi.org/10.1111/add.13347
https://doi.org/10.1016/j.forsciint.2013.01.017
https://doi.org/10.1111/bcp.14724
https://doi.org/10.3389/fpsyt.2021.689444
https://doi.org/10.1093/aje/kwt327
http://hdl.handle.net/1854/LU{-}1988746
https://doi.org/10.1186/s40621-017-0105-z
https://doi.org/10.1373/clinchem.2012.194381
https://doi.org/10.1001/jama.2020.21218
https://doi.org/10.1373/clinchem.2018.299727
https://doi.org/10.1002/jat.3295
https://doi.org/10.1016/j.drugalcdep.2015.06.015
https://doi.org/10.1016/S0003-4509(06)75309-3
https://doi.org/10.9778/cmajo.20180164
https://doi.org/10.3109/00207459008994241
https://doi.org/10.1016/j.jpsychores.2006.04.007
https://doi.org/10.3758/BF03200977
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Hartley et al. 10.3389/fpubh.2023.1234765

24. Bates D, Machler M. Bolker, Walker S. Fitting linear mixed-effects models using
lme4. J Stat Software. (2015) 21:1–48. doi: 10.18637/jss.v067.i01

25. R Core Team. R: A Language and Environment for Statistical Computing. Vienna:
R Foundation for Statistical Computing (2016).

26. Beal S, Sheiner LB, Boekmann A, Bauer RJ.NONMEMUser’s Guides 1989 - 2009.
Elliot City: Icon Development Solutions (1989).

27. Zhang L, Beal SL, Sheiner LB. Simultaneous vs. sequential analysis for population
PK/PD data I: best-case performance. J Pharmacokinet Pharmacodyn. (2003) 30:387–
404. doi: 10.1023/B:JOPA.0000012998.04442.1f

28. Mould DR, Upton RN. Basic concepts in population modeling, simulation, and
model-based drug development-part 2: introduction to pharmacokinetic modeling
methods. CPT Pharmacometrics Syst Pharmacol. (2013) 2:e38. doi: 10.1038/psp.2
013.14

29. Battistella G, Fornari E, Thomas A, Mall J-F, Chtioui H, Appenzeller M,
et al. Weed or Wheel! fMRI, behavioural, and toxicological investigations of
how cannabis smoking affects skills necessary for driving. PLoS ONE. (2013)
8:e52545. doi: 10.1371/journal.pone.0052545

30. Ashton CH. Pharmacology and effects of cannabis: a brief review. Br J Psychiatr.
(2001) 178:101–6. doi: 10.1192/bjp.178.2.101

31. Anderson BM, Rizzo M, Block RI, Pearlson GD, O’Leary DS. Sex,
drugs, and cognition: effects of marijuana. J Psychoactive Drugs. (2010)
42:413–24. doi: 10.1080/02791072.2010.10400704

32. Watson TM, Mann RE. International approaches to driving under the influence
of cannabis: a review of evidence on impact. Drug Alcohol Depend. (2016) 169:148–
55. doi: 10.1016/j.drugalcdep.2016.10.023

33. Philip P, Sagaspe P, Taillard J, Valtat C, Moore N, Akerstedt T, et al. Fatigue,
sleepiness, and performance in simulated versus real driving conditions. Sleep. (2005)
28:1511–6. doi: 10.1093/sleep/28.12.1511

34. Desrosiers NA, Ramaekers JG, Chauchard E, Gorelick DA, Huestis
MA. Smoked cannabis’ psychomotor and neurocognitive effects in occasional
and frequent smokers. J Anal Toxicol. (2015) 39:251–61. doi: 10.1093/jat/
bkv012

35. Bergeron J, Paquette M. Relationships between frequency of driving under the
influence of cannabis, self-reported reckless driving and risk-taking behavior observed
in a driving simulator. J Safety Res. (2014) 49:e1–24. doi: 10.1016/j.jsr.2014.02.002

36. Ramaekers JG, Berghaus G, van Laar M, Drummer OH. Dose related risk
of motor vehicle crashes after cannabis use. Drug Alcohol Depend. (2004) 73:109–
19. doi: 10.1016/j.drugalcdep.2003.10.008

37. Simmons SM, Caird JK, Sterzer F, Asbridge M. The effects of cannabis and
alcohol on driving performance and driver behaviour: a systematic review and meta-
analysis. Addiction. (2022) 117:1843–56. doi: 10.1111/add.15770

38. Azorlosa JL, Greenwald MK, Stitzer ML. Marijuana smoking: effects of varying
puff volume and breathhold duration. J Pharmacol Exp Ther. (1995) 272:560–9.

39. Marcotte TD, Umlauf A, Grelotti DJ, Sones EG, Sobolesky PM, Smith BE,
et al. Driving performance and cannabis users’ perception of safety: a randomized
clinical trial. JAMA Psychiatr. (2022) 12:4037. doi: 10.1001/jamapsychiatry.202
1.4037

40. Mitchell MC, Teigen EL, Ramchandani VA. Absorption and peak blood alcohol
concentration after drinking beer, wine, or spirits. Alcohol Clin Exp Res. (2014)
38:1200–4. doi: 10.1111/acer.12355

41. Garrisson H, Scholey A, Verster JC, Shiferaw B, Benson S. Effects of alcohol
intoxication on driving performance, confidence in driving ability, and psychomotor
function: a randomized, double-blind, placebo-controlled study. Psychopharmacology.
(2022) 239:3893–902. doi: 10.1007/s00213-022-06260-z

42. Tiplady B, Drummond GB, Cameron E, Gray E, Hendry J, Sinclair W, et al.
Ethanol, errors, and the speed-accuracy trade-off. Pharmacol Biochem Behav. (2001)
69:635–41. doi: 10.1016/S0091-3057(01)00551-2

43. Borbély AA. A two process model of sleep regulation. Hum Neurobiol.
(1982) 1:195–204.

44. Perrier J, Bertran F, Marie S, Couque C, Bulla J, Denise P, et al. Impaired driving
performance associated with effect of time duration in patients with primary insomnia.
Sleep. (2014) 37:1565–73. doi: 10.5665/sleep.4012

45. Jones CB, Dorrian J, Jay SM, Lamond N, Ferguson S, Dawson D. Self-
awareness of impairment and the decision to drive after an extended period
of wakefulness. Chronobiol Int. (2006) 23:1253–63. doi: 10.1080/074205206010
83391

46. Brooks-Russell A, Brown T, Friedman K, Wrobel J, Schwarz J, Dooley
G, et al. Simulated driving performance among daily and occasional
cannabis users. Accid Anal Prev. (2021) 160:106326. doi: 10.1016/j.aap.2021.1
06326

47. Miller R, Brown T, Wrobel J, Kosnett MJ, Brooks-Russell A. Influence of
cannabis use history on the impact of acute cannabis smoking on simulated
driving performance during a distraction task. Traffic Inj Prev. (2022) 23:S1–
7. doi: 10.1080/15389588.2022.2072492

48. Bergen G, Pitan A, Qu S, Shults RA, Chattopadhyay SK, Elder RW, et al.
Publicized sobriety checkpoint programs: a community guide systematic review. Am
J Prev Med. (2014) 46:529–39. doi: 10.1016/j.amepre.2014.01.018

49. Razaghizad A, Windle SB, Gore G, Benedetti A, Ells C, Grad R, et al.
Interventions to prevent drugged driving: a systematic review. Am J Prev Med. (2021)
61:267–80. doi: 10.1016/j.amepre.2021.03.012

50. Wennberg E, Windle SB, Filion KB, Thombs BD, Gore G, Benedetti A, et al.
Roadside screening tests for cannabis use: a systematic review. Heliyon. (2023)
9:e14630. doi: 10.1016/j.heliyon.2023.e14630

Frontiers in PublicHealth 13 frontiersin.org

https://doi.org/10.3389/fpubh.2023.1234765
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1023/B:JOPA.0000012998.04442.1f
https://doi.org/10.1038/psp.2013.14
https://doi.org/10.1371/journal.pone.0052545
https://doi.org/10.1192/bjp.178.2.101
https://doi.org/10.1080/02791072.2010.10400704
https://doi.org/10.1016/j.drugalcdep.2016.10.023
https://doi.org/10.1093/sleep/28.12.1511
https://doi.org/10.1093/jat/bkv012
https://doi.org/10.1016/j.jsr.2014.02.002
https://doi.org/10.1016/j.drugalcdep.2003.10.008
https://doi.org/10.1111/add.15770
https://doi.org/10.1001/jamapsychiatry.2021.4037
https://doi.org/10.1111/acer.12355
https://doi.org/10.1007/s00213-022-06260-z
https://doi.org/10.1016/S0091-3057(01)00551-2
https://doi.org/10.5665/sleep.4012
https://doi.org/10.1080/07420520601083391
https://doi.org/10.1016/j.aap.2021.106326
https://doi.org/10.1080/15389588.2022.2072492
https://doi.org/10.1016/j.amepre.2014.01.018
https://doi.org/10.1016/j.amepre.2021.03.012
https://doi.org/10.1016/j.heliyon.2023.e14630
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

	Can inhaled cannabis users accurately evaluate impaired driving ability? A randomized controlled trial
	1 Introduction
	2 Methods
	2.1 Population 
	2.2 Study design and procedures
	2.3 Interventions
	2.4 Testing and outcome measures
	2.4.1 Questionnaires
	2.4.2 Driving simulation 
	2.4.3 Vigilance testing 
	2.4.4 Blood testing

	2.5 Statistical analysis
	2.5.1 Population PK/PD analysis


	3 Results
	3.1 Participants 
	3.2 Driving confidence 
	3.3 Relation between driving confidence and driving ability (SDLP)
	3.4 Relation between driving confidence and reaction times (mRRT)
	3.5 Population PK/PD analysis of driving confidence
	3.6 Driving confidence and sleepiness (Karolinska sleepiness scale)

	4 Discussion
	5 Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


